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Preface

We see ourselves enveloped by our skins. But what we don’t see or usually think
about is that most of our body is covered by a different type of epithelial cells than
that of the skin. Surprisingly what separates us from the open environment all around
us sometimes is a single layer of epithelial cells. It is at these seemingly fragile
sites that most pathogens gain access to our inside milieu. These sites comprise
most of the mucosal membranes of the gastrointestinal, respiratory, and the upper
genitourinary tracts. It is also at some of these sites that we need to acquire food or
air. The evolution has endowed us with the ability to distinguish between a myriad of
food or air particles and pathogens. Thus, we are racing against time and evolution
and to win this race to survive we need to better prepare our mucosal membranes to
neutralize and eliminate mucosal pathogens preferably right at the portals of entry
through vaccinations or treatments.

The mucosal membranes of the gastrointestinal and respiratory tracts together
with the genitourinary tract comprise the overall mucosal membranes of our bodies.
Given the uniqueness of these surfaces, it is not surprising that the immune system
that evolved to protect these surfaces against pathogens is somewhat different than
that of the systemic immune system. This is evident in the different types of the
cells that make up the mucosal tissues, as well as the innate physiological barriers
that exist there. While Mucosal Immunology has been generally thought of as a sep-
arate and smaller portion of the general, systemic, Immunology, it is in fact more
comprehensive and general than systemic Immunology. This is because Mucosal
Immunology includes not only the complex mucosal immune systems, but also be-
cause of its close interaction and link to the systemic immune system, the whole
mammalian host’s immune system.

While there are major similarities between the cells and the immune responses
generated at the various mucosal tracts, there are also important differences. Knowl-
edge of these differences and similarities is required in order to understand the inter-
actions between us, as the host, and the pathogens that attack through each tract, and
how our immune system reacts to each of them. Whether we want to devise rational
prophylactic or therapeutic vaccines or treatments to either prevent or treat mucosal
infections we must acquire such knowledge. This is the rationale behind putting this
book together. This book will provide the readers in the areas of vaccinology, vi-
rology, bacteriology, epidemiology, immunology and mucosal immunology within
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vi Preface

academia (undergraduate, graduate, post doctoral fellows and professors), as well
as preclinical and clinical scientists in vaccine and drug industries a thorough ap-
preciation of the mucosal immune system and its importance in protecting humans
against mucosal pathogens.

This book is divided into 6 parts. It starts with Part I, an introductory yet in depth
study of structure and cells of mucosal tissues, giving the reader an understanding
of the structure and cells of the gastrointestinal, respiratory and genitourinary tracts.
Because most of what we know about the mucosal immune system stems from the
studies of the gastrointestinal tract, this chapter is in more detail. This section thus
provides a good background for better understanding of the subsequent chapters.

Part II, Immunology of Mucosal Tissues, is divided into 3 subsections. Mucosal
B cells, the first subsection, is a detailed study of the role of mucosal B cells in
protection of various mucosal tissues, their differences and similarities with sys-
temic B cells and vaccine design for optimal antibody protection through various
routes. Thus, this chapter provides a good example of how a mucosal lymphocyte
population is different than its systemic sister population. The second subsection,
“Bridging Mucosal Innate Immunity to the Adaptive Immune System”, is an impor-
tant and comprehensive study of current knowledge of the mucosal innate immune
system and how it interacts and leads to adaptive immune responses. The mucosal
innate immune system is the first line of defense against mucosal pathogens and thus
an appreciation of its components and how it leads to adaptive and memory type
responses is essential in any study of the mucosal immune system. A major issue on
how the organized mucosal immune system develops is the interaction of its cells
with the resident microbial flora. Thus, Chapter 5 explains the current knowledge
and hypotheses on the importance of the microbial flora in the development of or-
ganized lymphoid tissues of the intestines and how they affect B cell development
and antibody diversity.

While Parts I and II serve to give a thorough and necessary background about the
structure and unique cells of the mucosal tissues, the next sections proceed to de-
scribe immunity against one or more representative bacterial or viral pathogens that
infect the host through the gastrointestinal, respiratory and the genitourinary tracts.
The choice of each of these pathogens was made due to either their importance in
terms of the number of infections they cause and the severity of the disease or their
intriguing nature and potential to cause pandemics, such as the SARS virus.

With regards to the recent concern for pathogens that can be used as biolog-
ical weapons, the National Institutes of Allergy and infectious Diseases in USA,
lists the subject of Chapter 13, Anthrax, as the top agent with bioterrorism po-
tential in Category A. As a viral example for a high potential bioterrorism agent,
Chapter 9, describes Noroviruses, in Category B. The final chapter lists mucosal
immunopotentiaing adjuvants and delivery systems, without which there is little
hope of developing licensed prophylactic or therapeutic vaccines or treatments for
human consumption.

I am sincerely indebted to each and every of the authors for their contributions.
Each of the authors was carefully selected because of his/her academic exper-
tise/leadership in the area or relevant industry experience or in some cases both.



Preface vii

My hope is that at this critical juncture of biomedical history, with the threat of
pandemic influenza and reality of HIV upon us, this book will increase the current
awareness of the nature of the current and emerging pathogens that infect us, almost
all of which use our mucosal membranes as their portals of entry. While relatively
few efforts have been made to develop mucosal vaccines, awareness is gradually
increasing. However, even for HIV, which is proven to be mostly transmitted through
the genitourinary tracts, in the area of HIV vaccine development, thus far there have
been no published clinical trials with mucosally administered vaccines. It remains
to be seen whether systemically injectable vaccines that are currently used against
almost all common pathogens against which we do have a level or pre-existing im-
munity, will be protective against emerging mucosal pathogens against which we do
not have any pre-existing immunity.

Orinda, CA Michael Vajdy
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Food Animal Health Research Program, Ohio Agricultural Research and
Development Center, The Ohio State University, Wooster, OH, USA

Jan Holmgren
Gothenburg University Vaccine Research Institute (GUVAX), Gothenburg, Sweden

Edward N. Janoff
Department of Medicine and Microbiology, Mucosal and Vaccine Research
Program Colorado (MAVRC), Division of Infectious Diseases, University of
Colorado Denver, CO, USA

Finn-Eirik Johansen
Laboratory for Immunohistochemistry and Immunopathology (LIIPAT), Institute
and Division of Pathology, University of Oslo, Rikshospitalet University Hospital,
Oslo, Norway

Elaine Kan
Novartis Vaccines and Diagnostics, Inc., Emeryville, CA, USA

Katherine L. Knight
Department of Microbiology and Immunology, Stritch School of Medicine, Loyola
University Chicago, Maywood, IL, USA

Dennis K. Lanning
Department of Microbiology and Immunology, Stritch School of Medicine, Loyola
University Chicago, Maywood, IL, USA

Juan S. Leon
Hubert Department of Global Health, Rollins School of Public Health, Emory
University, Atlanta, GA, USA

James W. Lillard, Jr.
Department of Microbiology and Immunology, James Graham Brown Cancer
Center, University of Louisville, Louisville, Kentucky, USA



Contributors xv

Nils Lycke
Department of Microbiology and Immunology, Mucosal Immunobiology and
Vaccine Research Center (MIVAC), Institute of Biomedicine, The Sahlgrenska
Academy at Gothenburg University, Gothenburg, Sweden

Padma Malyala
Novartis Vaccines and Diagnostics, Inc., Emeryville, CA, USA

Nicholas J. Mantis
Division of Infectious Disease, Wadsworth Center, New York State Department
of Health, Albany, NY, USA

Ellen Marks
Department of Microbiology and Immunology, Mucosal Immunobiology and
Vaccine Research Center (MIVAC), Institute of Biomedicine, The Sahlgrenska
Academy at Gothenburg University, Gothenburg, Sweden

Christine L. Moe
Hubert Department of Global Health, Rollins School of Public Health, Emory
University, Atlanta, GA, USA

Firdausi Qadri
International Centre for Diarrhoeal Disease Research [ICDDR, B], Dhaka,
Bangladesh

Rino Rappuoli
Novartis Vaccines and Diagnostics S.r.l., Siena, Italy

Paolo Ruggiero
Novartis Vaccines and Diagnostics S.r.l., Siena, Italy

Linda J. Saif
Food Animal Health Research Program, Ohio Agricultural Research and
Development Center (OARDC), Department of Veterinary Preventive Medicine,
The Ohio State University, Wooster, OH, USA

Sumathi Sankaran
Department of Medical Microbiology and Immunology, University of California,
Davis, CA, USA

Kari M. Severson
Department of Microbiology and Immunology, Stritch School of Medicine, Loyola
University Chicago, Maywood, IL, USA

Manmohan Singh
Novartis Vaccines and Diagnostics, Inc., Emeryville, CA, USA

Rajesh Singh
Department of Microbiology and Immunology, James Graham Brown Cancer
Center, University of Louisville, Louisville, KY, USA



xvi Contributors

Emily R. Smith
Hubert Department of Global Health, Rollins School of Public Health, Emory
University, Atlanta, GA, USA

Menira Souza
Food Animal Health Research Program, Ohio Agricultural Research and
Development Center (OARDC), Department of Veterinary Preventive Medicine,
The Ohio State University, Wooster, OH, USA

Indresh K. Srivastava
Novartis Vaccines and Diagnostics, Inc., Emeryville, CA, USA

Isha N. Srivastava
Johns Hopkins University, Baltimore, MD, USA

Ann-Mari Svennerholm
Department of Microbiology and Immunology, Gothenburg University Vaccine
Research Institute (GUVAX) and Department of Microbiology and Immunology,
The Sahlgrenska Academy at University of Gothenburg, Gothenburg, Sweden

Jean-Nicolas Tournier
Department de Biologie des Agents Transmissibles, CRSSA, La Tronche, Franc
and USAMRIID, Integrated Toxicology Division, Fort Detrick, MD, USA

Michael Vajdy
University of California, Davis, School of Medicine, Department of Medical
Microbiology and Immunology, Davis CA 95616, USA

Qiuhong Wang
Department of Microbiology and Molecular Genetics, Medical College
of Wisconsin, Milwaukee, WI, USA



Part I
Structure and Cells of Mucosal Tissues



Chapter 1
The Intestinal Epithelium: The Interface
Between Host and Pathogen

Nicholas J. Mantis and Lynn Bry

Abstract The gastrointestinal (GI) epithelium consists of a single layer of epithe-
lial cells whose primary function is digestion, management of fluid and electrolyte
balance, and nutrient acquisition. Indeed, as will be discussed in this chapter, the
cellular structure and function of the intestinal epithelium is optimally designed
to undertake these tasks. However, the intestinal epithelium is also the first point
of contact for toxins, viruses, bacteria, and parasites that are transmitted by the
oral route. As such, the intestinal epithelium must constantly be on guard against
enteric pathogens, and be equipped to respond in the event that infections do oc-
cur. Specialized cells within the epithelium function directly in innate immunity
through the secretion of mucus and antimicrobial factors, while others function
in antigen sampling and immune surveillance. The epithelium is also capable of
secreting important cytokines and pro-inflammatory molecules that direct local im-
mune responses and the subsequent development of adaptive immune responses in
mucosal locations. As such the intestinal epithelium plays the conductor’s role in
orchestrating the immune response to mucosal infections.

1.1 Introduction

The gastrointestinal (GI) epithelium is the largest continuous mucosal surface in the
human body. In addition to the GI tract’s role in digestion and nutrient acquisition,
the intestinal epithelium is also an exclusive barrier, which separates the micro-
bial world of the intestinal lumen from the aseptic environment of the interstitium.
Remarkably, these diametrically opposed tasks-sieve versus barrier – are achieved
by a single layer of epithelial cells. Within the epithelium, however, there are a
number of highly specialized cell types that are dedicated to epithelial regeneration,
nutrient acquisition, innate defense, immunoglobulin transport, and immunological
surveillance. This chapter provides an overview of the structure and function of the

N.J. Mantis
Division of Infectious Disease, Wadsworth Center, New York State Department of Health, Albany,
NY, USA
email: nmantis@wadsworth.org

M. Vajdy (ed.), Immunity Against Mucosal Pathogens,
C© Springer Science+Business Media B.V. 2008
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4 N.J. Mantis, L. Bry

intestinal epithelium with particular regard to how it keeps pathogenic microbes, as
well as the commensal microflora, at bay.

The stomach, small and large intestinal epithelium are characterized by a gastric
pit or crypt-villus architecture (Fig. 1.1) [1, 2]. In general, the crypts are primarily
involved in cell renewal, ion and water secretion, whereas the villus epithelium
functions in nutrient acquisition. Multi-potent stem cells in the so-called crypts
of Lieberkühn give rise to a series of committed progenitors, which subsequently
undergo differentiation to defined cell types in each location [3, 4]. Differentiated
cells migrate along each of the villus axis, ultimately undergoing programmed
cell death and subsequent shedding into the gut lumen. Thus, the epithelium is
in a constant state of renewal, undergoing complete turn-over of its surface every
5–10 days in most mammalian species. In fact, it is estimated that the intestinal
epithelium sheds ∼ 1010 cells per day [5]. The capacity for rapid turnover and
self-renewal is critical for maintaining epithelial integrity and barrier function,
as it prevents microbial penetration of dead or damaged cells facing the luminal
environment.

Indeed, the intestinal epithelium is under constant barrage from the microbial
world. Within hours after parturition, the gut becomes colonized with a microbial

Fig. 1.1 The intestinal epithelium. (A) Multi-potent stem cells residing in the proliferative zone at
the base of each villus, in the so-called crypts of Lieberkühn, give rise to four primary epithelial
lineages: absorptive enterocytes, mucin-secreting goblet cells, enteroendocrine cells, and Paneth
cells. The crypts function primarily in water and ion secretion, whereas the villi are responsible for
fluid and nutrient absorption. The function of each cell type within the epithelium is described in
the text. Cellular migration along the villus axis culminates in epithelial sloughing or “extrusion”
through a process involving apoptosis. (B) A representative micrograph of mouse ileum stained
with hematoxylin and eosin
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flora that will eventually consist of more than 10 trillion organisms [6]. This mi-
crobial population plays an integral part in human metabolism and, is for the most
part, considered beneficial (if not essential) for health [7]. However, a number of
the bacterial species that cohabit the intestinal lumen are opportunistic pathogens,
and are capable of causing disease if they gain access to the systemic compartment
[8, 9, 10]. In addition to the normal microflora, the intestinal mucosa is also con-
stantly exposed to pathogenic microorganisms and enterotoxins, as a consequence
of the normal human diet. Many of these microbial pathogens are equipped with so-
phisticated molecular weaponry designed exclusively to aid in the colonization and
invasion of intestinal epithelial cells [11]. It is for these reasons that the intestinal
epithelium has a number of innate barriers in place to deter microbial attachment
and colonization of the mucosal surfaces, and is highly coordinated with both the
innate and adaptive immune systems (e.g., through the secretion of chemokines,
cytokines and lipid mediators) in the event that infection or intoxication does occur
[12, 13, 14].

1.2 Gastric Mucosa

The glandular mucosa of the stomach consists of three general regions, the pure
parietal cell zone, muco-parietal cell zone and pure mucous zone, which is lo-
cated adjacent to the pylorus. Each glandular unit of the stomach consists of pit,
isthmus, neck and base regions that extend from the luminal surface to the region
adjacent to the submucosa [15]. Multi-potent stem cells, located in the mid-region
of the pits, give rise to all epithelial cell lineages [16]. Parietal cells, responsible
for secretion of hydrochloric acid (HCl), undergo a bipolar migration within the
gastric unit and are found from the surface pit region to the base of each gas-
tric unit. The stomach’s low pH provides an initial barrier for many pathogens to
colonize subsequent locations in the gastrointestinal tract. Neck mucous cells in
themed-region of the gastric pit secrete a variety of mucins [17], while pit and sur-
face mucous cells that face the lumen of the stomach, secrete much of the protec-
tive mucous layer. Intrinsic-factor secreting zymogenic cells arise from the neck
cell lineage and come to reside at the base of the gastric pits. Enteroendocrine
cells, also residing in the base of gastric units, secrete various hormonal factors
including gastrin that regulate epithelial secretion and muscular motility of the
viscus.

However, certain bacterial species, Helicobacter pylori in particular, have evolved
unique adaptations to survive in this environmental niche. H. pylori binds car-
bohydrate structures expressed on surface and neck mucous cells [18]. A potent
urease is capable of sheathing the organism in a protective layer of ammonium
ion to allow a short period of survival if exposed to acidic gastric juices. A type
IV secretion system H. pylori is capable of delivering toxins to target epithelial
cells [19], producing damage to the epithelium and chronic inflammation in the
stomach [20].
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1.3 Small Intestine

The small intestine is comprised of a tough outer serosa, three muscular layers,
whose rhythmic contractions are responsible for peristalsis, the loose connective
tissues of the submucosa, and the intestinal epithelium arranged in finger-like pro-
jections known as villi. Multi-potent stem cells residing at the base of each villus, in
the so-called crypts of Lieberkühn, give rise to four primary epithelial lineages: ab-
sorptive enterocytes, mucin-secreting goblet cells, enteroendocrine cells, and Paneth
cells (Fig. 1.1). Each of these cell types will be discussed in detail below. The
epithelium is anchored on a continuous sheet of extracellular matrix, or basement
membrane, consisting of a mixture of collagen, laminin, and fibronectin [21]. The
actual composition of the basement membrane varies along the crypt-villus axis
and this is thought to provide signals essential for enterocyte proliferation, survival
and differentiation [21]. The cellular constituents of the crypts, notably stem cells,
goblet cells, enteroendocrine cells, and Paneth cells, collectively are responsible
for water and ion secretion, as well as exocrine, paracine and endocrine secretions,
whereas the intestinal villi are primarily responsible for fluid and nutrient absorption
[22, 23, 24]. A number of in vitro models have been developed that replicate (with
varying degrees of success) villus enterocytes, goblet cells, and Paneth cells [25].

Migration of cells along the crypt-villus access takes 5–7 days, and ultimately
results in the extrusion or “shedding” of apoptotic epithelial cells from the tips
of villi. While this event has been well-defined histologically (for review see
Mayhew and colleagues [26]), the exact molecular and cellular events associated
with epithelial shedding are only partially understood, in part because there appears
to be mechanistic differences between species [5]. Irrespective of these differences,
extrusion of a single epithelial cell from the epithelial monolayer necessitates the
loss of both cell-matrix, as well as, cell-cell interactions. Electron microscopy stud-
ies and biochemical analysis of murine intestinal tissues suggest that these events
occur sequentially [27]. In human small intestine, cells shed from the tips of villi
are caspase-3 positive indicating that apoptosis initiates just prior to (or simulta-
neously with) detachment from the extracellular matrix [5]. Although it has been
proposed that sub-epithelial macrophages and lymphocytes may be involved in me-
diating epithelial shedding [26], in a recent report Bullen and colleagues found no
evidence for this, at least in human small intestine [5]. Extrusion of apoptotic cells
is achieved without compromising the epithelial barrier [28, 29]. Madara demon-
strated by freeze-fracture, light and electron microscopy that as cells extrude from
the epithelium, processes of adjacent cells extend under them. In particular, tight
junction elements (see below) proliferate between extruding cells and their neigh-
bors and appear to move down the lateral margin of the extruding cell as it extends
into the lumen. Neighboring cells are generally positive for phosphorylated myosin
light chain, suggesting that intestinal shedding shares similarities with oligocellular
wound repair [5, 29]. The actual extrusion event involves actin-myosin rings formed
around dying cells, which are pinched off like a purse string [30, 31]. Using high-
resolution in vivo light microscopy Watson and colleagues propose that there are
indeed transient gaps in the epithelium, but that they are filled by an impermeable
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substance that preserves integrity of the epithelium [29]. In vitro, apoptosis is initi-
ated while cells are within the monolayer, and occurs concurrently with extrusion or
shedding. Occasional neighboring cells (morphologically normal) were caspase-3
positive, indicating apoptosis and suggesting detachment and initiation of detach-
ment occur simultaneously. In this regard, Fouquet and colleagues have detected
loss of E-cadherin as being a key event [27].

1.3.1 Absorptive Enterocytes

Absorptive enterocytes are the predominant epithelial cell type in the small intes-
tine, and are responsible for the bulk of nutrient absorption from the gut lumen
[22, 23, 24]. Absorptive enterocytes are columnar in shape, being ∼ 25�m in height
and ∼ 8 �m in width. Enterocytes are joined side-by-side at their apical aspects
by so-called tight junctions (TJ) or Zonula Occludens, a subcellular multiprotein
complex that plays two important roles in epithelial biology. First, TJs serve as a
“fence” which physically restricts the movement of proteins (e.g., membrane en-
zymes, channels and transporters) between the biochemically and morphologically
distinct apical and basolateral plasma membranes [32, 33]. Second, TJs form a seal
between cells, thereby limiting (and controlling) paracellular transport of solutes
and macromolecules. Microbial pathogens and toxins are known to alter the in-
tegrity of the TJs, thereby enabling penetration of the epithelial barrier [34, 35, 36].

The apical surfaces of enterocytes are highly specialized sub-cellular struc-
tures responsible for terminal digestion and the uptake of proteins, lipids, sterols
(e.g., cholesterol), carbohydrates, essential vitamins, and minerals from the intesti-
nal lumen [32, 37, 38]). The apical surfaces consist of rigid, closely packed mi-
crovilli (∼ 1 �m in height, ∼ 0.1 �m in width), which collectively form the so-called
brush border membrane [37, 38, 39]. The brush border membrane contains stalked
glycoproteins, including digestive enzymes, and is particularly rich in glycolipids.
The brush border membranes are further proposed to be organized into at least two
distinct types of lipid rafts that enable compartmentalization of enzymes and trans-
porters, and thereby carry out specific subcellular functions [39].

In addition, the tips of enterocyte microvilli are coated with a 400–500 nm thick
meshwork referred to as the filamentous brush border glycocalyx (FBBG) that is
postulated to function primarily in host defense by limiting pathogen access to
membrane bound receptors. The FBBG can be visualized by electron microscopy
when samples are fixed simultaneously with osmium and gluteraldehyde [40, 41].
Horiuchi and colleagues recently analyzed the FBBG in mice by scanning electron
microscopy and reported that the filamentous glycocalyx originating from each mi-
crovillus anastamoses with neighboring ones to form a finely porous blanket on the
enterocyte surface [42]. This morphological assessment agrees with experimental
work by Neutra and colleagues who demonstrated that the FBBG is a size-selective
barrier that can prevent particles from gaining access to both glycolipid and glyco-
protein receptors present on the tips of microvilli [41, 43, 44]. In rabbits, the FBBG
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consists of a mucin-like glycoprotein of apparent molecular mass of 400kDa that is
postulated to be anchored in the brush border membrane by a peptide stalk [45]. It
should be noted that polarized human intestinal epithelial cell lines grown in culture
(e.g.,Caco-2) have poorly developed FBBG [41].

1.3.2 Goblet Cells

Goblet cells, also known as mucin-producing cells, are responsible for the pro-
duction of the mucus gel that blankets the surface of the intestinal epithelium.
Goblet cells, named for their characteristic goblet-like shape, are present in the
small and large intestine, and are found along the entire crypt-villus axis. In villi
of the small intestine, goblet cells are interspersed among absorptive enterocytes
(Fig. 1.2) [1, 46]. Under normal conditions, individual goblet cells constitutively
secrete mucins, high molecular weight glycoproteins that consist of core polypep-
tides heavily decorated with both N- and O-linked oligosaccharide side chains. This
so-called baseline secretion of mucins is necessary for both maintenance and re-
newal of the mucus layer, which is important in both epithelial function and de-
fense [47, 48, 49]. For example, the mucus layer aids in lubrication and protection
of the intestinal mucosa, as well as serving as an important defense mechanism

Fig. 1.2 The Follicle-Associated Epithelium and M cells. The FAE is found exclusively overlying
organized lymphoid follicles situated throughout the small and large intestines. (A) A represen-
tative micrograph of a Peyer’s patch showing both villus epithlieum (VE, upper half of image)
and FAE (lower half of image). The VE consists of entrocytes and interspersed Goblet cells (GC);
the latter being largely absent from the FAE. The FAE consists of enterocytes and M cells. A
particularly good example of an M cell is shown in the center of the image. The unique M cell
apical membrane is highlighted with a black arrow. The M cell pocket (white arrows) is occupied
by at least four leukocytes. (B) Cartoon depicting antigen uptake and transport by M cells. The
attachment of particulate antigens (1) or pathogens (2) to the apical surfaces of M cells results in
their transepithelial transport and delivery into the intraepithelial pocket or SED. The intraepithelial
pocket is populated by B cells, T cells and occasional DCs, and is proposed to be an extension of
the underlying germinal center. Cartoon from [66]
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against microbial pathogens and toxins. The viscous mucus gel limits diffusion of
macromolecues and impedes motility of parasites and bacterial pathogens [50, 51].
Through heterogeneous N- and O-linked oligosaccharide side chains on mucins,
the mucus layer also provides “decoy” ligands for lectin like adhesins expressed
by microbial pathogens and toxins, thereby competitively inhibiting these agents
from gaining access to their receptors on the apical surfaces of enterocytes. In sit-
uations where the intestinal epithelium is exposed to microbial pathogens, toxins
or other intraluminal irritants, goblet cells can release additional mucins that are
normally stored in apically-residing granules. Recently, Robbe and colleagues [52]
used highly sensitive mass spectroscopy methods to begin to define the variations in
structure of oligosaccharide side chains on mucins present throughout the gut.

1.3.3 Enteroendocrine Cells

Enteroendocrine cells are a specialized sub-population of “sensory” epithelial cells
that serve as a link between the intestinal lumen and the enteric nervous system [53].
The primary function of this epithelial cell type is to secrete peptide hormones and
transmitters. Enterochromaffin cells, for example, are responsible for the produc-
tion and secretion of serotonin (5-hydroxytryptamine), a hormone which regulates
(among other things) intestinal peristaltic and secretory reflexes. Recently, a sub-
population of enteroendocrine cells have been proposed to serve as “taste receptors,”
based on the immunohistochemistry and real time PCR analysis demonstrating the
presence of taste signaling molecules in the small intestine of mice [54].

1.3.4 Paneth Cells

Paneth cells migrate to the crypt base where these cells reside for an average of
21–28 days in most mammals [55, 56]. Paneth cells possess a well-developed apical
secretory apparatus. Their location in the crypt base places them in an ideal position
to deliver growth factors to dividing cells in higher compartments of the crypt, and to
create gradients of anti-microbial factors which limit, or altogether prevent, micro-
bial colonization of the small intestinal crypts. Key anti-microbial factors produced
by Paneth cells include lysozyme, the cryptidins alpha-defensins and other digestive
enzymes with known anti-microbial properties [56, 57, 58, 59, 60].

1.3.5 Other Cell Types

Undifferentiated crypt enterocytes are morphologically and biochemically distinct
from villus enterocytes and constitute a minor population of cells within the crypts.
A more compete review of their unique properties was recently published [61].
A cardinal feature of undifferentiated crypt enterocytes is their expression of the
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polymeric immunoglobulin receptor (pIgR) which is responsible for the unidirec-
tional (basolateral to apical) transport of polymeric IgA and IgM from the interstitial
fluids into the intestinal lumen [62, 63].

1.4 Colonic Epithelium

Unlike the small intestine with the crypt-villus structure, the colon consists of a flat-
tened crypt-cuff unit. Migrating cells traverse the epithelial crypts to the cuff edge
and surface epithelium facing the lumen, where they are subsequently lost through
the same process of apoptosis. Epithelial crypts of Lieberkühn in the colon give
rise to three colonic primary differentiated lineages. Absorptive colonocytes play
specific roles, depending upon their location. Epithelium in the cecum and proximal
colon expresses a basolaterial H + /K+ ATPase that drives significant absorption of
water and electrolytes secreted during digestion. More distally, healthy epithelium
is water and electrolyte impervious, assisting in the further compaction and passage
of fecal material. Like in the small intestine, colonic goblet cells secrete a variety
of mucins that create a viscous protective and lubricating layer over the epithelium,
impenetrable to many microbial species, and also containing carbohydrate structures
capable of saturating microbial adhesions. Paneth cells are present in the cecum
and proximal colon of humans and other species, but absent in the mouse colon.
Colonic epithelial cells are capable of secreting a number of anti-microbial peptides,
including �-defensins and cathelicidins (see below), particularly during infection. It
should be noted that the bacterial burden in post-natal mammals reaches greatest lev-
els in the cecum and colon. Microbial degradation of residual foodstuffs allows the
host to absorb additional calories that would otherwise remain unavailable. In many
cases, the cecal epithelium is specialized to absorb microbially-produced products
such as short- and medium-chain fatty acids [64].

1.5 Follicle-Associated Epithelium (FAE) and M Cells

The intestinal epithelium maintains a close collaboration with an underlying lo-
cal immunological network, collectively referred to as the mucosal immune system
[65, 66]. Nowhere is this collaboration more apparent than in organized lymphoid
follicles, which are present throughout the small intestine and colon. In the small
intestine, these macroscopic structures consist of aggregates of between 5 and10
lymphoid follicles known as Peyer’s patches. As discussed in detail elsewhere in this
book, these organized lymphoid follicles contain germinal centers which represent
the primary sites of mucosal B cell differentiation and somatic cell hypermutation
[67]. As mucosa-associated lymphoid tissues lack afferent lymphatics, germinal
center activity is driven exclusively in response to antigens present in the intesti-
nal lumen. Uptake and transepithelial transport of macromolecular antigens from
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the intestinal lumen to the organized lymphoid follicles is achieved the so-called
follicle-associated epithelium (FAE).

1.5.1 FAE

The FAE is distinct from the villus epithelium in both structure and function
(Fig. 1.2) [66]. Whereas the villus epithelium is specialized for digestion and ab-
sorption of nutrients and is dominated by absorptive enterocytes, mucin-secreting
goblet cells and enteroendocrine cells, the FAE contains few or no goblet or en-
teroendocrine cells and has reduced levels of certain digestive enzymes [68]. There
are also fewer defensin- and lysozyme-producing Paneth cells in follicle-associated
crypts [69]. Enterocytes within the FAE, like their counterparts on villi, have well-
developed microvilli and are coated with a thick FBBG, but they are not identical
to villus cells [41, 45]. For example, FAE enterocytes express lower levels of the
membrane associated hydrolases involved in digestive functions [68, 70]. It is also
apparent that the glycosylation patterns of epithelial cells in the entire FAE differ
from those on villi, indicating that glycosyltransferase expression in the FAE is dis-
tinct [43, 69, 71]. The FAE of Peyer’s patches also express chemokines (e.g., CCL9,
CCL20) involved in leukocyte homing, which are not expressed elsewhere in the
small intestinal epithelium [72, 73]. Finally, the FAE is devoid of pIgR and therefore
it is unable to transport IgA from the interstitium to the lumen [74, 75, 76].

1.5.2 M Cells

Probably the most distinguishing feature of the FAE is the presence of M cells,
a unique epithelial cell type that is specialized in the uptake and transepithelial
transport of particulate antigens, including particles and macromolecules [44, 77],
viruses [78, 79, 80], bacteria [81, 82, 83], and parasites [84]. Indeed, M cells have
been considered the “gateway” to the gut associated lymphoid tissue (GALT) [66].
The apical and basolateral surfaces of M cells have distinct features that enable them
to rapidly and efficiently deliver mucosal antigens from the lumen to underlying
lymphoid follicles (Fig. 1.2). For example, M cells lack the well-developed brush
border and FBBG present on enterocytes. Consequently, M cell apical membranes
are more accessible to particles, viruses and bacteria than adjacent enterocytes
[41, 43]. In mice and humans, the apical surfaces of M cells have a pattern of gly-
cosylation that is distinct from FAE enterocytes and villus enterocytes [69, 85, 86].
M cells also selectively express Toll-like receptors and pattern recognition receptors
on their apical membrane that may facilitate antigen recognition and contribute to
signaling in the local environment [87, 88, 89].

The M cell basolateral membrane is deeply invaginated to form a large intraep-
ithelial “pocket” containing specific sub-populations of naive and memory B and
T cells [90, 91, 92, 93, 94, 95], and occasional dendritic cells [96]. The pocket
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brings the M cell basolateral surface to within a few microns of the apical surface,
shortening the distance that transcytotic vesicles must travel to cross the epithelium.
Antigens transported by M cells are sampled by adjacent DCs [97, 98, 99]. The
immunological function of the B and T cell populations within M cell pockets,
however, is still unclear. The resident T cells are mostly CD4+ and in humans the
majority display CD45RO, a surface marker typical of memory T cells [92], which
distinguishes them from effector CD8+ intraepithelial lymphocytes. The B cell
population is a mixture of naı̈ve (SIgD+) and memory (SIgD−) cells that are pro-
posed to originate from the underlying B cell follicles [90]. Based on co-stimulatory
molecule expression and in vitro co-culture assays, Brandtzaeg and colleagues have
proposed that M cells pockets are extensions of germinal centers [94, 95, 100] and
that memory B cells in this niche may be actively engaged in sampling luminal
antigens and presenting them to adjacent T cells [94, 95]. Activated T cells ex-
pressing CD40L could in turn induce CD40 positive memory B cell survival and
proliferation.

1.6 Intraepithelial lymphocytes (IELs)

Intraepithelial lymphocytes (IELs) comprise a diverse population of T cells that
closely associate with the gut epithelium. Most of these cells are thymic-independent
�/� TCR+ CD8+ T cells that originate in gut-associated lymphoid tissues includ-
ing sub-epithelial cryptopatches and isolated lymphoid follicles (ILFs) where they
undergo selection and differentiation [101, 102, 103].

IELs commonly express mucosal specific integrins �4ß7 and �E�7. The �4ß7

integrin mediates the attachment of T and B cells to MadCAM (Mucosal Addressin
Cell Adhesion Molecule) on high endothelial venules (HEV) in Peyer’s patches and
mesenteric lymph nodes, facilitating entry of these cells into the mucosal compart-
ment [104, 105]. The �E�7 integrin mediates attachment of IELs to epithelial cells
via its association with E-cadherin [106, 107]. �E�7 is also expressed on populations
of dendritic cells and mast cells [107]. Greater than 90% of IELs and 45–50% of
lamina propria T cells found in mouse and human small intestine express the �E�7

integrin [108]. In contrast, fewer than 5% of human peripheral blood mononuclear
cells express the �E�7 integrin, illustrating its preferential expression on mucosal
T cells.

IELs intercalate within the epithelium and are believed to provide a means
of immune surveillance. However, no primary role has been demonstrated for
�� TCR+ T cells in host protection from Gram negative enteric pathogens in-
cluding Salmonella typhimurium, Citrobacter rodentium or Yersinia enterocolitica
[109, 110]. In contrast, defects in CD4+ T cell or �� TCR+ T cells are known
to impact pathogen immunity to Gram negative organisms including Salmonella
species, Citrobacter rodentium, and enteric Yersinia species [111, 112, 113, 114].
�E-integrin deficient mice, the closest approximation to an IEL-deficient host, have
to date demonstrated no phenotypic differences in survival, immune responses or
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infection-induced pathology in response to a variety of bacterial and viral pathogens
[110, 115].

��TCR+ T cells have been shown to improve maintenance of epithelial barrier
function during in vitro Toxoplasma gondii and Salmonella infections [116]. In the
absence of ��TCR+ CD4+ T cells, ��TCR+ T cells can provide some protection
against Salmonella species and Cryptosporidium parvum [117, 118] and they have
demonstrated protective functions in primary infections with intestinal parasites
[119]. However, while ��TCR+ T cells have been shown to increase in number
during a variety of infectious processes in vivo, from bacterial peritonitis to primary
or secondary infections with viruses and bacterial pathogens, defining their role in
vivo in host defense has remained elusive [120, 121].

1.7 Anti-Microbial Factors Produced by the Epithelium

Mucosal epithelia produce a diverse armamentarium of anti-microbial factors that
play key roles in host defense against bacterial pathogens and commensal mi-
croflora. These factors include the alpha and beta defensins, cathelicidins, and
larger LPS-neutralizing proteins such as bactericidal permeability increasing protein
(BPI). In addition, many digestive enzymes, including lysozyme, proteases, and
phospholipases with specificity for microbial phospholipids, have activity against
commensal and pathogenic species. Gut epithelia are also capable of producing
lactoferrin, a secreted iron-binding protein that is also found in milk and tears [122].
The protein’s high iron-binding capacity limits availability of this nutrient for com-
mensal or pathogenic species in the gut lumen.

1.7.1 Defensins

The defensins are a collection of small cationic peptides that bind and disrupt
bacterial cell membranes [57, 59]. Defensins are divided into two main classes.
Alpha-defensins include the cryptdins expressed primarily by small intestinal Paneth
cells. Beta-defensins are produced by neutrophils and other mucosal epithelial cells
including bronchial and colonic epithelium.

More than 17 cryptdin genes have been identified in the mouse [59]. These
cysteine-rich peptides are believed to form pores in the outer-membranes of bac-
teria. Sequence differences among peptides likely provide specificity for activity
against particular microbial populations. Expression occurs in skin, reproductive
organs and in Paneth cells of the small intestinal epithelium. While some cryptdins
are expressed throughout the length of the small bowel, others, notably cryptdin-4,
demonstrate regional localization to the distal portion of the bowel in the jejunum
and ileum [123]. Cryptdins also appear to modulate other epithelial responses in-
cluding chloride secretion. Rapid secretion of Paneth cell cryptdins is known to
occur in the presence of bacterial antigens, from commensal and pathogenic species
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[124]. In vitro bactericidal activity in the micromolar range has been demonstrated
against pathogens such as Salmonella typhimurium, Listeria monocytogenes and
commensal strains of E. coli [59].

Beta-defensins have been detected in mucosal epithelia of the gut, respiratory and
reproductive tracts [125, 126]. Human beta-1 defensin is expressed constitutively in
gastric and colonic epithelium while expression of beta-2 defensin has been demon-
strated in epithelia infected with H. pylori or in inflamed colon [126, 127]. Similarly,
infection of human colonic xenografts into nude mice demonstrated up-regulation
of HBD-2 during infection with Salmonella, a process dependent upon NF-kappaB
activation [128].

1.7.2 Cathelicidins

Cathelicidins are also small cationic peptides with broad-spectrum anti-microbial
activity that are found in mammals, birds and many fish species [129]. They are
expressed in the secondary granules of neutrophils and in mucosal epithelia of the
upper and lower gastrointestinal tract and in a variety of secretions including saliva
[130, 131, 132]. Cathelicidins have a similar mechanism of action as the defensins,
but demonstrate more activity in the presence of divalent cations.

Like the defensins, cathelicidins possess a net positive charge at neutral pH, a
property that facilitates electrostatic interactions with negatively-charged bacterial
surfaces. This interaction leads to subsequent insertion of the peptide in the bacterial
membrane. Most cathelicidins demonstrate subsequent lytic activity, though some
classes such as the bactenecins and proline-rich cathelicidins do not produce overt
membrane lysis, but detectable effects on bacterial transcription [133, 134].

Unlike the defensins, cathelicidins cover a broader range of activity against
different microbial species, including Gram positive and Gram negative species
[135, 136, 137]. Some also have demonstrated effects in vitro against fungal and
parasitic species [138].

1.7.3 Bactericidal Permeability Increasing Protein (BPI)

Bactericidal Permeability Increasing Protein (BPI) is expressed in neutrophil pri-
mary granules and in gut epithelial cells [139, 140]. At 55kDa, the protein is signif-
icantly larger than the peptide defensin and cathelicidin antimicrobials. It also has
a different mechanism of action, containing structural motifs of a lipid binding pro-
tein that serves to bind and neutralize endotoxin from the outer membrane of Gram
negative bacteria. Binding rapidly produces growth arrest in Gram negative species,
followed by subsequent bactericidal activity [140, 141]. The protein is active against
commensal and enteric pathogens at nanomolar concentrations.

In addition to providing a direct, innate defense against common bacterial
pathogens including Salmonella, pathogenic E. coli, and other species, the protein’s
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rapid neutralization of endotoxin is also thought to have immuno-modulatory
properties by limiting local inflammatory responses triggered by the presence of
un-neutralized LPS [142, 143]. Thus, BPI provides a potential example whereby
an innate bactericidal molecule may also be capable of modifying subsequent host
responses to infection. This activity is of particular use in the GI tract, providing
one mechanism by which the host can avoid untoward stimulation of inflammatory
responses against commensal organisms.

1.7.4 NOD/TLR

Epithelial cells also express a variety of pattern-recognition receptors including
Toll-like receptors (TLRs) and Non-Obese Diabetic (NOD) family of proteins
[144, 145]. Expression of these key receptors has importance both in host defense to
infectious agents, as well as providing important functions in immune surveillance
and tolerance to luminal antigens and commensal species.

The family of Toll-Like Receptors recognizes a variety of foreign pathogen-
associated molecular patterns (PAMPs) [146]. Among these receptors TLR2
recognizes many bacterial lipopeptides [147]. TLR3 recognizes double-stranded
RNA, a viral-specific PAMP [148, 149, 150]. TLR4, with the MD-2 accessory
molecule, recognizes LPS [151] while TLR5 binds flagellins [152]. Bacterial pepti-
doglycan and lipotechoic acids are recognized by a combination of TLR2 and TLR6.
TLR9 recognizes unmethylated CpG dinucleotides, found in bacterial DNA [153].

Activation of TLRs leads to a series of downstream signaling events, including
recruitment of accessory molecules such as MyD88 [154], and in epithelial cells
commonly results in activation of Mitogen Activated Protein kinases and nuclear
translocation of the transcription factor NF�B [155, 156]. These cascades gen-
erally result in pro-inflammatory responses through the release of cytokines and
chemokines such as interferon-gamma and IL-8, which serve to recruit inflamma-
tory cells that comprise both innate and subsequent adaptive immune responses
[157]. In epithelial cells, TLR signaling also up-regulates expression of many alpha-
and beta-defensins [158, 159].

Many TLRs are constitutively expressed in intestinal epithelium while others are
selectively up-regulated during infection or inflammatory states [144, 160]. Consti-
tutive expression of TLR3 and TLR5 has been found in human colonic epithelium
[161, 162] while TLR2 and TLR4 are expressed during infection or in inflammatory
bowel diseases [161, 163]. Apical epithelial expression of TLR9 in mice has been
associated with colonization of the flora, specifically in response to Gram negative
commensal or pathogenic species, but not in response to the Gram positive com-
mensal Bifidobacterium breve [164]. Interestingly, activation of apical TLR9 has
demonstrated down-regulatory effects on NFkappaB signaling via the accumulation
of ubiquitinated IkappaB, preventing activation of NFkappaB. In contrast, activa-
tion of basolateral TLR9 triggers IkappaB degradation and subsequent activation of
NFkappaB [153]. This unique mechanism may provide a key mechanism by which
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the gut maintains “tolerance” to commensal bacteria and luminal antigens that might
otherwise trigger TLR-induced pro-inflammatory responses.

Assessment of epithelial-expressed TLRs on host immunity is frequently con-
founded in vivo in mice fully deficient for one or more receptors or accessory
molecules by the pleiotropic effects of TLR-expression in immune and other cell
types. For instance, mouse strains lacking TLR4 are LPS non-responsive and fre-
quently susceptible to a variety of pathogens [165, 166]. However, dissecting mu-
cosal versus systemic effects of TLR activation, as well as activation by different cell
types in mucosal compartments in knockout mice would be needed to define epithe-
lial contributions that directly impact host survival, effects on local inflammatory
responses and clearance of pathogens. To date studies in bone marrow chimeras have
successfully delineated effects of TLR4 and TLR5 activation on immune cells dur-
ing intraperitoneal Salmonella or Pseudomonas aeruginosa infection [167]. Similar
types of studies adoptively transferring isogenic, TLR-sufficient immune cells into
TLR-deficient recipients might assist in dissecting functions played by epithelial-
expressed TLRs. However, to date no such studies have been published.

In contrast to the surface-expressed TLRs, intracellular NOD proteins provide
a means for detecting intracellular PAMPs, a function important for host defense
against invasive, intracellular pathogens. NOD1 and NOD2 recognize peptidogly-
can motifs [148, 168]. As with TLRs, binding and activation of NOD proteins leads
to activation of NFkappaB with downstream effects including up-regulation of de-
fensins, and pro-inflammatory cytokines and chemokines [169].

NOD1 is constitutively expressed in human colon [145], while NOD2 has been
found primarily in intestinal Paneth cells [170, 171]. Defects in NOD2 have also
been shown to predispose to development of Crohn’s disease [172]. In vitro stim-
ulation of epithelial cells with NOD1 agonists leads to NF�B activation, an effect
that is abolished in vivo in NOD1-deficient mice. Joint activation of NOD and TLR
pathways has also been demonstrated to enhance TLR signaling [169, 173]. Thus
activation of intracellular PAMPs, in the presence of extracellular TLR activation
provides the host a means to better distinguish a likely bacterial pathogen from a
commensal, and mount an effective inflammatory response.

1.8 Intestinal Epithelial Cells: Linking Innate
and Adaptive Immunity

As discussed above, it is becoming increasingly apparent that epithelial cells are
effective “sensors” of microbial pathogens that can orchestrate the innate and adap-
tive arms of the immune system in response to infection. A notable example of
this is the role of the enterocytes and colonocytes in the localized recruitment and
activation of leukocytes, including polymorphonuclear (PMN) cells, dendritic cells,
macrophages, and lymphocytes to sites of epithelial damage through the release
of pro-inflammatory chemokines and lipid mediators [12, 13, 174]. Equally impor-
tant, however, is the role of the epithelium in regulating immunoglobulin transport.
Activation of TLR3 and TLR4 by their respective ligands, for example, stimulates
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pIgR expression, suggesting intestinal epithelial cells can directly contribute to
adaptive immunity in response to infection through elevated transepithelial transport
of polymeric IgA [175]. A number of very recent studies have highlighted the po-
tential of human intestinal epithelial cells to transport IgG into mucosal secretions
in response to microbial infection, although the exact mechanism by which IgG
neutralizes pathogens in the luminal environment remains ill-defined [110, 176].
Finally, it is now well recognized that intestinal M cells express an IgA receptor
on their apical surfaces that may function in the uptake and (retro) transepithelial
transport of SIgA-antigen complexes [74, 177]. The uptake and delivery of SIgA-
antigen complexes into organized mucosa-associated lymphoid follicles is postu-
lated to serve an immunoregulatory function (e.g., tolerance or immunity) [66, 178].

1.9 Conclusions

At first glance, the intestinal epithelium appears both delicate and vulnerable,
and hardly capable of functioning in digestion, management of fluid and elec-
trolyte balance, and nutrient acquisition while constantly being exposed to microbial
pathogens and commensal microflora. However, closer inspection reveals that the
intestinal epithelium is in fact an agglomeration of highly specialized cell types that
are responsive to environmental stimuli and capable of responding in a coordinated
manner to mucosal infection. Indeed, it is only recently that we have begun to ap-
preciate the level at which the intestinal epithelium orchestrates both the innate and
adaptive immune responses at mucosal surfaces.
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Chapter 2
Structure of the Respiratory and Female
Genitourinary Tracts

Michael Vajdy

Abstract The respiratory and genitourinary tracts comprise two major mucosal
tissues. There are some similarities between the structure and cells of these sites,
and there are also important differences. The respiratory tract is arguably more ex-
posed to the outside environment than the genitourinary tract, as it is essential for
continuously acquiring oxygen. Therefore, it is also more accessible, and socially
acceptable, as a vaccination route. The genitourinary tract, together with the rectal
mucosa, is a major site of a variety of sexually transmitted diseases, and as such
they comprise the most important mucosal routes for transmission of HIV and many
other pathogens. In this chapter, a description of the structure and cells of the upper
and lower respiratory tract as well as the genitourinary and rectal mucosa is given.

2.1 Introduction

By far, the majority of pathogens enter the mammalian hosts through mucosal sur-
faces. The mucosal immune system in mammalian species covers a surprisingly
large surface area. The mucosal immune system mainly comprises the gastrointesti-
nal, respiratory and genitourinary tracts. While there are major similarities between
these tissues, there are also considerable differences between them. The similari-
ties generally pertain to the antigenic load (gastrointestinal and respiratory tracts)
and the one layer of epithelial cells separating the lumen from the interior lam-
ina propria (the intestine, the lower respiratory tract and the upper genitourinary
tracts). The differences are mainly in the expression of cellular homing receptors,
antigen sampling, and unique cell types. These differences and similarities play a
major role in the design of effective vaccines as well as therapeutics. Thus, while it
has generally been difficult to devise vaginally administered vaccines, it has been
easier to design intranasal (IN) vaccines. Moreover, while oral vaccines require
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high antigenic concentrations, IN vaccines require several folds less. Therefore,
knowledge of the cellular structure, the immune microenvironment and homing
properties of each mucosal tissue is required to make a rational design of vac-
cines through each route. Given the notion that rapid local immune responses are
required to induce optimal protection against new mucosal pathogens, knowledge
about the cellular structure and the related mucosal immune system at each mu-
cosal tract is essential for development of prophylactic and therapeutic protective
strategies.

2.2 Structure of the Upper and Lower Respiratory Tract

The upper respiratory tract includes the nose and the larynx, which separates the
upper and lower respiratory tracts. Except the anterior nares, which are lined with
squamous epithelium, most of the upper respiratory tract epithelia are ciliated, pseu-
dostratified columnar cells [1].

In primates, the palatine, lingual and nasopharyngeal tonsils form the Waldeyer’s
ring, which when compared to similar structures in rodents is collectively referred
to as nasal associated lymphoid tissue (NALT). NALT is strategically placed for
sampling at the portals of both gastrointestinal and respiratory tracts [2]. The phar-
ynx is divided into three parts, the nasopharynx (posterior to the nose and superior
to the soft palate), the oropharynx (posterior to the mouth) and the laryngopharynx
(posterior to the larynx) [3]. The lymphoid tissue in the pharynx forms an incom-
plete circular lymphoid structure called the Waldeyer’s ring. This lymphoid tissue
is aggregated to form masses of LN called tonsils. The pharyngeal tonsil, known
as adenoids, is in the mucous membrane of the roof and posterior wall of the na-
sopharynx [3]. The palatine tonsils are LN at each side of the oropharynx between
the palatine arches [3]. Unlike peripheral LN, which are not directly associated with
the mucosal lumen, the surface epithelium of the tonsils, similar to the mucosal as-
sociated lymphoid tissue (MALT) of the gastrointestinal tract (eg. Peyer’s patches),
is in direct contact with the lumen. The palatine tonsils and adenoids are covered
with lymphoepithelium consisting of ciliary and non-ciliary epithelial cells, goblet
cells and M cells, the latter showing many invaginating lymphoid cells. [4]. Direct
uptake of antigens through the epithelial cells of the tonsils has been demonstrated
and suggests that the tonsils play a major role as local inductive sites for mucosal
immunity.

In addition to the lymphoid aggregates in the epithelium, local draining lymph
nodes also represent important inductive sites for local and systemic immunity fol-
lowing application of antigens to the oral cavity. In the oral cavity, the lymphatic
vessels of the parotid and submandibular glands drain to superficial and deep cervi-
cal LN. [3] Lymph from the end of the tongue drains to the superior deep cervical
lymph node (LN), whereas lymph from the tip of the tongue drains to the submental
LN. Lymph from the sides and the middle of the tongue drain to the inferior deep
cervical LN and to the submandibular LN respectively [3].
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2.3 Cells Involved in Immune Responses in Respiratory Tract

Dendritic cells (DC) are numerous within and underneath the epithelial layer of the
tonsils and are in close contact with the neighboring B and T cells. [5] Alveolar
macrophages are derived form bone marrow as well as by local division. However,
alveolar macrophages have been shown to be involved in down regulation of antigen
presenting function of pulmonary DC [6]. Approximately 10% of the bronchoalveo-
lar cells consist of lymphocytes. Mast cells and basophils also exist within the lower
respiratory tract, and can be directly involved in inflammatory responses such as
asthma under the influence of T cells as well as other factors. Several studies suggest
that the adenoids contain IgG, IgA and IgM secreting cells in lower numbers than
palatine tonsils, with the predominant isotype being IgG (62% in adenoids and 73%
in palatine tonsils). However, the relative numbers of IgA and IgM secreting cells
appear to be similar [7, 8]. The predominant IgG subtype in both palatine tonsils
and the adenoids are IgG1 followed by IgG3, with low numbers of IgG2 and few
if any IgG4 [8]. The number of IgD+ and IgE+ Ig-containing cells are very low
[9]. While the majority of IgA+ cells are in extra-follicular, non-GC areas, most
IgM+ cells are in the follicles [9]. The germinal center (GC) in tonsils gives rise
to mainly IgG (55–72%) and IgA (13–18%) producing B cell blasts/plasma cells
[10], however IgM is mainly confined to the GC regions [11]. The tonsilar GC
contains follicular dendritic cells (FDC), which are known to bind antibody-antigen
immune complexes and play a role in the generation of secondary or memory B
cell responses. The tonsilar FDC have been shown to be in association with IgM,
IgG and IgA and the majority of the cells within their dendrites are B cells [12].
Importantly, it has been shown that memory-type B cells from human tonsil lie
within the mucosal epithelium overlying the tonsils and directly present antigen to
T cells [13].

The adenoids have patches of epithelium expressing polymeric Ig receptor
(pIgR), whereas the palatine tonsils are covered with squamous epithelium and lack
a secretory IgA system [14]. Polymeric IgA, produced in the adenoids is destined to
populate mucosal effector sites of the upper airway mucosa as well as the salivary
and lacrimal glands, where they produce secretory IgA (SIgA) [15]. Two subtypes
of IgA exist in humans, IgA1 and IgA2. The latter is most frequent in the upper
aerodigestive tracts, while the former predominates in the large intestine [16]. In this
regard, tonsilar IgA+ cells are predominantly of the IgA1 subtype [8, 17], providing
further evidence that they function as local inductive sites that seed the mucosal
effector sites of the upper aerodigestive tracts. The palatine tonsils and the adenoids
comprise 30–35% CD3+ cells, 20–28% CD4+ cells, and 5–6% CD8+ cells and the
majority of the T cells appear to express TCR��. While the activation marker IL2R
(CD25) is upregulated on only 3–8% of the cells, CD28 is expressed on 23–36%
of the cells and mostly in the adenoids [8]. T cells comprise about half of tonsilar
intraepithelial mononuclear cells, with equal ratios of CD4+ and CD8+ cells. In
the deeper inter-follicular regions the ratio of ��TCR+ to ��TCR+ cells is 10:1,
whereas in the superficial areas a reduction in the number of ��TCR+ cells reduces
this ratio to 2:1 [18].
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In the adenoids, the predominant cytokine released in response to in vitro re-
stimulation with tetanus and diphtheria toxoids, influenza virus or Candida albicans
was IFN�, followed by IL-5 [8]. However, polyclonal activation of tonsilar and ade-
noidal cells with phytohaemagglutinin induced proliferative responses and many
cytokines, including IFN�, IL-4, IL-5, IL-10, TNF� and TGF� [8]. It is noteworthy
that the adenoids of children aged 1–12 years contained a relatively large number
of CD5+, possibly of the B-1 lineage, with a greater capacity of Ig production
than conventional (B-2) CD5− cells [19]. Taken together, the presence of a lym-
phoepithelial structure, professional antigen presenting cells e.g. DC, FDC and the
germinal center machinery, as well as functional CD4+ and CD8+ T cells within
the epithelial layers as well as deep in the LN suggest that the oro/nasopharyngeal
lymphoid tissues act as both immune inductive and effector sites for the upper
aerodigestive tract.

The lower respiratory tract includes the trachea, the bronchi, bronchioles and the
alveoli. The trachea and the major bronchi are covered by pseudostratified, columnar
epithelia, whereas the bronchioles and alveoli are covered with simple columnar
epithelia. Mucus-secreting cells are dispersed throughout the tracheobronchial tree,
but are only found sparsely in small bronchioli. Simple, pseudostratified epithelial
cells that are mostly ciliated, as well as mucus-secreting goblet cells are found in
the lower respiratory tract [1]. An organized lymphoid tissue, bronchus associated
lymphoid tissue (BALT), has been demonstrated in rabbits, rats and guinea pigs, but
rarely in humans. Air from the trachea enters the two lung lobes via the two main
bronchi, which are each subdivided into smaller bronchioles, forming the bronchial
tree. Each terminal bronchiole ends in several alveolar sacs lined by alveoli where
CO2 and O2 gas exchanges occurs.

Many of the proteins associated with innate immunity in the upper respiratory
tract are to be found localized into mucus gels and the mucin-rich surface layers
of the epithelium and the cilia. Mucus, produced by mucus-secreting cells in the
respiratory tract, is rich in mucin and covers the epithelia. The gel-forming mucins,
MUC5AC and MUC5B, are in charge of defending the epithelia from pathogens.
Mucus moves upwards from the lung by mucociliary and through coughing mecha-
nisms [20].

2.4 Structure and Cells of the Female Genitourinary
Tract and Rectum

The vaginal mucosa is covered with multi-layered squamous epithelia, while the
uterus, cervix and fallopian tubes are covered with pseudo-squamous and sim-
ple columnar epithelia. Underneath the epithelial layers of the vagina, uterus and
fallopian tubes is the lamina propria compartment comprising a large array of B
cells, CD4+ and CD8+ T cells, and antigen-presenting cells (APC) [21]. The
presence of lymphoid aggregates in the female genital tract has also been re-
ported, although whether these aggregates have follicle associated epithelium, as
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is the case with nasal-associated lymphoid tissue (NALT) and Peyer’s patches,
remains to be elucidated [21, 22]. DC and CD8+ T with cytotoxic activity cells
are found interspersed within the squamous epithelium of the vagina [23, 24, 25].
Thus, the vaginal mucosa contains DC as well as CTL and can mount anti-viral
cytotoxic T cell responses that can be protective. The vagina is considered to be
a component of the common mucosal immune system and oral immunization in
mice with microparticles has been shown to induce a vaginal antibody response
[26]. In addition, IN immunization with microparticles also induced antibodies in
the lower genital tract of mice [27]. Although there is no evidence to indicate
the presence of lymphoid follicles or M cells in the vaginal mucosa [28], intra-
vaginal (IVAG) immunization in humans induced local antibody responses [29].
However, IVAG immunization protocols in small animal models have not normally
met with great success, despite the use of novel delivery systems and adjuvants
[30, 31, 32], although a more recent report showed that vaginal or rectal but not IN or
intra-muscular immunizations with alpha virus based replicon particles encoding
HIV-1 gag protected against IVAG challenge with vaccinia virus encoding HIV-1
gag [33]. Moreover, the local immune response in the vagina is subject to significant
hormonal regulation, with major changes in local antibodies at different stages of
the menstrual cycle [34]. A study in mice showed that the IN route of immunization
was more effective than the IVAG route for the induction of immune responses in
the vagina [35]. In female humans the IN route of immunization may be exploited
for the induction of genital tract antibody response [36]. Thus, although the vaginal
mucosa contains the necessary immunological machinery to mount a local immune
response, the IN immunization appears to be a more suitable route. However, it re-
mains to be seen whether in the resting memory phase a more rapid local response
is induced in the vaginal mucosa following IVAG immunization compared to IN
immunization.

The rectal mucosa of several mammalian species, including humans, contain
macroscopically invisible solitary lymphoid nodules that resemble Peyer’s patches
of the small intestine in their cellular structure and phenotype. These structures are
overlaid with microfold (M) cells that are specialized in antigen uptake [37]. Of
note, both the rectal and vaginal mucosa are drained by the iliac lymph nodes and
there is indirect evidence that SIgA-secreting cells in the vaginal mucosa originate
from the solitary lymphoid nodules of rectum [38, 39, 40]. In non-human primates
[41] as well as in humans, the rectal and small intestinal lamina propria (LP) contain
high numbers of CD69+ macrophages that are concentrated under the single layer
of epithelial cells (enterocytes) whereas cells with denderites, that are far fewer in
number (most likely DC), form a reticular frame work throughout the LP. The rectal
mucosa may serve as a vaccines delivery route and because the vaccine does not
have to go through the entire digestive tract and the intestine, lower amounts of
antigen are required for intra-rectal compared to oral immunizations. However, it
may not be an attractive route of immunization for socio-ethical reasons. Except for
what is described above, the rectal mucosa’s structure and cells generally resemble
that of the small intestine, described in Chapter 1.
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Part II
Immunology of Mucosal Tissues



Chapter 3
The Mucosal B-Cell System

Per Brandtzaeg and Finn-Eirik Johansen

Abstract The mucosal B-cell system forms the adaptive basis for humoral immune
defense of the extensive mucosae. Such antibody protection depends on a com-
plex cooperation between local B cells and secretory epithelia. Mucosa-associated
lymphoid tissue (MALT) gives rise to activated B cells with striking J-chain ex-
pression that are seeded to local and distant secretory effector sites. Such homing
is the biological prerequisite for local plasma cell (PC) production of polymeric
immunoglobulin A (pIgA, mainly dimers) and pentameric IgM with high affin-
ity to the epithelial pIg receptor that readily can export these antibodies to the
mucosal surfaces. The J chain is also produced by IgG- and IgD-producing PCs
occurring at secretory tissue sites; these PC isotypes may be considered as ‘spin-
offs’ from early effector clones that through class switch are on their way to pIgA
production.

Abundant evidence supports the notion that intestinal PCs are largely derived
from B cells initially activated in gut-associated lymphoid tissue (GALT). Nev-
ertheless, insufficient knowledge exists concerning the relative importance of M
cells, major histocompatibility complex class II-expressing epithelial cells, and pro-
fessional antigen-presenting cells for the uptake, processing, and presentation of
luminal antigens in GALT to accomplish the extensive and sustained priming and
expansion of mucosal B cells. Also, it is unclear how the germinal center reaction
in GALT so strikingly can promote class switch to IgA and expression of J chain,
but the commensal microbiota appears to contribute to both the diversification and
memory of MALT responses.

Although B-cell migration from GALT to the intestinal lamina propria is guided
by rather well-defined adhesion molecules and chemokines/chemokine receptors,
the cues directing preferential homing to different segments of the gut require better
definition. This is even more so for the molecules involved in homing of mucosal B
cells to secretory effector sites beyond the gut. In this respect, the role of Waldeyer’s
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ring (including the palatine tonsils and adenoids) as a regional MALT in humans
needs further characterization, although the balance of evidence suggests that it
functions as nasopharynx-associated lymphoid tissue (NALT) identified in rodents.
Altogether, data suggest a remarkable compartmentalization of the mucosal immune
system that must be taken into account in the development of effective local vaccines
to protect specifically the airways, eyes, oral cavity, small and large intestines, and
female genital tract.

3.1 Introduction

Mucosal epithelia comprise an extensive and vulnerable physical barrier, which is
reinforced by numerous innate defense mechanisms cooperating intimately with
adaptive immunity, particularly the generation of secretory immunoglobulin A
(SIgA) antibodies. Local formation and export of SIgA constitute the largest hu-
moral immune system of the body, being involved in both the control of commensal
bacteria and resistance against pathogens.

Prevention of infectious disease by exploiting the SIgA system is a compelling
goal in an effort to improve public health in industrialized and developing societies.
The rapid expansion of genome-based biotechnology provides a variety of new av-
enues for mucosal vaccine development, but it is nevertheless essential to learn more
about unique features of the mucosal immune system, and characteristics shared
with the systemic immune system. Thus, both mucosal and parenteral vaccination
relies on immunological memory, yet our understanding of this fundamental char-
acteristic of adaptive immunity remains incomplete.

Most infections involve the mucosae with regard to initial microbial colonization
and entry into the body. In fact, diarrheal disease is ranked by WHO as the sec-
ond most common lethal infection in children under 5 years of age – accounting
for at least 20% of the 10.6 million annual deaths in this age group [1]. Repeated
episodes of diarrhea, especially when long-lasting and associated with growth fail-
ure, also contribute significantly to malnutrition in developing countries. Rotavirus,
diarrheagenic Escherichia coli, including enterotoxigenic (ETEC) and enteroag-
gregative strains, Shigella spp. and Cryptosporidium parvum are among the worst
killers. Cholera is an important cause of diarrhea in the Bengal delta and occasion-
ally causes epidemics with devastating effects even outside of Asia. Despite much
intensive research, the development of vaccines against many of these important
diarrheal pathogens has yet to be successful, and the same is true for common airway
infections [2].

Vaccines applied directly to mucosal surfaces would make immunization pro-
cedures easier and better suited for mass administration; in poor countries, the
avoidance of horizontal spread of infections with contaminated needles would also
be a significant advantage [3]. Mucosal vaccination should, moreover, most effi-
ciently induce immune exclusion [4] – a term coined for non-inflammatory antibody
shielding at internal body surfaces – mediated principally by SIgA in co-operation
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with innate non-specific defenses, thus referring to ‘first line’ protection against
micro-organisms [5]. This immune mechanism has a formidable task because the
total mucosal surface area of an adult human body amounts to some 400 m2. With
the exception of certain sites such as the oral cavity and the vagina, the mucosae are
generally covered only by a monolayered epithelium and therefore quite vulnerable.

This review discusses basic cellular and molecular mechanisms underlying strate-
gies to enhance secretory immunity. The mucosal immune system is complex and
involves dynamic interactions between structurally different tissue compartments.
Moreover, important structural and functional species differences exist in this sys-
tem [6]. Here, we will focus on human immunity but have to rely on information
obtained in mice to provide a better functional picture.

3.2 Secretory Immunity

3.2.1 Mechanism of Epithelial Antibody Export

The cellular basis for the remarkable generation of SIgA is found locally in secretory
mucosae and associated exocrine glands which harbor most (perhaps 90%) of the
body’s activated B cells – terminally differentiated to IgA-producing plasmablasts
and PCs. SIgA antibodies are remarkably stable hybrid molecules – they consist
of PC-derived IgA polymers (pIgA, dimers and some trimers) with one (or more)
‘joining’ (J) chain(s) and an epithelial portion called bound secretory component
(SC) [7], which is disulfide-linked to one of the IgA subunit heavy chains (Fig. 3.1a).
Most mucosal PCs (70–90%) normally produce pIgA [8, 9] (Fig. 3.1b) which, to-
gether with J chain-containing pentameric IgM, are exported by secretory epithelial
cells to provide SIgA and secretory IgM (SIgM) antibodies [10, 11]. The intestinal
IgA system is the best understood contributor to mucosal immunity. In fact, the gut
mucosa contains at least 80% of the body’s PCs, and some 90% of these lamina
propria cells normally produce pIgA [12].

During the late 1960’s and 70’s at least eight different models were proposed to
explain how IgA selectively could reach external secretions. One of us suggested
in 1973–1974 that the epithelial glycoprotein identified in 1965 by Tomasi et al.
[13] as part of SIgA, and later on named SC by WHO [6], could act as a membrane
receptor for pIgA and pentameric IgM on secretory epithelia [9, 14]. This formed
the basis for a common epithelial transport mechanism to generate SIgA and SIgM
in which SC and the J chain of pIgs constitute ‘key and lock’ molecules [15]. The
model is now generally accepted (Fig. 3.2) and membrane SC is known as the pIg
receptor (pIgR).

SC thus occurs in three forms: membrane-associated (same as the 100-kD pIgR),
bound (SIg-associated) and free (unassociated) [6]. The two latter (both 80 kD) rep-
resent the cleaved ectodomain of pIgR (Fig. 3.1a), and free SC is generated from
unoccupied receptor. There is always a substantial excess of free SC in the secre-
tions – on average approximately 50% of that produced [16]. Active epithelial pIg
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Fig. 3.1 Secretory IgA (SIgA) generation. (a) Depiction of how SIgA is formed as a hybrid an-
tibody molecule stabilized by a disulfide bridge between the two cell products. The amount of
dimeric IgA (pIgA) produced by a plasma cell depends on its level of J-chain expression, which
generally is high in mucosal and glandular tissue, particularly in the gut. (b) Direct demonstration
of abundant cytoplasmic expression of pIgA (p) in most parotid plasma cells, with only few pro-
ducing monomers (m), obtained by in vitro affinity test with free SC on tissue section as described
[8]. (c) Organ distribution of plasma cells expressing IgA associated with J chain (IgA+J), and
the two IgA subclasses, based on studies in the authors’ laboratory [65]. PP, Peyer’s patch; C-LP,
colonic lamina propria; I-LP, ileal lamina propria; J-LP, jejunal lamina propria; MLN, mesenteric
lymph node; PLN, peripheral lymph node; PT, palatine tonsil from adults (or children with healthy
tonsils: broken line)

export requires abundant expression of pIgR because it is continuously sacrificed at
the luminal face to release bound or free SC by cleavage from its transmembrane
form. SC has several natural antimicrobial properties [17], suggesting that pIgR is
derived from the innate immune system.

The 15-kD J chain was identified independently in 1970 by Halpern and Koshland
[18] and Mestecky et al. [19] as an Ig-associated peptide common to IgM and
SIgA. J chain-mediated Ig polymerization provides antibodies with high avidity –
a property particularly useful for agglutination of microbes in external secretions.
As alluded to above, its incorporation into pIgA and pentameric IgM is mandatory
for their binding to SC/pIgR [7, 15, 20, 21]. The receptor carries its two ligands to
mucosal surfaces by a vesicular transport process termed transcytosis. The crucial
importance of pIgR and J chain for such epithelial transport of pIgA is highlighted
by the absence of SIgA in knockout (KO) mice deficient for either of these genes
[22, 23, 24, 25].
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Fig. 3.2 Model for receptor-mediated export of J chain-containing dimeric IgA and pentameric
IgM and their function in immune exclusion. (a) Polymeric Ig receptor (pIgR) is expressed ba-
solaterally as membrane secretory component (mSC) on secretory epithelial cells and mediates
transcytosis of dimeric IgA and pentameric IgM, which are produced with incorporated J chain
(IgA + J and IgM + J) by mucosal plasma cells. The resulting secretory Ig molecules (SIgA and
SIgM) act in a first line of defense by performing immune exclusion of antigens in mucus layer
on epithelial surface. In addition, pIgR-mediated export of immune complexes from the lamina
propria and intraepithelial compartment may contribute to noninflammatory mucosal defense (not
shown). Although J chain is often (70–90%) produced by mucosal IgG plasma cells, it does not
combine with this isotype and is therefore degraded intracellularly as denoted (±J). Locally pro-
duced (and serum-derived) IgG is not subjected to active external transport, but can be transmitted
paracellularly to the lumen as indicated. Free SC (depicted in mucus) is generated when pIgR
in its unoccupied state (top basolateral symbol) is cleaved at the apical face of the epithelium
like bound SC in SIgA and SIgM. While bound SC is covalently linked to one subunit in SIgA,
providing protection against degradation (Fig. 3.1a), SIgM contains only noncovalently bound SC
in dynamic equilibrium with free SC in the secretion (not shown). (b) Commensal salivary bacteria
coated in vivo with IgA. Adapted from Brandtzaeg et al. [199]

3.2.2 Structure and Regulation of pIgR

Intracellular trafficking of pIgR has been studied in great detail and represents the
paradigm for transcytosis across a polarized epithelium [26]. The pIgR has an
N-terminal extracellular ligand-binding domain, a single membrane-spanning �
helix, and a 103 amino-acid cytoplasmic C-terminal tail that contains all the infor-
mation for proper intracellular routing [27]. The extracellular region is comprised
of five Ig-like domains (D1–D5); solution structure analysis has suggested a bend
between D3 and D4, forming a hook-shaped molecule separated from the trans-
membrane domain by a flexible region, which also contains the receptor cleavage
site [28].
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The pIgR is synthesized in the endoplasmic reticulum of secretory epithelial cells
and delivered via the trans-Golgi network directly to the basolateral membrane.
Here, it is available to bind J chain-containing pIgA and pentameric IgM produced
by local PCs. The ligand binding starts by non-covalent interactions between D1 of
pIgR and the Ig Fc portion. For pIgA, this complexing is subsequently stabilized by
covalent linking between D5 and C�2 [29].

Receptor-mediated uptake of the ligand-pIgR complex, and also of unoccupied
pIgR, occurs by clathrin-mediated endocytosis. While some recycling back to the
basolateral membrane occurs, the bulk of the receptor is ferried to the common
endosome where cargo destined for transcytosis is segregated from that destined for
basolateral recycling (such as the transferrin receptor). The ligand-pIgR complex is
next delivered to the apical recycling endosome (ARE) and released at the epithelial
surface after fusion of ARE with the apical plasma membrane and cleavage of the
pIgR by a leupeptin-sensitive endoprotease [30].

Bound SC provides mucophilic properties and increased stability for SIgA in
the harsh external environment [17, 31]. Although SIgM, due to lack of covalent
stabilization by bound SC [32], is not such a resistant antibody in the secretions as
SIgA, it nevertheless can provide compensatory mucosal defense in newborns and
subjects with selective IgA deficiency [33]. In the airways, SIgM compensation is
less consistent than in the gut, and this variable apparently contributes to suscepti-
bility of IgA-deficient individuals to infections in the respiratory tract [34].

Although epithelial membrane SC/pIgR expression is constitutively regulated,
it can be enhanced at the transcriptional level by the immunoregulatory cytokines
interferon-� and interleukin (IL)-4, as well as by the proinflammatory cytokines tu-
mor necrosis factor and IL-1 [29, 35, 36, 37, 38]. Both constitutive and cytokine-
enhanced pIgR expression appears to depend on adequate presence of vitamin A
(retinoic acid) and the nutritional state of the subject [39, 40].

3.2.3 Development and Functional Significance
of Secretory Antibodies

In adult humans, more IgA is transported to the gut lumen every day (∼ 40 mg/kg
body weight) than the total IgG production (∼ 30 mg/kg) – equalling an SIgA export
of approximately 3 g/day [41]. Therefore, the intestinal mucosa is quantitatively the
most important effector organ of antibody-mediated immunity (Table 3.1). More-
over, SIgA is the most stable antibody of the immune system [5, 10, 17, 29, 42], and
its specific quantification should in theory represent a convenient read-out for mu-
cosal vaccine responses. However, there are many pitfalls inherent in SIgA antibody
measurements [43].

During the first postnatal period, only traces of SIgA and SIgM occur in hu-
man external secretions, whereas some IgG is often present, mainly as a result of
‘leakage’ from the mucosal lamina propria (Fig. 3.2) which – because of placen-
tal transfer – contains readily detectable maternal IgG as early as at 34 weeks of
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Table 3.1 Key features of the intestinal SIgA system

� More IgA is produced every day than all other antibody classes collectively (IgG, IgM, IgD,
and IgE)

� Daily adult intestinal SIgA export, > 40 mg/Kg (∼ 3 g/day)
� Determination of specific SIgA is the best ‘read-out’ for mucosal vaccines but not easy to

perform (saliva? feces? whole gut lavage?)

gestation [33]. Therefore, an adequate mucosal barrier function of neonates depends
on a supply of SIgA antibodies from breast milk. In developing countries, infants
are particularly dependent on milk antibodies to protect their mucosae, and this
is essential in the face of rotavirus and Vibrio cholerae infections. Epidemiological
data suggest that the risk of dying from diarrhea is reduced 14–24 times in breast-fed
babies [44]. Indeed, breastfeeding currently represents the most efficient feasible
intervention measure, in theory being able to prevent 13% of all deaths in children
below 5 years of age [45, 46]. Moreover, experiments in neonatal rabbits clearly
show that SIgA is the crucial antimicrobial component of breast milk [47].

Although the antimicrobial value of breastfeeding in countries with a modern
hygiene is best seen in preterm infants [48], exclusively breast-fed infants are better
protected against a variety of infections, also quite common ones [49, 50, 51, 52].
It should be noted, however, that intestinal uptake of maternal SIgA antibodies is of
no importance for systemic immunity in breast-fed babies [53, 54], except perhaps
to some extent in the preterm infant [55]. ‘Gut closure’ normally occurs in humans
mainly before birth, but an adequate mucosal barrier may not be established un-
til after 2 years of age; the different variables involved in this process are poorly
defined [56] although secretory immunity appears to be a major component [33].
Interestingly, in mice the postnatal colonization of commensal bacteria is important
both for establishing [57] and regulating [58] an appropriate epithelial barrier func-
tion – the effect of which could be both directly on the epithelium via microbial
pattern recognition receptors (PRRs) and indirectly by driving the development of
the mucosal immune system [59, 60, 61, 62].

3.3 Mucosal B-Cell Induction

3.3.1 Immune-Inductive Lymphoid Tissue

The mucosal B-cell system can principally be divided into two functionally distinct
compartments (Fig. 3.3). First, the inductive sites consisting of organized mucosa-
associated lymphoid tissue (MALT) together with mucosa-draining lymph nodes;
here, antigens sampled from mucosal surfaces activate naı̈ve T and B cells by com-
plex stimulatory mechanisms [6, 11, 63]. Second, the effector sites consisting of
secretory epithelium and its underlying connective tissue stroma such as the gut
lamina propria; here, B cells become terminally differentiated to PCs that produce
pIgs for epithelial export in a pIgR-dependent fashion as described above.
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Fig. 3.3 Antigen-sampling and potential B-cell Ig-class switch sites for induction of intestinal an-
tibody responses. The classical mucosal immune-inductive sites are constituted by gut-associated
lymphoid tissue (GALT), which is equipped with antigen-sampling M cells, T-cell areas (T), B-cell
follicles (B), and antigen-presenting cells (APC). Red dots denote luminal antigens. Switch of
conventional B2 cells from surface (s)IgM to SIgA expression occurs in GALT and mesenteric
lymph nodes; from here the activated B and T cells home to lamina propria (LP) via lymph and
blood. T cells mainly end up in the epithelium (EP), whereas SIgA+ cells differentiate to LP
plasma cells that produce dimeric IgA with J chain (IgA + J). Dimeric IgA is next exported as
secretory IgA (SIgA) to the lumen (see Fig. 3.2). Activated B cells may also migrate from PPs
and isolated lymphoid follicles directly into the LP as indicated, but those differentiating to plasma
cells just outside follicles often show reduced J-chain expression and a propensity for IgG pro-
duction (IgG±J). B2 cells also give rise to plasma cells that produce pentameric IgM with J chain
(IgM + J), which becomes secretory IgM (SIgM). B1 cells (CD5+) from the murine peritoneal
cavity reach the LP by an unknown route (?), perhaps via mesenteric lymph nodes. According to
some data, these sIgM+ cells may switch to SIgA within the LP under the influence of APCs that
have sampled microbial antigens as dendritic cells within the epithelium and become activated to
secrete stimulatory factors (waved arrow) such as BAFF and APRIL. In mice it appears that SIgA+

B1 cells differentiate to plasma cells that provide SIgA mainly directed against the commensal
gut microbiota. Reproduced from Brandtzaeg and Johansen [11] with permission from Blackwell
Publishing

The various secretory effector sites receive their activated B cells from MALT
by compartmentalized homing mechanisms (see below). Therefore, the old term ‘a
common mucosal immune system’ is no longer valid, although considerable inte-
gration of the effector sites exists [64]. The homing to these sites appears to be
antigen-independent, but locally available antigen contributes to the retention, pro-
liferation and differentiation of the extravasated memory/effector B cells [6, 10, 11].

Gut-associated lymphoid tissue (GALT) – including Peyer’s patches in the small
intestine (mainly in the distal ileum), the appendix, and numerous isolated lymphoid
follicles (Figs. 3.3 and 3.4) – constitutes the major part of human MALT. However,
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Fig. 3.4 Immunomorphological features of human mucosal inductive and effector sites. (a, b)
Three-color immunofluorescence staining of B cells (CD20, green), T cells (CD3, red) and ep-
ithelium (cytokeratin, blue) in cryosection of human Peyer’s patch. (b) Details from the M-cell
areas framed on the left in the follicle-associated epithelium (a) covering a B-cell follicle. (c)
Two-color immunofluorescence staining for IgA (green) and IgG (red) in section from normal
human large bowel mucosa. Crypt epithelium shows selective transport of IgA and only a few
scattered IgG-producing cells are seen in the lamina propria together with numerous IgA plasma
cells. (d) Three-color immunofluorescence staining for CD4+ (red) and CD8+ (green) T cells in
normal human duodenal mucosa. The epithelium of the villi is blue (cytokeratin). Note that most
of the elements with weak CD4 expression seen in the background are either macrophages or
dendritic cells. The pictures are original immunofluorescence images from the authors’ laboratory.
Reproduced from Brandtzaeg and Johansen [11] with permission from Blackwell Publishing

induction of mucosal immune responses can take place also in the paired palatine
tonsils and other lymphoepithelial structures of Waldeyer’s pharyngeal ring, includ-
ing nasopharynx-associated lymphoid tissue (NALT) such as the unpaired adenoids
[5, 6, 10, 65, 66, 67]. Bronchus-associated lymphoid tissue (BALT) may also con-
tribute, but this type of MALT is not present in normal lungs of adults and only in
approximately 40% of adolescents [68].

Peyer’s patches are the best studied MALT structures. Their domes are covered
by a characteristic follicle-associated epithelium (FAE), which contains variable
numbers of antigen-sampling ‘microfold’ or ‘membrane’ (M) cells – depending
both on the species and the degree of stimulatory activity [6]. These very thin and
bell-shaped specialized epithelial cells transport effectively live and non-replicating
antigens (especially particles) from the gut lumen into the lymphoid tissue [63].

Many enteropathogenic infectious agents use the M cells as portals of entry, so
they represent extremely vulnerable parts of the surface epithelium. Such ‘gaps’
in the epithelial barrier are nevertheless needed to facilitate efficient induction
of mucosal immunity. The antigen uptake mechanisms are poorly characterized,
but are apparently both independent and dependent on various types of receptors
[63]. Murine M cells express PRRs, including the Toll-like receptors (TLRs) TLR2
and TLR4 [69, 70, 71]. The former is reportedly of considerable interest to en-
hance the uptake of particulate microbial immunogens such as proteosomes [71].
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An IgA-specific receptor has also been characterized – potentially enhancing the
uptake of SIgA-antigen complexes from the gut [72].

All MALT structures resemble lymph nodes with B-cell follicles, intervening
T-cell zones, and a variety of professional antigen-presenting cells (APCs), includ-
ing both dendritic cells (DCs) and macrophages – but, notably, there are no affer-
ent lymphatics (Fig. 3.3). Therefore, immunogenic stimuli are fully dependent on
antigen and mitogen uptake via FAE – mainly by the M cells but also aided by
DCs, which may penetrate the epithelium with their processes [73, 74]. Induction
of intestinal immunity hence takes place primarily in the GALT structures and to a
variable extent also in the gut-draining mesenteric lymph nodes (MLNs), as further
discussed below [6, 10, 11].

3.3.2 Priming of Mucosal B and T Cells

B and T cells arrive in MALT via high endothelial venules as in other secondary
lymphoid tissue [11]. Here, antigens are presented to the naı̈ve T cells as im-
munogenic peptides by APCs. In addition, luminal peptides may be taken up and
presented by B cells and epithelial cells to subsets of intra- and subepithelial T
lymphocytes [65, 75]. Both professional mucosal APCs, B cells, and the small-
intestinal villous epithelium, as well as FAE except for the M cells [76], express
antigen-presenting MHC class II molecules – in humans particularly HLA-DR – in
addition to classical and nonclassical MHC class I molecules [77, 78].

Interestingly, MHC class II-expressing naı̈ve and memory B cells aggregate to-
gether with T cells in the M-cell pockets, which thus may represent the first contact
site between immune cells and luminal antigens [10, 11, 65, 75]. The development
of such M cell-associated B- and T-cell clusters depends on microbial coloniza-
tion and are absent in germ-free (GF) animals [60]. The activated B cells probably
perform important antigen-presenting functions in this compartment, perhaps pro-
moting antibody diversification and immunological memory [65]. Other types of
professional APCs – namely DCs and macrophages – are mainly located below the
FAE and between the follicles [11, 60, 75].

CD4+ helper T (Th) cells activated in GALT are known to release cytokines
such as transforming growth factor-� and IL-10, which drive the class switch and
differentiation of mucosal B cells to predominantly IgA-committed plasmablasts
with J-chain expression [9, 10, 11, 62, 79, 80], although their detailed regulation
is complex and still remains unclear (see below). Both naı̈ve and primed B cells
migrate rapidly from GALT via draining lymphatics to MLNs where they may be
further stimulated; they next reach thoracic duct lymph and peripheral blood to be-
come seeded by selective homing mechanisms into distant mucosal effector sites
(Fig. 3.3), particularly the intestinal lamina propria where they finally differentiate
to PCs [11, 66, 79, 80, 81]. This terminal differentiation is modulated by ‘second
signals’ from local antigen-sampling DCs, lamina propria CD4+ T cells, and avail-
able cytokines [6, 10, 11].
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3.3.3 Divergent Microbial Activation of Mucosal B Cells

Stimulation of B cells may occur by various mechanisms. Some microbial substances
are superantigens which interact with the B-cell receptor (BCR) outside the anti-
gen binding site – the prototype being Staphylococcus aureus protein A. When B
cells are exposed to cross-linked protein A, providing multiple binding sites like a
micro-organism, they show a strong polyclonal response. B cells of MALT could be
expanded in such a manner both by exogenous and microbe-induced endogenous
superantigens [82].

Other microbial substances, called Type 1 T cell-independent (TI-1) antigens,
are directly mitogenic for B cells – including sugars, lipid structures, and certain
nucleic acids. Type 2 T cell-independent (TI-2) antigens, on the other hand, are not
by themselves mitogenic but cause extensive cross-linking of BCR by repeating
epitopes; their B-cell activation is exerted through synergy with soluble factors
(e.g. cytokines) and interaction with various types of accessory cells. There are
notable species differences in the mechanisms involved; for instance, while bacterial
endotoxin or lipopolysaccharide (LPS) acts as a TI-1 antigen on mouse B cells, it
acts as a TI-2 antigen on human B cells.

Microbial polysaccharides may also function as T cell-dependent antigens and
exert profound effects on the immune system by stimulating CD4+ Th cells after
presentation by DCs on MHC class II molecules. Thus, a single bacterial polysac-
charide was shown to have a striking impact both on lymphoid organogenesis and
immune modulation in GF mice monocolonized with the ubiquitous gut commensal
Bacteroides fragilis [83].

Although Peyer’s patches containing primary follicles with naı̈ve B lymphocytes
are present at birth both in humans and mice, it takes some days before memory-
generating secondary follicles with germinal centers (GCs) are induced by microbial
stimulation [33, 59]. As alluded to earlier, studies in GF and conventional (CVN)
specific pathogen-free rats demonstrated that bacterial colonization drives intraep-
ithelial T- and B-cell accumulation with formation of M-cell pockets after an initial
GC reaction – apparently induced by DC-mediated antigen transport from the gut
lumen [60].

While TI antibody responses are restricted with regard to affinity and memory,
the GC reaction is chiefly driven by BCR competition for a limited amount of T
cell-dependent antigens – resulting in memory/effector B cells that undergo BCR
affinity maturation and class switch [84]. As reportedly shown for GALT of experi-
mental animals, however, IgA differentiation stimulated by commensal gut bacteria
may, under certain conditions, bypass the usual BCR requirement [62, 85, 86]. Nev-
ertheless, there always appears to be a dependency on some follicle-like aggregates
of B cells, which interestingly, may lack antigen-retaining follicular DCs and GCs.

It follows from the above that if there is a sufficient innate drive of the immune
system, B cells may survive with a restricted repertoire and rather low affinity. Thus,
in the GF-appendix model in rabbits, it was shown that certain commensal bacteria
are quite efficient in promoting GALT development, and that such ability depends
on stress responses in the same bacteria – suggesting a non-specific (superantigen?)
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impact on GALT [87]. The independency of BCR engagement for GALT devel-
opment was confirmed in mice where the Epstein-Barr virus protein LMP2A was
transgenically introduced as a constitutive BCR surrogate providing a weak signal-
ing pathway [88]. It was concluded that commensal bacteria – by interacting with
innate immune receptors such as PRRs – can promote the GC reaction in GALT.

Altogether, it is well established that the intestinal microbiota is required for
activation of GALT and a normal mucosal PC development [33, 59, 60], and that
commensal bacteria can shape the BCR repertoire of the host [82]. Perhaps the
GC reaction originated in GALT during evolution to generate a protective antibody
repertoire that is cross-reactive rather than antigen-specific. The indigenous micro-
biota might contribute to polyclonal B-cell activation through several mechanisms,
including PRR signalling [89]. This notion is supported by an accumulating body
of evidence showing that TLRs can be involved in polyclonal B-cell stimulation
and maintenance of memory [90], not only indirectly via follicle-associated DC
activation but also directly within the GCs [91, 92]. In humans, B cells consistently
express various TLRs including TLR2, TLR4 and TLR9, which are up-regulated
during the differentiation to memory cells [92, 93, 94]. The precise role of PRRs in
mucosal IgA responses nevertheless remains elusive.

3.4 B-Cell Induction to Generate Dimeric IgA

3.4.1 IgA Class Switch Recombination and Plasma-Cell
Development

In most mammals there is a single germline gene encoding the � constant heavy
chain (CH�) domains at the 3′ end of the Ig heavy chain locus. In humans and higher
primates, however, there has been a duplication of the � → � CH region, resulting
in two functional CH� genes encoding the IgA1 and IgA2 subclasses whose PC
contributions are disparate throughout the mucosal and systemic immune systems
(Fig. 3.1c).

Generally, mammalian CH� loci have 3 exons corresponding to the heavy chain
domains, with the region encoding the 19 amino acid extension of the secreted form
at the 3′ end of the 3rd exon, and another short exon encoding the transmembrane
segment and cytoplasmic tail [62]. Class switch recombination (CSR) occurs fol-
lowing transcription from the intronic germline I� promoter 5′ of the CH� locus
[95], and requires the activation-induced cytidine deaminase (AID) and other CSR
enzymes [94, 96, 97]. The circular spliced segment is usually from the region be-
tween the switch segments upstream of the CH� and CH� loci (Fig. 3.5), although
trans-splicing between different chromosomes is also possible [98].

In general, CSR has been found to require two signals. The first is through cy-
tokines which target transcription of the intronic promoters upstream of the CH
exons and the switch region preceeding them. The second is delivered by ligation
of CD40 on B cells with its ligand CD40L on T cells. However, in mice lacking
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Fig. 3.5 Class-switch recombination (CSR) from IgM to IgA1 at the Ig heavy-chain locus. The
variable region of the Ig heavy chain is assembled from the variable (V), diversity (D), and join-
ing (J) gene segments by VDJ recombination during B-cell development. Transcription across the
locus is driven by a promoter upstream of the rearranged VDJ segment (bent black arrow), which
facilitates the synthesis of a � heavy chain (CH). The latter associates with a light chain, thereby
forming a complete IgM molecule, which is displayed on the surface of the B cell as part of
the B-cell receptor. Secondary isotypes are produced by CSR, and is initiated by germ line (GL)
transcription of the C H� and the C H�1 genes (for switch to IgA1; bent red arrows). Products
of recombination at the CH locus are the rearranged chromosome and an episomal circle, from
which circle transcripts are derived. Cytokines stimulate transcription (bent red arrows) through
the CH gene and determine the Ig isotype that the B cell will switch to. The constant region
of downstream isotypes are denoted by their corresponding Greek letters and the 3′ enhancers
(3′E), which influence GL transcription and thereby the CSR, are indicated below the schematic
chromosome

CD40L or CD40, IgA production is not abrogated in the gut [99, 100], and this may
also be the case in CD40L-deficient humans with the hyper-IgM syndrome [101].

The major cytokine signal for CSR to IgA is TGF-� with contributions from
IL-2, IL-4, IL-5, IL-6 and IL-10; these stimulatory conditions were initially demon-
strated by studying IgA production in non-specifically stimulated B-cell cultures
[11, 102]. Evidence for the role of TGF-� in vivo came from an almost complete
lack of IgA in mice deficient for the TGF-� receptor T�RII [103]. Mice deficient
for the TGF-� negative regulator SMAD7 were found to have increased CSR to IgA
but reduced proliferation to LPS [104], whereas mice deficient for the positive signal
SMAD2 lack IgA [105]. IL-4-deficient mice show normal total IgA levels, but an
impaired specific response to mucosal immunization with cholera toxin [106], while
IL-6-deficient mice have defective IgA responses in some systems [107, 108, 109].

Because intestinal IgA production in mice is partially independent of T cells
[110] and CD40–CD40L engagement [95], other costimulatory signals for CSR to
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IgA in B cells have been sought. The TNF family includes two members – BAFF
[B cell-activating factor of the TNF family, also known as BlyS (B lymphocyte stim-
ulator) in humans] and APRIL (A proliferation-inducing ligand), which have been
shown to stimulate CSR to IgG and IgA in human and mouse B cells [111, 112].
BAFF is expressed mainly by monocytes and DCs, whereas APRIL is expressed by
monocytes, macrophages, DCs and activated T cells [113]. These cytokines have
three potential receptors on B cells – BAFF-R, BCMA and TACI; BAFF binds all
three receptors while APRIL binds only BCMA and TACI.

The function of these interactions has been investigated in KO mice with selective
deficiencies. Mice lacking BAFF or BAFF-R are deficient in B cells, so they are
not useful for determining the requirements of IgA induction [114]. TACI-deficient
mice have low IgA and poor immunization responses to repetitive TI-2 antigens
[115]. APRIL KO mice are selectively deficient for IgA [116]. In sorted murine
B cells, APRIL stimulates CSR to IgG, IgA and IgE via TACI, whereas TACI-
deficient B cells switch to IgG and IgE – but not to IgA – when stimulated by
BAFF [112].

These results suggest that APRIL–TACI interactions are necessary for IgA pro-
duction in mice, and that the CD40–CD40L interaction may be redundant for CSR
to IgA. But why is the IgA class switch so prominent in the intestine (and other
mucosal sites) when APRIL and BAFF can stimulate CSR also to other isotypes?
Intestinal DCs from Peyer’s patches and MLNs constitutively secrete retinoic acid
that synergises with IL-6 or IL-5 to induce IgA production in purified B cells, both
from mice and humans [117]. Retinoic acid secretion alone can also induce small
intestinal homing molecules on purified B cells [117]. Thus, the environment of
cytokines and DC phenotype in the regional lymphoid tissue may largely explain
the dominating IgA response generated in the gut.

In addition to the complexity of CSR, an elaborate transcriptional program con-
trols the lineage development from B cells to PCs [94]. BSAP (B-cell lineage-
specific activator protein) is encoded by the pax-5 gene, and is also called PAX5
(paired box protein 5). This transcription factor is required to establish and main-
tain B-cell identity, and it activates AID in the GC reaction. However, the terminal
B-cell differentiation to PCs depends on inhibition of PAX5 by an increasing level
of the transcription factor PRDI-BF (positive regulator domain I-binding factor) or
BLIMP1 (B-lymphocyte-induced maturation protein 1), the latter designation refer-
ring to the mouse homologe.

3.4.2 Regulation of J-Chain Expression

For the mouse, J chain is a commonly used marker of activated B cells in general,
and its expression is induced by treatments that crosslink BCR, in addition to various
cytokines such as IL-2, IL-5, and IL-6 [118, 119]. In humans, the J chain is mainly a
characteristic of mucosal PCs (Fig. 3.1c), regardless of concurrent production of the
various Ig isotypes, but there is limited information regarding its regulatory elements
[120]. This polypeptide is degraded in the cytoplasm of IgG- and IgD-producing
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Table 3.2 J-chain positivity (%) of mucosal plasma cells belonging to major Ig classes∗

Exocrine tissue site Ig class expression

IgA IgM IgG IgD

Mammary glands 94 100 56 100
Salivary and lacrimal glands 92 100 44 (72)∗∗ 95
Normal nasal mucosa 98 100 69 100
Normal small intestinal mucosa 99 100 87 N.D.
∗Summary of LIIPAT’s immunohistochemical studies of cytoplasmic J-chain expression in mu-
cosal/glandular plasma cells (for references, see text).
∗∗Data from IgA-deficient individuals.

PCs because it can only be secreted from the cell when it is associated with IgA or
IgM [20, 38]. We consider J chain-expressing PCs that concurrently produce IgG or
IgD at secretory effector sites (Table 3.2) as ‘spin-offs’ from early effector B-cell
clones in the CSR process to generate pIgA [10, 11].

Several promoter elements and transcriptional factors important for antigen-
induced J-chain expression have been identified in the mouse, and IL-2-induced
chromatin remodeling of the gene locus is necessary [121, 122]. The best charac-
terized promoter elements involved in the regulation of the murine J-chain gene
have been designated JA, JB, JC and JE [123, 124, 125]. The transcription factors
B-MEF2 (myocyte enhancer factor 2-related nuclear factor), PU.1 and USF-1 (up-
stream stimulatory factor) act positively on the transcription by binding to the JA,
JB and JE elements in this promoter, respectively [122, 126, 127].

PAX5 binds the JC element and thereby represses transcription from the murine
J-chain promoter, apparently by preventing the binding of the activators USF-1
and B-MEF2 [122]. PU.1 is also involved in BSAP-mediated repression of J-chain
transcription by recruiting the co-repressor Groucho-4 [128] (Fig. 3.6). As men-
tioned above, terminal maturation of murine B cells requires repression of PAX5

Fig. 3.6 Regulation of the murine J-chain gene promoter. B-cell lineage-specific activator protein
(BSAP) acts as a repressor of J-chain transcription by recruitment of Groucho-4 and preventing
DNA binding of upstream stimulatory factor (USF) and B-cell myocyte enhancer factor 2-related
nuclear factor (B-MEF2). In terminally differentiated B cells, BSAP expression is reduced, and the
J-chain gene is thus poised for activation (bottom)
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by BLIMP1 that binds a target site in the Pax-5 promoter. At the same time, the
inhibitory effect of PAX5 on J-chain expression is relieved [129].

In mice, J-chain expression is only initiated during the last stages of antigen-
driven B-cell differentiation, while in humans the transcription of J chain is active
already during early stages of the B-cell development [130]. However, regulation of
J-chain expression in the human mucosal immune system has apparently not been
studied in any detail. Binding sites for BSAP, USF (E-Box), PU.1 and B-MEF2
are conserved in the human promoter [120], but their functionality has not been
reported.

3.5 Homing of Mucosal B Cells

3.5.1 Distribution of B Cells for Priming in MALT

Several homeostatic chemokines have been identified as major cues for lymphocyte
trafficking and positioning in organized lymphoid tissue [131, 132]. The B cell-
attracting chemokine (BCA)-1, also designated chemokine ligand CXCL13, attracts
naı̈ve human B cells in vitro and has been shown to be produced in human lymph
node follicles [133]. This chemokine is called B-lymphocyte chemoattractant (BLC)
in mice [134]. Evidence suggests that CXCL13/BLC and its receptor CXCR5 are
directly involved in the formation of organized murine lymphoid tissue [135, 136].
Thus, this chemokine upregulates the organogenic lymphotoxin �1�2 on B cells,
and a positive feedback loop may thereby be established [137].

The follicular expression of murine CXCL13/BLC is reportedly more consis-
tent in murine Peyer’s patches than in peripheral lymph nodes [134]. Alternative
chemokines acting on B cells may also operate in human lymphoid tissue. For in-
stance, stromal cell-derived factor 1 (SDF-1, CXCL12), which appears to be pro-
duced by cells lining tonsillar GCs, has been shown to attract naı̈ve and memory
B cells expressing CXCR4 in vitro [138].

CXCL13/BCA-1 and CXCR5 are expressed in normal human GALT structures,
both in Peyer’s patches and colonic ILFs [139]. Expression of CXCR5 in fol-
licular mantle zones (Fig. 3.7) at a relatively low level agrees with the fact that
CXCL13/BCA-1 attracts naı̈ve B cells in vitro with moderate effect [132]. Scattered
T cells with strong CXCR5 expression occur within the same follicles [139]. This
CD4+CXCR5+ phenotype is functionally defined as ‘follicular B-helper T cells’,
or TFH cells (Fig. 3.7), and shows all the characteristics required for efficient B-cell
help [84, 140, 141, 142], while being distinct from Th1 and Th2 cells [143]. A small
TFH-cell subset, identified as CXCR5+CD57+ and termed GC T-helper (GC-Th)
cells, was initially described as quite essential for B-cell differentiation and anti-
body production [144] but an even more restricted phenotype has subsequently been
described [145].

The partial overlap produced by immunostaining for CXCL13/BCA-1 and sev-
eral traditional follicular DC markers in human lymphoid tissue [139], suggests
that this chemokine is deposited on peripheral extensions of these antigen-retaining
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Fig. 3.7 Main adhesion molecule- and chemokine-regulated steps of T- and B-cell migration to,
and positioning within, gut-associated lymphoid tissue (GALT). Naı̈ve T and B cells enter both
GALT and mesenteric lymph node via high endothelial venules (HEVs). The chemokines involved
(right panel) are SLC (CCL21) and ELC (CCL19), produced by stromal cells and redistributed to
the luminal face of HEVs as indicated to attract preferentially CCR7+ naı̈ve T cells and perhaps
less actively B cells. SLC may also be involved in the exit of lymphoid cells from GALT via
draining lymphatics as depicted. Naı̈ve B cells are CXCR5+ and extravasate in mice mainly via
modified HEVs presenting CXCL13 (also called BCA-1 in humans) juxtaposed to, or inside of,
lymphoid follicles; they are next attracted to the mantle zone where CXCL13 (BCA-1) is de-
posited on dendritic elements such as the follicular-dendritic cell (FDC) tips. The distribution
of this chemokine, together with B and T cells, is shown by three-color immunofluorescence
staining in the upper left panel, and the receptor distribution is similarly shown in the lower left
panel. Also follicular B-helper T (TFH) cells (CXCR5+CD4+CD57+) are attracted to the follicle
by similar interactions. B cells are primed just outside the lymphoid follicle by interaction with
cognate T cells and antigen-presenting cells as indicated; they then re-enter the follicle and end
up as CCR7+ germinal-center cells after interactions with FDCs and TFH cells. The B cells may
thereafter leave the follicle as memory/effector cells. Immunofluorescence pictures adapted from
Carlsen et al. [139]

DCs after secretion by another cell type (Fig. 3.7). The main source of CXCL13/
BCA-1 does in fact appear to be the GCDCs previously reported to stimulate
T cells in GCs [146]. Notably, we have observed that both GCDCs and large
CXCL13/BCA-1-expressing cells in inflammation-associated lymphoid neogenesis
with B-cell aggregates exhibit a phenotype compatible with macrophage deriva-
tion [147].

3.5.2 Compartmentalized Dispersion of Activated Mucosal B Cells

The homing of memory/effector lymphocytes depends on their surface expres-
sion of adhesion molecules and chemokine receptors that bind complementary
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counter-receptors and chemokines on microvascular endothelial cells in a tissue-
specific manner [81]. Accordingly, accumulating evidence suggests a remarkable
regionalization in the mucosal immune system with regard to homing properties
and differentiation of B cells, especially with regard to a dichotomy between the gut
and the upper aerodigestive tract [10, 11, 64, 66, 148]. Thus, intranasal application
of an adjuvanted non-replication vaccine (e.g., virus-like particles) against a small-
intestinal infection such as rotavirus diarrhea, cannot be expected to be effective, as
recently demonstrated in mice [149]. This regional disparity is apparently explained
both by the specific homing molecules involved in local leukocyte extravasation and
differences in the topical microbial antigen repertoire.

In general, it appears that primed immune cells preferentially home to effector
sites corresponding to the inductive sites where they initially were triggered by anti-
gens. Such compartmentalization combined with integration in the mucosal immune
system (Fig. 3.8) has to be taken into account in the development of local vaccines
and in their application strategy [150]. Also notably, in addition to the variable cel-
lular communication that exists among different mucosal regions, the mucosal and
systemic lymphoid cell systems are not completely segregated – particularly not

Fig. 3.8 Putative scheme for compartmentalized mucosal B-cell homing from inductive (top) to
effector (bottom) sites in humans. Depicted are more or less preferred pathways (graded arrows)
presumably followed by mucosal B cells of any isotype activated in nasopharynx-associated lym-
phoid tissue (NALT) represented by human Waldeyer’s lymphoid ring (including tonsils and ade-
noids), and bronchus-associated lymphoid tissue (BALT), versus gut-associated lymphoid tissue
(GALT) represented by Peyer’s patches, appendix, and colonic-rectal isolated lymphoid follicles.
The principal homing receptor profiles of the respective B-cell populations, and compartmentalized
adhesion/chemokine cues directing extravasation at different effector sites, are indicated (pink and
blue panels)
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in the upper airways where several homing molecules are shared between the two
systems as discussed below. In both systems memory/effector B cells express mainly
L-selectin and also CCR7 but little of the gut homing receptor �4�7 [64, 151], and
they may be guided to the bone marrow by CXC3 and CXCR4 [152].

3.5.3 Homing Molecules Operating at Mucosal Effector Sites

Homing of GALT-induced B cells to the gut lamina propria relies mainly on a high
surface level of the integrin �4�7 and expression of the chemokine receptors CCR9
or CCR10 (see below), while a combined expression of integrin �4�1, L-selectin
(CD62L) and CCR7 appears to direct mucosal B cells to the human upper air-
ways and perhaps to the uterine cervix mucosa [64]. The counter receptor for the
�4�7 integrin is the mucosal addressin cell adhesion molecule-1 (MAdCAM-1),
expressed apically on endothelial cells of the intestinal lamina propria microvas-
culature [65, 81, 153], while �4�1 integrin binds vascular cell adhesion molecule
(VCAM)-1, expressed on the endothelium in human bronchial and nasal mucosa
[154, 155].

The microenvironment of the mucosal inductive sites and draining lymph nodes
regulate integrin expression pattern on lymphocytes, thus imprinting the homing
capacity of the memory/effector immune cells [156]. This imprinting is at least
partially provided by regional DCs. Such cells isolated from Peyer’s patches and
MLNs are unique in their capacity to increase the expression of the mucosal homing
receptor �4�7 integrin on lymphocytes [117, 157]. Acquisition of the gut-homing
properties apparently depends on retinoic acid derived by oxidative conversion from
vitamin A – an enzymatic process preferentially mediated by the regional DCs and
acting on both B and T cells [117, 157, 158].

To attract the appropriately activated lymphocytes, expression of integrin counter-
receptors on the microvascular endothelium is regulated by cell-intrinsic and micro-
environmental factors at the mucosal effector sites. Additionally, compartmentalized
production of specific chemokines that activate integrins on the lymphocytes and
promote chemotaxis directs selective extravasation (Fig. 3.8).

In the gut, expression of different chemokines in the small and large intestine
explains the selective recruitment of lymphocytes activated by the oral and rectal
route [11, 148]. The chemokine CCL25 (TECK) is selectively produced by the
crypt epithelium in small intestine [11, 159] and attracts B-cell blasts expressing
CCR9 [160]. During an immune response to fed antigens, DCs in Peyer’s patches
and MLNs imprint lymphocytes with high expression of CCR9 together with �4�7
integrin, while L-selectin is down-regulated [117, 157, 161] – the combined effect
being extravasation in the lamina propria of the small intestine. In the large intestine,
CCL28 (MEC) expression appears to be a decisive cue for attracting IgA+ plas-
mablasts that express high levels of CCR10 as well as �4�7 [11, 162, 163]. How-
ever, CCL28 is upregulated in the inflamed small intestine, such as during rotavirus
infection in mice [164]. Because this chemokine is a cue also for CCR10-expressing
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NALT-derived B-cell blasts [64], one may not exclude some protective effect from a
nasal vaccine during a small intestinal infection, but experimental evidence speaks
against this possibility [149].

The interaction between CCR10 and CCL28 may furthermore attract circulat-
ing mucosal B cells to the bone marrow where stromal cells secrete CCL28 [165].
Thus, we found that human NALT-derived plasmablasts homed to the bone marrow
[64]. Nevertheless, most long-lived PCs in the bone marrow produce IgG and are
of systemic origin, the precursors being attracted by more generalized chemokine-
chemokine receptor pair interactions such as CXCR4-CXCL12 [152, 165].

3.5.4 Local Microbiota’s Impact on B-Cell Regulation

A regionalized impact on mucosal immune regulation is also reflected by the highly
disparate subclass distribution of IgA-producing PCs (Fig. 3.1c). Relatively more
IgA2 is generally produced in the mucosal immune system than in peripheral lym-
phoid tissue – reaching a clear dominance over the IgA1 subclass in the large bowel
mucosa [10, 11, 65]. An increase of the IgA2 isotype in secretions compared with
serum can be important for the stability of secretory antibodies because SIgA2,
in contrast to SIgA1, is resistant to several proteases synthesized by a variety of
potentially pathogenic bacterial species [166].

However, production of IgA1 is dominating both in the nasal (93%) and bronchial
(75%) mucosa [10, 11], and bacteria such as Haemophilus influenzae, Streptococcus
pneumoniae and Neisseria meningitides show frequent synthesis of IgA1-specific
proteases; this could contribute to the fact that those three bacterial species are prone
to produce invasive disease of the upper respiratory tract, apparently by being able
to exploit SIgA1-derived Fab fragments for epithelial adhesion [167]. The same
bacteria may express an IgD-binding factor, which facilitates their interaction with
the surface of naı̈ve B cells; this could favor excessive B-cell proliferation-driving
non-classical CSR to IgD-producing PCs as well as downstream CSR to IgA1 ex-
pression [10, 11, 33].

3.5.5 Mucosa-Draining Lymph Nodes as Amplifiers of Mucosal
Immunity

MLNs and cervical lymph nodes apparently share immune-inductive properties
with the related MALT structures – that is, GALT and NALT, respectively. The
local/regional lymph nodes receive antigens in both MALT-derived and mucosa-
derived lymph as well as via antigen-transporting DCs that continuously migrate
through lymph from the same surface sites [168]. Thus, it has been shown in
mice that T and B cells obtain gut- or skin-homing properties during antigen
priming in MLNs or peripheral lymph nodes, respectively [11, 169]. Although
DC-derived retinoic acid contributes to the homing instruction imprinted in GALT



3 Mucosal Antibodies 53

and MLNs [117, 157, 158, 170], all responsible inductive factors are not fully
known. Nevertheless, similar mediators can probably induce homing capacity for
the upper aerodigestive tract when T and B cells are stimulated by antigens in
Waldeyer’s ring and/or cervical lymph nodes [64].

Antigens reaching MALT-associated lymph nodes may hence elicit or amplify
mucosal immunity in the same region. Importantly, the human nasal mucosa is ex-
tremely rich in various DC types, both within and beneath the epithelium [171]. In
a rat model such airway DCs have been shown to extend their processes between
epithelial cells and sample bacteria from the mucosal surface [168]. To be highly
successful, an intranasally applied vaccine (see later) should therefore aim to target
both mucosal DCs in the nasal cavity and FAE (including M cells) in the crypts of
the MALT structures in Waldeyer’s ring.

3.6 Induction of Cross-Reactive Antibodies
and Immunological Memory

3.6.1 Role of the Commensal Microbiota

The peritoneal cavity is a substantial source of intestinal B cells in normal mice, re-
portedly giving rise to 40–50% of the lamina propria IgA-producing PCs
[62, 172], which produce ‘natural’ cross-reactive SIgA antibodies directed mainly
against microbial TI antigens with no clear dependency on a GC reaction [111].
The peritoneal precursors are self-renewing IgM+B1 (CD5+) cells (Fig. 3.3), but it
remains controversial where they switch to the IgA+ phenotype and how they reach
the gut mucosa [6, 79, 99]. Also notably, rather than being encoded by germline
sequences, murine B1 cells may show hypermutation of Ig heavy-chain V-region
(VH) genes as a sign of selection [173].

Several studies have analyzed the intestinal immune system of GF mice after
monoassociation with a variety of non-invasive, commensal bacteria [174, 175]. In
general, these microbes were found to induce a GC reaction in GALT with genera-
tion of plasmablasts that accumulated in the lamina propria as IgA-producing PCs
and secreted ‘natural’ as well as specific antibodies. Individual bacterial species
were shown to differ both with regard to the induced maximal amount of total ‘nat-
ural’ IgA and the fraction found to be specific for the colonizer [176]. The bacteria
elicited a waxing followed by a long-term waning IgA response, accompanied by
a GC reaction that both developed and declined much more rapidly. Such kinetics
could be attributed to the ‘shielding’ of GALT from inductive microbial antigens by
the lasting specific SIgA response generated because of relatively long-term persis-
tence of both specific and ‘natural’ IgA-producing PCs in the lamina propria.

Mucosal immune modulation has been particularly well documented with the
segmented filamentous bacterium (SFB, related to Clostridia), which is a major
gut colonizer of the distal ileum in mice after weaning. Colonization of formerly
GF weanlings resulted in a transient GC reaction of GALT and accumulation



54 P. Brandtzaeg, F.-E. Johansen

of IgA-producing PCs in the lamina propria, thereby providing an SIgA level
comprising 50–70% of that seen normally in CVN mice; only about 1% of this
IgA was found to be specific for SFB [177, 178].

Interestingly, super-colonization with Morganella morganii 100 days following
monoassociation with SFB, induced little change in the production of total intesti-
nal IgA although the specific response to M. morganii increased 20-fold compared
to that against SFB [177]. This implied that the chronic GC reaction observed in
GALT of CVN mice must be caused by the continuous exposure to novel microbial
antigens. The sustained gut colonization of commensal bacteria therefore appears
to provide the necessary chronic stimulation of previously induced ‘natural’ as well
as specific IgA production, thereby promoting both cross-reactivity and memory.
Thus, in contrast to the systemic immune system, MALT structures have a unique
innate strategy to diversify and maintain the B-cell repertoire.

3.6.2 B1 and B2 Cells and Intestinal Antibody Production

The relative contribution of B1 and conventional bone marrow-derived B2 cells
in murine IgA responses to commensal bacteria remains elusive [62, 86]; when
one of these subsets is deleted in genetically manipulated mice, the other subset
apparently occupies the whole intestinal B-cell compartment [99]. Lamina propria
IgA-producing PCs of both B1 and the B2 origin showed quite restricted (oligodis-
perse) usage of VH genes and multiple clonally related sequences when the reper-
toire was analyzed by complementarity-determining region (CDR)3 spectrotyping,
cloning and sequencing [179]. Out of 15–20 sequences examined from various types
of mice, there were two or more likely clonal relatives based on identical V/D/J junc-
tional sequences. Such restricted VH-gene usage was seen whether monoassociated
immunodeficient recipients of B cells or CVN immunocompetent mice of several
common strains were analyzed.

One could expect that the polyclonal microbial stimuli in the gut should induce
polydisperse B-cell responses. It appears, instead, that both B1 and B2 cells gener-
ate an oligodisperse population of IgA-producing PCs that produce ‘natural’ cross-
reactive antibodies, probably after BCR stimulation by TI-1 and/or TI-2 bacterial
antigens. In this process, B cells with randomly recombined V/D/J segments – but
without appreciable N-additions or point mutations in the VH regions – might be
selected by relatively few TI antigens in the gut.

Such observations in mice constitute useful explanation for the enormous IgA
drive provided by the gut microbiota in the absence of a high-affinity BCR devel-
opment. It appears that the production of large amounts of IgA with a restricted
or oligodisperse repertoire provides antibody capacity to bind with relatively low
affinity to the numerous redundant epitopes of commensal bacteria; to maintain
host–parasite mutualism, the homeostatic balance thus relies mainly on the large
quantities of cross-reactive SIgA produced in the gut [62, 86].
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Altogether, the induction of intestinal IgA by the indigenous microbiota appears
to be a rather primitive system that limits microbial colonization and penetration
through the epithelial barrier without eliminating the bacteria from the gut lumen.
Superimposed on this ‘innate-like’ antibody defense mechanism, the B2 system
has the property to undergo GC-driven high-affinity BCR selection for particular
virulence factors to provide more powerful adaptive protection against exogenous
infections and expel overt pathogens from the host. These observations suggest that
innate signals imitating the stimulation provided by commensal bacteria might be
exploited to promote diversity and memory in response to vaccination against mu-
cosal pathogens [92].

3.6.3 Intestinal B-Cell Responses Differ Between
Humans and Mice

It remains elusive whether such a two-layered SIgA-mediated antibody strategy op-
erates in humans where peritoneal B1 cells apparently do not contribute significantly
to the intestinal PC population [79, 180]. Human lamina propria PCs of both the
IgA and IgM classes, have highly mutated VH-region genes even from childhood –
consistent with precursor selection in GCs [181, 182, 183]. The level of mutations
is significantly higher in the intestinal B cells than that seen in splenic PCs [184].
Moreover, spectrotyping of CDR3 variability shows a rather restricted repertoire for
circulating human IgA+ cells compared with VH transcripts from the colon, which
are quite diverse, particularly for the VH1–VH5 regions [185].

The IgM VH-region genes in the human peritoneal cavity likewise exhibit fewer
mutations than the corresponding genes from intestinal B cells [180]. Also, the
VH4-34 genes used by IgG and IgA in human peritoneal B cells show signifi-
cantly lower numbers of mutations than their mucosal counterparts. Of further note,
VH-gene sequences from human Peyer’s patch B cells are clonally related to ileal
lamina propria PCs, in accordance with a predominant derivation from GCs of
GALT [186]. Finally, clonally related VH transcripts are widely distributed along the
colon [184], likewise suggesting B-cell seeding from GALT mainly via peripheral
blood (Fig. 3.3).

Altogether, there is no convincing evidence to suggest that mucosal B cells nor-
mally switch outside of GCs [6]; two independent studies in mice [99, 187] and one
in humans [188] have quite convincingly rejected this possibility. However, it was
recently observed that IgA+ B cells in the colon of OcaB KO mice, which lack GCs,
expressed low levels of AID [97], perhaps reflecting lamina propria CSR involving
the B1 subset (Fig. 3.3).

Conversely, in humans there appears to be no reason to question that intestinal
IgA-producing PCs are chiefly generated by precursor induction in GCs of GALT;
B-cell migration from the peritoneal cavity [6, 10, 11, 180] or the greater omentum
[189] to the lamina propria, and switching to IgA there [188, 190], are negligible
or absent. Nevertheless, in the large bowel, bacteria could induce switch factors
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in epithelial cells and lamina propria DCs that may drive TI B-cell development
towards the IgA2 subclass [191]. The first evidence for such a role of the gut micro-
biota was obtained by showing that jejunal segments with bacterial overgrowth had
a ∼ 50% reduction of the IgA1:IgA2 mucosal PC ratio [192].

Also notably, considerable levels of cross-reactive ‘natural’ SIgA antibodies di-
rected against self as well as microbial antigens do occur in human external se-
cretions [193]. The reason for this could be stimulation via BCR by microbial TI
antigens and/or innate PRR-driven microbial activation of GALT – independent of
BCR-mediated antigen recognition as discussed earlier. The principle of translating
innate and polyclonal commensal signals into immunological diversity and mem-
ory [92] should therefore be a promising research avenue to be explored also for
mucosal vaccination in humans.

3.7 Antibody-Mediated Mucosal Defense

3.7.1 Functions of Secretory IgA Antibodies and SC

In cooperation with a variety of innate mucosal defenses [194], secretory antibodies
perform immune exclusion of exogenous antigens (Table 3.3 and Fig. 3.9) [5]. SIgA
is a remarkably stable hybrid molecule (Fig. 3.1a) [41] and can therefore retain its
antibody activity well in hostile environments such as the gut lumen [195] and oral
cavity [196]. The function of SIgA is probably enhanced significantly by the high
level of cross-reactivity (see earlier) as also detected in human secretions [197].
These ‘natural’ antibodies are apparently designed for urgent protection before an
adaptive specific immune response is elicited; they are therefore reminiscent of in-
nate immunity [193, 198]. In the lumen, SIgA will coat commensal bacteria, ap-
parently without stopping their growth; this has been demonstrated both in saliva
[199] and in feces [200] – most likely reflecting cross-reactive antibodies, although
microbial binding via the Fc portion of IgA cannot be excluded [201]. Regardless
of mechanism, such coating reduces bacterial access to the epithelial surface and
protects against bacterial overgrowth and invasion, containing the indigenous mi-
crobiota within the lumen to maintain host–parasite mutualism [86].

Table 3.3 Antimicrobial effects of SIgA antibodies

� Provide efficient microbial agglutination and virus neutralization
� Perform anti-inflammatory extracellular and intracellular immune exclusion by inhibiting ep-

ithelial adherence and invasion
� Exhibit extensive cross-reactive (‘innate-like’) activity which provides cross-immunity and

herd protection
� Especially the SIgA2 isotype is quite resistant against proteolysis (bound SC stabilizes both

isotypes)
� Exhibit mucophilic and lectin-binding properties (via bound SC in both isotypes, and mannose

in SIgA2)
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Fig. 3.9 Different principles of SIgA-mediated contribution to mucosal homeostasis. In addition
to immune exclusion at the epithelial surface, the pIgR-mediated external transport of dimeric IgA
and pentameric IgM (pIgA/IgM) may be exploited for intraepithelial virus and toxin neutralization,
as well as antigen excretion from the lamina propria. However, when infection with pathogen inva-
sion occurs, systemic immunity must take over to save life. This involves potent proinflammatory
mechanisms such as complement activation (C) by IgG antibodies, cell-mediated immunity (CMI),
and cytotoxicity, all of which may cause tissue damage

After the induction of a secretory immune response in the newborn’s gut, GALT
will temporarily be ‘shielded’ by SIgA – apparently reflecting an antibody-mediated
negative feed-back mechanism for homeostatic regulation of the mucosal B-cell
system as discussed above [174]. Uptake of SIgA-coated bacteria by M cells may
nevertheless be mediated by a receptor specific for IgA identified on these cells
[72, 202, 203]. SIgA may exploit this M-cell receptor for delivery of antigens to
DCs in the domes of Peyer’s patches [72, 204]. This putative positive feedback
mechanism could particularly target relevant environmental antigens to GALT of
breast-fed infants by means of cognate maternal SIgA antibodies. In this manner,
SIgA might act as an instructive immunological enhancer – accompanied by a bal-
anced cytokine pattern that promotes homeostasis [72, 205]. Many reports show that
breast-fed babies over time develop enhanced secretory immunity [206].

Whether SIgA-coated or not, commensal bacteria sampled by the M cells mainly
become destroyed by subepithelial macrophages in murine Peyer’s patches; only
tiny amounts (∼ 0.0001%) are targeted to DCs, but this is sufficient to induce an
immune response in GALT and MLNs [86, 207]. The systemic immune system
remains untriggered in CVN clean mice – demonstrating a compartmentalization
of the response, which contributes to peripheral tolerance, or rather ignorance, of
the indigenous microbiota under normal conditions – although this barrier does not
appear so complete under natural conditions in humans [86].

It has been traditionally believed that SIgA can also efficiently inhibit epithe-
lial colonization and invasion of overt pathogens (Table 3.3). The agglutinating
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and microbial enzyme- as well as virus-neutralization effect of pIgA and SIgA is
superior to that of monomeric antibodies [42, 208, 209, 210], and SIgA antibodies
can effectively block epithelial penetration in experiments with human immunode-
ficiency virus (HIV) [211]. Also, females negative for HIV and living together with
HIV-positive male partners for several years, often appear to be protected by specific
SIgA antibodies in their genital tract [212].

SIgA can enhance the adherence of bacteria and other antigens to mucus because
of the mucophilic properties of its bound SC [17] – thereby promoting clearance of
immune complexes by respiratory ciliary movement and intestinal peristalsis. Poten-
tially important additional defense functions are the suggested ability of SIgA an-
tibodies to promote biofilm formation [213, 214], induce loss of bacterial plasmids
that code for adherence-associated molecules and resistance to antibiotics [215],
interfere with growth factors (e.g. iron) and enzymes necessary for pathogenic bac-
teria and parasites [208], and enhance the bacteriostatic effects of lactoferrin [216]
and the peroxidase system [217].

Animal and cell culture experiments have suggested that secretory antibodies can
perform immune exclusion not only at the epithelial luminal surface (Fig. 3.9). Dur-
ing the pIgR-mediated transport of pIgA and pentameric IgM, such antibodies may
even inactivate viruses (e.g. rotavirus, influenza virus and HIV) inside of secretory
epithelial cells and carry the pathogens and their products back to the lumen, thus
avoiding cytolytic damage to the epithelium [218, 219, 220, 221, 222]. It has also
been suggested that pIgA antibodies can remove antigens from the lamina propria
[223, 224] and neutralize bacterial LPS within intestinal epithelial cells [225] –
implying putative novel anti-inflammatory and non-cytotoxic roles for this antibody
class during its export to the lumen (Fig. 3.9).

In order to pump pIgs actively out to epithelial surfaces for efficient first-line
defense, SC/pIgR might have originated from the innate defense system like sev-
eral other proteins exploited for adaptive immunity. This evolutionary possibility is
supported by the fact that free SC – generated by epithelial cleavage and apical re-
lease of unoccupied pIgR (Fig. 3.2) – possesses several natural protective properties
[17, 226] such as binding to ETEC and reducing the effect of Clostridium difficile
toxin [227, 228]. Moreover, a pneumococcal surface protein (SpsA/PspC) has been
shown to interact directly with both free and bound SC [229]. Fc receptors for IgA
(Fc�RI, CD89) are expressed on human monocytes and granulocytes, particularly
the neutrophils [230]. Eosinophils may even interact with, and become activated
by, SIgA via its inherently bound SC [10, 231]. Interestingly, however, it has been
shown that free SC can bind and inhibit the proinflammatory cytokine/chemokine
IL-8, which is a potent chemotactic factor for neutrophilic granulocytes [232].

3.7.2 Functions of Secretory IgM and Local IgG Antibodies

Although SIgA is the chief effector of immune exclusion at mucosal surfaces,
SIgM also contributes – particularly in newborns and subjects with selective IgA
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deficiency [33, 34]. In addition, there may be a significant contribution to immune
exclusion by serum-derived or locally produced IgG antibodies (Fig. 3.2) transferred
passively to the lumen by paracellular leakage [233] – or perhaps to some extent
exported actively by the neonatal Fc receptor (FcRn) expressed on the gut epithe-
lium [234]. IgG and monomeric IgA antibodies, when cross-linked via antigen with
pIgA of the same specificity, might contribute to pIgR-mediated epithelial excre-
tion of foreign material from the intestinal lamina propria [223]. Notably, however,
because IgG is complement-activating, its contribution to surface defense is poten-
tially pro-inflammatory, which could jeopardize the epithelial barrier function [235].
Nevertheless, such deterioration of local homeostasis is most likely counteracted by
competition with anti-inflammatory IgA and by a variety of complement regulatory
factors produced by mucosal epithelia [236].

It should also be noted that when overt infection with microbial invasion occurs,
SIgA antibodies will no longer determine the fate of the host as experimentally
documented in pIgR KO mice compared with wild-type mice [237, 238]. More-
over, studies in mucosally vaccinated wild-type mice challenged with live influenza
virus intranasally, have suggested that while SIgA antibodies are essential to control
virus replication locally, serum IgG antibodies protect against clinical illness [239].
Nevertheless, although systemic immunity may be considered a life-saving layer of
defense, it operates at the risk of causing inflammation and tissue damage (Fig. 3.9).
Thus, it has been clinically documented that SIgA antibodies prevent virally induced
pathology in the upper airways, whereas IgG antibodies neutralize newly replicated
influenza virus after the initiation of infection [240]. The lung parenchyma, which
lacks a SIgA system, fully depends on serum-derived IgG and monomeric IgA for
antibody protection [239, 241].

Therefore, in the face of most infections, it is important that vaccination induces
both secretory and serum antibodies. The nasal route of immunization appears to
be particularly advantageous to this end because of the shared homing molecules
(L-selectin and CCR7) expressed on NALT-derived B-cell blasts [11, 64].

3.8 Clinical Value and Vaccine Stimulation of Mucosal
Antibodies

3.8.1 Determining Protective Effects of Secretory Immunity

It is difficult to evaluate the defense functions of SIgA (and SIgM) antibodies during
mucosal infection due to concurrent stimulation of systemic immunity; this may
also be the case after local immunization with an attenuated live vaccine and when
non-replicating virus-like particles or subunit vaccines are applied together with
a mucosal adjuvant [242, 243]. As alluded to above, a protective effect of serum
antibodies (mainly IgG) can contribute to immune exclusion (Fig 3.2), particularly
in the respiratory tract – in addition to the general importance of systemic immunity
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to inhibit spread of the infectious agent throughout the body and performing antigen
elimination within the mucosa [10] (Fig. 3.9).

An essential protective role of SIgA has been questioned by observations in IgA
KO mice [244]. This strain remains healthy under ordinary laboratory conditions;
and when challenged with influenza virus, it shows similar pulmonary virus levels
and mortality as wild-type mice. According to the principle of ‘pathotopic poten-
tiation of local immunity’ established in a rabbit model with influenza virus [245],
leakage of serum IgG antibodies through an irritated mucosal surface epithelium
[233] can play a significant protective role in the airways, as discussed earlier. Thus,
antibody defense of the lung parenchyma fully depends on serum IgG [239, 241]. In
addition, the IgA KO mice usually show a compensatory SIgM response and – com-
pared with wild-type mice – they are less prone to inflammation-induced pathology,
apparently because of reduced antigen-presenting ability [246].

Wild-type mice on exclusive parenteral nutrition show markedly reduced IgA
anti-influenza virus titers in the upper respiratory tract with no significant com-
pensatory SIgM response, which together probably explain their impaired mucosal
immunity against experimental influenza [247]. The fact that humans with selective
IgA deficiency do not suffer significantly more than others from intestinal virus
infections, may largely be ascribed to their consistently enhanced SIgM and IgG1 re-
sponses in the gut, as well as increased numbers of intraepithelial lymphocytes [34].

The notion that secretory antibodies are essential for an optimal mucosal barrier
function is supported by the systemic IgG antibody response against E. coli [23] and
other gut bacteria [248] observed in our pIgR KO mice – reflecting excessive uptake
of microbial antigens from the gut lumen. Moreover, the lamina propria population
of IgA-producing PCs shows a three-fold increase, suggesting overstimulation of
the mucosal B-cell system [249].

A similar pIgR KO strain has been used to test the role of SIgA antibodies in
the airway defense against influenza virus [250]. After intranasal immunization,
wild-type mice exhibited complete protection or partial cross-protection when chal-
lenged with live A/PR8 virus; lack of secretory antibodies in the airways caused a
decrease of both protection and cross-protection, despite leakage of IgG and some
IgA from serum into nasal secretions. These results emphasize the importance of
secretory immunity in virus defense. Earlier reports likewise demonstrated that
secretory antibodies induced by intranasal vaccination in humans, show a wider
spectrum of activity against influenza virus than comparable serum (mainly IgG)
antibodies [251, 252]. Furthermore, a correlation between influenza-specific SIgA
in nasal lavage and protection has been suggested in vaccinated subjects [253].

In harmony with these results, SIgA responses have been shown to interfere sig-
nificantly with mucosal uptake of macromolecules in experimental animals without
inducing immunopathology [254], in contrast to the adverse effects on the epithelial
barrier caused by serum IgG antibodies [235]. SIgA antibodies are also essential in
protection against cholera toxin (CT), as demonstrated in mice deficient for J chain
[24] or for pIgR [238] – two central components of the secretory immune system
[15]. The same is probably true for heat-labile E. coli enterotoxin, which binds with
high affinity to the same ganglioside receptor as CT. Notably, in a clinical setting
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there is significant cross-protection against ETEC diarrhea after vaccination against
cholera with a killed whole-cell/CT B-subunit vaccine [255].

The initial epithelial colonization of bacterial pathogens is apparently also largely
controlled by SIgA antibodies, even in naı̈ve animals [238]. Most importantly, the
natural horizontal fecal–oral spread of gut pathogens is significantly diminished by
secretory antibodies [256], apparently because the SIgA coating of bacteria (see
above) reduces both their mucosal colonization and fecal shedding. This explanation
has likewise been given for the significant herd protection observed in unvaccinated
subjects (up to 80% indirect protection) associated with the concurrent coverage
level of the same population with inactivated oral cholera vaccine in a residential
cluster of Bangladesh [257].

3.8.2 Mucosal Vaccines for Induction of Secretory Immunity

Mucosal infections represent a challenge for the development of vaccines that can
either prevent the pathogen from colonizing the surface epithelium (noninvasive
bacteria), inhibit its epithelial penetration and replication within the body (invasive
bacteria and viruses), and/or block the binding of microbial toxins and neutralize
them. In most cases, it would seem desirable to induce specific SIgA antibodies
associated with immunological memory, in addition to systemic immunity. Such
infections include in the gastrointestinal tract: Helicobacter pylori, V. cholerae,
ETEC, Salmonella, Shigella spp., C. parvum, Campylobacter jejuni, C. difficile,
Giardia, rotaviruses and calici viruses; in the respiratory tract: Mycoplasma pneu-
moniae, influenza virus and respiratory syncytial virus; in the genital tract: HIV,
Chlamydia, Neisseria gonorrhoeae and herpes simplex virus; and in the urinary
tract: selected strains of E. coli [150, 255, 258].

Some mucosal vaccines have been approved for human use, mostly being attenu-
ated live variants (Table 3.4). With the exception of the oral killed whole-cell/CT
B-subunit cholera vaccine (Dukoral), it has proven difficult to stimulate SIgA
responses by peroral administration of non-replicating immunogens in humans

Table 3.4 Mucosal vaccines approved for human use

� Oral live attenuated (Sabin) polio vaccine
� Oral killed whole-cell/B subunit cholera vaccine
� Oral live attenuated cholera vaccine
� Oral live attenuated typhoid vaccine
� Oral live attenuated adenovirus vaccine (restricted to military personell)
� Oral live attenuated rotavirus vaccine (RotaShield); withdrawn 1999 because of reported intus-

susception in 15 out of 800,000 vaccinated American children
� New oral live attenuated rotavirus vaccines: Rotarix and RotaTeq
� Nasal enterotoxin-adjuvanted inactivated influenza vaccine (Nasalflu); withdrawn in 2001 be-

cause of reported facial paresis
� Nasal live attenuated influenza vaccine (FluMist)
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[2, 255], and some controversy exists concerning the side effects and long-term
efficacy of this and similar vaccines [259]. Many of the somatic microbial antigens
may best be delivered by means of recombinant live attenuated carrier strains. Ade-
noviral vectors have been particularly studied as vaccine platforms because of their
tropism for mucosal surfaces [260]. A platform can incorporate several microbial
antigens in a single bacterial host to overcome the possibility of overgrowth of one
live vaccine strain over others in a mixed vaccine.

Live vaccines are difficult to produce for small production facilities in developing
countries, thus counteracting adequate pricing in a global perspective. An additional
advantage of killed or subunit vaccines is that they are not jeopardized with the
possibility of single-strain overgrowth or the potential problem of pathogenic rever-
sion by recombination or other genetic modification in the vaccines or contacting
microorganisms.

Two mucosal vaccines, an oral attenuated Rhesus monkey–human recombinant
rotavirus vaccine (RotaShield) and a nasal enterotoxin-adjuvanted inactivated in-
fluenza vaccine (Nasalflu), were withdrawn from the market after a short time due
to serious adverse reactions (Table 3.4) – illustrating the complexity of mucosal vac-
cine development [2, 150, 261]. The withdrawal of RotaShield has been estimated to
put some 2.5–4 million potential vaccinees in developing countries at unnecessary
risk to die from rotavirus infection over the following 5–8 years [262]. Hopefully,
the two more recently marketed attenuated oral vaccines for rotavirus diarrhea –
Rotarix (human) and RotaTeq (bovine-human) – will prove sufficiently effective in
field trials without complications in industrialized as well as in a variety of devel-
oping countries, and also become affordable in that part of the world [263, 264].
As yet, there is no convincing evidence that these two vaccines increase the risk of
life-threatening intussusception (mainly ileocecal ‘telescoping’), but this conclusion
may be premature [261].

Oral delivery of non-replicating vaccines is difficult due to poor stability of
immunogenic proteins, peptides and DNA in the acidic and enzyme-rich gastroin-
testinal environment, although many strategies – including administration of partic-
ulates – have been attempted to avoid such problems [2], in addition to the use of a
variety of adjuvants. CT and E. coli heat-labile toxin are considered as the most
potent mucosal adjuvants – being well-known for their costimulatory properties
from numerous animal studies. However, a high degree of toxicity limits their use
in humans without extensive molecular modifications.

After nasal application in mice, CT was shown to reach the olfactory bulb and
could thus adversely affect the central nervous system [265]. Although the wild-type
E. coli heat-labile holotoxin has been used in humans [266], problems with cases of
facial paresis (Bell’s palsy) was noted and led to withdrawal of the Swiss inactivated
influenza vaccine (Nasalflu) after 1 year as mentioned above [267]. Therefore, it is
important to develop genetically detoxified mutants of mucosal adjuvants that are
tolerated by humans. Animal experiments have shown that such mutants can retain
their capacity to enhance humoral as well as cell-mediated immune responses to
a mucosally applied inactivated influenza vaccine [268]. Alternatively, there are
completely non-toxic oil-based mucosal adjuvants available (Eurocine) that have
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been shown to be efficient for nasal application both with DNA and peptide vac-
cines [269].

For peroral vaccination, some of the problems mentioned above may in the future
be overcome by introducing edible plant vaccines [270, 271, 272]; a number of
transgenic plants have been tested, but there are many unsolved problems related
to such biofarming, and a shift to plant bioreactors may make the vaccines ex-
cessively expensive. Also, a general problem with non-replicating oral vaccines
is poor induction of serum antibodies, which are needed – in addition to SIgA
antibodies – to combat most mucosal infections (see earlier). This is one reason
why there is an increasing focus on the development of nasal vaccines, even for
tuberculosis [273] – and particularly against influenza virus as illustrated in the next
section. However, the lack of consistent homing of NALT-derived B cells to the
small intestine probably excludes this route of vaccine administration for many gut
diseases in humans [11, 64, 150]. Such compartmentalization in vaccine effects may
be masked in rodents because of the massive supply of serum-derived pIgA as SIgA
via the bile to the lumen of the upper small intestine – amounting to 90% in the
rat [274].

3.8.3 Nasal Influenza Vaccination

At present, parenteral vaccination is generally recommended for protection against
influenza in vulnerable subjects. However, as discussed above, this approach induces
little or no cross-protection, as reflected in the inter-pandemic manufacturing of the
actual vaccines; when a genomic drift occurs in a virus, the vaccine strain has to be
replaced, and it usually takes at least 6 months before a new vaccine is available.
Conversely, many studies in experimental animals and humans have demonstrated
that nasal vaccination gives rise to cross-protection against drifted strains. With the
available mucosal influenza vaccine (Table 3.4), good protection was achieved de-
spite the fact that the epidemic strain was not part of the vaccine [275]. Cross-clade
immunity against HIV has also been reported after experimental nasal DNA prime
in mice, followed by nasal peptide boost; the vaccine contained epitopes of clade B,
but high and long-lasting serum antibody titers against the neutralizing gp41 ELD-
KWAS epitopes from both clades A, B, C and D were observed [276].

In nasal mucosa of unvaccinated adult subjects, antibody-producing PCs with
specificity for influenza virus are present [277], but it remains unknown whether
they are induced by previous (subclinical?) infection or reflect cross-reactivity of the
mucosal IgA system. Notably, parenteral immunization with an inactivated trivalent
virus vaccine did not result in an increase of influenza-specific PCs in nasal mucosa
[278], although an IgA response was elicited in tonsils and saliva [279, 280].

These results suggest that to stimulate a nasal immune response, the vaccine
should be targeted both against mucosal DCs migrating to cervical lymph nodes and
against the crypts with M cells characteristic of the local MALT structures – prob-
ably the adenoids in particular (Fig. 3.8). Such regional mucosal immune induction
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apparently imprints the necessary homing properties of primed B cells to extravasate
efficiently in the airway mucosa and associated glands [64, 151].

The amount of antigen reaching the lymphoid tissue of Waldeyer’s ring and
cervical lymph nodes after parenteral immunization is clearly insufficient to induce
a nasal immune response, although some SIgA antibodies may occur in nasopha-
ryngeal secretions. This most likely reflects local production in the adenoids where
there is epithelial expression of pIgR, in contrast to the palatine tonsils [67, 281].
Not unexpectedly, some communication exists in terms of memory/effector B-cell
distribution between the mucosal and the systemic immune systems [282], particu-
larly so in cervical lymph nodes and Waldeyer’s lymphoid ring because of shared
homing molecules as described earlier [64].

Recent reports have documented the efficacy and effectiveness of the trivalent,
live attenuated nasal spray influenza vaccine (CAIV-T), both in healthy children
and adults [283]. Although nasal vaccination also efficiently induces systemic im-
munity, a combination of intranasal and parenteral immunization may be prefer-
able for optimal protection when an inactivated influenza vaccine is used [284].
Alternatively, the effect of subunit vaccines applied topically can be enhanced by
incorporation into liposomes or with the addition of a nontoxic mucosal adjuvant
(Eurocine). The initial optimism regarding E. coli heat-labile enterotoxin as a nasal
adjuvant in humans [285] vanished with the occurrence of Bell’s palsy [267]. Other
adjuvants such as the hydrophobic outer-membrane protein preparations (proteo-
somes) from N. meningitidis may be an efficient alternative [286, 287, 288]. In
mice, the uptake of proteosomes can be enhanced by incorporation of TLR2 ligand
(PorB) [71], but it remains to be shown whether TLRs are expressed on human
M cells.

The only licensed commercial mucosal influenza vaccine (FluMist) is live atten-
uated and quite effective as mentioned earlier [275], but it remains too expensive
for poor societies. Production of a non-proliferating vaccine would be cheaper,
although such preparations are still generally believed to require repeated appli-
cations of quite high doses combined with adjuvants. Avoidance of immunogen
treatment with formalin or �-propiolactone appears to be preferable; and particu-
lates are more stimulatory for the mucosal immune system than soluble proteins.
Thus, virus-derived particles may function without adjuvants as demonstrated for a
trivalent inactivated whole-cell influenza vaccine [289] – probably because of better
targeting to M cells and DCs. Protection against avian influenza viruses are facing
similar scientific challenges [290].

An inactivated whole-virus monovalent influenza vaccine was recently tested
with different devices for intranasal or intraoral spray application, and exhibited
promising results for induction of antibodies both in serum and nasal secretions
(Table 3.5). Mild side effects were deemed to be acceptable [291, 292]. Most im-
portantly, the same intranasal vaccine also induced cellular immunity in addition
to the desirable two-tiered antibody response – mucosal and systemic. A serum
hemagglutination inhibition titer of 40 or higher – which is considered a protec-
tive level – was obtained in most volunteers after two vaccine doses given 1 week
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Table 3.5 Vaccinated subjects (% of n = 15–19) with hemagglutination inhibition serum antibody
titer ≥ 40 before and after 2 doses (3 wks) or 4 doses (6 wks) of inactivated whole-virus influenza
vaccine, and showing a highly significant nasal IgA response after 4 doses

Vaccine delivery Serum: pre-
immunization
(%)

Serum: after
2 doses (%)

Serum: after
4 doses (%)

Nasal fluidIgA
response

Nasal spray (OptiMist
TM

) 32 89 100 p = 0.0003
Nasal spray (conventional) 32 79 94 p = 0.0006
Nasal drops 28 94 100 P = 0.0006
Oral spray 29 76 87 No response∗

Based on data from [291, 292].
∗No increase of IgA antibody titer in nasal fluid, but a slight increase in whole saliva.

apart; and an additional memory effect was revealed after three or four doses in
that 100% of the individuals had acquired protective antibody titers. This result
was best achieved by vaccine application in nasal drops or with a special breath-

activated device (OptiMist
TM

, Optinose), whereas oral spray only induced serum
antibodies.

3.9 Summary and Conclusions

3.9.1 Characteristics of Secretory Immunity

Secretory antibodies apparently function both by performing antigen exclusion at
mucosal surfaces and by virus and endotoxin neutralization within epithelial cells.
SIgA is thus persistently containing commensal bacteria outside the epithelial bar-
rier but can also target invasion of pathogens and penetration of other harmful
antigens. Importantly, in contrast to IgG antibodies, IgA antibodies do not activate
complement and are therefore generally considered as anti-inflammatory.

Several studies have shown that natural infections and mucosal immunization
are more effective in giving rise to SIgA antibodies than parenteral vaccination. The
latter appears to induce an SIgA response mainly when the mucosal immune system
has been primed locally in advance [293]. Mucosal stimulation is generally much
more efficient with live than with inactivated vaccines. However, various types of
mucosal adjuvants and particulate immunogens can enhance the stimulatory effect
of non-replicating vaccines.

Like natural infections, live mucosal vaccines or adequate combinations of non-
replicating vaccines and mucosal adjuvants, give rise not only to SIgA antibodies
but also to longstanding serum IgG and IgA responses, especially when applied by
the nasal route. Vaccine targeting of NALT may therefore be advantageous to pro-
tect against many infections, but only if successful stimulation is achieved without
the use of toxic adjuvants that might reach the central nervous system. There is
considerable disparity with regard to the migration of memory/effector B cells from
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mucosal inductive sites to secretory effector sites, and NALT-derived cells do not
home consistently to the gut [64, 150]. Also, although immunological memory is
generated after mucosal priming in the gut, this may be masked by a self-limiting
response temporarily shielding the GALT.

The degree of protection obtained after mucosal vaccination ranges from reduc-
tion of symptoms to complete inhibition of re-infection. In this scenario, it is of-
ten difficult to determine the relative importance of SIgA versus serum antibodies.
Nevertheless, infection models in KO mice strongly support the notion that SIgA
exerts a decisive role in protection and cross-protection against a variety of infec-
tious agents. Resistance to toxin-producing bacteria such as V. cholera and ETEC
appears to depend largely on SIgA, and so does herd protection against horizontal
fecal–oral spread of enteric pathogens under naı̈ve or immunized conditions – with a
substantial innate impact both on cross-reactivity and memory. However, relatively
few mucosal vaccines have been approved for human use, and more basic work is
needed in vaccine and adjuvant design, including particulate or live-vectored com-
binations.

3.9.2 Species- and Site-Specific Features of Mucosal
Immune-Inductive Sites

Considerable levels of cross-reactive SIgA antibodies directed against self as well
as against microbial antigens occur in human external secretions [193]. As in mice,
the reason for this may be polyclonal microbial activation of MALT, independently
of BCR-mediated antigen recognition. This is an important distinction between sys-
temic and mucosal immunity, which can be exploited by vaccine targeting of both
GALT and NALT – the latter approach at the same time providing substantial stim-
ulation of the systemic immune system because of shared B-cell homing molecules
[64, 150].

The enormous innate drive of the mucosal immune system does not only enhance
diversity but also memory. However, with regard to NALT, the situation in humans
and mice appears to be significantly different. First, NALT of rodents is an orga-
nized bell-shaped tissue structure situated in the floor of the nasal cavity, and its
organogenesis is different from that of GALT and human palatine and nasopharyn-
geal tonsils [6, 294]. The tonsils have deep and branched antigen-retaining crypts
while rodent NALT has a smooth surface – like GALT in all mammalian species
[6]. This disparity probably explains that GCs develop shortly after birth in tonsils
as in the heavily microbe-exposed GALT structures, whereas rodent NALT requires
an infection or another danger signal such as CT to drive GC formation [187, 295].

The relative lack of innate stimulation is therefore probably the reason that a
non-replicating rotavirus vaccine adjuvanted with a mutant E. coli toxin did not
induce a substantial memory response in murine NALT [149]. By contrast, human
NALT is equipped with antigen- and microbe-retaining crypts and is hence liable to
polyclonal stimulation for enhanced development of B-cell diversity and memory.
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In addition, the crypt epithelium is activated via PRRs to secrete BAFF and the
thymic stromal lymphopoietin (TSLP) – a cytokine that further promotes CSR and
broad reactivity of local B cells by activating BAFF-producing DCs [296]. Together,
these features of human NALT constitute an intriguing basis for the current inter-
est in exploiting the nasal route for vaccine administration to combat a variety of
diseases [297].
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Chapter 4
Bridging Mucosal Innate Immunity
to the Adaptive Immune System

Rajesh Singh and James W. Lillard

Abstract The human adult mucosa covers immense surface area 200 times greater
than that of the skin, i.e., 400 m2. The mucosal immune system mediates the
symbiotic relationship between hosts and endogenous microorganisms (commen-
sal bacteria) and serves as a physical and immunological defense against invading
pathogens and/or toxins. To accomplish this task, the mucosal immune system, con-
sisting of an integrated network of tissues, lymphoid and non-lymphoid cells, and
effector molecules such as antibodies, chemokines, and cytokines for host protec-
tion, tightly controls the balance between immune responsiveness (i.e., immunity
and inflammation) and non-responsiveness (i.e., tolerance). The mucosal immune
system, antigen-presenting cells, lymphocytes, and the factors they produce are
essential for orchestrating specific mucosal immune responses. Cells of the mu-
cosa initiate and support the development of both innate and adaptive immunity.
Here, we discuss how the innate mucosal immune responses lead to host adaptive
immunity.

4.1 Introduction

Starting at birth, we live in a sea of microorganisms that colonize our skin, nose,
throat, etc. It is, however, quite rare that these microbes are able to breach these
natural barriers and invade host bloodstream and tissues. Therefore, we are en-
dowed with multiple defense mechanisms that promptly detect and kill these in-
truders. The microorganisms that manage to cross physical barriers, such as the
skin, will initially face the agents of innate immunity. Phagocytosis seems to be
the most basic defense mechanism, present in many multi-cellular organisms. The
cells that perform this function are called phagocytes and are not only the major

J.W. Lillard
Senior Scientist, James Graham Brown Cancer Center, Associate Professor of Microbiology &
Immunology, Smith & Lucille Gibson Chair in Medicine, University of Louisville, Louisville,
Kentucky 40202
e-mail: James.Lillard@louisville.edu

M. Vajdy (ed.), Immunity Against Mucosal Pathogens,
C© Springer Science+Business Media B.V. 2008

77



78 R. Singh, J.W. Lillard

effector cells of innate immunity, but connect innate and acquired (adaptive) re-
sponses. All vertebrates, starting with jawed fish, are endowed with an adaptive
immune system. The defining feature of the adaptive immune system is specificity,
which is an inducible response to specific antigens. Accordingly, it has been demon-
strated that the body fluids of an immunized animal can contain cells and/or sol-
uble molecules that react to a single immunogen, but not to other antigens. This
response is also considered inducible, because the response to foreign antigen in-
creases with subsequent challenge(s). Thus, the major distinction between innate
and acquired immunity is that of scope. Phagocytic cells are general-purpose effec-
tor cells that can kill a wide variety of microbes, whereas lymphocytes, the agents
of acquired immunity, are specific to a single microbe, and perhaps homologous
antigens. The capacity of lymphocytes to discriminate and distinguish between dif-
ferent, yet similar, microbes from the components of the host is unique indeed. In
fact, microbes have evolved mechanisms to mutate and evade the adaptive immune
response. Nonetheless, the innate and adaptive mucosal immune response is critical
to allow coexistence with commensal organisms and robust protective responses to
pathogens.

4.1.1 Innate versus Adaptive Immune Systems

The innate immune system uses a limited number of genetically encoded recep-
tors (e.g., pattern recognition receptors and toll-like receptors) to detect foreign
organisms. In contrast, the adaptive immune system employs subsets of an elite
set of leukocytes called lymphocytes, which have the capacity to generate a large
number of antigen-specific cell surface receptors by random gene rearrangement.
Bone marrow-derived lymphocytes (B lymphocytes or B cells) generate B cell
receptors (BCRs), and thymus-derived lymphocytes (T lymphocytes or T cells)
generate T cell receptors (TCRs) that are varied specificities to antigen due to
somatic recombination of the antigen-binding regions. Diversity is added by
variability (junctional diversity) in the cutting and joining of these genes. The
affinity of BCRs can be enhanced with the accumulation of mutations (somatic
hypermutation or affinity maturation) as B cells undergo periods of intense pro-
liferation [1]. Although less appreciated, evidence suggests that TCRs might also
undergo somatic hypermutation events, which affects their affinity [2, 3]. The num-
ber of possible receptors becomes immense, with estimates exceeding 1015 possible
specificities.

Another key difference between the two systems is the way they respond to a
foreign antigen or pathogen. Unlike cells of the innate immune system, those of
the adaptive immune system (Fig. 4.1), once stimulated to respond, have the ability
to recall previous exposures to the same stimulus and to modify their response ac-
cordingly, a process called memory. Additional features that distinguish innate and
adaptive immune responses are summarized in Table 4.1.
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Fig. 4.1 Temporal and physical transition of the innate and adaptive immunity. The innate
immune system consists of formidable physical and chemical mucin, pH, etc.) barriers to pathogens
and toxins. Phagocytic cells, e.g., neutrophils, eosinophils, basophils, B1 cells, dendritic cells and
macrophages, are present to engulf or destroy pathogens circumventing the epithelium. Within
hours, B1, B2, and T cells become activated by these foreign intruders and transit from effector
sites to inductive sites, where the adaptive immune response develops in days and matures over
weeks to efficiently clear foreign antigen
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Table 4.1 Hallmarks of innate and adaptive immune systems

Innate immunity Adaptive immunity

Receptors Germline encoded (no
recombination)

Generated by somatic genetic
recombination, junctional diversity,
and somatic mutation

Receptor
distribution

Expressed by many cells Clonally expressed on lymphocytes

Receptor repertoire Limited Vast
Memory None Magnitude and quality of response to

specific epitope is enhanced from
previous encounter with antigen

4.1.2 Functions and Components of the Innate
Immune System

Throughout life the body surfaces tolerate a rich and complex array of flora that
is usually harmless and frequently beneficial, but can also cause opportunistic in-
fections. In contrast, domains of the body just a few microns beneath mucous
membranes (e.g., lamina propria) are usually free of microorganisms. Hence, host
defenses are designed to intensify as microorganisms encounter the skin and mucous
membranes. Innate immunity is the body’s first line of defense against infections.
It is present in all metazoans, and in plants and invertebrate animals – and in these
species it is the only defense against infections. Vertebrates, including humans, have
not only innate immunity but also adaptive immunity, which is the second line of
defense.

The following are the functions of innate immunity:

� Recognize and respond to pathogens that are encountered by the host.
� Prevent infection of the host by either eliminating harmful microbes or allowing

normal flora to exist on mucosal surfaces.
� Initiate adaptive immune responses and influence the nature of these responses

based on the type of the invading microorganism.
� Serve, in some cases, as an effector mechanism for adaptive immune responses.

The components of the innate immune system are either cellular, consisting of
various types of cells, or humoral, consisting of various secreted soluble peptides,
proteins, and other mediators (Table 4.2). The interactions of these components in
the host with the invading microbe often, but not always, lead to a constellation
of responses called inflammation. The purpose of inflammation is to amplify the
body’s defenses by increasing the number of leukocytes and blood supply to the site
of infection, bringing antimicrobial proteins and white cells to defend the host and
eliminate the pathogen or foreign antigen encountered.
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Table 4.2 Components of the innate immune system

Component Function(s)

Cellular
Skin and Mucous membrane (epithelial

cells)
Mechanical and chemical defenses

Phagocytic cells (neutrophils, macrophage) Ingest and kill pathogens
Proinflammatory cells (macrophages, mast

cells, eosinophils)
Innate defense and inflammation

Natural killer (NK) cells Kill infected cells and tumor cells
Antigen-presenting cells (dendritic cells,

macrophages, and B cells)
Recognize, process and present antigen to

lymphocytes and initiate adaptive cellular
immune response

Humoral
Antibodies bind microbes and activates complement
Complement Enhances phagocytosis (opsonization),

induces inflammation, and destroys some
pathogens.

Cytokines Secreted by many cells and activate innate
and adaptive defenses

Chemokines Secreted by many cells and attract as well as
activate leukocytes

Kinins Induce inflammation
Acute phase proteins Enhance cellular and humoral defense
Enzymes Kill and digest microorganisms

Inflammation
Increase Blood supply (erythema) Brings more antimicrobial cells and proteins

to the site of infection
Induce vascular permeability (edema) Brings more antimicrobial protein to the site

of infection

4.2 The Mucosal Barrier

4.2.1 Physiologic and Molecular Barriers

The mucosal barrier is a complex structure composed of both cellular and non-
cellular components [4]. Probably the most significant barrier to antigen entry into
the mucosa-associated lymphoid tissue (MALT) is the presence of enzymes start-
ing in the mouth (and eyes) and extending down to the stomach, small bowel, and
colon. Proteolytic enzymes in the stomach (pepsin, papain, etc.) and small bowel
(trypsin, chymotrypsin, and pancreatic proteases) digest polypeptides and proteins
down to smaller peptide fragments. The breakdown of large polypeptides into small
dipeptides and tripeptides accomplishes two tasks. First, it allows for the process of
digestion and absorption of nutrients. Second, it renders potentially immunogenic
proteins non-immunogenic (peptides 8–10 amino acids in length or smaller are poor
immunogens). Coupled with the effects of these proteases are the emulsifying ef-
fect(s) of bile salts and enzymes that break down carbohydrates. Hence, these innate
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molecules are a potent system to alter antigen (Ag) exposure. Considering the pH
extremes of the stomach and proximal small bowel as well as commensal products
in the colon, it is amazing that immune responses to oral antigens are necessary
or can occur at all. However, they do, and many of these responses provide pro-
tection against potential pathogens. The decision to respond or suppress a response
may relate to the pathway used by the antigen to gain access to the host. Invasive
pathogens, with the ability to break down the mucosal barrier, elicit aggressive host
responses, whereas luminal colonizers require a more tolerant response.

A key component of the mucosal barrier is the production of mucin or mucus.
These glycoproteins line the surface epithelium from the nasal cavity/oropharynx
to the rectum [5, 6, 7, 8, 9]. Mucus-producing goblet cells continuously produce a
thick barrier covering adjacent epithelium. Particles, bacteria, and viruses become
trapped in the mucus layer and are expelled by the peristaltic processes of the gut,
nasal tract and lungs. Hence, mucus prevents potential pathogens and antigens from
gaining access to the underlying epithelium, a process called non-immune exclu-
sion. Mucins or mucus also serve as a reservoir for secretory immunoglobulin A
(SIgA). This antibody traverses the epithelium and is secreted into the lumen.

The SIgA, present in the mucus layer, binds pathogens and prevents their attach-
ment to the epithelium. An associated family of factors, called trefoil factors, helps
to strengthen this obstacle to pathogens and toxins as well as promote restoration of
the mucosal barrier if any defect occurs. In the absence of mucin gene products or
trefoil factors, the host becomes more susceptible to inflammation and less capable
of repairing breeches in the barrier [10, 11]. Whether such defects exist in food
allergy, inflammatory bowel disease or other mucosal inflammatory diseases are not
known, but would be worth studying.

Several investigators have demonstrated that the rodent (rat and mouse) neonate
has increased intestinal permeability, allowing for the passage of dietary and possi-
bly bacterial antigens into the underlying lymphoid rich lamina propria region of the
gastrointestinal tract [12, 13, 14, 15, 16]. This would effectively bypass mechanisms
involved in tolerance induction and could promote an active immune response.
Along these lines, it has been well documented that oral tolerance cannot be in-
duced in the neonate. The mechanism(s) underlying this observation has not been
elucidated, although the onset of tolerance seems to correlate with “gut closure”.
However, immaturity of the MALT is also a factor and studies to characterize these
processes have not been performed.

4.2.2 Skin and Mucous Membrane Defenses

Before microorganisms can enter the normally aseptic regions of the body, they
must pass through the barriers of the skin, the conjunctivae of the eyes, or the
mucous membrane of the respiratory, alimentary, or urogenital tracts. Each barrier
has its own protective mechanisms, which can be broadly classified as mechani-
cal, chemical, molecular, and microbial (Table 4.3). Mechanical barriers are highly
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Table 4.3 Defenses of the skin and mucous membranes

Component Main function

Mechanical
Keratinized epithelium Offers protection against microorganisms
Desquamation of stratified epithelium Removes pathogens attached to its surface
Epithelial cells joined by tight junctions Prevents entry of microbes
Mucus-coated hair in the nose Trap particles
Mucus-coated ciliated epithelium Removes particles from the respiratory tract
Coughing and sneezing Expel particles
Flow of Urine Cleanses the urethra

Chemical and molecular
Low pH in the stomach Inactivates many bacteria, fungi, parasites

and viruses
Antimicrobial peptides (constitutive and

induced)
Kill many microorganisms

Defensins (Skin, Intestine, mucous
membranes)

Lyses Bacteria and fungi

Phospholipases (in intestinal paneth cells
and tears)

Kill Bacteria

Dermacidin (in sweat glands) Kill Bacteria and fungi
Ribonucleases (on skin) Kill Bacteria and fungi
Fatty acids (from sebaceous glands of the

skin
Inhibits bacterial growth

Enzymes
Lysozyme (in tears, sweat, saliva and serum) Hydrolyses bacterial cell wall peptidoglycan
Amidase (in the skin and serum)

Microbial antagonism
Normal flora bacteria and fungi Compete for nutrients with potential

pathogen
Produce antimicrobial factors (bactriocins)

effective, especially the skin, which is covered with a thick layer of keratinized
epithelium. The mucous membranes of the mouth, pharynx, esophagus, and lower
urinary tract are composed of several layers of epithelial cells, whereas those of
the lower respiratory, gastrointestinal, and upper urinary tracts are delicate single
layers of epithelial cells, often endowed with specialized functions. Membranes of
the alveoli and the intestine are thin because they serve as exchangers of gases,
fluids, and solutes. Although epithelia have protective tight junctions that do not
allow passage of microorganisms, these cells are easily perturbed, especially when
subjected to high pressures or abrasions. In fact, trauma occurs daily in the colon
during defecation and in the mouth (e.g., during eating).

As mentioned previously, many mucous membranes are covered by a protective
layer of mucus that provides a formidable mechanical and chemical barrier. Mucus
is a giant cross-linked gel-like structure made of glycoprotein subunits. It entraps
particles and prevents them from reaching the mucosa. Mucus is hydrophilic and
allows diffusion of many substances produced by the body, including antimicro-
bial peptides and enzymes such as lysozyme and peroxidase. Its viscous properties
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enable it to bear substantial encounters and yet be readily moved by the motion of
the cilia of the underlying cells.

To afford additional protection, skin and mucous membranes are rich in chem-
ical and molecular antimicrobial factors. Some of these factors are constitutively
expressed, e.g., low pH in the stomach, fatty acids on the skin, and lysozyme (a
bacteriolytic enzyme in tears, sweat, and saliva). The most potent of these fac-
tors are antimicrobial peptides (Table 4.4). One of the most active peptides is
phospholipase A2, which is an enzyme that destroys bacterial cytoplasmic mem-
brane. Defensins are cysteine-rich small peptides (3 to 5 kDa), which are ubiquitous
in all vertebrates and invertebrates, and in humans are subdivided into two families,
�- and �-defensins based on their structure. Six �-defensins and four �-defensins
have been well characterized in humans, but recent analysis of the human genome
revealed 34 defensin genes, which highlights the significance of this family of an-
timicrobial peptides. Defensins, like most other antimicrobial peptides, are highly
cationic, enabling them to bind to the negatively charged cell walls of bacteria

Table 4.4 Antimicrobial peptides

Peptide Location Active against

Phospholipases • PMN primary granules • Gram positive bacteria
• Intestine Paneth cells • Gram-negative bacteria together

with BPI• Tears
• Serum

�-Defensins • PMN primary granules • Bacteria
• Intestinal Paneth cells • Fungi

• Parasites
• Viruses

�-Defensins • Crypt and epithelial cells • Bacteria
• Skin, respiratory tract,

genitourinary tract
• Fungi

Ribonucleases • PMNs, monocytes • Bacteria
• Epithelial cells (skin,

genitourinary tract,
intestinal tract)

• Fungi

Dermcidin • Sweat glands • Bacteria
• Fungi

BPI • PMN primary granule • Gram negative bacteria

Cathelicidins (CAP18 in
humans)

• PMN secondary granule • Bacteria
• Fungi

Serprocidins (Cationic serine
proteases: elastase,
proteinase 3, cathepsin G)

• PMN primary granule • Bacteria
• Fungi

Lysozyme • Phagocyte granules • Gram positive bacteria
peptidoglycan)• Tears, saliva

• Serum
• Intestinal Paneth cells
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and fungi and to kill them by pore formation and permeabilization of their cell
membranes [17].

Many antimicrobial peptides are constitutively present on the skin and mucous
membranes, such as phospholipase A2, �-defensins, and ribonucleases (RNases).
Other antimicrobial peptides, such as �-defensins and RNases, are present in low
levels on epithelial surfaces of the skin as well as mucous membranes and their
increased production can be induced by microbial signatures (e.g., lipopolysaccha-
rides) or by proinflammatory cytokines released by cells of the mucosa following
exposure to bacteria. Lysozyme is present in large amounts in tears, sweat, saliva,
and serum. It hydrolyses peptidoglycan, the main structural component of bacte-
rial cell walls. Lysozyme acts mainly on Gram-positive bacteria, although many
bacterial species have evolved resistant modifications of their cell wall chemistry.
Gram-negative bacteria, however, are resistant because their peptidoglycan substrate
is shielded by an outer membrane. In this case, lysozyme can work synergistically
with other antimicrobial peptides, e.g., complement, that can damage the outer
membrane of bacteria and allow lysozyme to access its substrate.

The innate immune system prevents colonization of the skin and mucous mem-
branes by potential pathogens, but allows colonization by a limited number of
the nonpathogenic bacteria and fungi of the normal flora. The flora is unique for
each area of the body and is beneficial to the host because it protects the skin and
mucous membranes from colonization by pathogenic microorganisms. This protec-
tive mechanism is likely accomplished by competition for nutrients with potential
pathogens and by production of antimicrobial factors (e.g., bacteriocins) by the nor-
mal flora. However, in immunocompromised patients, the normal flora can cause
opportunistic infections that are quite severe or even life threatening.

The obstructive function of skin and mucous membranes is seldom breached
except by injuries, such as burns, cuts, or wounds. Once microorganisms have tra-
versed the skin, they encounter powerful defenses in the underlying soft tissues.
However, these defenses do not work at full capacity under all conditions. For
instance, abrasions or lacerations impair the local vascular and lymphatic circu-
lation and interfere with soluble and cellular defense mechanisms, thus rendering
the underlying connective tissue vulnerable. When this occurs, substantially fewer
microorganisms are required to cause infection. For example, many chronically de-
bilitated patients suffer from decubitus ulcers (bed sores) that become contaminated
and are constantly infected with normally harmless organisms on the skin. When
a microorganism crosses the protective epidermis of the skin or the epithelia of
mucous membranes, it encounters the next line of defense mechanisms: phagocytic
cells, proinflammatory cells, natural killer (NK) cells, and antigen-presenting cells
as well as humoral defenses.

4.3 Innate Immune Responses at the Epithelium

Innate mechanisms include the physical barrier provided by epithelial cells and cilia
movement, mucus production, and secreted molecules with antibacterial activity.
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Epithelial cells in the GI tract form a monolayer of cells tightly connected by api-
cal tight junctions, which allow for intercellular transport of molecules, but not the
trans-epithelial passage of macromolecules. Unlike the GI tract, uterine epithelium
and lower respiratory tracts, the epithelium of other mucosal surfaces such as the
nasal tract and vagina are made of stratified, squamous epithelium that are devoid
of tight junctions. However, the multi-layer structure of these epithelia and the layer
of mucus that covers them contribute to the mucosal barrier. A unique population
of lymphoid cells is closely associated with epithelial cells of the GI tract and other
mucosal tissues. This population of intraepithelial lymphocytes contains an unusu-
ally high proportion of ��TCR+ cells. Several questions remain unanswered about
these cells and their role in host defense. However, their high frequency in exposed
mucosal tissues, ability to recognize antigen presented by non-classical MHC path-
ways, and the presence of a large subpopulation of cytotoxic cells in this population
argue for an essential role of ��TCR+ cells for innate and adaptive immunity at
mucosal surfaces.

Numerous endogenous molecules with anti-microbial activity are present at the
epithelium. The best-described molecules include: defensins, lactoferrin, lysozyme,
lactoperoxidase, secretory phospholipase A2 and cathelin-associated peptides. Some
of these molecules are secreted by intestinal Paneth cells, but all are produced by
neutrophils present in the lamina propria during inflammation and/or infection, sug-
gesting that both cell types play important roles in the innate mucosal immune
defenses of mucosal surfaces. Lactoferrin is a member of the transferrin family,
which is found in mucosal exocrine secretions, e.g., milk, and exhibits antimicro-
bial properties. Epithelial cells do not produce lactoferrin; however, they express the
lactoferrin receptor. Gastric pepsin hydrolysis of either human or bovine lactoferrin
generates a 25-residue peptide called lactoferricin with potent anti-microbial activ-
ity [18]. Further, an 11-residue peptide containing five of the eight basic residues
in bovine lactoferricin displays anti-microbial properties similar to those of the
25-residue peptide [19].

Defensins generally contain between 30 and 40 amino acid residues and can
be divided into �-defensins comprised of two contiguous cysteine residues and
�-defensins whose cysteine residues are separated by six amino acids. Defensins
are produced by epithelial cells including crypt cells and Paneth cells, which con-
tain granules rich in �-defensins that are subsequently secreted into the lumen
of the small intestine [20, 21]. Two of these human intestinal �-defensins (HD),
HD-5 and HD-6, have been identified in Paneth cells and human reproductive
tract epithelial cells [22]. �-defensins are also secreted by tracheal epithelial cells
and homologous to peptides that function as mediators of nonoxidative micro-
bial cell killing in human neutrophils (termed human neutrophil peptides; HNPs).
�-defensins and in particular human �-defensin-1 (HBD-1), are expressed in the ep-
ithelial cells of the oral mucosa, trachea, bronchi, as well as mammary and salivary
glands [23, 24, 25].

HNP-1, -2, -3 share more than 60% homology and 40% identity with murine
crypt cell defensins (cryptins) [26, 27, 28]. In addition to being antimicrobial,
defensins have been shown to be chemotactic for T cells and monocytes via
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CCR6 [29, 30, 31] and may therefore be capable of activating T cell dependent
immune responses. Lillard et al. fully characterized the adaptive immune response
promoted by these innate peptides and found that HNPs significantly increased
antigen-specific IgG and IgM antibody levels in the serum [32]. These serum Ab
responses were associated with the induction of Ag-specific CD4+ T cell prolifer-
ative responses and IFN-�, IL-5, IL-6 and IL-10 secretion. Nasal immunization of
mice with the model vaccine antigen (chicken egg ovalbumin, OVA) in the presence
of HNPs stimulated OVA-specific serum IgG antibody responses. However, neither
IgA nor IgE Abs was induced when HNPs were used as adjuvant. The pattern of
IgG subclass antibody responses consisted of IgG1, but also IgG2a and suggested
the involvement of a mixed Th1/Th2 response. This finding was confirmed by the
high level of IFN-�, IL-5, IL-6 and IL-10 secreted by Ag-specific CD4+ T cells. It
is important to note that HNPs failed to induce SIgA antibody responses in mucosal
tissue secretions. To this end, �-defensins enhanced IL2R and CD28 expression
by splenic T cells more dramatically than by Peyer’s patch-derived T lymphocytes,
which suggests a tissue-specific effect by these classical defensins. HNPs enhanced
the expression of CD40 by spleen- and Peyer’s patch-derived B cells. While the
expression of CD80 was unaffected, HNPs down-regulated the expression of CD86
by LPS-stimulated B cells. These effects were more pronounced on Peyer’s patch-
than on splenic-B cells.

It is interesting that these innate peptides initiated significant systemic- but not
mucosal- humoral immunity after nasal delivery. Several reasons could have ac-
counted for the low or minimal IgA Ab levels in mucosal secretions. It is possible
that the cytokines induced by HNPs do not support the switch to or synthesis of IgA
Abs. It is unlikely that HNPs disrupted the cell integrity of the mucosa, which could
have allowed the nasally administered antigen to be delivered directly to the periph-
ery. Potentially, these characteristics would allow crypt and Paneth cell defensins
to contain pathogens and commensals in mucosal compartments without invoking
brisk mucosal immune responses whenever a foreign substance is encountered in the
mucosa. Correspondingly, these mechanisms would permit defensins to markedly
enhance adaptive immune responses to microbes that enter the sterile peripheral
environment to thereby bridge innate with adaptive immunity mechanisms.

4.4 Mucosal Phagocytes and Epithelial Cells

4.4.1 Neutrophils

Of all the constitutive antimicrobial defenses of the body, the most potent is the cel-
lular response. It consists of the influx of neutrophils, eosinophils, and monocytes
into infected tissues. Neutrophils are actively motile phagocytic cells produced in
the bone marrow. They differentiate from stem cells over 2 weeks. Together with
eosinophils and basophils, they are also known as polymorphonuclear leukocytes
because of their segmented nucleus, or as granulocytes because of their granules.
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Neutrophils migrate to sites of infection and, once activated, initiate a cascade of
defense mechanisms. Neutrophils recognize and engulf microorganisms by a pro-
cess known as phagocytosis and release of reactive oxygen species (e.g., super-
oxide, hydrogen peroxide, hypochlorous acid, etc.). They also produce four kinds
of granules-primary, secondary, tertiary, and secretory vesicles of which azurophil
(primary) and specific (secondary) granules are the largest and most easily visible
by microscopy. These granules have many antimicrobial and chemotactic factors
(e.g., defensins). Together, these factors can kill and degrade microorganisms as
well as damage host tissue.

Lung inflammation of the respiratory mucosal surface in diseases contributes
significantly to the pathology. Dysentery caused by Shigella and other bacterial
species is characterized by infiltration of PMNs into the colonic mucosa. A large
population of these cells also infiltrate the vaginal mucosa following intravaginal
HSV-2 change to control disease [33]. PMNs have also been shown to enhance Th1
immune responses and down-regulate IL-10 as well as protection against Candida-
induced tissue damage [34]; thus bridging innate and adaptive immune responses.
Perhaps due to their short lifespan, the phenotype of systemic PMNs, other than
activation, does not change after entry into mucosal sites. Clear evidence was found
of neutrophil infiltration into the intestinal lamina propria and epithelium through
epithelial breaks as well as intact epithelium [35].

Neutrophils and monocytes can be enticed into the foci of infection by a number
of chemoattractant gradients, such as the C5a, formylated proteins, and chemokines.
But what insures that these phagocytes will arrive precisely where they are needed?
The short answer to this question is neutrophils and monocytes, as well as endothe-
lial cells to which they must adhere, become sticky as the result of expression of
sugars on glycosylated surface proteins. These glycoproteins on the endothelial
cells are called selectins (which mediate weak binding) and integrin ligands or
addressins (which mediate strong binding) and bind to integrins on leukocytes.
However, blood cells that originate in the marrow must enter the bloodstream and
be able to circulate there without adhering too firmly. For example, neutrophils enter
the capillary bed where they adhere to the endothelial venules in response to distress
signals, e.g., complement components, IL-l, TNF-�, etc., from tissues, whereby, the
endothelium in the involved region expresses a set of adhesion molecules that bind
more firmly to neutrophils. When summoned by chemotaxins, the neutrophils, like
other leukocytes, cross the endothelium by diapedesis through the cell junctions,
traverse the basement membrane, and enter the extravascular tissue spaces. At the
proper time, both leukocytes and endothelial cells must be able to stick to each other.
The transition from loosely adherent to tightly adherent is critical for the leukocytes
to leave the circulation and move through the tissues. Clearly, leukocytes and en-
dothelial cells are subject to regulatory mechanisms that induce adherence of these
cells at the proper time. Complement components, such as C3a, chemokines and cy-
tokines direct and regulate leukocyte chemotaxis and adherence to endothelial cells.

The importance of glycoprotein receptors for endothelial cells that are present on
neutrophils is illustrated in people with congenital defects in these proteins. Neu-
trophils from these patients are unable to pass through the vascular endothelium
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and fail to orient, bind, and ingest particles. Patients with this condition are said to
have congenital leukocyte adhesion deficiency (LAD) and suffer recurrent, often
fatal infections. The reason for failure to bind and to ingest bacteria is a defect
in one of the cellular receptors for C3b (called Mac-1or CD11b, which is one of
the integrins). In a healthy person, adherence of leukocytes to endothelial surfaces
is very intense in the submucosa of the alimentary tract. The large intestine has an
enormous microbial population just a cell layer away from the host’s aseptic tissues.
This abundant flora generates large amounts of chemotaxins that recruit the bulk
of neutrophils. Thus, the submucosa of the gut is in a constant state of low-level
inflammation, which keeps the microbial flora at the lumen in check.

4.4.2 Eosinophils

Granulocytes, especially eosinophils, differentiation occurs within the bone marrow
in response to eosinopoietic cytokines, particularly IL-5. The mechanisms underly-
ing mucosal tissue basophil/mast cell or eosinophil accumulation and/or differen-
tiation are unclear. Eosinophil precursors (CD34/IL-5R�+ cells) and IL-5 mRNA+

cells have been identified in the lungs of asthmatics, indicating that a population
of eosinophils or basophil/mast cells may differentiate in situ [36]. Nasal epithelial
cells from atopic, as opposed to nonatopic, patients produce basophil/mast cell and
eosinophil colony-stimulating activities with an enhanced effect of the former on
atopic of similar peripheral blood cell growth. These studies support the hypothe-
sis that basophil/mast cells and eosinophils accumulate in allergic inflammation as
a result of proliferation and differentiation [37]. To this end, epithelial cells from
respiratory mucosa increase eosinophil survival and activation [38]. Taken together,
a subset of basophil, mast cells, and/or eosinophils may differentiate in the mucosa,
in a IL-5-dependent fashion.

The eosinophils parallel the neutrophils in many of their functions. However,
they are not efficient in phagocytosis, but can readily release their contents of their
granules to the outside. Their targets are usually parasites rather than bacteria. In-
deed, the increase of these cells in the circulation, eosinophilia, is the hallmark
of multicellular parasitic diseases such as schistosomiasis or trichinosis. It has
been shown that the cytoplasmic granules of the eosinophils carry large amounts
of an enzyme known as eosinophil peroxidase, as well as specific cationic pro-
teins. These compounds have the power to kill certain parasites. Thus, eosinophils
have an anti-infectious armamentarium similar to that of neutrophils but specifi-
cally target multi-cellular pathogens, which are too large to be phagocytized by
neutrophils.

4.4.3 Monocytes and Macrophages

Terminal maturation of macrophages is an important step for cell diversity among
mucosal subpopulations and their functional competence in vivo. These activated
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macrophages to hold two functions, either to facilitate tissue remodeling or clear in-
fection. Optimal phagocytosis of mucosal pathogens is achieved by mature
macrophages but not blood-derived monocytes. Studies of factors controlling
macrophage differentiation in tissues may help to explain the great macrophage,
DC and neutrophil heterogeneity in the intestinal during disease. The phenotype and
function of monocytes recruited to revealed CD68Hi Gr-1+/− monocytes, along with
CD68+/− Gr-1Hi neutrophils, rapidly accumulate in Peyer’s patches and mesen-
teric lymph nodes after oral Salmonella infection. These monocytes have increased
MHC-II and costimulatory molecule expression; in contrast, neutrophils and DC
produce inducible nitric oxide synthase [39]. In the normal intestinal lamina pro-
pria, only few macrophages express calprotectin and CD86; however, the number
of calprotectin+ CD80Hi CD86Hi macrophages from inflamed mucosa increase with
the degree of inflammation [40, 41]. Similar mechanisms of monocyte-macrophage
recruitment, activation, and maturation exist in other mucosal tissue. Human upper
airway epithelial cells from normal and inflamed, allergic rhinitis and nasal polyp
tissues induce monocytic differentiation of hemopoietic progenitors into mucosal
macrophages that largely required GM-CSF, G-CSF and IL-6 [42].

Monocytes reach the sites of microbial invasion after arrival of neutrophils.
These circulating members of the mononuclear family eventually settle in tissues
and become known as resident tissue macrophages. Although monocytes and
macrophages share a common progenitor with neutrophils, their kinetics of matura-
tion and function are substantially different. Unlike neutrophils, monocytes continue
to differentiate after they leave the bone marrow. Most importantly, monocytes and
macrophages function in both innate and adaptive immune responses.

In general, monocytes and macrophages come into play slowly, often hours after
neutrophils have been actively combating invading microorganisms. Neutrophils
play a role in recruiting mononuclear cells because they release a specific, po-
tent chemoattractant for monocytes, azurocidin or CAP37. Tissue or resident
macrophages exist through out the body and have different names and functions,
depending on the tissue. Thus, they are called Kupffer cells in the liver, alveolar
macrophages in the lungs, osteoclasts in the bone, and microglia in the brain.
Tissue macrophages contribute greatly to the inflammatory response by releasing
IL-1, which enhances the adherence of neutrophils to endothelia, and TNF-�, which
activates newly arrived neutrophils and monocytes. In addition, tissue macrophages
release IL-6 and many chemokines that attract other leukocytes to bridge the innate
with the adaptive immune system.

4.4.4 Natural Killer Cells

NK cells are large granular lymphocytes that have cytoxic activity. In this aspect
they resemble cytotoxic T cells. However, NK cells are neither T cells nor B cells
because they do not have the markers characteristic of T or B-lymphocytes. They
also do not have T or B cell antigen receptors and the associated signal transduction
molecules that make B and T cells antigen recognition specific. Therefore, they
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do not recognize antigens through the types of receptors that T and B cells use,
and they do not need to be selected and generated by adaptive immune responses.
The name natural killer thus stems from their readiness to kill other cells without
the need for time-consuming antigen-driven selection that is required for adaptive
immunity.

NK cells have several types of natural killer receptors (NKRs), which are
lectins that bind to various glycoproteins present on many host cells. However,
this would potentially induce the killing of many healthy cells. Therefore, NK cells
also have killer inhibitory receptors (KIRs), also called killer Ig-like receptors
(e.g., CD158), because they inhibit the killing of normal healthy cells by NK cells.
However, virus-infected cells or some tumor cells often have missing MHC class
I molecules and therefore do not engage KIRs but still have glycoproteins that en-
gage NKRs. In the absence of inhibition by KIRs, NKRs trigger the killing of these
target cells.

NK cells are stimulated by macrophage-derived IL-15 and IL-12. IL-15 is a
growth factor for NK cells, and IL-12 induces IFN-� production by NK cells and
enhances their cytolytic activity. IFN-� in turn activates macrophages and inhibits
growth of viruses in host cells. NK cells also have Fc-�RIIIa receptors (CD16),
which bind the Fc portion of IgG antibodies when complexed with antigen. This
allows NK cells to function by antibody-dependent cell-mediated cytotoxicity
(ADCC), which is another important mechanism that bridges humoral adaptive re-
sponses with this innate immunity cell.

4.4.5 Dendritic Cell Activation, Maturation and Role in Bridging
Innate with Adaptive Mucosal Immunity

Specialized antigen presenting cells, such as Dendritic cells (DCs), are sensors
of “microbes” [43]. Their activation leads to an increase in immunogenicity with
delivery of these signals: peptide loading on MHC class I and II, increased lev-
els of costimulatory molecules, and polarizing cytokines. Direct activation of DCs
via TLRs has been well described. TLRs expressed by DCs, likely cooperating to
widen the repertoire of recognition specificity and triggering DC maturation in a
nuclear factor (NF)-�B–dependent manner [43, 44]. Heat shock proteins released
by necrotic cells may also mature DCs and be considered as danger signals. In
contrast to LPS-signaling, triggering receptor expressed on myeloid cells 2 (TREM-
2)/DNAX-activating protein of 12 kDa (DAP12)-induced DC maturation [45], like
that initiated by FcRs [46], is dependent on protein tyrosine kinase (PTKs) and
extracellular signal–regulated kinase (ERK) signaling. TREM2/DAP12 engagement
by DCs leads to upregulation of chemokine receptor 7 (CCR7), CD40, CD86, and
DC survival but not IL-12 or TNF-� production. In the absence of microbial stim-
ulus, activated NK cells, secrete IL-12 and TNF-� to trigger activation and mat-
uration (i.e., upregulation of CD80, CD86, CD83, HLA-DR, CCR7) of immature
DC [47, 48].
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At the onset of infection and before antigen-specific cognate T cells are ex-
panded, NK cells become activated and amplify the maturation of DCs induced by
microbial products or by virus-induced IFNs. Activated NK cells, by lysing target
cells or surrounding immature DCs that have phagocytized and processed foreign
antigen, provide antigenic cellular debris internalized by maturing DCs that can
be presented to T cells in lymph nodes. Thus, NK cells likely participate in DC-
mediated cognate T cell responses. At later stages of immune responses, activated
NK cells overwhelm surrounding DCs and the cross talk between activated NK cells
and DCs leads to NK cell–mediated DC death shutting off the antigen presentation.
Hence, the interaction between immature DCs and activated NK cells results in
either DC maturation or cell death. The mechanisms that determine the outcome
between death and maturation depend on the dynamics between DC and NK cell
density and the stage of DC maturation. In addition, the cytokine secreted by DC
activation after interaction with NK cells in response to various microbial stimuli
could influence polarization of T cell responses.

DCs are generated from bone marrow precursors and populate non-lymphoid
tissues via blood, where they remain in a state defined as immature. DCs produced
in long term culture are partially mature, and quite distinct from DCs in peripheral
tissue sites, which clearly express MHC-II and CD40 as well as migrate to lymph
nodes to present antigen to T cells. Antigen presentation by DCs activates T helper
cells to express CD40 ligand, which in turn activates CD40+ DCs [49]. DCs un-
dergo maturation, with subsequent trafficking from non-lymphoid to lymph nodes
where they may encounter and stimulate naı̈ve T cells [50]. Maturation of DCs
occurs at peripheral inflammatory sites and likely to be induced by inflammatory
cytokines such as IL-1� or TNF-� the release that is stimulated by bacterial
products, e.g., LPS. This maturation process coincides with profound functional
changes [51]. The activation of DCs induces the production of pro-inflammatory
cytokines and chemokines that induce the development of immature to mature
DCs [52].

4.4.6 Epithelial Barrier Function

The formation of a regulated selectively permeable epithelial cell barrier is essential
to prevent the uncontrolled passage into the host of partially digested components
of ingested food as well as bacterial products and to regulate fluid and electrolyte
absorption and secretion (Fig. 4.2). Tight adheren junctions are located near the
apical part of columnar epithelial cells and separate the paracellular space between
those cells from the intestinal lumen [53]. Cell-cell adhesion at these junctions is
maintained by a tightly regulated complex of proteins, such as occludin, zonula
occludens-(ZO) 1 and –2, and members of the claudin family. However, IFN-� can
down-regulate the expression of ZO-1 [54]. This time-dependent decrease corre-
sponds with a significant decrease in trans epithelial resistance as well as an increase
in mannitol flux. In vivo, expression of the tight junction protein occluding appears
to be diminished in IBD, suggesting that down-regulation of epithelial occludin may
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Fig. 4.2 Epithelial barrier function and signaling to promote innate as well as adaptive im-
munity. Epithelial cells of the mucosa (e.g., gastrointestinal, nasopharynx, lung, and reproductive
tracts) provide a selectively permeable barrier to protect the host from the outside environment.
The epithelium has innate receptors that can detect toll receptor ligands or toxins to lead to the
activation of transcription factors, e.g., nuclear factor kappa B. Subsequent translocation of these
transcriptional factors to the nucleus can promote the expression and secretion of chemokines
and cytokines to recruit and activate leukocytes in the lamina propria that traffic by lymphatic
and vascular endothelial cells from this effector site to inductive sites (e.g., lymph nodes), where
adaptive immune responses can develop further

enhance paracellular permeability and neutrophil transmigration that is observed in
active disease [55]. When the epithelial cell layer is disrupted, several epithelial
cell produced factors are known to influence epithelial cell proliferation, migration
and wound healing. These include growth factors such as epidermal growth factor
(EGF) that exerts its effect partially through an increase in production of transform-
ing growth factor (TGF)-� [56], fibroblast growth factor (FGF), hepatocyte growth
factor (HGF), and intestinal trefoil factor (ITF). ITF is secreted towards the apical
side of the epithelium and has been shown to increase the migration of cells towards
sites of injury [57].
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Adhesion molecules play a central role in regulating the trafficking of leukocytes
through tissues. These include intracellular adhesion molecule (ICAM)-1, lympho-
cyte function associated antigen (LFA)-3 (CD58), E-cadherin, gp180, and biliary
glycoprotein (BGP) [58, 59, 60, 61, 62, 63]. For example, epithelial ICAM-1 ex-
pression can be up-regulated in response to co-culture of intestinal epithelial cells
with invasive bacteria or stimulation with IFN-� or TNF-� [6, 59], and its expression
is polarized on the apical surface of intestinal epithelial cells, with its density being
greatest in the area of the intracellular junctions. Levels of ICAM-1 have been shown
to correlate with an increased apical adhesion of neutrophils [59, 60]. It is plausi-
ble that increased apical addressin expression in response to pathogenic bacteria
functions to allow neutrophils and other leukocytes to home and migrate across the
epithelium into intestinal crypts to enhance mucosal defense mechanisms.

4.4.7 Epithelial Cell Receptors

Epithelial cells constitutively express or can be induced to express receptors im-
portant for host mucosal innate and acquired immunity. For example, intestinal
epithelial cells express MHC class II and non-classical MHC molecules (e. g.,
CD1d, MICA) [64, 65], suggesting that intestinal epithelial cells can function as
antigen-presenting cells and/or costimulatory cells. Intestinal epithelial cells have
been shown to express a wide array of cytokine receptors including putative re-
ceptors for IL-1, IL-4, IL-6, IL-7, IL-9, IL-10, IL-15, IL-17, IFN-�, GM-CSF, and
TNF� [57, 66, 67, 68, 69, 70, 71, 72, 73, 74] as well as receptors for several
chemokines including CXCR4, CCR5, CCR6, and CX3CR1 [75, 76, 77]. Several
of these receptors are expressed on the basolateral surface of the epithelium, while
others are expressed apically or both apically and basolaterally. This indicates that
epithelial cell signaling and function can be influenced not only by luminal antigens,
but also by cytokines and chemokines released from local immune cell populations
in the mucosa thereby allowing epithelial cells to detect and subsequently respond
to immunological changes within the subepithelial compartment.

Some pathogenic bacteria (e.g., Salmonella, Shigella, enteroinvasive E. coli,
Yersinia, and Listeria) have been shown to invade the epithelium and alter intra-
cellular signaling pathways, either directly or indirectly through the secretion of
bacterial products into the cell [78, 79]. To mitigate these molecular pathogenic
mechanisms, intestinal epithelial cells express certain TLRs that represent an evolu-
tionarily conserved family of receptors that function in innate immunity via recog-
nition of conserved patterns in microbial molecules [80]. Epithelial cells express
TLR2, TLR3, TLR4 and TLR5 that recognize LPS and other bacterial products like
flagellin, etc. [81, 82, 83].

4.5 Mucosal Cytokines and Other Innate Factors

A number of reasons make mucosal delivery of cytokines and innate factors an
attractive strategy for manipulation of mucosal immunity. Unlike other molecules
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that regulate mucosal immunity through unknown mechanisms, cytokines primarily
interact with their corresponding receptors on target cells. Significant levels of IL-12
and subsequent IFN-� responses were achieved after oral delivery of this regulatory
molecule [84]. Even though significant serum IL-12 levels were achieved follow-
ing nasal delivery, these levels were equivalent to approximately one-tenth of those
achieved by parenteral injection of the same dose of IL-12 [84]. Interestingly, both
orally and nasally administered IL-12 could exert biological activity and regulate
mucosal immune responses. Thus, mucosal delivery of cytokines could represent a
safer alternative to systemic cytokine treatment, since the large and repeated doses
generally needed for systemic cytokine treatment are often associated with toxicity.

A number of chemokines have been tested as adjuvants for nasal vaccines since
chemokines are produced by a variety of mucosa-associated cells, including ep-
ithelial cells and immune cells. For example, ��TCR+ intraepithelial lymphocytes
(IELs) produce large amounts of XCL1, a C chemokine with chemotactic activity
for T and NK cells [85, 86]. XCL1 enhanced both mucosal and systemic immu-
nity to a nasally co-administered protein antigen [87]. Further, analysis of antigen-
specific CD4+ T cell responses showed that the adjuvant effect of this chemokine
involved both Th1 and Th2 responses. The fact that XCL1 induced mucosal SIgA
antibody responses is consistent with the reported impairment of SIgA antibody
responses in mice lacking �� T cells [88].

Epithelial cells also produce significant amounts of CCL5, CCL4, and CCL3
when stimulated by TLR ligands. CCL5 displays mucosal adjuvant activity for
a nasally co-administered protein [89]. Analysis of antigen-specific mucosal and
systemic CD4+ T cell and cytokine responses showed that nasal CCL5 as ad-
juvant promotes strong IFN-� and predominantly Th1 responses. Systemic im-
munization with a plasmid DNA expressing CCL5 was also reported to enhance
antigen-specific immunity confirming the adjuvant activity of this chemokine by
nonmucosal routes [90]. CCL3 and CCL4 are distinct, but highly homologous
CC chemokines, that share an affinity for CCR5. Lillard et al., 2003 showed that
these chemokines differentially affect adaptive mucosal and systemic immunity
to nasally co-administered antigens [91]. CCL3 stimulated strong serum IgG with
IgG1, IgG2b followed by IgG2a and IgG3 subclass antibody responses. On the other
hand, CCL4 promoted lower IgG antibodies of IgG1 and IgG2b subclasses with high
IgA and IgE antibody responses. Correspondingly, CCL3 produced higher titers of
antigen-specific mucosal SIgA antibodies when compared with CCL3. CCL3 as ad-
juvant promoted Th1-biased CD4+ T cell responses while CCL4 triggered Th2-type
responses with higher levels of IL-4.

4.5.1 Secreted Epithelial Cell Mediators

In the course of infection or insult of the epithelial layer, there is an increased in-
flux of immune and inflammatory cells into the subepithelial compartment towards
the site of injury. For example, in response to bacterial infection, human intestinal
epithelial cells produce mediators essential for the onset of acute mucosal inflam-
mation. In this regard, a number of enteroinvasive bacteria, and some non-invasive
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bacterial pathogens, interact with the epithelial cell membrane and induce the re-
lease of potent chemoattractants for neutrophils, e.g., CXCL1, CXCL2, CXCL5,
CXCL8 [92, 93, 94], monocytes/macrophages, e.g., CCL2 [94, 95], and immature
CCR6-expressing DCs, e.g., CCL20 [96]. Furthermore, under inflammatory con-
ditions, human intestinal epithelial cells can produce IFN-�-inducible chemokines
(e.g., CXCL9, CXCL10, CXCL11) [97, 98] that attract CXCR3+ T cells that have
a Th1 phenotype.

The variance in the kinetics of chemokine expression, function and production by
intestinal epithelial cells may be due to the different spatial and temporal chemokine
gradients and expression, respectively, which would modulate the chemoattraction
of target cells within the intestinal mucosa [94]. Recent studies have begun to eluci-
date the role the epithelium plays in providing important chemotactic signals for the
development of mucosal adaptive immunity. In this regard, small intestinal epithelial
cells constitutively produce CCL25, whose cognate receptor CCR9, is expressed
by �4�7-expressing T cells that preferentially home to the small intestinal mu-
cosa [99, 100]. In contrast, human colon epithelial cells do not produce CCL25 but
do produce CCL28, whose cognate ligand is CCR10, which allows CCR10+ cells to
preferentially migrate to sites of CCL28 production in the small intestine [101, 102].
Hence, CCL25 and CCL28 appear to be important for selective migration of lym-
phocyte subsets to the small intestine and colon, respectively.

In addition to chemokine expression, intestinal epithelial cells are capable of
producing a number of cytokines in response to infection, thereby possessing
the ability to affect local immune responses. Some of the cytokines expressed
by intestinal epithelial cells include: EBI3, TNF-�, IL-12, IL-15, GM-CSF, and
MIF [66, 93, 103, 104]. Besides affecting gene expression patterns of immune cells
in the mucosa, factors released by epithelial cells upon microbial challenge, or un-
der the influence of proinflammatory cytokines, might directly induce endothelial
expression of adhesion molecules such as ICAM-1 and VCAM-1, which could lead
to an increased mucosal influx of leukocytes [105]. The release of proinflamma-
tory cytokines and chemokines by epithelial cells can also be induced by IL-1�
or TNF-� (or infection), return to baseline within hours after induction, suggesting
that epithelial cells initiate mucosal inflammatory responses [92, 94, 106]. Similarly,
other factors, e.g., CXCL5 and CCL5, that are expressed relatively late in response
to microbial challenge indicates that epithelial cells might also participate in the
later phases of the mucosal inflammatory or immunity process [94].

4.6 Recognition Strategies of the Innate Immune System

Signaling within the intestinal epithelial cells that is initiated by a broad array of
cytokines, chemokines, and microbial antigens frequently converge to activate the
transcription factor NF-�B and its target genes [107]. This has led to the concept
that NF-�B is a central regulator of epithelial cell signaling pathways essential for
initiating host innate immune responses to microbial infection. Activation of the
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I� kinase (IKK) complex, and notably the IKK� subunit is an essential step in the
activation of NF-�B by a number of enteric pathogens and by proinflammatory cy-
tokines (e.g., TNF-�, IL-1, etc.). Indeed, some pathogens (e.g., Yersinia), through
their type III secretory proteins, have developed strategies to prevent the activation
of NF-�B and other signal transduction pathways and consequently down-modulate
the host inflammatory response [108, 109].

One of the central questions in immunology is how the immune system is able to
discriminate between pathogens or toxins and harmless (or beneficial) commensal
bacteria and food antigens. During its long evolution and coexistence with microor-
ganisms, the innate immune system has developed three recognition strategies to
detect microbes and distinguish dangerous from harmless agents in the absence of
MHC through pattern recognition receptors. The first and most frequently used strat-
egy is recognition through receptors specific for microbial molecules that are not
present in the host. These pattern recognition receptors, detect unique structures
present in microbes, but not in mammals (Table 4.5). These structures are found
in microbial products that are essential for their survival and thus cannot be easily
changed, dispensed with or substituted. Several pattern recognition receptors are
located on the cell membrane of phagocytic cells, lymphocytes, endothelial cells,
and epithelial cells, although not all of these cells express all pattern recognition
receptors.

The largest family of pattern recognition are classified as toll-like receptors
(TLRs), because of their homology to a fruit fly Drosophila receptor TLRs rec-
ognize many essential microbial molecules, including peptidoglycan, lipoteichoic
acids, lipopeptides, lipopolysaccharide, flagella, bacterial cytidine phosphate guano-
sine (CpG) nucleotide motifs, and viral double-stranded or single stranded RNA.
Some of the same molecules are also recognized by another pattern recognition
receptor, CD14. TLRs and CD14 allow host cells, especially macrophages and
dendritic cells, to recognize most microbes (bacteria, fungi, viruses), alert the host to
their presence, initiate the innate or early host response, and bridge with the adaptive
immune response. Other pattern recognition receptors, such as the scavenger recep-
tor, mannose receptor and �-glucan receptor, are present primarily on phagocytic
cells and function to recognize various bacterial and fungal surface molecules to
enhance phagocytosis.

Some pattern recognition receptors are intracellular. One such receptor, protein
kinase R, recognizes intracellular viruses and induces the synthesis of antiviral
interferons. Another family of intracellular pattern recognition receptors includes
proteins with a nucleotide oligomerization domain (NOD). NOD proteins recog-
nize fragments of peptidoglycan from bacterial cell walls and allow the infected
or antigen-containing cells to produce proinflammatory cytokines, which enhance
antimicrobial responses. The need for intracellular recognition of bacteria stems
from the ability of some bacteria (e.g., Salmonella, Shigella and Listeria) to enter
host cells and escape into the cytoplasm. This strategy allows these bacteria to avoid
recognition and destruction by phagocytic cells and other extracellular antimicrobial
mechanisms.
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Table 4.5 Pattern recognition receptors

Receptor Recognition OF Main effect

Cell membrane
TLRs Bacterial, viral and fungal

components
Activation of macrophages and

dendritic cells
TLR2 (plus TLR1 or TLR6) Peptidoglycan (all bacteria)

Lipoteichoic acid
(Gram-positive bacteria)

Lipopeptides (many bacteria)
Lipoarabinomannan

(Mycobacterium)
Zymosan (fungal cell wall)

TLR3 Double-strand RNA (viruses)
TLR4 Lipopolysacchride (Gram

negative bacteria)
TLR5 Flagella (many bacteria)
TLR7 and TLR8 Single strand RNA (viruses)

and rRNA (bacteria)
TLR9 Bacterial DNA (CpG)
CD14 Lipopolysachhride

(Gram-negative bacteria)
Activation of macrophages

Peptidoglycan (all bacteria)
Lipoteichoic acid

(Gram-positive bacteria)
Scavenger receptors Negative charge

polysaccharides (bacteria
and fungi)

Phagocytosis by macrophages

Mannose receptor Phagocytosis by macrophages
�-glucan receptor (dectin-1) Phagocytosis by macrophages
N-formylmethionyl peptide

receptor
Chemoattraction of PMNs and

macrophages

Intracellular
Protein kinase R Double strand RNA (viruses) Induces expression of a

viral-inhibitory protein,
interferon

NOD1 and NOD2 Peptidoglycan (bacteria) Activation of macrophages and
epithelial cells to produce
proinflammatory mediators

Secreted
Soluble CD14 Lipopolysachhride

(Gram-negative bacteria)
Activation of CD14− cells

(e.g., Endothelial cells)
Lipopolysaccharide-binding

protein
Lipopolysachhride

(Gram-negative bacteria)
Activation of macrophages

Mannose-binding lectin
(collectin)

Mannose-containing polymers
(bacteria and fungi)

Activation of complement

Surfactant proteins (collectin) Bacteria, fungi, viruses Opsonization
Serum amyloid P (pentraxin) Bacteria Activation of complement
C-reactive protein (pentraxin) Bacteria polysaccharides Activation of complement

CD, cluster of differentiation; NOD, nucleotide oligomerization domain; PMN, polymorphonu-
clear leukocyte; TLR, toll-like receptor
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The clinical significance of these pattern recognition receptors has only re-
cently been realized through the identification of patients who suffer from se-
vere recurrent pyogenic bacterial infections resulting from genetic defect in signal
transduction pathways activated by TLRs. Recently, polymorphisms in the gene
encoding the intracellular recognition protein, NOD2, has been correlated with
patients with Crohn’s disease, one of the chronic inflammatory bowel diseases
(IBD) associated with an inability to properly control the intestinal inflammatory
responses [110, 111, 112, 113, 114, 115]. In general, IBD arises from a dysreg-
ulated mucosal immune response to luminal bacteria. It has been suggested that
TLR4 recognizes LPS and transduces a proinflammatory signal through the adapter
molecule myeloid differentiation marker 88 (MyD88). Mesenteric lymph nodes and
intestinal lamina propria from TLR4−/− and MyD88−/− mice frequently develop
colitis due to high bacterial levels [116]. Hence, a defective innate immune response
may result in diminished bacterial clearance and dysregulated responses to normal
flora.

The innate immune system detects danger signals produced by tissue damage,
which would usually be found in tissue-damaging infections. For example, uric
acid crystals released from damaged cells can induce proinflammatory responses
in DCs. However, it is still unclear what receptors recognize these danger signals.
Recent molecular biologic advances in this field have given us a clear picture of
the mechanistic basis of gouty inflammation due to deposits of monosodium urate
(MSU) crystals [117]. MSU crystals promote inflammation by stimulating cells via
TLR signaling and cleaving of C5 that leads to the formation of the membrane attack
complex to culminate in secretion of cytokines, chemokines, and other inflamma-
tory mediators. To this end, TLR2−/−, TLR4−/−, and MyD88−/− bone marrow
derived-DCs demonstrate impaired MSU crystals uptake and associated inflamma-
tory cytokine release, when compared to similar cells from wild type mice [118].
Dying mammalian cells have also been found to release uric acid due to injury. Uric
acid enhances the adaptive immune response to antigens associated with injured
cells [119]. Taken together, these data suggest the innate immune system is not only
capable of detecting pathogens, but also cell death and metabolic stress.

4.6.1 TLR-Regulated Cell Recruitment to Infection Sites

One of the distinctive features of the immune system is that it relies on cell migra-
tion for surveillance, attack, containment and clearance of invading pathogens. Two
types of cell migrations are use by the cells for both innate and adaptive immune
systems: inducible and homeostatic. Inducible cell migration is generally triggered
as a result of the sensing of pathogens through PRRs, as in neutrophil recruitment to
the local site of infection. Steady state, or homeostatic, cell migration allows naı̈ve
lymphocytes to circulate between the secondary lymphoid tissues throughout the
body to enhance their chances of encountering the cognate antigen. This pathway
is constitutive and does not require induction through TLRs. Innate recognition of



100 R. Singh, J.W. Lillard

pathogen-associated molecular patterns (PAMPs) through TLRs initiates an inflam-
matory response characterized by the recruitment of cells to sites of infection to
augment the killing of invading pathogens and to halt their spread. Cell migration
from peripheral blood into the inflamed tissue involves a tightly controlled sequence
of events [120].These events are mediated by two types of signals: diffusible chemo-
tactic factors and cell surface adhesion molecules.

Activation of TLRs induces the expression of selectin, chemokine and chemokine
receptor genes that regulate cell migration to the sites of inflammation [121]. Sens-
ing inflammatory signals, leukocytes first roll on the vascular endothelial cells, a
process mediated by selectins expressed by the endothelium and the carbohydrate
ligands on leukocytes. The selectins are rapidly displayed on the endothelial cell
surface either after direct recognition of pathogens through TLRs or by tumor
necrosis factor secreted from activated tissue macrophages. Next, PAMP recogni-
tion through the TLR induces chemokine secretion. Key inflammatory chemokines
produced during acute microbial infection include CXCL1, CCL2, CXCL8, CCL8,
CCL3, CCL4, CCL5, CCL7, and CCL13 [122]. These chemokines bind to the lu-
minal surface of the vascular endothelium and trigger activation of leukocytes and
induce conformational changes in the integrins [120]. The activated integrins on
the leukocytes allow firm adhesion to the vascular endothelium. Integrin ligands
on the endothelium, such as intercellular cell adhesion molecule (ICAM-1), are also
induced either directly by TLRs expressed on the endothelium, or indirectly, through
TNF and IL-1, which are induced by TLR-activated resident macrophages. Finally,
the adherent leukocytes migrate between the endothelial cells and extravasate into
tissue interstitium. To provide maximum surveillance for infectious agents, in addi-
tion to the inflammation-induced cell recruitment, most tissues of the body, particu-
larly at the mucosal surfaces that represent portals of pathogen entry, are interlaced
with resident innate leukocytes such as DCs, macrophages and mast cells. Pathogen
recognition through TLRs orchestrates the recruitment of leukocytes to the sites of
infection by activating the tissue stromal cells, tissue-resident innate cells and the
circulating leukocytes.

4.6.2 TLR Activation of Leukocytes

Acute inflammatory cellular infiltrate consists of innate immune cells such as mono-
cytes, neutrophils, basophils, eosinophils and NK cells. Neutrophils and NK cells
are critical effector cells that protect the host by killing pathogenic microbes and
infected cells, respectively. In addition, expression of some TLRs is regulated, both
positively and negatively, in several cell types. Human neutrophils express mRNA
for TLR1 through TLR10, except for TLR3, and secrete inflammatory chemokines
after stimulation with LPS, zymosan and R848 [123]. However, neutrophils are not
stimulated by CpG [124]. Similarly, NK cells express TLR9 mRNA, but are not re-
sponsive to CpG stimulation [125]. The potent ability of CpG DNA to stimulate NK
cells was most likely attributed by the contamination of plasmacytoid DCs (pDCs),
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which after being stimulated with CpG secrete large amounts of type I interferons
and induce NK cell activation [125].

Eosinophils, despite their constitutive expression of TLR1, TLR4, TLR7, TLR9
and TLR10 mRNA, only respond to stimulation with R848 through TLR7, which
results in their activation and prolonged survival [126]. Mast cells express TLR1,
TLR2, TLR4 and TLR6 and respond to TLR2 and TLR4 agonists [127, 128, 129].
Monocytes express a variety of TLRs that induce their activation (discussed be-
low). The monocytes that infiltrate the inflamed tissue can differentiate into either
tissue macrophages or DCs that contribute to the generation of adaptive immu-
nity. TLR signals not only regulate chemokine and chemokine receptor gene ex-
pression but also control cell surface chemokine receptor expression by inhibiting
chemokine receptor desensitization. For example, neutrophils stimulated through
TLR4 transcriptionally down regulate the expression of G protein-coupled receptor
kinases [130].

4.6.3 TLR Activation

The epithelial layer provides the first line of defense against invading pathogens.
Consequently, many TLRs are expressed by epithelial cells of the intestinal, res-
piratory and urogenital tracts [131, 132]. Pathogen recognition by TLRs expressed
by these cells leads to the production of cytokines, chemokines and antimicrobial
peptides [133]. Epithelial chemokines can be displayed on the luminal surface of
both the local tissue and draining lymph node vascular endothelium.

Cell migration is also regulated by direct recognition of PAMPs by the vascular
endothelium. In a mouse model of septic shock, systemic LPS injection induces
rapid neutrophil sequestration into the lungs. In one study of bone marrow- chimeric
mice that were TLR4-deficient in either their leukocytes or in the stromal cell
compartment, TLR4 responsiveness by the vascular endothelial cells, but not neu-
trophils, was required for migration of these cells into the lung tissue [134]. In
another study, TLR4 expression in both the hematopoietic and the stromal com-
partments was required for the recruitment of leukocytes after challenge with the
uropathogenic Escherichia coli [135]. Thus, the recognition of PAMPs by epithelial,
endothelial and hematopoietic cells through TLRs are integral in the innate immune
defense against microbial pathogens at sites of infection.

4.6.4 TLRs and DCs

DCs are central to T lymphocyte activation and differentiation into effector T helper
cells and CTLs [136]. DCs take up antigens, become activated and migrate to lo-
cal lymphoid tissues to present the antigen to lymphocytes. This process involves
phagocytosis, the upregulation of costimulatory and MHC molecules, a switch in
chemokine receptor expression, secretion of cytokines and chemokines and the
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presentation of antigens by DCs [136]. All of these events are regulated through the
recognition of pathogens via the pathogen-recognition receptors (PRRs) expressed
by DCs and are influenced by the microenvironment in which they reside. Many
types of PRRs are expressed by DCs, including C-type lectins, mannose receptors
and TLRs. However, TLR family members are critical PRRs, whose signals lead to
the generation of effector responses including Th1 [135] and CTL [137] responses.
Distinct DC subsets occupy special niches defined by their anatomical location and
their ability to respond to certain types of pathogens through the expression of dis-
tinct sets of TLRs.

Studies of DC subsets isolated from humans and mice have revealed that TLRs
have distinct expression patterns in these important antigen-presenting cells. Hu-
man blood monocytes express TLR1, TLR2, TLR4 and TLR5, but progressively
lose these receptors as they differentiate into immature DCs in the presence of
granulocyte-macrophage colony-stimulating factor and IL-4. These cells instead
acquire the expression of TLR3 [138]. Notably, human myeloid DCs and in vitro-
differentiated immature DCs express TLR3 in their intracellular compartments, un-
like human fibroblasts, which express TLR3 on the cell surface. Human Langerhans
cells do not express TLR3 [139]. Freshly isolated human plasmacytoid (CD8�+)
DCs express TLR7 and TLR9, whereas myeloid (CD8�−) DCs express TLR1,
TLR2, TLR3, TLR5, TLR6 and TLR8 [125, 140, 141]. In some studies, TLR7 ex-
pression was detected on both plasmacytoid and myeloid DCs [142, 143], whereas
others found TLR7 was exclusively expressed by plasmacytoid DCs [140, 141]. In
mice, plasmacytoid DCs express TLR1, TLR2, TLR4, TLR6, TLR8 and TLR9 [144,
145]. There are also distinct differences in the expression and responsiveness of cer-
tain TLRs in freshly isolated DCs versus in vitro-derived DCs. Although TLR4 is
expressed at low amounts on splenic DCs, freshly isolated mouse DC subsets do not
consistently respond to LPS stimulation [146]. In contrast, DCs derived from bone
marrow precursors in the presence of granulocyte-macrophage colony-stimulating
factor (GM-CSF) have high expression of TLR4 and respond robustly to LPS, a
characteristic shared with murine macrophages. Inhibitors of endosomal pathways
such as chloroquine and bafilomycin have been used to delineate the functional
location of certain TLRs within the DC subsets [147]. These studies showed that
TLR3, TLR7, TLR8 and TLR9 all require an acidic environment for activation of
the endosomes, whereas TLR1, TLR2, TLR4, TLR5, and TLR6 are expressed by
DCs and do not require endosomal maturation.

TLR expression profiles of distinct DC subsets raise some interesting questions
about the function of these DCs. For example, TLR3 is lacking in both human
and mouse plasmacytoid DC populations. Yet these cells are efficient detectors
of viral infections, recognizing the viral genomes through TLR9 (double-stranded
DNA) [142] and TLR7 (single-stranded RNA). Another point that arises is the lack
of responsiveness of all human and mouse DC subsets to LPS. Only monocytes and
in vitro-differentiated DCs express TLR4 and respond notably to LPS stimulation.
These data suggest that some, if not all, of the immunostimulatory effects induced by
injected LPS on DCs are perhaps mediated indirectly by non-DC or DC precursors
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in vivo. Whichever is the case, the accumulating evidence points to a differential
function for DC subsets in pathogen recognition and influencing adaptive immune
responses.

4.6.5 TLR-Dependent DC-Mediated Control of T Cell Activation

The generation of adaptive immunity can begin with DCs capturing microbial anti-
gens in the peripheral tissues. Subsequently, DCs migrate to the draining lymph
nodes to present the processed peptides to naive T lymphocytes in the context of
MHC molecules. This migration is mediated by TLR-induced down-regulation of
inflammatory chemokine receptors and up-regulation of the receptors for lymphoid
chemokines. The stimulation of immature DCs with TLR ligands results in CCR6
down-regulation and CCR7 up-regulation [148, 149], which enhances the ability of
DCs to migrate from the peripheral tissues to the draining lymph node [150, 151]. In
transit, DCs also undergo a maturation program that endows the cells with the ability
to stimulate naı̈ve T lymphocytes. It is only after encountering microbial pathogens
that DCs begin the process of maturation.

Once inside the lymph nodes, some DCs migrate to the T cell zones, seek out
antigen-specific T cells and induce their activation and differentiation into effector
cells. DCs provide the naı̈ve T cell with two signals required for their activation.
The first signal is the antigen-specific signal received as a result of binding of the
TCR to peptide presented by MHC molecules. The second signal is provided by
costimulatory molecules such as B7-1 (CD80) and B7-2 (CD86), which are ex-
pressed by the DCs and trigger CD28 expressed on naı̈ve T cells. Depending on
the density of the peptides presented, the costimulatory molecules expressed and
cytokines secreted by the DCs motivate naı̈ve CD4+ T cells to differentiate into
either Th1 or Th2 cells [152]. Primary activation of CD8+ T cells requires similar
signals from the DCs, whereas memory CD8+ T cell responses require CD4+ T cell
help [153, 154, 155, 156].

A given DC population will respond only to the pathogens for which they have
appropriate TLRs. Furthermore, stimulation through a given TLR, depending on
which DCs express it, can result in a distinct outcome, even when triggered by the
same ligand. Stimulation of human plasmacytoid and myeloid DCs with synthetic
TLR7 agonists induces the secretion of IFN-� and IL-12, respectively [143]. Sim-
ilarly, stimulation with certain synthetic oligonucleotides containing CpG motifs
induces plasmacytoid DCs to secrete IFN-� and myeloid DCs to secrete IL-12 [157].

Despite these differences in cytokine secretion by DC subsets, signals through
TLRs generally result in the activation and maturation of all DCs, as measured
by enhanced expression of the costimulatory molecules CD80, CD86 and CD40.
Induction of the costimulatory molecules CD80 and CD86 on the DC surface
is a particularly important step in the initiation of adaptive immunity. Indeed it
is the coupling of microbial recognition with the induction of the costimulators
that allows activation of pathogen-specific T cells, as was originally proposed by
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Janeway [158]. CD80 and CD86 costimulators “flag” the DCs as a mature antigen-
presenting cell for naı̈ve T cells, which can only receive costimulatory signals in an
antigen-specific, cognate interaction with these cells. Hence, TLR-induced expres-
sion of costimulators translates the nonclonal pattern recognition signal into clonal
antigen-specific (adaptive) immune responses.

Once CD4+ T cells are activated, their differentiation into effector cells is con-
trolled by a variety of factors, including cytokines produced by DCs. TLR ago-
nists induce DCs to secrete cytokines, such as IL-12, generally specialized in the
induction of Th1 responses [159]. Accordingly, the immunization of mice with ad-
juvants containing various TLR ligands, including LPS, CpG DNA and complete
Freund’s adjuvant, results in Th1 responses and the induction of Th1-dependent
antibody isotypes. In contrast, MyD88 deficient mice are severely compromised
in Th1 differentiation and instead generate Th2 responses [135, 160]. These data
are consistent with a view that TLRs control the induction of Th1, but not Th2,
responses. However, several reports have demonstrated that triggering TLR2 can
induce Th2 differentiation [161, 162, 163]. The physiological importance of this is
unclear because pathogens that trigger TLR2, such as Gram-positive bacteria, do
not generally induce Th2 responses in vivo. However, stimulation of lung DCs with
low doses of inhaled LPS induces Th2 responses and allergic inflammation, whereas
high dose of LPS in the same conditions induce Th1 responses. Physiologically, the
low dose of LPS presumably corresponds to the amounts available after inhalation
of LPS associated with environmental antigens, whereas high dose LPS corresponds
to the amount present during infections with Gram-negative bacteria. It is therefore
likely that the TLR2-dependent induction of Th2 responses after inhalation of envi-
ronmental LPS represents a mechanism for the pathogenesis of asthma, whereas the
TLR4-dependent induction of a Th1 response after Gram-negative infection repre-
sents a mechanism for protection from infection.

4.6.6 TLRs in B Cell Activation and Antibody Production

B lymphocytes have a somewhat unusual status in the immune system because
they express both clonally rearranged antigen receptors (i.e., BCRs) and non clonal
PPRs, most notably TLRs. Stimulation of TLRs expressed on B cells can lead to
polyclonal activation and production of low-affinity IgM antibodies. B1 cells of
the peritoneal cavity and marginal zone B cells are particularly sensitive to TLR
ligands and participate in T cell-independent immediate antibody responses that
are typically directed against common bacterial components, such as phosphatidyl-
choline [164].

Only B Cells and plasma cells synthesize Igs. Developing B cells undergo dra-
matic changes in their responses to chemokines [165]. Pre-B cells are capable of
making pro-B colonies in the presence of IL-7 and Flt3 ligand by migration towards
CCL25. This response is lost in later stages of development in exchange for the abil-
ity to migrate towards CXCL13 via CXCR5 expression. Arising from pluripotent
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hematopoietic stem cells in the fetal liver and bone marrow, B cells are divided into
two distinct lineages, B1 and B2 cells. Because they are the first to embryologically
develop, B1 cells are a self-renewing population that predominate the plural and
peritoneal cavities. Although the function of B1 cells is not fully understood, as a
population they constitutively secrete IgM antibodies of limited diversity that react
strongly with carbohydrates. A large portion of serum IgM in normal individuals is
of B1 origin and is often referred to as “natural antibodies.” As a cellular class, B1
cells may bridge innate and adaptive immunity by producing antibodies that react
with carbohydrates expressed by infectious organisms. In this context, the splenic
marginal zone B (innate-like) cells, by virtue of their pre-activated state collaborate
with B1 cells to generate significant levels of IgM antibodies as plasmablasts during
the innate response to bacterial antigens [166]. Together B1 and innate-like marginal
zone B cells have been proposed to possess “natural memory” to bridge the innate
immune response with the adaptive immune response.

Antigen, LPS, and cytokines have been shown to activate B cells and induce
their differentiation into plasma cells via stimulation of TLR1, TLR2, TLR4, TLR6,
TLR7, TLR9, and TLR10 expression [125, 167]. Signals directed through TLR1,
TLR4, and TLR9 modulate integrins and CD9 on B1 cells, which is required for
detachment from local matrix in preparation to respond to chemotactic signals [168,
169]. NF-kB is critical in the response of B1 cells. The peritoneal cavity of mice with
a mutation in the NF-kB-inducing kinase gene, contain more B1 cells than normal
mice [170]. These mice fail to migrate lymphoid tissues via CCL21 and CXCL13.
Indeed, CXCL13 is highly chemotactic for B1 cells, which express significantly
higher surface CXCR5 (the ligand for CXCL13) than B2 cells [171].

B2 or conventional follicular B cells express many of the same innate recep-
tors as B1 or innate-like marginal zone B cells. However, conventional or B2 cells
arise during and after the neonatal period, are continuously replaced from the bone
marrow, and are widely distributed throughout the lymphoid organs and tissues.
Somatic gene rearrangements are more extensive in B2 cells than in B1 cells, giving
them a broader repertoire of BCR specificities and affinities. Unstimulated B2 cells,
unlike B1 cells, produce low levels of Igs that increase only when they are acti-
vated by helper T cells that cause them to differentiate into antibody-secreting cells.
B2 pathway-committed cell precursors graduate though several levels that involve
changes in gene activity. Hence, the cytokines and chemokines that are generated
early on in response to infection contribute to immunoglobulin (Ig) isotype switch-
ing, clonal expansion and differentiation into memory or Ig-secreting plasma cells.

Because the polyclonal activation of B2 cells may potentially result in the pro-
duction of autoreactive antibodies, several mechanisms have evolved to regulate B
cell activation, depending on the specificity of their BCR. Thus, B cells that express
autoreactive membrane Ig induce a tolerogenic signaling pathway that inhibits TLR-
induced B cell activation [172]. In contrast, the physiological importance of poly-
clonal activation by TLR ligands has been demonstrated for memory B cells. Human
memory B cells produced antibodies in response to CpG stimulation independently
of antigen-specific cognate T cell help [173]. It seems that naı̈ve and memory B cells
may respond to TLR stimulation differently to ensure both self-tolerance and a rapid
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response to reinfection: Because memory B cells have already been selected for their
specificity, their polyclonal activation is not expected to result in autoimmunity.

4.6.7 TLR and Chemokines: Key Regulators in Bridging Innate
and Adaptive Immunity

TLRs differentially regulate chemokine and chemokine receptor expression by a va-
riety of host cells for induction of an innate response. TLR4 agonists promote IL-12
p70 and CXCL10, which are associated with Th1 responses [174]. In contrast, TLR2
stimulation does not induce IL-12 p70 or CXCL10 expression, but does support se-
cretion of the IL-12 inhibitory p40 homodimer promoting conditions that favor Th2
adaptive immune responses. Correspondingly, activation of either TLR2 (by Pam
(3) CysSerLys (4)) or TLR4 (by purified LPS) results in a decrease in both CCR1
and CCR2 expression by human monocytes [175]. Interestingly, TLR2 and TLR5,
but not TLR4, are required for Helicobacter pylori-induced NF-�B activation and
chemokine expression by gastric epithelial cells [176]. These findings demonstrate
that the gastric mucosa recognizes and responds to H. pylori infection at least in
part by sensing TLR2 and TLR5 ligands, which highlights the unique characteristics
of H. pylori LPS that is unable to act as a TLR4 agonist. Nonetheless, TLR2 and
TLR4 are crucial for mucosal innate responses. TLR2 and TLR4 have been shown
to be express by lymphatic capillaries in the lamina propria of mucosal tissues that
results in CCL21 expression [177]. Hence, the lymphatic endothelium contributes
to DC migration into secondary lymphoid tissues (i.e., effector sites) through the
expression of TLRs, the ligand engagements of which result in the induction of
chemokines.

IFN-� and TLR3 ligation induces the expression of CXCL9 and CXCL11 by
leukocytes and fibroblasts [178]. In addition, stimulation of uterine epithelial cells
with TLR3 agonist, poly(I:C), induces the expression of TNF-�, IL-6, GM-CSF,
G-CSF, CXCL8, CCL2, and CCL4 as well as defensins to further fuel the adap-
tive and innate host responses, respectively [179]. Following vaginal inoculation
of monkeys with TLR7 and TLR9 agonists, a massive influx of mucosal mono-
cytes, CD4+ T cells, DC infiltrates has been documented due to beta-chemokine-
expression [180].

Innate immune stimuli, through activation of TLRs, set in motion a genetic
program that induces the expression of chemokines by epithelium, endothelium,
resident tissue macrophages and DCs. Changes in chemokine/chemokine-receptor
expression orchestrate the movement of antigen-loaded DCs from the tissue into
lymphoid tissue to activate naı̈ve T and B cells to initiate the adaptive immune
response. Chemokines expressed after TLR activation also help to guide the newly
activated T cells back into the tissue where the innate immune system first sensed
the foreign challenge. During secondary immune responses, chemokines induced
by antigen-specific lymphocyte responses recruit innate immune cells into sites of
inflammation, serving to amplify the adaptive response with innate immune effector
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cells. Thus, chemokines and their receptors serve a critical function to coordinate
and link the interdependent innate and adaptive immune responses.

4.6.8 Detection of Toxins

The relationship in the intestinal mucosa between the GM1 ganglioside concentra-
tion and the number of binding sites for cholera toxin (CT) supported the concept
that the GM1 is the intestinal binding receptor for CT [181]. While this binding
provides a pathogenic mechanism to support the spread of Vibrio cholera, this ac-
tivity initiates a robust innate response. Earlier studies have shown that CT induces
IL-1 and IL-6 production [182, 183] by cultured epithelial cell lines. In addition,
macrophages incubated with CT produce IL-1 [184]. CCL20, CCL25 and CCL28,
which mediate mucosal immunity in part by recruiting DCs and IgA plasma cells
(ASCs) into mucosal lamina propria, are expressed in response to CT stimulation of
both small and large intestinal cells [185, 186]. This reveals a mechanism by which
host cells can invoke innate responses that initiate the adaptive mucosal immune
response to toxins. As a result, CT mixed with or conjugated to unrelated protein
antigens, are known to enhance mucosal IgA and T cell adaptive responses to CT
and unrelated antigens. While, CTB is responsible for binding the mucosal adjuvant
activity is largely mediated by CT’s, a subunit responsible for the ADP-ribosylating
activity of CT and related toxins, since derivatives that bind GM1 but lack cAMP
activity still induce mucosal humoral and cellular immunity [187].

It is proposed that Shiga toxins influence dysentery severity by inducing colonic
vascular damage, which accounts for bloody stools, intestinal ischemia, and inflation
of a polymorphonuclear intestinal compartment during the infectious process [188].
Many of these affects are due to Shiga toxin’s ability to induce the secretion of sig-
nificant amounts of chemokines [189, 190]. Indeed, children with dysentery caused
by Shigella dysenteriae express elevated serum and mucosal IL-1�, IL-6, TNF-�,
and IFN-� [191]. The secretion of these cytokines appears to be regulated by host
cell expression of glycolipid globotriaosylceramide (Gb-3), which serves as the
Shiga toxin receptor [192, 193]. Like CT, Shiga toxin derivatives, e.g., its B subunit
or nontoxic mutants harboring amino acid substitutions in the A subunit, possess
adjuvant activity via activation of DCs [194].

Similarly, anthrax edema toxin is another AB-type toxin that binds to anthrax
toxin receptors on target cells via its B subunit. Mucosal delivery of this toxin
enhanced both systemic and mucosal immunity to co-administered antigens and re-
sulted in high antigen-specific antibody and T helper cell cytokine responses [195].
An attenuated non-toxinogenic non-encapsulated Bacillus anthracis spore vaccine
expressing mutant anthrax edema toxin, when mucosally administered is effective
at providing protection against a lethal anthracis challenge (bacterial or toxin chal-
lenge) [196]. Taken together, these data provide important examples of how innate
responses to mucosal toxins lead to adaptive immune response, namely antigen-
specific secretory (s) IgA, which effectively neutralizes the attachment of toxins
(e.g., cholera toxin, shiga toxin, etc.) to the surface epithelial cells.
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4.7 Consequences of Recognition: Effector Mechanisms

The consequences of recognition by the innate immune system depend on the type
of tissue and the recognition systems that are present. Constitutive innate immu-
nity is an immediate response based on pre-synthesized antimicrobial factors and
effector cells ready to be set into motion. Keratinocytes, epithelial cells, and several
specialized cells (e.g., Paneth cells present in the crypts of the intestine, or cells in
sweat and sebaceous glands) produce many antimicrobial peptides [197]. When a
microbe comes in contact with the skin or mucous membranes, it is confronted by
mechanical barriers and antimicrobial factors. If the microbe escapes these mecha-
nisms and penetrates the skin or mucous membranes, it is phagocytozed and killed
by phagocytic cells (neutrophils and macrophages) present in blood and tissues. The
presence of microbes on the skin or mucous membranes or in tissues also triggers in-
nate responses, which amplify and supplement the initial constitutive response. This
response consists of several changes. There is an increased production of antimicro-
bial peptides by keratinocytes, epithelial cells, and specialized cells in the tissues;
this action enhances the killing of microorganisms. There is secretion of cytokines,
chemokines, and vasoactive products by macrophages, mast cells, eosinophils, ba-
sophils, and platelets. Complement is activated, which enhances phagocytosis (op-
sonization), chemotaxis, and direct killing of some microorganisms. Activation of
clotting cascade and generation of bradykinin increases vascular permeability, va-
sodilation, hypotension, pain, and smooth muscle contraction.

In summary, the extent of the innate response is usually proportional to the need,
i.e., the location and the extent of the infection. External tissues (skin and mucous
membranes) constantly come in contact with potential immune stimulants (e.g., bac-
teria). The response is usually controlled by constitutively produced antimicrobial
peptides. Therefore, only high numbers of microorganisms may induce mucosal
immune responses, because no response is necessary when low numbers of mi-
croorganisms are present. By contrast, the immune cells in tissues that are nor-
mally sterile, especially macrophages and leukocyte, are highly sensitive to very
low amounts of microbial products. The reason for this high responsiveness is the
need for detection of low numbers of microorganisms in normally sterile blood and
tissues, because any appearance of microorganisms in these tissues indicates that
the first line of defense (skin and mucous membranes) is breached.

4.7.1 Type I IFNs and Adaptive Immunity

The type I interferon family consists of IFN-�, IFN-�, IFN-� and IFN-	 [198].
Whereas the IFN-� gene family consists of many members, there is a single gene
encoding IFN-�. Stimulation of many cell types with viruses, bacteria or TLR lig-
ands, such as poly (I) · poly(C), LPS, CpG and imiquimod, results in the production
of IFN-� and IFN-� [199]. Factors involved in the transcription of IFN-� have been
well characterized [199] and involve a complex containing the interferon regulatory
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factor (IRF) family member IRF-3. Once secreted, IFN-� can bind to the type I
interferon receptor, a heterodimeric molecule consisting of IFNAR-1 and IFNAR-2,
to activate the Janus kinase (Jak) protein tyrosine kinases Jak1 and Tyk2. This step
leads to the phosphorylation of signal transducer and activator of transcription 1
(STAT1) and STAT2. STAT1–STAT2-IRF-9 forms a complex known as interferon-
stimulated gene factor 3 (ISGF3), which binds to interferon-stimulated responsive
element (ISRE) and turns on genes such as those encoding 2′–5′-oligoadenylate.
Thus, the initial IFN-� and IFN-� secretion induced by viral infection results in ex-
pression of more IFN-� gene members. In contrast, LPS stimulation induces mainly
IFN-� production without inducing IFN-�.

Although the function of type I interferons is most closely associated with their
antiviral activities, these cytokines also have diverse effector functions in the de-
velopment of adaptive immunity that are not restricted to antiviral defense. Type I
interferons promote the proliferation of memory T cells and prevent T cell apop-
tosis [200]. Type I interferons can activate STAT4 directly and induce IFN-� se-
cretion from CD8+ T cells in mice [201] and CD4+ T cells in humans [202, 203].
Further, cross-presentation of viral antigens occurs via a mechanism dependent on
type I interferons. One study found that the activation of cross-priming by type
I interferons was independent of CD4+ T cell help but involved the direct stim-
ulation of DCs [204]. IFN-�/� also enable B cells to undergo isotype switching
and differentiation into plasma cells through the activation of DCs [205]. They
are also critical activators of NK cells [206]. Finally, IFN-�/� induce DC matu-
ration following stimulation via CpG, poly (I: C), or LPS treatment or viral infec-
tion [207, 208, 209].

Given the multitude of genes that are responsive to type I interferons, it is not
unexpected that they are essential for diverse aspects of adaptive immunity. In
this context, TLRs differ in their ability to induce IFN-�/� expression. TLR3,
TLR4, TLR7 and TLR9 can all induce IFN-�/� production, albeit through different
signaling pathways. TLRs 1, 2, 5 and 6 do not induce IFN-�/�. Because IFN-�/�
functions are important in the control of adaptive immunity, it is curious that these
particular TLRs do not induce their expression. It is tempting to speculate, therefore,
that for any given pathogen, a combination of TLRs that becomes activated always
includes at least one TLR that can induce the IFN response.

4.7.2 Complement

The complement system has many components (Tables 4.6 and 4.7), mediates a
large number of biological effects, and interacts with other complex systems, such
as blood clotting and adaptive immune responses. Complement derives its name
from the original belief that it complements, or completes, the action of antibodies.
Only later did researchers realize that it plays a crucial role in body defenses even
in the absence of antibodies. The complement system is normally barely “on” and
must be activated to become a significant part of the defense mechanisms [210, 211].
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Table 4.6 Components of the complement system

Component Role in the complement cascade

Classical pathway
C1q Bind to Fc region of Ig in antigen-antibody

complexes; this binding leads to the
activation of C1r

C1r C1r is cleaved on activation to generate C1r,
a serine protease that cleaves C1s

C1s C1s is cleaved to produce, a serine protease;
which, in turn, cleaves C4 and C2

C4 Cleaved by C1s into C4a and C4b; C4b
binds to the surface membrane and
becomes part of the C3 convertase

C2 Binds to C4b and cleaved by C1s into C2a,
which is a serine protease component of
the C3/C5 convertase.

C3 (also part of the lectin and alternative
pathways)

Cleaved by C4bC2a into the anaphylatoxin
C3a and C3b which is an opsonin and part
of the C3/C5 convertase

Lectin pathway
MBL Binds to mannose-containing carbohydrates

on bacterial and fungal cells, analogous to
C1q in the classical pathway, associated
with MASP-1 and MASP-2

MBL-associated proteases (MASP-1 and
MASP-2)

Serine protease that activates C4 and C2 by
cleaving them similar to C1s

Alternative pathway
Factor B Analogous to C2 in the classical pathway
Factor D A serine protease that activates factor B by

cleaving it
Properdin Binds to the C3-C5 convertase of the

alternative pathway and stabilizes it

Membrane attack complex
C5 Cleaved by the convertase complex; C5a is

an anaphylatoxin, C5b is the anchoring
protein for C6

C6 Binds to C5b and this complex becomes the
anchor for C7

C7 Binds to the C5bC6 complex and then
C5bC6C7 inserts into the membrane and
becomes an anchor for C8

C8 Attaches to C5bC6C7 and produces a stable
membrane-associated complex that can
bind C9

C9 Polymerizes at the site of the C5/C8
complex; this completes formation of the
membrane attack complex.
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Table 4.6 (continued)

Component Role in the complement cascade

Complement receptors
Complement receptor type 1 (CR1,

CD35)
Accelerates dissociation of the C3

convertases, enhances phagocytosis of
C3b-or C4b-coated microorganisms

Complement receptor type 2 (CR2,
CD21)

Activate B cells

Complement receptor type 3 (CR3,
CD11b/CD18)

Adhesion protein, important for
phagocytosis of C3b-coated microbes.

Complement receptor type 4 (CR4,
CD11c/CD18)

Important in phagocytosis of C3b-coated
microorganisms

C3a receptor Signals chemotaxis and release of vasoactive
products from mast cells

C5a receptor Signals chemotaxis and release of vasoactive
products from mast cells

Once activated, it functions to enhance the antimicrobial defenses in several ways.
Complement makes invading microorganisms susceptible to phagocytosis through
opsonization. Activated complement lyses some microorganisms directly and/or ac-
tivates antimicrobial systems of phagocytes. Certain complements cause the chemo-
taxis of white blood cells to promote the inflammatory response.

Table 4.7 Proteins that regulate complement activity

Component Function

Soluble serum proteins
C1 inhibitor Inhibit enzymatic activity of C1r and C1s of the

classical pathway and MASPs of the lectin
pathway by suicide substrate mechanism.

C4 binding protein (C4bp) Binds to C4b and enhance the decay of C4bC2a
classical and lectin pathway C3 convertase

Factor H Binds to C3b and enhance the decay of the
alternative pathway C3 convertase

Factor I Proteolytically inactivates C4b and C3b
Anaphylatoxin inactivator Proteolytically inactivates the anaphylatoxins, C3a

and C5a
S-Protein (vitronectin) Inhibits insertion of the MAC into the lipid bilayer

by binding to the C5b/C7 complex

Membrane proteins
Complement receptor type-1

(CR1, CD35)
Accelerates dissociation of C3 convertases

Membrane cofactor protein Cofactor for Factor I-mediated cleavage of C3b
Decay accelerating factor (DAF,

CD55)
Accelerates dissociation of C3 convertases

Membrane inhibitor of reactive
lysis (MIRL, CD59)

Bind to C9 and prevents MAC formation

Homologous restriction factor
(HRF)

Blocks MAC insertion into the surface of cells
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The complement system can be activated in one of three ways. The three activa-
tion pathways are known as classical, lectin, and alternative. Each pathway starts
out separately, but the three eventually converge to make the same products. The
classical pathway is usually set in motion by the presence of antigen-antibody com-
plexes. The lectin and alternative pathways are elicited independent of antibodies
and activated by microbial components like mannose-containing polysaccharides
(lectin pathway) or bacterial lipopolysaccharides (alternative pathway). In either
case, activation results from proteolytic cleavage of inert larger proteins.

Activation of the complement system is involved in several important aspects
of host defenses. Two activities of complement are specifically directed toward
enhancing phagocytosis, which is probably the most effective of the constitutive
defenses against microorganisms. These activities are the recruitment of white cells
by chemotactic proteins, such as C5a, and the facilitation of phagocytosis by pro-
teins called opsonins. Complement activation also induces acute inflammation by
generating anaphylatoxins (C3a and C5a), which act by causing release of vasoac-
tive mediators from mast cells. This activity can be considered beneficial, insofar as
the inflammatory response helps fight invading microorganisms.

Other components of complement make the so-called membrane attack com-
plex (MAC), which is responsible for the lysis of Gram-negative bacteria, enveloped
viruses, and foreign cells. They may even lyse infected tissue cells that appear alien
because they display viral or other foreign proteins in their cell membranes. This
activity is particularly important in killing bacteria that resist phagocytosis, such as
meningococci and gonococci. Indeed, genetic deficiencies of the proteins involved
in the formation of the MAC result in increased susceptibility to infections by these
particular organisms.

The three pathways of complement activation converge at a key biochemical step,
the cleavage of component C3. From that point the remaining steps of all three
pathways are the same. The enzymes responsible for this activity, C3 convertases,
yield fragments C3a and C3b. Both components are pharmacologically active. C3a,
which diffuses into the surrounding fluid, is an anaphylatoxin. C3b, which has an
active thioester group that covalently binds to hydroxyl groups of carbohydrates or
proteins on the antigen (e.g., bacterium), is an opsonin. C3b binds to complement
receptor type 1 (CRI) on phagocytic cells and thus greatly enhances binding of
the opsonized bacteria to phagocytic cells. C3b also binds to CR2 on B cells and
enhances B cell activation and production of antibodies in the adaptive immune
response. In addition, C3b becomes part of the C3 convertase of the alternative
pathway, and a part of C5 convertase. The formation of this complex can have a
direct impact on mucosal homeostasis. Inhibition of the C3 convertase has been
shown to prevent ischaemia-reperfusion stress in the rat gastric mucosa [212].

4.7.3 C3 Convertase

Activation of complement by the classical pathway is usually initiated by the pres-
ence of antigen-antibody complexes. A protein complex called C1, composed of



4 Bridging Mucosal Innate Immunity to the Adaptive Immune System 113

three proteins, C1q, Clr, and C1s, recognizes the immune complexes. Clq is made
up of six subunits, each shaped like a tulip. One IgM molecule is sufficient for Clq
binding, but two closely adjacent IgG molecules are needed. For this reason IgM
is a very potent C activator, whereas only high concentrations of IgG can activate
C. Clq binds only to antibodies bound to antigens, which prevents C activation by
free antibodies always present in the serum, and ensures that only antigen-antibody
complexes activate the classical pathway. Following binding to the antigen-antibody
complex, C1q converts C1r into protease that carries out the next step in the path-
way, the cleavage of C1s. The activated enzyme C1s in turn cleaves C2 and C4 in to
fragment C4b2a, which bind covalently to the antigen and become the C3 convertase
of the classical pathway and C4a and C2b fragments that are released.

Eventhough IgA has been shown to be a relatively weak activator of comple-
ment, respiratory SIgA has been shown to activate the alternative complement
pathway [213]. Regardless of SIgA’s role in complement activation, the role of
the classical complement pathway in initiating mucosal adaptive response is well
documented. IgA nephropathy or Bürger’s disease is a form of renal disease char-
acterized by IgA with C3 deposition in the mesangium of kidney [214]. Dermatitis
herpetiformis [215] is a skin condition associated with celiac disease and is also
associated with the deposition of IgA and C3.

Relatively low levels of diffusible complement activity and the C3 component
of complement are present in the mucosa of the cervix, uterus, and fallopian tubes,
whereas C1q, C1r, and C4 components are either absent or present only in trace
quantities [216]. The fact that IgG and IgA are released in measurable quantities
from these sites suggests that complement activation may be an important medi-
ator of mucosal immunity of the reproductive tract. There is also evidence that
complement components may form locally in inflamed mucosal tissues contain-
ing macrophages. Jejunal secretion of C4, but not C3 or factor B, parallel with the
clinical activity of IBD [217]. Indeed, the increased secretion of complement by
clinically unaffected jejunal tissue in patients with Crohn’s disease suggests the
synthesis of complement by activated intestinal macrophages. Human IgG1 and
activated complement are co-localized along the colonic epithelium in active ulcer-
ative colitis [218]. Granular deposition of C3b and terminal complement complex
were observed at the luminal face of the surface epithelium in 10 of 18 patients
with colitis suggesting complement activation takes place at the luminal face of the
epithelium. Factors regulating proximal small-intestinal luminal concentrations of
human IgG3 are not well established, but the intestinal mucosa is immunoreactive
for C4 as C4 significantly correlates with IgG3 concentrations in proximal small-
intestinal luminal and caecal secretions.

The lectin pathway is activated by binding of mannose-binding-lectin (MBL),
which is a mannose-containing polysaccharide, and a C1q analog, to mannose- con-
taining polysaccharides, frequently present in the cell walls of many bacteria and
fungi. The result is activation and complexing of MBL with the MBL associated
proteases MASP-1 and MASP-2, which then cleave C4 and C2 to generate C4b2a,
which is the same C3 convertase as in the classical pathway. Interestingly, MBL de-
ficiency is associated with diarrhea. To this end, individuals homozygous for MBL
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mutations have an increased risk of cryptosporidiosis and lectin-mediated binding
of MBL to activate C4 that was detected on sporozoites, but not oocytes [219, 220].
MBL and C3, but not C1q, present in the vaginal cavity help to recognize infectious
agents (e.g., bacteria and fungi) that colonize the vaginal mucosa [221] suggesting
lectin- and classical-mediated pathways of complement activation may play a role
in host defense in the genital tract.

4.7.4 Complement: Chemotaxins and Opsonins

Several of the complement components are important chemoattractants that can mo-
bilize cells of both innate and adaptive immune systems. For example, C5a is an
attractant for neutrophils and monocytes. While phagocytic cells alone can engulf
bacteria, without enhancing cofactors this process is inefficient. In the presence of
complement opsonins, neutrophils and macrophages will phagocytose pathogens
more efficiently. Several substances normally serve as opsonins, including the C3b
component of complement. C3b binds to the surface of bacteria and forms a ligand
that is recognized by receptors on neutrophils, monocytes, and macrophages. Mi-
croorganisms coated with C3b become anchored to the surface of phagocytes, which
facilitates their uptake. Three receptors for C3b and its various cleavage products are
located on white blood cells: CR1, CR3 (CD11b/CD18), and CR4 (CD11c/CD18).
While CR1 is localized on the ciliary surface of epithelium in both normal sub-
jects and patients with chronic sinusitis, CR1-binding to C3b is associated with
chronic sinusitis [222]. Similarly, elevated CR1 expression by granulocytes in the
bronchial mucosa is involved in prolonged inflammatory responses in asthma and
bronchial hyperresponsiveness [223]. Interestingly, intestinal macrophages, which
are believed to orchestrate mucosal inflammatory responses, do not express CR3 or
CR4 [224]. These findings suggest peripheral monocytes recruited to the intestinal
mucosa eventually become anergic to inflammatory stimuli to presumably limit
responses to potentially immunostimulatory commensal bacteria.

4.8 Linking Innate and Adaptive Immunity

The innate immune response not only provides the first line of defense against mi-
croorganisms, but also provides the “danger signal” – that instructs the adaptive
immune system to mount a response [225]. On the other hand, adaptive immune
response calls on the innate immune system to provide the professional phagocytes
(e.g. macrophages and neutrophils) and specialized granulocytes (e.g. eosinophils
and basophils) necessary to engulf small pathogens and contain larger parasites. The
primary adaptive immune response takes place in the draining lymph nodes and not
in the tissue itself. Antigen is taken up by dendritic cells in the mucosa and carried
into regional lymph nodes (i.e., inductive sites), where the DCs activate naive T and
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B cells. Activated, T and B cells then leave the lymph node and find their way back
to the site of insult or inflammation in the tissue to carry out their effector function.

Although the trafficking patterns of DCs and lymphocytes have been appreci-
ated for some time, the molecules that control their movement in vivo have only
recently been identified as members of the chemokine family. These chemotactic
cytokines orchestrate the trafficking of DCs as well as T and B cells needed to
generate an adaptive immune response. By activating TLRs, pathogens stimulate
the local release of chemokines. In general, immature DCs constitutively express
CCR1, CCR5 and CCR6 that mediate their attraction to sites of lymphocyte acti-
vation. However, the immature DCs are inefficient at picking-up antigen and must
mature and differentiate into cells that can activate naı̈ve T cells. During this process,
the DC down regulates expression of CCR1, CCR5 and CCR6 and up-regulates
expression of CCR7, causing its migration into the afferent lymphatic system to
eventually migrate to mucosal inductive sites or organs. The CCR7 ligands, CCL19
and CCL21, are expressed by lymphatic endothelium and direct the migration of the
antigen-loaded mature DCs.

Chemokines are also involved in recruiting naı̈ve T and B cells from the periph-
ery via high endothelial venules (HEVs) into the inductive sites and into contact
with activated DCs. The molecular details remain to be elucidated, but it is likely
that chemokines such as CCL18 and CCL19 are important in juxta-positioning
these cells in lymph nodes. CCL19 and CCL21 are produced by stromal cells in
the T-cell zone and CXCL13 is secreted by stromal cells in B cell follicles, help-
ing to guide cells to both T and B cell areas, respectively. Indeed, some activated
T cells down regulate expression of CCR7 and up regulate CXCR5 to be better
directed to follicles to deliver help to B cells, whereas other activated effector
T cells up regulate CXCR3 and are attracted into mucosal tissues (i.e., effector sites.)
T cells that are activated in regional lymph nodes, after encountering antigen-loaded
DCs, subsequently return to sites of inflammation by sensing chemokine gradients.
CXCR3 ligands, CXCL9, CXCL10 and CXCL11 are highly expressed by activated
Th1 cells and are believed to be important in adaptive immunity and mucosal in-
flammation.

4.8.1 Chemokines that Lead to Th1-Driven Responses

The chemokine system has emerged, as an innate response that is crucial to reg-
ulate DC and lymphocyte trafficking that is needed to initiate the mucosal adap-
tive immune response as well as inflammation. As mentioned above, chemokines
also link activation of the Th1 adaptive immunity and the innate immune system.
Chemokines are released from CTLs after antigen-specific activation. Indeed, CTLs
specific for HIV-1, hepatitis B virus (HBV) or HCV release large amounts of CCL3,
CCL4, and CCL5 from their cytotoxic granules [226]. These chemokines adhere to
infected cells and recruit other inflammatory cells, including professional phago-
cytes, to the site of viral replication, amplifying the response to include innate im-
mune effector cells.
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Th1 and Th2 cells were found to express different sets of chemokine receptors,
enabling the differential regulation of their trafficking and localization during differ-
ent types of immune responses [227, 228]. Th1 cells preferentially express CCR5,
CXCR3, and CCR1. This is similar to the expression pattern found on monocytes
and macrophages, which allows them to be localized in inflammatory sites and
co-localize with Th1 cells. Th1, but not Th2, cells also express CCR7 and home
to the periarteriolar lymphoid sheathes. Retroviral transduction of Th2 cells with
CCR7 forces them to localize in a Th1-like pattern and modulates their function in
vivo [229].

The first hint of possible chemokine involvement in T cell polarization and the
progression of Th1 type diseases was that the expression of some chemokines, such
as CXCL10 and CXCL9, are induced by a Th1 cytokine, i.e., IFN-� [230, 231].
CXCL11 is also expressed in response to IFN-� [232]. These three chemokines
share CXCR3 as their major receptor [233], which is expressed by virtually all Th1
cells. CCL4 is a chemokine that binds CCR5, another Th1 cell-expressed chemokine
receptor. Expression of CCL4 is not induced by IFN-�, but is inhibited by a Th2
cytokine IL-4 in LPS-activated monocytes [234]. IFN-� also greatly increases the
expression of CCL2 that can bind CCR5, which is preferentially express by Th1
cells [235]. Interestingly, CCL3, CCL4, and CCL5 are produced by Th1, but not
Th2, cells [236]. CCL5 production is induced by TNF-� and IFN-� in airway
smooth muscle cells and is partially inhibited by Th2-derived cytokines, IL-4, IL-10,
IL-13, and by dexamethasone [237]. In addition to CXCR3 and CCR5, CXCR6, the
receptor for CXCL16, is also preferentially expressed by a subset of Th1 cells [238].
Taken together, these findings suggest that chemokines are important for directing
and amplifying Th1 polarization and expansion, respectively.

Lillard et al., 2001 demonstrated that nasal immunization of mice with chicken
egg ovalbumin (OVA) and CCL5 enhanced OVA-specific antibody as well as CD4+

T cell proliferative and cytokine responses in both systemic and mucosal compart-
ments. Our results show that both Th1- and Th2-type pathways can be induced
by mucosally administered CCL5 even though this molecule primarily induced
Th1-type responses. Interestingly, CCL5 enhances the expression of CD28, CD40L,
and CD80 to mediate T cell responses [89]. Palaniappan et al., 2006 also demon-
strated that CCL5 blockade resulted in a decrease of CD4+ and CD8+ T cells as
well as CD11b+ cells in mucosal and systemic compartments during the recognition
phase of the pneumococcal adaptive immune response [239]. CCL5 blockade signif-
icantly reduced the antigen-specific IgG2a and IgG1 Abs in serum and IgA antibody
levels in nasal washes, corresponding to reductions in antigen-specific T cell (mu-
cosal and systemic) responses. CCL5 inhibition decreased the quantity of IL-4- and
IFN-�-secreting CD4 T cells and increased the number of antigen-specific IL-10-
producing CD4 T cells. When combined, this also corresponded with the transition
from pneumococcal carriage to lethal pneumonia. These data suggest that CCL5 is
an essential factor for the induction and maintenance of protective pneumococcal
immunity. Lillard et al., 2003 showed that immunization of mice with OVA plus
CCL3 or CCL4, which bind CCR5, enhances antigen-specific serum and mucosal
IgG2a and IgA, respectively, as well as antibody and CD4+ T cell proliferation and
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Th1 cytokine responses in systemic and mucosal compartments [91]. The cytokine
responses promoted by these chemokines, particularly CCL3, can induce signifi-
cant antigen-specific cytotoxic T lymphocyte (CTL) responses in both systemic and
mucosal tissues and can up-regulate CD28, CD40L, and CD80 expression.

Several IBD models indicate CD4+ T cells are major components in the induc-
tion of inflammation and much of the intestinal damage that this disease causes [240].
Singh, et al., 2003 have shown that CXCL9, CXCL10, and CXCL11 are up-
regulated at sites of colitis [241], and the serum levels of CXCL9, CXCL10, and
CXCL11 are significantly increased in Crohn’s disease patients when compared to
normal healthy donors, regardless of ethnicity (i.e., African-, European/Caucasian-,
Ashkenazi Jewish-, and Asian-American). CXCR3-expressing T cells have been
shown to produce predominantly Th1 cytokines, supporting the hypothesis that
CXCR3 ligands selectively mobilize Th1 cells and leukocytes to support mu-
cosal inflammation. Indeed, studies from our laboratory demonstrated that CXCL10
blockade abrogated spontaneous colitis in IL-10−/− mice mediated predominantly
by Th1 TCR��+ CXCR3+ cells [242].

4.8.2 Chemokines that Lead to Th2-Driven Responses

Th2 effector cells secrete IL-4 and IL-13, and amplify Th2 cell recruitment by in-
ducing the release of STAT6-inducible chemokines. Interestingly, many of these
same chemokines are also active on eosinophils, basophils and mast cells. In this
way, Th2 cells control the trafficking of eosinophils, basophils and perhaps mast
cells into sites of allergic inflammation. Human Th2 cells preferentially express
the CCR3, CCR4, and CCR8 and migrate to their ligands: CCL1, CCL11, CCL17,
CCL22, CCL24 [243, 244]. Endobronchial biopsies from six asthmatics, taken 24
hours after allergen challenge, demonstrates that virtually all T cells express IL-4
after stimulation and are responsive to these Th2-associated chemokines. Simi-
larly, the cytokine milieu in the nasal mucosa of patients with active Wegener’s
granulomatosis are associated with CCR3+ IL-4+ Th2 cells [245] that respond to
CCL17 [246]. CCR3 is also expressed by eosinophils and mast cells to allow re-
cruitment to the skin, lung and nasal tract during in the development of mucosal
hyper-responsiveness [247, 248]. This chemokine axis with support of IL-13 and
IL-4 secretion by a number of host cells following Th2-inducing agents (e.g., My-
cobacterium bovis, Schistosoma mansoni egg antigens, etc.) initiates responses re-
quired to remove large extracellular pathogens [249, 250]. The ability of certain
chemokines to induce Th2 adaptive responses has perhaps influenced the evolution
of viral chemokines that target Th2-associated chemokine receptors. In this regard,
viral macrophage-inflammatory protein-II (MIP-II) is a viral chemokine homologue
of CCL2 that is encoded by human herpes virus 8. vMIP-II is selectively chemotac-
tic for Th2 lymphocytes. Singh et al., 2004 have shown that CCL1, CCL2, and
vMIP-II significantly enhanced antigen-specific serum and mucosal mouse IgG1
antibodies by increasing Th2 cytokine (e.g., IL-10) secretion by CD4+ T cells [251].
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Although CCL1 increased the number of CD28-, CD40L-, and CD30-positive,
antigen-stimulated naı̈ve T helper cells, vMIP-II and CCL1 decreased the number of
CD28-, CD40L-, and CD30-positive, resting naive CD4+ T cells. Taken together,
these studies suggest that CCR8 ligands (I-309) and its mouse counterparts T cell
activation gene 3 (TCA-3) generated by the innate response direct Th2 adaptive mu-
cosal responses and vMIP-II limits costimulatory molecule expression to mitigate
host immunity.

It has also been shown that chemokines, like defensins, can mediate anti-microbial
clearance of microbes. The Th2-associated chemokine, CCL20 binds to and ac-
tivates CCR6. While CCL20 does not share the binding site of CCR6 with any
other chemokine, �-defensin-1 and -2 (hBD-1 and hBD-2), small cationic antimi-
crobial peptides, have also been found to bind to and activate CCR6. Conversely,
it was found that CCL20 possesses antibacterial activity of greater potency than
the �-defensins against Escherichia coli and Staphylococcus aureus [252]. CCL20
and HBD-2 possess antibacterial activity against Streptococcus mutans and Lac-
tobacillus casei, which are involved in caries [253]. While CXCL9, CXCL10 and
CXCL11, attract CXCR3+ T cells, B cells, and NK cells, all three chemokines pos-
sess antimicrobial activities [254]. Hence, chemokines are versatile factors that can
mediate leukocyte migration and activation as well as killing of bacteria.

4.9 Conclusion

It is apparent that innate immunity is not a static host defense system without speci-
ficity per se. The adaptive and innate immune system(s) are intimately integrated
and connected to better handle microbial invaders. Innate immunity is a complex
and dynamic web of microbial and other antigenic recognition systems that are
specific for various microorganisms and can swiftly generate various antimicrobial
responses precisely tailored to the microbial invader that challenges the host. More-
over, innate immunity is intricately connected with adaptive immunity because it
serves as the initial recognition system for antigens and is required for efficient
initiation of adaptive immune responses. It also often directs which type of adaptive
immune response is induced and in some cases serves as the effector mechanism of
adaptive immunity.

The adaptive immune system builds and amplifies upon the defensive foundation
established by the innate immune system. It adds several defensive features includ-
ing: the random generation of antigen-specific receptors with far greater variety than
is available in the innate system and the ability to intensely focus a variety of de-
structive mechanisms (including those of the innate system) to narrowly defined
targets. The property of memory allows the adaptive system to modify its response
to stimuli that are encountered repeatedly. In concert with the innate immune sys-
tem, the adaptive immunity provides a versatile and coordinated set of defensive
responses capable of dealing with the invasive styles of a broad array of mucosal
pathogens and toxins.



4 Bridging Mucosal Innate Immunity to the Adaptive Immune System 119

References

1. Brenner S, Milstein C. 1966. Origin of antibody variation. Nature 211: 242–3
2. Zheng B, Xue W, Kelsoe G. 1994. Locus-specific somatic hypermutation in germinal centre

T cells. Nature 372: 556–9
3. Tjoa B, Kranz DM. 1992. Diversity of T cell receptor-alpha chain transcripts from hyperim-

mune alloreactive T cells. Journal of Immunology 149: 253–9
4. Nagler-Anderson C. 2001. Man the barrier! Strategic defences in the intestinal mucosa. Na-

ture Reviews. Immunology 1: 59–67
5. Renes IB, Verburg M, Van Nispen DJ, Buller HA, Dekker J, Einerhand AW. 2002. Distinct

epithelial responses in experimental colitis: implications for ion uptake and mucosal protec-
tion. American Journal of Physiology – Gastrointestinal & Liver Physiology 283: G169–79

6. Kelly CP, O’Keane JC, Orellana J, Schroy PC, 3rd, Yang S, LaMont JT, Brady HR. 1992. Hu-
man colon cancer cells express ICAM-1 in vivo and support LFA-1-dependent lymphocyte
adhesion in vitro. American Journal of Physiology 263: G864–70

7. McNabb PC, Tomasi TB. 1981. Host defense mechanisms at mucosal surfaces. Annual Re-
view of Microbiology 35: 477–96

8. Belley A, Keller K, Gottke M, Chadee K. 1999. Intestinal mucins in colonization and host
defense against pathogens.[erratum appears in Am J Trop Med Hyg 1999 Jun;60(6):1062
Note: Goettke M [corrected to Gottke M]]. American Journal of Tropical Medicine & Hy-
giene 60: 10–5

9. Deplancke B, Gaskins HR. 2001. Microbial modulation of innate defense: goblet cells and
the intestinal mucus layer. American Journal of Clinical Nutrition 73: 1131S–41S

10. Sands BE, Podolsky DK. 1996. The trefoil peptide family. Annual Review of Physiology
58: 253–73

11. Podolsky DK. 1997. Lessons from genetic models of inflammatory bowel disease. Acta Gas-
troenterologica Belgica 60: 163–5

12. Walker WA. 1975. Antigen absorption from the small intestine and gastrointestinal disease.
Pediatric Clinics of North America 22: 731–46

13. Walker WA, Isselbacher KJ. 1974. Uptake and transport of macromolecules by the intestine.
Possible role in clinical disorders. Gastroenterology 67: 531–50

14. Kuvaeva IB. 1979. Permeability of the gastronintestinal tract for macromolecules in health
and disease. Human Physiology 4: 272–83

15. Weaver LT, Laker MF, Nelson R. 1984. Intestinal permeability in the newborn. Archives of
Disease in Childhood 59: 236–41

16. Vukavic T. 1984. Timing of the gut closure. Journal of Pediatric Gastroenterology and Nu-
trition 3: 700–3

17. Ganz T. 2003. Defensins: antimicrobial peptides of innate immunity. Nature reviews. Im-
munology 3: 710–20

18. Bellamy W, Takase M, Wakabayashi H, Kawase K, Tomita M. 1992. Antibacterial spectrum
of lactoferricin B, a potent bactericidal peptide derived from the N-terminal region of bovine
lactoferrin. Journal of Applied Bacteriology 73: 472–9

19. Kang JH, Lee MK, Kim KL, Hahm KS. 1996. Structure-biological activity relationships
of 11-residue highly basic peptide segment of bovine lactoferrin. International Journal of
Peptide & Protein Research 48: 357–63

20. Porter EM, Liu L, Oren A, Anton PA, Ganz T. 1997. Localization of human intestinal de-
fensin 5 in Paneth cell granules. Infection and Immunity 65: 2389–95

21. Porter EM, van Dam E, Valore EV, Ganz T. 1997. Broad-spectrum antimicrobial activity of
human intestinal defensin 5. Infection & Immunity 65: 2396–401

22. Quayle AJ., Porter EM, Nussbaum AA, Wang YM, Brabec C, Yip KP, Mok SC. 1998. Gene
expression, immunolocalization, and secretion of human defensin-5 in human female repro-
ductive tract. American Journal of Pathology 152: 1247–58



120 R. Singh, J.W. Lillard

23. Zhao X, Deak E, Soderberg K, Linehan M, Spezzano D, Zhu J, Knipe DM, Iwasaki A.
2003. Vaginal submucosal dendritic cells, but not Langerhans cells, induce protective Th1
responses to herpes simplex virus-2. Journal of Experimental Medicine 197: 153–62

24. Singh PK, Jia HP, Wiles K, Hesselberth J, Liu L, Conway BA, Greenberg EP, Valore EV,
Welsh MJ, Ganz T, Tack BF, McCray PB. Jr. 1998. Production of beta-defensins by human
airway epithelia. Proceedings of the National Academy of Sciences of the United States of
America. 95: 14961–6

25. Mathews M, Jia HP, Guthmiller JM, Losh G, Graham S, Johnson GK, Tack BF, McCray PB,
Jr. 1999. Production of beta-defensin antimicrobial peptides by the oral mucosa and salivary
glands. Infection & Immunity 67: 2740–5

26. Jones DE, Bevins CL. 1992. Paneth cells of the human small intestine express an antimicro-
bial peptide gene. Journal of Biological Chemistry 267: 23216–25

27. Eisenhauer PB, Harwig SS, Lehrer RI. 1992. Cryptdins: antimicrobial defensins of the
murine small intestine. Infection and Immunity 60: 3556–65

28. Chertov O, Michiel DF, Xu L, Wang JM, Tani K, Murphy WJ, Longo DL, Taub DD, Op-
penheim JJ. 1996. Identification of defensin-1, defensin-2, and CAP37/azurocidin as T-cell
chemoattractant proteins released from interleukin-8-stimulated neutrophils. Journal of Bio-
logical Chemistry 271: 2935–40

29. Yang D, Chertov O, Bykovskaia SN, Chen Q, Buffo MJ, Shogan J, Anderson M, Schroder
JM, Wang JM, Howard OM, Oppenheim JJ. 1999. Beta-defensins: linking innate and adap-
tive immunity through dendritic and T cell CCR6. Science 286: 525–8

30. Ganz T. 1999. Defensins and host defense.[comment]. Science 286: 420–1
31. Territo MC, Ganz T, Selsted ME, Lehrer R. 1989. Monocyte-chemotactic activity of de-

fensins from human neutrophils. Journal of Clinical Investigation 84: 2017–20
32. Lillard JW, Jr., Boyaka PN, Chertov O, Oppenheim JJ, McGhee JR. 1999. Mechanisms for

induction of acquired host immunity by neutrophil peptide defensins. Proceedings of the
National Academy of Sciences of the United States of America 96: 651–6

33. Milligan GN, Bourne N, Dudley KL. 2001. Role of polymorphonuclear leukocytes in res-
olution of HSV-2 infection of the mouse vagina. Journal of Reproductive Immunology
49: 49–65

34. Schaller M, Boeld U, Oberbauer S, Hamm G, Hube B, Korting HC. 2004. Polymorphonu-
clear leukocytes (PMNs) induce protective Th1-type cytokine epithelial responses in an in
vitro model of oral candidosis. Microbiology 150: 2807–13

35. Lewis DC, Walker-Smith JA, Phillips AD. 1987. Polymorphonuclear neutrophil leucocytes
in childhood Crohn’s disease: a morphological study. Journal of Pediatric Gastroenterology
& Nutrition 6: 430–8

36. Cameron L, Christodoulopoulos P, Lavigne F, Nakamura Y, Eidelman D, McEuen A, Walls
A, Tavernier J, Minshall E, Moqbel R, Hamid Q. 2000. Evidence for local eosinophil dif-
ferentiation within allergic nasal mucosa: inhibition with soluble IL-5 receptor. Journal of
Immunology 164: 1538–45

37. Denburg JA, Otsuka H, Ohnisi M, Ruhno J, Bienenstock J, Dolovich J. 1987. Contri-
bution of basophil/mast cell and eosinophil growth and differentiation to the allergic tis-
sue inflammatory response. International Archives of Allergy and Applied Immunology 82:
321–6

38. Mullol J, Xaubet A, Lopez E, Roca-Ferrer J, Carrion T, Rosello-Catafau J, Picado C. 1997.
[Eosinophil activation by epithelial cells of the respiratory mucosa. Comparative study of
normal mucosa and inflammatory mucosa]. Medicina clı́nica (Barc) 109: 6–11

39. Rydstrom A, Wick MJ. 2007. Monocyte recruitment, activation, and function in the gut-
associated lymphoid tissue during oral Salmonella infection. Journal of Immunology 178:
5789–801

40. Rugtveit J, Bakka A, Brandtzaeg P. 1997. Differential distribution of B7.1 (CD80) and B7.2
(CD86) costimulatory molecules on mucosal macrophage subsets in human inflammatory
bowel disease (IBD). Clinical and Experimental Immunology 110: 104–13



4 Bridging Mucosal Innate Immunity to the Adaptive Immune System 121

41. Rugtveit J, Brandtzaeg P, Halstensen TS, Fausa O, Scott H. 1994. Increased macrophage sub-
set in inflammatory bowel disease: apparent recruitment from peripheral blood monocytes.
Gut 35: 669–74

42. Ohtoshi T, Vancheri C, Cox G, Gauldie J, Dolovich J, Denburg JA, Jordana M. 1991.
Monocyte-macrophage differentiation induced by human upper airway epithelial cells.
American Journal of Respiratory Cell and Molecular Biology 4: 255–63

43. Reis e Sousa C. 2001. Dendritic cells as sensors of infection. Immunity 14: 495–8
44. Medzhitov R, Preston-Hurlburt P, Janeway CA, Jr. 1997. A human homologue of the

Drosophila Toll protein signals activation of adaptive immunity.[see comment]. Nature
388: 394–7

45. Bouchon A, Hernandez-Munain C, Cella M, Colonna M. 2001. A DAP12-mediated pathway
regulates expression of CC chemokine receptor 7 and maturation of human dendritic cells.
Journal of Experimental Medicine 194: 1111–22

46. Regnault A, Lankar D, Lacabanne V, Rodriguez A, Théry C, Rescigno M, Saito T, Verbeek
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Chapter 5
Intestinal Bacteria: Mucosal Tissue
Development and Gut Homeostasis

Dennis K. Lanning, Kari M. Severson and Katherine L. Knight

Abstract Intestinal microbiota affect multiple aspects of the mucosal immune
system, including promotion of mucosal organogenesis, TH cytokines balance,
somatic diversification of Ig genes, and production of IgA. The mechanism by which
microbiota interacts with vertebrate hosts and mediates these processes remains
largely unexplored. Here we discuss the organogenesis of mucosal-associated lym-
phoid tissues, mechanisms by which microbiota promote MALT development, and
how IgA can maintain a peaceful coexistence between commensals and their host.

5.1 Introduction

The mucosal immune system protects the body’s mucosal surfaces from invasion
by microbial pathogens. Paradoxically, however, the body requires interaction with
resident microorganisms for the development of its mucosal immune system. The
developmental importance of host interaction with commensal microbes is most
pronounced in mucosa-associated lymphoid tissues in the gut, where the body
harbors an enormous and complex resident microbiota. The intestinal microbiota
influences many aspects of mucosal and systemic immunity, including secondary
lymphoid tissue organogenesis [1, 2], mucosal IgA production [3], intraepithelial
lymphocyte (IEL) development [4], B cell expansion and Ig gene diversification
[5], and the systemic TH1/TH2 cytokine balance [6].

Interruption of the host-microbial interactions required for normal development
of the mucosal immune system can result in significant pathology. The marked
increase in incidence of allergies and asthma in the industrialized countries over
the past 50 years, for example, has been linked to overly hygienic practices and
excessive antibiotic use, particularly during infancy [7]. The hygiene hypothesis,
proposed to explain this linkage, suggests that excessive hygiene and antibiotic
use during early childhood reduce exposure to microbes that help the mucosal
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immune system develop tolerance to harmless environmental antigens [8]. Al-
though controversial, this idea has recently found experimental support. Asthma
and allergies are characterized by overproduction of TH2 cytokines and IgE [9].
Mazmanian et al. (2005) demonstrated that colonization of germfree mice, which
exhibit a TH2-skewed cytokine profile, with Bacteroides fragilis restored the
TH1/TH2 cytokine balance [6]. This change was due to a single molecule, the cap-
sular polysaccharide PSA, which activated CD4+ T cells in an MHC II-dependent
manner and promoted differentiation of TH1 cells. PSA thus appears to be an im-
munomodulatory molecule that can shift the systemic TH1/TH2 balance away from
the TH2-skewed cytokine profile associated with allergy and asthma. Another group
of diseases caused by disruption of host-microbial interactions, inflammatory bowel
diseases (IBDs), result from impaired homeostasis with the intestinal microbiota.
IBDs, which are also on the rise in industrialized countries, are caused by defects
in the complex innate, effector and/or regulatory mechanisms that mediate bene-
ficial host-microbial interactions in the intestine [10]. In this chapter, we explore
the host-microbial interactions known to be required for normal development and
function of the mucosal immune system and, also, how its major effector molecule,
IgA, regulates gut homeostasis.

5.2 MALT Organogenesis

Mucosa-associated lymphoid tissue, or MALT, is a general term comprising a col-
lection of lymphoid tissues located at multiple sites throughout the body. Three sites
of MALT have been closely studied: bronchus-associated lymphoid tissue (BALT),
nasopharynx-associated lymphoid tissue (NALT) and gut-associated lymphoid
tissue (GALT). These tissues share, to varying degrees, a common characteris-
tic structure. The simplest example of MALT structure is the isolated lymphoid
follicle (ILF). ILFs contain a single B cell follicle covered by a specialized follicle-
associated epithelium (FAE) containing M cells [11]. M cells are specialized ep-
ithelial cells that can selectively transcytose particles and molecules across their
apical membrane into a pocket formed by invagination of their basolateral mem-
brane [12, 13]. Immune cells, including B and T lymphocytes and dendritic cells
(DCs), transiently populate the M cell pockets, where they interact with transcy-
tosed material and with each other. More elaborate MALT structures, such as Peyer’s
patches (PPs), contain multiple B cell follicles and specialized interfollicular T cell
areas. Cryptopatches, another MALT structure, contain large T cell aggregates [14].
MALTs appear to form a common mucosal immune system in which lymphocytes
primed at one mucosal site selectively home to other mucosal locations [15].

5.2.1 Bronchus-Associated Lymphoid Tissue (BALT)

Structures possessing characteristic MALT features are found in the epithelium of
the airways in the upper two-thirds of the lung. These include ILFs in the bronchial
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epithelium and larger aggregates of B cell follicles, resembling PPs, found primarily
at bifurcations of the bronchial tree [16]. BALT development can clearly occur in
the absence of microbial stimulation, as BALT has been observed in germfree rats
and mice [16], and also in human fetuses during the 2nd trimester of gestation [17].
However, microbial exposure strongly enhances, and can induce, BALT develop-
ment. Moyron-Quiroz et al. (2004) demonstrated that BALT was induced in mice by
inhalation of influenza virus [18], and further, that strong anti-viral B and T cell pri-
mary responses were initiated in this induced BALT (iBALT). Interestingly, iBALT
was induced in mice lacking both tumor necrosis factor (TNF) and lymphotoxin
� (LT�), molecules required for development of lymph nodes, PPs and organized
spleen [18]. The capacity to develop in the absence of TNF and LT� establishes
iBALT as a unique mucosal lymphoid tissue.

5.2.2 Nasal-Associated Lymphoid Tissue (NALT)

Although the nasal mucosa is one of the first sites to contact inhaled antigens, com-
paratively little research has addressed the local sites at which immune responses are
induced in this tissue. In humans and some other species, oropharyngeal lymphoid
tissues, including the adenoids, bilateral tubule, and palatine and lingual tonsils
(Waldeyer’s ring), probably contribute to respiratory and gastrointestinal immunity.
However, lymphoid structures in the nasal mucosa have been clearly identified only
in rodents [19]. In these species, NALT consists of paired lymphoid structures lo-
cated on either side of the nasal septum at the entrance to the bifurcated pharygeal
duct. Rodent NALT contains multiple B cell follicles and interfollicular T cell areas,
lying beneath an FAE containing M cells [19]. In contrast to most other secondary
lymphoid tissues, NALT development does not begin until after birth, reaching max-
imal size at about 8 weeks of age [20]. Although structurally less well-organized
than in wild type mice, NALT develops upon exposure to antigen in LT�-deficient
mice, as well as in a number of other genetically-deficient mouse strains that lack
PPs and/or lymph nodes [20, 21]. NALT and iBALT thus appear to develop through
a different pathway than that used by PPs and most other secondary lymphoid tis-
sues, perhaps initiated by interaction with commensal or pathogenic microorgan-
isms. Research addressing this possibility will likely reveal novel mechanisms of
lymphoid tissue development, driven by host-microbial interactions.

5.2.3 Gut-Associated Lymphoid Tissue (GALT)

The GALT of primates and rodents includes PPs serially distributed along the small
intestine, ILFs located throughout the antimesenteric wall of the small intestine and
cryptopatches found in the crypt lamina propria of the alimentary tract [14, 22].
In a number of other species, specialized GALT serves as a site for proliferative
expansion of the B cell population and diversification of the primary antibody reper-
toire. These include the bursa of Fabricius in chickens, the ileal Peyer’s patch in
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sheep, cattle and pigs, and the sacculus rotundus and appendix in rabbits. Although
some GALT is fully developed, or nearly so, by birth (e.g. the bursa in chickens
and the ileal PP in sheep and cattle), most GALT is immature at birth and under-
goes significant postnatal development. Much of GALT development thus occurs
following microbial colonization of the gastrointestinal tract and, in many cases,
is dependent on interaction with intestinal commensals. Unlike BALT and NALT,
GALT resides in an environment dominated by a resident microbial community of
enormous complexity and density. The mammalian intestinal microbiota comprises
500–1000 microbial species colonizing at a density of about 1012 viable bacteria per
gram of colonic content [23]. Through millions of years of co-evolution with their
intestinal microbiota, mammals have come to not only tolerate, but also require
developmental cues derived from their intestinal commensals.

Studies of germfree and gnotobiotic animals have clearly demonstrated the im-
portance of intestinal commensals for GALT development. Germfree mice have re-
duced numbers of PPs, with fewer lymphoid follicles, reduced cellularity and fewer
M cells than those of conventional mice [24]. Normal numbers of PPs, structurally
identical to those of conventional mice, can be restored by transfer to conventional
specific pathogen-free conditions, or by mono-association with a single commensal
isolate [24, 25]. In rats, PP B cells do not express Bcl-2, an anti-apoptotic molecule
associated with cellular differentiation and longevity, in the absence of intestinal col-
onization [26]. Intestinal commensals probably also regulate FAE function through
stimulation of FAE-expressed TLRs, which recognize specific microbial compo-
nents and subsequently induce upregulation of inflammatory and immunomodula-
tory genes [27]. For example, Chabot et al. (2006) demonstrated that the mouse
PP FAE expresses several TLRs and that TLR2 stimulation induced rapid TLR2
redistribution, enhanced M cell transcytosis and subepithelial DC migration into M
cells [28]. Yamanaka et al. (2003) found that the PP FAE of germfree rats, unlike that
of conventional rats, was populated primarily by immature DCs instead of B and T
cells [26]. These DCs rapidly disappeared from the FAE after conventionalization,
likely due to migration to the interfollicular T cell areas, where they induce proin-
flammatory differentiation of naı̈ve T cells [26, 29, 30]. The intestinal microbiota
thus influences a wide range of developmental events in GALT.

A number of studies have shown that members of the intestinal microbiota differ
in their ability to stimulate GALT development. Rhee et al. (2004) demonstrated that
some, but not all, intestinal isolates induced robust follicle development after being
introduced into sterile rabbit appendix [31]. Co-introduction of Bacteroides frag-
ilis and Bacillus subtilis, for example, induced robust follicle development, while
the introduction of other commensals (e.g. Clostridium subterminale) induced lit-
tle or none. CCL21 expression and T cell area formation in the rabbit appendix
are also dependent on the intestinal microbiota, and as in the induction of follicle
formation, intestinal commensals differ strikingly in their ability to induce these
developmental events [32]. Similarly, Maeda et al. (2001) reported that some, but
not all, intestinal commensals upregulated CCL21 expression in murine PPs, which
resulted in T cell accumulation and the induction of oral tolerance [33]. Others have
also noted differential impacts of commensal species on GALT development. For
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example, Shroff et al. (1995) and Snel et al. (1998) reported that, unlike most other
intestinal commensals, Morganella morganii and segmented filamentous bacteria
(SFB), respectively, potently induced PP germinal center formation and specific IgA
responses when introduced into germfree mice [34, 35]. Collectively, these stud-
ies demonstrate that the intestinal microbiota stimulates numerous morphological,
functional and immunological aspects of GALT development and is thus critical for
the development and optimal functioning of the mucosal immune system.

5.3 How does the Microbiota Drive Development of GALT?

Rabbits provide a useful model for investigating GALT development because their
GALT is extraordinarily large. Together, the appendix, the Peyer’s patches, and the
sacculus rotundus, an organ lying at the ileal-cecal junction, contain more than 1010

lymphocytes, most of which are B lymphocytes. GALT development results in the
formation of B cell follicles separated by T cell areas. This process occurs in two
stages, the first beginning shortly after birth with an influx of B cells into the tissue
mediated, at least in part, by the interaction of CD62L expressed on the B cells
and peripheral lymph node addressin (PNAd) expressed by high endothelial venules
(HEVs) [36]. This influx of B cells declines rapidly after the first week of life due
to a sharp decline in total area of PNAd+ HEVs, and by 6 weeks of age, 100-fold
fewer B cells are recruited into the appendix [37]. Despite the decrease in B cells
entering GALT, B cell follicles continue to grow at a rapid pace due to extensive
B cell proliferation within the follicles. During this second stage of development,
the Ig genes are somatically diversified, and B cell selection occurs [5, 38, 39].
Although, in the first stage of development, the influx of B cells can occur in the
absence of the intestinal microbiota, B cell proliferation, follicle formation, and Ig
gene diversification in the second stage cannot [39].

The mechanisms by which intestinal commensals induce stage two processes
are not known. One possibility is that B cell proliferation is induced in response
to antigen in a T cell-dependent manner. Such B cell stimulation in GALT could
be initiated by transepithelial or subepithelial DCs that capture and internalize mi-
crobes [40] and present antigen to T cells, which in turn activate B cells (Fig. 5.1A).
Although polyclonal development of B cell follicles and diversification of Ig genes
in GALT could occur in this manner in response to the enormous number of epitopes
present in the intestinal microbiota, we do not think this is the case. Instead, we think
that GALT in rabbit plays a role similar to that of the bone marrow in mouse and
human, where the diversified preimmune B cell repertoire develops in an antigen-
independent manner [41, 42]. Consistent with this idea, somatic mutations in VDJ
genes in GALT are targeted to different locations than those in splenic VDJ genes
induced in response to immunization with antigen [43]. Further, transgenic mice in
which all B cells were specific for the chicken protein HEL developed normal-sized
PPs, even though the spleen and MLN were significantly decreased in size [44]. This
finding indicates that B cells in PPs proliferated in the absence of antigen. Similarly,
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Fig. 5.1 Mechanisms by which the commensal microbiota might mediate development of rabbit
GALT, Ig diversification, and selective expansion of B cells. Bacteria may enter GALT through
M cells or through transepithelial DCs. B cells may be stimulated to proliferate in a T cell- and
antigen-dependent manner (A) in which DCs present antigen to T cells that, in turn, provide help
to B cells; or in a T cell- and antigen-independent manner (B–D). In the T cell-independent mech-
anism, B cells within M cell pockets could interact with bacteria and be stimulated through the
BCR (B) or TLR (C); additionally, IgA bound to Fc��R could provide a co-stimulatory signal
(D). DC= dendritic cell; FAE = follicle-associated epithelium; M = M cell

we think B cells in rabbit GALT are stimulated in an antigen-independent manner,
giving rise to a diversified preimmune repertoire. How then are B cells stimulated
in GALT, and how does the microbiota contribute to this process? Below, we dis-
cuss the polyclonal antigen-independent mechanisms by which commensals might
stimulate B cells in stage two of GALT development (Fig. 5.1).

5.3.1 Polyclonal Antigen-Independent Stimulation of B Cells

We consider several mechanisms by which intestinal commensals could contribute
to polyclonal B cell stimulation and somatic diversification of Ig genes in GALT
(Fig. 5.1B–D). Our models for antigen-independent stimulation of B cells are based
in part on the possibility that commensals interact directly with B cells either within
M cell pockets or in the SED region. It is known that commensal bacteria can be
transcytosed across the apical membrane of M cells into the M cell pockets [45].
There, the bacteria can interact with, and potentially stimulate, B cells. Evidence
that B cells are found near the M cell pockets during the initial stages of GALT
development was reported recently [46]. In immunodeficient IgH transgenic rabbits,
in which the appearance of peripheral B cells and development of GALT are greatly
delayed, a few B cells can be found in the SED region of the appendix, close to
the location of M cells, before B cell follicles form. This observation suggests to
us that the B cells entering the appendix migrate into the SED region, and likely
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Fig. 5.2 Model of B cell
development in GALT. B
cells enter GALT from blood
through the HEVs and
migrate into the subepithelial
dome (SED) region. As
shown in Fig. 5.1, the B cells
may be stimulated through
interaction with bacteria that
have been transcytosed across
the follicle-associated
epithelium (FAE) through M
cells. (Adapted from [46]
with permission from
Elsevier Limited publishers)

M cells
FAE

B cells

M cells
FAE

B cells
SED

M cells
FAE

B cells

M cells
FAE

B cells
SED

enter M cell pockets, where they may encounter bacteria and become stimulated
(Fig. 5.2). Below, we consider the possibility that the B cells are activated through
Toll-like receptors (TLRs) or through the BCR. Then, we discuss the possibility that
IgA-coated microbes stimulate B cells through the Fc��R.

5.3.1.1 TLRs

TLRs recognize microbial molecular patterns and this interaction leads to recruit-
ment of adaptor molecules and initiation of an intracellular signaling cascade that
results in activation of NF-�B [27]. B cells can be stimulated through TLRs in
a polyclonal, antigen-independent manner [47]. After bacteria are taken up by M
cells, they could potentially interact with TLRs on B cells located within the M
cell pockets or in the SED region (Fig. 5.1C) and stimulate B cells to proliferate
and somatically diversify their Ig genes. Alternatively, the bacteria may not interact
directly with B cell TLRs but instead may interact with TLRs on DCs found in
the M cell pockets and SED regions of the appendix. Activated DCs could then
release stimulatory molecules such as B cell activating factor (BAFF), which in turn
would activate B cells. Because TLRs are present on multiple cell types in the mu-
cosa, and because the microbiota is required for GALT development, we assume
that microbial stimulation of cells through TLRs contributes, in some manner, to
B cell proliferation and GALT development. A combination of in vitro and in vivo
experiments with TLR agonists may help elucidate how TLRs contribute to GALT
development.

5.3.1.2 BCR

The microbiota may also polyclonally stimulate B cells to proliferate and somati-
cally diversify their Ig genes by the interaction of a microbial superantigen with the
BCR (Fig. 5.1B). We envision that bacterial molecules of some, but not all, bacteria
serve as B cell superantigens and bind VH framework regions (FR) of most B cells,
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thereby providing one of the signals required for B cell activation. Although B cell
superantigens are generally thought to delete B cells to which they bind, apoptosis
of B cells induced by a B cell superantigen can be overcome if a second signal, such
as CD40L, is present [48]. We suggest that microbial-derived B cell superantigens
contribute to B cell proliferation and GALT development for the following reasons.
First, in chickens, in which the bursa of Fabricius plays an essential role in B cell
development, B cells lacking a functional BCR develop normally until hatch, at
which time the B cells undergo apoptotic death [49]. These data suggest that, at
this stage of development, B cell survival is dependent on interaction between the
BCR and an environmental molecule, perhaps expressed by intestinal commensals.
All chicken B cells utilize the same VH and VL gene segment in V(D)J gene re-
arrangements. Even though the BCR is somatically diversified by gene conversion
before hatch, it is likely that FRs are sufficiently conserved among the donor VH

or VL gene segments that they remain available for binding to a microbial B cell
superantigen. We propose that post-hatch bursal B cell development is driven by
interaction between the BCR and a microbial B cell superantigen, or an endogenous
bursal superantigen induced by the intestinal microbiota.

Our studies in rabbit also lead us to propose that GALT development is driven
by a B cell superantigen [5]. Most B cells in rabbit utilize the VH gene segment,
VH1 , in their VDJ gene rearrangements. These B cells are designated VHa B cells
because the VH1 genes of different H-chain haplotype rabbits encode the VHa allo-
type. A small percentage of B cells utilize other VH gene segments, designated VHn
(VHa-negative), which encode VH regions that lack the VHa allotype. However, the
number of VHn B cells exiting the bone marrow is low, and these B cells proliferate
less than VHa B cells in GALT [5, 50]. Rhee et al. (2005) examined mutant Alicia
rabbits, in which GALT is initially populated primarily by VHn B cells, and later, by
VHa B cells [5]. By ligating the appendix at birth, thereby preventing the interaction
of intestinal commensals with B cells in the appendix, the authors showed that VHa
B cells did not accumulate in the appendix and, instead, the appendix continued
to be populated predominantly by VHn B cells, albeit at low numbers. These data
show that the proliferation of VHa B cells in GALT is dependent on the intestinal
microbiota. This finding taken together with the finding that VHn B cells do not
expand significantly in number with or without the microbiota, leads to the question
of how VHa and VHn B cells intrinsically differ from each other such that VHa, but
not VHn, B cells are stimulated to proliferate in the presence of intestinal microbiota.

VHa and VHn B cells appear to differ only in the VH regions of their VDJ genes.
Comparison of the amino acid sequences of VHa and VHn regions led to the iden-
tification of seven FR1 and FR3 amino acids that distinguish VHa molecules from
VHn molecules (Fig. 5.3). These seven amino acids are located on the �-strands
on the exterior face of the VH domain and could serve as a ligand-binding site for a
superantigen-like molecule. We hypothesize that VHa B cells bind a microbial super-
antigen or an endogenous superantigen upregulated by the microbiota, and further,
that this binding leads to proliferation and expansion of these B cells. We suggest
that VHn B cells, on the other hand, have low affinity for potential superantigens
and are therefore not expanded in GALT. Identification of a B cell superantigen,
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Fig. 5.3 (a) Drawing of an antibody molecule, highlighting the VH region in blue. (b) Ribbon
drawing of VH region showing seven amino acids (green) in FR1 and FR3 that distinguish VHa
from VHn molecules and may form a binding site for a microbial superantigen. (Adapted from [79])

whether of microbial or microbial-induced endogenous origin, would enhance our
understanding of the multiple dimensions by which the commensal microbiota con-
tributes to the well being of the host.

5.3.1.3 Fc������R

B cells in the follicles of rabbit appendix express both IgM and IgA on the cell
surface [51]. In fact, by 4 weeks of age, more than half (58%) of B cells in the
rabbit appendix are IgM+IgA+ double positive (Fig. 5.4a); in contrast, only 1% of
B cells in spleen express IgA. By single cell RT-PCR, we found �-chain, but not
�-chain, mRNA in appendix B cells, demonstrating that the IgM+IgA+ double pos-
itive cells do not synthesize IgA. Accordingly, the IgA must be passively adsorbed,
presumably through one of the IgA receptors: pIgR, Fc�R (CD89), or Fc��R. As
determined by RT-PCR, the IgA+IgM+ B cells do not express pIgR (Severson and
Knight, unpublished data), and Fc�R (CD89) is reportedly not present in rabbits
[52]. We found by RT-PCR that rabbit appendix cells express Fc��R, a receptor
shown to bind IgA and also IgM [53, 54]. We hypothesize that the IgA associated

Fig. 5.4 IgA bound to IgM+ B cells in GALT, and to intestinal commensals. (a) Cells from ap-
pendix and spleen of a 4-week-old rabbit were stained with FITC-anti-�-chain mAb and PE-anti-
�-chain mAb; (b) Lumenal bacteria from 6-week-old rabbit were stained with anti-rabbit IgA mAb
or isotype control
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with the IgM+IgA+ double positive B cells is bound through Fc��R. The IgA
bound to the B cells is likely specific for intestinal commensals [55], and we sug-
gest that the IgA is bound to Fc��R as an IgA-bacterial complex. Consistent with
this proposal is the finding that at least 50% of commensals are coated with IgA
(Fig. 5.4b). The binding of IgA-bacterial complexes to Fc��R may deliver a co-
stimulatory signal to B cells in GALT, leading to B cell proliferation.

In conclusion, we think the microbiota drives polyclonal development of B cells
in GALT in an antigen- and T cell-independent manner. Although we think B cell
stimulation in GALT is antigen-independent, we assume that in other tissues, such
as the LP, B cell stimulation is antigen-dependent. We have focused on three mech-
anisms by which the microbiota could contribute to stimulation of B cells in GALT,
and if two signals are required for activation, one or both of these could occur
through TLR, BCR and/or Fc��R. Other co-stimulatory signals such as those pro-
vided by CD40/CD40L interactions, or cytokines such as BAFF, may also contribute
to B cell stimulation in GALT. While many of the studies described above were
performed with rabbits and chickens, species in which GALT is required for devel-
opment of the antibody repertoire, we suggest the mechanisms by which the micro-
biota induces B cell proliferation are not unique to these species, but instead, likely
contribute to development of GALT in many species, including humans and mice.

5.4 IgA Production and Regulation of Gut Homeostasis

5.4.1 Production of IgA

The importance of the intestinal microbiota in promoting mucosal tissue organo-
genesis has been demonstrated in various species. Once mucosal lymphoid tissues
are established, the mucosal immune system functions to protect mucosal surfaces
against invading microbes. This protection is mediated largely through IgA. As
demonstrated in humans, each day more IgA is produced than all other isotypes
combined [56]. Very few IgA antibody secreting cells and low levels of IgA are
found in germfree mice and neonates, indicating that IgA is induced in response to
the intestinal microbiota [3, 57, 58]. The mechanisms by which commensal bacteria
induce IgA are not well defined (reviewed by Cebra et al. (2005)) [59]. As we de-
scribed above for mucosal organogenesis, bacteria differ in their capacity to promote
class switch to IgA and subsequent antibody secretion [4], and in this section, we
discuss mechanisms of IgA induction in the intestinal mucosa. We also speculate as
to how the intestinal microbiota may contribute to these mechanisms.

5.4.1.1 Peyer’s Patches

B cells in PPs undergo class switch recombination (CSR) to IgA during typical
germinal center (GC) reactions [60, 61, 62]. Unlike transient GCs in the spleen and
lymph nodes formed in response to antigen, PP GCs are constitutive, which is likely
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due to the continuous supply of antigens from the intestinal microbiota [61]. Below,
we discuss possible mechanisms by which intestinal commensals may stimulate
continual IgA CSR in the PPs.

Casola et al. (2004) demonstrated that the intestinal microbiota induced PP GCs
in a T cell-dependent, but BCR-independent, manner [44]. The authors predicted
that PP B cells enter GCs following microbial stimulation through innate immune
receptors instead of through the BCR. Alternatively, Macpherson and Uhr (2004)
showed that, upon commensal bacterial translocation through the epithelium, PP
DCs took up the bacteria, became activated, and induced the production of IgA+B
cells in a T cell-independent manner [63]. Following the uptake of intestinal bacte-
ria, DCs may stimulate IgA class switch via the production of BAFF and APRIL,
molecules secreted by DCs that induce IgA class switch [64]. Another mechanism
of bacterial-induced IgA+ B cell production in the PPs may involve M cells, which
can transcytose intestinal microbes and thus, perhaps, facilitate direct stimulation of
B cells to undergo IgA class switch in PP GCs.

5.4.1.2 Lamina Propria (LP)

Although PPs are considered inductive sites and the majority of IgA-expressing B
cells are generated during GC reactions in the PPs, there is evidence that B cells can
also class switch to IgA independently of GCs and PPs, in gut LP–a mucosal effector
site. Naı̈ve IgM+ B cells can be recruited directly to the gut LP and subsequently
class switch to IgA in situ [65, 66]. The microenvironment established by LP stromal
cells, specifically, LT�R signaling in the LP microenvironment, can promote IgM+

B cell-class switch to IgA [66, 67].
Both bone marrow-derived and peritoneal B1 cells can be recruited to the gut LP

where they are induced to undergo IgA class switch [68]. Macpherson et al. (2000)
demonstrated that the majority of IgA produced in response to commensal bacteria
was produced in the gut LP by B1 cells, and that the IgA produced was directed
against cell surface proteins of intestinal commensals [55]. Further, these authors
showed that the IgA was produced in a T cell- and GC-independent manner. Ha
et al. (2006) suggested that the intestinal microbiota contributes to IgA production
in the LP by stimulating peritoneal B1 cells through TLRs and downregulating the
expression of genes to promote detachment and emigration from the peritoneum
[69]. These authors suggest that, following contact with gut microbial antigens,
peritoneal B1 cells subsequently migrate to the LP where they can then be induced
to undergo IgA class switch.

Naı̈ve B cells within the LP may also receive signals directly from the intesti-
nal microbiota in situ to class switch to IgA in a GC- and PP-independent man-
ner. Bacteria may enter the LP through two distinct mechanisms involving DCs
or villus M cells. LP DCs can penetrate epithelial cell tight junctions to sample
lumenal bacteria [40]. After taking up intestinal bacteria, the DCs may become
activated to secrete molecules, such as BAFF and APRIL, which can promote
IgA production in the B cells within the LP. Alternatively, M cells present in
the intestinal villus epithelium have been shown to take up bacteria and promote
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antigen-specific immune responses in the absence of PPs, ILFs, and MLN [70].
We speculate that this mechanism may facilitate bacterial-induced IgA production.
Bacteria may also induce IgA production in the LP without gaining entry into the
tissue. In the gut, the intestinal microbiota is in intimate contact with epithelial
cells, and as shown by He et al. (2007), intestinal bacteria can promote IgA class
switch via TLRs on intestinal epithelial cells [71]. In response to TLR engagement
by select commensal bacterial species, intestinal epithelial cells produced APRIL,
which in turn induced IgA class switch. A similar mechanism has recently been
reported in oropharyngeal lymphoid tissues, in which tonsillar epithelial cells pro-
moted IgA class switch by producing BAFF and IL-10 in response to engagement of
TLR3 [72].

Taken together, these data indicate that intestinal commensals induce IgA class
switch and likely, the production of IgA, through a variety of T cell-dependent
and -independent mechanisms. The bacterial-induced IgA subsequently binds to the
commensals to prevent bacterial translocation and invasion of host tissues.

5.4.2 IgA Regulation of Gut Homeostasis

While commensals are required for many physiologic processes, including mucosal
lymphoid tissue organogenesis and IgA production, the microbiota outnumbers the
host cells by 100-fold, presenting a serious risk of the commensals invading and
infecting the host. It seems paradoxical that the host is dependent on its intestinal
microbiota for the development of mucosal lymphoid tissues in the gut, because
the major function of these tissues is to protect mucosal surfaces against invading
microbes. This situation might have arisen evolutionarily from the need for the host
and its intestinal microbiota to strike a peaceful coexistence, or homeostasis. It has
become clear that the principal effector molecule of mucosal immunity, IgA, is also
a major arbiter of host-microbial homeostasis in the gut.

By binding to commensals, secretory IgA (SIgA) prevents their translocation into
host tissues and subsequent initiation of infection and host immune responses [73].
During early postnatal development, this protection is provided by maternal SIgA
present in the nursing mother’s breast milk [74]. With age, the neonate increasingly
produces its own SIgA, induced in GALT by intestinal commensals. While some
of the SIgA produced in mice colonized with a single microorganism is specific
for that particular organism, the specificity of much of the synthesized IgA is not
known and is considered “natural” IgA [75]. This “natural” IgA may cross-react
with other microbial species due to common molecules on the cell surface, such
as cell-surface polysaccharides [76], or similar to bacterial superantigens, intestinal
bacterial molecules may bind to common regions of SIgA, such as the FRs or con-
stant regions [76]. The induction of both high-affinity, organism-specific SIgA and
“natural” polyreactive IgA provides broad protection against bacterial translocation
and colonization of host tissues, and thus helps maintain a peaceful coexistence
between commensals and their host [75].
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Striking evidence for the regulation of gut homeostasis by IgA was reported by
Suzuki et al. (2004) and Fagarasan et al. (2002), who found that the number of
anaerobic bacteria, particularly segmented filamentous bacteria (SFB), expanded
100-fold in the small intestine of activation-induced cytidine deaminase null
(AID−/−) mice, in which B cells can neither class switch nor somatically hypermu-
tate their Ig genes [77, 78]. These animals also displayed extensive B cell activation
in peripheral lymphoid tissues and increased numbers of ILFs along the small intes-
tine, likely due to unregulated activation of B cells by SFB. Introduction of IgA into
these mice reestablished normal SFB numbers and decreased the abnormally high
level of B cell activation in peripheral lymphoid organs, as well as the high numbers
of ILFs. These findings show that IgM, somatically undiversified in the AID−/−

mice, cannot compensate for the loss of IgA. It is likely that diversified Igs are
required for regulating the growth of anaerobes in the small intestine, ensuring that
B cell activation and GC formation are not rampant in secondary lymphoid organs.

Bacterial induction of host IgA synthesis is a good example of how mutualism
is achieved and maintained between commensal bacteria and their host. The in-
duced IgA maintains homeostasis between the host and the intestinal microbiota
by preventing commensal translocation into host tissues and the initiation of host
immune responses against the bacteria. This IgA helps maintain a peaceful coexis-
tence between the host and the intestinal microbiota so that both benefit from their
interaction. The intestinal commensals gain a stable, nutrient-rich environment, and
among the many benefits gained by the host, commensal-induced IgA provides a
potent defense against opportunistic pathogens.

5.5 Concluding Statement

In summary, as demonstrated by early studies in germ-free and gnotobiotic mice,
the intestinal microbiota is required for mucosal immune system development,
from the initiation of mucosal tissue development and establishment of mucosal
immune response effector functions, such as IgA production, to the generation of
a systemic TH1/TH2 balance. While the importance of the interaction between in-
testinal bacteria and its host has been known for years, the mechanisms underlying
these interactions are only now being elucidated. Continued research in the area of
microbial-mucosal immune system interactions will help us gain insight into these
mechanisms and may also provide a general and better understanding of pathogen-
host interactions at mucosal surfaces.
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Chapter 6
Mucosal Immune Responses Against
Enterotoxigenic Escherichia coli [ETEC]
in Humans

Ann-Mari Svennerholm and Firdausi Qadri

Abstract Enterotoxigenic Escherichia coli [ETEC] is among the most important
causes of diarrhoea morbidity and mortality, particularly in children below 5 years
of age in developing countries. The bacteria are also a common cause of diarrhoea
outbreaks as well as of diarrhoeal disease in travellers to Africa, Asia and Latin
America. ETEC is a classical non-invasive mucosal pathogen that colonizes the ep-
ithelium in the small intestine by means of different colonization factors [CFs] that
usually are fimbriae. The bacteria produce either or both of a heat-labile [LT] and a
heat-stable toxin [ST] that bind to the epithelial cells and cause secretion of water
and electrolytes resulting in watery diarrhoea. ETEC infection results in intestinal
secretory IgA and also systemic IgA and IgG antibody responses against the main
virulence factors, i.e. the CFs and LT and also against the O antigen of the infect-
ing strain. Protective immunity is most likely provided by such locally produced
antibodies that prevent binding of bacteria and toxin action on the epithelial cells.
Different live as well as inactivated candidate vaccines against ETEC have been
developed based on toxin and/or CF antigens and administered to induce mucosal
immune responses, predominantly by the oral, but recently also by the transcuta-
neous route. Several of these candidate vaccines have been tested for safety and
immunogenicity in ETEC endemic as well as non-endemic countries and in a few
instances also for protective efficacy in travellers and in infants in the developing
world. In this chapter we describe mucosal immune responses against both clinical
ETEC disease and current ETEC candidate vaccines.
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6.1 Introduction

Enteric infections resulting in diarrhoeal disease remain a leading global health
problem. It has been estimated that approximately 2–4 billion episodes of diarrhoea,
resulting in more than 2 million deaths occur annually in children below 5 years in
developing countries [1, 2]. Diarrhoeal diseases also constitute a major health prob-
lem in travellers to developing countries in Africa, Asia and Latin America [2, 3, 4].
Almost half of all diarrhoeas are due to bacteria that cause watery diarrhoeal dis-
ease by producing one or more enterotoxins. Among these bacteria enterotoxigenic
Escherichia coli [ETEC] cause the largest number of cases, and based on recent
estimates ETEC infections are responsible for ca 20% of all diarrhoeas in children
in endemic countries and for 30–50% of all cases in travellers [3, 4]. Based on the
great health impact of infections with ETEC, there is a great interest in developing
an effective ETEC vaccine.

In this chapter we describe current knowledge of immune responses against
ETEC as an important background for developing an effective vaccine against this
common pathogen.

6.2 ETEC

Importance. ETEC is the most common cause of bacterial induced diarrhoea in
the developing world. In these areas, on an annual basis, ETEC results in 280–400
million diarrhoeal episodes in children below 5 years and an additional 100 million
episodes in children aged 5–14 years [1, 2, 3, 4]. Repeated episodes of ETEC diar-
rhoea have also been found to be an important cause of malnutrition in poor children
in developing countries [2, 5, 6, 7] leading to growth retardation and stunting in
later life [6]. Moreover, ETEC causes substantial disease in adults in developing
countries with an estimated number of 400 million cases per year in persons above
15 years [3, 4]. ETEC may also be an important cause of diarrhoea during natural
disasters such as flooding, tsunamis, earthquakes as well as man-made calamities
and upheavals. We have recently shown that ETEC was as common as V. cholerae
during a recent flooding in Bangladesh and responsible for ca 25% of all severely
dehydrated diarrhoea cases [8].

ETEC cause disease by colonizing the small intestine and elaborating one or
two different enterotoxins [3]. The resulting illness usually lasts from 3–5 days
and ranges from mild diarrhoea without dehydration to severe cholera-like disease.
Though the illness is typically mild, especially in children, it can result in severe
dehydration, which non-treated may result in fatal outcomes [3]. The clinical picture
of ETEC diarrhoea is very similar to that of cholera and in many patients it may be
difficult to discriminate diarrhoea caused by ETEC and V. cholerae without im-
munological or molecular biological diagnostic procedures [3]. The high incidence
of ETEC diarrhoea in inhabitants in developing countries, in travellers to these areas
and during outbreaks makes ETEC an important target for immunoprophylaxis.



6 Mucosal Immune Responses Against ETEC 155

In regions of the world where ETEC is highly endemic there is a decline in
ETEC diarrhoea incidence with age with peaks observed in the age groups 6–18
months [9, 10], whereas there is no evident association with age in short time visitors
to endemic areas [2, 3, 4]. However, the incidence of ETEC rapidly decreases also
in persons from industrialized countries during prolonged stay in ETEC endemic
areas [3]. The rate of isolation of ETEC from asymptomatic children has varied be-
tween 0% and 20% in numerous studies carried out in children in different settings
but has in most instances been significantly lower than the rates in children with
diarrhoea [11, 12, 13, 14, 15, 16]; on average ETEC is seen at least 2–3 times more
frequently in symptomatic as compared to in asymptomatic children [7, 11]. These
observations strongly support the belief that effective immunity may develop after
repeated infections and consequently protection by way of an effective ETEC vac-
cine is achievable. The design of such a vaccine should be based on the knowledge
of mechanisms of disease and immunity in ETEC infections.

6.3 Pathogenesis

The major virulence mechanisms in ETEC include production of a heat-labile [LT]
and/or a heat-stable [ST] enterotoxin that both have been fully characterized, cloned,
sequenced, and their genetic control in transmissible plasmids identified [17, 18, 19,
20, 21]. Other important virulence factors in ETEC include production of one or
more colonization factors [CFs] that also are under plasmid control [3, 22].

Enterotoxins. LT has been shown to be, structurally, functionally and antigeni-
cally very similar to cholera toxin [CT]. Thus, LT consists of an active [A] subunit
and five identical binding [B] subunits which both share about 80% homology with
corresponding CT subunits [20]. Immunity against LT is predominantly directed
against the B subunit portion of the toxin molecule [20]. ST, which differs exten-
sively from LT or CT, exists in two variants, STp and STh, which are very small
molecular weight peptides, consisting of 18 and 19 amino acids, respectively; these
peptides are not antigenic unless coupled to a carrier protein [21]. Hence, immune
responses to ST are not induced after infection with ST producing ETEC. The rel-
ative proportion of strains producing LT alone, ST alone or LT/ST seems to vary
from one geographic area to another and in patients with ETEC diarrhoea and in
asymptomatic carriers [3, 4, 9, 10].

Colonization factors. There are more than 22 ETEC CFs that have been recog-
nized among human ETEC and additional ones are likely to be identified [3, 22].
The CFs are mainly fimbrial or fibrillar proteins, although some CFs are not fim-
brial in structure, notable among these is CS6 which has been increasingly isolated
in recent studies [3, 23, 24]. The CFs promote colonization of the ETEC organ-
isms in the small bowel, thus allowing expression of either or both of LT and
ST in close proximity to the intestinal epithelium. Studies in humans as well as
in experimental animals have shown that CF positive bacteria, but not their iso-
genic CF negative mutants, colonize and induce diarrhoea [3, 22]. Of the wide



156 A.-M. Svennerholm, F. Qadri

range of CFs, the most commonly present on diarrheaogenic strains include CFA/I,
CS1, CS2, CS 3, CS4, CS5, CS6, and in some studies also CS7, CS14, CS17
and CS21 [3, 9, 10, 22]. Several of these CFs may be co-expressed on the same
bacteria, e.g. CS1 + CS3, CS2 + CS3, CS4 + CS6, CS5 + CS6 are usually co-
expressed although some strains may express CS3 alone and an increasing number
CS6 alone [22]. The different CFs have been found on ETEC strains worldwide in
varying frequencies in different geographic areas and settings as well as in various
categories of patients/subjects [10, 23, 25, 26, 27, 28]. However, the CFs identified
so far have not been detected on all ETEC, irrespective of whether genotypic or
phenotypic methods have been used, and on roughly 20–50% of strains worldwide
no known CFs could be detected [3, 22]. This could be due either to the absence of
CFs, to loss of CF property on subculture of strains or that new, as yet not identified
CFs are expressed. Interestingly, in a diarrhoeal epidemic where ETEC was detected
in high frequency, over 70% of the strains were CF positive compared to <50% seen
in strains isolated during seasonal epidemics and during the rest of the year. In addi-
tion, some CFs such as CFA/I, are more common during the spring diarrhoeal peak
than during other times of the year, suggesting a relationship between expression of
CFs and high diarrhoeal load in the community [7].

Some of the better characterized CFs can be subdivided into different fami-
lies [29], i.e. the colonization factor I group [including CFA/I, CS1, CS2, CS4,
CS14, CS17, CS22 and PCFO71] and the coli surface 5 group [CS5, CS7, CS18
and CS20] and those that are unique [CS3, CS6, CS10–12]. Most of the CFs are
composed of up to 100 identical structural subunits [22] and several of the CFs also
express distinct tip proteins [22, 29, 30]. For example, in the CFA/I family there
are cross-reactive epitopes, both among the structural subunits (particularly in the
N-terminal region; [31]) and the tip proteins [29], which have been considered as
candidates for vaccine development. Both the tip proteins and the structural subunits
have been shown to bind specifically to intestinal epithelial cells or glycoconjugates
derived from such cells [29, 32]. Thus, we could recently demonstrate that CFA/I
binds to certain glycosphingolipids which are present in human small intestine,
e.g. the Lewis a blood group antigen, through the major subunit protein CfaB [32].
Similar binding patterns were observed for immunologically related CFs, e.g. CS1
and CS4. Binding to epithelium may also be mediated by the single tip subunit CfaE
of CFA/I, but specific binding structures for the tip have not yet been identified
([29], Savarino S, personal communication). Protective immune responses against
CFs may either be directed against the major subunit protein or the tip protein by
preventing adhesion. Indeed, recent studies [Savarino S et al., Vaccines for enteric
diseases, VED, conference, Lisbon, April 2007] have shown that antibody prepara-
tions against whole CFA/I fimbriae as well as against the tip protein in milk formulas
have afforded significant protection in human volunteers challenged with virulent
CFA/I ETEC.

ETEC serogroups. More than 100 different O-groups of E. coli have been iden-
tified among large strain collections of ETEC [23, 33]. In addition, rough strains
which are non-typeable with regard to O antigen, are not uncommon [3]. Although
there are some ETEC serogroups that are more prevalent than others, e.g. O6, O8,
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O78, O128 and O153, and there may be regional clustering of O-groups [25], there
are large geographic differences and there are no distinct serogroups that can be used
for ETEC diagnostics or used as basis for a world-wide ETEC vaccine. Thus, immu-
nity against O-antigens is serogroup-specific. We have previously shown that anti-O
antibodies can afford passive protection against ETEC induced fluid secretion in ex-
perimental animals, but only against ETEC expressing homologous O antigens [34].

6.4 Immune Responses Against Natural ETEC Disease

Immune responses against ETEC infections in humans have predominantly been
studied in hospitalized patients or in the community, both in children and adults, in
different countries in Asia, Africa and South America. Due to the mucosal nature
of ETEC disease there has often been a focus on determining mucosal immune
responses, in particular immune responses locally in the intestine [Table 6.1]. Such
intestinal immune responses have often been determined as specific immunoglob-
ulin A [IgA] per total IgA responses in intestinal lavage fluid or as specific IgA
antibody secreting cell [ASC] per total mononuclear cells [MNC] in blood or in
intestinal biopsies [35, 36, 37, 38]; ASC responses of other isotypes have often also
been determined. Alternative approaches have been to determine specific antibod-
ies in saponin-extracted intestinal biopsies [37] or by determining circulating ASC
or antibodies produced by such cells in blood using the antibody in lymphocyte
supernatant [ALS] method [39].

In a series of studies in Bangladesh we have shown that patients hospitalized with
acute, watery diarrhoea due to ETEC develop significant IgA antibody responses
against the key antigens of the infecting strain in intestine. Thus, in an early study
during the 1980’s [38] we demonstrated that 80% of the patients infected with LT-
positive ETEC responded to LT, 63% of those infected with CF positive ETEC
responded to the corresponding CFs and 78% to homologous lipopolysaccharide
O-antigen in intestinal lavage fluid. Furthermore, the intestinal immune responses
were associated with immune responses in breast-milk, saliva and serum [38]. All
these responses were optimal already within a week of hospitalization.

Table 6.1 Methods to assess mucosal immune responses against ETEC

Responses against CFs
–Specific IgA/total IgA in intestinal lavage is “golden standard”
–Circulating IgA ASC responses reflect lavage responses well
–IgA responses in stool reflect lavage responses well but are nonsensitive
–Intestinal IgA ASC or IgA in saponin-extracted biopsies reflect well, but are invasive
–IgA responses in serum comparatively infrequent and weak
–IgG responses in serum infrequent and very weak

Responses against LT/CTB
–Serum IgG and IgA reflect lavage responses very well
–Circulating IgA ASC reflect intestinal lavage responses very well
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Immune responses locally in the intestine. In a subsequent study in Bangladeshi
patients we confirmed the mucosal nature of ETEC immune responses after infec-
tion by showing that more than 90% of adult patients responded with high specific
B cell responses in intestine, determined as specific ASC per total MNC, against
LT and the CFs of the infecting strain in duodenal biopsies [37]. Optimal immune
responses were recorded either at the acute stage or within a week of hospitalisation.
The infection induced comparable levels of IgM ASC response against CFs in the
duodenum at these time points, but increased levels of IgG ASC only in specimens
collected in early convalescence. Similarly, the patients infected with LT producing
ETEC responded with significant IgA ASC responses against the LT enterotoxin
in intestine in most [83%] of the cases. Marked increases of IgA responses both
against CFs and enterotoxin were also observed in fecal specimens collected at early
convalescence [37]. Natural ETEC infection was also shown to induce high IgA
ASC responses against the homologous CFs and more modest antitoxic responses
in peripheral blood; these responses peaked already around 3 days after admission
to hospital, i.e. ca 5–6 days after onset of infection [37]. Interestingly, there was a
significant correlation [p = 0.03] between numbers of CF-specific B cells in blood
sampled from patients early after infection and numbers of CF-specific B cells in
duodenal biopsies collected 1 week later. These findings support the notion that de-
termination of circulating ASC responses may be used to estimate B cell responses
locally in the intestine, but only early after onset of disease. Thus, specific circulat-
ing ASC are only found ca 5–9 days after antigen stimulation locally in the gut and
decline to baseline levels thereafter, whereas elevated intestinal ASC responses may
remain for several weeks [36, 37].

Immune responses against CS6. In a recent study in Bangladesh, we were particu-
larly interested in analyzing immune responses against the non-fimbrial colonization
factor CS6, since a substantial portion of ETEC strains isolated from patients in en-
demic areas and in travellers to ETEC endemic countries express CS6, either alone
or in combination with CS5 or CS4 [3, 23, Torres O et al., to be published]. Fur-
thermore, CS6 is expressed in considerably lower quantities on the bacterial surface
than the fimbrial CFs [Svennerholm A-M, unpublished]. Both adults [mean age 37
years] and children [mean age 1.9 years] hospitalized with diarrhoea caused by CS6
expressing ETEC [CS6 alone or together with CS5] and who had a disease spectrum
ranging from mild to moderate to severe dehydration were enrolled for these stud-
ies [40]. More than 90% of the patients had significant mucosal immune responses
to CS6, assessed either as IgA ASC or ALS in peripheral blood, and these responses
peaked around a week after hospitalisation. Interestingly, the magnitude of IgA ASC
response to CS6 were comparable to those we have previously found against fim-
briated CFs, i.e. CFA/I, CS1, CS2, CS3 or CS5, in peripheral blood of Bangladeshi
ETEC patients [37]. Both children and adults [altogether 57%] responded with rises
in CS6-specific IgA in their stool specimens, which showed a similar kinetics of
response as that seen in blood. These faecal responses declined in around 21 days.
More than 80% of the patients responded with significant IgA and 70% with IgG
responses in serum. There were no significant differences in magnitude of responses
in patients infected with ETEC expressing CS6 alone as compared to with ETEC
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expressing CS6 together with CS5, nor between responses in children and adults;
however, antibody levels recorded early after onset of diarrhoea and during early
convalescence were higher in the adults than in the children [40].

Immune responses against cross-reactive CF antigens. In all the studies de-
scribed so far only immune responses to antigens expressed by the infecting strain
were assessed, To evaluate whether the CFs may induce immune responses not only
against homologous but also against heterologous CFs sharing cross-reactive epi-
topes, e.g. in the CFA/I and CS5 groups, we have studied immune responses in
Bangladeshi children 2–5 years of age with diarrhoea due to ETEC expressing CFs
of the CFA/I and the CS5 groups, respectively [41]. These studies revealed that
patients infected with ETEC belonging to the CFA/I group also responded with
IgA ASC as well as plasma IgA responses to the cross-reacting CFs, although at
lower levels than against the homologous CF; however no significant responses were
observed against heterologous CFs. Similarly, children infected with ETEC of the
CS5 group also responded both with IgA ASC and plasma antibody responses to
the cross-reactive CF, but not significantly to CFs from the heterologous CF group.
Also, these cross-reactive immune responses were observed early, with peak re-
sponse already 1–2 weeks after onset of infection [41]. These findings give hope
that a CF based ETEC vaccine composed of maybe the 5–7 most common CFs may
provide cross-protection also against a larger mixture of heterologous ETEC strains
expressing cross-reactive CF epitopes.

Immune responses against ETEC during infancy and early childhood. In a re-
cent study we evaluated the natural history of ETEC infections and development
of immune responses during early life in a birth cohort in an urban slum area in
Dhaka, Bangladesh [7]. Over 300 children were followed up for studying incidence
of ETEC infections, both symptomatic and asymptomatic, during their first two
years of life with emphasis on the rate of initial and repeated infections with the
same or heterologous phenotypes of the bacteria. In this setting, ETEC was the
most common diarrhoeal pathogen with an incidence of 0.5 episodes/child/year and
was significantly associated with diarrhoea when compared to the infection rate
in healthy children [19.5% vs. 8% P < 0.001]. Among children with diarrhoea,
ETEC expressing ST alone was predominant [49%] followed by the LT + ST phe-
notype [30%], and LT only expressing ETEC [21%]; ETEC from healthy children
showed a different pattern with LT only strains being more common [35%] than in
diarrhoea cases [7]. ETEC isolated from diarrhoeal cases were positive for one or
more colonization factors in significantly higher frequency [66%] than ETEC from
healthy children [33%] [P < 0.001], supporting the notion that the CFs are indeed
significant virulence factors.

Interestingly, in this birth cohort study we found that none of the children who
had experienced diarrhoea due to CFA/I, CS1 + CS3, CS2 + CS3 or CS5 + CS6
expressing ETEC had a repeat episode of diarrhoea from a homologous CF type
of ETEC strain, but frequently episodes caused by heterologous ETEC strains dur-
ing the two year study period, serving as supporting data that development of im-
munity against the CFs does occur [7]. Similarly, asymptomatic infections with
ETEC expressing these CFs were not followed by symptomatic ETEC expressing
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homologous CFs. Repeated infections with ETEC expressing only CS6 were,
however, not uncommon both after symptomatic and asymptomatic initial infections
with CS6- positive ETEC. Likewise, symptomatic infections with LT only ETEC
did not seem to protect against LT-producing E. coli, since they were often followed
by symptomatic or asymptomatic infections of the same toxin type [7]. These data
suggest that LT only ETEC strains are less protective, and while this is supported
by recent findings from Egypt [27], it is not supported by findings from Guinea
Bissau [42] [see below]. The poor protection induced by LT in some different stud-
ies may be explained by the fact that LT is usually produced in comparatively low
amounts during clinical infection and immune responses are often rather modest,
e.g. as compared to after administering CTB or LTB orally in different candidate
vaccines [4, 43]. Recent studies carried out in Brazil have also shown that production
and release of LT by wild-type human-derived ETEC strains are heterogeneous traits
under both in vitro and in vivo growth conditions, which may affect the outcome of
the disease and also the immune responses that are stimulated by LT [Ferreira L,
personal communication].

The capacity of the major CFs on ETEC such as CFA/I and CS1–3 and CS5+CS6
strains to prevent re-infection with ETEC expressing corresponding CFs is encour-
aging and strengthens the present strategy of including these CFs in ETEC vaccine
development programs [43]. However, more studies are needed to evaluate the du-
ration of protection against reinfection, at least during childhood up to five years
of age.

Immune responses against ETEC in infancy in Egypt and Guinea-Bissau. Sup-
port for a protective effect of anti-CF immunity has also been obtained from a
case-control study in Egyptian infants in which 397 children <36 months of age
were tested for a possible association between antitoxin and anti-colonization titres
and risk of developing ETEC diarrhoea. In that study, serum antibody titres against
CFA/I were inversely related to the risk of developing CFA/I ETEC diarrhoea in
children <18 months [44]. However, no association was found with anti-LT titres
and the risk of developing LT ETEC disease similar to findings from Bangladesh
with a lack of protection induced by LT disease [7]. In a study from Guinea Bissau,
on the other hand, in which 200 neonates were followed up to 2 years of age,
infection with LT positive ETEC conferred 45% protection against symptomatic
infections with LT-ETEC [42]. In the latter study, the authors concluded that the
CFs did not seem to contribute to protection against reinfection with ETEC ex-
pressing homologous CFs; however, this conclusion was only based on estimates of
protection against asymptomatic infections, since protection against symptomatic
infections was not possible to determine due to the low number of cases [42]. Thus,
there seems to be evidence that immunity against CFs, at least when induced by
clinical disease, is related to protection against diarrhoea caused by ETEC express-
ing homologous CFs, whereas variable results have been achieved with regard to the
protective effect induced by LT after natural infection.

Effect of breast-feeding. Since secretory IgA [SIgA] antibodies against CFs and
LT are present in breast-milk from mothers in developing countries, it would be
expected that breast-fed children are protected from ETEC diarrhoea [38, 45].
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However, a possible relationship between breast-feeding and the prevalence of
ETEC diarrhoea has varied in different studies; in studies in Egypt an association
was found between severe diarrhoea and the breast-feeding pattern [44], whereas no
such relation was observed in different studies in Bangladesh [3, 45]. Difficulties
in proving an effect of breast-feeding could partly be explained by the fact that
in ETEC endemic areas most women are breast-feeding during the first 2 years of
life but this is very seldom an ‘exclusive breast-feeding’ pattern. Thus, children are
given liquids including sugar syrups and water very early on in life to supplement
breast milk, which may be a cause of infection. However, lower rates of ETEC
diarrhoea have been observed during the first 6 months of life of breastfed children
as compared to after weaning in most studies. The lower infection rates observed in
the youngest infants may be attributed to SIgA antibodies and/or receptor analogues
etc. in breast-milk [46], although it may also partly be explained by less exposure to
contaminated foods and drinks.

6.5 Immune Responses Against ETEC in Challenged
Human Volunteers

Immune responses against ETEC infection have been determined in human vol-
unteers after challenge with fully virulent ETEC strains. Such studies were initi-
ated already during the late 70’s at the Center for Vaccine Development [CVD]
in Baltimore [47] as a background for the development of ETEC vaccines. Dif-
ferent doses of various ETEC strains, e.g. ETEC expressing CFA/I and CFA/II
[CS1 + CS3] were tested and the dose giving significant clinical symptoms in a
majority of the volunteers, which usually corresponded to 108–109 colony form-
ing units [cfu], was determined. In these early studies, mucosal immune responses
in the challenged volunteers were assessed as specific ETEC antibodies in jejunal
aspirates [47].

In subsequent studies at Johns Hopkins University, Baltimore and Walter Reed
Army Institute of Research, Silver Spring, Maryland, several ETEC challenge stud-
ies have been undertaken to assess protective efficacy of different ETEC candidate
vaccines. In these studies, that have included determination of immune responses
that may be associated with protection against ETEC challenge [48, 49, Savarino S
et al., unpublished], correlations were found between the magnitude of serological
as well as mucosa-derived immune responses against CFs and protection against
ETEC expressing corresponding CFs. It was shown that human volunteers hav-
ing a reciprocal ELISA antibody titre of ≥155 against CS3 before challenge with
CS1 + CS3 positive ETEC bacteria were protected against symptoms induced by
the challenge organisms [48, Bourgeois et al., unpublished]. Serological antibody
levels against LT, which seemed to be associated with protection, have also been
identified. Immunological correlates of protection have also been searched for in
field studies in Egyptian children; in those studies ELISA IgG titres against CFA/I
of ≥76 were reported to reflect protection against CFA/I positive ETEC [44]. Hence,
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determination of immune responses in challenged volunteers as well as in field
studies in endemic areas may help in identifying the nature and levels of protective
immune responses, but more studies are clearly needed to identify reliable correlates
of protection.

6.6 Protective Immunity Against ETEC

Studies both in experimental animals and in human volunteers have shown that an
initial ETEC infection may provide highly significant protection against reinfection
with the homologous strain or strains expressing the same or related CFs. Thus,
infection in a rabbit non-ligated intestine [RITARD] model with a CS positive
ETEC strain provided highly significant protection against subsequent challenge
with heterologous strains expressing the same CS factors [50]. Furthermore, Levine
et al. [47] showed that initial infection with a CS1+CS3 positive, toxin-negative mu-
tant ETEC strain provided complete protection against subsequent challenge with a
toxin positive CS1 + CS3 strain. In a study in Mexico, Cravioto et al. [13] found
that during the first year of life, the risk of developing diarrhoea due to reinfection
with ETEC strains expressing the same CF was significantly lower [p < 0.01] than
to be re-infected and develop symptoms due to ETEC expressing heterologous CFs.
Similarly, results from the birth cohort studies in Bangladesh and Egypt [7, 44]
further support the notion that immunity against CFs is important for protection
against ETEC disease.

Previous studies in animals and humans have shown that also antitoxic immu-
nity may be effective against ETEC. Thus, anti-LT antibodies cooperated synergis-
tically with anti-CF antibodies in protecting animals against ETEC producing LT
and expressing homologous CFs [43] and immunization with an oral inactivated

Protective immune mechanisms against ETEC

LT STCFAs

Mainly secretory IgA
(SIgA) antibodies
produced locally in
the small intestine
T cell responses?

Antibodies against
colonization factor
Antigens (CFAs) and LT
cooperate synergistically
in animal models

Fig. 6.1 Postulated protective immune mechanisms against ETEC. SIgA antibodies can prevent
binding of ETEC CFs to the epithelial surface [different glycoconjugates] and antibodies against
LTB prevent binding to surface receptors [GM1 and glycoproteins]. Antibodies against ST, if in-
duced by immunization with an ST-protein conjugate, can also block receptor-binding and toxin
action
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cholera vaccine containing CTB, which cross-reacts immunologically with LTB,
has afforded statistically significant, 50–70%, protection against LT ETEC both in
travellers and children in an ETEC endemic area [51, 52]. These findings, together
with the low rates of ETEC infections in children above 2 years in high endemic
areas are all in favour of development of protective immune responses following
ETEC infection. Such protective immunity appears to be mediated by SIgA anti-
bodies directed against the CFs and LT [43]; ST, which is a small peptide, does not
elicit neutralizing antibodies following natural infection [43; Fig. 6.1].

6.7 ETEC Vaccines

Based on the proven efficacy of CF antigens and the LT antigen, an ETEC vaccine
should most likely contain fimbrial antigens present on the most prevalent ETEC
pathogens, in particular on strains producing LT + ST or ST alone, to provide
broad spectrum protection. Thus, a multivalent ETEC vaccine containing CFA/I,
CS1–6 and an LT toxoid may provide protection against ca 80% of ETEC strains
world-wide [43, 53, 54]. The vaccine should also provide strong mucosal immune
responses against the key protective antigens locally in the small intestine. Differ-
ent strategies have been undertaken to deliver ETEC fimbriae and toxin antigens
to the human immune system to elicit protective immune responses in the form of
inactivated or live candidate vaccines [53, 54, 55]. A number of different live and at-
tenuated candidate vaccines have been develop based on such strategies [Table 6.2]
and are presented below.

6.7.1 Inactivated ETEC Vaccines

6.7.1.1 Purified CFs and Enterotoxoids

Purified CFs have drawbacks as oral immunogens since they are expensive to
prepare and sensitive to proteolytic degradation [54, 55]. To protect the fimbriae
from degradation in the stomach, immunization with purified CFs incorporated into
biodegradeable microspheres has been attempted. However, no significant protec-
tion was induced against subsequent challenge with ETEC expressing the homolo-
gous CFs, either when immunizing with high doses of a combination of CS1 and
CS3 or recombinantly produced CS6 [53, 55]. Alternative approaches include to
present the CFs transcutaneously. Thus, the possibility of immunizing transcuta-
neously with E. coli CS6, alone or together with non-mutated LT, has been evaluated
in human volunteers [56]. The rational for such administration is that the skin is a
highly active immunologic organ in which induction of immune responses can be
initiated if antigens can penetrate the keratinized layer to reach the sub-epidermal
region where Langerhans cells [a dendritic cell] are in abundance. When administer-
ing comparatively high doses of CS6 incorporated into patches which are applied on
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Table 6.2 Current ETEC vaccines and vaccines under development [producers]

Inactivated ETEC vaccines
Toxoids

–CTB in killed Dukoral R© cholera vaccine [SBLVaccin/Crucell]
–LT in transcutaneous patches [IOMAI Corporation]

Purified CFs
–CS6 [CS1 + CS3] in microcapsules [Walter Reed Army Research Institute, WRAIR]
–CfaE [CFA/I tip protein] and other tip proteins recombinantly produced [WRAIR]
–Transcutaneous CS6 together with LT adjuvant [IOMAI]

Inactivated whole bacteria
–ETEC expressing CFs together with rCTB [rCTB-CF ETEC; SBL/Crucell]
–Recombinant E. coli overexpressing CFs together with rCTB or CTB/LTB hybrid

[University of Gothenburg and SBL/Crucell]

Live ETEC vaccine candidates
Toxin-deleted ETEC strains expressing CFs

–Attenuated wild type ETEC expressing CS1 and CS3 [Camebridge biostability]
–A mixture of attenuated ETEC strains expressing CFA/I, CS1-6 and LTB [Camebridge

biostability]

Attenuated Shigellae expressing ETEC antigens
–S. flexneri 2a T32 strains expressing CFA/I, CS2, CS3, CS4 or mutated LT [Center for

Vaccine Development, CVD]
–A mixture of 5 different Shigellae strains expressing CFA/I, CS1-CS6 and LTB [CVD]

Attenuated V. cholerae or Salmonellae expressing ETEC antigens [different companies/
universities]

the surface of the skin, no response to CS6 was observed in the absence of LT [which
is also a strong adjuvant]; however, combined administration of CS6 and LT induced
ASC as well as serum antibody responses against CS6 in about half of the volunteers
and anti-LT responses in serum in all of the vaccinees [56].

Since LTB as well as the immunologically cross-reactive CTB, are strongly im-
munogenic, but lack toxicity, are stable in the gastrointestinal milieu, are capable
of binding to the intestinal epithelium, they are both suitable candidate antigens to
provide anti-LT immunity. Although CTB has afforded significant protection against
E. coli LT disease both in endemic areas and in travellers [51, 52] an LT toxoid may
be slightly more effective than CTB in inducing protective anti-LT immunity [54].
Alternatively, hybrid CTB/LTB molecules [57] may be used to provide protection
both against cholera and ETEC since recent studies have shown that these infections
are both prevalent in young children less than 2 years of age, e.g. in West Bengal in
India [58].

The approach to administer E. coli LT as a candidate immunogen transcutanously
has recently also been tested for protective efficacy in human volunteers [49]. Adult
Americans were given three transcutaneous immunizations with active LT in a patch
at four week intervals. Following challenge, the attack rate for diarrhoea was not sig-
nificantly diminished in the vaccinated volunteers versus controls, but the vaccinees
had a significantly longer time to onset of diarrhoea, significantly fewer and smaller
stools and significantly fewer of the vaccinated volunteers needed intravenous rehy-
dration [49]. Collectively, these results suggest a biological effect of transcutaneous
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immunization with LT, which has been shown to induce systemic as well as mucosal
antitoxic immune responses.

6.7.1.2 Inactivated Whole Bacteria

A simple approach has been to prepare killed ETEC bacteria that express the most
important CFs in immunogenic form on the bacterial surface. Such inactivated or-
ganisms may be combined with an appropriate LT toxoid, i.e. CTB or LTB. Attempts
to prepare a suitable ST toxoid have not been successful, partly due to the small
size and high content of cysteine residues of the ST molecule [21]. Inactivation
of the bacteria may be achieved by treatment with formalin or colicin E1, which
has resulted in killing of the bacteria without significant loss in antigenicity of the
different CFs and O-antigens [43, 54]. CFs on ETEC bacteria, inactivated by mild
formalin-treatment, have been shown to retain their antigenicity, the fimbrial struc-
ture as well as the capacity to bind to eukaryotic cells; they are also more stable than
purified fimbriae in the gastrointestinal milieu.

The ETEC vaccine that has been most extensively studied in clinical trials con-
sists of a combination of recombinantly produced CTB and formalin-inactivated
ETEC bacteria expressing CFA/I and CS1-CS5 as well as some of the most preva-
lent O-antigens of ETEC [rCTB-CF ETEC vaccine] [43, 54]. This vaccine has the
potential to provide broad protective coverage against ETEC disease. The rCTB-
CF ETEC vaccine has been shown to be safe and give rise to significant SIgA
immune responses in intestinal lavage fluid in a majority [70–90%] of Swedish
vaccinees [35]. Phase I and II trials of the CTB-CF ETEC vaccine in Swedish,
Bangladeshi and Egyptian adult volunteers have all shown that the vaccine is well
tolerated and gives rise to mucosal immune responses, i.e. peripheral blood ASCs,
against the different vaccine CFs in 70–100% of the adult volunteers [35, 36, 37, 59].
Studies in Bangladeshi adults have also shown that the vaccine was capable of in-
ducing comparable immune responses against the CFs and LT locally in the intes-
tine, i.e. ASCs in duodenal biopsies, as clinical ETEC disease [37].

Analogous safety/immunogenicity clinical trials have been carried out with the
rCTB-WC ETEC vaccine in Egyptian and Bangladeshi children down to 6 months
of age. In these children, the vaccine was equally immunogenic as in the adults
and also well tolerated [60, 61, 62] except in the youngest infants aged 6–17
months [63]. Since increased frequency of vomiting was observed in vaccinated
Bangladeshi infants, a dose-finding study was initiated showing that a quarter of
a full dose of rCTB-CF ETEC vaccine did not give rise to any vomiting and was
equally safe and almost as immunogenic in the youngest infants as a full dose in
older children and adults [63].

A number of different studies to evaluate the protective efficacy of the CTB-CF
ETEC vaccine have been initiated in adult travellers going from industrialized areas
to different countries in Asia, Africa and Latin America. In an initial pilot study, the
vaccine was tested for protective efficacy in European travellers going to 20 different
countries in Africa, Asia and Latin America [64]. This study revealed very promis-
ing results in that the ETEC vaccine conferred 82% protective efficacy [p < 0.05]
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against ETEC disease. However, the number of cases fulfilling the inclusion criteria
was low.

This study was followed by a larger placebo-controlled Phase III vaccine trial in
nearly 700 American travellers going to Mexico and Guatemala to assess the pro-
tective efficacy of the rCTB-CF ETEC vaccine [65]. In this study, the vaccine was
shown to provide significant protection [protective efficacy 77%, p = 0.039] against
non-mild ETEC diarrhoeal illness, defined as symptoms that interfered with daily
activities or more than five loose stools in a day; however, no significant protection
was observed against ETEC diarrhoea of any severity, including very mild cases.
Another trial subsequently undertaken in the same setting in American travellers has
similarly shown that the vaccine protected against more severe symptoms in those
vaccinees in whom vaccine intake could be documented, but no significant protec-
tion against mild diarrhoeal symptoms, i.e. three loose stools in a day [Bourgeois A
et al., VED, Lisbon, April 2007].

The only paediatric study to assess efficacy of the rCTB-CF ETEC vaccine has
been undertaken in rural Egypt [43, 53, 54]. In that double-blind, placebo controlled
trial conducted in about 350 6–18 months old children, disease detection was based
on active surveillance through semi-weekly household visits and cultures of faecal
specimens from children with diarrhoea. Unfortunately, no significant protection
was induced by the vaccine in this trial. This could partly be due to the fact that ac-
tive surveillance for diarrhoea was undertaken and hence most cases were relatively
mild, which usually results in lower protective effects as compared to in passive
surveillance studies. Furthermore, it has been well documented that several vaccines
are considerably less effective in the developing world, particularly in infants and
young children, who may already have developed pre-existing immunity that may
prevent vaccine “take rates” e.g. in the intestine. However, these are areas where the
vaccine is needed the most.

Based on the disappointing results from testing of the vaccine in children in de-
veloping countries, studies to improve vaccine efficacy have been initiated. These
studies include attempts to increase the amounts of the protective antigens, in partic-
ular the CFs, on the bacterial surface by recombinant technology [54, 66]. They also
include evaluation of putative adjuvants or modified delivery forms, the effects of
breast-milk withdrawal at the time for vaccination [Ahmed et al., Submitted for pub-
lication] as well as of pre-treating the children with micronutrients, e.g. zinc [67],
before and during vaccination. The possible benefits of such interventions, to in-
crease the immunogenicity of inactivated whole cell vaccines, are being explored in
different ongoing studies in Sweden and Bangladesh.

6.7.2 Live Oral ETEC Vaccines

The potential of live ETEC vaccines as a tool for protection against diarrhoea
has been demonstrated by findings in human volunteers that a live vaccine strain
expressing CS1 and CS3 fimbriae, but lacking the genes encoding LT and ST,
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induced 75% protection against challenge with wild type ETEC expressing corre-
sponding CS factors as well as LT and ST [47]. Different strategies have thereafter
been attempted in which non-pathogenic E. coli, attenuated Shigellae, V. cholerae
or Salmonellae expressing different CF components alone or in combination with
an LT toxoid have been constructed as putative vaccine candidates [53, 68].

6.7.2.1 Genetically Attenuated ETEC Strains as Live Oral Vectors

One promising approach that has been attempted is to utilize attenuated ETEC
strains as vectors of key protective antigens. Such strains were developed by re-
searchers and vaccine manufacturers [69], e.g. the strains PTL002 and PTL003 that
are derivatives of strain E1392-75-2A, the O6:H16 prototype CS1 + CS3 vaccine.
The latter prototype strain had spontaneously lost the genes encoding LT and ST
but retained genes for expression of CS1 and CS3 and had been shown to stimulate
specific anti-CF immunity and to confer significant protection against experimen-
tal challenge with an ETEC strain expressing homologous CFs [O139:H28, LT/ST,
CS1,CS3]. Both PTL002 and 003 strains harbour a mutation in aroC; PTL002 has an
additional mutation in ompR, while PTL003 has mutations in ompC and ompF [68].
Evaluation of these two strains in human volunteers has shown that they are safe
and immunogenic when given in a single dose of 5 × 109 cfu. In a Phase 1 clinical
trial, both strains were well tolerated but significantly more recipients of PTL003
exhibited faecal shedding and mounted more robust serum antibody and IgA anti-CF
ASC responses; PTL003, was even shown to induce immune responses against both
CS1 and CS3 of comparable magnitudes as the wild type strain [69].

An initial experimental challenge study with virulent ETEC was carried out in
North American volunteers immunized with two 2 × 109 cfu doses of PTL003 vac-
cine or placebo to assess preliminarily the ability of the strain to protect against
ETEC diarrhea [48]. Subjects were challenged with a virulent LT/ST strain express-
ing CS1 and CS3. Neither the attack rate for diarrhea nor total stool volume was
significantly diminished in vaccinees versus placebo recipients. It was hypothesized
that the reason for the lack of protection may have been the fact that PTL003
was given at too low a dose and that too high a challenge dose was used [49].
Further development of the approach of expressing CFs in nonpathogenic E. coli
include construction of ACAM2010, which is a similar vaccine candidate strain
derived from wild type WS-1858B [O71 : H−, LT-/ST+, CFA/I, astA] by deleting
STh [encoded by estA], EAST1 [enteroaggregative E. coli enterotoxin 1 encoded by
astA], aroC, ompC and ompF [68]. In a small Phase 1 clinical trial, ACAM2010 was
well tolerated and most recipients of a 109 cfu dose excreted the vaccine strain and
had serum IgG and peripheral blood IgA ASC responses to CFA/I. The constructs
clinically tested so far have not contained genes encoding the expression of LTB
subunit or a mutant LT to stimulate LT antitoxin immune responses, although such
further modifications are planned [68].
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6.7.2.2 Multivalent Shigella/ETEC Vaccines

Considerable success has been achieved recently in engineering strains of Shigella
that are attenuated compared with their wild-type parent and in using these strains
as live vectors to express ETEC antigens [70, 71]. Building upon this strategy,
different live Shigella based multivalent Shigella/ETEC hybrid vaccines have been
constructed wherein the important fimbrial CFs are expressed along with mutated
LT in attenuated Shigella [70]. An ambitious project has been underway for several
years in which five attenuated Shigella serotypes [S. dysenteriae 1, S. flexneri 2a,
S. flexneri 3a, S. flexneri 6 and S. sonnei] have each been engineered to carry stable
expression plasmids that encode various ETEC fimbriae and LTh B subunit [68].
The five Shigella live vector strains in the final vaccine will collectively express
CFA/I, CS1-6 and LTB subunit. Combinations of several attenuated Shigella strains
expressing various ETEC fimbriae and LTB subunit or a mutant, toxin-negative
LT molecule, LTK63, which is a putative mucosal adjuvant, have been shown in
pre-clinical models [guinea pigs and Rhesus macaque non-human primates] to be
well tolerated and to stimulate systemic IgG and mucosal IgA immune responses
to both the ETEC and Shigella antigens. In a pre-clinical, non-intestinal model,
the responses to the different fimbrial antigens are as robust when the strains are
administered in combination as when they are administered as individual vaccines.
One of the five live vector strains, attenuated S. flexneri 2a strain CVD 1208S ex-
pressing CFA/I and LTh B subunit, is currently under evaluation as a prototype in
dose-escalating Phase 1 clinical trials to assess the live vector’s clinical acceptability
and mucosal immunogenicity in humans [68].

V. cholerae and Salmonellae expressing ETEC antigens. A number of other
live oral vaccine prototypes have been developed and evaluated for safety and im-
munogenicity in Phase 1 clinical trials in recent years. These include attenuated
Salmonella serovar Typhi and V. cholerae expressing LTB subunit and different
ETEC CFs [53, 68]. It is unclear if any of these is progressing to industrial product
development.

6.8 Status of ETEC Vaccine Development

Only one vaccine, rCTB-CF ETEC, has been evaluated for protective efficacy in
a field trial in children in endemic areas. Unfortunately, this vaccine did not in-
duce significant protection in this important target group. Against this background
considerable work has been initiated to try to improve the immunogenicity of this
vaccine, especially for use in children in developing countries. Intense efforts are
also in progress in many laboratories to try to develop alternative candidate vaccines,
both for travellers and for use in endemic populations. Initially candidate vaccines
should be assessed for safety and capacity to induce mucosal immune responses
that are likely to reflect protection, before being tested for protective efficacy against
primarily moderate to severe ETEC disease; such studies should preferably be con-
ducted in passive surveillance studies in ETEC endemic areas.



6 Mucosal Immune Responses Against ETEC 169

References

1. Kosek, M., Bern, C., and Guerrant, R.L. 2003, Bull. World Health Organ., 81, 197.
2. Black, R.E., Brown, K.H., and Becker, S. 1984, Pediatrics, 73, 799.
3. Qadri, F., Svennerholm, A.M., Faruque, A.S.G., and Sack, R.B. 2005, Clin. Microbiol.

Rev.18, 465.
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Chapter 7
Cholera Immunity and Cholera Vaccination

Jan Holmgren and John D. Clemens

Abstract Cholera remains an important global health problem. Studies in the
1970ies, identifying the AB5 molecular structure of cholera toxin, the GM1 ganglio-
side receptor for the toxin, and the toxin’s ADP-ribosylating effect on the intestinal
epithelium resulting in life-threatening dehydrating diarrhoea, made the pathogene-
sis of cholera the best understood of all infectious diseases. In the 1980’s, the toxin
coregulated pilus (TCP) was identified as being a critical factor for the coloniza-
tion of Vibrio cholerae in the intestine, and through immunological studies cholera
also emerged as a prototype infection in which protective immunity is mediated by
a local mucosal immune response. Locally produced secretory IgA antibodies to
cell-wall lipopolysaccharide and to the cholera toxin B subunit (CTB) moiety were
found to be important for protection against cholera by inhibiting colonization and
toxin binding, respectively, and when present together in the intestine these two
antibodies were found to exert a synergistic cooperative protective effect. Studies of
the intestinal immune response after immunization by different routes showed that
oral but not parenteral immunization with a vaccine containing inactivated whole-
cell cholera bacteria together with CTB could effectively stimulate local intesti-
nal production of protective IgA antibacterial and antitoxin antibodies and also a
long-lasting intestinal immunologic memory. Based on this, safe and effective oral
cholera vaccines have been developed, and cholera is one of still very few infections
for which there exists a licensed effective mucosal vaccine for human use.

7.1 Introduction

Cholera remains an important global health challenge. It is the most severe of all di-
arrheal diseases and the archetype for the large group of infectious diarrheas caused
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by bacteria that produce one or more enterotoxins. Collectively these “enterotoxic
enteropathies” [1] may account for one-half of all infection-related diarrheas in the
world. Cholera may account for at least 3–5 million cases and 120 000–200 000
deaths annually, hitting both children and adults. These figures are probably signif-
icant underestimates of the true burden of cholera disease due to notorious underre-
porting [2]. Enterotoxigenic Escherichia coli (ETEC) is the most prevalent pathogen
in the target groups afflicted by diarrhea, estimated to cause almost half a billion
cases and half a million deaths each year, mainly in infants and young children [3].

Pioneering studies in the 1970ies, defining the molecular structure of cholera
toxin and its mode of action on the intestinal epithelium that leads to diarrhoea and
dehydration, made the pathogenesis of cholera the best understood of all infectious
diseases [4, 5]. In the 1980ies cholera also emerged as the best studied example of an
infection in which protective immunity is mainly or exclusively mediated by a local
mucosal immune response [4, 6, 7]. Cholera and cholera toxin have thereafter played
pivotal roles in elucidating fundamental aspects of mucosal immunity and mucosal
responses to immunization [8]. Based on this, effective oral cholera vaccines have
been developed, and cholera is one of very few infections for which there exists a
licensed effective mucosal vaccine for human use [9, 10, 11, 12].

7.2 Vibrio Cholerae and Cholera Pathogenesis and Disease

7.2.1 The Pathogen and its Epidemiology

Vibrio cholerae of serogroup O1 is the prototype for the enterotoxin-producing bac-
teria. The organism was first isolated by Robert Koch in 1884. V. cholerae O1 can
appear as either of two main different serotypes, Inaba and Ogawa. Until the begin-
ning of the 20th century all examined V. cholerae O1 isolates were of the same “clas-
sical” biotype. In 1906, however, vibrios of a new biotype, El Tor, were isolated, and
for many years vibrios of either the classical or El Tor biotype were isolated from
cholera cases [2].

A much feared characteristic of cholera, distinguishing it from most other en-
teric pathogens, is the propensity for causing big epidemic outbreaks and even large
pandemics. This became known in the early part of the 19th century, when cholera
started to spread from its ancient home in Bengal. Since 1817, seven major pan-
demics have been described which have affected large parts of the world [13]. The
latest and still ongoing pandemic took its departure from Celebes in 1961 and has
since then spread to and even made cholera endemic in many countries in Asia and
Africa. From 1991, for the first time in more than 100 years, cholera caused by
the same El Tor pandemic strain as that isolated from Asia and Africa, has also
reappeared as a significant health problem in much of South and Central America.
When an epidemic strikes an area where hygiene is poor and health care is not
adequate the results can be disastrous. This was illustrated during the refugee crisis
in Goma, Zaire in 1994, when an estimated 58,000–80,000 cases and 23,800 deaths
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occurred within 1 month [14]. In endemic areas the highest incidence of cholera is
seen in children below 5 years of age; in the age group 1–5 years annual cholera inci-
dence rates above 10 cases per 1000 children have been reported in high-endemicity
locations. However, still more than half of all V. cholerae O1 cases occur in older
children and adults in these areas. When, on the other hand, cholera has spread to
new countries, all age groups have been affected to the same degree. This pattern is
probably due to the fact that natural immunity normally develops by age in endemic
countries, which is lacking in the newly attacked/infected [2, 15, 16].

Since 1993, as yet limited to a few countries in South-East Asia, a new V. cholerae
serogroup, O139 Bengal, has been found to cause a variable percentage, usually
below 5%, of all cholera cases [2]. If increasing, or even worse, if also spreading to
other areas, this new organism may cause an 8th cholera pandemic in parallel with
the still ongoing 7th V. cholerae O1 El Tor pandemic.

As mentioned, the total number of cholera cases annually in the world is uncer-
tain since several heavily affected countries do not monitor or report the disease
accurately, in part due to surveillance difficulties, but also for fear of economic and
social consequences [2]. The recent outbreaks of V. cholerae O1 in Latin America as
well as of V. cholerae O139 in Asia have probably resulted in a substantial increase
in the number of cholera cases in the last 10–15 years. Therefore, the often cited
figures of 3–5 million cases and 120,000–200,000 deaths from cholera annually are
likely underestimates of the present situation.

7.2.2 Cholera Disease

The disease caused by V. cholerae is characterized by watery diarrhea without blood
and mucus [2]. In the majority of cases, cholera is characterized by acute, profuse
watery diarrhoea lasting for one or a few days. In a substantial proportion, how-
ever, cholera causes dehydrating disease and acidosis. In its extreme manifestations,
cholera is one of the most rapidly fatal infectious illnesses known. Within 3–4 h
after the onset of symptoms, a previously healthy person may become hypotensive
and may die within 6–8 h. More commonly, fatal cases progress to shock within
6–12 h with death following in the next one to several days of dehydrating disease
unless proper rehydration treatment is provided. The most severe cholera cases can
purge as much as 15–25 l of water and electrolytes per day, and the mortality rate
in severe, non-treated cholera is 30–50%. Persons of blood group O are known
to have an increased risk of developing severe cholera (cholera gravis) when in-
fected [17, 18, 19]. Interestingly, this correlation between increased severity and
blood group O appears restricted to cholera caused by the V. cholerae O1 El Tor
biotype (and the novel O139 serogroup which is a mutated form of O1 El Tor),
and was not seen for cholera caused by the O1 classical biotype when this form
coincided with large numbers of infections in the 1980’s in Bangladesh [18].

The recommended primary treatment for cholera today is simple, oral rehydra-
tion solutions containing salts and glucose, which will save lives when properly
administered [2]. If the patient is severely dehydrated on arrival to the treatment
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center, is unable to drink, or if the rate of fluid loss by diarrhea exceeds what can be
compensated by oral rehydration, which is often the case with cholera cases, aggres-
sive intravenous fluid rehydration is necessary. With effective rehydration treatment,
the case fatality rate may go down to below 1% even in severe cases of cholera.
Antibiotics can be used to shorten the duration of cholera disease and decrease the
risk for further spread of the infection. WHO recommends that antibiotics be used
only in the treatment of cholera cases with signs of severe dehydration. Whenever
possible, the sensitivity of the cholera isolate to antibiotics should be assessed. An-
tibiotics are not indicated in the treatment of milder cases of cholera or for mass
prophylaxis.

7.2.3 Virulence Factors and Pathogenesis

Cholera is to the largest extent a disease originating from the upper part of the
small intestine. Intestinal perfusion studies have revealed that as much as 90%
of the intestinal secretion occurs in the uppermost one meter of the intestine in
adult cholera patients. V. cholerae O1 (and O139) bacteria have developed special,
highly efficient means to colonize and multiply to excessive numbers in the small
intestine, and in this process they also efficiently produce and release the cholera
toxin (CT) molecule [2, 5]. Through its high-affinity binding to the gut epithelium
and its subsequent cellular action (to be described further below), CT is directly
responsible for most, if not all, of the pathogenic effects on intestinal ion and water
secretion processes that may lead to life-threatening diarrhea and dehydration. The
most important attributes of V. cholerae allowing it to efficiently colonize the small
intestine include: (i) the toxin-coregulated pilus (TCP), which has been found to be a
critical attachment fimbriae in at least the early stage of colonization [20, 21, 22]; (ii)
mucinase (soluble hemagglutin), a metalloprotease which both facilitates bacterial
penetration through the intestinal mucus layer and helps to activate CT by “nicking”
the peptide bond between CTA1 and CTA2 [23]; (iii) and the single flagellum which
operates in concert with chemotactic receptors and intracellular sensor molecules to
allow directed motility towards the intestinal cell wall [24].

The V. cholerae genome is made up of two chromosomes, one of approximately
3 Mb in size (chromosome I) and another of around 1 Mb in size (chromosome II),
both of which have been completely sequenced [25]. Chromosome I harbours all of
the known virulence factors, including CT and TCP.

The identification of the subunit structure and function of CT was of pivotal
importance for clarifying the pathogenesis of cholera [4].

CT is composed of two types of subunit, a single toxin-active A subunit (CTA),
which is embedded in a circular B subunit homopentamer (CTB) responsible for
toxin binding to cells [4, 5]. CTA comprises 240 amino acids and has a molec-
ular weight of 28 kDa, whereas the 11.6 kDa B subunit monomers each comprise
103 amino acids. Although CTA is synthesized as a single polypeptide chain, it
is post-translationally modified through the action of a V. cholerae protease (solu-
ble hemagglutinin/mucinase, see above). This generates two fragments, CTA1 and
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CTA2, which, although functionally distinct, remain linked by a disulfide bond.
The enzymatic ADP-ribosylating “toxic” activity of CTA resides in CTA1, whereas
CTA2 inserts CTA into the CTB pentamer. The interactions between CTA2 and
the CTB pentamer are noncovalent, and the last four amino acids (lysine-aspartate-
glutamate-leucine; KDEL) at the carboxy- terminal tail of CTA2 are not engaged in
the association to CTB but rather protrude from the associated toxin [26]. The CTB
pentamer attaches CT to the intestinal epithelial cell through its high-affinity binding
to cell-surface receptors. These were already identified more than 30 years ago as the
monosialoganglioside GM1, which was then the first biologic receptor that was fully
defined chemically [20, 27]. Both the specific sugar residues in GM1 and the amino
acid residues in CTB interacting with each other have been defined [26]. Although
there is one GM1-binding site in each B subunit monomer, a single amino acid from
the neighboring CTB monomer also has a role in the binding. This explains the
much higher binding strength of the CTB pentamer compared with that (practically
negligible) of individual B subunit monomers. GM1 is present on most mammalian
cell types, and CT has been demonstrated to bind to (and intoxicate) many different
types of cells experimentally.

After binding to GM1, which appears to be localized mainly in lipid rafts on the
cell surface, CT is endocytosed by the cell [28]. After endocytosis, CT travels to
the endoplasmic reticulum (ER) via a retrograde transport pathway, possibly via the
Golgi-system. It is thought that the actin cytoskeleton has a role in CT trafficking
from the plasma membrane to the Golgi–ER. After CT has reached the ER, CTA
dissociates from CTB to enter the cytosol through a process which is still not fully
resolved [5]. The arrival of CTA1 in the cytosol is the crucial step for intoxica-
tion because this polypeptide catalyzes the ADP ribosylation of the trimeric Gs�
component of adenylate cyclase (AC). This makes AC to remain in its GTP-bound
state, resulting in enhanced AC activity and increased intracellular cyclic adenosine
mono-phosphate (cAMP) production. The resulting higher levels of cAMP then
cause an imbalance in electrolyte transport across the epithelial cell, with a decrease
in sodium uptake and an increase in chloride and bicarbonate export [29]. Decreased
sodium uptake reduces water absorption by the enterocyte (mainly villus cells), and,
at the same time, increased chloride and bicarbonate extrusion causes water secre-
tion. The combined effect is an abundant net fluid loss from the intestine that will
soon lead to dehydration. In addition to the direct effect of CT on AC activity and
cAMP production in the enterocytes, it has been proposed that the diarrheal response
to CT might have a significant (perhaps up to 50%) neurological component [30].
The experimental evidence for the involvement of the enteric nervous system in the
pathophysiology of cholera has been obtained mainly in vivo and on extrinsically
denervated intestinal segments of cats and rats. One way in which CT could then
be acting is through stimulation of enterochromaffin cells to release serotonin, the
latter substance in turn stimulating and inducing the release of vasointestinal peptide
from local neural networks.

TCP, a type 4 pilus, which is closely related to other enterobacterial type 4
pili, has been shown to be essential for colonization and virulence in humans and
in an infant mouse model [21, 22]. Passive immunization studies of infant mice
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using polyclonal and monoclonal antibodies directed against TCP suggests that
the adhesive moiety lies within the major pilin subunit itself (TcpA). The detailed
mechanisms by which TCP promotes colonization has remained elusive. It has been
proposed [31] that the initial attachment of bacteria to the epithelium is mediated
by an outer membrane protein, rather than by TCP. Instead, it is proposed, TCP
together with a soluble protein (TcpF), secreted via the TCP biogenesis apparatus,
mediates bacterial microcolony and biofilm formation on the epithelial surface as
critical events in the colonization process.

Although CT and TCP are undoubtedly the main virulence factors of V.cholerae,
several accessory factors have also been described (reviewed in [5]). These range
from additional pilus structures, such as the fucose-binding and mannose-binding
hemagglutinins, which may or may not contribute to colonization of classical and
El Tor biotypes, respectively, to various soluble factors. In addition to mucinase and
neuraminidase, the latter group includes a variety of “minor toxins” that might con-
tribute to cholera diarrhea. Among these are the ctx-encoded Zonula occludens toxin
(zot), which might be both a morphogenetic phage protein and an enterotoxin; the
actin-crosslinking RTX toxin; the S-CEP (Chinese hamster cell elongating protein)
cytotonic protein and the pore-forming and vacuolating hemolysin A. Even though
the role of all of these factors in the virulence of V. cholerae is probably minor
relative to CT and TCP, they might explain, singly or jointly, why live attenuated
vaccines based on the removal of the ctxAB operon have usually been found to
cause mild disease, including low-volume diarrhea, when orally administered to
volunteers.

An intriguing novel finding is that the O1 El Tor [32] as well as the O139
(J.Sanchez and J.Holmgren, unpublished) V. cholerae strains isolated after 2001
produce CT of the classical biotype rather than of the El Tor type as was the case
in 100% of strains isolated before 1995. There is evidence that this shift in CT type
is associated with increased virulence resulting in a higher hospitalization rate and
more severe dehydration (A.K. Siddique et al. unpublished).

7.3 Innate Immune Mechanisms in Cholera Infection

Susceptibility to infection with V. cholerae is dependent on both adaptive immune
responses induced by previous infection or vaccination and on innate host factors. In
contrast to the adaptive immune mechanisms, which have been studied extensively
in cholera, little is known about the innate immune components and mechanisms.

Among the intrinsic host factors that influence susceptibility to cholera, stom-
ach acidity and ABO blood groups are the most studied. In Bangladesh, patients
with cholera (or ETEC diarrhea) had significantly lower gastric acid levels than
other groups studied, and low gastric acid level was also associated with more
severe cholera disease [33]. It is also well known that neutralization of stomach
acid dramatically reduces the minimal infectious dose of V. cholerae [2]. In healthy
North-American volunteers given different doses of V. cholerae O1 bacteria, the
average minimal effective dose was 106–108 when given without bicarbonate but
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a 1000-fold less when the bacteria were given together with 2 g of sodium bicar-
bonate. In endemic situations it has been calculated that the average infectious dose
of cholera vibrios when ingested together with rice or other food resulting in tran-
sient neutralization of stomach acidity, is in the order of 103 organisms. Likewise,
it is well established that people who had undergone surgical removal of the acid-
producing part of the stomach had a far increased risk of attracting cholera infection
and disease.

When it comes to ABO blood groups, several case-control studies found that
individuals with blood group O are at increased risk of hospitalization due to both
V. cholerae O1 and V. cholerae O139 (reviewed in [19]). In a prospective study of
household contacts of (O1 El Tor) cholera patients in Bangladesh, Glass et al. [17]
found that contacts with blood group O had 5–10 times increased risk of getting
moderate or severe cholera compared to contacts with blood group A or B, and
a more than 20-fold increased risk compared to blood group AB contacts. It was
suggested [17] that V. cholerae infection may be an evolutionary force behind the
exceptionally low prevalence of persons with blood group O in the Ganges delta,
where historic reports indicate that cholera has been a killing disease for thousands
of years. In a later study from the same area performed between 1985–1987, at
which time cholera was caused at about the same frequency by V. cholerae O1 of El
Tor and the classical biotypes, Clemens et al. [18] made the important observation
that the link between blood group O and cholera severity appeared to be restricted to
El Tor cholera but was not seen for cholera caused by the classical biotype. Although
the classical and El Tor biotypes may well have undergone significant changes
over time influencing their virulence, as illustrated by the recently observed shift
in cholera toxin type in O1 El Tor and O139 strains in recent years (see above [32],
these data may suggest that cholera due to the El Tor biotype rather than the classical
biotype historically may have been an evolutionary force away from blood group O
in the Ganges delta.

The mechanism by which blood group influences susceptibility to cholera re-
mains to be defined. The specific relationship to the El Tor biotype would suggest
a mechanisms affecting colonization rather than CT action, since CT of classical
and El Tor type are functionally indistinguishable despite small amino acid and epi-
tope differences. Further, analyses of intestinal mucosal specimens from (Swedish)
people of O and non-O blood groups did not reveal any differences in either GM1
ganglioside contents or capacity to bind CT, and CT produced by classical and El
Tor V. cholerae O1 were found to be indistinguishable in binding specificity and
affinity for GM1 ganglioside in human intestine (J. Holmgren and L. Svennerholm,
unpublished).

Many factors in addition to gastric acidity and ABO blood group related fac-
tors may contribute to the innate defence against cholera. Although there is no
pronounced inflammation during cholera, several studies have noted increased in-
filtration of neutrophils, degranulation of mast cells and eosinophils, and produc-
tion of some innate defence molecules during acute cholera (reviewed in [34]. CT
can also induce the migration of CD8+ intraepithelial lymphocytes (IEL) from the
epithelium to the lamina propria region in the small intestine with possible immune
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defence consequences. To further the search for factors that are activated in the early
stages of cholera infection, a whole-genome microarray screening was recently used
to study gene expression in duodenal mucosa during acute cholera [34]. Biopsies
were taken from the duodenal mucosa of cholera patients 2 and 30 days after the on-
set of diarrhea, and the gene expression pattern in the acute and convalescent phase
samples was compared pair-wise. Of about 21,000 genes expressed in the intestinal
epithelium, 29 were defined as being up-regulated and 33 as down-regulated during
acute cholera. The majority of the up-regulated genes were noted to have a previ-
ously described role in the innate defence against infections These genes include a
number of proteins with antibacterial activity e.g. growth differentiation factor 15,
matrix metalloproteinases 1 and 3, and a-antichymotrypsin, plus various other genes
that appeared to have been indirectly activated through the (CT mediated) activation
of IL-1 e.g. the von Ebner minor salivary gland protein and lactoferrin. Confirmative
PCR demonstrated good correlation with the micro-array data. The data indicate
that during acute cholera infection, innate defence mechanisms are switched on to
an extent previously not known. Both direct effects of CT on the epithelial cells and
changes in the lamina propria cells appear to contribute to the up-regulation of the
innate immune system.

7.4 Adaptive Immune Mechanisms

The best-studied correlate of adaptive immunity to V. cholerae is serum vibriocidal
antibody titer. Seroepidemiologic studies in cholera endemic areas have shown that
vibriocidal antibodies increase with age and that the risk of disease is inversely
proportional to the vibriocidal antibody titer [15, 35]. Natural serum antibodies to
CT, which may largely be induced by exposure to cross-reactive E. coli LT, on the
other hand do not appear to correlate with protection against cholera [35]. However,
parenteral vaccination, which induces extremely high vibriocidal antibody titers,
confers only limited and short-lived protection [36]. Thus, vibriocidal antibodies
in unvaccinated individuals are only a surrogate marker for the intestinal mucosal
immune status. It is notable, however, that breast-milk IgA antibody titers to either
V. cholerae LPS or CT in breast-feeding women in Bangladesh were inversely re-
lated to the risk of the breast-fed child to develop cholera [37], consistent with a
closer link between the gut mucosal immune status with breast milk IgA antibodies
than with systemic antibodies [38].

In parallel with the rapid clarification of the mechanisms of disease in cholera,
especially as relating to the structure and function of CT as described above, there
was also a rapid increase in understanding the mechanisms of protective immunity
following clinical infection or vaccination (Fig. 7.1, and reviewed in [6]). The main
findings, which directly guided the development of more effective cholera vaccines
may be summarized as follows:

(1) In accordance with the findings that the pathogenesis of cholera depends crit-
ically on bacterial colonization and the production and action of CT in the
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Pathogenesis and protective immune mechanisms in cholera

Locally produced S-IgA
antibodies preventing
bacterial colonization

and toxin binding

Fig. 7.1 Pathogenesis and protective immune mechanisms in cholera. After ingestion of an infec-
tive dose of V. cholerae O1 or O139 bacteria, the bacteria can penetrate the mucus layer, attach
to the epithelium and colonize and grow to large numbers in the small intestine. The toxin coreg-
ulated pilus (TCP) has been shown to be important for the colonization process, and various ad-
ditional bacterial components including cell-associated factors such as the flagellum, the cell wall
lipopolysaccharide (LPS) and fimbrial or outer membrane adhesins as well as mucinase/soluble
hemagglutinin and other secreted factors may also partake in these processes. In the intestine,
the bacteria produce the main pathogeneic molecule, cholera toxin, which bind to intestinal GM1
ganglioside epithelial receptors through its five B subunits and then through its toxic-active A
subunit inhibits NaCl and water uptake by the villus cells and induces active chloride, bicarbonate
and water secretion by the crypt cells leading to severe diarrheal fluid loss. Protective immunity
depends on locally produced secretory IgA antibodies that can prevent bacterial colonization and/or
cholera toxin binding and action in the intestine. The two most important antibodies for protection
are antibodies to LPS and antibodies to the cholera toxin B subunits, which can independantly
protect against cholera infection and disease and which, when present together in the intestine,
also cooperative synergistically in their protective action

small intestine, it was found in animal models that antibacterial and antitoxic
antibodies capable of preventing these different events could protect against
experimentally induced V. cholerae infection and disease. It was further noted
that in the intestine antibacterial and antitoxic antibodies produce a synergistic
cooperative effect in protection against disease.

(2) Both antibacterial and antitoxic immunity were found to depend mainly if
not exclusively on locally produced mucosal antibodies of the secretory IgA
(S-IgA) type.

(3) To stimulate a protective gut mucosal immune response immunization by the
oral route was found to be superior to parenteral immunization.



182 J. Holmgren, J.D. Clemens

7.4.1 Antitoxic Cholera Immunity

Studies in experimental animals showed a direct correlation between protection
against CT-induced fluid secretion and intestinal synthesis of SIgA antibodies [39],
and also between protection and the number of SIgA antitoxin-producing cells in the
intestine [40]. A protective role of SIgA antitoxin was also indicated by the direct
correlation in breast-fed children in Bangladesh of a reduced risk of developing dis-
ease after infection with V. cholerae O1 and the ingestion of mother’s milk having
SIgA antitoxin antibodies above a certain level [37]. Furthermore, as will be dis-
cussed below, vaccine-induced antitoxic immunity associated with intestinal SIgA
antitoxin production was shown to confer significant protection against both cholera
and diarrhea caused by LT producing ETEC in a large field trial in Bangladesh.

The identification of the subunit structure of CT and the roles of the different
subunits in pathogenesis and immunity suggested that the isolated cholera toxin
B-subunit moiety (CTB) should be useful as a vaccine component for inducing
protective antitoxic immunity. This notion was further strengthened by findings in
animals showing that immunization with highly purified CTB gave rise to toxin-
neutralizing antibodies which could fully protect against disease also after challenge
with live cholera bacteria in the gut [41]. Furthermore, CTB was found to be partic-
ularly well suited as an oral immunogen, because it is stable in the intestinal milieu
and capable of binding to the intestinal epithelium, including the M-cells of the
Peyer’s patches, properties which are critically important for stimulating mucosal
immunity and local immunological memory.

7.4.2 Colonization Factors and Antibacterial Immunity

It is well established that V. cholerae O1 lipopolysaccharide (LPS) is the pre-
dominant antigen inducing protective antibacterial immunity against experimental
cholera caused by O1 bacteria [6]. Indeed, when protective hyperimmune sera raised
against either live or killed V. cholerae O1 were absorbed on an immunosorbent
column, which completely and specifically removed antibodies to LPS, and then
tested for residual passive protective activity against cholera infection all such ac-
tivity had disappeared. Further, although it was shown that during infection in the
gut V. cholerae can in vivo develop some surface antigens that are not expressed
in vitro, also immune sera against in vivo grown organisms completely lost their
passive protective activity when absorbed on LPS immunosorbent columns [42].
Also for protection against V. cholerae O139, immunity appears to a large extent to
be mediated by specific antibodies to (0139) LPS [43].

Immunologically, the O1 LPS contains group-specific epitopes shared between
the Inaba and Ogawa serotypes and additional serotype-specific epitopes. Studies
have shown that both antibodies against the main shared epitope(s) and serotype spe-
cific antibodies can protect against experimental V. cholerae O1 infection in accor-
dance [6]. Thus, it is advantageous but not absolutely critical for a cholera vaccine to
contain both Inaba and Ogawa LPS to protect against both serotypes of V. cholerae.
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In V. cholerae O1 bacteria of the classical biotype, a toxin-coregulated pilus
(TCP) has been shown to be of importance for colonization of the small intes-
tine [20, 22]. There is evidence that also for V. cholerae O1 El Tor and O139,
an antigenically distinct form of TCP is in an analogous way important for col-
onization and disease [21]. In addition, V. cholerae bacteria have been found to
express a number of other fimbrial structures. One of these is the mannose-sensitive
hemagglutinin (MSHA), which is found on O1 El Tor and O139 V. cholerae but
not on O1 bacteria of classical biotype, and which can mediate bacterial attachment
to epithelial cells [44]. Specific antibody to MSHA also protects against cholera
infection and disease in an animal model [45]. However, it was recently shown
that the expression of MSHA pilus is specifically repressed in vivo and that this
may be an important mechanism for bacteria to avoid to be blocked by secretory
IgA in a mannose-sensitive, non-antibody specific manner [46]. The role of MSHA
and other non-TCP attachment factors for colonization and infection in humans,
however, remains to be defined [47].

The identification of TCP as an important colonization factor on V. cholerae
suggests that it should be possible to raise protective antibacterial immunity also
against these fimbrial antigens. Indeed, in experimental systems it has been found
that both monoclonal antibodies and polyclonal antisera against TCP can protect
against infection and disease [20, 21]. However, following infection in human vol-
unteers, little if any anti-TCP immunity was seen [22], while it was reported that the
majority of patients with natural cholera infection developed both a mucosal and a
systemic IgA response to the TcpA subunit [48]. Therefore, as an overall conclu-
sion, it remains to be defined whether mucosal immune responses against TCP and
other surface antigens on V. cholerae could add significantly to the protective action
mediated by antibodies to O1 (or O139) LPS antigen.

An important observation guiding the design of new cholera vaccines is the
synergistic cooperation between antitoxic and antibacterial immune mechanisms in
mediating protection. Either of the two main protective antibodies against cholera
which, as mentioned above, are directed against the cell wall LPS and CTB, can con-
fer strong protection against disease by inhibiting bacterial colonization and toxin
binding, respectively [6, 41, 49]. When present together in the gut, these antibodies
have been shown to have a strongly synergistic protective effect [41, 49].

7.4.3 Immunologic Memory

The acute local antibody response to the immunologically best studied of the new
generation of cholera vaccines, the so-called whole cell-B subunit (WC-CTB) vac-
cine, which is administered orally in two doses ca 2 weeks apart (an interval between
doses of 1–6 weeks have been found to give rise to similar immune responses, nor-
mally lasts for up to 6–9 months in unprimed individuals [7, 50]. However, in accor-
dance with studies in animals showing almost life-long gut mucosal immunologic
memory after oral vaccination with CT [51, 52] it was shown that a long-lasting
immunological memory is also induced in humans by the oral vaccine [53, 54, 55].
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Thus, healthy Swedish volunteers who received a booster vaccination 5 years after
an initial two-dose cholera vaccination responded with significantly higher antitoxin
and antibacterial serum IgG and IgA antibody levels than previously unvaccinated
controls [55]. In another study, the frequencies of CTB-specific antibody secreting
cells (ASCs) extracted from duodenal mucosal biopsies of vaccinated Swedish vol-
unteers were found to be considerably higher after the second than after the first
vaccine dose, and the response to a booster dose at 5 months (when the response
after the two first doses had largely vanished) fully matched the response after the
second dose at 2 weeks [50]. Almost identical results were obtained in Swedish
volunteers given a booster dose 10 months after either two or three initial vaccina-
tions [54].

Taken together these studies suggest that the gut mucosal immune system has
capacity to mount a very long-lasting immunological memory. A stronger and faster
immune response than after an initial vaccination can thus be obtained by a renewed
oral antigen exposure (or a booster vaccination) at any time from 2 weeks up to at
least 5 years after the primary immunization. Based on the very rapid development
of the IgA gut mucosal immune response, noted within 12–16 h after renewed oral
antigen exposure even at very long time after primary immunization in experimental
animals [51], the immunologic memory appears to usually allow an individual to
mount a protective mucosal immune response to a renewed exposure to V. cholerae
infection before any symptoms have developed.

7.5 Oral Cholera Vaccines

Parenteral vaccines based on inactivated V. cholerae O1 bacteria have not been rec-
ommended by WHO since the late 1970’s. Before that they were available and used
for more than 70 years. Their protective efficacy was modest and of short duration
(less than 50% for less than 6 months), local side-effects made the vaccines not well
accepted, and the vaccines did not prevent transmission of the infective agent [9, 36].

As mentioned, over the last 20 years new oral cholera vaccines have been devel-
oped, and two such vaccines are registered internationally [9, 10, 11]. One of these
vaccines (WC-rCTB; Dukoral R©) consists of killed whole V. cholerae O1 cells in
combination with recombinantly produced CTB. This vaccine is well tolerated and
confers a high level (85%) of protection for 6 months after two or three immuniza-
tions in both adults and children. The level of protection is still about 50% 3 years
after immunization in vaccinees who were >5 years old at the time of vaccina-
tion [9, 11]. Modelled on this vaccine, an inexpensive, locally produced WC-only
vaccine (i.e. lacking the B subunit) has been developed in Viet Nam and also found
to give good protection in a field trial [56].

The other internationally licensed oral cholera vaccine is a live, attenuated vac-
cine based on the genetically manipulated V. cholerae O1 strain CVD103-HgR [10].
A single dose of this vaccine conferred good protection in adult volunteers in
USA challenged 3 months after vaccination. However, this vaccine did not provide
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detectable protection when tested in an endemic setting (Indonesia) [57] and the
vaccine has therefore not been produced in the last several years. Additional live-
attenuated vaccines, such as the Peru-15 strain, are currently in phase 2 trials [58].

These different types of oral cholera vaccine are described in some greater de-
tail below, especially the killed WC-rCTB vaccine, which is the only widely regis-
tered cholera vaccine internationally available at the present time. Recently, a few
anti-O139 vaccine candidates have also been developed, but their efficacy is not yet
documented.

7.5.1 Killed WC-rCTB Vaccine

This vaccine, consisting of killed whole-cell V. cholerae O1 bacteria (classical and
El Tor biotypes, Inaba and Ogawa serotypes) in combination with recombinantly
manufactured [59] B-subunit of cholera toxin has been marketed (Dukoral R©) since
the early 1990’s. The vaccine is now licensed in more than 50 countries world-wide
and recommended and pre-qualified by WHO for UN agency purchasing [9, 11].
After having been given more than 10 million doses together with a bicarbonate
buffer to people in countries with good systems for registration of adverse reactions,
the conclusion is that this vaccine is exceptionally safe and well tolerated. The only
adverse effect reported is occasional mild gastrointestinal disturbances in persons
sensitive to the bicarbonate buffer. The WC-rCTB vaccine has also been found to
be well tolerated by HIV-positive individuals, by pregnant or breast-feeding women
and by children and infants down to at least 6 months of age.

In a large randomized field trial in Bangladesh in the late 1980’s, two or three
doses of WC-CTB vaccine were tested in comparison with either WC vaccine alone
or placebo (killed E. coli K12 bacteria) [60, 61]. At this time CTB was not made
recombinantly but was prepared and extensively purified after first isolating CT on
a GM1-affinity column and then separating the A and B subunits by repeated chro-
matographic steps [62]. In comparison with the placebo group, the WC-CTB vac-
cine gave 85 and 60% cholera-specific protection when assessed after 4–6 months
and 3 years, respectively, in all age groups; two doses were similarly effective as
three doses. Protection was similar against cholera caused by both classical and El
Tor biotypes and by Inaba and Ogawa serotypes, the only differences noted being
a slightly lesser efficacy against El Tor compared to classical cholera and in blood
group O versus non-O individuals. In children older than 5 years and in adults, pro-
tective efficacy remained high for the first two years of follow-up and was evident
also during the third year (Table 7.1). In children 2–5 years of age, on the other
hand, the 100% efficacy noted during the first 4–6 months of surveillance [60] then
declined substantially to be ca 40% during the first two years of follow-up, and then
being absent during the third year after vaccination [61], Table 7.1).

In a placebo-controlled phase 3 trial in Peru in 1993 in military recruits [63],
two doses of the WC-rCTB vaccine given 1–2 weeks apart induced 86% protec-
tion in the vaccinees against an outbreak of cholera occurring ca 3–5 months after
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Table 7.1 Protection against cholera by the oral B subunit-killed whole cell (CTB-WC) and
WCV-only vaccines in the Bangladesh field trial (60, 61)

Follow-up
period

Protective efficacy % (95% confidence interval)

CTB-WC vaccine WC-only vaccine

All ages 2–5 y >5 y

4–6 months 85% (56–95%) 100% 76% 58% (14–79%) 35% 71%
1st year 64% (50–74%) 38% 78% 56% (39–76%) 31% 67%
2nd year 52% (30–76%) 47% 63% 55% (33–69%) 24% 73%
3rd year 19% (Nil–46%) Nil 41% 41% (7–62%) 2% 61%

vaccination, i.e. very similar to the 85% protection after 4–6 months noted in the
previous Bangladesh trial. Importantly, this high level of vaccine-induced protection
was achieved against cholera due to V. cholerae O1 El Tor in a previously unexposed
population of individuals who were almost exclusively of the high-risk blood group
O. In a later study in Peru [64], two doses of the vaccine did not appear to give sig-
nificant protection during the first year of surveillance, but the study was criticized
for lack of rigor during this observation period [65]. In the second year of follow-up,
when a booster dose had also been given the efficacy was 80% [64].

Recently, the O1 WC/rCTB vaccine was also tested with very good results in a
large effectiveness trial in Mozambique [66]. The vaccine was administered through
the normal public health system to a high-endemicity population with a high sero-
prevalence also of HIV infection (estimated to be circa 30% in the adult population).
Despite the potential immunocomprising impact of HIV infection the protection
was found to be very high, 80% against all hospital admittance for cholera and 90%
against severe cholera, thus confirming the previous phase 3 efficacy trial findings
in both Asia and Latin America.

7.5.2 Killed WC-Only Vaccines

When tested side-by-side in Bangladesh with the WC-CTB vaccine, also the same
WC vaccine without any CTB provided significant short-term as well as long-term
protection against cholera (Table 7.1, [60, 61]). The short-term protection, 58% for
the initial 4–6 month period, was however significantly lower than the 85% effi-
cacy of the combined WC-CTB vaccine during the same period, which indicates
an independent protective immunogenic effect of the CTB component in the latter
vaccine. Indeed, if for the calculation of the protective efficacy of the CTB compo-
nent separate from that of the WC component, one compares the rate of cholera in
the WC-CTB group with that in the WC group, the protective efficacy of the CTB
over the WC component was 73% during this period [60]. The WC-CTB vaccine
continued to be significantly more protective than the WC-alone vaccine for the
first 9 months after vaccination [61]. Thereafter, the overall efficacy was similar,
approximately 55% during the second year of follow-up and 20–40% during the
third year.
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As mentioned, a killed V. cholerae O1 whole-cell vaccine, modelled on the
Swedish WC-rCTB vaccine but lacking the B-subunit, has been locally produced,
tested and licensed in Viet Nam. Immunization by two oral doses of this vaccine
resulted in 66% protective efficacy during a local cholera outbreak that occurred
8–10 months after vaccination [56]. The protective efficacy was similar among chil-
dren aged 1–5 years as in older children and adults. A second-generation bivalent
vaccine (O1/O139-WC), containing killed vibrios of the serogroup O139 in addition
to the O1 WC vaccine, has also been developed in Viet Nam. With support from
the International Vaccine Institute (IVI), this vaccine was recently tested for safety
and immunogenicity in a large phase 2 trial side-by-side with the international O1
WC-rCTB vaccine [67]. Results showed that the Viet Nam-produced O1/O139-WC
vaccine was safe and immunogenic, that it could be administered without buffer, and
that it could elicit robust antibacterial immune responses in both adults and children.
The vibriocidal antibody responses to O1 V. cholerae were similar to those obtained
with the international O1 WC-rCTB vaccine. In accordance with the different com-
positions of the two vaccines, only the Viet Nam vaccine induced detectable vib-
riocidal antibodies to O139 V. cholerae (although lower than against O1) and only
the Swedish O1 WC-rCTB reference vaccine induced antitoxic antibody responses.
Notably, when there was a cholera outbreak 3 or 5 years after the locally produced
vaccine had been given in a two-dose schedule under public health conditions, there
was a ca 50% protection in comparison with unvaccinated individuals [68].

Based on this, with the continued support from IVI, South–South technology
transfer and collaboration have been initiated to facilitate local production, eval-
uation and introduction of the O1/O139 WC oral cholera vaccine also in other
South-East Asian countries. In India this has now led to national registration of
the vaccine (based on safety and immunogenicity data in phase 2 studies) and cur-
rently a large phase 3 placebo-controlled trial is going on in Kol Kata to assess the
protective efficacy.

7.5.3 Live, Attenuated CVD 103-HgR Vaccine and Related Vaccines

A live, attenuated oral cholera vaccine containing the genetically manipulated clas-
sical V. cholerae strain CVD 103-HgR (10) was marketed (Orochol R©) in several
countries for use in travellers. The vaccine was well-tolerated and immunogenic in
infants as young as 3 months of age as well as in HIV-infected individuals. Except
for transient mild diarrhoea in 2–5% of the vaccinees, and some cases of nausea and
abdominal cramps, adverse reactions to the vaccine were not reported.

Experimental challenge studies in volunteers demonstrated protection as early
as 1 week after a single-dose vaccination. A high level of protection was conferred
against moderate and severe cholera caused by challenge with V. cholerae O1 of
either El Tor (60–70% protection) or classical biotype (80–100% protection). Ef-
ficacy in volunteers lasted for at least 6 months; data beyond that time are not
available [9, 10]. However, when tested in a randomized placebo-controlled field
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trial in Indonesia, a single dose of CVD 103-HgR did not confer any significant
protection during any of 4 years of follow-up [57]. The low number of cholera cases
identified during the first year of the trial made the estimates of protection imprecise,
which might explain why it was difficult to demonstrate significant protection in
this trial even at a time when protection would have been expected based on the
studies in challenged volunteers. The CVD103-HgR vaccine has not been produced
since 2004.

Several other live, attenuated newer-generation cholera vaccines have also been
developed and a few of them have even been tested for protective efficacy in the
challenged volunteer model. The best studied among these newer vaccine strains
is Peru-15, which was derived from a non-motile V. cholerae O1 Inaba strain by
a series of gene deletions and modifications including deletion of the entire ctx
genetic element [69]. When given to North-American volunteers in a single dose,
the Peru-15 vaccine strain was well tolerated and gave better than 90% protection
against challenge with (a low dose of) a virulent V. cholerae O1 (Inaba, El Tor)
strain [58]. In recent phase 2 studies in Bangladesh [70], the Peru-15 vaccine was
also reported to be safe and immunogenic, giving rise to vibriocidal antibodies in
serum in the majority of vaccinated adults as well as children. A slightly different,
live attenuated O1 El Tor cholera vaccine strain named 638 developed in Cuba has
also shown promise in volunteer studies [71].

7.5.4 O139 Cholera Vaccine Candidates

Both killed bivalent O1/O139 WC-rCTB and O1/O139 WC-only vaccines modelled
on the licensed O1 WC-rCTB vaccine were developed in Sweden and found to be
safe and immunogenic in volunteers [72]. However, in expanded phase 2 studies
vibriocidal responses against the O139 component were less frequent and at lower
titres than against V. cholerae O1 (P.Askelöf, personal communication). When the
O1/O139 WC-rCTB vaccine was tested in North-American volunteers, the protec-
tive efficacy against challenge with a virulent O139 strain was also lesser than that
against V. cholerae O1 El Tor Inaba challenge (DA Sack et al., unpublished).

Also a few genetically engineered, live, attenuated O139 vaccine candidate
strains have been generated, and two such strains were also reported to protect
against homologous O139 challenge in human volunteers [73, 74]. The possibility
of combining live attenuated O1 and O139 strains into a bivalent vaccine has not
been assessed.

7.6 Immunological Cross-Reactivity Between Cholera
and E. coli Enterotoxins

There is convincing evidence from preclinical studies that antibodies to CTB can
effectively neutralize E. coli LT, and that antitoxic immunity induced by either CT
or CTB can protect against LT ETEC diarrhea [75, 76].
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The first evidence that oral immunization with CTB provides significant cross-
protection against disease caused by LT-producing ETEC also in humans was
demonstrated in the Bangladesh field trial, where two or three doses of WC-CTB
cholera vaccine were found to give significant protection against LT-ETEC dis-
ease [77]. The protective efficacy against ETEC diarrhea during the first three
months after vaccination when there was much ETEC disease was 67%, including
both strains that produced LT alone and strains producing LT together with heat-
stable ST (Please define!) toxin. Protection was stronger against severe dehydrating
disease (86%) than against milder illness (54%), and there were no age-dependent
differences in protection. There was no protection against ETEC strains that only
produced the ST toxin, and the concurrently tested WC vaccine lacking CTB did
not protect against any form of ETEC. These findings strongly indicate that the
protection achieved against E. coli-LT disease by the WC-CTB vaccine was specif-
ically mediated by the CTB vaccine component. It was not possible to determine
the protective efficacy for the following 6 months as there were no ETEC cases in
this period. When the next ETEC season occurred 9–12 months after the last vacci-
nation, no protection was evident. Thus, in endemic areas, a significant short-term
cross-protection against LT-ETEC disease by the oral WC-CTB cholera vaccine,
specifically mediated by the CTB component, was shown.

As ETEC is the single most common cause of travellers diarrhea, it was of inter-
est to study protection in travellers. This has been done in two randomized, placebo-
controlled studies. The first of these studies was undertaken in Finnish travellers
going to Morocco [78]. In this study a protective efficacy of 60% was seen against
LT-producing ETEC. A second traveller study was conducted among US students
going to Mexico [79]. The design differed from that of the Finnish study in that the
US students were vaccinated immediately after arrival in Mexico, while the Finnish
tourists were vaccinated before departure. The majority of diarrhea cases among the
US students occurred during the first two weeks after arrival, when the vaccine could
not be expected to protect. When considering only cases occurring more than 7 days
after the second vaccination, there was significant 50% protection against all ETEC
diarrhea. The conclusion of these studies is that to protect travellers, the vaccine
needs to be given so that the second dose is taken at least one week before arrival.
Under these conditions, the WC-rCTB vaccine can be expected to give significant,
ca 50–60%, protection against diarrhea caused by LT-producing ETEC.

7.7 Effects on Diarrhea Morbidity and Mortality

Consistent with the demonstrated efficacy of oral WC-CTB and WC-only cholera
vaccines and the importance of cholera and ETEC as causes of severe watery diar-
rhoea in Bangladesh, both vaccines were found to substantially reduce the overall
diarrhea morbidity [80]. Admissions for severe watery diarrhea were significantly
reduced, by 51 and 32%, in the WC-CTB and WC vaccinated groups, as compared
with the placebo group during the first year after vaccination. In the first year of
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follow-up after vaccination there was also a dramatic effect of cholera vaccines on
total mortality [80]. Thus, as compared with placebo, overall mortality rates were
26% lower in the WC-CTB group and 23% lower in the WC group during the first
year. Among women vaccinated at ages >15 years, those who received CTB-WC
vaccine had 45% fewer deaths (p < 0.01) and those who received WC vaccine 33%
fewer deaths (p<0.05) than placebo recipients. Several findings suggested that this
reduction in overall mortality was a specific effect rather than a statistical coinci-
dence: (i) the effect was restricted to the cholera season, (ii) it was correlated with
deaths associated with or preceded by watery diarrheal disease according to “verbal
autopsy” reports by household members, and (iii) as mentioned, it was limited to the
underprivileged group of women and was not seen in the children also participating
in the study (80). The effect on total mortality was restricted to the first year, while
reduction in diarrhea morbidity was seen also during the second year of follow-up.
The results suggest that even in a “well-treated” area such as the field site in Matlab,
Bangladesh there may be a significant number of hidden cholera and severe ETEC
diarrhea deaths that might be averted by effective cholera and/or ETEC vaccination
programs.

One special aspect studied in the Bangladesh field trial of oral cholera vaccines
was the association between breast feeding and the risk of severe cholera among
children under 36 months of age [81]. Maternal vaccination with oral cholera vac-
cines was associated with a 50% reduced risk of their non-vaccinated children to
develop severe cholera as compared to the risk in children of mothers given placebo
vaccination. These results suggest that vaccination of mothers may provide specific
protection to their young children in endemic settings. This could be due to either
or both of interrupting maternal-child transmission of cholera and inducing specific
antibodies increasing the specific immune protective activity of the mothers’ breast
milk [37].

7.8 Vaccine-Induced Herd Immunity in Cholera

The public-health importance of a vaccine depends on both the direct protection of
vaccinated individuals and on possible additional indirect protection, so-called herd
immunity, which results from a reduction in transmission of the pathogen within
the vaccinated population. Phase III efficacy trials have typically used individually
randomized designs to ensure that measurements of vaccine protective efficacy re-
flect only the direct effects of the vaccine. As a result, decisions about introduction
of newly licensed vaccines into publichealth programs often do not consider the
substantially greater protection that can occur when a vaccine is deployed in practice
than when it is assessed in a trial setting [82].

These aspects were recently addressed [83] in a reanalysis of indirect and direct
effects of vaccination with killed oral cholera WC-CTB and WC vaccines in the
large field trial in Bangladesh described above. It was examined whether there was
an inverse relationship between the level of vaccine coverage in a residential cluster



7 Cholera Immunity and Cholera Vaccination 191

(a “bari”) and the incidence of cholera in individual placebo recipients residing in
the bari after controlling for potential confounding variables. If found, such a re-
lationship would support a herd immunity effect. Vaccine (including placebo) cov-
erage of the targeted population ranged from 4 to 65%. Incidence rates of cholera
among placebo recipients were inversely related to levels of vaccine coverage (7 ·01
cases per 1000 in the lowest quintile of coverage vs 1·47 cases per 1000 in the
highest quintile corresponding to a 79% indirect protection for the placebo recipi-
ents in the baris with the highest coverage; p < 0·0001 for trend). After adjustment
for the level of vaccine coverage of the cluster, specific vaccine protective efficacy
remained significant (55%, p < 0·0001). These results indicate that in addition to
providing direct protection to vaccine recipients, killed oral cholera vaccines confer
significant herd protection to neighboring non-vaccinated individuals. Use of these
vaccines could have a major effect on the burden of cholera in endemic settings.
Indeed, the latter conclusion was further emphasized by mathematical modelling
of the calculated effect of public health use of killed cholera vaccines in a setting
such as that in Bangladesh [84]. The results indicate that through the combination of
direct (vaccine-specific) and indirect (herd immunity) protection, routine immuniza-
tion with oral cholera vaccine could even at a moderate coverage where only 50% of
the target population was immunized practically eliminate cholera in high-endemic
settings and thus be an important tool in the public health control of cholera.
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Chapter 8
Helicobacter pylori Pathogenesis and Vaccines

Paolo Ruggiero

Abstract Helicobacter pylori is a spiral-shaped, Gram-negative bacillus that
chronically infects the gastric mucosa of more than 50% of the human population
worldwide. H. pylori infection causes chronic gastritis, peptic ulcer and MALT
lymphoma, and constitutes a risk factor for developing gastric adenocarcinoma.
The pathological outcome of H. pylori infection is determined by complex host-
pathogen interactions, which have been elucidated only in part. Antibiotic-based
therapies against H. pylori are generally effective, but can fail due to antibiotic
resistance or poor patient compliance. Vaccination would represent a valid alter-
native approach to fight this pathogen; however, presently, there are not licensed
anti-H. pylori vaccines. Observations made in both animals and humans have pro-
vided evidence that the natural response to H. pylori infection is of Th1 type; nev-
ertheless, this response, although strong, is rarely able to clear the infection. On the
other hand, the inflammatory response to the infection can contribute to the devel-
opment of the gastric pathologies. Studies have been performed, mostly in animals,
to elucidate the nature of protective immune response elicited by vaccination; in
spite protection has been obtained in various animal models by both prophylactic
and therapeutic vaccination, mechanisms of protection still need to be clarified, and
correlates of protection have to be identified.

8.1 Introduction

Bacteria in mammalian stomach had been already observed since the late 19th cen-
tury, but only in 1982 a bacterium was isolated from human gastric biopsies and cul-
tured, and then its relationship with gastritis in humans was proposed [1, 2]. In 1989
this microorganism was finally classified as Helicobacter pylori [3]. For the revolu-
tionary discovery that gastritis and peptic ulcer are caused by an infectious agent, in
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2005 Barry Marshall and Robin Warren received the Nobel Prize in Physiology or
Medicine.

H. pylori is a spiral-shaped, flagellated Gram-negative bacillus which colo-
nizes human gastric mucosa. It has been estimated that humans have been hosting
H. pylori for at least 100,000 years [4]. Presently, more than 50% of human popula-
tion is infected. Prevalence of H. pylori infection is much higher in developing than
in developed countries [5, 6], most probably as a consequence of different hygiene,
sanitation, and living conditions; however, population-based long-term follow-up
studies in large groups should be performed to clarify the current development of
H. pylori infection incidence in children [5].

Commonly, H. pylori infections are acquired during the first years of life [7],
mostly within the family [8]. The exact way of transmission is still to be under-
stood: it is supposed to be oro-fecal and/or oro-oral [9, 10, 11], and it could also
imply contaminated food or water [12, 13]. A role of pets [14, 15, 16] or house-
flies in H. pylori transmission seems to be unlikely [17]. H. pylori can assume a
non-cultivable coccoid form, that has been proposed to be either a degenerative or
a dormant form; in the latter case, it could represent an important way of dissem-
ination of the microorganism [18, 19, 20]. H. pylori can be also found in the oral
cavity, but the relationship between its presence in this site and the gastric infection
is doubtful [21, 22].

Although mostly asymptomatic, the H. pylori infection causes chronic gastri-
tis, peptic ulcer [23], and gastric mucosa-associated lymphoid tissue (MALT) lym-
phoma [24]. Moreover, H. pylori infection plays a role in gastric carcinogenesis,
and WHO has included this pathogen among the category 1 carcinogens [25].

8.2 H. pylori-Related Diseases

Both direct bacterial action and host response concur to originate chronic inflam-
mation of the stomach in the presence of H. pylori infection. Bacterial products
act on the gastric tissues, weakening the mucus layer protection, and damaging
the gastric epithelial cells, also inducing apoptosis [26, 27]. H. pylori adheres to
the epithelial tight junctions, increasing the paracellular barrier permeability and
changing the distribution of the tight-junction related molecules, conceivably to
have access to nutrients and ions [28]. The strong immune response elicited by
the H. pylori infection, even though unable to confer protection against the bac-
terium, may contribute to the local inflammation [29]. Moreover, the mimicry of
the H. pylori LPS with human Lewis blood antigens [30] can elicit in the infected
host production of autoantibodies reacting with the same Lewis antigens expressed
by the gastric epithelial cells, thus exacerbating the inflammation [31]. Recently, it
has been proposed the relevance of molecular mimicry between H. pylori antigens
and H+, K+-ATPase in development of human gastric autoimmunity [32]; however,
the H. pylori-induced chronic inflammation by itself might be sufficient to partially
breakdown gastric mucosal tolerance and initiate gastric autoimmunity [33].

H. pylori infection causes gastritis, peptic ulcer [2, 23], and gastric mucosa-
associated lymphoid tissue (MALT) lymphoma [24, 34]. It has been observed that
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H. pylori-positive human population is exposed to a significantly higher risk of gas-
tric cancer than non-infected population [35, 36]. The causative effect of H. pylori
infection on gastric adenocarcinoma development has been proven in animal mod-
els [37, 38, 39]. Possible association of H. pylori infection with T cell lymphoma
has also been reported [40].

H. pylori isolates have been divided into two main categories: type I and type
II strains. Type I H. pylori strains contain in their genome the cytotoxin-associated
gene pathogenicity island (cag PAI) and express CagA protein [41, 42], which will
be described more in detail below. Type I strains are often associated with the most
severe outcome of the infection, in particular with gastric cancer, as demonstrated
both in experimentally infected animals [37] and in naturally infected individu-
als [43, 44, 45].

Host’s genetic background can influence the severity of the H. pylori-associated
pathologies. For example, polymorphisms in the human IL-1� and IL-1 receptor
antagonist genes can determine the outcome of infection [46, 47, 48, 49], possibly
related to the acid suppressive effect of IL-1�. In fact, upon H. pylori infection,
people having a high gastric acid secretion are likely to develop antral gastritis
and duodenal ulceration, while people having lower acid output can develop corpus
gastritis, atrophy of the fundic mucosa and gastric ulcer, with possible malignant
outcome [46, 50] (Fig. 8.1). This is consistent with the previous observation that
individuals with duodenal ulcer disease are less likely to develop gastric adeno-
carcinoma than the average population [35, 51]. Polymorphisms of other human
genes, such as TNF-� [52] and IL-10 [53], could influence the host response to
H. pylori infection; enhanced production of TNF-�, as well as insufficient IL-10
expression, could exacerbate the inflammatory response. Polymorphism 251A of
IL-8 has been reported to be associated with progression of gastric atrophy in pa-
tients with H. pylori infection, thus possibly increasing the risk of gastric ulcer and
gastric cancer [54]. Further studies on association of host genetic polymorphisms

Fig. 8.1 Schematic
representation of the stomach
anatomy and of the most
severe pathological outcomes
of H. pylori infection
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with the type and severity of H. pylori-associated disease could be useful not only
to better understand the pathogenesis, but also to develop predictive analyses of the
pathological outcome of H. pylori infection.

Risk of development of gastric cancer is also linked with family history of gastric
cancer, low consumption of fruits and vegetables, consumption of salted, smoked or
poorly preserved foods and cigarette smoking [55].

The association of H. pylori infection with some extra-gastric pathologies, and
in particular, but not only, with cardiovascular diseases, has been suggested [56, 57,
58, 59, 60, 61]. Clarifying the mechanisms by which the H. pylori infection causes
or contributes to the development of pathologies at sites apparently unrelated to the
site of infection could help to understand the action of H. pylori on the host immune
system, both at local and systemic level.

There is evidence that eradication of H. pylori infection can cause regression of
the related diseases [38, 62, 63, 64, 65, 66]. By preventing mortality from peptic
ulcer disease and gastric cancer, H. pylori eradication can produce important cost-
effective health benefits [67, 68, 69]. Eradicating H. pylori can be also advantageous
in non-ulcer dyspepsia [70].

It has been hypothesized that H. pylori infection could protect against gastroe-
sophageal reflux disease (GERD), Barrett’s esophagus, and esophageal adenocar-
cinoma [71, 72, 73, 74]. Nevertheless, in the case of GERD, this hypothesis has
not been confirmed so far in controlled clinical trials or population-based stud-
ies [75, 76, 77, 78]. H. pylori eradication, although cannot cure GERD, has been
reported to prolong the disease-free interval when compared with the anti-secretory
therapy alone [76]. Also, no evidence has been found that H. pylori infection reduces
the risk of esophageal adenocarcinoma [79].

8.3 H. pylori Factors Relevant to Virulence and Pathogenesis

The presence of flagella at one end of the spiral-shaped bacillus confers to H. pylori
a screw-like movement that allows penetration of the gastric mucus layer, required
for the gastric colonization [80]. After crossing the mucus layer, a redundant series
of adhesins allow the microorganism to adhere to the gastric epithelial cells [81].
Several host cell molecules have been proposed to act as receptor for bacterial
binding, including blood group antigens, class II Major histocompatibility (MHC)
molecules, Toll-like receptors (TLR), and gastric trefoil factor TFF1 (reviewed
in [82]). Part of the bacterial population remains non-adherent, in equilibrium with
the adherent population, swimming in the mucus layer close to the epithelial surface,
where the acidity is lower [83]. To survive into the hostile gastric environment and
to escape immune response, H. pylori activates a series of mechanisms to modify
the microenvironment in favor of its requirements, and to impair the phagocytic and
antigen presenting activities [28]. In the following paragraphs of this section some of
the major H. pylori colonization/virulence factors will be described more in detail,
with particular attention to those that have already been involved in clinical vaccine
trials.
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8.3.1 Urease

The H. pylori urease catalyzes the conversion of urea to CO2 and ammonia, neu-
tralizing the acidic environment and allowing H. pylori to survive in the gastric
niche in the presence of acidic juices. It is required for bacterial colonization [84].
Urease consists of two moieties, UreA (27 kDa), and UreB (62 kDa). It is released
by bacteria through autolysis, and constitutes up to 10% of the total bacterial protein
content. Urease seems to be involved also in the activation and adhesion of inflam-
matory cells at the site of gastric lesions [85], and to stimulate macrophage inducible
nitric oxide synthase [86], thus contributing to mucosal damage and, possibly, to the
development of gastric pathology.

8.3.2 Neutrophil-Activating Protein (HP-NAP)

HP-NAP is a 17 kDa protein which assembles to form dodecamers [87, 88]. It in-
duces chemotaxis and direct activation of neutrophils and monocytes, and stimu-
lates production of reactive oxygen intermediates [89]. In rat mesenteric venules,
HP-NAP crosses the endothelium and promotes polymorphonuclear cell (PMN)
adhesion [90]. The contribution of HP-NAP to the recruitment of neutrophils and
monocytes is also indirect, through the stimulation of mast cells [91] and conse-
quent IL-6 production. These effects can induce local gastric inflammation, and are
potentiated by IFN-� and TNF-� [89]. HP-NAP has iron-binding capacity, suggest-
ing its role in iron uptake; however, its expression is not regulated by iron, thus its
main function could be to maintain an inflammation level that causes the release of
nutrients from the tissue, thus promoting H. pylori growth [88].

8.3.3 Cytotoxin-Associated Gene (cagA) and cag
Pathogenicity Island

As mentioned above, H. pylori isolates belonging to type I, which are associated
with the most severe pathological outcome of infection, differently from those of
type II, contain in their genome a 40 kb region called cag pathogenicity island (cag
PAI). Similarly to that observed in other pathogens [92], H. pylori has acquired this
pathogenicity island during its evolution. This may have represented for H. pylori one
of the most important steps in changing from a commensal or moderately dangerous
guest to an insidious pathogen. The cag PAI encompasses several genes including the
cytotoxin-associated gene cagA, which encodes CagA protein [42]. The majority of
clinical isolates are CagA-positive. CagA is highly immunogenic at both antibody
and cellular level; this immune response has been considered as a marker of severe
infection.Othergenes in thecagPAIencodeproteins that constitutea type IVsecretion
system, able to translocate CagA into the eukaryotic cell, where it is phosphorylated by
the host’s enzymes [93]. The translocation and phosphorylation of CagA are followed
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by induction of IL-8 production by epithelial cells, activation of NF-kB, remodeling of
thecytoskeletonandformationofcellularpedestals [41]; it hasbeenshowninvitro that
cellular shape and motility dramatically change following co-culture with H. pylori
strains, strictly depending on the CagA expression and its phosphorylation [94]. It
has been proposed that the alteration of cell-cell and cell matrix interactions, induced
in vitro by CagA, acts as an early event in H. pylori-induced carcinogenesis [95].
CagA activity may explain the association of infection by CagA-positive strains with
the development of severe gastric pathology [96]. In agreement with epidemiological
observations made in infected humans, in Mongolian gerbils H. pylori strains con-
taining an intact cag PAI have been shown to cause more severe gastric pathology
than strains in which cag PAI was absent or incomplete [37, 97].

8.3.4 Vacuolating Cytotoxin (VacA)

The vacuolating cytotoxin VacA is one of the best characterized H. pylori factors.
The mature VacA protein contains a moiety of 37 kDa essential for the toxic ac-
tivity, and a 58 kDa portion that binds to target cells. VacA monomers oligomerize
to form esa- and eptameric structures [98]. Its sequence is well conserved among
different isolates, except for the mid-region of the 58 kDa moiety which expresses
allelic variation. Clinical and experimental data clearly show that both alleles are
equally toxic [99]; they could well represent the evolutionary expression at the bacte-
rial level of a genetic polymorphism at the level of the specific host cell receptor for this
toxin. In vitro, VacA induces cell vacuolation and rearrangements of late endosomes
and lysosomes, interfering with their functions [97]. VacA forms oligomeric, anion-
selective, urea-permeable channels in artificial and plasma membranes [88, 100], and
promotes urea diffusion across the epithelium [101], thus providing the H. pylori
urease with its substrate. It has been shown in vivo that VacA damages murine gastric
epithelium [102]. VacA could support the H. pylori survival by inhibiting antigen
processing and presentation [103]. Moreover, the observation that VacA favors the
intracellular survival of H. pylori within AGS cells [104] suggests its possible role
in vivo in maintaining an intracellular reservoir of live bacteria, protected from im-
mune response and antibiotic action. VacA blocks proliferation of T lymphocytes and
inhibits their activation [105, 106], has chemotactic activity on mast cells, and in-
duces production of pro-inflammatory cytokines [107, 108]. VacA seems to confer an
advantage in the first steps of colonization, as a VacA isogenic mutant strain can be out-
competed by wild type strain; however, VacA isogenic mutant is able to infect mice,
and, once the infection is established, the bacterial load and degree of inflammation
induced are similar to those associated with the wild-type strain [109].

8.3.5 Outer Membrane Proteins

Some cag-negative H. pylori strains are still able to induce IL-8 production: this
ability has been correlated with Outer Inflammatory Protein (OipA or HopH)
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expression, leading to hypothesize that it is an important virulence factor in re-
lation to the risk of clinically significant outcomes of H. pylori infection [110].
More recently, it has been reported that OipA is involved in bacterial adherence,
but its role in directly influencing proinflammatory signaling was put in doubt, as
oipA isogenic mutants were still able to induce IL-8 expression in vitro [111]. Other
outer membrane proteins that could be relevant for virulence and pathogenesis are
adhesins, such as the Blood group Antigen Binding adhesin (BabA), whose alleles
are distributed reflecting adaptation to the types of receptors available in local pop-
ulations [112] and the H. pylori adhesin A (HpaA), which has been reported to be
essential for colonization in mice [113].

8.4 The Fight Against H. pylori: Current Status and Perspectives

Current therapies against H. pylori are based on the use of one proton pump
inhibitor (PPI) plus two or more antibiotics [114] for one–two weeks. These thera-
pies are generally effective, eradicating the bacterium from the infected individual in
80–90% of the cases; however, the real efficacy at the level of general practitioners
is not well known, and could be significantly lower that that reported in controlled
studies. Moreover, since only symptomatic patients are treated, a large number of
infected – but asymptomatic – subjects would still remain at risk of developing
severe complications of H. pylori infection.

The main reason of therapy failure is the lack of compliance due to the side
effects of the treatment, such as nausea and general discomforts that can lead the pa-
tient to discontinue the treatment. Another relevant reason of failure of the first-line
therapy is the antibiotic resistance, which is a general problem that progressively
limits the efficacy of the antibiotics. Prevalence of H. pylori antibiotic resistance
can reach values up to 95% for nitroimidazoles, 50% for macrolides, and 30% for
penicillins, varying according geographic regions and being higher in developing
than in developed countries [115].

Recurrence of H. pylori infection after a successful therapy is generally uncom-
mon in developed countries, while can reach high values in developing countries
and in particular geographic areas. The recurrence rate is highly variable among
different studies, ranging from 0 to more than 50% [116].

There is a growing field of investigation on anti-H. pylori activity of non-
antibiotic substances, encompassing phytomedicines, probiotics, and antioxidants
[117]. The additional use of lactoferrin and probiotics has been recently proposed
to increase the efficacy of current therapies [118]. However, while the inclusion of
non-antibiotic substances in the therapies against H. pylori appears interesting and it
is likely to be further developed in the near future, at present there are not validated
therapies as an alternative to the current ones.

Vaccines represent the most cost-effective and successful approach to prevent
infectious diseases. In the case of H. pylori, the drawbacks of antibacterial ther-
apy would be overcome by the use of an efficacious vaccine, which would be
cost-effective [119], preventing the insurgence of peptic ulcer, gastric cancer, and
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other H. pylori-related pathologies. Based on a mathematical model that compart-
mentalizes the population according to age, infection status and clinical state, and
also takes into account the progressive, natural decrease of the incidence of in-
fection, it has been calculated that even a 50%-effective vaccination campaign of
infants with a prophylactic vaccine lasting only 10 years would be cost-effective
in developed countries such as United States or Japan [120]. The same model in-
dicates that in developing countries, due to the higher incidence of infection, the
vaccination effort should be more prolonged to eliminate the pathogen and its asso-
ciated disease. However, the cost-effectiveness of a vaccination against H. pylori in
developing countries would increase considerably when taking into account other
clinical consequences of the infection with H. pylori, that are much more evident in
developing countries. For example, studies from Africa, Asia, and South America
have reported that early acquisition of H. pylori may cause growth retardation
[121, 122] and that this infection, by causing hypochlorhydria, can favor an increase
of diarrheal diseases [123] and enteric infections such as cholera [124] and typhoid
fever [125].

8.5 Animal Models of H. pylori Infection

Most of the knowledge of the H. pylori infection in humans comes from the first
investigations in patients with chronic infection, in whom, however, it was impos-
sible to get information on the initial stages of stomach colonization by the mi-
croorganism. Therefore, the early phases of infection in humans remain largely
unknown, with the exception of some data obtained through few cases of self-
infection [126, 127] and of accidental infections for professional reasons [128], and
by examining volunteers experimentally infected with a CagA-negative H. pylori
strain [129]. The limited possibility of following all the aspects of the pathogenesis
of H. pylori infection in humans makes necessary the use of animal models to un-
derstand the bacterium-host interactions, and to study the mechanisms of immune
response during the infection or after vaccination. Although so far we do not have
an ideal animal model reproducing all numerous aspects of infection and disease
observed in humans, the available models represent a precious tool for the devel-
opment of vaccination strategies, including the selection of bacterial molecules as
potential candidates for vaccine development.

Mouse models [130, 131, 132] have been extensively used for studies with
H. pylori. Other models have been developed in non-mouse rodents [133, 134, 135],
gnotobiotic piglets [84], monkeys [136], and dogs [137, 138].

8.6 Vaccination Against H. pylori in Animal Models

That protection against H. pylori infection can be achieved in animals, both pro-
phylactically and therapeutically, has been proven by various groups (reviewed
in [139]).
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Since the microorganism is localized extracellularly at the mucosal level, par-
ticular emphasis has been given to oral immunization, although other mucosal
routes of immunization [140], as well as the parenteral route [139] or prime-boost
regimens [141, 142] have been considered, with interesting protective results ob-
tained by mucosal priming followed by systemic boost [143]. Mucosal immuniza-
tion requires the concomitant use of strong mucosal adjuvants, as proteins are
poor immunogens when given mucosally. Some of the strongest mucosal adjuvants
presently known are bacterial toxins, such as cholera toxin (CT) and the E. coli heat-
labile enterotoxin (LT), which induce severe diarrhea in humans, seriously limiting
their use. Thus, non-toxic mutants of these molecules are being generated and tested
as mucosal adjuvants [144].

The feasibility of mucosal immunization was first demonstrated in mice immu-
nized orally with bacterial lysates or chemically inactivated whole-cell bacteria to-
gether with CT, LT, or their non-toxic mutants (reviewed in [139]), obtaining a high
rate of protection against H. pylori. Presently, the use of whole-cell based vaccines
is unlikely to be accepted for humans, facing with problems related with the quality
and reproducibility of preparations, and in particular to the presence of unwanted
contaminants. For H. pylori, the presence of LPS with Lewis antigens, which are
expressed on the surface of the majority of human cells, including gastric epithelial
cells [30], could seriously hamper the use of a whole-cell vaccine in humans. Thus,
the current research on H. pylori vaccine is focused on recombinant protein antigens.

A crucial step in selecting vaccine candidates is to test their protective efficacy.
The animal models, and the murine one in particular, which represents a valid model
to screen antigens for human vaccination [145], have greatly helped in antigen se-
lection. The efficacy of prophylactic and therapeutic immunization against H. pylori
has now been demonstrated for a variety of native or recombinant antigens, such as
urease, heat shock proteins, VacA, CagA, HP-NAP, catalase (reviewed in [139],
and HpaA [146]. Also, DNA vaccines and different delivery systems such as live
Samonella or Polio Virus vectors have been used in animals (reviewed in [147]).
Although in most cases the immunization resulted in a strong reduction of bacterial
colonization rather than a sterilizing immunity, the data obtained in animal models
indicate the feasibility of vaccination against H. pylori.

The information derived by studies on H. pylori genomics and proteomics could
lead to identify further vaccine candidates [148, 149, 150].

8.7 H. pylori and the Immune System: What Is the Protective
Immune Response?

H. pylori infection elicits a strong immune response, at both B and T cell level, as
indicated by both antibody and cytokine and chemokine production. Nevertheless,
the infection is seldom cleared.

Presently, although important observations on immune response to H. pylori
have been made in both animal models and humans, it is not well understood how
mucosal or systemic immunization can induce protection against H. pylori. Some
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data appear to be controversial being obtained by using different animal species or
strains and/or bacterial strains; moreover, observations made in animals, although
extremely valuable, cannot be automatically extended to humans.

Specific IgA [151] or IgG [152] antibodies produced locally in the gastric
compartment have been originally hypothesized to mediate protection by favor-
ing killing by neutrophils or monocytes through bacterial opsonization [153], or
by neutralizing the activity of bacterial toxin VacA [154]. The need of specific
antibodies in the effector mechanisms against H. pylori became doubtful when it
was observed that humans with congenital IgA deficiency do not suffer from a
H. pylori gastric pathology more severe than that observed in normal individuals
[155], and it was proven that protection against H. pylori was attainable by vacci-
nating immunoglobulin-deficient mice [156, 157]. Protection against H. pylori was
also achieved in MHC class I knockout mice, indicating that MHC class I-restricted
CD8+ T lymphocytes do not play a major role in such protection [158]. On the
contrary, unsuccessful vaccination of MHC class II knockout mice demonstrated a
crucial role of MHC class II-restricted CD4+ T cells in achieving protection against
H. pylori [156, 157].

Predominant Th1 response to H. pylori infection has been observed in animal
models [159, 160, 161] and in humans [162, 163]. Consistent with this observation,
some H. pylori factors including HP-NAP [164], LPS [165] and Outer Membrane
Protein (OMP) 18 [166] have been shown to elicit a Th1 response in animals. Af-
ter H. pylori infection, a long-lasting Th1-type response can be established, con-
tributing to worsening of the disease. In a subset of infected people, the infection
can affect the development or the expression in gastric T cells of regulatory cyto-
toxic mechanisms on B-cell proliferation, making easier the possibility of neoplastic
transformation [167]; as already mentioned, host’s genetic factors could be relevant
in determining the outcome of H. pylori-associated pathologies [46, 47].

In the past, it was proposed that a protective response following vaccination
should have been of Th2-type [168]. This hypothesis was supported, for example, by
the finding that oral immunization failed to confer protection to IL-4 (Th2) knockout
mice [169]. In addition, after therapeutic immunization with urease B subunit plus
CT as adjuvant, the levels of IL-4 were found to increase, while those of IFN-�
(Th1) decreased [170]. Furthermore, systemic vaccination with H. pylori lysate and
aluminum hydroxide was able to confer protection against H. pylori challenge [171].
Finally, helminth infection, which is known to elicit strong Th2-type immune re-
sponses, was shown to reduce gastric atrophy in H. pylori-infected mice [172]. On
the other hand, more recent observations indicate that the regulatory roles of Th1
and Th2 cells in protective immunity against H. pylori are still to be clarified, as the
crucial role of IL-12 and Th1 responses in achieving protection has been demon-
strated [173, 174, 175]. Moreover, IL-12 has been recently proposed as a possible
correlate of protection [142]. Also, IL-18 seems to be involved in protective Th1-
type immune response, as vaccination against H. pylori does not confer protection
in IL-18 knockout mice [176]. In mice, both IFN-� and TNF-� have been pro-
posed to contribute to protection, IFN-� being also involved in gastric inflammation
development [177]; on the other hand, significant correlation between gastritis
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severity, H. pylori colonization, apoptosis of epithelial cells and local secretion of
IFN-� and TNF-� has been found in humans [178].

In patients with peptic ulcer, it has been found that the large majority of
H. pylori-specific clones, upon stimulation with the specific H. pylori antigen,
showed a polarized Th1 profile, with high production of IFN-�; conversely, in un-
complicated gastritis, the majority of Th clones were Th0 [179]. Inhibition of Th1 or
activation of Th2 responses reduce dyspeptic symptoms, balancing and quenching
some detrimental effect of Th1 responses [179]. Based on these and other similar
observations, it can be concluded that a prolonged Th1-driven inflammation would
result in immunopathology, while a polarized Th2 response alone would not guaran-
tee protection. Thus, specific Th1 response appropriately tuned by Th2 cells would
lead to a properly balanced, protective response [167, 179, 180, 181].

The difficulty to understand the protective immune response to H. pylori and why
the natural response seems to be ineffective also resides in the incomplete knowledge
of H. pylori immunopathogenesis (for a review, see [82]), and in particular of the
mechanisms by which H. pylori disturbs and/or escapes the host immune response.

For example, it has been reported that H. pylori can either impair phagocytosis or
survive in the phagosome after phagocytosis [182, 183]. However, efficient killing
by phagocytes have been shown in vitro in the presence of specific antibodies and in
absence of complement [184]. A powerful feature by which H. pylori could become
protected from the immune response is its ability, observed in vitro, to penetrate
epithelial cells and survive within them [185]; if this mechanism is efficient in vivo,
it can create a reservoir of live bacteria in the gastric epithelium, and this could
explain at least in part the difficulties in eradicating the H. pylori infection.

Regulatory CD4+ CD25high T cells have been found to increase in H. pylori-
infected individuals, and their involvement in suppressing mucosal immune re-
sponses has been proposed [186].

It has been shown in vitro that H. pylori factors decrease mouse dendritic cell IL-
12 secretion [187, 166], while inducing dendritic cell maturation and function [166].
In contrast to data obtained in mice, human dendritic cells have been reported to
preferentially produce IL-12 in the presence of H. pylori [188], and to be impaired
by chronic exposure to H. pylori [189]. Remarkably, H. pylori Lewis antigens are
able to bind dendritic cells, and decreasing IL-6 production, thus suggesting a pos-
sible mechanism of immune response suppression [190].

NK cells produce high levels IFN-� upon co-stimulation with H. pylori and IL-
12, thus an NK role in the local immune response to H. pylori infection has been
hypothesized [191]. Interestingly, a H. pylori proinflammatory, cecropin-like peptide
has been identified that enhances monocyte-induced NK cell suppression, and could
be involved in the strategy H. pylori employs to protect itself from their action [192].

Mast cells are critical mediators of vaccine-induced H. pylori clearance [193].
It has been hypothesized that crosstalk between mast cells, CD4+ T cells and pos-
sibly other unidentified mediators would make the environmental conditions of the
stomach unfavorable to H. pylori survival and favor the bacterial clearance after
vaccination [193]. One of the mechanisms by which H. pylori could counteract this
activity of the immune system could include VacA toxin, which, as aforementioned,
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inhibits proliferation and activation of T lymphocytes [105, 106]; on the other
hand, VacA has chemotactic activity on mast cells, and induces production of pro-
inflammatory cytokines [107, 108].

The study of signaling pathways activated during H. pylori infection of human
cells could contribute to a better understanding of the mechanisms by which
H. pylori infection induces an inflammatory but functionally ineffective host re-
sponse. It has been shown in vitro that the expression and activation of c-fos and
c-jun via mitogen-activated protein kinase pathways [194] and NF-�B [195] in re-
sponse to infection by cag-positive H. pylori strains lead to IL-8 expression. Further
in vitro studies have shown that Toll-Like Receptor (TLR) 2 and TLR5 are involved
in H. pylori-induced NF-�B activation and IL-8 expression [196], but also that
an alternative TLR4 and TLR5-independent pathway exists [197]. Interestingly, in
H. pylori-infected duodenal ulcer patients, the local IL-8 response is down-regulated
by host factors, including the possible action of regulatory T cells [198].

A deeper knowledge of the immunological parameters of protection against
H. pylori following immunization will be of critical importance to interpret and
evaluate the results obtained with vaccines presently under clinical trials and for
developing future vaccines.

Based on the numerous studies of vaccination both in animal models and human
volunteers, it appears that the route of administration, as well as the adjuvant used,
can play a crucial role in the achievement of protective immune response. Con-
ceivably, as in the case of other bacterial vaccines, a combination of two or more
antigens could constitute an efficacious vaccine. Finally, it has been demonstrated
that vaccination is able to induce strong immune responses in the H. pylori-infected
mucosa; thus, a therapeutic vaccine may lead to success, as previous H. pylori-
induced inflammation could have efficiently primed the immune responses against
bacterial antigens [199].

There are some indications that protective immunity can produce a transient en-
hancement of gastric inflammation, as observed in animals vaccinated and then chal-
lenged with H. pylori, and recently confirmed by microarray analysis on gastric tissue
that revealed upregulation of IFN-� and T cell markers in mice immunized prior to
challenge as compared to non-immunized, challenged mice [200]. Thus it can be
hypothesized that post-immunization gastritis may be part of the protective response,
being involved in bacterial clearance [180, 181, 201, 202]. Recently, a further piece
of this puzzle has been identified, by the demonstration that Peyer’s patches in the
small intestine are critical for priming CD4+ T cells and essential in the development
of H. pylori-induced gastritis in mice [203]. Moreover, it has been shown that coccoid
forms of H. pylori are phagocytosed by dendritic cells in Peyer’s patches [203].

8.8 Vaccination Against H. pylori in Humans

Despite the large body of information that has been acquired on H. pylori vacci-
nation in animals, few clinical studies have been carried out so far in humans, and
no vaccines are currently licensed. Several of the trials conducted have focused on
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the use of the most abundant H. pylori antigen, i.e. urease. In addition, with one
exception, all trials have been carried out using the mucosal route of immuniza-
tion. The need for strong and safe mucosal adjuvants and the issues inherent to
the formulation of vaccines to be given mucosally may have limited the number of
studies with these vaccines. A model of experimental H. pylori infection in human
volunteers has been recently reported, which could be useful for studying H. pylori
pathogenesis in humans in addition to studies on vaccine efficacy [129].

8.8.1 Inactivated Whole-Cell Vaccines

The efficacy of inactivated whole-cell vaccines against H. pylori has been shown
in a large number of studies carried out in animals immunized either mucosally or
parenterally (reviewed in [139]). Whole-cell vaccines offer the advantage of elicit-
ing immune responses against a wide variety of antigens; however they may include
potentially dangerous components of the bacterium, such as those sharing homolo-
gies with the self antigens, and able to induce autoimmune responses, e.g. H. pylori
LPS [31].

A formalin-inactivated whole-cell H. pylori vaccine was evaluated in a phase I
trial in both H. pylori-negative and H. pylori-positive subjects [204]. The vaccine,
containing various amounts of bacterial cells, was given orally three times, on days
0, 14, and 28, together with 25 �g of the LTR192G mutant of LT toxin. The first
part of the trial was an open-label, dose-response study in which H. pylori-infected
or -uninfected individuals received 2.5 × 106 to 2.5 × 1010 bacterial cells together
with the LT mutant. Vaccination elicited H. pylori-specific antibody responses only
in subjects receiving the highest dose of the vaccine. A marginal increase of IgA and
IgG titers was observed only in H. pylori-infected patients. The number of specific
antibody-secreting cells induced by the vaccine remained negligible; however, some
detectable responses were observed at duodenal level in H. pylori-negative sub-
jects [205]. While some antibody response was induced only in H. pylori-infected
patients, proliferative responses of peripheral blood mononuclear cells and produc-
tion of IFN-� were observed only in uninfected volunteers (5 and 7 volunteers out of
10, respectively) who had received the highest dose of the vaccine, following in vitro
re-stimulation with a bacterial sonicate (and not with a purified antigen). The second
part of the trial was a randomized, double-blind study in which H. pylori-infected
individuals received either 2.5 × 1010 bacteria plus 25 �g of LTR192G, or placebo
plus 25 �g of LTR192G. Vaccinated subjects had significantly higher IgA antibody
titers in the stools than subjects receiving the placebo. The co-administration of
the vaccine with the adjuvant influenced only marginally the serum antigen-specific
IgA antibody response. Vaccination of H. pylori-infected patients did not achieve
bacterial eradication since in both parts of the trial [13C]urea breath test remained
positive up to 7.5 months after vaccination [204]. It is not known, however, whether
vaccination affected the degree of H. pylori gastric colonization, since no microbi-
ological data were reported in this study. Finally, diarrhea occurred in 5 out of 18
subjects vaccinated with the highest dose of bacteria plus the LTR192G mutant, and
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in one out of three who received the LTR192G mutant. Conceivably, diarrhea was
due to the LT mutant, that retains most of its toxic activity in vitro and in vivo [144].

8.8.2 Vaccination with Purified Recombinant Urease

A detailed study was conducted in H. pylori-infected volunteers, which were orally
immunized with high doses of recombinant urease (20, 60, or 180 mg once weekly
for 4 weeks) together with 5 �g of LT. Although the urease was well tolerated, 16 out
24 of the vaccinees had diarrhea, regardless of the dose of urease, thus conceivably
due to LT toxicity. Volunteers receiving the highest doses of urease (60 or 180 mg)
showed high levels of anti-urease IgA serum antibodies. Neither eradication nor
decrease of the gastric inflammation was achieved, although a reduction of bacterial
burden in the stomach was observed [206]. The reasons of the partial results of this
trial in terms of both immunogenicity and efficacy may be linked to the vaccination
regimen, to the vaccine formulation, to the urease antigen used, to the low dose of
the mucosal adjuvant employed (higher doses, such as 10 �g, induced too severe
diarrhea), or to difficulties inherent to the therapeutic vaccination itself that are not
understood yet. Indeed, despite all efforts, so far there are no therapeutic vaccines
available on the market.

Following these results, the same group attempted to ameliorate the safety pro-
file of this vaccine by reducing the amount of LT [207]. In this study, 42 healthy
H. pylori-negative subjects were immunized orally with 60 mg of recombinant ure-
ase either in soluble or acid-resistant, encapsulated form together with 2.5, 0.5, or
0.1 �g of LT. The vaccine was given on days 1, 8, 28, and 57. The subjects who
received the highest dose of LT showed a slightly better urease-specific antibody
response and an increase of CD4+, CD45RO+, CD69+ cells; however, diarrhea
was evident in 50% of the subjects of this group. These data confirm, as already
known from in vitro assays and animal studies, that LT toxicity, immunogenicity,
and adjuvanticity are dose-dependent, and that a fine tuning is required in order to
induce protective immune responses against the vaccine without causing unaccept-
able side effects, such as diarrhea.

Another attempt, made to circumvent the safety issues inherent to the use of the
oral administration of wild type LT, has been done by replacing the oral with the
rectal route of vaccination, which had been previously successfully employed in
mice [208]. Also in this study recombinant urease was used at the dose of 60 mg,
administered as a rectal enema to 18 healthy, H. pylori-negative adults, together
with either 5 or 25 �g of LT, given three times on days 0, 14, and 28 [209]. A strong
systemic antibody response to LT was detectable in the majority of the vaccinees,
mainly in the group of subjects receiving the lowest dose of LT (5 �g). Only a small
minority of subjects developed systemic anti-urease IgG or IgA antibody responses.
However, no anti-urease or anti-LT IgA were detectable in stool or in salivary sam-
ples. Finally, the urease-driven proliferative response and IFN-� production were
negligible.

All these studies clearly show that oral administration of recombinant urease in
particular, and likely of other antigens, requires the use of strong and safe mucosal
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adjuvants to be given at doses sufficiently high to exert their adjuvant effects, but
still unable to induce unwanted effects, such as diarrhea. Both the oral and the rectal
routes require the development of appropriate formulations able to induce adequate
protective immune responses to H. pylori.

8.8.3 Salmonella-Vectored Urease

The attempts to develop H. pylori vaccines based on the administration of live
recombinant Salmonella strains expressing urease have resulted in poor immuno-
genicity and efficacy so far, in marked contrast with the results previously obtained
in mice.

In one study, one or two oral administrations of 1010 CFU of a Salmonella enter-
ica serovar Typhi strain, attenuated by deletion of the phoP/phoQ virulence regulon
and expressing H. pylori urease, induced serum antibody responses to salmonella
antigens, while no detectable immune response to urease was observed, even after a
booster dose of recombinant urease plus wild type LT [210].

Slightly better results were reported in a subsequent study, in which six volun-
teers were immunized orally (5 to 8 × 107 CFU) with S. enterica serovar
Typhimurium harboring the same phoP/phoQ deletion [211]. Only one of the six
volunteers had detectable urease-specific IgA antibody secreting cells; two others
had slight amounts of urease-specific antibodies produced in vitro by cultured pe-
ripheral blood mononuclear cells; two subjects had some specific serum IgA anti-
bodies detectable by ELISA, but not by western blotting.

Another study was carried out in volunteers immunized orally with S. enterica
serovar Typhi Ty21a expressing H. pylori urease. None of the 9 vaccinated volun-
teers showed any detectable antibody response against urease, but 5 subjects de-
veloped cellular response [212]. Similar results were obtained in a further study,
in which 5 out of 9 vaccinees that were pre-immunized with the carrier strain de-
veloped cellular, but not antibody, response against urease; however, in this study,
vaccinees that were not pre-immunized with the carrier strain did not develop any
kind of specific immune response [213]. More recently, it has been reported that,
with a similar vaccination, three out of nine vaccinees cleared H. pylori after exper-
imental infection [214]; however, this study has not been reported in detail yet.

It appears that Salmonella-vectored H. pylori urease vaccines still require op-
timization, in particular in terms of increase of urease expression [213]; also, co-
expression of an adjuvant or immunostimulatory, as shown in mice [215], could
increase the efficacy of this kind of vaccine.

8.8.4 Parenteral, Multi-Component Vaccines

Parenteral vaccination has been shown to confer protective immunity against
H. pylori in various animal models (reviewed in [139]). In most cases, however,
the experimental vaccine consisted of an uncharacterized bacterial lysate, instead of
well-defined recombinant antigens. Based on previous experience with the acellular
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pertussis vaccine [216], a multi-component vaccine against H. pylori was developed,
consisting of VacA, CagA, and HP-NAP. Previous work in mice had shown that
immunization with VacA, CagA, or HP-NAP protected animals against challenge
with H. pylori [139, 217]. The effect of immunization with the combination of these
three antigens was then tested in an experimental beagle dog model of infection with
H. pylori [138]. Both prophylactic (unpublished data) and therapeutic [218] protec-
tion against H. pylori was observed after parenteral immunization with the three
antigens formulated with aluminium hydroxide, the adjuvant most widely utilized
for human use. Then, the safety and the immunogenicity of a similar aluminium
hydroxide-adjuvanted, multicomponent vaccine was evaluated in human volunteers.
H. pylori-uninfected individuals were immunized intramuscularly three times, fol-
lowing three different immunization regimes, with a vaccine consisting of either 10
or 25�g each of CagA, VacA, and HP-NAP, plus aluminium hydroxide [219]. This
vaccine was extremely safe and highly immunogenic, inducing antibody responses
to the three antigens in almost all vaccinees. Months after the last immunization,
most of the subjects had still detectable antibody responses to each of the three anti-
gens. Interestingly, parenteral vaccination with VacA, CagA, and HP-NAP induced
very strong and sustained antigen-driven cellular proliferative responses and IFN-�
production, as well as strong and long lasting immunological memory.

8.9 Conclusions

As the relationshipbetween H. pylori infection and peptic ulcer and increased risk of
gastric cancer is well established, the need of blocking colonization or eradicating
this pathogen appears to be the logical consequence. The introduction of a vaccine
against H. pylori could be cost-effective [119, 120] and overcome the limits of the
current antibiotic-based therapies. Several potential vaccine candidates have been
identified through the studies on H. pylori and the mechanisms of its virulence and
pathogenesis, and on the bacterial genome. The work on animal models of H. pylori
infection has allowed not only a further selection of the more promising vaccines,
but also the investigation on mechanisms of pathogenesis and on the immune re-
sponse to both infection and vaccination. Most of the experimental vaccinations
against H. pylori in animal models did not achieve a complete eradication of the
bacterium; however, a strong reduction in bacterial burden was observed, which in
some cases was accompanied by an amelioration of gastric pathology. This indi-
cates that further investigation is required on antigens, routes of immunization and
adjuvants to achieve sterilizing protection. Moreover, it is clear that further stud-
ies are required to better clarify the mechanisms of pathogenesis and to identify
immunological correlates of protection.

Some vaccines underwent early phases of clinical trials, giving encouraging re-
sults of safety and immunogenicity, but the available results in terms of protection
against H. pylori infection are poor or have not been produced yet. In the absence
of immunological correlates of protection, only large phase III clinical trials can
provide evaluation of the efficacy of these vaccines.
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Chapter 9
Immunology of Norovirus Infection

Juan S. Leon, Menira Souza, Qiuhong Wang, Emily R. Smith, Linda J. Saif
and Christine L. Moe

Abstract Noroviruses are the leading cause of epidemic non-bacterial gastroen-
teritis worldwide. Despite their discovery over three decades ago, little is known
about the host immune response to norovirus infection. The purpose of this chapter
is to review the field of norovirus immunology and discuss the contributions of
outbreak investigations, human and animal challenge studies and population-based
studies. This chapter will survey both humoral and cellular immunity as well as
recent advances in norovirus vaccine development.

9.1 Introduction

9.1.1 Norovirus Disease Etiology

Noroviruses (NoV) are the major cause of epidemic gastroenteritis in the United
States and a significant cause of severe diarrhea in young children in develop-
ing countries [1, 2]. NoV is also the most frequent cause of acute gastroenteri-
tis after ingestion of raw shellfish [3, 4, 5]. NoV symptomatic infection causes
vomiting, watery diarrhea, nausea, abdominal cramps, fever and general malaise.
Gastroenteritis induced by NoV is self-limiting and rarely fatal. Fatality in chil-
dren and the elderly is usually caused by severe dehydration after NoV infection
[2, 6, 7].

9.1.2 Classification

NoV belong to the family Caliciviridae, genus norovirus, and are currently divided
into five distinct genetic classifications called genogroups (GI-V). Genogroups are
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further subdivided into clusters, each categorized with a number and the name of
the prototype strain. Each cluster is comprised of individual strains identified from
various outbreaks and human and animal infections. GI, GII, and GIV affect hu-
mans, and currently there are 8 clusters for GI, and 17 clusters for GII [8]. It is not
possible to determine the exact number of strains for each cluster and genogroup
because new strains continue to be added.

9.1.3 Transmission

Transmission of NoV may occur via ingestion of fecal-contaminated food or wa-
ter, exposure to contaminated fomites or aerosolized vomitus, and direct person-
to-person contact [9, 10, 11, 12, 13, 14, 15, 16, 17]. In rare cases, transmission
can occur through organ transplantation [16, 17]. A low infectious dose of less
than 5 genomic copies (viral particles) could be enough to infect a healthy adult
(Moe, C.L. et al., unpublished data). In certain symptomatic and asymptomatic
individuals, virus can be shed for more than 3 weeks post-challenge or exposure
[18, 19, 20]. In immunocompromised individuals, such as transplant recipients,
NoV has been detected in stool specimens for up to two years after initial infection
[16, 17, 21, 22, 23]. These individuals may be asymptomatic carriers of NoV and a
possible reservoir for human NoV in a population.

9.1.4 Epidemiology

NoVs are the second most important cause of severe gastroenteritis in young chil-
dren [24, 25], and may cause about 20% of endemic gastroenteritis in families
[26]. Each year in the U.S., the public health impact of NoV is evidenced by
the estimated 23 million infections that result in an estimated 50,000 hospitaliza-
tions and 310 fatal cases [27]. This number is probably a severe underestimate of
the true burden of disease. In 2004, in the U.S., NoV was responsible for 48%
of outbreaks among all reported gastroenteritis outbreaks and 79% of outbreaks
among reported non-bacterial gastroenteritis outbreaks [28]. GI and GII strains
cause the majority of human outbreaks. Analyses, based on published outbreak
reports and national surveillance systems, suggests most outbreaks are associated
with GII strains [29]. Within GII, cluster 4 (GII.4), “Bristol”, has been currently
associated with most of the published outbreak reports among all the GI and GII
clusters.

NoV are classified by the Centers for Disease Control and Prevention (CDC) and
the National Institute of Allergy and Infectious Diseases (NIAID) as a Bioterror-
ism Category B Priority Pathogen based on their high transmissibility, low infec-
tious dose, and serious public health and economic impact. No vaccine is currently
available.
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9.1.5 Overview

The purpose of this chapter is to review current advances in the field of NoV im-
munology. The reader is encouraged to read recent reviews on NoV immunology
[30, 31, 32]. This chapter incorporates a synthesis of previous reviews and our re-
cent understanding of NoV pathogenesis based on the development of new models
of NoV disease.

At the onset, it is important to define key terms used throughout this chapter. NoV
may be internalized, usually through the mucosal route, after active administration
of NoV inocula to volunteers (challenge) or animals (inoculation) or passive con-
tact of humans or animals with NoV, usually in outbreaks (exposure). Challenge,
inoculation or exposure with NoV may or may not lead to infection. Infection with
NoV is defined as replication of NoV in the host. NoV infection can be determined
by detection of viral particles or viral RNA in the host or by the presence of viral
nonstructural proteins in host cells. Viral shedding is defined as the release of quan-
tifiable virus in host specimens such as feces and vomitus. NoV may be detected
in these specimens by molecular detection techniques, such as various forms of
reverse transcription PCR (RT-PCR: conventional PCR, real time PCR, quantitative
real time PCR, etc.), antigen capture immunoassays (e.g. ELISA), or electron mi-
croscopy. Infection may or may not lead to illness. The terms illness, disease, and
symptomatic infection will be used interchangeably. NoV immunology refers to the
host immune response induced after challenge, inoculation, or exposure to NoV.

9.2 How to Study NoV Immunology

9.2.1 Population Studies

Until recently, there were few non-human models of NoV disease, and the majority
of our understanding of NoV immunology came from human challenge studies and
studies of human populations. Prospective, retrospective, and case-control studies
were common study designs and often took advantage of existing community and
clinical specimens collected from studies [33, 34, 35]. In addition, clinical speci-
mens (e.g. saliva, sera, stool) taken from outbreak investigations continue to provide
a wealth of information to our understanding of NoV immunology. The advantages
of these approaches are that the results are more representative of real conditions
than laboratory studies and are directly applicable to the human condition. Disad-
vantages include the difficulty in obtaining clinical specimens, limited control of
study design and low or inadequate study power.

9.2.2 Human Challenge Studies

From the 1970s to the present, there have been over a dozen human challenge stud-
ies with NoV. In these studies, volunteers were enrolled in a clinical trial (after all
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the necessary regulatory approvals were met) and studied under controlled clinical
conditions, usually in a hospital setting. Volunteers were challenged with various
preparations of NoV, clinical specimens collected, and their responses recorded.
The advantages of human challenge studies include: direct applicability of results
to the human condition, control of study design and study power, and ease of ob-
taining clinical specimens. The disadvantages include: difficulty in obtaining all the
relevant regulatory and ethical reviews and approvals, logistical issues involved with
human volunteers, and difficulty in obtaining adequate sample sizes (study power).
Another disadvantage is that human volunteers often have a range of pre-challenge
exposures that will affect their response to the challenge. The difficulty is two-fold:
(1) volunteers have diverse pre-challenge exposure history and (2) we do not have
adequate methods of measuring and characterizing their pre-challenge exposure his-
tory. Lastly, it is difficult to create approved NoV inocula for use in human challenge
studies.

Four NoV clusters, with possibly varying strains, have been used in human chal-
lenge studies since the 1970s: Norwalk virus (GI.1), Montgomery County (GI.5)
[36], Snow Mountain virus (GII.2) and Hawaii virus (GII.1) (classification deter-
mined from [8]). Other human challenge studies, prior to 1970, have used unchar-
acterized challenge agents and therefore it is unclear whether these challenge agents
were only NoV or included other viruses (reviewed in [37, 38, 39]). Currently (i.e.
2007), two groups perform human challenge studies; these are Dr. Mary Estes’
group at Baylor College of Medicine, in Houston, Texas, and Dr. Christine Moe’s
group at Emory University, in Atlanta, Georgia.

9.2.3 Non-Human Models

During the past decade, several new promising animal models have been developed
that provide more tools for studying NoV pathogenesis and immunology. These
models include the gnotobiotic (Gn) pig, Gn calves, non-human primates, mice, as
well as other invertebrate models. All models shed virus and seroconverted to NoV
antigens. Currently, both the Gn pig and murine models hold the most promise for
a greater understanding of NoV immunology.

9.2.3.1 Gnotobiotic Pigs

In 2006, Dr. Linda Saif’s lab developed a new model of human NoV disease that
promises to advance the field of NoV immunology. This model utilizes gnotobiotic
(Gn) pigs as an experimental animal model [40, 41, 42]. In this model, the investi-
gators were able to infect the Gn pigs with a GII.4 human NoV after oral inocula-
tion. Gn pigs have long been used to study human rotavirus pathogenesis and host
immune responses and have the advantages of similar gastrointestinal physiology,
mucosal immune responses and milk diet to that of infants [43, 44, 45, 46]. Other
advantages of this model include susceptibility to human NoV infection, and simi-
larity of symptoms with human disease, such as diarrhea and pathological changes
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in the gastrointestinal system [40]. Additionally, Gn pigs have histo-blood group
antigens, like humans, that influence susceptibility to NoV. The incubation period
for GII.4 NoV in Gn pigs (12 to 48 hours) was similar to that observed in humans
experimentally infected with Snow Mountain virus (SMV) (19 to 41 hours) [47],
and the diarrhea was mild and of short duration (1 to 4 days in most pigs). However,
there are some differences compared to human disease. Multiple passages of NoV
through various pigs (up to 3 serial passages) seemed to reduce the duration of
diarrhea, reduce the prevalence of Gn pigs that shed virus, and reduced the duration
of viral shedding although the virus was still infectious; therefore, multiple passages
in the Gn pigs may be required for more complete adaptation of the GII.4 NoV to
this animal model. The human NoVs infect the proximal small intestine in both
humans and in Gn pigs. However, infected humans reportedly exhibit inflammation
in the duodenum and jejunum [48, 49, 50] whereas Gn pigs exhibit mild pathologi-
cal changes in the duodenum, but not jejunum and ileum. Furthermore, only 1 of 7
inoculated pigs exhibited pathological changes [40].

One interesting observation was that intravenous administration of human NoV
also consistently infected Gn pigs, and NoV was transiently detected in serum of
orally inoculated pigs [40]. In humans, NoV viremia, i.e. systemic spread of the
virus, has not yet been carefully examined; although it is hypothesized that NoV
cannot be transmitted through blood products. However, based on the finding in
pigs, re-examination of human NoV viremia is warranted.

9.2.3.2 Gnotobiotic Calves

In Dr. Linda Saif’s lab, the Gn calf has also been used as an animal model to study
pathogenesis and immune responses to viruses such as a human enteric coronavirus
[51], rotaviruses [52] and NoV [53, 54]. Because Gn calves are raised on a milk
diet and are free of microbes, their rumen does not develop and their gut physiology
and mucosal immune responses (dominance of secretory IgA) remain similar to
that of other monogastrics, including human infants. They provide an alternative
animal model for the study of gastrointestinal viruses, such as the fastidious human
NoV. Of importance, the occurrence of GIII NoVs in cattle also permits compar-
ative studies of host-specific versus NoV adaptive host strains. In one model, the
bovine GIII.2 NoV CV186-OH and the unassigned calicivirus genus, NB strain,
infected the villous epithelial cells of the small intestine of Gn calves, especially
the duodenum, causing cellular destruction and resulting in mild to severe diar-
rhea [55].

The Gn calves, like the Gn pigs, also serve as important animal models for
the study of primary immune responses to NoV that are difficult to assess in
adult volunteers due to the presence of pre-challenge antibodies to human NoVs.
The immunogenicity of bovine NoV-like particle (VLP) and human VLP vaccines
and the protection induced in Gn calves upon homologous viral inoculation have
been evaluated [53]) and are further discussed in Sections 9.5.2 and 9.5.6 of this
chapter.
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9.2.3.3 Non-Human Primates

Non-human primates provided one of the earliest models of NoV disease. Several
groups reported infection of non-human primates with human NoV [56, 57]. Sim-
ilar to responses observed in adult human volunteers, newborn pigtail macaques
reportedly began viral shedding after 24 hours, and it was reported that some shed
virus in excess of 21 days [56]. Interestingly, the mother of one infected macaque
that resided in the same cage also became ill with the same strain of human NoV.
This finding suggested that horizontal transmission, probably by the fecal-oral route,
had occurred, similar to NoV transmission in humans. Other investigators showed
that inoculation of Rhesus macaques induced several weeks of viral shedding in
one asymptomatic macaque [58]. Different non-human primate species exhibited
varying clinical disease and shedding. Neither marmosets, cotton top tamarins, nor
cynomolgus macaques developed diarrhea or clinical symptoms [58]. Both mar-
mosets and tamarins shed virus for between 3 and 4 days post-inoculation, while
cynomolgus macaques did not shed virus. Some non-human primates exhibited
NoV-specific IgM and IgG (rapid rise by 14 days post inoculation); no NoV-specific
IgA was detected in the saliva of any animal. The reported detection of IgG cross-
reactive with human NoV in mangabey, pigtail, Rhesus, and chimpanzee species
suggests that non-human primates may be naturally infected by NoV [59].

Advantages of this model are the physiologic similarity of non-human primates
to humans, the ability to use human NoV to inoculate non-human primates, and the
ability to control the immunologic exposure of the non-human primate if necessary.
Disadvantages include finding access to a well-maintained primate facility, the high
cost of the study and the effort to assure compliance with regulatory guidelines.

9.2.3.4 Mice

The murine NoV model is a recent exciting discovery by Dr. Herbert Virgin’s group
[60]. In this model, either immunocompromised or wild type mice can be infected
with a mouse-specific NoV. This mouse-specific NoV was named murine NoV
(MNV-1) and was classified as a Genogroup V virus. To date, MNV is known to
infect only mice and is a common pathogen in mouse colonies [61]. Immunocom-
promised STAT 1 knockout mice, when inoculated with MNV-1, developed massive
viremia and inflammation in all organs and died within 10 days post-inoculation
(d.p.i.) [60]. In contrast, wild type adult (8 week) 129 mice, when inoculated with
MNV-1, exhibited viremia, and virus in a few organs including liver, spleen, and
proximal intestine. These mice were able to clear MNV-1 by 3 d.p.i. and did not
die. Of five mice inoculated, all seroconverted to NoV antigen between 14 and 21
d.p.i. [60]. Infection by other wild type mouse strains, MNV-2, MNV-3, MNV-4, in
juvenile (4 week) CD1 mice resulted in viral shedding in feces and the presence of
virus in mesenteric lymph node, spleen, and jejunum up to 8 weeks post-inoculation
([62] and discussed in [63]).

The advantages of this model are that MNV-1 infected mice have some charac-
teristics similar to infected humans. Mice can acquire the virus through the fecal
oral route, similar to humans. Wild-type mice housed with persistently-infected
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immunocompromised mice (RAG knockout mice) develop MNV-specific antibod-
ies within 3 to 4 weeks of exposure (discussed in [63]). Interestingly, mice can
also acquire the virus through the respiratory route. Immunocompromised mice,
but not wild type 129 mice, develop gastric bloating and diarrhea among other di-
verse clinical signs. Other clear advantages are the wealth of immunologic tools
and mouse strains available to study the immunology of infection in mice and the
ease of maintaining and setting up experiments. One disadvantage of this model is
that wild type mice are asymptomatic and do not show lesions in the small intestine
upon macroscopic inspection as is seen in human disease. Also, mice do not have
the emetic physiologic response, so this variable and route of transmission cannot
be assessed. Additionally, whether mice have the corresponding histo-blood group
antigens like humans and pigs that influence susceptibility to NoV is unclear and
precludes the use of mouse models for such investigations. In addition, infection of
some immunocompromised mice with MNV-1 is lethal and leads to disseminated
viremia, unlike human hosts. For additional discussion of the strengths and weak-
nesses of the MNV model, please consult [63].

Murine models of MNV disease may not be limited to 129, CD1 and immuno-
compromised mice. As discussed, MNV is a prevalent pathogen of outbred mouse
colonies and induces immune responses in these mice, as measured by seroconver-
sion to NoV antigen [61]. Therefore, it is likely that improved MNV models will be
used in the future for the study of NoV immunology.

9.2.3.5 Cell Culture

Since 2006, two novel cell culture systems for NoV infection have been developed.
The first in vitro NoV cell system is based on MNV infection of tissue culture
macrophages (RAW lineage) or tissue-derived cells such as dendritic cells or bone
marrow derived cells [64]. This model will help investigators dissect the host cell-
NoV interactions at the level of immune cells. The second model is based on human
NoV infection (GI and GII viruses) of a three dimensional, organoid model of hu-
man small intestinal epithelium [65]. Both infection and at least limited replication
(discussed in [66]) were demonstrated in this model. Whether this model can be
adapted to other cells, such as immune cells of the macrophage or dendritic lin-
eage is yet to be determined. These two models are likely only the beginning of in
vitro models of NoV infection that will help our understanding of the relationship
between the host immune system and NoV.

9.3 Population

9.3.1 Seroprevalence

Before discussing the various seroprevalence studies, it is important to point out
that different studies used different sources and types of antigens. For example,
older studies (prior to the ‘90s) used virus antigen purified from stool samples while
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more recent studies (in the ‘90s to present) used recombinant VLP as antigen. In
addition, different strains of NoV were used as antigen in these studies. These dif-
ferent antigens may have different cross-reactivity and binding affinities to human
immunoglobulin in serum specimens. Therefore, while general trends on seropreva-
lence and epidemiology may be gleaned from these studies, the exact seroprevalence
against NoV among the various studies are not comparable to each other.

Examination of age-specific antibody seroprevalence in a variety of populations
provides another key to understanding the body’s immunologic response to NoV.
Pediatric seroprevalence is particularly insightful as it illustrates the role of mater-
nal antibodies and varied rates of antibody acquisition in different environments.
The seroprevalence of NoV antibody in infants less than 4 months of age is similar
to the number of seropositive women of childbearing age in the same community
suggesting that these infants possess maternal antibodies [67, 68, 69, 70, 71, 72].
In general, these maternal antibodies persist for several months before a decrease in
seroprevalence occurs. This decrease is usually observed between 3 and 6 months
of age, although Parker et al. suggests that maternal antibody may be detectable
in infants up to 8 months of age [73]. Figure 9.1, collected from a representative
set of studies, illustrates this trend. However, after 4 months of age, pediatric NoV
seroprevalence shows variation across demographic lines. The contrasting rates of
antibody acquisition in developed and developing countries is well documented and
best understood within the context of pediatric seroprevalence. In several developing
countries, including Bangladesh [74], Kuwait [68], rural Thailand [69], South Africa
[33] and Mexico [75] children appear to acquire “primary infection” during or prior
to their second year of life. In Bangladesh, 100% of four-year-old children were
seropositive for NoV antibody and, in general, childhood seroprevalence reaches
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the maximum population-specific seroprevalence before age 5 in developing coun-
tries. In contrast, in developed countries, maternal antibodies decrease to low levels
after 3 to 4 months, and the majority of children do not demonstrate subsequent
serologic NoV response as a result of presumed exposure until age 12 [67, 76]. In
Japan, NoV-specific seroprevalence is only 11% for children less than 6 years old
while about 70% of adults are seropositive [76], and, in the United States, adult
levels of NoV-specific seroprevalence are not reached until adolescence [67]. Sero-
prevalence data from Beijing, China, Hokkaido, Japan and Southeast Asia associate
steep increases of childhood acquisition of antibody against NoV with daycare and
elementary school attendance [70, 76, 77]. Ultimately, the varied patterns of age-
specific antibody acquisition may provide insight into the environment and behavior
associated with exposure to NoV.

Although the pattern of pediatric exposure to NoV is consistent, the pattern of
adult seroprevalence of NoV appears to vary by populations. Greenberg et al. found
that among 7 rural, urban, developed and developing countries there was no signifi-
cant difference among adult seroprevalence [78]. However, examination of multiple
seroprevalence studies indicates that there is variation among adult levels of sero-
prevalence. For example, an isolated Indian tribe in Ecuador, the Gabaro, was found
to have no NoV antibodies in the late 1970s, while a Massachusetts cohort had a
50% NoV-specific seroprevalence in adulthood [79], and Kuwaiti adults had a 100%
NoV-specific seroprevalence [68]. Table 9.1 illustrates adult seroprevalence from a
representative number of international studies. While study design and method of

Table 9.1 Percent of adults∗ positive for NoV-specific antibody from representative regions

Region Year of study Percentage of Positive for
NoV-specific antibody†

Reference

Beijing, China 1996–1997 100‡ [70]
Papua New Guinea 1979 100 [76]
Kuwait 1997∗∗ 100‡ [68]
Australian aborigines, Australia 1977 94 [71]
South Africa 1997∗∗ 93‡ [33]
Indonesia 1975–1976 90 [76]
Japan (Hokkaido, Miyagi-ken,

Saitama-ken, Kyoyo-fu,
Fukuoka-ken)

1984–1990 81 [76]

Dijon, France 2000–2001 78‡ [192]
Netherlands 1998–2001 74 [84]
United States 1974–1977 66 [78]
Singapore 1975 64 [76]
London, UK 1992 63 [71]
Massachusetts, USA 1975–1979 50 [79]
Ecuador (Gabaro) 1974–1977 0 [78]
∗ Adults are defined as individuals over 20 years, unless otherwise defined within the publication.
∗∗ Year of study was not available so the date the study was published was used instead.
† NoV-specific antibody for adults is defined as any isotype (IgG, IgA or IgM) seroprevalence for
adults.
‡ Because no general adult prevalence value was given, the median adult prevalence value was
calculated and rounded from published data.
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antibody detection may account for some differences in the seroprevalence between
populations, these findings also likely point to the roles of behavior and environment
associated with exposure to NoV in a given population.

In general, certain behavioral and environmental characteristics can be linked
to antibody acquisition against NoV in developing countries. First, lower socioe-
conomic status, poor standards of hygiene and limited access to potable water are
found to be significantly associated with a higher NoV seroprevalence [35, 80, 81].
In agreement with these associations, a sero-epidemiological study of Chinese
medical students found that students from rural towns had higher NoV-specific
seroprevalence than students from urban settings [82]. Hygiene standards and so-
cioeconomic status are often lower in rural settings. Other socio-behavioral factors
associated with a higher NoV-specific seroprevalence include crowding within the
home [35, 70, 80] and lower levels of maternal education [80]. In developed coun-
tries, the most common behavioral association with increased NoV-specific sero-
prevalence is childhood attendance at childcare centers or enrollment in elementary
school [70, 76, 77, 80]. It is also notable that large outbreak situations are the most
common pattern of infection in developed countries, indicating that high population
density and common-source food or water contamination are important risk factors
for infection [70, 83]. Additionally, there are a number of other factors associated
with NoV-specific seroprevalence that are not specific to developed or develop-
ing countries including recreational water contact [80], consumption of sea food
[80, 83], eating raw vegetables [80], blood type [82], and agricultural work [35, 84].
Ultimately, understanding the global patterns of seroprevalence and the associated
risk behaviors will provide insight into the human immune response to NoV.

9.3.2 Immunology Learned from Outbreaks

Outbreaks have provided a wealth of information regarding the immune response
of the host after NoV exposure and immunity against NoV. This information is
supported and refined with data from human challenge studies that provide more
controlled conditions (discussed in subsequent sections). For example, in outbreaks,
several NoV-specific antibody isotypes have been identified including serum IgA
[85], IgM [86], and IgG [87] as well as antibodies in saliva [88]. These NoV-specific
antibodies are cross-reactive and bind to multiple NoV strains within various clus-
ters within and across genogroups [87, 89]. In general, higher cross-reactivity is ob-
served within clusters [89] and genogroups than across genogroups [6, 89]. As will
be later discussed, pre-challenge serum antibodies, determined from acute serum
specimens, did not provide protection from infection [90]. Lastly, outbreaks also
show us that infection with one NoV strain does not protect from re-infection with
a different strain [90].

Serology has been used in outbreaks to both diagnose and classify NoV strains.
Multiple tests have been developed and used, including immune electron mi-
croscopy [91, 92], radioimmunoassay tests [93, 94, 95], isotype specific tests (e.g.
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IgG, IgM, IgA) [85, 88, 96], tests using serum and saliva specimens [88], western
blots [97], enzyme immunoassays (e.g. ELISAs) using single [96] and multiple anti-
gens [6, 98], and “blocking” antibody tests [93, 94, 99, 100]. In general, a fourfold
rise in NoV-specific antibody levels (from samples collected at least after 2 weeks
post challenge) compared to baseline (from samples collected before or temporally
close to NoV challenge) suggests infection. Unfortunately, serology is not as spe-
cific as genomic methods (e.g. real time PCR, reverse transcriptase PCR, genomic
based phylogeny and classification) to diagnose and classify NoV strains because of
the presence of pre-challenge antibodies and cross-reactivity across strains. Serol-
ogy may also not be as sensitive as genomic methods at diagnosing infections. For
example, high levels of pre-challenge antibodies may mask a fourfold rise in anti-
body levels after exposure. Genomic methods should be used as the main diagnostic
and classification tool for NoV strains, and serology should be used to complement
existing results or as an aid in outbreak investigations when stool specimens or ge-
nomic methods are not available.

9.4 Individuals

9.4.1 Clinical Features of NoV Gastroenteritis

A subset of NoV exposed individuals may become infected. Within this subset, a
further subset of infected individuals may experience symptoms of gastroenteritis.
In volunteer studies, the time to first symptom, or incubation period, ranged from 10
to 51 hours for Norwalk virus (NV) challenge (reviewed in [38]) and 19 to 41 hours
for Snow Mountain virus challenge [47]. Symptoms may last from a few hours to
several days. In our experience, NV-infected volunteers usually exhibit symptoms
from 1 to 2 days while Snow Mountain virus infected volunteers usually exhibit
symptoms from 1 to 5 days (Leon, J.S. and Moe, C.L. unpublished data). Symptoms
include nausea, vomiting, diarrhea, abdominal cramps, headache, fever, chills and
myalgia. Diarrhea stools are non-bloody, watery, and do not contain mucus or fecal
leukocytes [37]. In agreement with these manifestations, fecal lactoferrin, a sensitive
marker for intestinal polymorphonuclear leukocyte inflammation, is generally not
detected [101]. In rare cases, NoV has been associated with encephalopathy (NoV
was also detected in stool, cerebrospinal fluid, and serum) [102], neck stiffness,
disseminated intravascular coagulation, photophobia, reduced alertness [103] and
sore throat [104]. Dehydration is often the most serious complicating factor and
may induce death in young children and elderly individuals. There is a relation-
ship between symptoms and NoV-specific antibodies and this will be discussed in
Section 9.4.4.4. In an immunocompetent host, symptoms usually resolve after a
few days. The severity of illness and manifestation of specific symptoms seems to
depend on both the NoV strain and the individual.

NoV shedding varies with each host. In our challenge studies, we have ob-
served that NoV shedding often continues beyond the cessation of symptoms. In
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one extreme case, an immunocompetent individual exhibited symptoms until 4 days
post-challenge and shed virus in their stool for beyond one month post-challenge
(Leon, J.S. and Moe, C.L. unpublished data). Levels of viral shedding in stool may
be as high as 1010 genomic copies per gram of stool (Leon, J.S. and Moe, C.L.
unpublished data). These observations suggest that infected individuals could be
asymptomatic NoV carriers and shed virus for many days beyond the cessation of
symptoms. In contrast, we have observed NV-challenged individuals who serocon-
vert and do not shed detectable levels of NV in their stool, as evaluated by RT-PCR
(Leon, J.S. and Moe, C.L. unpublished data).

Gastrointestinal function is altered after NV challenge. Challenged volunteers
exhibited transient malabsorption of lactose, D-xylose, and fat [37]. Levels of small
intestinal brush border enzymes, trehalase and alkaline phosphatase, were decreased
48 hours after NV challenge compared to baseline values [105]. Among Norwalk
and Hawaii virus-challenged volunteers, gastric emptying was significantly de-
layed in those who exhibited illness compared those who did not develop illness
[106]. Rates of gastric emptying returned to baseline levels usually once symptoms
had resolved. Adenylate cyclase activity in the jejunum [107], gastric secretion
of pepsin, hydrochloric acid, and intrinsic factor were not altered after NV chal-
lenge [106].

Human and animal models of disease suggest that the inflammation associ-
ated with NoV infection occurs in the small intestine. Jejunum biopsies of chal-
lenged volunteers exhibited histopathological lesions at the time of illness [49, 50,
105, 108]. The jejunum exhibited histological abnormalities five and six days after
Hawaii and NV challenge and two days after symptom clearance [50, 108]. No
abnormalities were observed two weeks [49, 105] and six to eight weeks after
challenge [108]. Interestingly, these jejunum lesions were also observed 48 hours
after challenge with Norwalk or Hawaii virus in some asymptomatic volunteers
[50, 105, 108]. However, other asymptomatic volunteers exhibited no jejunum le-
sions 48 hours after NV challenge [48]. It is unlikely that these asymptomatic vol-
unteers had no lesions because they were genetically resistant to NV infection, as
some of these asymptomatic volunteers had previously been challenged and became
ill after NV infection. Histological lesions were not observed in the gastric fundus,
antrum, or rectal mucosa of volunteers challenged with NV [105, 109]. Based on this
data, it is worth speculating that jejunum lesions are associated with NoV infection
in the presence or absence of clinical illness.

The inflammation and lesion observed in the infected host had particular charac-
teristics. The villi of the proximal small intestine exhibited blunting and broadening
while the mucosa was histologically intact [49, 50, 105, 108]. Increased numbers
of mononuclear cells and some polymorphonuclear leukocytes (neutrophil granu-
locytes) infiltrated the intercellular spaces between epithelial cells of the lamina
propia [50, 108]. In the pig model, higher levels of apoptosis were observed among
enterocytes in the small intestine of human NoV-inoculated pigs compared to mock-
inoculated pigs [40]. In the mouse model, apoptosis of cells of the small intestine
and spleen was only observed in STAT1 knockout mice but not in 129 mice infected
with MNV [110]. Apoptosis has not yet been assayed in human biopsies.
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There is much speculation about which cells are infected by NoV in humans.
NoV was not detected by histology in any human biopsy of the small intestine taken
after NoV challenge [48, 50, 105, 108]. However, animal models have provided
several clues as to the identity of the target cell. In Gn pigs inoculated with human
NoV, the NoV capsid protein was detected, via confocal immunofluorescent mi-
croscopy, in enterocytes in discrete areas of the villi of the duodenum and jejunum
and in some cells in the ileum [40]. Positive enterocytes of these inoculated pigs
were mainly located at the sides or tips of each villus. The viral capsid was also
observed in deep areas of the duodenum. It was not clear whether the capsid protein
was located in Brunner glands or crypts. To identify areas of viral replication, the
nonstructural N-terminal viral protein was identified in some, but not all, enterocytes
that expressed the capsid protein. The N-terminal protein was found in the apical
end of enterocytes. By transmission electron microscopy, calicivirus-like particles
of 25–40 nm in diameter were observed in cytoplasmic vesicles in enterocytes.

Other results were reported in studies in wild type mice and STAT1 knockout
mice inoculated with MNV. To identify sites of MNV replication, the non-structural
ProPol processing intermediate was detected in cells of the lamina propia in the villi
within 24 hours post-inoculation with MNV in wild type 129 mice [110]. In STAT1
knockout mice, the ProPol protein was mainly detected in epithelial cells lining the
villi, both the basolateral and apical regions by 12 hours post-inoculation. A few
lamina propia cells exhibited the ProPol protein by 12 hours post-inoculation, but
by 48 hours post-inoculation, the majority of cells expressing ProPol were in cells
of the lamina propia and in the Peyer’s patches. In contrast, very few epithelial cells
expressed ProPol by 48 hours post-inoculation. The authors hypothesized that MNV
initially seeds and replicates in epithelial cells in STAT1 knockout mice, but later
replicates in the lamina propia and Peyer’s patches.

In wild type 129 mice, infectious virus is first detected in the proximal small
intestine 3 hours post-inoculation. MNV later spreads to peripheral organs includ-
ing the spleen, lymph nodes, liver and lungs after 1 d.p.i. By 7 d.p.i., MNV levels
were low or undetectable in all organs. In mice, the intestine may be the site of
primary NoV seeding that later facilitates systemic spread [110]. Because MNV has
been shown to replicate efficiently in wild type murine macrophages and dendritic
cells [64], Wobus et al. hypothesized that infection of transepithelial dendritic cells
in the lumen of the intestine may provide a pathway for initial NoV infection of
the intestine [63]. In addition, we speculate that NoV-infected dendritic cells and
macrophages could also be potential carriers of NoV infection to other peripheral
organs including the spleen and lymph nodes.

9.4.2 Protective Immunity Against NoV Infection

There are two questions in the field of NoV immunology that are essential to the
success of a NoV vaccine. The first question is whether short-term or long-term im-
munity can be induced and protect from future NoV infection. An effective vaccine
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should be able to induce host immunity that protects from future NoV infection. The
second question is whether protective homologous and heterologous immunity can
be induced. An effective vaccine should induce protective immunity against antigens
in the vaccine (homologous) and, ideally, against related antigens not present in the
vaccine (heterologous). These questions have been incompletely addressed in three
separate human NoV challenge-re-challenge studies [48, 111, 112]. These studies
were unable to use the current definition of infection (detection of viral shedding)
because molecular assays were not available at the time these studies were con-
ducted. Instead, clinical symptoms were used as a marker of NoV infection. Because
infected individuals do not always exhibit clinical symptoms, the results of these
studies should be interpreted with caution. In addition, it is difficult to distinguish
whether a positive immune response in a volunteer, especially to a cross-reactive
antigen, may be the result of either a current or past norovirus infection.

Two general hypotheses can be derived from these studies (reviewed [30, 38,
113, 114]). The first hypothesis is that challenge or exposure to NoV induces
“short-term immunity” (6 months or less) but not “long-term immunity” (beyond
2 years) that protects from subsequent re-challenge or re-exposure to the same
strain. This is based on the observation that challenged volunteers who became
ill initially were re-challenged, within 6–15 weeks with the same virus and did
not become ill [112]. Illness after re-challenge was 0/5 volunteers for NV (GI.1),
0/6 volunteers for Montgomery County virus (GI.5), and 0/3 for Hawaii virus
(GII.1). The inability of each strain to induce illness in the re-challenged host
was not due to a genetic factor because each strain was able to induce illness
in the initial challenge. Therefore, these results suggest that previous challenge
or exposure to NoV may induce protective immunity (6–15 weeks) that protects
from subsequent challenge or exposure to the same strain. In agreement with
this hypothesis, challenge and re-challenge with the same strain of bovine NoV
within 30 days induced protection from viral shedding and clinical signs in Gn
calves (discussed in 5.6 and in [53]). A separate NV challenge study demon-
strated that re-challenge 6 months after the initial challenge did not result in ill-
ness in some volunteers who had become ill in the initial challenge [111]. A
third NV challenge study demonstrated that re-challenge after 27 and 42 months
induced illness in all volunteers that initially developed illness upon first chal-
lenge [48]. Collectively, these observations suggest that challenge with NoV pro-
vides protection against subsequent illness if volunteers are re-challenged with
NoV within 6 months, but not after 2 years. Whether re-challenge, between 6
months and 2 years, protects individuals from human illness has not yet been ad-
dressed.

The second hypothesis is that challenge with NoV can induce both protective
homologous immunity against re-challenge with the same strain, shown above, and
protective heterologous immunity against re-challenge with certain other strains.
Heterologous immunity is thought to depend on immune reactivity to shared epi-
topes in the virus capsid between different NoV strains (shared epitopes will be
discussed in Sections 9.4.4.2 and 9.4.4.3). This hypothesis is based on the obser-
vation that challenged volunteers who became ill and were re-challenged, within
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6–13 weeks with a different virus, did not become ill [112]. Illness after Mont-
gomery County virus (GI.5) re-challenge occurred in 0/8 volunteers initially chal-
lenged with NV (GI.1) and in 0/4 volunteers initially challenged with Hawaii virus
(GII.1). Interestingly, illness after NV re-challenge occurred in 1/3 volunteers ini-
tially challenged with Montgomery County, suggesting that complete protection
may have been in one direction, but that incomplete protection may occur in the
other direction. Within GI NoVs, one Montgomery County challenged individual
developed a significant rise of NV-virus-specific antibodies, suggesting antigenic
relatedness between these viruses [112]. However, challenge and re-challenge be-
tween genogroups did not provide complete protection in either direction. For ex-
ample, challenge with NV (GI) and re-challenge with Hawaii virus (GII) resulted
in 3/6 ill volunteers while challenge with Hawaii virus and re-challenge with NV
resulted in 2/3 ill volunteers. This result suggests that Norwalk and Hawaii virus
are antigenically different which is confirmed by their classification into distinct
genogroups [8] and the absence of antibody cross-reactivity in serologic studies
[112, 115, 116]. This result is also in agreement with a study of two outbreaks
involving some overlapping cases. One case who became ill upon infection with a
Norwalk-like virus (GI) later became ill upon infection with a Hawaii-like virus
(GII) 6 months later in another outbreak (classification of Norwalk and Hawaii
virus was based on the reactivity of the individual’s sera to NV and Hawaii anti-
gen) [90]. Based on the challenge-re-challenge study [112], because some volun-
teers did not become ill upon re-challenge (NV-Hawaii, Hawaii-NV, and Mont-
gomery County-NV challenge-re-challenge), it is still possible that heterologous
immunity protected these individuals from illness, albeit to a lesser degree. It
is also possible that while these volunteers were genetically susceptible to the
initial challenge strain and all became ill, some volunteers could have been ge-
netically resistant to the different re-challenge strain and therefore did not be-
come ill.

In one challenge-re-challenge study, two observations contradict the aforemen-
tioned hypotheses. The first observation was that NV challenge induced illness in
two individuals but did not induce illness upon NV re-challenge three years later
[111]. This observation suggests that long-term immunity (beyond two years) can be
induced after one NoV challenge. These two individuals developed seroconversion
to NV after re-challenge. It could be argued that these individuals were not protected
because they seroconverted which may indicate viral shedding. However, serocon-
version does not always indicate viral shedding and seroconversion can still occur
in a protected host. Therefore, “long-term” immunity may have protected these two
challenged-re-challenged human volunteers from clinical disease. In comparison,
initial inoculation of calves with bovine NoV induced diarrhea, viral shedding, and
seroconversion, and subsequent challenge 30 days later with bovine NoV failed to
significantly increase IgA or IgG titer consistent with lack of diarrhea or detectable
viral shedding in these “protected” calves (discussed in Section 9.5.6) [51].

The second observation that contradicts the current hypotheses regarding NoV
immunity was that one individual who had undetected pre-challenge NV-specific
IgG titers did not become ill, seroconvert, or increase NV-specific IgG after three
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separate challenges (spaced 6 months to 3 years apart) but seroconverted, without
illness, after the fourth challenge [111]. Genetic resistance to NV in this individual
would explain the results after the first three challenges. However, the current hy-
pothesis is that genetically resistant individuals do not respond immunologically to
NoV [117]. If this hypothesis is valid, and the individual was genetically resistant,
then they could not have responded immunologically by seroconversion after the
fourth challenge. Therefore, either the individual was genetically resistant and this
hypothesis is invalid or the individual was genetically susceptible and this hypoth-
esis is still valid. A second explanation for this observation could be that resistance
to infection in this individual was mediated by a non-genetic, non-serum immune
mechanism, such as a local mucosal immune mechanism, and that after four re-
peated immunological insults, the serum immune mechanism became activated and
the individual seroconverted. Because no additional data is available on this individ-
ual, it is difficult to determine a definitive mechanism for this observation.

Lastly, it is important to acknowledge the contributions of early investigators like
Parrino et al., who proposed several hypotheses that have been confirmed two and
three decades later. For example, Parrino et al. [48] stated, “Our data suggests that
serum antibody by immune electron microscopy reflects infection in susceptible
persons but does not appear to play a uniformly protective part in Norwalk-agent
illness. . .. One hypothesis that could explain our findings is that local antibody
rather than circulating antibody may determine clinical response after challenge
with Norwalk agent.” This hypothesis is based on the observation that levels of
pre-challenge NV-specific titers did not correlate with illness in challenged-re-
challenged volunteers with NV. We and many other groups have also observed this
finding (discussed in Section 9.4.4.4). In addition, our group has found that “local
antibody”, in the form of mucosal IgA, was associated with protection to infection
[117]. A similar association between induction of fecal IgA antibodies by wild type
NoV (one inoculation) or NoV VLPs (2 or 3 immunizations), using LT(192G) as
adjuvant, and complete or partial protection, respectively against homologous GIII
NoV inoculation at post-inoculation day 30 was reported for Gn calves by Han et al.
[53]. Parrino et al. [48] also stated that, “A second hypothesis that could explain our
findings is based upon a genetic control of susceptibility to Norwalk-agent infec-
tion.” This hypothesis is based on the observation that some individuals remained
illness-free upon challenge and re-challenge, after 31–24 months, with NV. We and
others have also identified genetic factors mediating resistance (discussed in 4.3) to
Norwalk virus infection.

9.4.3 Genetics and Immunity

Though the focus of this chapter is on NoV immunology, a brief mention will be
made of general trends in our understanding of how host genetic factors influence
NoV infection and therefore impact NoV-specific immune responses. For a more in
depth review of the association between genetics and NoV infection, the reader is
encouraged to read the following excellent reviews [31, 114, 118, 119].
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The current model of susceptibility and resistance to NoV infection states that,
within a human population, there will be individuals who are genetically resistant
to infection with specific NoV strains [117]. The mechanism of this resistance is
thought to be due to the absence of a NoV receptor or binding molecule in genet-
ically resistant individuals. These genetically resistant individuals, when exposed
to NoV, do not provide any binding or internalization site for NoV, their cells do
not become infected, and they do not develop illness. This mechanism is similar
to that postulated for the CCR5 receptor in HIV infection [120, 121]. Presumably,
because these individuals do not become infected, their immune system does not
“see” the virus, and they do not mount an immune response to this specific NoV
strain. The absence of immune response in genetically resistant individuals has not
been rigorously tested but is supported by current evidence from human challenge
and outbreak studies [117, 122, 123].

In contrast, it is thought that individuals who are genetically susceptible can
become infected with the virus because they have a NoV receptor or binding site
[117]. More recently, we have found that not all of these “genetically susceptible”
individuals become infected upon challenge with NoV. We propose that not all of
these “genetically susceptible” individuals become infected because they possess
a “protective” immune response that protects them from infection. As discussed
throughout this chapter, the existence of a protective NoV immune response is
uncertain.

Host genetic factors thought to be important for susceptibility and resistance in-
clude the histo blood group antigens (HBGA). HBGAs are complex carbohydrates
present on the surfaces of mucosal epithelium and red blood cells of the genitouri-
nary, respiratory, and digestive tracts and are also present as free oligosaccharides
in saliva, intestinal contents, breast milk and blood. Three families of HBGAs asso-
ciated with NoV infection are thought to be the Lewis, secretor and ABO families
(reviewed in [119]). Secretor status, one of the HBGA families, is associated with
resistance to certain GI and GII NoV infections in challenge, endemic, and outbreak
studies [117, 122, 123, 124], but seems to be NoV strain specific [125]. Because
secretor status seems to affect susceptibility to NoV infection, it also appears to af-
fect the levels and prevalence of NoV-specific antibodies. In 105 plasma specimens
from Swedish blood donors, secretor negative individuals and Lea+b− individuals
had significantly lower GII.4 VLP-specific antibody titers and were more often anti-
body negative than secretor positive and Lea−b+ individuals [122]. Secretor negative
individuals did not develop significant NV VLP-specific antibody response after NV
challenge [117].

The ABO blood antigens, also members of the HBGA family, are also associated
with resistance to infection. In general, blood type O individuals seem to be at in-
creased risk of NV infection while blood type B individuals seem to be at decreased
risk of infection. In agreement with this hypothesis, in two separate NV challenge
studies, blood type O individuals were at a significantly increased risk of NV in-
fection compared to other blood types [117, 126]. In one of these NV challenge
studies, individuals who had the B antigen (B and AB blood phenotypes) were at
a significantly decreased risk of infection and illness [126] while in the other NV
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challenge studies, investigators found a decreased risk of infection in blood type B
individuals but this risk did not reach statistical significance [117]. In addition, in an
outbreak study, blood type B was also associated with a significant decreased risk
of infection from another GI virus [127].

By influencing susceptibility to infection, ABO status may also influence NoV-
specific antibody levels. Though not statistically significant, one report found a trend
of higher GII.4 VLP-specific antibody titers in individuals with blood group O and
lower antibody titers in individuals with blood group B in 105 plasma specimens
from Swedish blood donors [122]. In a study of a GI virus outbreak, individuals
with blood group B were significantly less likely to acquire NV VLP-specific IgG
and individuals with blood group A were significantly more likely to acquire NV
VLP-specific IgG [127]. Taken together, these results suggest that an individual’s
ABO status affects their risk of infection and therefore their development of NoV-
specific antibodies.

Care must be taken when interpreting the results of these studies and others like
them. Recent models suggest that each NoV strain or cluster has a different pattern
of HBGA binding than others and the ability of a NoV strain to bind to a host
HBGA may affect its infectivity and ability to induce strain-specific antibodies. NoV
strain binding patterns must take the ABO, secretor, and Lewis families into account
[119, 128, 129]. One model suggests that most of the binding patterns can be sorted
into two groups: the A/B and the Lewis (non-secretor) binding groups [119, 128].
In agreement with this model, the strain-specific antibody titers and prevalence of
individuals from a Chinese military medical university were associated with the
specific strain binding patterns [82]. Of note, the patterns of NoV-HBGA binding
do not clearly match the genetic classification of NoVs although strains with the
same or closely related binding patterns seem to be clustered [119, 128]. Overall,
these findings indicate that a single strain cannot bind to all human HBGA variants
although, collectively, NoV can almost cover the diversity of human HBGAs [118].
Interestingly, certain pig HBGAs (A, H) that correspond to the human counterparts
can also bind human NoV VLPs and are associated with infection, viral shedding
and seroconversion to NoV VLPs in pigs [41].

9.4.4 Humoral Immunology

Given our recent models of host genetics and NoV infection, the subsequent hu-
moral and cellular immunology sections must be read with the understanding that
the role of host genetics was not known at the time the majority of these studies
were published.

There are two current questions about the role of the humoral immune response
after NoV challenge or exposure: (1) How and what antibodies are generated af-
ter NoV challenge or exposure; (2) What role do NoV-specific antibodies play in
infection and disease? These questions are addressed in the subsequent sections.
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9.4.4.1 Antibody Isotypes and IgG Subclasses

Humans

Lindesmith et al. suggested that infection, and not just exposure (or challenge),
with NoV is essential for activation of a NoV-specific antibody response even in
volunteers with pre-challenge NoV-specific antibodies [117, 125]. This hypothesis
is supported by data from various challenge studies where individuals with pre-
challenge antibodies, when challenged with NoV, remained uninfected and did not
seroconvert to NoV antigens [19, 111, 117, 125]. The exception to this hypothesis
is in the case of NoV vaccination, where oral administration of high doses of NoV
antigen, without infection, is sufficient to induce NoV-specific antibodies (reviewed
in [32]). Therefore this hypothesis can be modified to state that, infection with NoV
or vaccination with high doses of NoV antigen is necessary for activation of a NoV-
specific antibody response.

In general, increases in NoV-specific antibody isotypes are associated with in-
fection (viral replication in the host), but not necessarily challenge, inoculation or
exposure (internalization of the virus) because some hosts may not become infected
upon challenge, inoculation or exposure. Because increases in NoV-specific anti-
bodies are usually induced after infection, they can be used as markers of infection.
This is observed across various strains [117, 124], antibody isotypes, IgA, IgG, and
IgM [88, 116, 130], in both volunteer studies [19, 117] and outbreak situations
[6, 87, 131]. NoV-specific IgD and IgE levels have not been assessed. In animal
models, seroconversion to antibody isotypes is also associated with infection, which
may or may not be associated with illness. For example, wild type mice infected
with MNV seroconvert to MNV antigen but do not exhibit illness [60, 63]. Inter-
estingly, in Gn pigs inoculated with human NoV, seroconversion had a stronger
correlation with illness (diarrhea) than with viral shedding [40].

NoV-specific IgG subclasses are generated after NoV challenge or exposure. One
study of 132 Swedish serum specimens found that all IgG subclasses against NV
were detected in varying degrees [132]. IgG1 predominated in all age groups, fol-
lowed by IgG4, IgG3 and IgG2 had the lowest prevalence (3%). Similar findings
were observed in a Snow Mountain virus challenge of volunteers: Snow Mountain
virus-specific IgG1 was common while IgG2 was rarely detected [125]. Other anti-
body isotype subclasses (e.g. IgA1, IgA2) have not yet been assessed.

In general, a NoV-specific antibody rise should not be relied on as a diagnostic
tool because of the high incidence of false positives perhaps due to NoV cross-
reactivity [87]. In addition, not all NoV-infected individuals (defined as infected
because they shed virus) exhibit a rise in NoV-specific antibodies (Leon, J.S. and
Moe, C.L., unpublished data). However, serology data may be used to complement
an outbreak investigation that uses RT-PCR (the gold standard) as a diagnostic
test [133].

There seems to be a general temporal order of the appearance of NoV-specific
antibody isotypes, IgG, IgM, and IgA. This order and the relative levels vary de-
pending on the individual and may be confounded by pre-challenge NoV-specific
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antibodies due to previous NoV infection. The synthesis presented below is based
on data from a few human challenge studies and has not been rigorously addressed.
General trends and ranges of these NoV-specific isotypes are illustrated in Fig. 9.2.
In general, in studies of human volunteers challenged with NoV, NoV-specific serum
IgG, IgM and IgA increases are first observed after 5 days [86, 130, 134, 135]. In
general, NoV-specific IgG levels reach their maximum at 3 weeks post-challenge,
although some data suggests it may take up to 7 weeks for NoV-specific IgG levels
to peak. Peak NoV-specific IgA and IgM levels occur earlier than IgG, generally
during the second week of observation [86, 134, 135]. NoV-specific IgG levels tend
to be higher than NoV-specific IgM levels that tend to be higher than NoV-specific
IgA levels [86]. Furthermore, NoV-specific serum IgG levels tend to last longer
at substantially elevated levels compared to NoV-specific IgM and IgA levels and
maintain a plateau near their peak value for up to 100 days or more and decline
thereafter. NoV-specific serum IgM levels revert to pre-challenge levels between 2
and 4 months [86, 130, 134], while NoV-specific serum IgA levels seem to persist
for 1–2 months and then revert back to pre-challenge levels by 3 months [86, 130].
In some individuals, NoV-specific IgA may persist for 15 months after challenge
[86]. Notably, several individuals failed to mount an IgG, IgA or an IgM response
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after challenge [130, 135], perhaps because they were genetically resistant and not
infected. Because of these trends, NoV-specific IgM and IgA seroconversion could
be cautiously used as a marker of recent infection. In general, NoV-specific salivary
IgA and IgG are induced one week after challenge and peak 2 weeks after initial
challenge [117]. Some individuals may exhibit a rapid rise in NoV-specific salivary
IgA prior to 5 days post-challenge. NoV-specific salivary IgG and IgA may persist
for up to 40 days post-challenge (Leon, J.S. and Moe, C. L. unpublished data) but
longer time-points post-challenge have not been reported. NoV-specific fecal IgA
antibodies can be detected by two weeks post-challenge and may persist for up to
two months [136]. Repeated infections may prolong the duration and magnitude of
the antibody response [134].

The degree of correlation among the antibody isotypes has not been adequately
addressed. In general the correlation between levels of serum IgG, IgA, and IgM
seem to be high, but the degree of correlation has not yet been statistically analyzed
[86, 116, 130]. We found that volunteers challenged with NV (n = 77) had NV-
specific serum and saliva IgA and IgG levels that were significantly correlated with
each other and had Pearson correlation coefficients between 0.5 and 0.8 (Leon J.S.
and Moe. C. L. unpublished data). Because animal studies can use naı̈ve hosts for
inoculation, the duration of antibodies and degree of correlation between antibody
isotypes obtained from animal studies will be clearer than the data collected from
human studies.

Gnotobiotic Pigs

In the human NoV (HuNoV) HS66-inoculated pigs, although IgM, IgA and IgG
antibodies were elicited at low titers, 65% of the HuNoV-HS66-inoculated pigs
seroconverted, and 64% coproconverted (fourfold rise in HS66-specific fecal an-
tibodies) with either IgA or IgG antibodies [42]. Positive associations were found
between disease severity (diarrhea score) and serum and intestinal IgA and IgG
antibody titers, suggesting that disease severity may reflect the intensity of intestinal
stimulation, inducing increased titers of both local and systemic antibodies.

Low numbers of both IgA and IgG antibody-secreting cells (ASC) were elicited
in the HuNoV-HS66-inoculated pigs. Similar numbers of IgA and IgG ASC were
detected both locally (intestine) and systemically (spleen and blood) at 21 or 28
d.p.i., and the local ASC responses strongly correlated with systemic ASC responses
after HuNoV-HS66 infection [42].

When we compared these results to that of Gn pigs infected with another human
enteric virus, the virulent-Wa human rotavirus (HRV) [44], we observed that the
HRV elicited higher numbers (10-fold) of IgA and IgG ASC in the intestine of the
Gn pigs at 21 d.p.i. than the HuNoV-HS66 at 28 d.p.i.; however, similar numbers
of IgA and IgG ASC were induced in spleen and blood in both HRV and HuNoV-
infected pigs at 21 or 28 d.p.i. This higher level of intestinal ASC responses in
the HRV-infected pigs is probably a consequence of the higher, and longer lasting,
intestinal viral replication and diarrhea observed, and also of the more extensive
intestinal lesions caused by the HRV in the Gn pigs [45].
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9.4.4.2 Mapping of NoV antigenic sites

Because the main NoV target of the host immune response is the capsid pro-
tein, multiple groups have attempted various mapping strategies including genomic
[17, 137], proteomic [138], monoclonal antibodies [139, 140], and crystallographic
studies [141, 142] to identify antigenic, receptor binding, and cell binding regions.
A single capsid protein has two main domains, the shell domain (S, aa residues
1–225) and the protruding domain (P) that is subdivided into two subdomains, P1
(aa residues 226–278 and 406–530) and P2 (aa residues 279–405) [143]. The dis-
tally located P2 subdomain is a large insertion in the P1 subdomain and protrudes
more than the P1 subdomain. A comparison of capsid proteins from various cali-
civirus suggests that the S domain is well conserved, the P1 subdomain is mod-
erately conserved, and the P2 subdomain is highly variable [142]. Chronic human
infection with NoV induces the least number of mutations in the S domain, more in
the P1 domain, and the majority in the P2 domain, suggesting that the P2 domain
has important functions in host-pathogen interaction and pathogen or viral evasion
[17]. Conserved regions in both the S domain and P1 domain may contribute to
antibody cross-reactivity across clusters and genogroups [137]. For example, epi-
topes in the S domain from GI and GIII capsid proteins [144] or from GIII and
GII VLPs [145] could bind the same monoclonal antibody derived from immuniza-
tion of mice with NoV VLPs. The majority of monoclonal antibodies induced after
immunization with NoV capsid protein targeted the S domain and cross-reacted
with epitopes on GI and GII NoV capsid proteins [146]. One epitope in the P1
domain (aa 457–530) is common to GI viruses [139, 147]. The hypervariable P2
domain seems to contain multiple determinants for antigenicity, cell binding, and
host specificity [138, 140, 148, 149, 150, 151, 152, 153] (reviewed in [114, 119]).
With the development of in vitro NoV-specific antibody blocking assays, additional
epitopes important for NoV neutralization and blocking will be identified.

9.4.4.3 NoV-Specific Antibody Cross-Reactivity

In general, infection with NoV or immunization with NoV antigens will induce
a cross-reactive antibody response, most likely due to the conserved epitopes
discussed in the preceding Section 9.4.4.2. These NoV-specific antibodies are
cross-reactive and bind to multiple NoV strains within various clusters and across
genogroups [87, 89]. In general, higher cross-reactivity is observed within clusters
[89] and genogroups than across genogroups [6, 89]. In addition, the prevalence
of cross-reactive antibodies after challenge, inoculation, exposure or immunization
is usually lower than 100% in human and animal models. Because NoV infection
induces cross-reactive antibodies, serologic assays are not useful for classification of
NoV strains. In addition, the ability of serologic assays to detect cross-reactivity also
depends on the quality and nature of the antigens used in the detection assay (e.g.
fully formed VLPs versus recombinant capsid proteins that do not form VLPs). The
cross-reactive nature of the immune response against NoV can be utilized to design
effective vaccines that protect against antigens not present in the vaccine (discussed
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in Section 9.5.4) and may eventually be helpful in the design of broad serologic
assays for the detection of NoV-specific antibodies in populations.

9.4.4.4 Contribution of NoV-Specific Antibodies to Infection and Illness

The exact contribution of antibodies to clinical NoV infection and disease is cur-
rently unknown. One of the main questions is whether antibodies are associated
with protection from infection and disease or whether they are merely a marker
of infection and disease. Various reports contradict each other in stating that pre-
challenge NoV-specific antibodies are associated with a decreased risk of infection
or illness [74, 154, 155, 156], are associated with an increased risk of infection or
illness [19, 79, 116, 117, 122, 157], or are not associated with infection or illness
[90, 115]. This contradiction may be due to differences in host populations, infec-
tious NoV strains, varied study definitions of “infection”, or the presence of host
genetic confounders.

The majority of papers examining this question have focused on pre-challenge
serum NoV-specific IgG antibodies. However after adjusting for secretor status in
volunteers challenged with one virus strain, NV, (NV, n = 77), the presence of pre-
challenge serum NV-specific IgG antibodies were associated with an increased risk
of infection [117]. This association was also observed for all volunteers without
adjustment for any confounders. Pre-challenge NV-specific saliva IgA was not as-
sociated with infection. In agreement with this finding, infected volunteers from
another NV challenge study (n = 50) exhibited significantly higher pre-challenge
NV-specific IgG than uninfected volunteers [19]. In another NV challenge study
using similar volunteers (n = 38), a higher pre-challenge NV-specific fecal IgA
antibody geometric mean titer was found in ill compared to well volunteers and
in infected versus uninfected volunteers [157]. In these two studies, secretor sta-
tus was unknown and therefore the effect of secretor status on the probability
of becoming infected and having an antibody response was not taken into ac-
count. In another study, we challenged volunteers with a NoV genotype II (GII)
virus, Snow Mountain (SMV) (n = 15) [125]. We did not observe any association
between the presence of pre-challenge Snow Mountain-specific IgG or IgA and
infection.

Interestingly, in our NV challenge study, 74% of secretor negative volunteers
(genetically resistant) had pre-challenge NV-specific serum IgG. These secretor
negative volunteers, although resistant to NV, may have been susceptible to other
NoV strains and previously infected with other strains of NoV. Infection with these
other strains may have induced cross-reactive IgG to NV antigen in these secretor
negative volunteers.

Our results indicate that while pre-challenge NoV-specific serum IgG may not
be associated with protection, rapidly induced NoV-specific salivary IgA may be
associated with protection and may indicate a NoV-specific memory response. In
our NV human challenge study, a portion of genetically susceptible individuals (se-
cretor positive) was resistant to NV infection, suggesting that a memory immune
response or other mechanism also protected them from NV infection [117]. The
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majority of the uninfected group (60%) exhibited a rapid rise in NV-specific sali-
vary IgA titer before 5 days post-challenge. In contrast, the majority of the infected
group (83%) exhibited a rise in NV-specific salivary IgA titer only after 5 days post-
challenge. The rapid immunological response to NV challenge in secretor-positive,
uninfected individuals suggests that acquired immunity may explain the difference
in those secretor-positive volunteers who developed infection after challenge and
those who did not. Therefore, the timing of the NV-specific mucosal IgA may
be a good predictor of the risk of infection among genetically susceptible volun-
teers. At the same time, 6 out of the 15 uninfected volunteers did not develop a
NV-specific salivary IgA response suggesting that other unidentified factors may
also be associated with protection. In another one of our studies, where volunteers
were challenged with Snow Mountain virus (n = 15), volunteers were infected re-
gardless of their secretor status or blood group type [125]. Because we could not
adjust for a genetic component (if there was one), we could not assess the effect
of immunity independently and examine if the timing of salivary antibodies af-
fected infection. Instead, we found Snow Mountain virus (SMV) infection increased
SMV-specific IgG levels in serum and SMV-specific IgA levels in saliva after 14 or
21 days.

In summary, the majority of the reports indicate that presence of pre-challenge
serum (and fecal) antibodies suggest prior infection and therefore susceptibility to
future infection. Individuals who are genetically resistant to infection do not mount
an immune response to NoV and therefore have low or no NoV-specific antibodies.
As an additional confounder, there may be individuals who are genetically resistant
to infection with some NoV strains, for example, strain A, but not others, such as
strain B. These individuals, in general, will have lower NoV A-specific antibody lev-
els, but once infected with strain B, may have higher NoV A and B specific antibody
levels due to heterologous and homologous cross-reactivity. The timing of other
antibodies, such as NoV-specific salivary IgA, may be associated with protection.
However, there still may be other types of unidentified antibodies (e.g. mucosal,
isotypes, IgG4) that may be associated with protection.

NoV-specific antibodies have also been shown to be associated with clinical ill-
ness. As discussed above, the presence of NoV-specific pre-challenge antibodies
has been associated with increased risk of infection. Because infection may lead to
symptoms, it is not surprising that the presence of pre-challenge antibodies (serum
IgG, IgA, IgM, fecal IgA) has been associated with increased risk of developing
symptoms [79, 116] and viral excretion [19]. Similarly, because infection may lead
to both symptoms and rise of NoV-specific antibodies, the development of NoV-
specific antibodies (serum IgG, IgA, IgM), as expected, was also associated with
symptoms [79, 115, 130] and viral excretion [19]. In the NV challenge study re-
ported by Cukor et al. [134], the association between NV-specific serum IgM and
symptoms was significant (RR = 3.8, 95% CI [1.1–12.5], p < 0.01) (Leon, J.S. and
Moe, C.L. unpublished data). Few reports have examined the association between
NoV-specific antibodies and certain symptoms. One NV challenge study found a
significant association between rise of the NV-specific titers and vomiting and nau-
sea, headache or body ache, vomiting, and vomiting and diarrhea [19] while an
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epidemiologic study of Brazilian children found an association between NV-specific
IgG seroconversion and diarrhea or vomiting [34].

9.4.4.5 NoV “Neutralizing” or “Blocking” Antibodies

To determine whether antibodies contribute to protection from NoV infection, it is
necessary to determine whether NoV-specific antibodies can prevent infection. One
direct way to assess their contribution in vivo is through passive transfer studies
where serum or purified NoV-specific antibodies are transferred to recipients that
will be challenged or exposed to NoV and then monitor them for infection and
illness. In humans, epidemiological studies may address this by examining the as-
sociation between transfer of maternal NoV-specific antibodies to children and chil-
dren’s risk of infection. In animal models, NoV-specific antibodies may be passively
transferred to recipients to assess whether these antibodies prevent infection or di-
minish the duration or severity of infection in the recipient. Currently, both the pig
and murine models are best suited for this approach. In unpublished observations,
passive transfer of MNV1-reactive polyclonal serum was able to delay MNV1-
induced lethality in immunocompromised mice (RAG2/STAT1) after intraperitoneal
transfer suggesting that NoV-specific antibodies may protect the host from NoV
infection and disease (discussed in [63]).

An indirect way to assess the ability of NoV-specific antibodies to protect
from infection is to measure their ability to “block” NoV infection in vitro. Be-
cause, until recently, there was no in vitro model of NoV infection it was not
possible to detect these “blocking” or “neutralization” antibodies. Instead, over
the past 3 decades, groups have attempted to detect antibodies that can compet-
itively prevent NoV binding to other antibodies [79, 96, 158, 159], other cells
[153], or putative NoV receptors like the HBGA family [160, 161]. These assays
have been adapted for the detection of various NoV antibody isotypes [134] and
NoV specificities [86, 162, 163]. Antibodies that block binding of NoV to other
antibodies have been associated with increased risk of infection and illness, as
discussed in Section 9.4.4.4. Antibodies that block binding of NoV VLPs to tis-
sue culture cells were obtained from a monoclonal antibody raised against NV
VLP, but not sera from NV-infected individuals [153]. These antibodies identi-
fied site(s) of the P2 domain on VP1 important for binding of tissue culture cells
to VLPs [140]. Antibodies that block binding of NoV VLPs to HBGA struc-
tures are present in infected individuals [100, 161], mice [160, 161], and pigs
[41] and block HBGA binding in a strain-specific manner. These assays have
not yet been used in human challenges studies to investigate the associations be-
tween these antibodies and infection, symptoms, viral shedding and other clinical
parameters.

In 2004, NoV-specific antibodies that effectively block NoV from infecting cells
have been detected in an in vitro tissue culture assay [64]. This in vitro assay takes
advantage of the ability of MNV1 infection to form plaques in tissue culture murine
macrophage cell monolayers. Through this assay, Thackray et al. demonstrated that
MNV-specific antibodies induced after infection with 5 genetically distinct MNV
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strains were all equally effective at blocking MNV1 infection of RAW cells in a dose
dependent manner. These results suggest that murine MNVs collected from research
mouse colonies probably comprise only 1 serogroup [164]. In addition, these two
reports are a few examples of the protective role of NoV-specific antibodies [64,
164]. In the coming years, other similar in vitro assays, perhaps based on the Gn pig
model, will increase our understanding of the protective role of antibodies in human
NoV infection.

9.4.5 Cellular Immunology

Little is known about the immune cells, cytokines, and chemokines associated with
NoV infection and disease. Limited data on immune cells and serum immune factors
and their role in NoV infection and disease comes from human challenge studies
and murine, Gn pig and calf models. The recent introduction of these animal mod-
els will exponentially advance our understanding of the cellular immune response
against NoV.

9.4.5.1 Innate Immunity

Immunity against NoV can be divided into innate and adaptive immunity. Innate
immune protection seems to be mediated by downstream mediators of the STAT1
response, including the family of interferons, �, �, and �. When the STAT-JNK
pathway was deleted in mice, intracranial murine NoV (MNV) inoculation killed
all STAT1 knockout mice [60]. Intracranial MNV inoculation of IFN-��� receptor
knockout mice also killed all mice suggesting that deletion of all the interferon
receptors renders a mouse susceptible to death from NoV inoculation. Neither, IFN-
�� receptor or IFN-� receptor knockout mice died after MNV inoculation suggest-
ing that any receptor is sufficient for survival. However, these mice had similar and
persistent levels and distribution of NoV as their inoculated STAT1 counterparts
suggesting that other factors are important for viral clearance. Knocking out other
important IFN anti-viral mediators, such as inducible nitric oxide synthase (iNOS)
and protein kinase RNA-activated (PKR), in mice also did not result in lethality. In-
terestingly, while intracranial inoculation killed all susceptible mice, intranasal and
perioral inoculations were less lethal than intracranial inoculation. Other innate mu-
cosal factors may mediate protection in these mice after inoculation. Taken together,
these results suggest that innate immunity, specifically IFN or STAT1-dependent
immune responses may be responsible for the rapid control of NoV infection in
humans but not viral clearance [63].

STAT1 and the interferons seem to be necessary for the control of virus replica-
tion. Inoculated wild type mice that have STAT1-dependent immune responses have
lower levels of virus in their intestine and peripheral organs than inoculated STAT1
knockouts or infected IFN-��� receptor knockout mice [110]. This low viremia in
wild type mice was accompanied by detectable levels of IFN-� in sera and intestinal
homogenates. In addition, bone marrow derived macrophages or dendritic cells from
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wild type mice exhibited lower MNV replication rates than STAT1, IFN-��� recep-
tor knockout, and IFN-�� receptor knockout mice [64]. This lower replication rate
was accompanied by secretion of IFN-� in MNV-infected wild type bone marrow
derived macrophages and dendritic cells [64]. Interestingly, infected macrophage
or dendritic cells from IFN-� receptor knockout, iNOS knockout, and PKR knock-
out mice had similar MNV replication rates as wild type suggesting that IFN-�
iNOS, and PKR do not affect MNV replication rates [64]. These results suggest
that STAT1, the combined IFN-��� receptors, and the combined IFN-�� receptors
are important in the control of viral replication. Therefore, it is likely that both
IFN-� and � are also important in the control of viral replication, but direct experi-
ments to demonstrate this have yet to be done. In contrast, the IFN-� receptor, PKR,
and iNOS have no significant effect, compared to wild type, in the control of viral
replication in macrophages and dendritic cells. Based on these results, Mumphrey
et al. proposed two mechanisms for the role of STAT1 and IFNs: (1) IFN-induced
host factors directly inhibit viral replication at the primary site of entry and (2) IFN
responses limit NoV dissemination and replication in secondary tissues [110]. Inter-
estingly, human challenge with NV or Hawaii virus did not induce detectable levels
of interferon in sera, jejunal aspirates, or jejunal biopsy specimens taken 48–96
hours post-challenge [165].

9.4.5.2 Adaptive Immunity

Mice

If the STAT1 pathway, through the IFNs, inhibits viral replication and dissemina-
tion but not clearance, then other factors must be responsible for viral clearance.
Experiments by Karts et al. showed that MNV inoculated RAG1 and RAG2 knock-
out mice, mice that lacked B and T cells, did not die [60]. However, these mice
exhibited a persistent viremia throughout all their organs up to 90 d.p.i. Based on
these results, the authors hypothesize that the adaptive immune response, in contrast
to the STAT1-dependent innate immune response, was not required for protection
against lethal MNV infection. Instead, the components of the adaptive immune re-
sponse, specifically B and/or T cells, were required to contain and clear murine NoV
infection [63]. These studies also showed that NoV can continuously replicate in
tissues for long periods of time without causing severe morbidity or lethality. These
results may explain the persistent viral shedding observed in immunocompromised
patients, which may last up to two years in some cases [16, 17, 21, 22, 23]. These
immunocompromised patients have impaired B and T cell responses that may not be
able to clear replicating virus. One group found that reducing immunosuppression
in transplant recipients was essential for clearing human calicivirus infection [22].

Humans

In humans, information on the adaptive immune system after human NoV chal-
lenge comes from our human challenge study performed with Snow Mountain virus
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(SMV) [125] and one case-control study of American students with diarrhea after
visiting Mexico [101]. In our human challenge study, we demonstrated that periph-
eral blood mononuclear cells (PBMCs) from challenged volunteers respond to Snow
Mountain virus-like particles (VLPs) in vitro by secreting cytokines 8–21 days
post-challenge [125]. Among all secreted cytokines assayed, IFN-� and IL-2 exhib-
ited the highest levels and prevalence among all specimens. Post-challenge PBMCs
also secreted TNF-�, IL-4, IL-5 and IL-10 cytokines (at least fourfold level above
baseline) in a few volunteers. There was no significant difference in pre-challenge
and post-challenge PBMCs stimulated with SMV VLP for any cytokine in either
uninfected or infected volunteers, perhaps due to small sample size. Interestingly,
IFN-� was detected in 91% of pre-challenge PBMCs after SMV VLP stimulation
suggesting previous NoV exposure and immunological memory in these volunteers.
Sera was also assayed for cytokine levels, and infected volunteers exhibited a sig-
nificant rise in IFN-� and IL-2 levels at 2 days post-challenge; no difference was
observed for IL-6 and IL-10. There was no difference in IFN-�, IL-2, IL-6 or IL-10
from post-challenge serum specimens compared to pre-challenge serum specimens
for uninfected volunteers. These results suggest that: (1) challenged individuals re-
spond to NoV antigen with secretion of anti-inflammatory and inflammatory cy-
tokines, (2) serum cytokines can be quickly induced by 2 days post-challenge and
(3) challenged individuals probably had pre-challenge NoV exposure.

Results similar to the human challenge study were found in the case-control study
of American students with diarrhea [111]. Students that shed NoV (n = 7, 6 GI and
1 GII strain), in the absence of other detectable pathogens, had significantly higher
levels of inflammatory cytokines, IFN-� and IL-2, in their diarrhea specimens than
students who had no detectable pathogens (n = 19). Interestingly, a group of stu-
dents that had a NoV and enterotoxigenic E. coli (ETEC) co-infection (n = 10, 8
GI and 2 GII strains), exhibited the aforementioned cytokines and a significant and
large increase in secreted IL-10 in their diarrhea specimens compared to students
who had no detectable pathogens. It is important to note that cytokine secretion in
this study was not antigen-specific. One advantage of this study is that fecal cy-
tokines probably better reflect the gut mucosal immune response during NoV infec-
tion than serum cytokines. These results suggest that symptomatic NoV infection is
associated with an inflammatory gut response, while symptomatic co-infection with
ETEC is associated with both an inflammatory and anti-inflammatory gut response.

In our human challenge study, we also assessed whether cellular cross-reactive
responses occurred after Snow Mountain virus (GII) challenge [125]. PBMCs from
SMV infected volunteers were assayed for their cytokine response to Hawaii (GII)
and NV (GI) antigen in vitro. Stimulation with Hawaii VLPs induced significantly
higher levels and prevalence of cytokines in PBMCs compared to stimulation with
NV VLPs. Hawaii VLP stimulation of PBMCs also induced significantly higher lev-
els of IFN-� and IL-2 compared to NV VLP stimulation of PBMCs. IL-10 (fourfold
levels above baseline) was also detected in both Hawaii and NV VLP stimulation of
PBMCs while TNF-� was only detected in Hawaii VLP stimulation of PBMCs.

We also investigated the relative roles of CD4+ and CD8+ cells on IFN-� se-
cretion after SMV VLP stimulation. PBMCs from 5 volunteers (both infected and
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uninfected) were depleted of either CD4+ or CD8+ cells and then stimulated with
SMV VLPs. CD4+ depleted PBMCs exhibited significantly lower IFN-� levels
(82–97% lower) compared to undepleted or CD8+ depleted PBMCs after SMV VLP
stimulation. CD8+ depleted PBMCs from three infected volunteers exhibited no sig-
nificant difference in IFN-� levels compared to undepleted PBMCs. Interestingly,
CD8+ depleted PBMCs from two infected volunteers exhibited higher IFN-� levels
compared to undepleted PBMCs. In summary, we hypothesized that in PBMCs,
CD4+ cells are the primary source of SMV-specific IFN-� secretion and that CD8+

cells may regulate IFN-� secretion in CD4+ cells.

Gnotobiotic Pigs

Recently, the intestinal and systemic antibody titers, ASC responses, innate Type-
I IFN (IFN-�), pro-inflammatory (IL-6), Th1 (IL-12 and IFN-�), Th2 (IL-4) and
Th2/T-reg (IL-10) cytokines and cytokine-secreting cell (CSC) profiles were eval-
uated in Gn pigs after oral inoculation with GII.4 HuNoV (HS66 strain) and com-
pared to mock-inoculated controls [42].

In serum of the HuNoV-HS66-inoculated Gn pigs, delayed (10 and 12 d.p.i.)
(2.2-fold over controls) innate (IFN-�) and low and early (4 d.p.i.) pro-inflammatory
(IL-6) cytokine responses were observed. A balanced serum Th1/Th2 response was
also observed with persistently higher levels of IL-12 at most d.p.i., and a transient,
but significantly higher peak of IFN-� was seen at 2 d.p.i. (2.5-fold over controls).
This early peak of IFN-� was similar to that observed in the serum of human volun-
teers orally challenged with a GII HuNoV, Snow Mountain virus (SMV) [125]. The
Th2 (IL-4) and Th2/T-reg (IL-10) cytokines were only detected in the serum of the
HuNoV-HS66-inoculated pigs at low concentrations and were significantly elevated
above controls earlier in infection (2 to 8 d.p.i.).

In intestinal contents (IC) of the HuNoV-HS66-inoculated pigs, only innate
(IFN-�) (early at 2 and 8 d.p.i. and later at 21 d.p.i.) and Th1 (IL-12) (later at 28
d.p.i.) responses were significantly higher compared to controls. Failure to detect
significantly elevated concentrations of the other cytokines in IC compared to those
found in serum may merely reflect the instability of these cytokines in IC. The local
and systemic cytokine-secreting cell (CSC) responses were characterized by low
numbers of pro-inflammatory (IL-6) CSC detected early in the gut and later system-
ically (in blood), and a generally more biased Th1 (IL-12 and IFN-�) CSC response,
both locally and systemically in the HuNoV-HS66-inoculated pigs.

In the HuNoV-HS66-infected Gn pigs, the low pro-inflammatory (IL-6) re-
sponses to viral infection, low levels of the anti-inflammatory IL-10 in serum and
lack of significantly elevated numbers of IL-10 CSC could be due to the low levels
of viral replication, mild pathology and low inflammation in the gut [40].

9.4.5.3 Other Immune Cells Involved in NoV Infection

Infection is also accompanied by inflammation in the intestine in mice and humans.
In mice, granulocytes were observed 24 hours after infection [110]. In humans,
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duodenojejunal biopsies taken 48 hours after challenge showed monocyte and neu-
trophil infiltration of the lamina propia and epithelial cells in several volunteers 48
hours after infection [48, 50]. Murine NoV infection also increases the number of B
cells and macrophages in the spleen after 72 hours [110].

Murine NoV can infect several immune cells in vitro including bone marrow
derived murine macrophages and dendritic cells [64]. Murine NoV also seems to
infect macrophages in vitro in immunodeficient mice as several cells co-stained with
ProPol and F4/800, a macrophage lineage marker [166]. In STAT1 knockout mice,
murine NoV seeds and replicates in intestinal epithelial cells but replicates predomi-
nantly in the lamina propia and Peyer’s patch cells at later times post-infection [110].
Little to no viral replication was observed in wild type mice; it is unclear whether
epithelial cell infection was prevented in wild type hosts. Wobus et al. hypothesized
that infection of transepithelial dendritic cells in the lumen of the intestine may
provide a pathway for NoV infection [63].

9.4.6 Maternal Factors Involved in NoV Protection

Human milk can protect children from infectious diseases through a number of
mechanisms. To date, human milk is thought to protect the infant from NoV infec-
tion through two mechanisms (reviewed in [118, 119]). One mechanism is through
transfer of NoV-specific antibodies from mother to child. Epidemiologic studies
have suggested the presence of high titers of maternal NoV-specific antibodies in
infants up to 8 months of age [67, 68, 69, 70, 71, 72, 79]. The ability of maternal
milk to block NoV binding in a radioimmunoassay in the late 1970s indicated the
presence of NoV-specific antibody. However, it was not until recently that NoV-
specific IgA has been identified in human maternal milk [167, 168]. About 13% of
human milk specimens, from mothers in Chiba City, Japan, had NoV-specific IgA
that bound to different and multiple NoV clusters, including those within GI and
GII. The prevalence of NoV-specific IgA to certain clusters varied depending on the
clusters (e.g. antibodies to GII.6 had a prevalence of 13.6% while antibodies to GI.8
had a prevalence of 0.8%) [167]. In addition, the prevalence of NoV-specific IgA
to certain clusters also depended on the mothers’ HBGA makeup, specifically her
secretor status [168].

A second mechanism of NoV protection in neonates is through decoy receptors.
These decoy receptors in human milk are thought to bind NoV, prevent NoV from
binding to host gastrointestinal cells, and therefore prevent NoV infection in infants.
These decoy receptors are glycoproteins that correspond to the bile salt stimulated
lipases and a milk fraction including the mucins MUC1 and MUC4 [169]. The abil-
ity of these glycoproteins to protect from NoV infection may depend on the mother’s
HBGA makeup, the infant’s HBGA makeup and the HBGA binding pattern of the
NoV strain [118]. In agreement with this model, two groups found a concordance
between the mother’s secretor status and Lewis phenotype and the ability of their
milk to inhibit the binding of different NoV strains [168, 169]. Interestingly, not all
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of the mother’s HBGAs were expressed in their milk specimens [168]. It is likely
that, in the future, additional protective factors against NoV will be identified in
mother’s milk.

9.5 Vaccine Efforts

A NoV vaccine will be superior to other public health interventions at reducing
morbidity and mortality associated with NoV illness. Clean water, hygiene and san-
itation are effective public health interventions at reducing diarrhea morbidity and
mortality associated with most enteric pathogens [170, 171]. However, developed
countries, like the U.S. and Japan, that generally have clean water, good sanitation
and hygiene practices, still have a high rate of outbreaks associated with NoV. This
suggests that, for enteric pathogens that are highly infectious, these measures are
not sufficient to prevent transmission. Therefore, an effective NoV vaccine is a nec-
essary intervention to reduce the public health burden of this disease, especially in
developed countries. To date, there is no commercially available NoV vaccine, but
much progress has been made in the past decade to develop a vaccine. This section
summarizes these advances, and the reader is encouraged to read other reviews on
this topic [30, 32, 172, 173, 174, 175].

9.5.1 NoV VLPs are Immunogenic

Initial studies in mice have shown that oral administration or subcutaneous im-
munization with virus-like particles (VLPs) alone induce NoV-specific immune
responses in mice. Both CD1 and Balb/c mice were fed recombinant NV VLPs pro-
duced by a bacculovirus expression vector. Increasing doses of NV VLPs induced
higher NoV-specific serum IgG and fecal IgA and a higher prevalence of seroconver-
sion in both strains of mice [176]. Among all NV-specific IgG isotypes, NV-specific
IgG2b levels were the highest levels observed after VLP administration. In agree-
ment with this study, oral administration of NV VLPs to Balb/c mice induced high
levels of NV-specific serum, fecal, and vaginal antibodies, NV-specific T cell prolif-
eration, IFN-� and IL-4 secretion, and NV-specific CD4+ and CD8+ proliferation
[177, 178]. In a separate study, Balb/c mice were fed NV VLPs from a Venezuelan
equine encephalitis (VEE) replicon expression system [179]. In contrast to the Ball
et al study [176], NV-specific IgM and IgG levels were low or non-existent [179].
However, footpad inoculation of Venezuelan equine encephalitis virus replicating
particles (VEE-VRP) expressing NV antigen induced robust levels of NV-specific
serum IgG, IgM and fecal IgA.

In humans, oral administration of NV VLPs, produced in a bacculovirus ex-
pression system, induced NV-specific immune responses. Various doses of VLPs
induced serum NV-specific IgA antibody secreting cells, seroconversion and NV-
specific IgA and IgG [180, 181]. NV-specific IgA was detected in saliva, stool,
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semen, and vaginal washes. Three doses of VLPs, 250 �g, 500 �g and 2000 �g,
were administered to different groups of volunteers, and no significant differences
were observed in either levels of antibodies, seroconversion rates, or antibody se-
creting cells among the various volunteer groups. PBMCs harvested from the groups
receiving 250 �g and 500 �g of VLPs at day 21 post-immunization, proliferated and
secreted IFN-� in response to NV VLP antigens. IFN-� secretion was not detected
in PBMCS collected 56 days post-immunization. Interestingly, PBMCs harvested
from the group receiving 2000 �g did not develop any cell-mediated response at
either day 21 or 56 post-immunization. The authors could not explain this finding,
but it is possible that a high VLP antigen dose could have induced oral tolerance
to this antigen, similar to that observed in other systems (reviewed in [182]). No
IL-4 was detected from any of the stimulated PBMCs. Ingestion of VLPs was safe
in humans and did not induce any symptoms different in severity or prevalence than
that seen in placebos (e.g. headache, malaise, nausea).

9.5.2 Adjuvants Enhance NoV VLPs’ Immunogenicity

In general, adjuvants administered with NoV VLPs enhanced their immunogenicity
in mice. Administration of cholera toxin together with oral feeding of NV VLPs
to Balb/c mice and CD1 mice induced higher levels of NV-specific antibodies, a
higher response at lower VLP immunization doses, and a higher rate of serocon-
version [176]. In a similar study, a modified cholera toxin administered to mice
that received oral NV VLPs also boosted the levels of NV-specific IgA present in
various organs including the lungs, trachea, small intestine, and Peyer’s patches
[177]. The authors observed higher NV-specific IgG, IgA, and IgA antibody se-
creting cells, higher T cell proliferation and IFN-� and IL-4 secretion and higher
CD4+ and CD8+ stimulation in spleens and Peyer’s patches. Interestingly, in this
study, administration of bicarbonate also had a mild “adjuvant” effect. Another
mucosal adjuvant, mucosal Escherichia coli heat-labile toxin, LT and its nontoxic
mutant, LT(R192G), also enhanced the magnitude and duration of NV-specific IgG
and IgA antibody responses after oral and intranasal administration of NV VLPs
to Balb/c mice [178, 183]. Mice inoculated with these two adjuvants developed
NV-specific IFN-�, IL-2, IL-4, and IL-5 secretion in splenocytes, lymph node cells,
and Peyer’s patches [183]. Lastly, oral administration of a raw material from a yeast
cell lysate containing a GII.4 VLP induced NoV-specific serum IgG, fecal IgA and
blocking antibodies to histo-blood group putative receptors. The raw yeast material
could have served as an adjuvant although this was not tested [184]. Purified GII.4
VLP intramuscular administration with Ribi adjuvant also induced NoV-specific
immunity [184].

In addition to increasing the magnitude of NoV-specific immune responses,
adjuvants may also affect the type of the immune response. For example, NV-
specific IgG2b was the highest IgG subtype induced in mice orally immunized
with NV VLPs. In contrast, NV-specific IgG1 was the highest IgG subtype in-
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duced in mice orally immunized with NV VLP and cholera toxin [176]. Simi-
larly, levels of NV-specific secretion of IFN-� were higher than IL-4 in mice orally
immunized with VLPs. In contrast, levels of NV-specific secretion of IL-4 were
higher than IFN-� in mice orally immunized with VLPs and modified cholera
toxin [177].

Gn calves were immunized with bovine GIII NoV VLPs in the presence of var-
ious adjuvants [53]. Intramuscular immunization with the oil adjuvant ISA50V in-
duced the highest VLP-specific serum IgG antibody titers compared to intranasal
VLP immunization with ISCOM or LT (R192G) or oral immunization with LT
(R192G), but failed to prevent diarrhea or viral shedding post-inoculation in the
Gn calves. However, only the LT (R192G) co-administered intranasally with VLPs
induced fecal IgA antibodies to bovine NoV (BoNoV) in the calves and partial
protection (delayed and shortened diarrhea and shedding of 1–2 days) compared
to controls (8–9 days diarrhea). In contrast to the murine studies described above,
LT (R192G) given orally with VLPs induced low or non-existent NoV-specific an-
tibodies in the serum of immunized calves. However, the LT (R192G) administered
orally with VLPs induced BoNoV-specific fecal IgA antibodies in Gn calves.

9.5.3 Immunization Route Affects NoV VLPs’ Immunogenicity

In general, in mice, intranasal administration of VLPs seems to induce a stronger
and longer immune response against NoV than oral feeding of VLPs. Balb/c mice
that were immunized by the intranasal route with NV VLPs had higher levels of
NV-specific serum, fecal (mucosal SIgA was not assayed so IgA could have been
serum derived), and vaginal IgG and IgA than oral immunization [178, 183]. Levels
induced by intranasal immunization persisted longer than levels induced by oral im-
munization. It is possible that the use of appropriate adjuvants for oral immunization
would enhance the responses seen after this route of immunization. In mice, other
investigators used intramuscular and intranasal immunization routes but did not di-
rectly compare them with each other or with oral routes [177, 184]. In a separate
study in mice, oral immunization was superior to intraperitoneal or subcutaneous
immunization (without adjuvant) at generating NoV-specific hybridomas, suggest-
ing that oral immunization induced a higher number of antibody-producing cells
than the other tested routes 2[185]. Lastly, one group successfully infected mice with
Venezuelan equine encephalitis virus replicating particles (VEE-VRP) expressing
various NoV antigens in the footpad [160, 179]. Mice mounted high levels of serum
and gut NoV-specific IgA and IgG after infection. Differing immunization routes
also induced different types of humoral and cellular immune responses [183, 185].

9.5.4 Cross-Protection After Immunization with NoV VLPs

Because of the diversity of NoV strains, an effective NoV vaccine needs to protect
against NoV strains that were not present in the vaccine. Cross-protection can be
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indirectly assayed by determining whether cross-reactive humoral and cellular re-
sponses are present against various antigens or directly assayed by immunizing a
host against one antigen or infecting a host with a NoV strain and later determining
whether challenge with a different strain results in decreased or no disease/infection.
It is important to note that only direct assays of cross-protection, and not indirect
assays of cross-protection, will indicate whether immunization or infection with an
antigen/NoV strain will protect from future challenge with a different NoV strain.
Cross-protection was indirectly observed in humans and animals after the induc-
tion of cross-reactive antibodies and cellular responses after immunization with
NoV VLPs and after infection with NoV, as previously discussed in Sections 9.4.2,
9.4.4, and 9.4.5. Cross-protection was directly observed in early human challenge
studies where volunteers were initially challenged with NV (GI.1) or Hawaii virus
(GII.1) and did not become ill when later challenged with Montgomery County
virus (GI.5) [112] (classification of Montgomery County virus determined from
[36]), as discussed in 4.2. In general, it seems as though cross-reactivity and protec-
tion is preferentially genogroup specific. For example, challenge with GII antigens
induced stronger immune responses against other GII antigens than GI antigens
[115, 116, 125].

The ability of vaccine VLPs to induce NoV cross-reactive antibodies was inves-
tigated in one study where Balb/c mice were inoculated with infectious Venezuelan
equine encephalitis virus (VEE) replicon particles (VRPs) expressing Norwalk,
Hawaii, Snow Mountain, or Lordsdale antigen. These mice developed homotypic
antibodies to the specific antigens they received as well as heterotypic antibod-
ies to other antigens (Norwalk, Hawaii, Snow Mountain, and Lordsdale). As pre-
viously discussed, the levels of the cross-reactive antibodies were highest among
genogroups than across genogroups [160]. Interestingly, naı̈ve Balb/c mice immu-
nized with a trivalent VEE-VRP cocktail containing Norwalk, Hawaii, and Snow
Mountain antigen and lacking Lordsdale antigen, generated levels of Lordsdale-
specific IgG of similar magnitude as Balb/mice immunized with VEE-VRP cock-
tails containing Lordsdale antigen. In addition, the levels of the heterotypic
Lordsdale-specific serum IgG after trivalent immunization were significantly higher
than combining each level of the heterotypic Lordsdale-specific serum IgG after
monovalent (Norwalk, Hawaii, Snow Mountain antigen) immunization. This excit-
ing finding suggests that NoV cocktail vaccines may protect against NoV strains not
in the original immunization and therefore may be useful against new NoV variants.
The new murine and Gn pig models will facilitate the testing of these multivalent
vaccines against both homotypic and heterotypic infections.

9.5.5 VLP Vaccine Delivery Vehicles

In addition to evaluating the vaccination route and adjuvants used, it is also impor-
tant to evaluate the delivery vehicles used to administer the vaccine to humans. To
date, three general types of delivery vehicles have been proposed: purified VLPs,
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VLPs in unicellular organisms, and VLPs in plants. High yields of VLPs can be
purified from baculovirus [180], yeast [184], and Venezuelan equine encephalitis
vectors [160]. VLPs could be administered as part of a unicellular organism like in
yeast and Lactobacillus casei, but these VLP-expressing organisms have not been
tested in human volunteers [184, 186]. VLPs have also been expressed in toma-
toes [187], potatoes [188, 189], and tobacco [189]. All three NV VLP-expressing
plants induced NV-specific antibodies when fed to mice [187, 189]. In CD1 mice,
inoculation with tobacco expressing NV VLPs induced higher levels of NV-specific
serum IgG and fecal IgA than inoculation with potato expressing VLPs [189]. Ad-
ditionally, tomatoes expressing NV VLP still retained their ability to induce NV-
specific antibodies after they were freeze-dried [187]. Of the three plants, only
potatoes expressing NV VLP have been tested in human volunteers. Feeding of
raw potatoes expressing NV VLP to volunteers was safe and induced no symptoms
other than nausea in volunteers receiving wild type potatoes or potatoes expressing
NV VLP [188]. Potatoes expressing NV VLP induced NV-specific serum IgG, IgA,
and IgM, fecal IgA and seroconversion. The rise in NV-specific IgG titers persisted
until day 61, the latest time point measured, while NV-specific IgM levels decreased
to pre-immunization levels by day 28 [188]. For additional reviews on plants that
express NoV VLPs, please consult the following articles [32, 174, 175, 190].

Purified VLPs, VLPs in unicellular organisms and VLPs in plants have advan-
tages and disadvantages. They are all easy to administer by the oral route, but
purified VLPs have the highest likelihood of approval for immunization via non-
oral routes. VLPs in unicellular organisms and plants may have higher acceptance
by consumers, than purified VLPs, because they can be eaten and administered in
foods that are commonly consumed (e.g. yogurts, beer, raw fruits and vegetables).
In contrast, purified VLPs may be easier to standardize and assay for efficacy be-
cause there are less external factors that may affect the host immune system (e.g.
other plant or unicellular proteins). Ultimately, there are several promising vaccine
delivery vehicles available once a NoV vaccine has been shown to protect human
volunteers from infection.

9.5.6 VLP Vaccines can Partially Protect from NoV Infection

Currently, there is only one study that demonstrated partial protection from NoV
challenge after VLP immunization. This study addressed whether immunization
with bovine NoV VLPs would protect Gn calves from infection with virulent bovine
NoV (BoNoV) using BoNoV strain CV186-OH for both the VLP vaccine and
challenge. This BoNoV is classified as GIII.2 NoV and has 45–50% amino acid
sequence identity to GI NoV and 43–46% amino acid identity to GII NoV [53].
BoNoV VLPs were used to immunize 4- to 5-day-old Gn calves via the intramus-
cular, oral or intranasal routes in two or three doses. BoNoV VLPs were inoculated
with different adjuvants including immunostimulating complexes (ISCOM), E. coli
LT toxin (mLT, R192G) or oil (ISA50V). Immunized calves were then challenged
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with virulent BoNoV 20 days after immunization. As a positive control, a sepa-
rate group of Gn calves were orally inoculated with one dose of virulent BoNoV
(9 × 105 RT-PCR detectable units/calf) and orally re-inoculated with the same dose
of virulent BoNoV 20 days after initial inoculation.

In this positive control group of Gn calves, initial inoculation with virulent
BoNoV induced diarrhea and viral shedding. Protection was evident (no diarrhea
or viral shedding) upon subsequent re-inoculation with virulent BoNoV, suggest-
ing that one dose of virulent BoNoV is sufficient to induce protective immu-
nity from BoNoV infection and disease. Examination of the immune response of
these calves revealed that both BoNoV-specific serum and fecal IgA and IgG anti-
body responses were induced after initial inoculation. Low titers of serum BoNoV-
specific IgA antibodies were detected at 10 and 20 days after initial inoculation and
at 10 days post-re-inoculation (30 days after the initial inoculation). The highest
fecal NoV-specific IgA antibody GMT (1,280) was detected at 10 days post in-
oculation. Titers were maintained through 20 days post-inoculation and did not
increase post-re-inoculation. Serum BoNoV-specific IgG antibodies reached a ge-
ometric mean titer (GMT) of 400 and 2,560 at 10 and 20 days after inoculation,
respectively. Fecal BoNoV-specific IgG antibody titers decreased from a GMT of
240 to 30 between 10 and 20 days after inoculation. Fecal BoNoV-specific IgG
antibody titers then increased 6-fold after re-inoculation.

In contrast, Gn calves that were intranasally immunized with two or three doses
of bovine VLPs administered with LT (R192G) and then were orally challenged with
virulent BoNoV were partially protected showing a delayed onset of diarrhea and
a shorter period of diarrhea and viral shedding. This immunization regime induced
lower BoNoV-specific serum IgA and IgG antibody titers and no BoNoV-specific
fecal IgG compared to inoculation with virulent BoNoV. These immunized calves
were the only vaccinated group that developed NoV-specific fecal IgA antibody
responses. Gn calves immunized intramuscularly with two doses of the BoNoV
VLPs (250 �g/dose, 10 days apart) emulsified with oil adjuvant were not protected
from diarrhea or infection after challenge, although they developed higher or sim-
ilar serum IgA and IgG antibody titers, compared to calves that received virulent
BoNoV. NoV-specific fecal IgG was also induced after the second dose of this vac-
cine (GMT 80). However, no NoV-specific fecal IgA was detected in these calves.

These data indicate that BoNoV-specific mucosal (fecal) IgA antibody responses
are associated with protection of Gn calves against BoNoV infection and disease,
but BoNoV-specific fecal and serum IgG antibody responses are not. Other fac-
tors, such as innate immunity and cellular immune responses may also contribute
to protection. Similarly, in human volunteers orally challenged with NV, mucosal
(salivary) IgA antibody responses were associated with protection against NV in-
fection [117]. However, some individuals who were susceptible to NV and who
did not have strong salivary IgA antibody responses were also resistant to infec-
tion, suggesting that other factors may be necessary to confer protection against NV
infection.

The Gn calf study also indicated that virus-specific, short-term protective immu-
nity exists after BoNoV infection, similar to human NoV infection [48, 112, 191].
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Whether long-term protection can be induced by BoNoV infection has yet to be
determined. Based on similarities shared between BoNoV and HuNoV infections
and immune responses, investigation of innate and cell-mediated immune responses
in Gn calves could provide additional information essential to understand immunity
against NoV infections and for future vaccine development against NoV.

9.6 Conclusions

This is an exciting time for NoV immunology research. The advent of new animal
models of disease and in vitro assays promises to provide new breakthroughs in
our understanding of pathogenesis and immunity. Seroepidemiology studies are
identifying risk factors and differences in immunity across diverse populations
worldwide. The current clinical trials of NoV vaccines may lead to the development
of commercially available vaccines against NoV that will reduce the substantial
morbidity and mortality associated with these infections.
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Chapter 10
Intestinal and Systemic Immunity to Rotavirus
in Animal Models and Humans

Ana Marı́a González, Marli S.P. Azevedo and Linda J. Saif

Abstract Rotavirus (RV) is an enteric virus causing severe diarrhea in young
infants and children worldwide. After RV infection, mainly enteric, but also sys-
temic immune responses are elicited. Recently, extraintestinal RV antigen was ob-
served in various animal models and humans, explaining the induction of systemic
immunity after infection. This chapter will summarize the B and T cell responses
and innate immunity to RV after infection in animal models and humans. Addi-
tionally, current human rotavirus (HRV) vaccines and correlates of protection after
vaccination will be discussed.

10.1 Introduction

Rotaviruses (RV) are non-enveloped, icosahedral, double-stranded RNA viruses that
belong to the Reoviridae family. The virus capsid is composed of three concentric
protein layers: a core composed of VP1, VP2, and VP3, an inner layer composed
of VP6 and an outermost layer composed of VP4 and VP7 that contain the viral
neutralizing antigens. Based on VP6 structural characteristics, RV are classified in
to groups A to G [59]. Humans are mainly infected by group A RV (mainly chil-
dren under the age of 5), which also infects many newborn animals including pigs
[18, 159, 160], mice [163], rats [53] and calves [37]. Group A human RV (HRV)
induces diarrhea and/or shedding in newborn animals such as gnotobiotic pigs
[193], calves [146], lambs [156], newborn cynomolgus monkeys [109], sub-adult
macaques [79], puppies [161] and mice [17].

Mature enterocytes in the small intestine are the main target of infectious RV.
Entry of RV into the cells is a multistep process involving the two outermost cap-
sid proteins VP7 and VP4 and various potential cell receptors such as integrins
(�2�1, �v�3, �x�2) and the heat shock protein 70 [105]. The mechanism of
RV extraintestinal dissemination it is not completely understood. Children with and
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without diarrhea developed RV antigenemia suggesting that enterocyte destruction
may not be necessary for systemic dissemination to occur [24].

Transmission of RV is mainly fecal-oral but aerosol dissemination possibly via
vomitus has also been reported [68]. Diarrhea induced by RV is multifactorial.
Osmotic diarrhea can be induced by malabsorption secondary to enterocyte dis-
ruption [54] and reduction of mature absorptive enterocytes [132]. Furthermore
secretory diarrhea is also observed in neonatal mice due to the production of the
viral enterotoxin NSP4 [8] and the stimulation of the enteric nervous system [106].
Consequently severe diarrhea and secondary dehydration are often described in RV
infected children [68].

The neonatal gnotobiotic pig model is one of the most useful models to study
homologous and heterologous RV [e.g. HRV] infection and disease because of
its prolonged susceptibility to RV induced diarrhea (at least 8 weeks) and lack of
maternal antibodies transferred transplacentally. Their gnotobiotic status assures an
environment free of wild type (WT) RV or other extraneous infections [148]. Fur-
thermore, and most importantly, pigs are optimal models of HRV infection because
of their similarities to humans in gastrointestinal physiology, their immune system
and their susceptibility to HRV diarrhea [145, 147, 193].

The mouse model has been widely used to study RV infection. The major advan-
tage of the mouse model is the availability of “knockouts” that can be genetically
targeted to create immunodeficient mice that lack a specific population of immune
cells, or molecules involved in immune functions. Gene targeted immunodeficient
mice allow studies of the role of RV-specific B and T cells in protection after primary
or secondary RV infection. Also, antibodies to mouse CD surface molecules are
widely available permitting detailed characterization of RV specific B and T cells
as well as innate immune responses. Important disadvantages of the mouse model
include the distinct differences in the immune system compared to that of humans,
e.g. unlike humans they acquire long-term, if not life-long immunity to RV [95] and
the commonly used adult mouse model is not susceptible to RV diarrhea.

10.2 Studies of RV Immunity in the Mouse Model

10.2.1 Study of Acquired RV Immunity in the Mouse Model

The mouse model has been widely used to characterize B and T cell responses after
inoculation with virulent homologous or heterologous RV. Adult mice inoculated
by gastric gavage with homologous RV develop a peak of intestinal RV antigen at
post-inoculation day (PID) 1-2 whereas neonatal mice present two peaks at PID2
and PID4. However both adult and neonatal mice shed RV antigen for 4–6 days
post-inoculation (PI) [32]. The kinetics of RV antigen and infectious RV shedding
are usually similar [163]. Furthermore RV antigen is associated with the induc-
tion of intestinal lesions [157] suggesting RV antigen is an adequate measure of
infectious RV. Intestinal B lymphocytes are mainly located in lymphoid follicles
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of the organized gut associated lymphoid tissues (oGALT) represented mainly by
the Peyer’s patches (PP), appendix and the isolated lymphoid follicles (ILF) located
throughout the small intestinal wall, as well as within the intestinal lamina propria
(LP) [28]. Primary lymphoid follicles located within the oGALT structures are rich
in naı̈ve B cells (IgD+IgM+). After antigen encounter, germinal centers (GC) are
generated and primary follicles are transformed to secondary follicles [28]. The
B cells can be intrafollicular or extrafollicular. Intrafollicular B cells typically are
T-cell dependent, they undergo somatic hypermutation and they generate memory
B cells. Extrafollicular B cells, on the other hand, develop low level immunoglob-
ulin hypermutation, and can be either T cell-dependent or independent and they
undergo in-situ apoptosis early after activation [108]. Characterization of B cell
responses to RV was performed in adult C57BL/6 mice after primary homologous
RV (EC strain, G3P[16]) infection [186]. Activated B cells that secrete antibodies or
plasma cells were studied by the ELISPOT assay and RV-specific antibody secret-
ing cell (ASC) responses were characterized. Additionally, various surface markers
expressed by RV-specific B cells were studied by flow cytometry. The RV-specific
IgM ASC predominated in the PP, the intestinal LP and the mesenteric lymph nodes
(MLN) and were first detected at PID 4 (soon after the peak of intestinal RV anti-
gen), peaked at PID 4–14 and were low or absent at PID 28. The RV-specific IgA
ASC were present in all tissues studied (PP, MLN, intestinal LP and spleen). They
were first detected at PID 7, peaked at PID 14–28 in the MLN, intestinal LP and
spleen, but continued to increase in the PP and the bone marrow (BM) up to at
least 9 months PI. The IgG ASC predominated in the PP, intestinal LP, MLN and
spleen, peaking at PID 14–28 and diminished in all tissues except the BM at 9
months PI.

Lymphocyte trafficking to the GALT is mediated by the interaction of the in-
tegrin �4�7 expressed on intestinally primed lymphocytes and its ligand the mu-
cosal addressin cell adhesion molecule-1 (MadCAM-1) [184]. Large and small
IgD−B220low B cells were first observed in PP and MLN at PID 4. These cells
are characteristically extrafollicular cells [class switched non-GC B cells] and have
been used to identify antigen-specific ASC that first appear following immunization
[113, 155]. Large extrafollicular cells peaked in the PP and MLN at PID 7 and
20% and > 50% of the large extrafollicular cells in the PP and MLN, respectively,
expressed the intestinal homing marker �4�7. By PID 14, > 50% of the large ex-
trafollicular cells were �4�7+ in the PP and MLN, and by 4 months, these cells
diminished to baseline levels in both tissues. Most RV-specific large extrafollicular
cells secreted antibodies. However, the kinetics of large extrafollicular cells differed
from that of RV-specific IgA ASC located in the PP. The RV-specific IgA ASC were
observed in the PP at 9 months PI, whereas large extrafollicular cells were absent
in PP after 4 months, suggesting that long-lived IgA ASC in the PP and the large
extrafollicular cells are different cell populations. Characteristic GC RV-specific B
cells (large IgD−B220high) peaked at PID 14 mainly in the MLN and the PP (but
were also present in the spleen) and persisted up to 4 months. Memory cells (small
IgD−B220high cells) [184] peaked at PID 14 in PP, MLN and spleen, but they re-
mained high in the PP (up to 9 months) whereas they diminished in MLN and spleen.
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The kinetics of memory B cells in the PP corresponded to the kinetics of RV-specific
IgA ASC in the PP suggesting that both populations could be overlapping. Possibly,
RV-specific IgA ASC detected in the PP were mainly long-lived “memory” plasma
cells. The fact that IgG and IgA ASC were also detected in the BM at 9 months PI
supports this possibility since various studies have described that the main location
of long-lived plasma cells is in the BM of mice after systemic infection and antigen
inoculation (OVA) [114, 152]. Also, at 9 months PI, > 60% of RV-specific memory
B cells (small, IgD−B220high cells) in the PP were �4�7+.

In summary, the first RV specific B cells to be activated after inoculation were
IgM ASC and large extrafollicular B220low cells in the MLN (also observed in
lower numbers in the PP and the spleen). These cells returned to baseline levels
at PID 28 and 4 months PI, respectively. Large and small GC IgD− B220high B cells
peaked at day 14 in the MLN and PP, but large cells disappeared by 4 months PI.
On the other hand, memory B cells (small GC B cells) and RV-specific IgA ASC
(possibly long-lived plasma cells) remained elevated in the PP for at least 9 months.
It is known that protection against reovirus reinfection is dependent on intestinal
IgA which prevents viral entry into the PP [81]. However to prevent RV reinfec-
tion, long-lived memory IgA ASC possibly play a role but this requires further
investigation.

Responses by CD4+ T cells are classified into Th1 and Th2 types: IFN�, and
IL-2 cytokine production characterize Th1 responses, and IL-12 is a Th1 inducer
whereas Th2 responses are typically characterized by IL-4, IL-5 and IL-13. The
Th1 responses are important for induction of cytotoxic cellular immunity whereas
Th2 responses are important for humoral immunity, particularly in immunity against
parasites [70]. After RV infection, T cells were characterized in adult mice and pups
[84] and responses were studied in MLN, intestinal [PP and intraepithelial lym-
phocytes (IEL)], and systemic tissues (spleen, liver), lung and blood. Inoculation
of adult C57BL/6 mice with homologous RV (EC) induced Th1 IFN� secretion by
both CD4+ and CD8+ T cells. The CD8+ IFN� secreting T cell frequencies were
significantly higher than those of CD4+ T cells and peaked at 5–7 days in the gut
and the liver followed by a rapid decline. Responses to VP6357–366 and VP733–42

peptides were similar and located mainly in the gut and liver, with lower frequencies
detected in the MLN and spleen. Neonatal C57BL/6 mice inoculated with a homol-
ogous murine RV differed from adults by developing two peaks of hepatic CD8+

T cell responses to VP6 at PID 7 and at PID 14. In comparison, adults had only
one peak at PID 5–7 in all tissues inspected. These findings agree with previous
observations demonstrating a biphasic RV shedding pattern in mouse pups and a
monophasic pattern in adult mice [32]. These observations suggest that fecal RV
antigen shedding (representative of intestinal replicating virus) is associated with
subsequent induction of RV-specific T cells in intestinal, respiratory and systemic
organs, with the latter possibly due to concomitant extraintestinal viral dissemina-
tion. The frequencies of the CD8+ T cell responses to VP6 were similar between
adults and pups (except at PID 14 when pups had the second peak). However, for
unexplained reasons CD8+ T cell responses to VP7 were significantly higher in
adults in the liver and spleen compared to those in the neonatal mice.
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Interestingly, adult mice infected with homologous (EC) or heterologous rhesus
RV (RRV) had distinct responses. At PID 5–7 homologous RV elicited VP6 and
VP7 specific T cell responses in the gut and liver whereas responses to heterologous
RV were predominantly against VP7 in the gut, liver and spleen. The heterologous
strain RRV has been associated with the development of biliary atresia in neonatal
mice which is an obstruction of the extrahepatic and intrahepatic bile ducts due to
chronic inflammation and fibrosis [153]. Furthermore RRV causes viremia in adult
mice [23]. These observations may explain in part the marked systemic responses
detected after RRV infection. However, the cause of the predominant VP7 response
observed after RRV infection is unknown.

Two different types of memory T cells have been described: effector memory
and central memory T cells. Effector memory T cells are rapidly activated af-
ter antigen encounter and express low to no L-selectin. Central memory T cells
express L-selectin that facilitates homing to secondary lymph nodes, and they
lack immediate effector function after antigen encounter [149]. The phenotype
of RV-specific CD8+ T cells was that of an effector memory T cell at PID 7
(CD27int, CD44high, L-selectin−) and independent of the tissue of origin, they ex-
pressed �4�7. These observations agree with previous studies that describe effector
memory CD8+ T cell migration to different nonlymphoid tissues regardless of the
original site of activation [110].

In summary, both CD4+ and CD8+ T cells are activated by 5–7 days after RV in-
fection and they secrete the Th1 cytokine IFN�. The peak for CD8+ T cell frequen-
cies varied between mouse pups and adults and generally CD8+ T cell responses
were higher than CD4+ T cell responses. The RV-specific CD8+ T cells were widely
distributed throughout the body shortly (PID 2) after infection. These cells were
characteristically effector memory CD8+ T cells and expressed �4�7, suggesting
that they were primed in the gut and not in systemic tissues. Studies of knockout
mice are more descriptive to define the role of each lymphocyte subset in protection
against RV reinfection and will be addressed in more detail in the following section.

10.2.2 Studies of RV Immunity in Knockout Mice

Knockout mice are a useful tool to delineate the role of a specific arm of immu-
nity in infection induced by certain microorganisms. The role of B and T cells in
protective immunity against RV shedding was studied in the adult mouse model
using JHD (which lack B cells) and �2-microglobulin (lack CD8 T cells) knockout
mice, respectively [65]. The JHD knockout mice developed similar virus shedding
patterns to WT mice and cleared the virus after primary infection, but after a sec-
ondary challenge, the JHD knockout mice were re-infected whereas WT mice were
protected against reinfection. On the other hand, �2-microglobulin knockout mice
had a 2-day delay in viral clearance after primary infection compared to WT mice.
However, �2-microglobulin knockout mice were resistant or almost resistant to re-
infection after a secondary infection. It was also observed that JHD knockout mice
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depleted of CD8+ T cells by CD8-specific monoclonal antibodies, developed chronic
virus shedding. From these studies it was concluded that B cells are necessary for
complete long-term protection and that CD8+ T cells together with B cells play a
complementary role in clearance after primary infection. Also, CD8+ T cells induce
timely resolution of primary RV infection and partial short-term protection against
reinfection [65]. To further investigate the mechanism whereby CD8+ T cells con-
ferred timely partial short-term protection, perforin, fas, type I IFN receptor, stat1
and IFN� knockout mice were infected with RV, but lack of these effector molecules
did not affect RV clearance [2, 65, 67, 97, 162].

To delineate the role of antibodies in protective immunity to RV, IgA knockout
mice in a C57BL/6 background (lacking IgA in serum and the intestine) challenged
with homologous RV, cleared RV after primary infection and were protected from
RV reinfection similarly to WT mice [125]. On the other hand, mice lacking in-
testinal IgA in a BALB/c background (J-chain -/-) and challenged with homologous
RV had a 2-day delay in viral clearance compared to WT mice [151]. The IgA
knockout mouse study suggests that possibly intestinal IgA can be substituted by
other isotypes (IgM and IgG) and the study on the J-chain-/- mice suggests that
other immune mechanisms (T cells, innate cells) may confer protection against RV
infection. Also, it is known that protection against RV infection is mediated by T
dependent B cells (B2) and not B1 cells according to studies of mice with severe
combined immunodeficiency (SCID) that develop chronic RV shedding after inocu-
lation and the observation that adoptive transfer of total B cells, but not purified B1
cells cleared RV shedding [101].

The role of CD4+ T cells was determined in WT adult BALB/c mice [115] and
C.B-17 SCID (T and B cell deficient) mice [101]. With the aid of monoclonal an-
tibodies against CD4, infected mice were depleted of CD4+ T cells and a chronic
low level of RV antigen shedding was described. When CD4 depleted mice were
further depleted of CD8+ T cells, the amount of RV antigen shed increased. The
CD4 depleted mice did not develop RV-specific antibodies providing further evi-
dence of the T cell dependent B2 cell type nature of RV-specific B cell responses.
In this study, it was concluded that CD4, CD8 and B cells each play a role in
protection. However, depletion of CD4+ T cells in C57BL/6 mice did not affect
RV clearance and it has been suggested that this effect is strain dependent and
secondary to an uncharacterized innate immune mechanism [66]. Additionally, the
individual role of CD4+ T cells was later confirmed in studies of SCID mice adop-
tively transferred with RV-specific CD4+ T cells, which did not produce detectable
intestinal RV specific IgA but were able to resolve RV shedding. This study demon-
strated the direct role of CD4+ T cells in the induction of protection against RV
infection [101].

To determine if intestinally committed B cells are necessary to confer protection
against RV infection, RAG-2 knockout mice (lacking B and T cells) were infected
with RV [184]. It is known that lymphocyte trafficking to the gut is not only con-
trolled by the expression of the integrin �4�7 and its ligand MadCAM-1, but also
the chemokine receptor CCR9 and its ligand CCL25 (TECK) and the chemokine
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receptor CCR10 and its ligand CCL28 (MEC) [99, 100, 133, 184]. The chemokine
CCL25 (TECK) is widely expressed on crypt epithelial and endothelial cells of the
small intestine [27]. On the other hand, the chemokine CCL28 is expressed in the
colon, but also in other tissues such as tonsils, salivary glands, mammary glands, tra-
chea, small intestine and appendix [133]. Only mice that received passive transfer of
�4�7+high IgD− (memory) B cells produced intestinal RV-specific IgA, cleared RV
and were protected from RV reinfection. On the other hand, transfer of �4�7− IgD−

or �4�7− IgD+ did not protect the mice and virus shedding persisted for at least
60 days after infection. Furthermore, blocking of both CCL25 and CCL28 with
antibodies prevented RV specific B cells from localizing in the LP [63]. When
either CCL25 or CCL28 were blocked, entry of RV specific cells to LP was still
observed suggesting a redundant role of both chemokines for intestinal lymphocyte
homing. Also, RV infected CCR9 knockout mice had significant accumulation of
RV-specific IgA+ plasmablasts in the LP and only when CCL28 was also blocked
with antibodies, was accumulation of IgA+ plasmablasts prevented. These studies
suggest that the localization of B lymphocytes to the LP is a crucial event for the
induction of RV immunity and possibly the subsequent protection from reinfection.
Also, the phenotype of RV specific B cells is characterized by the expression of
�4�7, CCR9 and/or CCR10.

On the other hand, expression of homing markers on the surface of RV specific
T cells is not necessary for the cells to confer protective immunity. Mice deficient
in �7 integrin and devoid of �4�7 expression on the surface of T lymphocytes,
clear RV with the same kinetics as WT mice. Furthermore, by transferring B7-/-
CD8+ T cells into chronically infected Rag-2 mice, RV infection is efficiently re-
solved. These studies suggest that the expression of �4�7 on CD8+ T cells is not
essential for their role in partial short term protection against RV reinfection [98].
However, the expression of �4�7 on CD8+ T cells depends on the site of RV in-
oculation. Oral inoculation induced mainly RV specific CD8+�4�7high T cells, but
subcutaneous inoculation induced CD8+�4�7high and CD8+�4�7low [98]. Primary
activated CD8+ T cells and most memory CD8+ T cells, regardless of the site of
antigen priming, can migrate to many uninfected tissues [110]. The mechanism of
CD8+ T cell “body patrol” is unclear but it is thought to be an important event in the
control and elimination of viral infections. Similarly, CD4+ T cells develop a spe-
cific phenotype depending on the tissue of origin. The CD4+ T cells activated in the
skin express L-selectin and downregulate �4�7, whereas CD4+ T cells activated in
the gut, downregulate L-selectin, upregulate �4�7 and are highly reactive to TECK
(CCL25), suggesting their expression of CCR9 [34]. Small intestinal LP CD4+ T
cells expressing �4�7 were mostly CCR9+ but in studies of CCR9 knockout mice,
a population of CD4+ T cells expressing �4�7 was observed in the gut suggesting
a CCR9 independent mechanism for CD4+ T cell intestinal homing, probably by
the expression of CCR10 [63, 158]. In-vitro studies showed that CD4+�4�7high

T cells are much more reactive to RV than CD4+�4�7− T cells suggesting an
enrichment of RV specific CD4+ T cells in the �4�7high population [144]. No
transfer studies of RV-specific CD4+ T cells expressing �4�7high or �4�7low have
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been performed, so it is unclear if gut homing marker expression is necessary for
RV specific CD4+ T cells to localize in the gut and induce protection from RV
reinfection.

In summary, RV-specific B and CD4+ T cells in adult mice play an important role
in complete long-term protection against RV. Both subsets show selective intestinal
compartmentalization by the expression of �4�7, CCR9 and CCR10. Intestinal B
cell localization (not yet studied for CD4+ T cells) is pivotal for protection from RV
reinfection. On the other hand, CD8+ T cells expressing intestinal homing markers
are dispensable for their role in partial short-term protection and independent of
their expression of �4�7, CD8+ T cells can exert their anti-viral role throughout
the body.

10.2.3 Mouse Model for the Study of Innate Immunity
after RV Infection

Approximately 40% of SCID mice in a C57BL/6 background are able to clear a
primary RV infection suggesting an innate immune mechanism as a possible medi-
ator of RV clearance [66]. Furthermore, when challenged with RV, STAT knockout
adult mice that lack many IFN mediated responses, shed 100 times more virus than
immunocompetent mice from 2–6 days after infection, but were able to resolve the
infection with similar kinetics as the infected WT mice [162]. This observation also
suggests that the initial control of virus replication might be achieved by innate
immune mechanisms. Intestinal antigen presenting cells (APCs) are probably im-
portant players in this initial RV control and their importance in the generation of
RV immunity has been addressed in mice. Using CCR6 knockout mice, intestinal
innate immunity after RV infection was studied. The chemokine receptor CCR6
is expressed on DCs and its ligand is MIP3� or LARC. The CCR6 ligand is ex-
pressed in the epithelium of the PP aiding in the migration of immature DCs to
the underlying sub-epithelial dome (SED) [48]. The CCR6-/- mice had significantly
less fecal RV specific IgA antibody compared to WT mice, whereas the amount of
systemic RV specific IgG antibody was similar between knockout and WT mice.
The CCR6 knockout mice lacked CD11c+CD11b+ DCs at the SED of the PP [48]
suggesting a role for this particular type of DC in the induction of intestinal adaptive
RV-specific B cell immunity (and possibly to other intestinal pathogens). However,
it is likely that other DCs might also be involved in the induction of intestinal
responses to RV.

Macrophages, B cells and DCs uptake and process antigens for presentation
via class I or II major histocompatibility complexes (MHC), acting as APCs and
inducing adaptive immune responses. The observation that adult mice inoculated
intramuscularly (IM) with live RV develop intestinal B cell responses, suggests
that systemic APCs presenting RV antigens, home to the gut and induce local B
cell responses [46]. Injection of non-dividing cells (mitomycin C treated) or un-
treated cells purified from the draining lymph nodes of RV inoculated mice induced
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intestinal RV specific B cell responses in naı̈ve recipient mice [45]. Furthermore, if
only B cells from a specific mouse strain were transferred, intestinal IgA secreting
B cells from the recipient mice, as determined by Ig allotype analysis, were induced.
These studies suggest that systemic B cells acting as APCs and possibly presenting
RV antigens, home to the gut and induce intestinal RV-specific responses. The RV
non-structural protein NSP4 has been detected in B220+ cells [marker of B cells and
plasmacytoid DC(pDC)], CD11c+ cells (a DC marker) and CD11b+ cells (a marker
of macrophages, natural killer cells, granulocytes and activated T cells) in the MLN
of RV inoculated mice suggesting RV was engulfed and possibly replicated inside
these cells [61]. Alternatively, these APC may have engulfed RV-infected cells in
which NSP4 was expressed. A different study detected virus proteins mainly in-
side macrophages in the PP, MLN and inguinal lymph nodes [31]. Infectious RV,
positive and negative RV RNA strands were measured by plaque-assay and quan-
titative real time PCR, respectively in MLN derived cells [61]. High infectious
RV titers and amounts of RNA were observed suggesting RV replication inside
cells located in the MLN. However, NSP4 has been suggested to be a structural
protein and thus it is not only exclusively synthesized during virus replication
[52]. Further studies are needed to confirm RV replication inside APCs, but evi-
dence of RV proteins inside macrophages, B cells and DCs supports RV antigen
presentation.

Early after RV infection, massive B cell activation takes place [25]. This
B cell proliferation was detected in the MLN and PP at PID 1 to 6. At PID
3–4 fragmented cultures derived from MLN and PP were positive for RV spe-
cific IgM, but not IgA antibodies. Furthermore, the B cell proliferation was depen-
dent on the presence of VP7. These findings suggest that B1 cells (T independent
B cells) were stimulated soon after RV infection because lymph node hyperpla-
sia and B cell proliferation were also observed in TCR knockout mice that lack
T lymphocytes [22]. Although it is known that B1 cells alone do not resolve RV
infection [101], RV is able to stimulate B1 cells soon after infection. However,
the in-vivo relevance of the activation of B1 cells after RV infection needs to be
elucidated.

Neonatal mice are particularly susceptible to biliary atresia after heterologous
RRV infection [62, 97, 138]. Mouse pups deficient in type I and type II IFN re-
ceptors were infected with RRV and only IFN type I receptor deficient mice were
susceptible to biliary atresia [91]. Treatment with IFN� prevented the mortality due
to cholestasis (or accumulation of toxic bile by-products in the blood due to the
biliary duct obstruction) suggesting that after RV infection, type I IFN secreting
cells, possibly pDC, are stimulated and potentially regulate inflammatory responses.
Similar virus titers were observed in the livers and brains derived from WT and
IFN type I receptor knockout RV infected mice suggesting that type I IFNs are
important in modulation of the induction of RV immune responses, but they do not
directly control RV replication. The lack of effect of type I IFNs on RV replication
was further proven when treatment of mice with oral or intraperitoneal injections
of IFN� did not prevent RV replication or diarrhea in mouse pups [2]. Also, in the
mouse model of biliary atresia, treatment with 10,000 IU of IFN� at 6 hrs after RV
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infection resulted in identical RV titers in the liver and brain [97]. Although there are
reports of Th1 induction by type I IFNs [38, 96], there is also increasing evidence
of type I IFNs mediating partial antagonistic effects on Th1 responses by induction
of IL-10. This in turn lowers inflammatory responses by the induction of regulatory
T cells [128], playing a critical role in the generation of tolerance [10, 21]. Probably,
biliary atresia induced by the lack of type I IFNs is not mediated by a larger RV load
but by the higher induction of RV-specific adaptive T cell immunity. Proof of this
concept derives from studies of IFN� knockout mice after being exposed to RRV.
The IFN� knockout mice developed a suppressed phenotype of biliary atresia, were
able to resolve jaundice and had a prolonged long-term survival compared to wild-
type mice, whereas the RV titers remained similar between knockout and WT mice
[153]. The IFN� -/- mice treated with IFN� developed bile duct obstruction after
RV infection. A different study tested the development of biliary atresia by adoptive
transfer of RRV-specific T cells into naı̈ve syngeneic SCID mice. Bile duct pathol-
ogy was induced after T lymphocyte transfer in the absence of detectable infectious
RV [107]. These studies suggest that adaptive immunity to RV (RV-specific IFN�
secreting T cells) mediated the biliary duct inflammation and secondary atresia and
type I IFNs possibly regulate the induction of adaptive RV-specific T cells after
infection.

Interestingly, mice inoculated with RV dsRNA alone or the synthetic dsRNA poly
I:C orally (a known TLR3 ligand) developed severe small intestinal pathology via a
TLR3 mediated mechanism [196]. Moreover, after inoculation, intestinal epithelial
cells secreted elevated amounts of IL-15 induced by TLR3 signaling that secon-
darily increased the influx and cytotoxic activity of intraepithelial NK1.1+ CD3+

lymphocytes. These observations suggest that dsRNA and intraepithelial lympho-
cytes play a crucial role in RV pathogenesis.

In summary, early in RV infection, CD11c+CD11b+ DCs located at the SED
are responsible for the generation of local acquired B and T cell immune responses
to RV. Furthermore, when RV is located in systemic compartments (after natural
extraintestinal dissemination or after systemic injection), different types of APCs
such as B cells, DCs and macrophages uptake the virus and home from systemic
tissues to the gut to induce local adaptive immunity to RV. Possibly pDC are also
stimulated after RV infection in-vivo, but further studies are needed to confirm this.
The role of type I IFN producing cells in-vivo may be to modulate the induction of
adaptive immune T cell responses after infection, but not to prevent RV replication.
Also, RV VP7 stimulates B1 cells that apparently alone do not play a crucial role
in protection against RV. Furthermore, inoculation with RV dsRNA, which acti-
vates TLR3, induced small intestinal pathology and it was associated with secre-
tion of IL-15 by intestinal epithelial cells that increases the influx and cytotoxicity
of intraepithelial lymphocytes suggesting their role in RV pathogenicity. Studies
characterizing the different types of APCs activated after virulent RV infection are
lacking but are necessary to better understand the induction of RV-specific adaptive
immune responses after infection and to improve protective immunity induced by
RV vaccines.
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10.3 Studies of RV Immunity in the Gnotobiotic Pig Model

10.3.1 Acquired RV-Specific Immune Responses after RV
Infection of Pigs

Neonatal pigs are susceptible to porcine RV and HRV strains and are an ideal model
for the study of RV immunity and testing of HRV vaccines. Gnotobiotic piglets have
been widely used for the study of HRV induced immunity because of their prolonged
susceptibility (at least 8 weeks of age), their similarity to humans in gastrointestinal
physiology, and mucosal immunity development and lack of contamination with
WT RV or other pathogens [148]. Importantly, HRV inoculated gnotobiotic pigs
developed similar titers of fecal RV, diarrhea scores and B cell responses compared
to HRV inoculated pigs colonized with lactobacillus species suggesting that lack of
a commensal flora does not interfere with RV pathogenesis or its immunogenicity
[195]. Studies of HRV in gnotobiotic piglets were performed with the group A RV
P1AG1 that is the most common G and P serotype associated with RV gastroenteri-
tis in infants and children worldwide. Comparative B cell immune responses after
porcine [OSU P7G5, [40]] and HRV [Wa P1AG1, [193]] inoculation were initially
performed to delineate the similarities and differences induced by the homologous
porcine RV versus the heterologous HRV [145].

10.3.1.1 Virulent Porcine RV Versus HRV-Specific ASC Responses in Pigs

Gnotobiotic pigs inoculated with virulent porcine RV (OSU) developed virus-
specific IgM ASC as early as PID3 that were first observed in the MLN. At PID7,
IgM responses were predominant in the spleen and MLN but lower in the intestinal
LP. Similarly, after HRV inoculation, from PID 8–13 the first responses detected
were IgM ASC; however, they were predominant in the MLN and the intestinal LP
[193]. After porcine RV inoculation, IgA and IgG ASC to RV were first detected at
PID 7 in all tissues tested (MLN, spleen, intestine) reaching a peak at PID 14 in the
MLN and spleen and at PID 21 in the gut [145]. However, after HRV inoculation,
the peak of IgA and IgG ASC for all tissues tested (intestinal LP, MLN, spleen and
blood) was later at PID 21 with the highest responses in the gut and MLN [193].
Nevertheless, the numbers of systemic IgA and IgG ASC and intestinal LP RV
specific IgA ASC were similar after porcine or human virulent RV inoculation at
PID 21, but the HRV strain induced higher IgG ASC in the gut [145]. Both viruses
induced villous atrophy and diarrhea by 24–72 hours PI [40] demonstrating that
pigs were susceptible to both the homologous and heterologous virus strains. In
conclusion, even though there were some differences in the early B cell responses
elicited by porcine vs. HRV, later after infection (PID21) both viruses induced sim-
ilar numbers of intestinal IgA ASC and the HRV induced higher IgG ASC in the
gut suggesting that human strains were as immunogenic as porcine strains in the
piglets.
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Using the ELISPOT assay, protein-specific (VP4, VP6, VP7, NSP4, NSP3) ASC
were studied in gnotobiotic pigs inoculated with virulent HRV [39]. At PID28, the
main responses were of intestinal IgA and against the VP6 and VP4 structural viral
proteins. Low numbers of ASC against VP7 and the non-structural proteins NSP3
and NSP4 were detected. These results agree with previous studies reporting VP6
as one of the most immunogenic RV proteins in humans [47]. However, in humans
after natural infection, VP7 responses have been shown to be predominant in some
studies [71], but not in others [181]. Perhaps the degree and type of protein-specific
responses depends on the virus strain, but this requires further investigation. Ad-
ditionally, in the assays used to detect VP7 specific responses based on use of
baculovirus recombinant VP7 in ELISPOT or VP7 gene reassortants in RV neutral-
ization, the recombinant or reassortant expressed VP7 may differ from the original
protein in the native RV particle and influence the VP7-specific responses obtained.

Additionally, memory B cell responses were evaluated after HRV inoculation
using a memory ELISPOT assay to detect ASC after a 5-day incubation with RV
antigen in-vitro [187]. Plasma cells had a short half-life and vanished after the
5-days of incubation whereas memory B cells activated by RV antigen added to the
culture medium survived and were enumerated as ASC. At PID28 after virulent Wa
HRV inoculation, the highest memory responses were IgG, but IgA memory B cell
responses were also present, and both were located mainly in the ileum. However,
at PID83, IgG and IgA memory B cell responses were much lower in ileum, but
still present, although they then mainly resided in the spleen, and not in bone mar-
row (BM). Both intestinal IgG and IgA effector and short-term (PID28) intestinal
memory IgA and IgG ASC responses were correlated with protection against RV
reinfection. Contrary to mice that develop long-lived plasma and memory B cells
in the gut and BM [186], by PID83, piglets developed no or low memory B cell
responses in BM and low longer-term memory B cell responses in the gut and spleen
suggesting that in piglets, RV induces a weaker memory B cell response, perhaps
explaining in part their higher susceptibility to RV disease at older ages compared
to mice. It is possible that by disrupting the natural environment where long-lived
plasma cells reside and by the prolonged incubation time that the assay requires,
these cells died and were not detected. For this reason specific markers of long-lived
plasma cells and memory B cells need to be used to confirm these results.

In summary, virulent HRV was as immunogenic as a porcine RV strain in gno-
tobiotic piglets after infection. Adaptive B cell responses in gnotobiotic piglets in-
oculated with virulent HRV were mainly intestinal IgA and IgG with the majority
of the ASC directed against VP6 and VP4 structural proteins. Longer-term (PID83)
memory B cell responses were mainly associated with IgG and IgA and located in
the spleen. Importantly in the gnotobiotic pig model, effector B cells and memory
intestinal IgG and IgA ASC were correlated with protection against RV reinfection.

10.3.1.2 HRV-Specific Antibody Responses in Pigs

Serum and intestinal HRV specific IgM, IgA or IgG antibodies were measured
in gnotobiotic pigs after inoculation with virulent Wa HRV [160]. A positive
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correlation was demonstrated between protection and serum or intestinal IgA and
intestinal IgG antibody titers. Serum neutralizing antibodies were first detected
between PID 7–14, whereas intestinal neutralizing antibodies were only detected
at PID 21. However, no correlation was observed between neutralizing antibodies
and protection in this study. The correlation between protection and high titers of
RV-specific IgA and IgG antibodies in serum and intestinal contents corresponded
with the correlation observed between intestinal RV-specific IgA and IgG ASC and
protection [193]. These findings suggest that IgA antibodies in blood and intestinal
contents mirror intestinal IgA ASC responses and that IgA antibodies in serum or
feces and transient IgA ASC in blood may be sufficient as markers of protection.

10.3.2 Immune Responses to Virulent HRV (Which Mimic Natural
Infection) Versus Attenuated HRV (Which Mimic Live
Vaccine) in Gnotobiotic Piglets

10.3.2.1 HRV-Specific ASC Responses after Virulent Versus Attenuated HRV

Attenuated HRV (AttHRV, Wa strain P1AG1) replicates poorly in the gut of piglets
and it is not pathogenic but because it induces intestinal and systemic immune re-
sponses, it was initially tested as an optimal vaccine candidate for piglets and possi-
bly humans [172, 189]. Because virulent HRV inoculated pigs are protected against
reinfection after PID21–35 [187], immune B cell responses measured at PID28 in-
duced by both virulent and attenuated HRV strains were compared to determine the
B cell correlates of protection after vaccination. Gnotobiotic piglets inoculated with
virulent HRV developed significantly higher numbers of IgA ASC in the intestinal
LP and peripheral blood compared to pigs inoculated with AttHRV [191, 192, 193].
The numbers of IgA ASC correlated with the higher rates of protection against di-
arrhea in the virulent HRV group (89%) compared to piglets inoculated with 2–3
doses of attenuated HRV that had partial protection against diarrhea (33–44%) and
lower numbers of intestinal LP IgA ASC [191, 193].

In all RV inoculated pigs (attenuated vs. virulent), regardless of tissue and iso-
type, the highest numbers of ASC were directed against VP6, followed by VP4,
and to lesser degree against VP7, NSP3 and NSP4 [39]. The total HRV-specific
ASC or VP6 and VP4-specific IgA and IgG ASC in intestinal LP and MLN were
significantly higher in the group receiving virulent compared to AttHRV [39]. On
the other hand, in the systemic compartment (blood and spleen), responses generally
did not differ between the 2 groups. It is known that nasal priming induces lympho-
cytes that are capable of homing to the systemic compartment (express L-selectin
and CCR7) [88]. A higher percentage of piglets inoculated orally with AttHRV de-
veloped nasal virus shedding (79–95%) compared to intestinal shedding (5–17%)
whereas 100% of virulent HRV inoculated piglets developed intestinal and nasal
shedding [4]. Therefore, these observations possibly explain the marked intestinal
B cell response observed after virulent HRV compared to AttHRV inoculation and
the similar systemic responses observed after inoculation with both types of HRV.
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In conclusion, in piglets, the AttHRV induced moderate protection rates and lower
intestinal IgA ASC compared to the virulent HRV that induced higher protection
rates against reinfection and higher numbers of intestinal IgA ASC. Theses findings
suggest that an effective RV vaccine must induce intestinal IgA B cells that serve as
a correlate of protection against RV disease in neonates.

10.3.2.2 HRV-Specific Antibody Responses after Virulent HRV
Versus AttHRV

In the virulent HRV versus AttHRV inoculated piglets, a positive correlation was
observed among serum IgA antibody titers, intestinal IgA antibody titers, intesti-
nal IgG antibody titers and protection rates, suggesting that serum IgA antibodies
to HRV reflect the presence of intestinal IgA antibodies after rotavirus infection
with the latter antibodies mediating local protection against reinfection with virulent
HRV [160].

Antibody responses to the Wa HRV nonstructural protein NSP4 also were evalu-
ated in neonatal gnotobiotic pigs inoculated orally with one dose of virulent or three
doses of AttHRV. Passive antibodies to NSP4 have been shown to reduce diarrhea
in neonatal mice; hence, it is possible that antibodies to NSP4 may play a role in
controlling rotavirus diarrhea [9]. Subsets of the pigs were challenged with virulent
HRV. Before challenge, both virulent and attenuated groups had similar moderate
titers of serum IgG antibodies to NSP4. However, only the virulent HRV inoculated
pigs developed detectable serum and intestinal IgA antibody titers to NSP4 before
challenge. [82]. Moreover, pigs inoculated with virulent rotavirus and challenged
with a virulent strain bearing the same NSP4 genotype but different VP4 and VP7
serotype, were not protected from reinfection suggesting that NSP4 antibodies in
piglets do not play a singular role in protection [188]. In summary, intestinal IgA
and IgG ASC and antibodies in intestinal contents and serum IgA antibodies were
the best correlates of protection after primary virulent HRV infection. Most of the
antibody specificities were against VP6 and VP4 structural proteins. Thus, an effec-
tive vaccine should elicit these types of local B cell responses.

10.3.2.3 HRV-Specific T Cell Responses after Virulent HRV Versus AttHRV

The T cell responses were initially studied using a lymphocyte proliferation assay
[173] that is a measure of mainly CD4+ T cell responses. However, the proliferation
assay is not a specific measure of T cell responses because other non-T cells (e.g.
B cells) can also proliferate upon RV exposure in-vitro in a T cell-independent man-
ner [25]. Virulent HRV-inoculated pigs developed proliferative responses mainly in
the MLN, with lower responses observed in the intestinal LP, spleen and blood at
PID 21.

Recently, T cell responses were more accurately measured with the use of an
ELISPOT assay that detects cytokine secreting cells (CSC) [5]. After incubating to-
tal mononuclear cells (MNC) with RV antigen (AttHRV) for 3 days, memory T cell
responses were determined in systemic and intestinal tissues. One dose of virulent
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Wa HRV (87% and 100% protection against diarrhea and shedding, respectively)
was compared with one dose of AttHRV Wa (0 and 14% protection against diarrhea
and shedding, respectively) in inoculated piglets at various PIDs [83, 193]. The
Th1 and Th1 inducer responses represented by IFN� and IL-12 CSC, respectively
induce cell-mediated immunity whereas Th2 responses represented by IL-4 induce
humoral immunity. The T immunoregulatory type 1 (Tr1) response represented by
IL-10, is commonly induced after infection to downregulate immune responses and
to prevent immune-mediated pathology (allergy, uncontrolled inflammation and au-
toimmunity) [116]. After virulent HRV inoculation, T cell responses were mainly
Th1 (IFN�) or Th1 inducer (IL-12) and Tr1 (IL-10) with lower Th2 (IL-4) CSC
responses. The Th1 (IFN�) CSC responses were highest at PID 28 and were located
mainly in the ileum LP and spleen. Pigs inoculated with AttHRV developed lower
Th1 responses in the gut and spleen at PID28. After virulent HRV inoculation, mem-
ory IL-12 CSC were lower than IFN� CSC numbers and were detected as early as
PID 5 in the gut and spleen and at PID 21 in the spleen and blood. Similar responses
were detected in AttHRV inoculated pigs. After infection with virulent HRV, the Tr1
IL-10 CSC were as high or higher than IFN� CSC numbers. They peaked at PID 28
in the ileum LP and at PID 14 in the spleen, whereas they remained high in the blood
from PID 14 to 28. Furthermore, AttHRV inoculated pigs developed even higher
IL-10 CSC in the ileum and spleen at later PIDs (21 and 28) compared to the virulent
HRV inoculated pigs. The Th2 CSC responses after virulent RV inoculation were
observed mainly in the ileum LP, spleen and blood from PID 5–21 corresponding
with the previously described initiation and peak of RV-specific B cell responses.
However, AttHRV inoculated pigs developed higher IL-4 CSC in the gut at PID 21.
In summary, these results show that after virulent HRV inoculation, higher Th1 and
lower Th2 CSC responses were elicited. After AttHRV inoculation, lower Th1 and
higher Th2 CSC responses were elicited reflecting the lower pathogenicity of the
attenuated strain but also suggesting that Th1 type immunity, specifically IFN�
responses may be necessary for protection against reinfection. Both HRV types
induced Tr1 responses, but they were higher after AttHRV infection at later PIDs
and may reflect an immunoregulatory mechanism to prevent an excessive immune
response. Studies by flow cytometry showed that after virulent HRV infection, the
effector memory T cells (CD3+) that secreted IFN� expressed CD4 or CD8, resided
mainly in the gut and their higher frequencies correlated with protection [194].

Cytokines in serum may reflect the activation of acute and possibly innate im-
mune mechanisms and were quantitated after virulent and AttHRV infection of Gn
pigs [5, 6]. Serum Th1 (IFN-�, IL-12, that may reflect later Th1 responses), Th2
(IL-4, that may reflect later Th2 responses), Tr1 (IL-10), pro-inflammatory (IL-6,
TNF�) and innate (IFN�) cytokines were induced as early as 1 day PI with virulent
HRV or AttHRV. However, higher and earlier IFN�, IFN-� and proinflammatory
cytokine (IL-6, TNF-�) responses were induced by the virulent HRV. Interestingly,
serum cytokines responses measured in RV infected children corresponded with
those observed in gnotobiotic piglets [7, 55, 185].

In serum, TNF-� levels peaked earlier and remained elevated in the virulent
group, but peaked later in the AttHRV group. The higher pro-inflammatory TNF-�
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responses coincided with the viremia and diarrhea induced after virulent HRV
infection with similar observations described in children after natural RV infection
[87]. The IL-4 responses peaked at PID10 and were similar between both HRV
groups. Only low and transient IFN-� responses occurred in serum and intestinal
contents of the AttHRV-infected pigs, compared to significantly higher and pro-
longed IFN-� responses in the virulent HRV-infected pigs [5]. Serum IFN-� re-
sponses peaked shortly after the peak of diarrhea and viremia induced by virulent
HRV mimicking the early appearance of elevated IFN-� in children with severe RV
diarrhea [7, 87]. Thus, serum responses, similar to the CSC responses, also reflect
the higher Th1-IFN� induction by the virulent HRV strain compared to the AttHRV
strain.

In conclusion, pigs inoculated with virulent HRV that are highly protected from
RV reinfection developed a balanced Th1/Th2 response. On the other hand, one
dose of AttHRV that induced a low protection rate [83], induced a low Th1 (IFN�)
response and high Th2 (IL-4) and Tr1 (IL-10) responses. Therefore, a balanced Th1
and Th2 cytokine response may play an important role in protection against RV
reinfection. However, a more detailed characterization of CD4+ and CD8+ effector
and central memory T cells including detection of other cytokines and expression
of homing molecules after RV infection in pigs is important.

10.3.2.4 Impact of Passive Antibodies on Virulent HRV Infection
and Responses in Pigs

Cesarean-derived gnotobiotic pigs are optimal for the study of passively acquired
maternal antibodies because the diffuse epitheliochorial type of placenta of the sow
prevents the passage of maternal antibodies during gestation such that colostrum-
deprived newborn piglets are deficient in maternal antibodies. Evidence for reduced
post-vaccinal seroconversion in infants with high titers-of passive (maternally ac-
quired) serum antibodies has been derived from many reports of clinical vaccine
trials [78]. The effects of passive antibodies on protection and active immune re-
sponses to HRV in gnotobiotic piglets were assessed by Parreno et al. [135] and
Hodgins et al. [78]. Pigs were injected at birth with HRV hyperimmune serum
(mimic non-breast fed infants with circulating maternal antibodies) or injected with
serum and fed with colostrum from HRV-immunized sows (mimic breast fed infants
with local and circulating maternal antibodies). They were inoculated with virulent
HRV to assess passive protection and then challenged 21 days latter to assess ac-
tive protection induced with or without maternal antibodies. Pigs receiving immune
serum with or without immune colostrum showed partial protection against human
virus shedding and diarrhea after primary oral inoculation with virulent HRV, but
showed lower protection rates after challenge compared to control pigs. Before
challenge with virulent HRV, pigs that received oral RV hyperimmune colostrum
and/or intraperitoneal serum, developed lower intestinal IgA and IgG ASC com-
pared to uninoculated pigs and these differences persisted after challenge. Thus,
high titers of circulating with or without colostral maternal RV antibodies pro-
vide partial passive protection after HRV inoculation but suppress active mucosal
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RV antibody responses and the pigs consequently developed lower protection rates
against reinfection. Furthermore, a vaccine regime protective in the absence of ma-
ternal antibodies (one oral dose of AttHRV+ two intranasal doses of 2/6 virus-like
particles), was less efficient in pigs with circulating maternal antibodies to HRV
[123, 124]. These observations support the previous data showing a correlation be-
tween protection rates against RV reinfection and intestinal RV-specific-IgA and
IgG ASC numbers (and IgA and IgG antibody titers in intestinal contents or IgA
antibody titers in serum) and demonstrate that when B cell responses to RV are
impaired, lower protection rates are achieved.

10.4 Acquired RV-Specific Responses after Natural Infection
in Children and Adults

10.4.1 Humoral Antibody Responses

Humoral immune responses are characterized the most thoroughly after RV infec-
tion given the widespread access standardized antibody assays and the availability
of serum and fecal samples from patients. Children with RV infection characteris-
tically show increased RV-specific IgM antibody titers in serum, feces and saliva
typical of a primary RV infection [74]. Serum IgM antibodies to RV are detected
as early as 2 days after diarrhea onset, but more commonly they occur 6 days after
the onset of symptoms. A four-fold increase in serum IgM antibody titers or sero-
conversion occurs in 100% of RV infected children, whereas fecal IgM antibody
increases (or coproconversion) occur in only 61% of infected children [74]. Also,
children infected with RV developed IgA and IgG antibodies in serum (68% and
91% seroconversion rates, respectively) as well as IgA antibodies in feces (77% IgA
coproconversion), but did not develop fecal IgG antibodies [3, 74]. Fecal RV-specific
IgM and IgA antibodies can be detected as early as 3 days after RV induced diarrhea
and maximum titers appeared at 11–15 days, but by 5 weeks after the onset of diar-
rhea, the titers faded. However, serum IgA and IgG antibody titers to RV were more
persisting than fecal antibodies, reaching a maximum peak at approximately 33.5
days post-diarrhea (1:400 and 1:6400 for IgA and IgG, respectively) and remaining
elevated for at least 4 months [74]. Neutralizing antibodies that by definition block
RV cell entry, were present in stools and peaked at 5–8 days post-diarrhea, but only
70% of infected children had detectable neutralizing antibodies in feces, whereas
conversion rates for serum neutralizing antibodies reached 100% [49]. Adults after
acute symptomatic or asymptomatic infection developed mainly RV-specific IgA an-
tibodies in serum, jejunal fluids, stools and saliva and IgG antibodies in serum with
low levels of IgM antibodies characteristic of secondary RV infections [140, 178].

Many groups have attempted to determine the correlation of humoral immune
responses to RV with protection against RV reinfection in humans. Neutralizing an-
tibodies were studied as correlates of RV immunity in infants from 1–24 months of
age infected with RV [41]. Children with higher serum neutralizing antibody titers to
RV were protected against RV diarrhea. A serum neutralizing antibody titer of 1:128
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or greater against serotype G3 was associated with short-term protection against the
G3 RV reinfection (homotypic protection), but the children were reinfected multiple
times suggesting that immunity was short-lived [41]. These observations were con-
firmed in studies conducted in developing and developed countries [127, 141]. Fur-
thermore, upon primary RV infection, children developed predominantly homotypic
neutralizing antibodies whereas the subsequent secondary RV infections induced
broader responses (heterotypic responses) and a wider range of protection against
disease and infection to different RV serotypes [126]. This finding agrees with the
observation that after a primary RV infection, some degree of protection against
subsequent disease is evident, but after two RV infections almost complete protec-
tion against subsequent moderate to severe disease is achieved [164]. Moreover,
heterotypic and not homotypic neutralizing antibody titers were correlated with
protection in a case control study conducted in children from Bangladesh [179],
contradicting previous findings suggesting that homotypic neutralizing antibodies
play a role in protection against reinfection. Nevertheless, there is more evidence
that support the correlation of higher neutralizing antibody titers with protection
against reinfection in children.

Neutralizing antibodies and their correlation with protection against reinfection
were also studied in adult volunteers, but often with conflicting results among
the different studies. In one study, 18 individuals were inoculated orally with RV
serotype G1P1A (D strain). Only 5 of the 18 volunteers shed RV in feces and 4
of the 5 developed diarrhea demonstrating that adults are often protected against
reinfection. The pre-challenge virus neutralizing antibody titers ranged from < 20
to > 5120. Homotypic and heterotypic (G3) serum neutralizing antibody titers at
> 1:20 against an immunogenic VP7 epitope were correlated with resistance against
infection and disease; however, not all protected volunteers were positive for serum
neutralizing antibodies. A similar correlation with protection was observed with
VP4 epitopes [73]. Furthermore, neutralizing antibody titers in intestinal fluids were
measured, but a correlation was not observed. However, volunteers with > 1:100
intestinal virus neutralizing antibody titers tended to develop less diarrhea than
volunteers with < 1:100 antibody titers but these differences were not statistically
significant [90]. Other investigators showed that neutralizing antibodies in serum
and jejunal fluids correlated with protection, but also reported that not all protected
volunteers were positive for serum or intestinal neutralizing antibodies suggesting
that other immune parameters must also be involved in protection against disease
and illness. In addition, serum RV specific IgG antibodies best predicted protec-
tion against infection, whereas RV neutralizing antibody titers in jejunal fluids best
predicted protection against illness [176]. These observations were later confirmed
[175]; however, a lack of correlation with neutralizing antibodies in jejunal fluids
or serum and protection against RV infection and disease in adults has been de-
scribed as well [178]. In conclusion, in adults the role of neutralizing antibodies in
protection against reinfection is not as clear as it appears to be in children.

Studies of RV-specific IgA in serum and feces or serum IgG antibodies as corre-
lates of protection against RV reinfection have also been performed. The RV specific
IgA and IgG antibody titers in serum and IgA antibodies to RV in feces of adult
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volunteers receiving two doses of virulent HRV were examined and a correlation
with protection against disease and illness was observed with all antibodies except
fecal IgA. Many adult volunteers that had RV-specific IgA antibodies in stools were
not protected from reinfection. Only serum RV-specific IgG antibodies were signif-
icantly correlated with protection [176]. Other studies performed using adults did
not find a correlation with protection and serum antibodies [178]. Thus in adults
the role of serum and fecal antibodies to RV in protection against RV infection and
disease is unclear.

On the other hand, most of the studies of IgA and IgG antibodies induced after
RV infection in children support a role of RV-specific IgA in protection against
reinfection. In a cohort study in which children from a developing country were
observed from birth up to 2 years of age, serum and stool sampling were performed
every month. Children with serum RV-specific IgA antibody titers > 1:800 had a
lower risk of RV reinfection and were protected against moderate-severe diarrhea.
In addition, serum IgG antibody titers to RV > 1:6400 were correlated with protec-
tion against infection but not disease. Complete protection against severe-moderate
diarrhea and serum IgA seroconversion was achieved after two consecutive symp-
tomatic or asymptomatic infections [164, 165]. These studies suggest that serum
IgA to RV correlates with protection against infection and disease. These observa-
tions were confirmed in a study performed in a developed country (USA) whereby
a titer of serum IgA antibodies of > 1:200 and of IgG antibodies of > 1:800 to
RV were correlated with protection against infection and disease [127]. Conversely
in a study of Danish children with RV gastroenteritis, higher preexisting serum IgA
antibody titers to RV were correlated with milder symptoms (e.g. less vomiting), but
serum IgG antibody titers were not correlated [77]. The authors also reported that
serum IgA antibody titers were correlated with the presence of serum immunoglobu-
lin bound to secretory component suggesting that at least some of the detected serum
IgA antibodies to RV were probably of intestinal origin, lasting about 4 months after
infection. These findings also confirm that serum RV-specific IgA correlates with
protection against infection and disease in children. Other studies have reported a
correlation between lower serum RV-specific IgG, but not IgA antibodies, with the
development of RV-induced diarrhea [44].

In addition, stool IgA antibodies to RV have been previously correlated with
protection against RV infection in children. Two cohort studies demonstrated that
fecal RV-specific IgA antibodies correlated with subsequent protection against RV
reinfection [50, 51]. The most sensitive method for diagnosis of acute RV infec-
tion was RV-specific IgA coproconversion in stools because 92% of RV infected
children coproconverted [51]. Nevertheless, a substantial number of children that
developed disease had elevated pre-infection IgA antibody titers to RV in stools
[50, 111]. Possibly the fecal IgA to RV could be of maternal origin and perhaps the
passively acquired IgA antibodies did not prevent virus infection because they lack
secretory component and can not mediate virus expulsion [64]. Moreover, fecal IgA
antibodies, as previously mentioned, only last for about 5 weeks after the onset of
diarrhea. Most children after infection do not maintain fecal IgA antibody titers and
only frequent reinfections induce long-term RV-specific fecal IgA antibodies [50].
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For these reasons fecal IgA antibodies are not considered an adequate long-term
marker of protection against RV infection. Because some of the serum RV specific
IgA probably derives from the intestine and it persists approximately 4 months
after infection, many studies have observed a correlation between serum IgA an-
tibodies to RV and protection from RV reinfection. Thus serum IgA antibodies
have been suggested to be an adequate marker of protection against RV infection
and disease [64]. However, others suggested that serum antibodies in general cor-
relate with protection and perhaps, regardless of the isotype, VP4 and VP7 spe-
cific intestinal antibodies must be present to prevent RV infection [86]. In general,
there is more evidence that supports the role of humoral immunity in protection
against reinfection in children compared to adults. Possibly, distinct and more ma-
ture immune mechanisms (T cells and non-neutralizing antibody producing B cells)
active in adults, but not yet developed in children, also play important roles in
protection.

10.4.2 B Cell Responses after Natural RV Infection in Humans

Antibodies are secreted by plasma cells, which are mature antigen activated B cells
that do not undergo cell division. Plasma cells are generally short lived, but there is a
subpopulation of plasma cells that are long-lived residing primarily in the BM [33].
Characterization of RV-induced B cell responses has been performed in children
after acute infection and in adults infected or exposed to RV [69, 89]. Children
with acute RV diarrhea were bled early after onset of symptoms and blood MNC
were isolated and subjected to an ELISPOT assay for detection of RV-specific ASC.
All RV positive children developed circulating IgM ASC to RV (82 RV specific
IgM ASC/106 MNC), 93% developed lower IgG ASC responses (3–4 IgG ASC to
RV/106 MNC), but only 64% of the children developed low IgA ASC responses
to RV (0.02–0.08 IgA ASC to RV/106 MNC). These responses reflect a typical
primary immune response in agreement with the previously described humoral im-
mune responses in acutely RV infected children. A different study showed that by
magnetic isolation of CD38+ (a marker of ASC) B cells, children apparently not
recently infected had persisting CD38+ RV specific ASC in the LP probably rep-
resenting long-lived plasma cells. Additionally, the number of circulating CD38+

IgA ASC to RV correlated with that of CD38+ RV specific IgA ASC in the small
intestinal LP of the non-infected children suggesting their constant transit through
blood to the gut [30]. Other studies support the observations that circulating ASC
to RV after primary infection are mainly of IgM isotype and can be detected as
early as 1 day of onset of symptoms [69]. Furthermore, RV infected symptomatic
and asymptomatic adults developed 10–100 times more circulating IgG and IgA
ASC to RV than children and 63% and 83% of the adults developed IgG and IgA
ASC respectively, reaching a peak at 5–9 days post-infection [69]. These are typical
secondary responses and also agree with the previously described humoral immune
responses observed in RV infected adults.
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Children and adults recently infected with RV mainly had VP6 specific CD19+

large B cells (presumably activated) that expressed the intestinal homing marker
�4�7, but the ratio between �4�7+/�4�7− VP6-specific B cells was higher in
adults (21.6) than in children (3.0) suggesting that children might have more sys-
temic B cell responses to RV than adults, possibly secondary to higher viremia due
to the lack of intestinal immunity [69]. A more detailed characterization was later
performed in children after acute RV infection and it was described that circulat-
ing RV-specific B cells were mainly large CD38+, CD27+ (memory cell marker),
CD138+/− (plasmablast marker), CCR6− (chemokine receptor expressed in naı̈ve
and memory cells), �4�7+ (intestinal homing marker), CCR9+ and CCR10+ (B cell
homing chemokine receptor markers), cutaneous lymphocyte antigen (CLA)− (lym-
phocyte marker for skin migration), L-selectin+/− (peripheral lymph node homing
marker), IgM+ IgA+/− and IgG− likely representing intestinally primed plasma
cells and plasmablasts [85]. However, at convalescence circulating RV-specific B
cells were small and large CD38+/−, CD27+/−, CCR6+, �4�7+/−, CCR9+/−,

CCR10− possibly representing both local and systemic B cells with memory phe-
notype [85]. The CD27 was previously described to be a memory marker, but more
recently it has been described that high expression of CD27 can be observed in ASC
[94, 121, 129]. Adults demonstrated a phenotype similar to that of children at con-
valescence suggesting that the observed cells represented mature memory responses
and are present in both children and adults after RV infection [85]. Importantly, the
source of the protective RV-specific IgA antibodies detected in serum needs to be
addressed. Possibly, intestinal long-lived plasma cells are a major source for the
RV-specific IgA and may also correlate with protection against RV reinfection.

Furthermore, in adults, infants and neonates, similar frequencies of naı̈ve B cells
(CD27−, CD19+) recognize RV VP6, but not VP7 [134]. This phenomenon has
been described in mice [151] and goats [134] suggesting that this is common among
mammals, but its significance in-vivo is unknown. Probably, this will aid in the
generation of stronger VP6 responses that agrees with the fact that the most im-
munogenic RV protein is VP6. Also children with acute RV infection develop B
cells with few somatic hypermutations that are mainly RV-specific CD5+ B cells
(marker of B1a cells) that characteristically secrete natural polyreactive and low
affinity antibodies [183]. Between 60–87% of circulating B cells in children were
CD5+ compared to 22% in adults. It is known that children are more frequently
reinfected with RV than adults. Possibly, low affinity antibodies secreted by CD5+

B cells may not protect from RV reinfection and this may explain why children have
increased susceptibility to RV infection but this remains to be studied. Furthermore,
whether the naı̈ve B cells observed to bind VP6 in adults, neonates and children
express CD5 and represent B1 cells, needs to be further investigated.

In conclusion, RV activates B cells to become short or long-lived plasma cells
and memory B cells that can be detected during their circulation in blood. Children
developed circulating RV-specific B cells, that based on homing markers, possibly
derive from systemic tissues and the gut, whereas in adults, RV-specific B cells are
mainly of intestinal origin. A detailed characterization of circulating RV-specific B
cells induced after infection in children showed that plasma cells expressed mainly
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intestinal homing markers, whereas memory B cells expressed both intestinal and
systemic homing markers. Nevertheless, the origins of the RV-specific plasma cells
and memory B cells and their role in protection against reinfection need to be further
investigated.

10.4.3 T Cell Responses after Natural RV Infection of Humans

Cellular immunity to RV has been studied in children after acute RV infection and in
symptomatic and asymptomatic adults. Initially, cellular immunity was studied by
proliferation assays that presumably measure mainly CD4 specific T cell responses
and are not a specific measure of all T cell responses. In a study characterizing
circulating cellular immunity to RV, investigators noted that 7 of 8 children with
acute RV infection had a positive homotypic and heterotypic proliferative response
at convalescence (2–8 weeks, 6 of 8 children) and at late convalescence (3–5 months
post-infection, 4 of 4 children) [131]. Additionally, cytokine responses have been
characterized in the supernatants of circulating MNC in children after acute infec-
tion. The supernatants were tested for IFN�, IL-10, IL-8 and TNF�, but only IFN�
was significantly elevated in cell supernatants from RV infected children, suggesting
that RV infection induced a Th1 response [7].

The characterization of RV specific T cells was then performed by intracellu-
lar cytokine staining of CD4+ and CD8+ T cells by flow cytometry after acute
RV infection in children (4–84 months of age) and symptomatic, asymptomatic
RV infected and non-infected adults [84]. Circulating MNC were isolated after
acute infection from RV positive and negative children and adults and intracellu-
lar IFN� (Th1) and IL-13 (Th2) were measured in activated (CD69+) CD4+ or
CD8+ T cells. Symptomatic adults had significantly higher activated CD4+ and
CD8+ IFN� secreting T cells than healthy adults and children with acute RV diar-
rhea. No IL-13 responses were detected in infected or healthy adults. Children after
acute RV infection had low frequencies of CD4+ and CD8+ IFN� secreting T cells
and, contrary to infected adults, RV infected children developed low frequencies
of IL-13 CD4+ T cells. Also there was a tendency for slightly higher CD8+ than
CD4+ T cell responses in both children and frequently exposed non-infected adults
(laboratory workers), whereas infrequently exposed healthy adults had low and bal-
anced CD4+ and CD8+ T cell responses. Using an ELISPOT assay for detection
of RV-specific CD4+ and CD8+ IFN� and IL-4 CSC in blood from RV infected
children and non-infected healthy adults, mainly IFN� CSC were detected, whereas
IL-4 (Th2) CSC were not observed [142]. In accordance with the findings observed
after intracellular cytokine staining detected by flow cytometry [84], magnetic iso-
lation of CD4+ and CD8+ T cells and incubation with CD14+ monocyte APCs plus
RV antigen, children again demonstrated a slightly higher CD8+ T cell response,
whereas infrequently exposed healthy adults had a balanced CD4+ and CD8+ T cell
response. However, other investigators reported circulating RV-specific IFN� CSC
by ELISPOT in healthy adults, and after depleting CD4+ but not CD8+ T cells,
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most CSC responses were abolished, suggesting that RV-specific T cell immunity
in healthy adults is mediated by CD4+ T cells [92]. This observation can also be
attributed to the lack of CD4 help when depleting CD4+ T cells and not to a predom-
inant RV-specific CD4+ T cell population induced after RV infection. Additionally,
CD4+CD69+IFN�+ T cells to RV from adult volunteers predominantly expressed
the intestinal homing marker �4�7 and were also enriched in the L-selectin− pop-
ulation which is typical of cells with an intestinal homing pattern. This finding was
contrary to CMV-specific CD4+CD69+IFN�+ T cells in adults that were mainly
L-selectin+ �4�7− typical of cells with a systemic homing pattern [142]. These
results confirmed that RV induces a mixed Th1-Th2 response in children, whereas
in infected adults, RV induced a higher and predominant Th1 response and intesti-
nally committed CD4+ T lymphocytes. Previously, it was addressed that children
develop humoral immunity that correlates with protection, whereas the evidence for
humoral immunity in protection against reinfection in adults is less clear. Perhaps
children that develop lower immune Th1 and Th2 responses rely more on humoral
immune responses for protection against reinfection compared to adults. By in-
ducing stronger Th1 responses, adults possibly rely more on cellular immunity for
protection against RV reinfection, but this needs to be investigated further.

10.4.4 Innate Immunity after RV Infection in Humans

Cytokines in serum detected after acute primary RV infection reflect to some extent
the innate immune responses induced by the virus. However because RV-specific
T cell responses are detected as early as 1 day after the onset of diarrhea in a
primary infection [84], which cells are the source of the observed early serum cy-
tokines (innate cells vs. acquired T cells) has not been defined. Some studies of
children with acute RV infection demonstrated that serum IL-12, IFN�, IL-6 and
IL-10 increased significantly [87, 185] and the type I IFN� reached a peak in serum
2 days after the onset of symptoms [55, 58]. The protein MxA, induced by IFN�,
also increased in children with various acute viral infections [RV, adenovirus, CMV
and respiratory syncytial virus (RSV)] compared to the levels in peripheral blood
lysates from children with bacterial gastroenteritis [42, 75]. Type I IFN secretion is
probably derived from pDC, but other DCs and epithelial cells [150] secrete these
cytokines and the main source of IFN� secretion after RV infection is unclear. The
importance of cytokine secretion in the control of viral infections has been studied
in-vitro using human intestinal cell lines infected with RV. Pre-treatment of human
colon carcinoma cells (Caco) with IFN�, IL-1 and IFN� prevented RV replication.
However, only treatment with IFN� and not IFN� or IL-1, diminished lipofected
RV replication in a dose dependent manner whereas viral entry was significantly
inhibited by the treatment with IFN� and IL-1, but not IFN� [16]. These investi-
gators suggested that production of these cytokines may prevent or block to some
extent infection or RV replication. Additionally, it was described recently that RV
NSP1 protein inhibits the synthesis of type I IFNs by proteosome degradation of the
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IRF3, IRF7 and IRF5 as a possible mechanism to counteract the inhibition of RV
replication mediated by IFN� [13, 14]. However, it was recently described that adult
peripheral blood mononuclear cells exposed to RV in-vitro secrete IFN� and pDCs
were the main source of this type I IFN [117]. Because after RV infection, IFN�
is detected in serum, it remains to be determined if IFN� inhibits RV replication
in-vivo or if RV replicates and inhibits IFN� production by the main type I IFN
producers, the pDCs and other types of DCs.

The epithelial cell responses after RV infection have been mainly studied in-
vitro using human intestinal colonic cell lines. Studies of HT29 and Caco cells
demonstrated that after RV infection, IL-8, RANTES, the growth related peptide
alpha, IP-10 (a C-X-C chemokine), granulocyte-monocyte colony stimulating fac-
tor (GM-CSF) and IFN� mRNAs were up-regulated [35, 143]. The peak of the
epithelial response occurred between 3–16 hours post-infection and lasted for more
than 24 hrs. However, it was observed that 2/4/6/7VLPs also induced IL-8 secre-
tion by HT29 cells, whereas incubation with 2/6/7VLPs induced lower quantities of
IL-8 production suggesting a role of VP4 in the activation of epithelial cells after
infection [143].

The mechanism of generation of cytokine responses by RV infected epithelial
cells is unclear, but it was recently shown that RV dsRNA mediated TNF�, IFN�
and IL-6 mRNA production in-vitro as well as apoptosis and a delay in epithelial
cell migration to repair the disrupted monolayer caused by RV infected dead cells
[150]. The TLR3, that specifically recognizes dsRNA, was detected at the mRNA
and protein level in various intestinal epithelial cell lines (IEC-6, HT29 and Caco).
The abnormal monolayer repair was in part TLR3 dependent, because after the addi-
tion of TLR3 antibodies, cell migration was promoted. These observations suggest
that TLR3 induction promotes apoptosis and prevents cell migration by mechanisms
still unclear that probably also aid in containment of the viral infection. However,
it is possible that these effects are related to RV pathogenesis as has been recently
observed in mice [196]. A study of the expression of various TLRs in blood MNC
from children with acute RV infection confirmed the up-regulation of TLR3 in-vivo
as well as TLR8 (that recognizes ssRNA together with TLR7) during the first 3 days
of illness [185]. It is known that via TLR3 signaling, NF-�� and the IFN� promoters
are activated [112] and both mRNAs are known to be up-regulated after RV infection
of human cell lines in-vitro [143]. However, addition of TLR3-specific antibodies
does not prevent secretion of IL-12, IFN� or IFN� by immature DCs exposed to
RV dsRNA [112] suggesting that besides TLR3, other molecules may be involved
in the induction of cytokine secretion by immature DCs. Other dsRNA recognition
molecules that induce NF-�� like RIG-1, mda-5 and PKR might be involved in the
induction of cytokine responses by innate immune cells and epithelial cells after RV
infection [57]. Rotavirus induced activation of these molecules and their pathways
have not been explored.

Human DC activation after RV exposure has been studied in immature and ma-
ture myeloid DC (mDC) in-vitro from adult volunteers [122]. The DC matura-
tion was not altered after RV exposure and immature DCs secreted mainly IL-6,
whereas mature DCs secreted IL-6 and low amounts of IL-12 and IL-10. Also,
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intracellular NSP4 was observed in 4–46% of mature DCs, but rarely in immature
DCs, suggesting that virus replication occurred and was promoted only in mature
DCs for unknown reasons. However, with the recent evidence that NSP4 is a struc-
tural protein [52], virus replication in DCs needs to be studied further [122]. The
majority of viruses that replicate in DCs do so in immature rather than mature DCs
and it was suggested that because immature DCs have a higher endocytic capacity
this facilitates virus cell entry and subsequent replication [104]. However, some
viruses like RSV [15] and certain strains of CMV [76] infect mature DCs more
efficiently as was also suggested for RV.

Paired serum specimens from children with RV diarrhea were studied to measure
the levels of IL-1�, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12 and IFN� [87] as a possi-
ble reflection of innate immune responses. Children with acute RV infection had
elevated median levels of IL-6, IL-10 and IFN� compared to children without RV
infection. In different studies, children also presented a peak of IFN� in serum at
day 2 after the initiation of symptoms [55, 58]. Furthermore, children that developed
fever and more episodes of diarrhea had higher levels of TNF� compared to children
without fever or fewer episodes of diarrhea and children that presented vomiting had
lower levels of IFN� suggesting that innate cytokines induced after acute infection
may play a role in promoting or ameliorating RV pathogenesis.

The contribution of innate immunity in the initial control of RV replication and in
the induction of RV pathogenesis is unclear and requires additional characterization.
Also, important differences in the innate immune responses to RV in neonates vs.
adults might aid in the design of more efficient mucosal vaccines able to induce
stronger immune responses by the immature neonatal immune system or overcome
the suppressive effects of maternal antibodies.

10.5 Candidate HRV Vaccines

Because RV causes significant morbidity and mortality impacting the healthcare
system and because of the fact that public health interventions are unlikely to de-
crease the incidence of disease, vaccines are the main strategy for disease preven-
tion [29].

10.5.1 Monovalent Jennerian Vaccines

The initial candidate vaccines were developed from animal RV strains of bovine or
non-human primate origin because human and animal rotaviruses share a common
group antigen (VP6) and heterologous protection against infection has been demon-
strated using animal models [197]. A “Jennerian approach,” was tested in which a
live RV of non-human origin is used to vaccinate human volunteers, to elicit cross-
protective immunity. One vaccine was an attenuated bovine RV strain (Nebraska calf
diarrhea virus [NCDV]). Three monovalent non-HRV vaccine candidates underwent
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field trials: two bovine strains (RIT4238, P6[1]G6 and WC3 P7[5]G6) and one
simian strain (RRV MMU 18006, P5B[3]G3). The efficacy of these candidate vac-
cines to prevent severe HRV disease varied in clinical trials [102, 171]. A lack
of heterologous protection was one reason for vaccine failure, mainly because of
the differences between developed and developing countries, where in the latter,
increased strain diversity, more mixed infections, a larger exposure inoculum and
higher titers of maternal antibodies are present. Protection induced by the monova-
lent RRV vaccine was apparently not serotype specific and did not correlate with
serum neutralizing antibodies or serum IgA antibodies [103]. The bovine RIT 4237
strain that in early studies induced high protection rates and heterotypic protection,
induced RV-specific IgG antibody titers in serum (serum IgA antibodies not mea-
sured) that correlated with clinical protection [167]. However, later studies failed
to provide evidence of protection by the bovine strain and it was discontinued.
Similarly, the WC3 bovine strain induced variable protection rates, and induction
of neutralizing antibodies or serum IgA antibodies to RV did not correlate with
protection [64].

10.5.2 Multivalent Jennerian Vaccines

Because monovalent live non-HRV vaccines failed to induce significant protection
in children, which was attributed to their lack of induction of heterotypic protective
antibody to multiple rotavirus serotypes, it was thought that a successful RV vaccine
would need to induce neutralizing antibodies to the major serotypes of RV (G1-G4)
commonly seen in children [136]. Gorrell & Bishop [71], corroborating other stud-
ies, suggested that for RV vaccines to be effective they should be multidose to elicit
high titers of cross-reactive VP7 neutralizing antibodies. In an attempt to induce
heterotypic immune responses to multiple HRV serotypes, animal-HRV reassortants
were included in a second-generation vaccine [36]. Several reassortant RV vaccines
were constructed by incorporating HRV genes that code for the surface proteins VP7
and/or VP4 into a bovine or simian RV genome background.

10.5.2.1 Rotashield

A tetravalent Rhesus-HRV reassortant (RRV-TV) vaccine (Rotashield R©, Wyeth
Laboratories, Inc) was designed to protect against the four most important HRV
serotypes (G1-G4). This vaccine showed about an 80% protection rate against se-
vere diarrhea in some, but not all clinical trials [60, 72, 166]. Post-licensure evalu-
ation of the Rotashield R© vaccine identified intussusception (intestinal blockage or
obstruction) as a serious adverse event potentially associated with this vaccine and
prompted its withdrawal [120]. The Rotashield R© RRV-TV vaccine was licensed in
1998 and withdrawn in 1999 after the uncommon but serious adverse event intussus-
ception occurred [137]. Whether this association will occur with other candidate live
RV vaccines strains at similar risk in other populations is unclear. Rhesus-human
reassortant RV replicates in the human small intestine and causes diarrhea in several
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species other than monkeys. Offit et al. [130] suggested that intussusception might
be related to high virus dose, the RV strain or due to the extent of virus replication.
To overcome the highest period of susceptibility of children to develop intussuscep-
tion, the use of live attenuated RV vaccines at 0–4 weeks of age for the first dose and
4–8 weeks of age for the second dose was recommended [154]. With this strategy,
the risk of intussusception should be reduced, since with Rotashield R©, no intussus-
ception was observed in infants vaccinated younger than 60 days of age [26]. Moser
et al. [119] studied the capacity of simian-human and bovine-human reassortant RV
to cause lymphoid hypertrophy and hyperplasia of PP of adult BALB/c mice. They
found neither hypertrophy nor hyperplasia in the mouse PP after oral inoculation
with the reassortant RV. However, infectious virus was detected in PP and MLN
after oral inoculation with the simian, but not the bovine reassortant RV. Moreover,
vaccination with the RRV-TV strain and the titers of RV-specific IgA in serum or
neutralizing antibodies induced were not correlated with protection [182].

10.5.2.2 RotaTeq

More recently, a human-bovine reassortant RV vaccine, RotaTeq R© (Merck & Co),
which contains five serotypes: G1, G2, G3, G4 and P1, has been licensed in the U.S
since 2006 [1]. This vaccine is also in phase III clinical trials in other countries.
It has shown high rates of seroconversion even after only the first dose [177]. In
early studies, a quadrivalent vaccine human (WI79) and bovine (WC3) reassortant
precursor of the current RotaTeq R©, was evaluated for its efficacy, safety and im-
munogenicity in healthy infants [43]. The vaccine showed 74.6% efficacy against
RV acute diarrhea and 100% efficacy against severe diarrhea. The quadrivalent vac-
cine was well tolerated, with no significant differences between vaccine and placebo
groups regarding side-effects [1].

10.5.3 Non-Jennerian Vaccines

The first non-Jennerian vaccine approach used a HRV strain from an infected new-
born baby. Evidence shows that human strains that infect these newborns are usually
naturally attenuated [20, 80]. Such human strains have a theoretical advantage over
reassortant vaccines, in that they should induce a broad antibody response and re-
duce the need for a complex mixture of strains [11]. The first vaccine tested using
this approach was M37, carrying a P[6]G1 serotype; but a field trial showed no
protection against RV gastroenteritis. Serological studies showed that the M37 vac-
cine induced very limited antibody responses [190] and the neutralizing antibodies
induced were primarily vaccine-strain-specific, not serotype-specific [118]. Another
neonatal strain tested was RV3 (serotype G3), characterized as a P[6]G3 strain.
Neonates naturally exposed to this strain developed neutralizing antibodies to G1,
G3 and G4, and were protected against severe diarrhea until 3 years of life [20].
A phase III clinical trial with 3 doses of RV3 showed 46% of vaccinees developed
immune responses and in the ones that seroconverted, the efficacy was 54% [12].
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10.5.3.1 Rotarix

An attenuated G1P[8] HRV strain, RIX4414 vaccine strain (Rotarix R© – Glaxo-
SmithKline) was cloned from the parental strain 89–12. In clinical trials this vaccine
has shown 85 to 96% efficacy against severe RV gastroenteritis and 72% effi-
cacy against any RV gastroenteritis [56, 168, 169]. The RIX4414 vaccine reduced
gastroenteritis-related hospitalizations by more than 40% in Latin America and by
75% in Europe [139]. It proved to be immunogenic and to elicit non-G1 neutralizing
antibodies as well as crossprotection [180]. Rotarix R© was introduced in Mexico and
licensed at the end of 2004 and after that in over 70 countries [93].

10.5.4 Monovalent vs Pentavalent RV Vaccines

These two new vaccines were licensed concomitantly in different countries and
are being administered to children worldwide. Castello et al. [36] reviewed strains
prevalent in Latin America, compared the genotypes in circulation during a 9-year
period and calculated the probable efficacy of the two new candidate vaccines:
RotaTeq R© and Rotarix R©. Their survey indicated that RotaTeq R© would target 56%
of all single infections by both VP7 and VP4 antigens, 42% would be targeted by
only one antigen and only 1% of the uncommon strains would not be targeted by
a single outer capsid protein. Whether the protection would be equal for strains
bearing 1 or 2 antigens in common with the vaccine has yet to be determined. Alter-
natively Rotarix R© that is composed of a Wa genogroup, has shown a wide crossre-
activity and protection against rare G types (e.g G9 strains) with similar genogroups.
Therefore, the greatest challenge for Rotarix R© will be to protect against strains
from different genogroups (DS-1 or AU-1) that can reach a ∼ 30% prevalence rate.
Ward et al. [174] suggested that the quality of responses induced by a HRV vaccine
against a human challenge should be significantly better due to the conserved B and
T cell epitopes within strains and in common with the circulating HRV. Correlates
of protection after vaccination are still under study and a strict surveillance of in-
tussusception induced after vaccination is in progress. No higher association with
intussusception has yet been observed in the vaccinated group compared to placebo
group for any of the two RV vaccines [19, 170]. However both vaccines remain to
be tested in large clinical trials in the poorest of developing countries, particularly
in Africa and Asia, where the need is greatest.
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Part IV
Respiratory Pathogens



Chapter 11
Mucosal Control of Streptococcus
pneumoniae Infections

Jacinta E. Cooper and Edward N. Janoff

Abstract Infections due to Streptococcus pneumoniae are associated with up to a
million deaths per year, especially among young children and older adults. Mucosal
sites, particularly the nasopharynx and upper and lower respiratory tracts, serve as
the initial site of exposure and the subsequent morbidity and morality associated
with this invasive bacterial pathogen. Thus, control of the pneumococcus at mu-
cosal sites, where infection begins, is a critical goal in preventing disease. The
mechanisms of mucosal control are not well characterized. These host strategies
may support both antibody- and complement-dependent bacterial control by phago-
cytes. Newer data suggest that antibody-independent but CD4+ T cell-dependent
processes may play an important role in bacterial clearance at these sites of entry.
The bacteria employ a multifaceted range of pathogenic and immune-evasive activ-
ities to subvert the host response. Vaccine development should continue to focus on
exploiting both the shared and the serotype-specific characteristics and vulnerabili-
ties of the organism to enhance mucosal defense against this common and virulent
pathogen.

11.1 Impact of Pneumococcal Mucosal Disease

Streptococcus pneumoniae is among the most prominent causes of significant
morbidity and mortality worldwide. Young children, the elderly, and African-
Americans are disproportionately affected by pneumococcal disease [1]. The in-
cidence of invasive pneumococcal infections, a specific but insensitive marker of
all pneumococcal infections, is highest in very young children and then begins to
increase again with age in adults (Fig. 11.1; left y-axis lacks label). Despite the
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increased incidence, bacteremia-related mortality is lowest among young children
in the U.S. and increases with age.

The mucosal manifestations of pneumococcal disease, especially acute otitis me-
dia and pneumonia, are far more frequent and are associated with more morbidity
and deaths than invasive systemic disease (e.g., bacteremia and meningitis). In the
U.S., the estimated 3,000 cases of meningitis and 50,000 cases of bacteremia are far
exceeded by the 125,000 cases of pneumonia requiring hospitalizations and the one
quarter of the 7 million cases of otitis media caused by S. pneumoniae yearly [2, 3]
In children, acute otitis media is the most common clinical manifestation of pneu-
mococcal infection and outpatient diagnosis leading to an antibiotic prescription [3].

With 150 million cases in resource-limited countries yearly, pneumonia kills
more children than AIDS, malaria, and measles combined [4]. Three quarters of
childhood pneumonias occur in just 15 countries, particularly in Asia and Africa.
Worldwide, 30,000 children under 5 years of age die each day; approximately 25%
of these deaths (2.7 million/year) are due to pneumonia. About a third of pneumo-
nia deaths are due to S. pneumoniae (up to a million deaths/year). Among adults
in the U.S., community-acquired pneumonia (CAP) is the sixth leading cause of
death, fifth among persons >65 years of age. S. pneumoniae is consistently the
leading cause of bacterial CAP in children and adults, comprising a quarter to a
third of all adult cases, as well as two thirds of all bacteremic pneumonias [5, 6].
In adults, the incidence of pneumococcal CAP continues to increase with age. In
a prospective study in Spain, the rate of pneumococcal CAP was 14 per 10,000
inhabitants for those 75 years and older; 13 times higher than persons aged 15–44
and 2.7 fold higher than those 64–74 years [7]. Mortality with pneumococcal pneu-
monia increases from ≤5% for those treated as out-patients, to 12% for hospitalized
cases, and ≥25% in patients with severe disease, including bacteremia [8]. Mortality
also increases with age (Fig. 11.1). In an older Veteran population in Minneapo-
lis, the mortality rate with pneumococcal bacteremia (n = 215; 1981–1994) at 3
weeks was 33% [9]. The vast majority of cases were due to pneumonia and most
deaths occurred within the first week (28/33% = 85%), often within the first day
(15/33% = 45%). The high proportion of all mortality that occurs early in the
course of infection has persisted for over 35 years [10], suggesting that, despite the
availability of potent antimicrobials and intensive care support, prevention must be
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the keystone to effective control of pneumococcal disease. Prevention has been fo-
cused to date on development and use of effective vaccines that generate antibodies
to the bacterial capsule.

S. pneumoniae-specific antibodies likely provide the most effective mechanism
of control and intervention [11, 12]. Antibodies that mediate opsonization, phagocy-
tosis and killing of the organism are most consistently directed to the polysaccharide
capsule. Challenges in vaccine development have been related in part to the large
number of different capsular polysaccharide serotypes (>90), which are clustered
into serogroups, but which otherwise have little cross-reactivity. Among young chil-
dren, serogroups 1, 6, 14, 19, 23 are the most prominent serogroups around the
world associated with disease. Serotypes 1, 5, and 46 are rarely found in carriage
samples but cause a higher proportion of invasive pneumococcal disease [13]. A
small number of serogroups are responsible for most of the cases of each disease
syndrome. Serogroup 1 and 14 are more often isolated from blood; 6, 10, and 23
from cerebrospinal fluid; 3, 19, and 23 from middle ear fluid [14].

11.2 Colonization

Colonization is the critical first step in developing pneumonia for two reasons.
First, pneumonia is thought to begin with inhalation of organisms into the lung
(aspiration), after establishment of recently-acquired nasopharyngeal strains of
S. pneumoniae [15]. Second, colonization, rather than pneumonia, is most consis-
tently implicated in transmission. Blocking colonization should block pneumonia.
Indeed, protein-conjugate vaccines decrease rates of colonization with the vac-
cine serotypes in children [16]. A striking correlation exists between the effect
of the protein-conjugate vaccine on carriage of vaccine-related strains in the na-
sopharynx of children and its efficacy in preventing invasive pneumococcal dis-
ease [17, 18]. At a second level of impact, vaccination of young children with the
protein-conjugate decreases rates of invasive disease in children, as well as among
adults from 20−>65 years by 20–40% [19] (Fig. 11.2). This effect is related to
7-valent (capsules from 7 serotypes) conjugate vaccine rather than use of the adult
23-valent pneumococcal polysaccharide vaccine because the decline in adults was
only among the 7 serotypes included in the pediatric conjugate vaccine whereas
rates of disease due to the remaining serotypes in the adult vaccine did not change
in this period. This decrement in adults is likely mediated by the effect of the vaccine
on nasopharyngeal carriage in children, an apparently important reservoir for inva-
sive strains in adults. Declines in carriage of vaccine-related strains in young chil-
dren are associated with decreased carriage of vaccine, but not non-vaccine strains
among adults in the same community [17, 18].

Colonization is a complex process. That pneumococcal colonization clears within
12 weeks in healthy adults suggests the effects of acquired immunity [20]. A
cross-sectional study of adults and children in a childcare setting in the United
States found that 15% of adults and 65% of children were colonized with the
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pneumococcus [3]. Indeed, colonization with S. pneumoniae begins very early in
life [21, 22, 23] and elicits antibodies to multiple bacterial antigens [15, 24], includ-
ing pneumococcal capsule [25, 26] and the many proteins that intercalate through
to the surface. Capsule may inhibit mucus-mediated clearance [27], and capsule-
specific antibodies are associated with decreased rates of type-specific acquisition
and/or clearance of the organism [28]. Two other bacterial surface proteins im-
plicated in epithelial cell binding, pneumococcal surface antigen A (PsaA) and
pneumococcal surface/choline-binding protein A (PspA; CbpA), elicit antibodies
following colonization [15, 29] (reviewed in [24]). Antibodies to the former reduce
carriage in mice [30]and to the latter are associated with protection against experi-
mental colonization in humans [29].

In addition to specific antibodies, the inflammatory response elicited by col-
onizing organisms may contribute to clearance. Proinflammatory constituents of
S. pneumoniae include choline-binding protein A (CbpA) [31], pneumolysin (the
major pneumococcal protein toxin) [32, 33, 34], and the pneumococcal cell wall
component phosphoryl choline (ChoP). Cell wall ChoP shares homology, and
cross-reactive antibodies, with both the lipoteichoic acid of S. pneumoniae and
lipopolysaccharide of H. influenzae [35]. Such epithelial cell activation facili-
tates binding of bacterial ChoP to its primary target, platelet activating factor
receptor (PAFr), a prominent receptor for S. pneumoniae on epithelial cells
[36, 37].

Despite the substantial body of accumulated evidence that capsular conjugate
vaccine and antibodies to a range of pneumococcal antigens prevent colonization,
as described above, several provocative recent studies from 2 independent groups
provide persuasive evidence that protection against and particularly clearance of
colonization in mice can be elicited with whole organisms in a CD4+ T cell-
dependent, but antibody-independent manner. The latter point was confirmed in
antibody-deficient mice, so the role of CD4+ T cells was not restricted to regu-
lating B cell responses [32, 38]. These T cell responses may involve the cell wall
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polysaccharide via toll-like receptor 2 (TLR2) or the bacterial toxin pneumolysin via
TLR 4, but the effector mechanisms of protection have not been proposed. A limita-
tion of these data is the focus on mice, which are not natural hosts and do not become
colonized or infected in the wild. However, potentially intriguing human correlates
are the observations that although the frequencies of nasopharyngeal pneumococcal
colonization among HIV-infected and -uninfected persons [39, 40, 41] are typically
similar, patients with lower CD4 cell counts may have somewhat higher nasopha-
ryngeal carriage [41, 42]. In the one longitudinal study, patients with HIV infection
were more likely to acquire new strains of S. pneumoniae and less likely to lose the
carrier state. As a result, carriage was more persistent among HIV-infected adults
than among controls [41]. These data are consistent with a putative role for CD4+
T cells in resolution of colonization, although patients with HIV also exhibit B cell
and other mucosal and systemic immunity defects.

Thus, we do not currently know with certainty whether antibodies to capsu-
lar polysaccharides, antibodies to surface protein antigens, antibody-independent
CD4+ T cell-dependent mechanisms, or some combination underlie the suscepti-
bility to colonization and the ability to clear the organism effectively. Nor do we
know how these immunologic constituents mediate protection by enhancing op-
sonization and phagocytosis, preventing adherence to epithelial cells, or perhaps by
CD4-dependent modulation of epithelial cell receptivity to attachment. We do know
that protein-conjugated polysaccharide vaccines do decrease rates of colonization
and disease, and specific antibody, rather than cellular responses are the most well
documented vaccine outcomes.

As opposed to the specific acquired humoral and cellular mechanisms invoked
above, innate or non-specific mechanisms are also active at the mucosal surface.
Mechanical barriers of the respiratory tract provide the first line of defense against
pathogens. Particles may be trapped in the nasal hairs, nasopharynx, or lower res-
piratory tract from the glottis to bronchioles. Particles can also become trapped in
the mucociliary blanket that lines the lower respiratory tract. Mucin, a glycoprotein
in the blanket, and its contents, can be microbiocidal. Organisms trapped and killed
in the mucociliary blanket are removed by the ciliary escalator. The increased risk
of pneumococcal disease associated with both active smoking, and passive expo-
sure to tobacco smoke, may relate in part to the effects of smoke on inhibiting
mucociliary activity. However, bacteria may overcome these mechanical defenses
and reach the terminal airways, requiring other mechanisms to maintain sterility in
the alveoli [43].

11.3 Role of Complement in Protection Against S. pneumoniae

Complement has been considered critical to protection against invasive pneumococ-
cal disease. S. pneumoniae is the most common cause of invasive bacterial infection
among patients with congenital or acquired deficiencies of early components of the
classical pathway (C1, C4, and C2) and the alternative pathway (factor I, factor
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H, and Factor B); C3 is common to both pathways. Indeed, Factor C2 deficiency,
associated with an increased incidence of invasive S. pneumoniae infection, is the
most common complement deficiency among persons of European origin [44]. Al-
though less common, C3 deficiency is associated with increased rates of pyogenic
infections with encapsulated organisms such as S. pneumoniae, and with recurrent
pneumococcal infections [45, 46].

Complement activation may occur via the classical, alternative, or lectin path-
ways (reviewed in [47, 48, 49]), each of which converges at C3. Complement
may facilitate clearance of the organism by the three potential mechanisms. First,
although complement activation by any pathway may initiate the C3-activated mem-
brane attack complex by terminal complement components (C5 → 9), the thick-
walled pneumococcus is not susceptible to such direct lysis. Second, complement
can bind to S. pneumoniae and mediate phagocytosis by both antibody-dependent
and -independent mechanisms [50]. The pneumococcal capsule, rather than other
protein virulence factors, is the primary determinant and inhibitor of complement
deposition [51]. However, several bacterial virulence factors also serve to inhibit
complement deposition or activation. These surface proteins include pneumococ-
cal surface proteins A (PspA) [52] and C (PspC); [PspC is also known as choline
binding protein A (CbpA) or secretory immunoglobulin A (IgA) binding protein
(SpsA)], pneumococcal surface adhesin A (PsaA), and pneumolysin [33, 53] (re-
viewed in [54]). Surface binding and activation of C3 and its products are most
important in engaging complement receptors for phagocytosis and killing. The abil-
ity of mucosal IgA to fix and activate complement is not well characterized under
physiologic conditions. IgG, however, can serve this function, and IgG comprises
about half of the antibody present in the lower lung. In vitro, phagocytes will kill
S. pneumoniae in the presence of both capsule-specific IgA and whole hemolytic
complement, but not in the presence of either one alone at limiting concentrations
(Fig. 11.3: [Anti-T14 IgA- Type 14 specific anti-IgA, C-baby rabbit complement,
Phagocytes-human neutrophils]). Finally, the cleavage products of C5 and C3, C5a,
and, to a lesser extent, C3a, serve as anaphylotoxins to recruit and activate phago-
cytes to and at the site of infection. C5-deficient mice also experience compromised

Fig. 11.3 Killing of
S. pneumoniae with Type 14
specific IgA, baby rabbit
complement and human
neutrophils. Adapted from
Janoff et al., [73] Anti-T14 IgA (ug/ml)
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ability to control respiratory pneumococcal infection [33, 55]. Indeed, C5a and its
receptor may facilitate both mucosal and systemic bacterial clearance [33, 55].

In the absence of antibody, very high concentrations of complement alone, such
as those found in serum, may promote killing of some S. pneumoniae by polymor-
phonuclear cells (PMNs) [50, 56, 57]. However, conditions at mucosal sites are quite
different. Levels of complement at mucosal sites, including upper and lower respi-
ratory tract, appear to be extremely low [58]. Individual complement components
may be produced locally by activated monocytes or alveolar macrophages (AM)
(C3, C5, C9) [59, 60, 61, 62, 63, 64, 65], recruited granulocytes (C3) [66], and
alveolar epithelial cells (C2, C4, Factor B, C3 and C5 and others) [67, 68, 69, 70].
Whether these isolated components are sufficient to support antibody-dependent
killing of S. pneumoniae by phagocytes in not known, and whether such comple-
ment activity would need to be targeted to the organism or the local inflammatory
milieu in the mucosal environment, is also not known but would be quite relevant to
investigate.

Thus, whether the role of complement is to mediate binding of the organism
to complement receptors to enhance phagocytosis and oxidative killing or whether
e.g., soluble C5a is a sufficient stimulus for phagocyte function in the presence of
specific antibody and other proinflammatory cytokines, such as TNF�, is unclear.
Classic studies suggest that complement receptors may serve varying functions
in an activated compared with a resting state; the former supporting binding, the
latter phagocytosis, but neither eliciting reactive oxygen species [71]. In contrast,
immunoglobulin Fc receptors can support phagocytosis and reactive oxygen species
production. The activation of neutrophils and AM may require local inflamma-
tion, which may abrogate the need for high levels of complement to affect IgA-
and IgG-mediated killing of mucosal pathogens. Classically, Fc receptors mediate
phagocytosis by resting macrophages [72], but, as we have shown with neutrophils,
they neither phagocytose or kill pneumococci without activation [73]. Complement
receptors may mediate binding to macrophages, but not internalization without ad-
ditional stimuli. Complement activation by antibody-opsonized S. pneumoniae may
also generate sufficient degradation products (particularly C5a) in the fluid phase to
provide such phagocyte activation.

11.4 Phagocytosis

S. pneumoniae may be susceptible to several local innate immune factors, but typ-
ically require phagocytosis for effective clearance after opsonization by antibod-
ies. Phagocytosis seems essential because pneumococci have the ability to evade
extracellular killing by the recently described DNA “nets” and associated innate
proteins produced by neutrophils [74]. Gordon, et al. found that S. pneumoniae bind
to human AM and are subsequently internalized and sent to compartments con-
taining lysosome-associated membrane protein-1 (LAMP-1), a transmembrane gly-
coprotein localized in lysosomes and late endosomes [75]. Opsonization increases
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binding, rates of internalization, and maturation of phagosomes. Internalization with
complement as an opsonin occurs at similar rates as when IgG is the opsonin. AM
can phagocytose and kill opsonized Type 1 pneumococci, and internalization is
necessary for some of the bactericidal activity of these cells [75]. Hoidal, et al.
also found that human AM can phagocytose S. aureus and E. coli. However, PMN
ingested the bacteria faster and more efficiently generated a respiratory burst than
AM. Over time, AM are able to take up more bacteria than PMN, but PMN are more
effective at killing the ingested bacteria [76].

Pneumococci are opsonized by both antibody and complement. The deposition
of complement on the surface of the organism is dependent on the capsule (serotype
dependent) [50] and surface proteins [52] such as PspA. Complement deposition
may also involve interaction between IgA (or IgG) and complement, although IgA
has no C1q or other obvious mechanism of complement activation. The binding of
antibody to the organism is dependent on the organism’s strain and serotype and
the avidity of the antibody. The opsonization of the organism by complement and
IgA may be independent, but parallel events, both required but independent. Indeed,
pneumococci alone, in the absence of antibody, can activate and bind complement.
Opsonization of the pneumococcus with immune serum enhances uptake by AM
and PMN [77]. Nevertheless, the opsonization by both complement and IgA allows
for the engagement of both the complement receptors and the Fc�RI of the phago-
cyte. The cross-linking and aggregation of Fc�RI receptors initiates protein tyrosine
kinase (syk) and Bruton tyrosine kinase (Btk) signaling through immunoreceptor
tyrosine-based activation motifs (ITAM) on the FcR� chain [78, 79, 80]. Ligation
of complement receptors induces tyrosine kinase activity [81]. We observed dose-
dependent phagocytosis when both class of receptors are engaged, but phagocytosis
diminishes to virtually nil with unstimulated phagocytes when either IgA or comple-
ment alone is used to opsonize pneumococci (Fig. 11.3). Killing is reduced if either
Fc� or complement receptors are blocked (Fig. 11.4: [CR1-complement receptor 1,
CR3-complement receptor 3]) [73].

Complement-independent phagocytosis is also under consideration. The ability
of rats without an intact complement system to clear S. pneumoniae is somewhat

Fig. 11.4 Blocking Fc� and
complement receptors
inhibits IgA mediated killing
of the pneumococcus
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preserved. These animals are able to clear pneumococci at rates that exceed that
predicted for a mucociliary mechanism. Experiments with decomplemented ani-
mals lead Rehm, et al., to conclude that the bacteria are killed in situ, possibly by
phagocytosis [82]. Complement depletion by heat inactivation may not decrease the
ability of immune serum to act as an opsonin in vitro. Hof, et al., propose that in
the low complement environment of the lung in a non-immune host, AM would
not efficiently take up S. pneumoniae unless there are adequate opsonins present
that do not require complement. [77]. Uptake of S. pneumoniae by AM required
large concentrations of serum, whereas only small amounts of serum were required
as an oposonin for efficient uptake of S. aureus by these cells. Levels of specific
antibody to each organism were not compared. AM also phagocytosed S. aureus
in the presence of albumin, suggesting that either albumin or a bound protein can
function as an opsonin, or AM do not need an opsonin to phagocytose S. aureus.
Thus, the lack of appropriate opsonins in the lungs may result in the ineffective
uptake of certain bacteria, particularly S. pneumoniae, by AM.

Local infection and inflammation may serve as a stimulus for influx of PMN
and additional opsonins, primarily complement, from the blood [83]. That PMN’s
appear more dependent on opsonins than alveolar macrophages, but mediate bacte-
ricidal activity more effectively in their presence, suggests AM may function better
in the very early stages of bacterial exposure when there are few opsonins available,
such as in the normal healthy lung [76, 84]. When PMN’s become activated, the
requirement for complement for phagocyte uptake and killing of pneumococci is di-
minished. This cellular activation could facilitate complement-independent phago-
cytosis by lowering requirements for the Fc�R mediated pathway by changing the
number and/or affinity of Fc�Rs [85]. Granulocyte and granulocyte-macrophage
colony stimulating factors (G-CSF and GM-CSF, respectively) can both induce a
transition from low to high-affinity neutrophil Fc� receptors. Saturation binding
and Scatchard analysis demonstrate an increase in affinity, but a decrease in number
of IgA receptors in response to these factors [86]. Fc�R expression is upregulated
3–4-fold on blood neutrophils after exposure to formyl-MET-LEU-PHE (fMLP)
and zymosan by flow cytometry, which may enhance the ability of these cells to
support IgA-mediated phagocytosis. This increased expression was not inhibited by
cyclohexamide or puromycin, suggesting release from intracellular storage pools
or by amplifying Fc�R signaling [78]. The aggregation of Fc� receptors on U937
cell lines and neutrophils result in tyrosine phosphorylation of FcR gamma chain,
p72syk, and Bruton tyrosine kinase. Such events could bypass the complement re-
ceptor ligation requirement and provide signals for full phagocytosis and organism
killing.

Cellular activation could also affect changes in the complement receptors, al-
lowing for conformational changes, which may permit binding of the lectin-like
domain of CD11b on macrophages directly to pneumococci [87]. The CD11b sub-
unit of complement receptor 3 (CR3) has a lectin-like domain (LLD) that recog-
nizes mannose and �-glucans. IgA recognizing the capsular glucuronoxyloman-
nan of Crytococcus neoformans promotes complement-independent phagocytosis
by macrophages. This uptake is proportional to CR3 expression and inhibited by
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antibodies to CR3 and CR4, by the presence of soluble glucuronoxylomannan
and may involve cross-linking (auto-cross-linking) of the complement receptors by
some other mechanism.

Work by Coonrod, et al. demonstrated the killing of pneumococci in the lung
varies by species. In the rat lung, killing is mainly extracellular, whereas in the rabbit
lung, killing occurs in the macrophage. The inability of rats to bind complement-
coated particles may explain why rat macrophages do not readily uptake pneumo-
coccus, but it is not clear whether complement is required in vivo to phagocytose
inhaled pneumococci. The levels of human C3, in the alveolar lining material is
very low, and may not be sufficient to opsonize pneumococci. In the lung, alveolar
macrophages may be able to phagocytose pneumococci with smaller amounts of
complement and antibody than are needed in vitro. In animals in which pneumo-
coccal clearance is mediated by AM phagocytosis, opsonsins such as surfactants
(e.g., SP-A) may be very important [88].

Neutrophils and other phagocytes are necessary for killing of pneumococci. Neu-
trophil activation can occur in a range of biological circumstances. First, activation
can be initiated in the presence of cytokines and chemokines. Neutrophil chemo-
taxis, in the presence of suboptimal concentrations of IL-8, is enhanced by MCP-1,
MCP-2, MCP-3, and SDF-1α [89]. IL-8, often derived from activated epithelial cells
and macrophages, increases surface expression of CD11b/CD18 on neutrophils and
increases the attachment index of erythrocytes coated with iC3b to neutrophils [90].
In addition, TNF� was shown to increase the surface density of CD11b [91]. The
cytokine effects were not modified by cyclohexamide treatment, suggesting that
their increased expression was not due to synthesis de novo. The inference is that
CD11b/CD18 and CR1 in PMN’s are stored in intracellular pools and transported
to the cell surface upon activation. Another cytokine, IL-15, enhances neutrophil
phagocytosis [92], and the Syk inhibitor, piceatannol, significantly inhibited the
ability of IL-15 to enhance phagocytosis. Moreover, IL-15 increased the ability of
PMNs to phagocytose heat-killed Candida albicans in a dose-dependent manner,
without opsonization by antibody or complement related products. [93].

A second mechanism of neutrophil activation may result from recognition by
antibody. In this context, Fc�R intracellular signals via gamma chain increase the
avidity of αMβ2, considered “inside out signaling” [94]. Indeed, PI3-K has a role in
activation of αMβ2 (CR3) by immune complexes, and the Fc�R-initiated pathway
is dependent on PI3-K activity (inhibited by wortmannin). As a third mechanism
of activation, PMN’s may directly recognize microbial products through pathogen
recognition receptors or TLR [95]. Peptidoglycan and PAM, TLR2 ligands, acti-
vated Akt in neutrophils and was inhibited by a PI3-K blockade (wortmannin).
The PI3-K and Akt axis occupies a central role in TLR2-induced activation of
neutrophils [96]. In this context, TREM-1 ligation synergizes with the activation
by the TLR ligands LPS, PAM, and R-848 (resiquimod), increasing CD11b sur-
face expression by almost two-fold [97]. LPS exposure increased surface expres-
sion of CD11b/CD18 on human neutrophils, which again, was not interrupted
by protein synthesis inhibitors, but was reduced by treatment of neutrophils with
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anti-CD14 monoclonal antibody indicating surface receptor involvement in ac-
tivation.
Ultimately, neutrophils must ingest and kill bacteria by serially attaching and in-
ternalizing organisms and releasing antimicrobial factors (e.g, lysozyme, proteases,
phospolipase A2, defensins, cathelicidins, B/P-IP) and reactive oxygen species into
phagocytic vacuoles [98].

These data are consistent with earlier observations that serial exposures to two
soluble, inflammatory stimuli elicit a greater and often more prolonged response
by neutrophils [99] (reviewed in [100]). The first stimulus “primes” the response
to the second. We are exploring whether such sequential exposures and subsequent
activation may provide a viable sequence in which neutrophils and, perhaps, alve-
olar macrophages may support phagocytosis and killing of S. pneumoniae in the
alveolus, in the presence of no or low complement levels. Killing of S. pneumoniae
by AM in our lab shows a dose-dependent response to complement [101]. Activation
requirements for complement may be lower if the phagocytes have been primed by
chemotactic stimuli, such as IL-8 and other local factors, such as C-reactive protein
(CRP). Epithelial cells may offer both cognate and soluble priming and activating
signals, as may activated alveolar macrophages, thus providing a relevant model for
understanding mucosal defense against local infections. The ability of epithelium-
derived chemokines to recruit and stimulate neutrophils and monocytes (e.g., by
C-X-C [IL-8] and C-C [MIP-1�, MIP-1�, RANTES] chemokines, respectively) and
of direct interactions between phagocytes and epithelium may each facilitate the
efficiency of antibody-mediated killing.

Once neutrophils migrate to the site of infection and bind to the pathogen, the
organisms are phagocytized into the cell [102]. Antibodies or complement (esp.
C3bi) increase the efficiency of this process [103]. The mechanisms of phagocytosis
are not well defined but likely involve shifts in the mobility of �2 integrins (CD11/
CD18). These adhesion molecules are essential for neutrophil adherence, migration
and activation. Neutrophil contact between C3bi during initiation of phagocytosis
leads to aggregation of �2 integrins and release of intracellular calcium.

11.5 Antibody Responses to Pneumococcal
Capsular Polysaccharides

Antibodies likely provide a prominent mechanism of protection against colonization
with S. pneumoniae, but antibodies are essential for bacterial clearance from the
lung and blood. The polysaccharide capsule of S. pneumoniae is its primary viru-
lence factor. Differences among the >90 capsular types account for approximately
60 fold differences in the invasiveness of the organism [104, 105, 106, 107]. The
capsule confers the ability to resist recognition and uptake by phagocytes. Antibod-
ies to the capsule opsonize the organism and provide the target-effector bridge be-
tween the bacteria and the phagocytes to mediate killing by phagocytes, classically
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Fig. 11.5 Obstacles to
Killing of S. pneumoniae
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in the presence of complement. Failure to produce antibodies, e.g., in young chil-
dren, adults with hypogammaglobulinemia, chronic lymphocytic leukemia, multiple
myeloma, or polysaccharide-specific defects, result in increased rates of invasive
disease [108, 109, 110] (reviewed in [111, 112]). Each group will also be deficient
in mucosal antibodies as well. The ability of both 23-valent polysaccharide and
protein-polysaccharide vaccines to provide protection is based on their ability to
induce capsule-specific antibodies. Indeed, of the various obstacles posed by the
bacteria and the host to effectively killing S. pneumoniae (Fig. 11.5), only enhance-
ment of capsule-specific antibody production is amenable to intervention. Antibod-
ies in the blood are important in preventing invasive disease, but cases of pneumonia
outnumber those of detectable bacteremia by at least 5–10 fold, so the burden of
disease is rooted in the mucosa, particularly the lung, where mucosal antibodies,
both IgA and IgG, may be most relevant.

11.6 IgA Responses to S. pneumoniae

The 23-valent PPS vaccine, designed to induce antibodies of sufficient levels and
function to prevent disease, consistently elicits rapid and high concentrations of
capsule-specific serum IgA [113, 114, 115, 116]. However, the vaccine does not
reliably elicit increased antibodies to the capsule at mucosal sites where infec-
tion and disease begin (nasopharynx and lung). Colonization with S. pneumoniae
does elicit local IgA to the organism [29, 117, 118, 119]. Capsule-specific IgA
is elicited by parenteral immunization in blood and breast milk. Although IgA is
the most prominent antibody class at the mucosa, and S. pneumoniae is an in-
vasive mucosal pathogen, only a subset of people with selective IgA deficiency
show increased rates of mucosal infections. Those at risk exhibit concomitant IgG2
deficiency, those with mucosal irritation (e.g., allergies), and those unable to pro-
duce IgA in vitro, even with exogenous stimuli. This discrepancy may relate to the
ability of most IgA-deficient persons to produce compensatory increases in mu-
cosal IgM, which is also transported by the polymeric Ig receptor [pIgR]/secretory
component across epithelial cells to the moist mucosal lumen in contact with the
environment.
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11.7 Monomeric, Polymeric and Secretory Capsule-Specific IgA

IgA differs from IgG by its prominence in mucosal sites and by its ability to form
multimers (polymeric IgA [pIgA] with 2 or more IgA molecules bound by a J
chain). In addition, pIgA can associate with the polymeric Ig receptor (pIgR) at
the basal epithelial surface to allow transport from plasma cells in mucosal tissues
across the epithelium for release into the lumen of airway, lung, intestine, etc. In
this epithelial transport process, pIgA is bound by pIgR at the basal surface and
released as secretory IgA [(S-IgA) pIgA bound to secretory component, a cleavage
product of pIgR]. We characterized the biologic impact of the molecular forms of
hMAb capsule-specific IgA (monomeric [mIgA], polymeric IgA [pIgA], and se-
cretory IgA [SIgA]) on phagocytosis and susceptibility to cleavage by IgA1 pro-
tease [120]. The efficiency of S-IgA to support phagocytosis of S. pneumoniae was
comparable to that of pIgA and both forms exceeded that of mIgA by 5-fold. This
structure-function relationship was associated with three factors. First, the avidities,
or functional affinities, of both pIgA and SIgA for pneumococcal capsules exceeded
that of mIgA. Second, both pIgA and S-IgA required less complement to achieve
similar levels of bacterial phagocytosis than did mIgA, indicating that secretory
component does not hinder the effect of complement. Third, both pIgA and SIgA
mediated agglutination of the organism, whereas mIgA did not. All three forms of
capsule-specific IgA showed comparable susceptibilities to cleavage and functional
inhibition by bacterial IgA1 protease, demonstrating that secretory component does
not prevent the proteolytic degradation of IgA1 by pneumococcal IgA1 protease.
IgA1 cleavage results in formation of identical Fab fragments for each of the molec-
ular forms, thereby abolishing the contribution of multivalence of pIgA and S-IgA.
In summary, the polymeric forms of IgA (both pIgA and SIgA) provide a substantial
advantage in binding, agglutination and phagocytosis of the organism.

Studies on the functional interaction of human pneumococcal capsule-specific
IgA and the organism have involved both polyclonal [73, 113, 121] and monoclonal
antibodies [37, 120, 122, 123, 124, 125]. The latter reveal that variable regions
of human monoclonal antibodies to the polysaccharide capsular polysaccharides
show isotype class switching, high rates of mutation, and high percent replacement
mutations, consistent with an antigen-derived process and immunologic memory,
and comparable to the antibodies generated in response to pathogenic proteins. The
availability of the specific human monoclonal antibodies and their related functional
activity will facilitate characterization of the impact of a prominent and intriguing
pneumococcal virulence factor, IgA1 protease, on protection against the organism.

11.8 IgA1 Protease (IgA1P) and Killing of S. pneumoniae

Bacterial IgA1 proteases may sabotage the protective effects of IgA by cleaving
the Fc�1 heavy chain antigen-binding Fab portion from the phagocyte-binding Fc
effector component. Because these enzymes are specific for IgA1 from humans and
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higher primates, the availability of pneumococcal capsule-specific human mono-
clonal antibodies permitted the characterization of the functional consequences of
the enzyme using IgA1 and IgA2 recognizing and with functional activity against
the same pneumococcal capsular serotype. This work showed 1) striking effects
on phagocytosis of organisms in vitro and mouse protection against lethal infec-
tion in vivo [120, 123], as well as 2) enhancement rather than inhibition of adher-
ence to epithelial cell in vitro by novel mechanisms [37]. This enhancement was
dependent on cleavage of the IgA1 by IgA1 protease. The adherence-promoting
properties of cleaved antibodies correlated with the cationic characteristics of their
variable segments (pI of VH predicted from nucleotide sequence) suggesting that
bound Fab fragments may neutralize the inhibitory effect of negatively charged
capsules on adhesive interaction with host cells. Coating of pneumococci with anti-
capsular antibody and their subsequent cleavage by IgA1 protease unmasked the
bacterial phosphorylcholine (ChoP) ligand, typically in large part buried within and
below the capsule, allowing for increased adherence mediated by binding to the
platelet activating factor receptor on epithelial cells. Enhancement was blocked by
competitive inhibition with C reactive protein binding to ChoP, and by antibody
to platelet activating factor (PAF) receptor and by PAF receptor antagonist. Thus,
bacterial IgA1 proteases serve novel functions. In addition to inhibiting antibody-
mediated killing of the organism, these enzymes may enable pathogens to sub-
vert the antigen-specificity of the humoral immune response to facilitate adhesive
interactions and persistence on the mucosal surface. In the context of the many
mechanisms of defense and counter-offense displayed by the host and organism,
the real question is whether there is relevant clinical evidence for mucosal defense
against S. pneumoniae infection in vivo.

11.9 Breast Milk and Pneumococcal Infection

In resource-poor countries, breastfeeding is associated with protection against pneu-
monia, diarrhea and death [126, 127, 128] but the mechanisms of protection have
not been well defined. In the last 40 years, only 30 or so articles have been published
about the interaction between S. pneumoniae and breastfeeding. No published study
has evaluated the effects of maternal or infant immunization on rates of colonization
in breast-fed infants. Kaleida, et al. showed no significant differences in rates of
colonization with 1 or more respiratory pathogens among breast-fed vs. formula
fed infants at 2 months of age (34.8 vs 35.1%) [129]. Rosen, et al., attempted to
correlate levels of capsule-specific antibodies to 3 of the 6 common serotypes in
milk of 310 mothers with the frequency of colonization in their infants at 2, 6 and 10
months postpartum [130]. Anti-capsular antibodies were detected in <10% of sam-
ples although antibodies to the cell wall polysaccharide and its phosphorylcholine
constituent (ChoP) were present in >80%, and neither correlated with colonization.
However, fewer than two milk samples were available from each mother, and corre-
lations were not made between acquisition of specific types and specific antibodies
over specific intervals.
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Immunization of women in the Gambia in the 3rd trimester with the 23 valent
vaccine was associated with higher cord blood levels of specific IgG, but levels fell
to control values by 1–2 months [131]. This rapid decline in infant sera was com-
parable to that in children of immunized mothers in Bangladesh [132]. In contrast,
levels of specific IgA varied substantially by capsule type both in magnitude and
duration in milk over time. This variation highlights the need to correlate levels
of specific antibody with the specific colonizing organisms and specific interval of
acquisition of colonization to realistically determine this interaction. Immunization
has been shown to elicit opsonizing specific IgA [133]. Most recently, breast milk
from 8 women immunized with the 23 valent vaccine in late pregnancy showed
an increase in levels of capsule-specific IgA and in the ability to inhibit adherence
to a pharyngeal epithelial cell line (Detroit 562) of type 14 pneumococci, but not
type 6B, compared with milk from 8 control women given meningococcal vaccine.
Significant inhibition was also seen with milk from both groups vs. with media
(HBSS), suggesting the presence of other antibodies, innate immune or non-immune
factors [134].

Non-immune milk components likely play an important role in limiting adher-
ence and colonization. A primary target of pneumococcal adherence is the sialyated
GlcNAc-(β1 → 3)Gal disaccharide lectin on pharyngeal or type II alveolar epithe-
lial cells [135]. Oligosaccharides, including those released from milk kappa-casein,
bind this lectin and block epithelial cell adhesion [136, 137]. Pneumococcal surface
protein A (PspA) and pneumococcal surface protein adhesin A (PsaA), which may
contaminate the current 2-valent polysaccharide vaccine, are the likely targets of
this competitive inhibition. Antibodies to PsaA have correlated inversely with the
frequency of colonization [138].

Finn, et al. demonstrated that capsule-specific secretory IgA (S-IgA) in breast
milk could enhance functional antibodies in infants [133]. Following immunization
of 3 lactating mothers with 23 valent vaccine, specific S-IgA, but not IgG, increased
by ≥2 fold in milk of 1–3 women for 6 of 7 serotypes. The S-IgA was predom-
inantly IgA1, in secretory form, and highly specific, with avidity comparable to
serum IgA and IgG. Milk whey from 2 immunized women tested supported dose-
dependent killing of S. pneumoniae serotypes 19F and 14 with human neutrophils as
did purified S-IgA to serotype 19F. Consistent with our earlier data [73], killing was
complement-dependent and increased with increasing complement. Thus, capsule-
specific human S-IgA in breast milk supported killing of S. pneumoniae, providing
for the first time proof of concept that vaccine-induced human mucosal S-IgA can
support functional bactericidal activity. These data provided an impetus for gener-
ating such specific antibodies at local sites with mucosal vaccines.

In a related study, based on the concept that breastfeeding reduces infant diarrheal
and respiratory disease morbidity and mortality in the developing world [126, 128],
Shapiro, et al., determined rates of pneumonia by 24 months among breastfed in-
fants of 588 HIV-infected and 137 HIV-uninfected women in Botswana [84]. In this
high-risk population, neither innate immune factors, nor antibodies to the pneumo-
coccal capsular polysaccharides, nor H. influenzae correlated with risk or protection
vs. pneumonia. Stopping breastfeeding was the single greatest risk of developing
pneumonia and diarrhea (Cases 40% vs. Controls 7%; Odd Ratio 21 [95% CI
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2.8–156; p < .001]). These data highlight the importance of breastfeeding in pro-
tecting against mucosal pathogens, but the antigen-specificity of the test used was
limited (23-valent vaccine) and no microbiologic diagnoses were established.

11.10 Vaccines

The current 23-valent capsular polysaccharide (PPS) vaccine provides reasonable
protection against invasive pneumococcal disease in adults (56–81%) for the 23
common serotypes included (of over 90 total serotypes) [139], as does the
7- or 9-valent PPS-protein conjugate vaccine in young children (≥90% protection)
[140, 141, 142]. In stark contrast, substantial data and meta-analyses do not sup-
port the efficacy of the current 23 valent PPS vaccine against mucosal infections in
adults, esp. pneumococcal pneumonia in older adults [143, 144, 145]. Similarly, the
conjugate vaccine has more modest effects on presumed pneumococcal pneumonia
and otitis media in children than against invasive disease [140, 141, 142, 146]. How-
ever, the conjugate vaccine appears substantially more effective against pneumonia
in children than does the 23 valent polysaccharide vaccine in adults.

In summary, the burden of pneumococcal disease in the U.S. and abroad is
substantial and occurs primarily at mucosal sites in children and adults, particu-
larly from pneumonia. Unfortunately, current vaccines are least effective at these
most common sites, particularly in adults, although substantial progress has been
made in children with polysaccharide-protein conjugate vaccines. Vaccine efficacy
likely involves both the vaccine formulation, the age and immune competence of
the host, and the risk of environmental exposure. Clearly, greater focus and discov-
ery must be directed to understanding the mechanisms of mucosal pathogenesis of
S. pneumoniae infections, as well as to the immunologic mechanisms of local host
protection.
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Chapter 12
Neisseria meningitidis

Barbara Baudner and Rino Rappuoli

Abstract Neisseria meningitidis is a Gram-negative encapsulated, aerobic diplo-
coccus, which colonizes the nasopharynx of humans and has no other known envi-
ronmental niche. It is one of the major causes of bacterial meningitis and sepsis, and
is the only form of bacterial meningitis responsible for epidemic levels of menin-
gitis infection worldwide. The bacteria are commonly carried asymptomatically in
the upper respiratory tract. In a small number of persons, Neisseria meningitidis
penetrates the mucosa and gains access to the bloodstream, causing systemic dis-
ease. In most persons, however, carriage is an immunizing process, resulting in a
systemic protective antibody response. Nasopharyngeal colonization with Neisseria
species initially generates mucosal effector T cells and secretory IgA in the absence
of protective systemic immunity. With increasing age and repeated contact, local
immunity in the nasopharyngeal mucosa and immunological memory increase and
systemic effector T cells and memory responses develop. Natural immunological
programming results in a mucosal response that is dominated by a pro-inflammatory
interferon-� (IFN-�) phenotype. The T-cell phenotype of the Neisseria meningitidis
antigen responding population in the circulation seems to have a more balanced
Th1–Th2 profile. The cause of progression from carriage to invasive disease is de-
pendent on both host and infecting organism factors. A lack of sufficient biologically
active antibodies against Neisseria meningitidis is thought to be one of the major
factors conferring susceptibility to infection.

Clinical syndromes caused by Neisseria meningitidis include meningitis, with
or without meningococcemia, relatively mild bacteremia, fulminant meningococ-
cemia, meningoencephalitis, pneumonia, and septic arthritis, as well as other
presentations. Even when the disease is diagnosed early and adequate therapy is
instituted, 5–10% of patients die. The rapid onset of invasive meningococcal dis-
ease, the high incidence in childhood, the severity of the sequellae and the high
mortality rate clearly indicate the importance of vaccine development against Neis-
seria meningitidis. An ideal meningococcal vaccine should be able to protect against
all disease-causing meningococci, developing protective immunity at the mucosal
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surface and in the circulation. Several polysaccharide vaccines, which have been
available for over 30 years, exist against serogroups A, C, Y, W135 in various
combinations. A major advance in the prevention of meningococcal disease has
been the development and introduction of meningococcal polysaccharide-protein
conjugate vaccines and the development of broadly effective serogroup B vaccines
could eliminate the organism as a major threat to human health within the next
decades.

12.1 Introduction (History)

Bacterial meningitis is a serious threat to global health, accounting for an estimated
170,000 death worldwide per year. Up to 25% of survivors develop permanent
sequelae, such as epilepsy, mental retardation, or sensorineural deafness [1]. The
disease remains one of the most feared infections due to its rapid progression and
tendency to cause outbreaks and epidemics. Mortality from meningococcal septi-
caemia may be as high as 7–15%. Together with Haemophilus influenzae and Strep-
tococcus pneumoniae, Neisseria meningitidis is one of the major causes of bacterial
meningitis and sepsis, causing at least 500,000 cases and more than 50,000 deaths
every year [2]. The bacteria are commonly carried asymptomatically in the upper
respiratory tract of between 8–20% of healthy individuals [3, 4, 5, 6] and more
frequently in adolescents and other populations with close contact. Only occasion-
ally Neisseria meningitidis invades the bloodstream and meninges to cause disease.
The disease incidence varies in human populations from rare to over 1000/100 000
population/year: Meningococcal disease occurs as sporadic cases, incidence <1/100
000 population/year, hypersporadic disease 1–10/100 000 population/year, localized
outbreaks and case clusters, and epidemic and pandemic disease with rates >10 to
>1000/100 000 population/year [7, 8, 9, 10, 11, 12, 13].

Meningococcal meningitis has been recognized as a serious problem for almost
200 years, and clinical symptoms of meningitis were first documented during the
Bubonic Plague in the Middle Ages. During an outbreak of the disease in 1805 in
Geneva, Switzerland meningitis was first identified and described by Vieusseux [7].
One year after its first description in Geneva the first definitive recognition of epi-
demic meningitis in the United States occurred in Medfield, Massachusetts, in 1806,
by Danielson and Mann [8, 14]. In 1886, Hirsch described “epidemic cerebro-
spinal meningitis” throughout Europe, Africa, Asia, and the Americas, as well as
some of the epidemiologic features of meningococcal disease [14, 15]. However,
it wasn’t until 1887 that the causative organism, Neisseria meningitis, was first
isolated from cerebrospinal fluid of patients with meningitis and named “Diplo-
coccus intracellularis meningitidis” by the Austrian pathologist and bacteriologist
Anton Weichselbaum [16]. Asymptomatic carriage was first described in 1896 in
Europe and subsequently correlated with meningococcal incidence [17, 18]. Also in
the sub-Saharan Africa epidemics have been recognized for more than 100 years.
First documented on the West Coast of Africa in 1909, meningitis has been a huge
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burden on the African continent in the last century in the form of cyclical epidemics.
The “meningitis belt”, a region of Africa hit hardest by the disease, stretches from
Senegal and Gambia in the East to Ethiopia and Western Eritrea in the West. This
area is home to a population of over 300 million, and suffers massive epidemics
about every 8–12 years.

In the early part of the 20th century, the American physician Simon Flexner re-
ported on the use of antimeningococcal serum therapy, first in an animal model and
subsequently in humans, demonstrating that intrathecal administration reduced the
mortality of meningococcal meningitis [19, 20, 21, 22]. In 1915, a serogrouping
scheme was proposed that separated meningococcal isolates into types I to IV, later
changed to the letter-based nomenclature that is used today [23, 24]. During the 20th
century, meningitis was prevalent during both World Wars, due in large part to the
poor living conditions of soldiers. In 1944, the infection was successfully treated for
the first time with intravenous and intrathecal penicillin, and by 1950 clinical trials
established high doses of intravenous penicillin as the most effective treatment for
meningitis [25]. Due to its dramatic clinical presentation, there has been huge public
pressure to find a definitive vaccine that will eradicate the disease. Ideally, such a
vaccine must be immunogenic at all ages and provide cross-protection against all
meningococci.

12.2 Meningococcal Bacteriology

Neisseria meningitidis is a Gram-negative encapsulated, oxidase positive, aerobic
diplococcus [6, 26]. The bacterium readily colonizes the nasopharynx of humans
and has no other known environmental niche [4, 27, 28]. It has inner and outer
cell membranes, separated by a peptidoglycan cell wall. The outer membrane con-
tains numerous different outer membrane proteins (OMPs), which enable the or-
ganism to interact with and adhere to host cells and act as transport proteins to
control the intracellular environment. Additionally, it contains lipopolysaccharide,
endotoxin), which helps confer resistance to bactericidal mechanisms and is in-
volved in the pathogenesis of meningococcal disease [29]. A polysaccharide cap-
sule, which covers the outer membrane of the bacteria, is a major virulence factor for
meningococci and although capsular-deficient strains are commonly isolated, these
are non-infectious [4]. Capsule mediates resistance to phagocytosis, complement-
mediated lysis and protects against environmental insults (Fig. 12.1).

Thirteen serogroups of Neisseria meningitidis, based on different capsular
polysaccharide structure, are known but only six serogroups (A, B, C, W-135,
Y and recently X) are currently associated with significant pathogenic potential
[30, 31]. The capsule of serogroup A is made of N-acetyl mannosamine-1-phosphate,
while serogroups B, C, Y, and W-135 have capsules that consist of polysialic acid
or sialic acid linked to glucose or galactose. For epidemiologic purposes, Neisse-
ria meningitidis has been further classified into serotypes and serosubtypes, which
are based on the antigenic differences of the major outer membrane proteins PorB
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Fig. 12.1 Surface structures of Neisseria meningitidis. The cell envelope is composed of an outer
membrane (OM) and an inner cytoplasmic membrane (IM), separated by a periplasmic space con-
taining a peptidoglycan layer and proteins. The OM is an asymmetric bilayer with lipopolysaccha-
ride (LPS) and phospholipids in the outer leaflet and phospholipids in the inner leaflet. In the OM,
several integral outer membrane proteins (OMP) and the cell-surface exposed proteins are present.
The OM is covered by a polysaccharide capsule. The IM is a symmetric bilayer of phospho-
lipids with proteins. Pili, are complex outer membrane protein organelles that extend from the cell
surface

(class 2 or 3 OMP/serotype) and PorA (class 1 OMP/serosubtype) [32, 33, 34, 35].
The lipopolysaccharide in the outer membrane is used to classify strains into
immunotypes (Table 12.1). The nomenclature of Neisseria meningitidis is
historically based on differences in monoclonal antibody recognition of the capsular
polysaccharide, PorB, PorA, and lipopolysaccharide, and follows a classification
scheme: serogroup:serotype:serosubtype:immunotype (eg, B:2a:P1.2:L3) [32, 34].

The complete nucleotide sequences for Neisseria meningitidis strains MC58
(serogroup B), and Z2491 (serogroup A) have been reported [36, 37]. Addition-
ally Neisseria meningitidis strain FAM18 (serogroup C) and Neisseria gonorrhoeae
strain FA1090 (GenBank AE004959) genome sequences are available.

Approaches such as multilocus enzyme electrophoresis (electrophoretic type-
ET), now replaced by multilocus sequence typing (MLST) [38, 39], have been
used to monitor the global epidemiology of meningococcal disease [40]. More
than 5000 sequence types (ST) have been identified, forming 35 “ST complexes”.
Most of the strains isolated from invasive disease belong to ST-11, ST-32, ST-8,
ST-7, ST-41, ST-1, ST-4 and ST-5. MLST and other genomic studies have re-
vealed much about the meningococcal epidemiology, population structure, carriage
and transmission dynamics and genetic requirements for invasive meningococcal
disease [41].
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12.3 Meningococcal Epidemiology

Neisseria meningitidis is the only form of bacterial meningitis responsible for epi-
demic levels of meningitis infection worldwide. It is carried in the nasopharynx
of about 10% of adults, around 25% of 15–19 year olds, but relatively few chil-
dren: only 0.71% of children less than 4 years of age and 5.4% of teenagers carry
Neisseria meningitidis [28]. However, analysis of tonsillectomy specimens using
immunohistochemistry has suggested that carriage may be as high as 45% [42].
Acquisition rates vary, with the highest rates reported in military recruits and uni-
versity/college students in dormitory accommodation or halls of residence [43, 44].
Meningococcal carriage is a natural immunizing process and results in the induc-
tion of protective antibody responses [45]. Despite the high rate of colonization,
meningococcal disease is quite rare [46], and the mechanism by which bacteria in-
vade the mucosal barrier and get access to the blood stream is not fully understood.
Rates of meningococcal disease are highest in young children (related to waning of
protective maternal antibody) and increase again in adolescents and young adults
aged 14–24, probably related to increased transmission and acquisition [45]. There
are significant geographic differences in the distribution of specific serogroups of
meningococcal disease [30, 31] (Fig. 12.2).

Serogroup A isolates are predominantly found in sub-Saharan African countries
in an area from Senegal to Ethiopia that is referred to as “the meningitis belt”
and cause frequent epidemics [9, 10, 47, 48, 49]. Outbreaks occur during the dry
season and diminish with the onset of the rainy season [9]. During the 1996 epi-
demic around 200,000 cases were reported with 20,000 deaths in areas of the belt
(e.g. Burkina Faso, Mali, Niger, Nigeria and Chad) and these numbers likely reflect
only part of the magnitude of the outbreaks [10, 12, 50]. Molecular epidemiology
and genetic analysis suggest serogroup A meningococci causing these outbreaks
are highly clonal, emerge and spread rapidly, such as ST-5 or ST-7 complexes, and
may have descended from a common ancestor in the 19th century [51]. Group
A epidemics also have occurred in other parts of Africa and in Asia, including
China, India, Nepal and Mongolia [52]. In the US and Europe large outbreaks of
serogroup A meningococcal disease occurred in the first part of the 20th century,

Fig. 12.2 Global
meningococcal serogroup
distibution
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but since World War II serogroup A disease has virtually disappeared from the US
and Western Europe.

Since 2000, the emergence of serogroup W-135 (also ET-37/ST-11 complexes) as
the cause of outbreaks (Saudi Arabia, 2000 and 2001; Burkina Faso, 2002–2003) has
added complexity to the epidemiological situation in the region [53, 54]. Diseases
caused by serogroup W135 have been associated with the Haj pilgrimage in Saudi
Arabia and significant disease due to this serogroup is seen in parts of the African
meningitis belt [13, 49, 55].

Serogroup B is a major cause of sporadic or endemic meningitis in industri-
alized countries, accounting for up to 80% in certain European countries, with
most of the remaining cases being caused by serogroup C strains. In the USA,
the serogroup distribution differs, with 32% of the cases caused by serogroup B,
35% by serogroup C and 26% by serogroup Y [11]. The proportion of group B
strains is especially high in Norway, The Netherlands, Germany and Denmark,
while increasing proportions of group C strains have been reported from Slovak and
Czech Republics, Greece, Republic of Ireland, Spain [56], Canada and the United
Kingdom [57]. In all countries, the incidence of group B and C disease is highest
in winter in infants less than 1 year-old and for the elderly. Group B meningo-
coccus can also cause severe, persistent epidemics, such as those that occurred
in Latin American countries (Cuba, Colombia, Brazil and Chile) or in Norway.
Since 1991, New Zealand has had an epidemic of group B meningococcal disease
with incidence rates of up to ten times the background incidence, and with much
higher age-specific, area-specific, and ethnic-specific rates [12, 58, 59, 60]. Outer
membrane protein types and subtype and specific genotypes ET-5 or ST-32 and
ST41/44 complexes distinguish these outbreaks, but these types also cause endemic
disease [61].

In contrast to serogroup A and C epidemics, which usually resolve in 1–3 years,
serogroup B epidemics begin slowly but may persist for 10 years or longer, as seen
in Cuba, Norway, areas of Chile and in New Zealand. Serogroup B global inci-
dence has been estimated between 20,000 and 80,000 cases per year, accounting for
2000–8000 deaths annually.

Serogroup C (especially ET-37/ST-11 complexes) has caused major epidemic
outbreaks in sub-Saharan Africa, Brazil, case clusters and local outbreaks in the
US, Canada and Western Europe, especially among adolescents and young adults
[11, 62, 63].

Since the mid-1990s, serogroup Y strains (ET-501/ST-23 and related STs) have
caused increased rates of disease in the US and Israel, and serogroup X has been
responsible for localized recent outbreaks in parts of sub-Saharan Africa such as
Niger [64, 65, 66].

Interestingly, some parts of the world, for reasons not well understood, per-
sistently have very low rates of meningococcal disease (Mexico, Japan and other
parts of Asia and areas of South and Central America) and few or no outbreaks.
Population carriage and invasive disease susceptibility factors as well as not fully
understood environmental factors may be explanations.
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12.4 Meningococcal Pathogenesis

Five to 10 percent of adults are asymptomatic nasopharyngeal carriers of strains of
Neisseria meningitidis [3, 4], most of which are not pathogenic. In a small number
of persons, Neisseria meningitidis penetrates the mucosa and gains access to the
bloodstream, causing systemic disease [67]. In most persons, however, carriage is
an immunizing process, resulting in a systemic protective antibody response [5].

The nasopharynx is the site of mucosal colonization by meningococci and as-
sumed to be the primary site of invasion prior to the development of systemic in-
fection. There is likely to be a number of factors that contribute to the integrity of
the mucosal barrier and prevent both colonization and invasion. The surface charge
and hydrophobicity of the nasal mucosa has a bearing on bacterial adhesion [68] and
changes in charge, and thus adhesion, may result in an increased risk of invasive dis-
ease [69]. Various interactions between bacterial and mucosal cell surface structures
are involved in adherence and invasion of meningococci [70] and polymorphisms
in these molecules, both human and bacterial, may be associated with successful
colonization or invasion following exposure to the organism.

12.4.1 Meningococcal Virulence Factors

Meningococci possess a number of virulence factors such as the major outer
membrane components (capsular polysaccharide, outer membrane proteins, and
lipooligosaccharide [endotoxin]) that contribute to immune evasion and pathogen-
esis [12]. Additionally, the potential for genetic change and surface structural vari-
ability of the meningococcus together with the ability to switch serogroups is quite
remarkable and another means of immune evasion [71].

Other virulence-related mechanisms include rapid doubling time and release of
outer membrane vesicles, so-called blebs, molecular mimicry, and the less defined
possible release of toxins.

12.4.1.1 Capsule

The capsule of Neisseria meningitidis is an important virulence determinant re-
quired for survival in the blood, and furthermore helps with transmission and col-
onization, and protects the meningococcus from desiccation, phagocytic killing,
opsonisation, and complement-mediated bactericidal killing [72, 73]. Antibodies
directed versus the capsule play a major part in protection against meningococcal
disease. On the other hand capsule is involved in inhibiting cellular interactions
mediated by meningococcal outer membrane adhesins. However, there is some
evidence that target receptor density on host cells may determine whether or not
capsulated bacteria can adhere via outer membrane proteins. Thus, capsule may
not be an adequate barrier for cellular interactions as far as up-regulation of carci-
noembryonic antigen-related cellular adhesion molecule (CEACAMs), which can
occur in response to inflammatory cytokines, could lead to translocation of a small
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number of fully capsulated bacteria across mucosal epithelium into the bloodstream
sufficient to cause a rapid onset of disseminated disease. Capsule switching is the
result of transformation and horizontal DNA exchange of portions of the capsule
biosynthetic operon, and a mechanism of escape from vaccine-induced or natural
protective immunity [60]. This virulence mechanism is shown by various encapsu-
lated bacterial pathogens.

12.4.1.2 Pili

The pili are complex outer membrane protein organelles that extend several thou-
sand nm from the cell surface, ease initial attachment of meningococci to host cells,
and are associated with so-called twitching motility, which is important for passage
through the mucus layer and movement over epithelial surfaces [74].

12.4.1.3 Outer Membrane Proteins (OMP)

Meningococci also express variable proteins on their surface, which are important
for bacteria-host interactions [12]:

Outer membrane porins are involved in host-cell interactions and serve as targets
for bactericidal antibodies [12]. PorB, which is the major outer membrane porin, in-
serts in membranes, induces Ca++ influx, and activates Toll-like receptor 2 (TLR2)
and cell apoptosis [75]. PorA is a second important porin and a major target of
outer membrane vesicle vaccines. Porins can stimulate B cell proliferation and Ig
secretion in vitro and up-regulate expression of B7-2 on B cells [76, 77, 78]. In
vivo, meningococcal porins can convert T-cell-independent antibody responses to
be T-cell-dependent [79]. Thus, they may be necessary to facilitate immunological
processing of meningococcal polysaccharides from strains carried in the nasophar-
ynx and for development of “natural protein–polysaccharide conjugate vaccines”.

Neisserial Opa proteins are important in adherence to various cell types. A single
meningococcus contains genes encoding 3–4 different Opa variants. The individual
Opa variants are antigenically distinct and can have different binding properties,
typically binding to either heparan sulfate proteoglycan (HSPG) receptors or to one
or more receptors of the CEACAM family of proteins [80].

Iron-acquiring proteins are necessary for colonization and infection. Through-
out the process of meningococcal infection, the bacteria encounter many low-
iron environments and have therefore developed ways to procure iron from the
intracellular and extracellular environment [12]. Meningococci possess receptors
that bind to hemoglobin within cells as well as human transferrin and lactofer-
rin in the extracellular space. Over 80 genes are regulated by the iron respon-
sive repressor Fur [81]. Meningococcal iron-acquiring proteins include HmbR
(haemoglobin), TbpA and TbpA-B (transferrin), HbpA and HbpA-B (lactoferrin),
HpnA and HpnA-B (haemoglobin-haptoglobin complex), and possible siderophore
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homologues. New putative iron acquisition proteins, adhesion or invasion proteins,
and toxin proteins have been identified in genome searches.

12.4.1.4 Endotoxin, or Lipooligosaccharide

This is a major component of the outer membrane, differs in structure from enteric
endotoxins [82], and is crucial in inflammatory signaling via Toll-like receptor 4
(TLR4) [83]. Lipooligosaccharide is also important in adherence and colonization,
as well as in the pathogenesis of fulminant sepsis and meningitis. The �-chain struc-
tures of meningococcal lipooligosaccharide are identical to the human I and i anti-
gens, an example of host molecular mimicry as an immune escape mechanism [84].

12.4.1.5 Secreted Factors

IgA1 proteases Meningococci also secrete an IgA protease and produce factors
that inhibit ciliary activity in order to escape host mucosal defenses [85]. IgA1 pro-
tease cleaves human IgA1 in the hinge region and is possibly an important bacterial
virulence factor [86, 87]. IgA1 protease may cause masking of bacterial epitopes
through generation of F(ab)2 IgA fragments that prevent IgM or IgG binding with
the bacterial surface, thus inhibiting complement-mediated bactericidal activity or
antibody-mediated opsonophagocytosis [88]. IgA1 also cleaves LAMP1, a major
integral membrane glycoprotein of late endosomes and lysosomes, and promotes
intracellular survival of pathogenic Neisseria spp. [89].

12.5 Mucosal Colonization of Neisseria meningitidis

Generally, the pathway of infection for any etiological agent of meningitis be-
gins with the establishment of localized transmission in the host [90]. Neisseria
meningitidis like most meningeal pathogens is transmitted via the respiratory route.
The pathogen must then evade host immune responses and enter the submucosa
(Fig. 12.3). Finally, the infectious agent must cross the blood-brain barrier and
access the cerebrospinal fluid (CSF). This is most often accomplished by inva-
sion of the bloodstream and subsequent seeding of the central nervous system
(CNS) [90].

Meningococci must overcome host mucosal defenses and attach to the noncil-
liated columnar epithelial cells of the nasopharynx. Primary attachment of Neis-
seria to the apical surface of mucosal epithelial cells is mediated by the bacterial
pilus. Pili, found on the surface of meningococci, bind to the cell surface receptor
CD46 [12, 91]. This filamentous appendage then retracts [90], pulling the bacterium
down onto the host cell membrane. Subsequent binding of the outer membrane pro-
teins, Opa and Opc to CD66 (carcinoembryonic antigen) and heparin sulfate proteo-
glycan receptors, respectively, lead to engulfment of the meningococci by epithelial
cells [29, 92, 93]. Afterwards, the bacteria may pass through the epithelial layer via
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Fig. 12.3 Mucosal
colonization of Neisseria
meningitidis in the
nasopharynx and entry
into bloodstream and
cerebrospinal fluid

phagocytic vacuoles [94] and exit into the subepithelial compartment. IgA1 protease
cleaves the lysosome-associated membrane protein and may promote the survival of
Neisseria meningitidis in epithelial cells, whereas PorB crosses the cell membrane
and arrests the maturation of the phagosome [95]. The bacteria likely tend to remain
within this niche, presumably being in contact with cells of the immune system but
somehow avoiding triggering a specific immune response. Disseminated meningo-
coccal infections can occur if the bacteria penetrate across the endothelium and
spread through the bloodstream (Fig. 12.3).

Meningococci that have entered the bloodstream either seed the CSF if mul-
tiplication proceeds slowly, or cause meningococcemia and shock, if multiplica-
tion is rapid [73]. The morbidity and mortality of meningococcal meningitis has
been directly correlated to the amount of circulating lipooligosaccharide (or endo-
toxin) [73]. The presence of lipooligosaccharide contributes to the inflammatory
cascade of cytokines that is characteristic of severe disease [85]. Meningococci
are also prone to frequent blebing of the outer membrane. Thus, in the blood-
stream, the organisms release endotoxin in the form of blebs (vesicular outer mem-
brane structures) that contain 50% lipooligosaccharide and 50% outer membrane
proteins, phospholipids, and capsular polysaccharide that further enhance the in-
flammatory cascade. Exposure of cells to bacterial secretions results in the pro-
duction of cytokines such as TNF-� and IL-11. These inflammatory mediators
are believed to enhance the permeability of the blood-brain barrier and facilitate
bacterial invasion of the CSF [12]. Secondary mediators such as IL-6, IL-8, nitric
oxide, prostaglandins, and platelet activating factor amplify the effect, resulting in
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further vascular endothelial injury and the presence of bacteria in the subarachnoid
space [90]. Neisseria meningitidis crosses the blood–brain barrier endothelium by
entering the subarachnoid space, possibly through the choroid plexus of the lateral
ventricles [73].

Additionally, increased cytokine levels cause neutrophils to migrate from the
bloodstream to the CSF, causing neutrophilic pleocytosis (an increased number of
cells in the CSF) and contributing to vasogenic edema (increased water content in
the brain) [90]. Eventual cerebral edema results in a decreased cerebral blood flow.
This leads to an increase in lactate concentration due to anaerobic metabolism [90].
This process, if left uncontrolled, will result in permanent neuronal dysfunction.

Therefore, invasion and survival of the menigococci in the bloodstream are essen-
tial factors for severe disease to occur. While colonization of the respiratory mucosa
is common in healthy individuals, invasion of the bloodstream is very infrequent
and not essential for bacterial survival or spread [73].

12.6 Meningococcal Transmission and Risk Factors

12.6.1 Transmission

The bacteria are transmitted from person to person through droplets of respiratory
or throat secretions. Close and prolonged contact (e.g. kissing, sneezing and cough-
ing on someone, living in close quarters or dormitories (military recruits, students),
sharing eating or drinking utensils facilitate the spread of the pathogen. The aver-
age incubation period is four days, ranging between two and ten days. Naturally
acquired immunity as well as the low virulence of many carrier strains is partly
responsible for the disparity between carriage and disease rates. Furthermore, the
disease incidence is influenced by host and environmental factors, which affect the
human reservoir of meningococci and the host susceptibility to meningococcal dis-
ease. Understanding how the meningococcus can be both a common commensal
and a devastating human pathogen has been a major quest in the biology and in the
design of prevention strategies for Neisseria meningitidis.

12.6.2 Host Risk Factors

Several specific host factors that increase the risk of invasive meningococcal in-
fection have been identified. Among males the risk seems higher until around age
45 years, at which time the risk becomes higher among women [11]. Lower so-
cioeconomic status and genetic background have been associated with an increased
risk, but whether race per se actually increases the risk is doubtful [11, 96, 97].
Increased risk to young children due to the lack of protective serum bactericidal
antibodies has been known for decades to be one of the key host factors associated
with an amplified risk [98, 99, 100]. Opsonization and phagocytic function appear
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to be further important host defenses as demonstrated by disease reduction after
polysaccharide vaccination in individuals with complement deficiencies.

In addition, genetic deficiencies determine human susceptibility and disease out-
come [101]. Defects in the complement system may lead to rapid fatal meningo-
coccemia in patients who lack properidin in the alternative complement pathway
whereas recurrent meningococcal infections are seen in patients with defects in
the terminal pathway (C5–C9) [102, 103]. A relative deficiency of late comple-
ment components observed in infancy [104], may be adding to the susceptibility to
meningococcal infection in this age group. Deficiency of mannan-binding lectin is
associated with an increased susceptibility to infection including meningococcal
infection [45, 98, 105, 106], although not all studies have been able to demon-
strate this [107]. Variation in the plasminogen-activator inhibitor 1 (PAI-1) gene has
been associated with increased susceptibility to meningococcal septic shock, but
not an overall risk of meningococcal disease [108]. Moreover, polymorphisms in
genes coding for the Fc�-receptor II (CD32), Fc�-receptor III (CD16), and Toll-like
receptor 4 (TLR4) are associated with increased risk or severity of meningococ-
cal sepsis [109, 110, 111, 112, 113, 114]. Fc receptor expression on the surface
of phagocytes may be of particular importance in host defense against Neisseria
meningitidis as it is required for the phagocytosis of IgG-opsonized bacteria [115].
Fc receptors with poor IgG2 binding are more common in children who develop
meningococcal infection [116].

Meningococcal disease is also linked to immune suppression such as that seen
in the nephritic syndrome, hypogammaglobulinemia, and HIV disease (but not
serogroup A epidemics)

In addition, an increased risk of invasive disease after splenectomy was found
[117, 118], and it is presumed that this susceptibility arises from a combination of
the loss of splenic filtering of encapsulated bacteria from the circulation, reduced
production of opsonins, and reduced anatomic juxtaposition of immune cells [117].
In children, functional or anatomic asplenia has been associated with very poor
humoral responses to polysaccharide vaccines, suggesting that the spleen may also
have a critical role in the generation of humoral immune responses to polysaccha-
rides in infancy [101, 112, 119, 120, 121, 122, 123, 124, 125, 126, 127].

12.6.3 Environmental and Behavioral Risk Factors

An intact mucosal barrier is an important prerequisite to prevent meningococcal
invasion. Therefore, factors leading to the disruption of the respiratory epithelium
subsequently facilitate meningococcal invasion. Clearly, climatic conditions influ-
ence the risk of infection. In sub-Saharan Africa, epidemic meningococcal infec-
tion typically starts during the dry season, when it typically is hot, dusty and arid,
and ends with the onset of the rainy season [128]. In the United States, meningitis
cases occur mostly in the winter, peaking at late winter/early spring, as a result of
the necessity of remaining indoors for many at risk populations. Infection of the
upper respiratory tract and co-infections such as mycoplasma, influenza and other
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respiratory viral infections have been associated with an increase risk of carriage
and invasive disease in some settings [99, 100, 129, 130, 131, 132]. Exposure to
tobacco smoke by active and passive smoking has been associated with meningo-
coccal disease and meningococcal carriage [133, 134, 135, 136, 137], possibly by
increased transmission due to coughing.

Furthermore, closed populations such as military recruits and Haj pilgrims have
been shown to have increased risk of meningococcal infection. Studies of the risk
of meningococcal disease in college students yielded similar results [138, 139]
showing furthermore that students living on campus had an over threefold in-
creased risk relative to the off-campus population [140]. Transmission of serogroup
C meningococcal disease during a small outbreak in Maryland appears to have
occurred during a party [141], and bar or discotheque patronage has been associ-
ated with the risk of infection during a university outbreak [136]. In addition, there
have been numerous reports of laboratory-acquired meningococcal infection, mostly
among microbiologists manipulating the organism on an open laboratory bench
[142, 143, 144, 145].

12.7 Meningococcal Disease

12.7.1 Symptoms

The cause of progression from carriage to invasive disease is dependent on both host
and infecting organism factors. A lack of sufficient biologically active antibodies
against Neisseria meningitidis is thought to be one of the major factors conferring
susceptibility to infection. The peak incidence of disease is between 6 months and
2 years of age. It then falls throughout childhood only to rise again transiently in
adolescence.

Meningococcal disease is characterized by a variety of clinical symptoms
[146, 147, 148] and signs of the early phase may be indistinguishable from other
bacterial or viral infections. The mild symptoms can change rapidly (within hours)
in a life-threatening disease. The most common symptoms are stiff neck, high fever,
sensitivity to light, confusion, headaches and vomiting. Even when the disease is
diagnosed early and adequate therapy instituted, 5–10% of patients die, typically
within 24–48 hours of onset of symptoms. Clinical syndromes caused by Neisse-
ria meningitidis include meningitis, with or without meningococcemia, relatively
mild bacteremia, fulminant meningococcemia, meningoencephalitis, pneumonia,
and septic arthritis, as well as other presentations [26].

The three traditional symptoms of meningitis include fever, severe headache, and
stiffness of the neck [149, 150, 151, 152]. Due to increased intracranial pressure
resulting from the vigorous inflammatory immune response within the CSF, altered
mental status is another extremely common symptom. Bacterial meningitis may re-
sult in brain damage, hearing loss, or learning disability in 10–20% of survivors.
Meningococcemia without meningitis is the most deadly of the meningococcal
syndromes [96]. Meningococcemia is characterized by an abrupt onset of fever
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and a petechial or purpuric rash, which may progress to purpura fulminans, and
is often associated with the rapid onset of hypotension, acute adrenal hemorrhage
(the Waterhouse–Friderichsen syndrome), and multiorgan failure [153].

12.7.2 Diagnosis

The diagnosis of meningococcal meningitis is suspected by the clinical presentation
and a lumbar puncture showing a purulent spinal fluid; sometimes the bacteria can
be seen in microscopic examinations of the spinal fluid. Meningococcemia can be
confirmed with blood culture, lumbar puncture, and a Gram stain of lesional skin
biopsy or aspirate specimens. Definitive diagnosis requires the isolation of Neisseria
meningitidis from a normally sterile body fluid or the detection of meningococcal
DNA by PCR [154, 155, 156, 157, 158].

The classic laboratory diagnosis of meningococcal disease has relied on bacteri-
ologic culture. However, the sensitivity of culture may be reduced when performed
after the initiation of antibiotic treatment [159]. Gram’s staining of cerebrospinal
fluid is still considered an important method for rapid and accurate identification of
Neisseria meningitidis [160]. Nonculture methods, such as the use of commercially
available kits to detect polysaccharide antigen in cerebrospinal fluid, have been used
to enhance the laboratory diagnosis. These methods are rapid and specific and can
provide a serogroup-specific diagnosis, but false negative results are common, es-
pecially in cases of serogroup B disease [161]. Polymerase-chain-reaction (PCR)
analysis offers the advantages of detecting serogroup-specific Neisseria meningi-
tidis DNA and of not requiring live organisms for a positive result. In addition,
newer molecular-based subtyping techniques may allow further characterization of
Neisseria meningitidis from PCR-derived products.

12.7.3 Treatment

Meningococcal disease is potentially fatal and should always be viewed as a medical
emergency. Admission to a hospital or health centre is necessary [148]. Antimi-
crobial therapy must be commenced as soon as possible after the lumbar puncture
has been carried out and should not be delayed whilst waiting for the results of
laboratory investigations. In approximately 10% of the cases of meningitis and 20%
of sepsis, the disease is fatal despite antibiotic treatment [162]. Without antibiotics,
death rates increase up to 80% [163]. Of the surviving patients, 5–20% experiences
permanent damage, such as amputation of necrotic extremities, mental retardation
or deafness [163, 164]. Rarely, invasive disease may take the form of arthritis, pneu-
monia or endophthalmitis.

A range of antibiotics may be used for treatment. For confirmed infection, intra-
venous aqueous penicillin is generally considered to be the therapy of first choice,
although treatment with penicillin has reportedly failed in a few patients with strains
of Neisseria meningitidis that have intermediate resistance to the drug [165, 166].
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Appropriate broader treatments include cefotaxime or ceftriaxone given by the intra-
venous or intramuscular route. The duration of antibiotic treatment is 10–14 days for
most patients; however, persistent parameningeal infections will require therapy of
longer duration. Additionally, should a patient suffer bacteriologic or symptomatic
relapse-specifically fever, drowsiness, or hemiparesis—after the discontinuation of
treatment, antibiotic therapy should begin again immediately [149, 152]. Under epi-
demic conditions in Africa, oily chloramphenicol is the drug of choice in areas with
limited health facilities because a single dose of this long-acting formulation has
been shown to be effective.

Unfortunately, many patients with severe meningococcemia respond poorly to
treatment with antimicrobial agents, steroids, or vasopressor agents and death may
occur within hours of onset. Nevertheless, more commonly therapeutic interventions
with antibiotics and supportive treatments are successful and have dramatically re-
duced mortality due to meningococcal disease [165, 166, 167].

12.8 Meningococcal Immunity

Natural immunity plays an important role in the maintenance of the commensal state
for Neisseria meningitidis [150]. Protection against disease depends on the ability
of the human host to generate long-lived, antigen-specific memory T and B cells
that can be rapidly mobilized to mediate microbial clearance. Protective immunity
consists of mucosal immunity, which limits colonization and prevents early invasion
and systemic immunity, which blocks multiplication and systemic dissemination of
meningococci that breach the mucosal barrier [98, 168, 169, 170].

12.8.1 Innate Immunity

In infancy and early childhood, non-specific defense mechanisms are the first re-
sponses against invading pathogens, and may be the most important defense against
meningococcal infection. Mechanical mechanisms serve the purpose of prevent-
ing infection and for controlling nasopharyngeal colonization to prevent possi-
ble invasion of the intravascular space and CNS. Laminar airflow across mucous
layers, that filter inspired air, the guttural reflex, laryngeal disclosure, and the
cough reflex are non-specific, physical mechanisms for preventing infection of
the human nasopharynx [171]. Additionally, within the respiratory tract, mucosal
epithelial cells produce and secrete hydrogen peroxide, a general bactericide. In-
terestingly, the middle ear and Eustachian tube are usually immune to bacterial
colonization despite their direct connection to the nasopharynx and it appears
that secretions of lysozyme, lactoferrin and �-defensins -1 and -2 play a role
[171, 172].

Furthermore, macrophages and neutrophils within the mucosal membrane of the
nasopharynx, will clear bacteria following their opsonization by complement [173].
This is especially important in the non-immune individual, particularly in infancy
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when specific antibody is absent. Complement activation seems primarily to be me-
diated by C-reactive proteins that have bound themselves to phosphatidylcholine
found on the surface of bacterial cell walls [174].

For efficient immune clearance Neisseria meningitidis is capable of eliciting
innate immune responses via several mechanisms: the mannose binding lectin
pathway is instrumental in activating complement-mediated phagocytosis of the
bacteria. The recognition of capsular lipooligosaccharide triggers the TLR4 path-
way, which initiates a signal transduction process that attracts phagocytes, activates
macrophages and dendritic cells, and ultimately leads to the phagocytosis and de-
struction of the offending bacteria [171]. Furthermore, lipooligosaccharide and other
lipopolysaccharide structures trigger the alternative pathway by binding C1q, and
like in the mannose binding lectin pathway, the alternative pathway leads to bacte-
rial cell death via the membrane attack complex (C5–C9) [150, 175]. Maturational
defects in innate immunity (low complement levels and decreased phagocytosis) in
combination with low levels of antigen-specific immunity in early childhood are
responsible for the age-dependent differences in disease incidence.

12.8.2 Adaptive Immunity

12.8.2.1 The Acquisition of Natural Immunity to Neisseria meningitidis

In addition to mechanical and innate immune mechanisms, during the first few
months of life, most infants are protected from invasive meningococcal disease by
the presence of maternal IgG directed against capsular polysaccharides and outer
membrane antigens, and passively immunized by IgA from maternal breast-milk.
The age of greatest vulnerability to infection is when the level of maternally derived
antibodies falls through infancy and there is little or no specific humoral immunity,
phagocyte function is poor and the terminal complement components are at rela-
tively low levels.

Following waning of maternal antibodies, children begin to develop immune re-
sponses through exposure to cross-reacting species in the nasopharynx and gastroin-
testinal tract [176, 177, 178, 179, 180]. For example, the Escherichia coli K1 capsule
cross-reacts antigenically with serogroup B meningococci [181, 182] and the K92
Escherichia coli capsular polysaccharide with serogroup C polysaccharide [183].
In addition, natural carriage of Neisseria meningitidis and related bacteria such as
non-pathogenic Neisseria lactamica [184], that commonly colonizes the nasophar-
ynx during childhood and that is highly cross reactive with Neisseria meningitidis,
leads to increasing levels of specific antibodies through childhood and results in the
development of protective immunity by programming appropriate components of
an immune response at both the mucosal surface and in the circulation.

The carriage dynamics of Neisseria species are complex and can be long-
lived [46, 185, 186, 187]. In teenage and early adulthood single or multiple Neisse-
ria meningitidis colonization events occur, whereas carriage of Neisseria lactamica
occurs earlier in childhood.
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Initially, nasopharyngeal colonization with Neisseria species generates mucosal
effector T cells and secretory IgA in the absence of protective systemic immunity.
With increasing age and repeated contact, local immunity in the nasopharyngeal
mucosa and immunological memory increase and systemic effector T cells and
memory responses develop [188, 189, 190]. Natural immunological programming
results in a mucosal response that is dominated by a pro-inflammatory interferon-
� (IFN-�) phenotype. The T-cell phenotype of the Neisseria meningitidis antigen
responding population in the circulation seems to have a more balanced Th1–Th2
profile (Fig. 12.4).

The T-cell memory in both compartments is broadly cross-reactive across a range
of antigens [191, 192] and by adulthood, even if carriage is quite common, most
individuals have developed sufficient immunity to have protection against invasive
disease. Both the local and systemic arms are essential to natural immunity and
interrupt the evolution of disease at two crucial points.

Fig. 12.4 Development of
natural immunity to Neisseria
meningitidis
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The carriage of non-pathogenic organisms that induce immunity to meningo-
cocci appears not only to be essential for the acquisition of natural immunity, but it
seems also plausible that population differences in carriage of such cross-reacting
organisms may be partially responsible for the variation in incidence of meningo-
coccal disease around the world and the variation in dominant serogroups and strains
[184].

12.8.2.2 Mucosal Immunity

Mucosal immunity limits colonization and prevents early invasion. Capsular poly-
saccharides as the outermost organelle of meningococcal bacteria seem to be the
“prime targets” for mucosal immunity [169] and are the most important antigens
for mounting immune responses against serogroups A and C. Unfortunately, the
polysaccharide capsule of the serogroup B meningococcus is chemically and anti-
genically related to human brain and fetal antigens and is therefore poorly immuno-
genic in humans [169]. Instead, for these serogroup antibody responses are mounted
against other antigens including PorA, PorB, and lipopolysaccharide class 5 outer
membrane proteins [169].

It has been suggested that in mucosal secretions, IgA antibodies against pro-
tein antigens are predominantly IgA1, whereas those directed against polysac-
charides are almost equally distributed between the two subclasses, IgA1 and
IgA2 [193, 194, 195]. The commonly observed close correlation between an in-
dividual’s concentration of antigen specific secretory component and specific IgA
antibodies in saliva suggests that these mucosal IgA antibodies are secretory IgA and
that their release is locally regulated [196, 197]. The IgA2 subclass of IgA an-
tibodies may provide some functional advantage in specific mucosal immune re-
sponses over IgA1 as a result of structural differences that make IgA2 relatively
resistant to IgA1 protease activity [198, 199]. IgA1 protease produced by all strains
of Neisseria meningitidis are potentially capable to cleave IgA1 to Fab and Fc frag-
ments, and can therefore eliminate the Fc mediated functions of IgA1 [199, 200].
However, IgA1 proteases can be inactivated by “an abundance of antibodies” car-
ried by the majority of humans [169]. Therefore, despite the presence of bacterial
proteases, IgA may still provide an effective response. IgA can also inhibit im-
mune lysis by out-competing or displacing IgM and IgG for antigen epitopes, thus
blocking their stimulation of lytic activity. Conversely, as illogical a function as it
may seem, IgA may have an important homeostatic function in down-regulating
complement activation and the subsequent, potentially detrimental, inflammatory
response [171].

12.8.2.3 Systemic Immunity

Systemic immunity blocks multiplication and systemic dissemination of meningo-
cocci that breach the mucosal barrier. It consists of complement-fixing IgG anti-
bodies that are high in bactericidal activity [98, 184, 189]. Bactericidal activity is
acquired or boosted through nasopharyngeal carriage of Neisseria meningitidis in
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adults [45, 201], which induces some cross-protection between strains [201]. Serum
bactericidal activity has been the primary determinant of establishing a commensal
relationship between the host and colonies of Neisseria meningitidis, and is pri-
marily mediated via the lysis of meningococcal bacteria, which in turn is primarily
mediated by the formation of membrane attack complex [169, 202]. Intravascular
protection against gram-negative bacteria is believed to be mediated by antibody
and complement recognition of the bacterial surface. C3b mediates opsonophago-
cytosis, and membrane attack complex mediates cell lysis, and other mechanisms
such as non-complement fixing opsonophagocytosis and antibody-dependent cel-
lular cytotoxicity [169, 184, 203]. Cell death limits the size of the responding cell
populations, as is the case in any immune response, and occurs by antigenic neglect
and activation-induced cell death.

The pathway of complement activation is considered to be central to protection
against Neisseria meningitidis [204]. Moreover, the alternative complement path-
way, which does not use antibody, is crucial in protection from meningococcal dis-
ease. Mannan-binding lectin binds to carbohydrate surface structures [205, 206] on
bacteria, yeasts, parasitic protozoa and viruses [207] and is structurally similar to
C1q and is able to activate complement via associated serine proteases (MASP-1
and MASP-2) [208, 209]. Killing is mediated by the terminal lytic complement
pathway [210] or by increased phagocytosis [211]. However, some data suggest
that the mannan-binding lectin is not important in phagocytosis of serogroup A
meningococci [212].

Most IgG to meningococcal polysaccharides are of the IgG2 subclass, and defi-
ciencies in IgG2 are often associated with more severe disease. The polysaccharide
capsule prevents classical pathway activation by IgG that bind subcapsular antigens.
Especially for serogroup B there are few antibodies against the polysaccharide cap-
sule due to humans’ high tolerance of the sialylated capsule that mimics the protec-
tive sialylation of host cells primarily from complement-mediated destruction.

Other antibodies that are naturally acquired during childhood include antibod-
ies to non-sialylated lipooligosaccharide after repeated colonization by Neisseria
meningitidis. This antibody-mediated immunity should last through adulthood, al-
though later in life, as the efficacy of antibody responses decline, susceptibility
increases. All lipooligosaccharides bear an epitope for IgM, however, sialiation pre-
vents galactosaminylation, consequently preventing opsonization by IgM.

12.8.2.4 Cellular Immunity

Cellular immune mechanisms can be clearly demonstrated after meningococcal in-
fection. T cell responses are likely to be central to acquired protective immunity
through appropriate regulation and stimulation of antibody production. Further-
more, T-cells play an important role in the establishment of immunologic memory.
In particular, the pattern of dendritic cell (DC) activation and antigen process-
ing [213, 214, 215] and the resulting T-cell profile are vital for antibody and phago-
cytic control of both colonization and disease. T-helper (Th)-1 cells secrete IFN-�
and provide help for pro-inflammatory immune responses that involve macrophage
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and neutrophil activation and complement-fixing antibody production. Th2 cells
secrete cytokines including interleukin (IL)-4 and IL-5, which promote B-cell ac-
tivation, non-complement-fixing antibody production and secretory IgA. Distinct
CD4+ T-regulatory cells (Treg) suppress inflammatory responses and include a
thymically derived CD25+ subset that is crucial in preventing autoimmunity, and
inducible subsets that probably arise in the periphery in response to antigen expo-
sure [216, 217, 218]. Inducible Treg are generated locally in the mucosae as part of
the normal response to the microbial flora [218] and probably arise as part of the
natural response to Neisseria meningitidis, potentially suppressing the response to
carriage and modulating immunity. The pattern of DC activation and the balance
between Th1 versus Th2 and Treg is dependent on the nature, length, strength and
site of Neisseria meningitidis antigenic exposure and the characteristics of the local
microenvironment [213, 214, 215, 219, 220, 221].

A Th2 response is stimulated by meningococcal membrane protein antigens in-
cluding PorA, PorB, Opa, and Opc [222]. Studies have demonstrated that the Th1
response is particularly prevalent among infant immune responses and become less
prevalent with age as an individual switches from primarily a Th1 response to a
Th2 response. Immunologic memory improves as the immune system matures past
infancy and early childhood. Moreover, although infants produce the same amounts
of IgG1 and IgG3, as older children, their immune response is still poor, suggesting
differences in Ab specificity or affinity [169, 202, 223].

Cellular immune responses to OMVs following meningococcal infection have
been examined [169], and showed that proliferative responses to the OMVs were
not strain specific or dependent on age. In contrast, cytokine production was age-
dependent with more IL-10 produced by peripheral blood mononuclear cells from
older children and more interferon-gamma produced by infants [169]. These may re-
flect important differences in specific immune responses that could affect the quality
or specificity of antibody and explain the lack of bactericidal responses in infants,
noted above.

Following infection, there is a broad range of opsonins cross-reacting with differ-
ent serogroups of meningococci, which are not directed against capsule, suggesting
that these antibodies may recognize conserved regions of surface structures [180].
Fc receptor expression on the surface of phagocytes may be of particular importance
in host defense against Neisseria meningitidis as it is required for the phagocytosis
of IgG-opsonized bacteria [115]. Fc receptors with poor IgG2 binding are more
common in children who develop meningococcal infection [116].

Neonatal polymorphonuclear cells have a reduced capability for adherence, mi-
gration, phagocytosis and intracellular killing when compared with adult cells [224].
It is not clear at which age adult activity is attained, but it is possible that the reduced
phagocytic activity of these cells may be directly related to the increased incidence
of meningococcal disease in early childhood, particularly since phagocytes may be
important in defense against serogroup B organisms, which are common causes of
disease at this age.

Non-opsonic phagocytosis by neutrophils, via interactions with bacterial Opa
and Opc proteins, may also have a role in defense against meningococci although
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activity is reduced by sialylation of the polysaccharide capsule and lipopolysaccha-
ride [225, 226]. The neutrophil surface receptor involved in these interactions with
Opa is CD66 [227]. These bacterial proteins are involved in adherence and invasion
of epithelial cells and are an essential virulence mechanism of the bacteria. Non-
opsonic phagocytosis may also be mediated via phagocyte complement receptor 3
(CR3; CD18/CD11b) [228] or interactions of CD14 with lipopolysaccharide.

12.9 Meningococcal Control, Prevention and Vaccinaton

12.9.1 Control

Persons in close contact with patients who have meningococcal disease are at el-
evated risk for contracting the disease, including household members, contacts at
day care centers, and anyone else directly exposed to an infected patient’s oral and
nasal secretions [29]. Because the risk of secondary disease among close contacts
is highest during the first few days after the onset of disease in the index patient,
chemoprophylaxis should be administered preferably within 24 hours of identifica-
tion of the index patient [229]. Rifampin, ciprofloxacin, and ceftriaxone have been
demonstrated to effectively eliminate nasopharyngeal carriage of Neisseria menin-
gitidis. Notwithstanding, mass chemoprophylaxis to control large meningococcal
epidemics is not recommended [230] and increases the likelihood of emergence of
antimicrobial resistance. However, it might be considered for smaller outbreaks in
well-defined populations, such as school outbreaks [231, 232].

12.9.2 Prevention

The rapid onset of invasive meningococcal disease, the high incidence in childhood,
the severity of the sequellae and the high mortality rate clearly indicate the impor-
tance of vaccine development against Neisseria meningitidis. An ideal meningo-
coccal vaccine should be able to protect against all disease-causing meningococci,
developing protective immunity at the mucosal surface and in the circulation.

Several polysaccharide vaccines, which have been available for over 30 years,
exist against serogroups A, C, Y, W135 in various combinations (Fig. 12.5). A
major advance in the prevention of meningococcal disease has been the devel-
opment and introduction of meningococcal polysaccharide-protein conjugate vac-
cines [27, 230, 233, 234, 235, 236, 237, 238, 239, 240]. These vaccines are
immunogenic, particularly for children under 2 years of age whereas polysaccha-
ride vaccines are not. All these vaccines have been proven to be safe and effective
with infrequent and mild side effects. The development of vaccines for serogroup B
Neisseria meningitidis remains a challenge [241]. The serogroup B capsule has an
identical structure to polysialic structures expressed in fetal neural tissue, and does
not induce a protective IgG response, therefore a different class of antigens has to
be identified for an efficient vaccine formulation.



12 Neisseria meningitidis 345

Fig. 12.5 Timeline of meningococcal vaccine development

12.9.3 Vaccination

Vaccination against meningococcal disease is used in the following circumstances:

I. Routine vaccination: Routine preventive mass vaccination has been attempted
and its effect has been extensively debated. Saudi Arabia, for example, offers
routine immunization of its entire population. Sudan and other countries rou-
tinely vaccinate school children) [242].

II. Preventive vaccination can be used to protect individuals at risk (e.g. travellers,
military recruits, pilgrims, patients with complement or other immune deficien-
cies, microbiologists who are routinely exposed to isolates of Neisseria menin-
gitidis) [243].

III. Protection of close contacts: When a sporadic case occurs, the close contacts
need to be protected by a vaccine and chemoprophylaxis with antibiotics to
cover the delay between vaccination and protection (the vaccines may not pro-
vide adequate protection for 10–14 days following injection). Antibiotics used
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for chemoprophylaxis are rifampicin, minocycline, spiramycin, ciprofloxacin
and ceftriaxone [244].

IV. Vaccination for epidemic control: In the African Meningitis Belt, enhanced
epidemiological surveillance and prompt case management with oily chloram-
phenicol are used to control the epidemics. The current WHO recommendation
for outbreak control is to mass vaccinate every district that is in an epidemic
phase, as well as those contiguous districts that are in alert phase. It is estimated
that a mass immunization campaign, promptly implemented, can avoid 70% of
cases [245].

12.9.3.1 Serum Bactericidal Activity as a Correlate of Protection

The classical studies performed by Goldschneider and colleagues [45, 98] es-
tablished serum bactericidal antibody (SBA) as the surrogate of protection for
meningococcal disease. Serum bactericidal activity measures bacterial killing medi-
ated by complement. Meningococcal-specific antibody binds to the target cell sur-
face via meningococcal-specific protein or carbohydrate moieties. The C1q subunit
of C1 binds to the Fc portion of the surface-bound Ig. The binding of C1q–Ig ac-
tivates the classical pathway of complement, which results ultimately in death of
the target cell. The SBA titer for each unknown serum is expressed as the recip-
rocal serum dilution yielding at least 50% killing or more as compared with the
number of target cells present before incubation with serum and complement. It is
thought to be a more clinically relevant measure of the immune response than IgG
titer. Total serum IgG correlates poorly with SBA, but a modified assay detecting
high avidity IgG has been proposed [246]. The complement source used in the
SBA assay is of importance. The Goldschneider studies used human sera as the
source of exogenous complement in the SBA assay (hSBA) and was an individual
surrogate following natural infection. A hSBA titer of four or more was shown to be
protective. The World Health Organization (WHO)-recommended procedure uses
baby rabbit complement as the source and recommends that an efficacious meningo-
coccal vaccine should induce at least a 4-fold rise in SBA in more than 90% of
vaccinees [247].

12.9.3.2 Vaccines Against Neisseria meningitidis Serogroup A, C, Y and W135

Polysaccharide Vaccines

Capsular, polysaccharide vaccines to decrease A, C, Y, and W-135 meningococcal
disease were introduced in the 1970s and 1980s on the basis of Gotschlich, Gold,
Goldschneider, and Artenstein’s classic studies (Fig. 12.5) [45, 72, 98, 105, 239,
240, 248, 249]. They are made of extracted and purified forms of the bacterial
outer polysaccharide capsule. Capsular polysaccharide vaccines against Neisseria
meningitidis are licensed in bivalent and tetravalent formulations. Groups A and

C polysaccharide vaccines (Mengivac
TM

and AC VAX
TM

) were developed in the
1960s in response to meningitis epidemics among military recruits in the USA and
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were widely tested in Europe, Latin America and Africa [72, 250, 251]. Meningo-
coccal polysaccharide vaccines have been used extensively to control epidemics
in countries of the African meningitis belt. Furthermore, tetravalent polysaccha-
ride vaccines against serogroups A, C, Y, and W-135 have been developed and

are available worldwide (Menomune
TM

and ACWY VAX
TM

) [252, 253, 254, 255]
(Fig. 12.5). Plain serogroup B polysaccharide vaccine development has been unsuc-
cessful for the reasons of poor immunogenicity of this polysaccharide.

Polysaccharide vaccines trigger the formation of circulating antibodies. These
antibodies then coat the bacterial capsules with antibodies and/or complement, pro-
moting phagocytosis and removal by cells of the innate immune system (through
macrophages and neutrophils). Purified polysaccharides activate B cells in a thymus-
independent type 2 (TI-2) manner, they cross-link antibodies on the B cell surface,
which leads to the formation of plasma B cells and antibodies without the help of
helper T cells. As a result of this T independent activation, IgM is the predom-
inant isotype produced due to little class switching, no affinity maturation, and
little development of memory cells. A consequence of the T-cell-independent im-
munity is the poor efficacy of polysaccharide based vaccines in young children
and infants and no long-term immune memory [106, 256, 257, 258, 259, 261].
At all ages, immune responses to polysaccharide antigens appear to be relatively
short-lived.

The ability of older children and adults to produce serum antibody responses to
capsular polysaccharides is considered to be an indicator of intrinsic B cell matu-
ration. However, there is growing evidence that acquisition of antibody responsive-
ness, at least in adults, also reflects natural priming and generation of anti-capsular
B cell populations in the memory state.

Experience from several A/C polysaccharide vaccine studies in the Gambia and
in Saudi Arabia has shown that repeated doses of the group C polysaccharide vac-
cine may induce immunologic hyporesponsiveness in children and adults [106, 262,
263, 264, 265, 267, 268] possibly by depleting the pool of antigen-specific memory
B-cells [263, 269]. By contrast, the serogroup A meningococcal polysaccharide,
unlike most other polysaccharides, induces immunological memory in young chil-
dren [263, 270]. This implies fundamental differences in their respective mecha-
nisms of immunogenicity that remain poorly understood. Furthermore, it is not clear
whether this is an entirely maturational phenomenon related to a deficiency in the
infant’s immune response to T-cell-independent antigens [271, 272].

Consequently, vaccines composed solely of purified polysaccharides are only ef-
fective in older children and adults for an average of three to five years. They are
not effective for infants and children under two years of age, who have immature
immune systems. Therefore, conjugate vaccines against some forms of meningitis
have been developed.

Conjugate Vaccines

By conjugating purified bacterial polysaccharides to purified protein carriers, T-cell-
dependent responses can be induced, leading to the establishment of immunological
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memory [273]. Polysaccharide-protein conjugate vaccines are safe, immunogenic
in young infants and induce long-term immune memory [239, 240, 255, 274].

Several protein carriers have been used effectively for conjugate vaccine strate-
gies, including tetanus toxoid, diphtheria toxoid, and a non-toxic variant of diph-
theria toxin (CRM197) [275]. The protein carrier of the conjugate vaccine leads to
antigen presentation on B cells, or other antigen presenting cells. The interaction of
the CD40 on B cells and CD40L on T helper cells allow class switching from IgM
to IgG, and longer-lasting effector functions. Memory B cells are also induced to
participate in a secondary response upon exposure to the bacterial pathogen [276].

Immunization with conjugate vaccines also decreases nasopharyngeal carriage
and transmission of the pathogen through the establishment of herd immunity
[27, 234]. Whereas only high molecular weight polysaccharide preparations are
immunogenic, effective glycoconjugate vaccines can be prepared from low molec-
ular weight oligosaccharides such as those present in the lipooligosaccharides of
Neisseria meningitidis [277, 278].

Meningococcal group C conjugate (MenC) vaccines were developed (Fig. 12.5),
consisting of saccharides derived from capsular polysaccharide and chemically con-

jugated to carrier proteins, using CRM197 as the protein carrier (Meningitec
TM

and

Menjugate
TM

), or using tetanus toxoid as the carrier (NeisVac-C
TM

). Since 1999
group C glycoconjugate vaccines have been adopted for infant immunization pro-
gram at 2, 3 and 4 months of age in the UK [237]. Immunogenicity studies showed
that infants vaccinated at 2–4 months of age with group C glycoconjugate vaccine
produced high levels of high avidity bactericidal antibodies [246, 279, 280]. Good
antibody responses with booster doses of plain group C polysaccharide in infants
given a primary course of conjugate vaccine indicate that immunological memory
can be induced even in the very young [279, 281]. The successful introduction of the
vaccine into the UK infant immunization schedule, in combination with a catch-up
campaign for individuals less than 18 years of age targeting all children >4 months
and <18 years of age (individuals <1 year of age received 2 doses of vaccine, and
those >= 1 year of age received 1 dose) [253], has virtually eliminated all group
C disease in childhood [282]. Importantly, the vaccine program has driven tremen-
dous impact on the incidence of the disease, resulting in a more than 90% decrease
in the number of deaths and clinical cases, and a 66% decrease in asymptomatic
carriage [282, 283, 284, 285]. Interestingly, the vaccine also decreased the number
of cases in non-vaccinated people by 70%, a substantial benefit due to herd immu-
nity, likely related to the effects on colonization and decreased circulation of the
bacteria in the population [27, 234]. Group C glycoconjugate vaccine has also been
licensed in other countries around Europe and was found to be effective in a mass-
immunization campaign in Quebec, Canada, that was implemented in response to a
MenC epidemic that occurred there in 2001 [286]. Diverse countries implemented
different immunization strategies for the control of serogroup C meningococcal
disease (CMD). Surprisingly, children given lower doses of antigen and/or fewer
numbers of doses mount higher memory antibody responses to a subsequent boost
with unconjugated polysaccharide vaccine than those who received higher doses
or more injections of the conjugated antigen. Thus, existing routine immunization
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schedules may not be optimal and should be designed to achieve the highest level
of protection using the lowest number of doses. However, more studies are needed
to determine the long-term efficacy of different routine immunization schedules and
the level of herd immunity provided by different levels of coverage [287].

A tetravalent conjugate vaccine incorporating polysaccharide from groups A, C,

Y and W135 covalently linked to diphtheria toxin (Menactra
TM

) has recently been
developed and has shown a 100% efficiency at raising bactericidal antibody titers in
11- to 18-year olds. The vaccine has been licensed in the USA for 11- to 55-year
olds and an application has been filed with the FDA to obtain licensure for 2- to
10-year olds [288, 289, 290, 291].

In 2001, the Meningitis Vaccine Project (MVP) was created as a partnership
between Program for Appropriate Technology in Health (PATH) and the World
Health Organization (WHO) with the goal of eliminating meningococcal epidemics
in Africa through the development, licensure, introduction, and widespread use
of affordable (US$ 0.40 per dose) meningococcal A (Men A) conjugate vac-
cines [292, 293]. A phase 1 study of the vaccine in India has shown that the
product is safe and immunogenic. Phase 2 studies have begun in Africa, and a
large demonstration study of the conjugate vaccine is envisioned for 2008–2009.
Together with African public health officials a vaccine introduction plan has been
developed that includes introduction of the Men A conjugate vaccine into standard
Expanded Program on Immunization (EPI) schedules and further emphasizes mass
vaccination of 1–29 year olds to induce herd immunity. The MVP model is a clear
example of the usefulness of a “push mechanism” to finance the development of a
needed vaccine for the developing world. Licensure of the vaccine is expected in
2009 [294]. Additionally a combined pediatric vaccine that contains serogroup A
and C meningococcal conjugates has also been tested in Africa [295].

The chemical conjugation of capsular polysaccharide to protein carrier molecules
ensures that a T-cell-dependent immune response is induced [296]. This approach,
however, does not hold for group B meningococci, for which the prospect of devel-
oping a vaccine still is remote. A number of alternative approaches to serogroup B
meningococcal vaccine development, like the use of recombinant outer membrane
proteins, lipopolysaccharides and vesicle vaccines, have been considered over the
past 20 years. Additionally, information resulting from different genomic sequenc-
ing projects of meningococcus is having a major influence on vaccine research and
development [297].

12.9.3.3 Vaccines Against Neisseria meningitidis Serogroup B

Polysaccharide and Polysaccharide- Conjugate Based MenB Vaccines

Group B, a major serotype causing meningococcal meningitis, continues to be a
global health burden. The ideal serogroup B vaccine would provide cross-protection
throughout the serogroup. By definition, the shared antigen for these bacteria is
the serogroup B polysaccharide capsule. Unfortunately, vaccines based on the
serogroup B capsular polysaccharide are reported to elicit predominantly IgM
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antibodies of low avidity, and thus are poorly immunogenic [298, 299, 300, 301].
This poor immunogenicity is probably due to immunological tolerance induced
by cross-reactive polysialylated glycoproteins. The MenB capsular polysaccharide
structure ([alpha]2-8-N-acetylneuraminic acid) is homologous to that of a nerve cell
adhesion molecule that is present in developing neural tissue and in small amounts
in adult tissues [302]. Their similarities raise the risk of including autoimmune phe-
nomena following immunization with vaccines based on group B polysaccharides.
Attempts have been made to make a polysaccharide-based serogroup B conjugate
vaccine in which the polysaccharide has been chemically modified. One such can-
didate vaccine was recently shown to be poorly immunogenic in adults, suggest-
ing that this may not be a fruitful approach [303]. Knowing the complications in
developing safe and effective serogroup B capsular polysaccharide based vaccines
alternative strategies focus on non-capsular surface protein antigens. Accordingly,
serogroup B outer membrane vesicle (OMV) and recombinant protein based vac-
cines are under investigation.

12.9.3.4 Protein Based OMV MenB Vaccines

Outer membrane vesicles consist of intact outer membrane and contain outer mem-
brane proteins (OMPs) and lipooligosaccharides [241, 297]. They readily can be
prepared by detergent extraction from the bacteria. However, diversity of major
outer membrane structures among meningococci has limited these approaches. For
example, in a study of the variability of endemic serogroup B strains from a variety
of sites throughout the United States, it was found that 20 PorA types would have to
be included in a serogroup B outer membrane vesicle vaccine to cover 80% of strains
that cause endemic disease [304]. Nevertheless, serogroup B OMV vaccines can be
useful during epidemics, when disease is caused by a single circulating serosub-
type and an appropriately matched MenB OMV vaccine can be developed. Because
MenB epidemics can last for more than a decade, the development of a matched
vaccine may be feasible in such settings.

To date, the immunogenicity of a variety of OMV-based serogroup B vaccines
have been studied. Adult volunteers have lymphoproliferative responses to Opa, Opc
and PorA proteins of the bacterial outer membrane [192] and proliferative responses
to OMV have been documented after vaccination with Dutch and Norwegian OMV
vaccines [305, 306] and infection [169]. The T cell epitopes of PorA have been iden-
tified in adult volunteers as being in conserved regions of the protein and the MHC
restriction of these epitopes was documented [307, 308, 309, 310]. Human T cell
responses to purified meningococcal OMPs were higher to class 5 OMPs (Opa) and
Opc than to PorA with some epitopes more widely recognized by different human
leukocyte antigen (HLA) types and some showing greater HLA restriction [192].
PorA and PorB T cell epitopes are in regions of OMPs, which are not only conserved
between strains but also highly conserved amongst Neisserial porin proteins [360].
T cell epitopes have also been described for both PorA and PorB OMP in mice that
are conserved between strains [311].
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The Cuban VA-MENGOC-BC R© is a bivalent vaccine of capsular polysaccha-
ride of Neisseria meningitidis group C and outer membrane vesicles of serogroup
B meningococcus that include PorA, PorB, Opa, Opc, Tbp, NspA, and other pro-
teins [312]. The vaccine was licensed in 1989 and was successfully used for epi-
demic control in Cuba, Brazil, Colombia and Uruguay [313, 314, 315]. The Cuban
bivalent vaccine showed to induce proper bactericidal and opsonophagocytic ac-
tivity [316] and was included in the Cuban infant vaccination schedule in 1991.
More than 55 million doses have been applied. In an evaluation of three doses of
the Cuban VA-MENGOC-BC R© (B:4:P1.19,15) vaccine and a Norwegian MenBvac
(B:15:P1.7,16) vaccine in Chile, at least two-thirds or more of children and adults
had at least a fourfold rise in SBA, as did at least 90% of infants [317, 318, 319].
Efficacy studies of these vaccines were conducted during epidemics that occurred
in Norway, Cuba, Brazil, and Chile [317, 318, 320, 321, 322]. The vaccines were
found to be immunogenic among adults and older children (70–80% efficacy within
1 year), but immunogenicity was markedly reduced among young children and in-
fants [253]. This limitation is mainly due to the vaccine’s high strain-specificity
showing good protective immune responses in both infants and adults only for the
homologous situation [323, 324]. Furthermore, the immune response was of short
duration, and the vaccine did not seem to have an impact on nasopharyngeal car-
riage. A combination of the Norwegian OMV MenB vaccine with a conjugate MenC
vaccine was studied in adult volunteers and shown to be immunogenic with regard
to both serogroup B and C meningococci [325].

Additionally, an OMV strain-specific vaccine containing PorA and PorB as
well as lipopolysaccharide from the New Zealand serogroup B strain was devel-
oped (MeNZB R©) and has been given to 1 million young people (approximately 3
million doses) in New Zealand to control the 15-year epidemic of ST40/41 serotype-
specific serogroup B meningococcal disease, with promising safety and efficacy
results [326, 327, 328]. A three-dose regimen of immunization was found to elicit
bactericidal antibodies in 70% of children 6–24 months of age as well as in 8–12
years old children. The vaccine elicited a 90% response in teenagers. Strain-specific
anti-OMP immune responses also were generated in infants. Sequential, nationwide
introduction of the vaccine in the under 20 years of age population is currently
ongoing with intensified phase III/IV monitoring [329, 330, 331].

In an attempt to develop more broadly protective OMV vaccines, a hexavalent
PorA and more recently a nonavalent PorA OMV vaccine were developed at the
National Institute for Public Health and the Environment, The Netherlands [332].
Two (or three) vaccine strains expressing 3 different PorA proteins each were con-
structed through recombinant DNA technology, in order to cover the majority of cir-
culating serosubtypes in The Netherlands and other countries in Europe [332, 333].
Phase I and II studies have demonstrated that hexavalent PorA OMV vaccine is
safe and immunogenic [334, 335]. Furthermore, it is estimated that the nonavalent
PorA OMV vaccine would cover approximately 75% of the globally circulating
serogroup B strains. Additionally, OMV antigens of Neisseria lactamica, are also
being explored as a possible meningococcal vaccine [336, 337, 338, 339].
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Thus, various methods have been used for the development of an effective vac-
cine against MenB disease. Although some vaccines have proved to be effective in
epidemic situations and others provide some inconsistent protection against MenB
strains, it is clear that novel approaches are necessary for the development of a safe
and efficacious vaccine. The sequencing of the genome of a serogroup MenB strain
(MC58) allowed a unique, genome-based approach to vaccine development.

12.9.3.5 Genome Derived MenB Vaccine Development

The genome-based approach to vaccine development uses the genomic sequence
of an organism to identify sequences of proteins that are candidate antigens. This
approach has been called reverse vaccinology [340], and has the potential to identify
broadly protective vaccine candidates with improved immunogenicity, because it
can access targets that might have been missed with the conventional methods for
purification of bacterial components.

Several genome-derived antigens have been further evaluated as potential vac-
cine candidates, including genome-derived Neisserial A (GNA) 2,132, GNA1870
and surface-expressed proteins such as adhesion proteins (like NadA) and lipopro-
teins [297, 341, 342, 343]. Recently, GNA1870 has been renamed Factor H-binding
Protein (fHBP), in order to reflect its important role in binding a down-regulatory
component of the human complement alternative pathway and enhancing serum
resistance of Neisseria meningitidis [344]. A recombinant pentavalent protein vac-
cine, containing fHBP, NadA, GNA2132 and two other antigens discovered by
reverse vaccinology induced bactericidal antibodies in mice against 78% of a
panel of 85 pathogenic meningococcal strains representative of the global popu-
lation diversity [345]. Currently, this vaccine is undergoing evaluation in clinical
trials [346].

Genome driven vaccine candidates together with the discovery of novel group
B capsule-specific epitopes [347] as well as progress with detoxified lipooligosac-
charide and conserved inner-core lipooligosaccharide [348, 349, 350] suggest new
opportunities for vaccine prevention of serogroup B meningococcal disease. Fur-
thermore, monoclonal antibodies to one relatively conserved antigen among genet-
ically diverse serogroup B strains (neisserial antigen 1870) were recently found
to be protective in infant rats [203]. In preclinical studies promising results also
have been found using OMV vaccines prepared from Neisseria meningitidis strains
that have been engineered to over-express certain conserved, cross-reactive anti-
gens [351, 352]. Other antigens that have been explored with various degrees of
success include transferrin-binding protein B, and another outer membrane protein
referred to as H0.8 [353, 354, 355, 356, 357, 358, 359].

In order to obtain broad coverage and reduce the risk of disease from multiple
endemic strains future vaccines should consist of multiple different antigens and/or
contain immunogenic epitopes from multiple different strains. The development of
serogroup B vaccines will require standardized methodologies [360] and a better
definition of the role of activity other than the serum bactericidal assays. Up to now,
the focus has been mainly on the induction of bactericidal antibodies but protection



12 Neisseria meningitidis 353

may also require generation of opsonizing antibodies or augmentation of mucosal
immune responses through mucosal immunization.

12.9.3.6 Capsular Switching and Serotype Replacement

There is some anxiety that widespread vaccination may exert evolutionary pressure
on the meningococcus and allow hyperinvasive lineages with a different capsule
(e.g., serogroup B) to become established [361]. Thus, multivalent vaccines may
well be required in order to prevent capsular switching and serotype replacement.
Capsular switching refers to the horizontal exchange of genetic information between
two different meningococci. A phenomenon which has been shown to occur [362].
Such instances lead to concerns that the administration of for example MenC vac-
cine could cause the serogroup C to switch to another serogroup, including B. Given
that there is no viable vaccine for serogroup B yet, this could have serious effects
on global meningitis infection. Serotype replacement is another vaccine concern,
as a reduction in a particular vaccine-targeted serotype could lead to an increase in
another non-vaccine serotype.

However, a recent workshop on vaccine pressure and Neisseria meningitidis
(Annecy, France, 9–11 March 2005) concluded that there is currently no evidence
of meningococcal serogroup switching or replacement induced by vaccine pressure
when serogroup C conjugate vaccines have been used [363]. In countries where
meningococcal polysaccharide vaccines were used routinely prior to conjugate vac-
cines, significant changes in the bacterial populations have been reported. Neverthe-
less, it remains unknown whether those changes were caused by vaccine-induced
switching. Hence, carriage studies are essential to assess the impact of vaccine pres-
sure, and to improve our understanding of disease transmission and the impact of
conjugate vaccines on the carriage state, as well as the role vaccines may play in the
selection of dominant strains [364].

12.9.3.7 Mucosal Vaccines

It is hypothesized that vaccine strategies that mimic the natural immunization pro-
cess would better-optimize vaccine-induced protective immunity. With the purpose
of inducing defense against a mucosal pathogen, mucosal immunization before a
systemic booster vaccination could provide a solution and reduce the necessity for
multiple injections to achieve immunity.

Intranasal vaccination with outer membrane vesicles derived from meningococci
has been proven safe in phase I studies and induces a local and systemic humoral
immune response that may be of importance in prevention of meningococcal dis-
ease [365, 366]. Comparison of functional immune responses in humans after in-
tranasal and intramuscular immunizations with outer membrane vesicle vaccines
against group B meningococcal disease, showed that intranasal OMV immuniza-
tion can be used to induce mucosal and systemic antibodies with antibacterial ac-
tivity. However, to represent an alternative to the present parenteral vaccine, the
nasal approach would need to be improved both regarding the vaccine formulation
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and immunization schedule [367]. More recently, the induction of protective serum
meningococcal bactericidal and diphtheria-neutralizing antibodies and mucosal IgA
in human volunteers, were reported after nasal insufflations of the Neisseria menin-
gitidis serogroup C polysaccharide-CRM197 conjugate vaccine mixed with chi-
tosan [368]. Therefore, an available, alum-free, polysaccharide conjugate vaccine
could reliably induce levels of immunity associated with protection against both
meningococcal C disease and diphtheria when delivered nasally as powder, compa-
rable with the same vaccine delivered intramuscularly.

Thus, it may be important to include adjuvants in the vaccine formulations that
direct the response in a favorable direction and help to reduce the antigen doses
needed to elicit strong and functional immune responses after intranasal immuniza-
tion. Furthermore, the possibility to combine mucosal and systemic immunization
should be considered.

12.10 Conclusion

Widespread use of effective vaccines will be necessary in order to ultimately control
diseases caused by Neisseria meningitidis. Worldwide surveillance, the expanded
use of polysaccharide conjugate vaccines, and the development of broadly effec-
tive serogroup B vaccines could eliminate the organism as a major threat to human
health in industrialized countries within the next decade. Nevertheless, strong, co-
ordinated, and continuous support will be needed from the international community
if meningococcal disease is to be controlled in Africa and other developing areas,
where the infection poses the greatest persistent threat.

References

1. http: and www.who.int/vaccine research/diseases/soa bacterial/en/index2.html 2007.
2. Anonymous 1998, WHO practical guidelines. 2nd ed. World Health Organization.
3. Greenfield, S., Sheehe, P.R., and Feldman, H.A. 1971, J. Infect. Dis., 123, 67.
4. Caugant, D.A., Hoiby, E.A., Magnus, P., Scheel, O., Hoel, T., Bjune, G., Wedege, E., Eng, J.,

and Froholm, L.O. 1994, J. Clin. Microbiol., 32, 323.
5. Stephens, D.S. 1999, Lancet, 353, 941.
6. Janda, W.M. and Knapp, J.S. 2003, Manual of Clinical Microbiology, 1, (Murray PR,

Baron EJ, Jorgensen JH, Pfaller MA & Yolken RH, eds), 585.
7. Vieusseux, M. 1806, Letter to Medical and Agricultural Registrar. Boston, MA.

Danielson, L., and E. Mann., 11, 163.
8. Danielson L. and Mann E. 1806, Med. Agric. Reg. Boston, MA, 1, 65.
9. Greenwood, B.M., Bradley, A.K., and Wall, R.A. 1985, Lancet, 2, 829.

10. World Health Organization Working Group 1995, Edition Foundation Marcel Merieux, Lyon,
France.

11. Rosenstein, N.E., Perkins, B.A., Stephens, D.S., Lefkowitz, L., Cartter, M.L., Danila, R.,
Cieslak, P., Shutt, K.A., Popovic, T., Schuchat, A., Harrison, L.H., and Reingold, A.L. 1999,
J. Infect. Dis., 180, 1894.

12. Tzeng, Y.L. and Stephens, D.S. 2000, Microbes. Infect., 2, 687.



12 Neisseria meningitidis 355

13. Raghunathan, P.L., Jones, J.D., Tiendrebeogo, S.R., Sanou, I., Sangare, L., Kouanda, S.,
Dabal, M., Lingani, C., Elie, C.M., Johnson, S., Ari, M., Martinez, J., Chatt, J., Sidibe, K.,
Schmink, S., Mayer, L.W., Konde, M.K., Djingarey, M.H., Popovic, T., Plikaytis, B.D.,
Carlone, G.M., Rosenstein, N., and Soriano-Gabarro, M. 2006, J. Infect. Dis., 193, 607.

14. Danielson, L. and Mann, E. 1983, Rev. Infect. Dis., 5, 969.
15. Hirsch, A. 1886, A. Hirsch (ed.), Handbook of geographical and historical pathology, vol. 3.

The New Sydenham Society, London, England.
16. Weichselbaum, A. 1887, Fortschr. Med., 5, 573.
17. Kiefer, F. 1896, Berl. Klin. Wochenschr., 33, 628.
18. Bruns, H. and J.Hohn 1908, Klin. Jahrb., 18, 825.
19. Flexner, S. 1906, JAMA, 47, 560.
20. Flexner, S. 1913, J. Exp. Med., 17, 553.
21. Flexner, S. and Jobling J.W. 1908, J. Exp. Med., 10, 690.
22. Flexner, S. and Jobling J.W. 1908, J. Exp. Med., 10, 141.
23. Gordon, M.H. and Murray E.G.D. 1915, J. R. Army Med. Corps, 25, 411.
24. Vedros, N. 1987, N. A. Vedros (ed.), Evolution of meningococcal disease, vol. 2. CRC Press,

Boca Raton, Fla, 2, 33.
25. http: and www.emedicine.com/NEURO/topic210.htm 2007.
26. Apicella, M.A. 2005, GL Mandell, JE Bennett and R Dolin, Editors, Principles and

Practice of Infectious Diseases (6th edn.), Elsevier Churchill Livingstone Publishers,
Philadelphia, 2498.

27. Maiden, M.C. and Stuart, J.M. 2002, Lancet, 359, 1829.
28. Gold, R., Goldschneider, I., Lepow, M.L., Draper, T.F., and Randolph, M. 1978, J. Infect.

Dis., 137, 112.
29. Rosenstein, N.E., Perkins, B.A., Stephens, D.S., Popovic, T., and Hughes, J.M. 2001,

N. Engl. J. Med., 344, 1378.
30. Stephens, D.S. 2007, FEMS Microbiol. Rev., 31, 3.
31. Stephens, D.S., Greenwood, B., and Brandtzaeg, P. 2007, Lancet, 369, 2196.
32. Frasch, C.E., Zollinger, W.D., and Poolman, J.T. 1985, Rev. Infect. Dis., 7, 504.
33. Aaberge I, Helland O, Oster P, and et al 2002, Caugant D, Wedege E, eds. Abstracts of the

Thirteenth International Pathogenic Neisseria Conference, Oslo, Norway; September 1–6.
Oslo, Norway: Norwegian Institute of Public Health, 62.

34. Abdillahi, H. and Poolman, J.T. 1988, FEMS Microbiol. Immunol., 1, 139.
35. Poolman JT, van der Ley P, and Tommassen J 1995, Cartwight K, ed. Meningococcal Disease.

New York, NY: John Wiley and Sons, 21.
36. Tettelin, H., Saunders, N.J., Heidelberg, J., Jeffries, A.C., Nelson, K.E., Eisen, J.A.,

Ketchum, K.A., Hood, D.W., Peden, J.F., Dodson, R.J., Nelson, W.C., Gwinn, M.L.,
DeBoy, R., Peterson, J.D., Hickey, E.K., Haft, D.H., Salzberg, S.L., White, O.,
Fleischmann, R.D., Dougherty, B.A., Mason, T., Ciecko, A., Parksey, D.S., Blair, E.,
Cittone, H., Clark, E.B., Cotton, M.D., Utterback, T.R., Khouri, H., Qin, H., Vamathevan, J.,
Gill, J., Scarlato, V., Masignani, V., Pizza, M., Grandi, G., Sun, L., Smith, H.O., Fraser, C.M.,
Moxon, E.R., Rappuoli, R., and Venter, J.C. 2000, Science, 287, 1809.

37. Parkhill, J., Achtman, M., James, K.D., Bentley, S.D., Churcher, C., Klee, S.R., Morelli, G.,
Basham, D., Brown, D., Chillingworth, T., Davies, R.M., Davis, P., Devlin, K., Feltwell, T.,
Hamlin, N., Holroyd, S., Jagels, K., Leather, S., Moule, S., Mungall, K., Quail, M.A.,
Rajandream, M.A., Rutherford, K.M., Simmonds, M., Skelton, J., Whitehead, S.,
Spratt, B.G., and Barrell, B.G. 2000, Nature, 404, 502.

38. Maiden, M.C., Bygraves, J.A., Feil, E., Morelli, G., Russell, J.E., Urwin, R., Zhang, Q.,
Zhou, J., Zurth, K., Caugant, D.A., Feavers, I.M., Achtman, M., and Spratt, B.G. 1998, Proc.
Natl. Acad. Sci. U. S. A, 95, 3140.

39. Maiden, M.C. 2006, Annu. Rev. Microbiol., 60, 561.
40. Caugant, D.A. 1998, APMIS, 106, 505.
41. Brehony, C., Jolley, K.A., and Maiden, M.C. 2007, FEMS Microbiol. Rev., 31, 15.



356 B. Baudner, R. Rappuoli

42. Sim, R.J., Harrison, M.M., Moxon, E.R., and Tang, C.M. 2000, Lancet, 356, 1653.
43. Riordan, T., Cartwright, K., Andrews, N., Stuart, J., Burris, A., Fox, A., Borrow, R.,

Douglas-Riley, T., Gabb, J., and Miller, A. 1998, Epidemiol. Infect., 121, 495.
44. Neal, K.R., Nguyen-Van-Tam, J.S., Jeffrey, N., Slack, R.C., Madeley, R.J., Ait-Tahar, K.,

Job, K., Wale, M.C., and Ala’Aldeen, D.A. 2000, BMJ, 320, 846.
45. Goldschneider, I., Gotschlich, E.C., and Artenstein, M.S. 1969, J. Exp. Med., 129, 1327.
46. Ala’Aldeen, D.A., Neal, K.R., Ait-Tahar, K., Nguyen-Van-Tam, J.S., English, A., Falla, T.J.,

Hawkey, P.M., and Slack, R.C. 2000, J. Clin. Microbiol., 38, 2311.
47. Greenwood, B.M., Bradley, A.K., Smith, A.W., and Wall, R.A. 1987, Trans. R. Soc. Trop.

Med. Hyg., 81, 536.
48. Greenwood, B. 1999, Trans. R. Soc. Trop. Med. Hyg., 93, 341.
49. Outbreak News 2006, Wkly Epidemiol Rec, 81, 119.
50. Yaro S, Traore Y, Tarnagda Z, Sangare L, Njanpoplafourcade BM, Drabo A, Findlow H,

Borrow R, Nicolas P, Gessner BD, and Mueller JE 2007, Vaccine, 7, [Epub ahead of print].
51. Morelli, G., Malorny, B., Muller, K., Seiler, A., Wang, J.F., del Valle, J., and Achtman, M.

1997, Mol. Microbiol., 25, 1047.
52. Wang, J.F., Caugant, D.A., Li, X., Hu, X., Poolman, J.T., Crowe, B.A., and Achtman, M.

1992, Infect. Immun., 60, 5267.
53. Wilder-Smith, A., Barkham, T.M., Earnest, A., and Paton, N.I. 2002, BMJ, 325, 365.
54. Mayer, L.W., Reeves, M.W., Al Hamdan, N., Sacchi, C.T., Taha, M.K., Ajello, G.W.,

Schmink, S.E., Noble, C.A., Tondella, M.L., Whitney, A.M., Al Mazrou, Y., Al Jefri, M.,
Mishkhis, A., Sabban, S., Caugant, D.A., Lingappa, J., Rosenstein, N.E., and Popovic, T.
2002, J. Infect. Dis., 185, 1596.

55. Aguilera, J.F., Perrocheau, A., Meffre, C., and Hahne, S. 2002, Emerg. Infect. Dis., 8, 761.
56. Berron, S., De La, F.L., Martin, E., and Vazquez, J.A. 1998, Eur. J. Clin. Microbiol. Infect.

Dis., 17, 85.
57. Ramsay, M., Kaczmarski, E., Rush, M., Mallard, R., Farrington, P., and White, J. 1997, Com-

mun. Dis. Rep. CDR Rev., 7, R49.
58. Martin, D.R., Walker, S.J., Baker, M.G., and Lennon, D.R. 1998, J. Infect. Dis., 177, 497.
59. Dyet, K., Devoy, A., McDowell, R., and Martin, D. 2005, Vaccine, 23, 2228.
60. Swartley, J.S., Marfin, A.A., Edupuganti, S., Liu, L.J., Cieslak, P., Perkins, B., Wenger, J.D.,

and Stephens, D.S. 1997, Proc. Natl. Acad. Sci. U. S. A, 94, 271.
61. Dyet, K.H. and Martin, D.R. 2006, Epidemiol. Infect., 134, 377.
62. Jackson, L.A., Schuchat, A., Reeves, M.W., and Wenger, J.D. 1995, JAMA, 273, 383.
63. Raymond, N.J., Reeves, M., Ajello, G., Baughman, W., Gheesling, L.L., Carlone, G.M.,

Wenger, J.D., and Stephens, D.S. 1997, J. Infect. Dis., 176, 1277.
64. Racoosin, J.A., Whitney, C.G., Conover, C.S., and Diaz, P.S. 1998, JAMA, 280, 2094.
65. Djibo, S., Nicolas, P., Alonso, J.M., Djibo, A., Couret, D., Riou, J.Y., and Chippaux, J.P.

2003, Trop. Med. Int. Health, 8, 1118.
66. Boisier, P., Nicolas, P., Djibo, S., Taha, M.K., Jeanne, I., Mainassara, H.B., Tenebray, B.,

Kairo, K.K., Giorgini, D., and Chanteau, S. 2007, Clin. Infect. Dis., 44, 657.
67. AYCOCK, W.L. and MUELLER, J.H. 1950, Bacteriol. Rev., 14, 115.
68. Criado, M.T., Ferreiros, C.M., and Sainz, V. 1985, Med. Microbiol. Immunol., 174, 151.
69. Stuart, J.M., Cartwright, K.A., Robinson, P.M., and Noah, N.D. 1989, Lancet, 2, 723.
70. Dehio, C., Gray-Owen, S.D., and Meyer, T.F. 2000, Subcell. Biochem., 33, 61.
71. Hilse, R., Hammerschmidt, S., Bautsch, W., and Frosch, M. 1996, J. Bacteriol., 178,

2527.
72. Gotschlich, E.C., Goldschneider, I., and Artenstein, M.S. 1969, J. Exp. Med., 129, 1367.
73. http: and www3.accessmedicine.com/popup.aspx?aID=70200& print=yes 2007.
74. Merz, A.J. and So, M. 2000, Annu. Rev. Cell Dev. Biol., 16, 423.
75. Massari, P., Ram, S., Macleod, H., and Wetzler, L.M. 2003, Trends Microbiol., 11, 87.
76. Vordermeier, H.M., Drexler, H., and Bessler, W.G. 1987, Immunol. Lett., 15, 121.
77. Vordermeier, H.M. and Bessler, W.G. 1987, Immunobiology, 175, 245.
78. Wetzler, L.M., Ho, Y., and Reiser, H. 1996, J. Exp. Med., 183, 1151.



12 Neisseria meningitidis 357

79. Donnelly, J.J., Deck, R.R., and Liu, M.A. 1990, J. Immunol., 145, 3071.
80. Dehio, C., Gray-Owen, S.D., and Meyer, T.F. 1998, Trends Microbiol., 6, 489.
81. Delany, I., Grifantini, R., Bartolini, E., Rappuoli, R., and Scarlato, V. 2006, J. Bacteriol.,

188, 2483.
82. Kahler, C.M. and Stephens, D.S. 1998, Crit Rev. Microbiol., 24, 281.
83. Zughaier, S.M., Tzeng, Y.L., Zimmer, S.M., Datta, A., Carlson, R.W., and Stephens, D.S.

2004, Infect. Immun., 72, 371.
84. Mandrell, R.E., Griffiss, J.M., and Macher, B.A. 1988, J. Exp. Med., 168, 107.
85. Pathan, N., Faust, S.N., and Levin, M. 2003, Arch. Dis. Child, 88, 601.
86. Vitovski, S., Read, R.C., and Sayers, J.R. 1999, FASEB J., 13, 331.
87. Reinholdt, J. and Kilian, M. 1997, Infect. Immun., 65, 4452.
88. Jarvis, G.A. and Griffiss, J.M. 1991, J. Immunol., 147, 1962.
89. Lin, L., Ayala, P., Larson, J., Mulks, M., Fukuda, M., Carlsson, S.R., Enns, C., and So, M.

1997, Mol. Microbiol., 24, 1083.
90. http: and www.emedicine.com/MED/topic2613.htm 2007.
91. Johansson, L., Rytkonen, A., Bergman, P., Albiger, B., Kallstrom, H., Hokfelt, T.,

Agerberth, B., Cattaneo, R., and Jonsson, A.B. 2003, Science, 301, 373.
92. de Vries, F.P., Cole, R., Dankert, J., Frosch, M., and van Putten, J.P. 1998, Mol. Microbiol.,

27, 1203.
93. Virji, M., Evans, D., Hadfield, A., Grunert, F., Teixeira, A.M., and Watt, S.M. 1999, Mol.

Microbiol., 34, 538.
94. Stephens, D.S., Hoffman, L.H., and McGee, Z.A. 1983, J. Infect. Dis., 148, 369.
95. Mosleh, I.M., Huber, L.A., Steinlein, P., Pasquali, C., Gunther, D., and Meyer, T.F. 1998,

J. Biol. Chem., 273, 35332.
96. Harrison, L.H. and Broome, C.V. 1987, N. A. Vedros (ed.), Evolution of meningococcal

disease, vol. 1. CRC Press, Boca Raton, Fla., 1, 27.
97. Jackson, L.A. and Wenger, J.D. 1993, MMWR CDC Surveill Summ., 42, 21.
98. Goldschneider, I., Gotschlich, E.C., and Artenstein, M.S. 1969, J. Exp. Med., 129,

1307.
99. Harrison, L.H., Armstrong, C.W., Jenkins, S.R., Harmon, M.W., Ajello, G.W., Miller, G.B.,

Jr., and Broome, C.V. 1991, Arch. Intern. Med., 151, 1005.
100. Krasinski, K., Nelson, J.D., Butler, S., Luby, J.P., and Kusmiesz, H. 1987, Am. J. Epidemiol.,

125, 499.
101. Emonts, M., Hazelzet, J.A., de Groot, R., and Hermans, P.W. 2003, Lancet Infect. Dis.,

3, 565.
102. Sjoholm, A.G., Braconier, J.H., and Soderstrom, C. 1982, Clin. Exp. Immunol., 50, 291.
103. Fijen, C.A., Kuijper, E.J., te Bulte, M.T., Daha, M.R., and Dankert, J. 1999, Clin. Infect. Dis.,

28, 98.
104. Lassiter, H.A., Watson, S.W., Seifring, M.L., and Tanner, J.E. 1992, J. Infect. Dis., 166, 53.
105. Gold, R., Lepow, M.L., Goldschneider, I., Draper, T.L., and Gotschlich, E.C. 1975, J. Clin.

Invest, 56, 1536.
106. Gold, R., Lepow, M.L., Goldschneider, I., and Gotschlich, E.C. 1977, J. Infect. Dis., 136

Suppl, S31.
107. Goldschneider, I., Lepow, M.L., Gotschlich, E.C., Mauck, F.T., Bachl, F., and Randolph, M.

1973, J. Infect. Dis., 128, 769.
108. Westendorp, R.G., Hottenga, J.J., and Slagboom, P.E. 1999, Lancet, 354, 561.
109. Hibberd, M.L., Sumiya, M., Summerfield, J.A., Booy, R., and Levin, M. 1999, Lancet,

353, 1049.
110. Fijen, C.A., Bredius, R.G., Kuijper, E.J., Out, T.A., De Haas, M., De Wit, A.P., Daha, M.R.,

and De Winkel, J.G. 2000, Clin. Exp. Immunol., 120, 338.
111. Read, R.C., Pullin, J., Gregory, S., Borrow, R., Kaczmarski, E.B., di Giovine, F.S.,

Dower, S.K., Cannings, C., and Wilson, A.G. 2001, J. Infect. Dis., 184, 640.
112. Smirnova, I., Mann, N., Dols, A., Derkx, H.H., Hibberd, M.L., Levin, M., and Beutler, B.

2003, Proc. Natl. Acad. Sci. U. S. A, 100, 6075.



358 B. Baudner, R. Rappuoli

113. Faber, J., Meyer, C.U., Gemmer, C., Russo, A., Finn, A., Murdoch, C., Zenz, W.,
Mannhalter, C., Zabel, B.U., Schmitt, H.J., Habermehl, P., Zepp, F., and Knuf, M. 2006,
Pediatr. Infect. Dis. J., 25, 80.

114. Tully, J., Viner, R.M., Coen, P.G., Stuart, J.M., Zambon, M., Peckham, C., Booth, C.,
Klein, N., Kaczmarski, E., and Booy, R. 2006, BMJ, 332, 445.

115. van de Winkel, J.G. and Capel, P.J. 1993, Immunol. Today, 14, 215.
116. Bredius, R.G., Derkx, B.H., Fijen, C.A., de Wit, T.P., De Haas, M., Weening, R.S., van de

Winkel, J.G., and Out, T.A. 1994, J. Infect. Dis., 170, 848.
117. Styrt, B. 1990, Am. J. Med., 88, 33N.
118. Ellison, E.C. and Fabri, P.J. 1983, Surg. Clin. North Am., 63, 1313.
119. Molrine, D.C., George, S., Tarbell, N., Mauch, P., Diller, L., Neuberg, D., Shamberger, R.C.,

Anderson, E.L., Phillips, N.R., Kinsella, K., and Ambrosino, D.M. 1995, Ann. Intern. Med.,
123, 828.

120. Biggar, W.D., Ramirez, R.A., and Rose, V. 1981, Pediatrics, 67, 548.
121. Figueroa, J.E. and Densen, P. 1991, Clin. Microbiol. Rev., 4, 359.
122. Francke, E.L. and Neu, H.C. 1981, Surg. Clin. North Am., 61, 135.
123. Holmes, F.F., Weyandt, T., Glazier, J., Cuppage, F.E., Moral, L.A., and Lindsey, N.J. 1981,

JAMA, 246, 1119.
124. Kuipers, S., Aerts, P.C., Cluysenaer, O.J., Bartelink, A.K., Ezekowitz, R.A., Bax, W.A.,

Salimans, M., and Vandyk, H. 2003, Adv. Exp. Med. Biol., 531, 351.
125. Platonov, A.E., Vershinina, I.V., Kuijper, E.J., Borrow, R., and Kayhty, H. 2003, Vaccine,

21, 4437.
126. Salimans, M.M., Bax, W.A., Stegeman, F., van Deuren, M., Bartelink, A.K., and van Dijk, H.

2004, Clin. Diagn. Lab Immunol., 11, 806.
127. Stephens, D.S., Hajjeh, R.A., Baughman, W.S., Harvey, R.C., Wenger, J.D., and Farley, M.M.

1995, Ann. Intern. Med., 123, 937.
128. Greenwood, B.M., Bradley, A.K., Cleland, P.G., Haggie, M.H., Hassan-King, M.,

Lewis, L.S., Macfarlane, J.T., Taqi, A., Whittle, H.C., Bradley-Moore, A.M., and Ansari, Q.
1979, Trans. R. Soc. Trop. Med. Hyg., 73, 557.

129. Cartwright, K.A., Jones, D.M., Smith, A.J., Stuart, J.M., Kaczmarski, E.B., and Palmer, S.R.
1991, Lancet, 338, 554.

130. Moore, P.S., Hierholzer, J., DeWitt, W., Gouan, K., Djore, D., Lippeveld, T., Plikaytis, B.,
and Broome, C.V. 1990, JAMA, 264, 1271.

131. Olcen, P., Kjellander, J., Danielsson, D., and Lindquist, B.L. 1981, Scand. J. Infect. Dis.,
13, 105.

132. Young, L.S., LaForce, F.M., Head, J.J., Feeley, J.C., and Bennett, J.V. 1972, N. Engl. J. Med.,
287, 5.

133. Cookson, S.T., Corrales, J.L., Lotero, J.O., Regueira, M., Binsztein, N., Reeves, M.W.,
Ajello, G., and Jarvis, W.R. 1998, J. Infect. Dis., 178, 266.

134. Fischer, M., Hedberg, K., Cardosi, P., Plikaytis, B.D., Hoesly, F.C., Steingart, K.R.,
Bell, T.A., Fleming, D.W., Wenger, J.D., and Perkins, B.A. 1997, Pediatr. Infect. Dis. J.,
16, 979.

135. Imrey, P.B., Jackson, L.A., Ludwinski, P.H., England, A.C., III, Fella, G.A., Fox, B.C.,
Isdale, L.B., Reeves, M.W., and Wenger, J.D. 1995, J. Clin. Microbiol., 33, 3133.

136. Imrey, P.B., Jackson, L.A., Ludwinski, P.H., England, A.C., III, Fella, G.A., Fox, B.C.,
Isdale, L.B., Reeves, M.W., and Wenger, J.D. 1996, Am. J. Epidemiol., 143, 624.

137. Tappero, J.W., Reporter, R., Wenger, J.D., Ward, B.A., Reeves, M.W., Missbach, T.S.,
Plikaytis, B.D., Mascola, L., and Schuchat, A. 1996, N. Engl. J. Med., 335, 833.

138. Bruce, M.G., Rosenstein, N.E., Capparella, J.M., Shutt, K.A., Perkins, B.A., and Collins, M.
2001, JAMA, 286, 688.

139. Froeschle, J.E. 1999, Clin. Infect. Dis., 29, 215.
140. Harrison, L.H., Dwyer, D.M., Maples, C.T., and Billmann, L. 1999, JAMA, 281, 1906.
141. Finn, R., Groves, C., Coe, M., Pass, M., and Harrison, L.H. 2001, South. Med. J., 94, 1192.



12 Neisseria meningitidis 359

142. Bhatti, A.R., DiNinno, V.L., Ashton, F.E., and White, L.A. 1982, J. Infect., 4, 247.
143. Centers for Disease Control and Prevention 2002, Morb. Mortal. Wkly. Rep., 51, 141.
144. Centers for Disease Control and Prevention 1991, Morb. Mortal. Wkly. Rep., 46, 55.
145. Paradis, J.F. and Grimard, D. 1994, Can. Commun. Dis. Rep., 20, 12.
146. Steven N and Wood M 1995, Cartwright K, editor. Meningococcal disease. Chichester,

England, Willy and sons Ltd., 177.
147. van Deuren, M., Brandtzaeg, P., and van der Meer, J.W. 2000, Clin. Microbiol. Rev., 13,

144.
148. Nadel, S. and Kroll, J.S. 2007, FEMS Microbiol. Rev., 31, 71.
149. Harrison’s Principles of Internal Medicine, S.E.M.-H. 2005, Chapter 360, Online.
150. Cartwright, K. 1995, John Wiley & Sons; New York,
151. Tyler, K. and Martin J B 1993, F. A. Davis Company; Philadelphia.
152. Victor M and Ropper A.H. 2001, Adams & Victor’s Principles of Neurology, 7th Edition.

McGraw-Hill, Chapter 32, Online.
153. Cartwright, K.A., Stuart, J.M., Jones, D.M., and Noah, N.D. 1987, Epidemiol. Infect.,

99, 591.
154. Borrow, R., Claus, H., Chaudhry, U., Guiver, M., Kaczmarski, E.B., Frosch, M., and Fox, A.J.

1998, FEMS Microbiol. Lett., 159, 209.
155. Corless, C.E., Guiver, M., Borrow, R., Edwards-Jones, V., Fox, A.J., and Kaczmarski, E.B.

2001, J. Clin. Microbiol., 39, 1553.
156. Diggle, M.A. and Clarke, S.C. 2003, J. Med. Microbiol., 52, 51.
157. Parent, d.C., I, Traore, Y., Gessner, B.D., Antignac, A., Naccro, B., Njanpop-Lafourcade,

B.M., Ouedraogo, M.S., Tiendrebeogo, S.R., Varon, E., and Taha, M.K. 2005, Clin. Infect.
Dis., 40, 17.

158. Seward, R.J. and Towner, K.J. 2000, J. Med. Microbiol., 49, 451.
159. Wylie, P.A., Stevens, D., Drake, W., III, Stuart, J., and Cartwright, K. 1997, BMJ, 315, 774.
160. Dunbar, S.A., Eason, R.A., Musher, D.M., and Clarridge, J.E., III 1998, J. Clin. Microbiol.,

36, 1617.
161. Zollinger WD and Boslego J 1997, In: Rose NR, Conway de Macario E, Folds JD, Lane HC,

Nakamura RM, eds. Manual of clinical laboratory immunology. 5th ed. Washington, D. C.:
ASM Press, 473.

162. Peltola, H. 1983, Rev. Infect. Dis., 5, 71.
163. Poolman, J.T. 1995, Infect. Agents Dis., 4, 13.
164. Diaz, R.J. and Outschoorn, I.M. 1994, Clin. Microbiol. Rev., 7, 559.
165. Turner, P.C., Southern, K.W., Spencer, N.J., and Pullen, H. 1990, Lancet, 335, 732.
166. Casado-Flores, J., Osona, B., Domingo, P., and Barquet, N. 1997, Clin. Infect. Dis., 25, 1479.
167. Perez-Trallero, E., Aldamiz-Echeverria, L., and Perez-Yarza, E.G. 1990, Lancet, 335, 1096.
168. Lehmann, A.K., Halstensen, A., Aaberge, I.S., Holst, J., Michaelsen, T.E., Sornes, S.,

Wetzler, L.M., and Guttormsen, H. 1999, Infect. Immun., 67, 2552.
169. Pollard, A.J., Galassini, R., Rouppe van der Voort EM, Hibberd, M., Booy, R., Langford, P.,

Nadel, S., Ison, C., Kroll, J.S., Poolman, J., and Levin, M. 1999, Infect. Immun., 67, 2452.
170. Heyderman, R.S., Davenport, V., and Williams, N.A. 2006, Trends Microbiol., 14, 120.
171. Kasper, D.e.al. and Harrison’s Principles of Internal Medicine The McGraw Hill Companies,

I.U.S.o.A. 2005, Sixteenth Edition,
172. Lee, H.Y., Andalibi, A., Webster, P., Moon, S.K., Teufert, K., Kang, S.H., Li, J.D.,

Nagura, M., Ganz, T., and Lim, D.J. 2004, BMC. Infect. Dis., 4, 12.
173. Meli, D.N., Christen, S., Leib, S.L., and Tauber, M.G. 2002, Curr. Opin. Infect. Dis., 15, 253.
174. Immunology, F.E.W.H.F.a.C.N.Y. 2003.
175. http: and www.emedicine.com/ped/topic910.html 2007.
176. Poolman, J.T., Hopman, C.T., and Zanen, H.C. 1983, Infect. Immun., 40, 398.
177. Hoff, G.E. and Hoiby, N. 1978, Acta Pathol. Microbiol. Scand. [C.], 86, 1.
178. Hoff, G.E. and Frasch, C.E. 1979, Infect. Immun., 25, 849.
179. Hoff, G.E. and Hoiby, N. 1978, Acta Pathol. Microbiol. Scand. [B], 86, 87.



360 B. Baudner, R. Rappuoli

180. Guttormsen, H.K., Bjerknes, R., Naess, A., Lehmann, V., Halstensen, A., Sornes, S., and
Solberg, C.O. 1992, Infect. Immun., 60, 2777.

181. Grados, O. and Ewing, W.H. 1970, J. Infect. Dis., 122, 100.
182. Kasper, D.L., Winkelhake, J.L., Zollinger, W.D., Brandt, B.L., and Artenstein, M.S. 1973,

J. Immunol., 110, 262.
183. Glode, M.P., Robbins, J.B., Liu, T.Y., Gotschlich, E.C., Orskov, I., and Orskov, F. 1977,

J. Infect. Dis., 135, 94.
184. Pollard, A.J. and Frasch, C. 2001, Vaccine, 19, 1327.
185. Coen, P.G., Cartwright, K., and Stuart, J. 2000, Int. J. Epidemiol., 29, 180.
186. Bennett, J.S., Griffiths, D.T., McCarthy, N.D., Sleeman, K.L., Jolley, K.A., Crook, D.W., and

Maiden, M.C. 2005, Infect. Immun., 73, 2424.
187. Yazdankhah, S.P. and Caugant, D.A. 2004, J. Med. Microbiol., 53, 821.
188. Robinson, K., Neal, K.R., Howard, C., Stockton, J., Atkinson, K., Scarth, E., Moran, J.,

Robins, A., Todd, I., Kaczmarski, E., Gray, S., Muscat, I., Slack, R., and Ala’Aldeen, D.A.
2002, Infect. Immun., 70, 1301.

189. Wedege, E., Kuipers, B., Bolstad, K., van Dijken, H., Froholm, L.O., Vermont, C.,
Caugant, D.A., and van den, D.G. 2003, Infect. Immun., 71, 3775.

190. Jones, G.R., Christodoulides, M., Brooks, J.L., Miller, A.R., Cartwright, K.A., and
Heckels, J.E. 1998, J. Infect. Dis., 178, 451.

191. Davenport, V., Guthrie, T., Findlow, J., Borrow, R., Williams, N.A., and Heyderman, R.S.
2003, J. Immunol., 171, 4263.

192. Wiertz, E.J., Delvig, A., Donders, E.M., Brugghe, H.F., van Unen, L.M., Timmermans, H.A.,
Achtman, M., Hoogerhout, P., and Poolman, J.T. 1996, Infect. Immun., 64, 298.

193. Brown, T.A. and Mestecky, J. 1985, Infect. Immun., 49, 459.
194. Brown, T.A., Murphy, B.R., Radl, J., Haaijman, J.J., and Mestecky, J. 1985, J. Clin. Micro-

biol., 22, 259.
195. Ladjeva, I., Peterman, J.H., and Mestecky, J. 1989, Clin. Exp. Immunol., 78, 85.
196. Kauppi, M., Eskola, J., and Kayhty, H. 1995, Pediatr. Infect. Dis. J., 14, 286.
197. Zhang, Q., Choo, S., Everard, J., Jennings, R., and Finn, A. 2000, Infect. Immun., 68, 2692.
198. Mestecky, J. and McGhee, J.R. 1987, Adv. Immunol., 40, 153.
199. Kilian, M., Mestecky, J., and Russell, M.W. 1988, Microbiol. Rev., 52, 296.
200. Plaut, A.G. 1983, Annu. Rev. Microbiol., 37, 603.
201. Reller, L.B., MacGregor, R.R., and Beaty, H.N. 1973, J. Infect. Dis., 127, 56.
202. Williams, J.N., Jones, G.R., Christodoulides, M., and Heckels, J.E. 2003, J. Infect. Dis.,

187, 1433.
203. Welsch, J.A., Rossi, R., Comanducci, M., and Granoff, D.M. 2004, J. Immunol., 172, 5606.
204. Kolmer J.A., Toyama I., and Matsunami T. 1918, J. Immunol, III, 157.
205. Kawasaki, T., Etoh, R., and Yamashina, I. 1978, Biochem. Biophys. Res. Commun., 81, 1018.
206. Ikeda, K., Sannoh, T., Kawasaki, N., Kawasaki, T., and Yamashina, I. 1987, J. Biol. Chem.,

262, 7451.
207. Turner, M.W. 1996, Immunol. Today, 17, 532.
208. Thiel, S., Vorup-Jensen, T., Stover, C.M., Schwaeble, W., Laursen, S.B., Poulsen, K.,

Willis, A.C., Eggleton, P., Hansen, S., Holmskov, U., Reid, K.B., and Jensenius, J.C. 1997,
Nature, 386, 506.

209. Matsushita, M. and Fujita, T. 1992, J. Exp. Med., 176, 1497.
210. Kawasaki, N., Kawasaki, T., and Yamashina, I. 1989, J. Biochem. (Tokyo), 106, 483.
211. Kuhlman, M., Joiner, K., and Ezekowitz, R.A. 1989, J. Exp. Med., 169, 1733.
212. Drogari-Apiranthitou, M., Fijen, C.A., Thiel, S., Platonov, A., Jensen, L., Dankert, J., and

Kuijper, E.J. 1997, Immunopharmacology, 38, 93.
213. Dixon, G.L., Newton, P.J., Chain, B.M., Katz, D., Andersen, S.R., Wong, S., van der, L.P.,

Klein, N., and Callard, R.E. 2001, Infect. Immun., 69, 4351.
214. Al Bader, T., Christodoulides, M., Heckels, J.E., Holloway, J., Semper, A.E., and

Friedmann, P.S. 2003, Infect. Immun., 71, 5590.



12 Neisseria meningitidis 361

215. Singleton, T.E., Massari, P., and Wetzler, L.M. 2005, J. Immunol., 174, 3545.
216. Taams, L.S., Smith, J., Rustin, M.H., Salmon, M., Poulter, L.W., and Akbar, A.N. 2001, Eur.

J. Immunol., 31, 1122.
217. Roncarolo, M.G., Levings, M.K., and Traversari, C. 2001, J. Exp. Med., 193, F5.
218. Cong, Y., Weaver, C.T., Lazenby, A., and Elson, C.O. 2002, J. Immunol., 169, 6112.
219. Guermonprez, P., Valladeau, J., Zitvogel, L., Thery, C., and Amigorena, S. 2002, Annu. Rev.

Immunol., 20, 621.
220. Kelsall, B.L., Biron, C.A., Sharma, O., and Kaye, P.M. 2002, Nat. Immunol., 3, 699.
221. Davenport, V., Groves, E., Hobbs, C.G., Williams, N.A., and Heyderman, R.S. 2007, Cell

Microbiol., 9, 1050.
222. Vermont, C. and van den, D.G. 2002, FEMS Immunol. Med. Microbiol., 34, 89.
223. Pollard, A.J., Galassini, R., van der Voort, E.M., Booy, R., Langford, P., Nadel, S., Ison, C.,

Kroll, J.S., Poolman, J., and Levin, M. 1999, Infect. Immun., 67, 2441.
224. Hill, H.R. 1987, Pediatr. Res., 22, 375.
225. Estabrook, M.M., Zhou, D., and Apicella, M.A. 1998, Infect. Immun., 66, 1028.
226. McNeil, G. and Virji, M. 1997, Microb. Pathog., 22, 295.
227. Virji, M., Watt, S.M., Barker, S., Makepeace, K., and Doyonnas, R. 1996, Mol. Microbiol.,

22, 929.
228. Heyderman, R.S., Ison, C.A., Peakman, M., Levin, M., and Klein, N.J. 1999, J. Infect. Dis.,

179, 1288.
229. Kimmel, S.R. 2005, Am. Fam. Physician, 72, 2049.
230. Bilukha, O.O. and Rosenstein, N. 2005, MMWR Recomm. Rep., 54, 1.
231. Jackson, L.A., Alexander, E.R., DeBolt, C.A., Swenson, P.D., Boase, J., McDowell, M.G.,

Reeves, M.W., and Wenger, J.D. 1996, Pediatr. Infect. Dis. J., 15, 992.
232. Zangwill, K.M., Schuchat, A., Riedo, F.X., Pinner, R.W., Koo, D.T., Reeves, M.W., and

Wenger, J.D. 1997, JAMA, 277, 389.
233. Trotter, C.L., Andrews, N.J., Kaczmarski, E.B., Miller, E., and Ramsay, M.E. 2004, Lancet,

364, 365.
234. Ramsay, M.E., Andrews, N.J., Trotter, C.L., Kaczmarski, E.B., and Miller, E. 2003, BMJ,

326, 365.
235. Larrauri, A., Cano, R., Garcia, M., and Mateo, S. 2005, Vaccine, 23, 4097.
236. Trotter, C.L., Edmunds, W.J., Ramsay, M.E., and Miller E 2006, Hum Vaccin, 2, 68.
237. Snape, M.D. and Pollard, A.J. 2005, Lancet Infect. Dis., 5, 21.
238. Price, A.A. 2007, Curr. Pharm. Des, 13, 2009.
239. Danzig, L. 2004, Pediatr. Infect. Dis. J., 23, S285.
240. Girard, M.P., Preziosi, M.P., Aguado, M.T., and Kieny, M.P. 2006, Vaccine, 24, 4692.
241. Zimmer, S.M. and Stephens, D.S. 2006, Curr. Opin. Investig. Drugs, 7, 733.
242. Bovier, P.A., Wyss, K., and Au, H.J. 1999, Soc. Sci. Med., 48, 1205.
243. Wilder-Smith, A. and Memish, Z. 2003, Int. J. Antimicrob. Agents, 21, 102.
244. Prasad, K. and Karlupia, N. 2007, Respir. Med., 101, 2037.
245. http: and www.who.int/mediacentre/factsheets/2003/fs141/en/ 2007.
246. Maslanka, S.E., Gheesling, L.L., Libutti, D.E., Donaldson, K.B., Harakeh, H.S., Dykes, J.K.,

Arhin, F.F., Devi, S.J., Frasch, C.E., Huang, J.C., Kriz-Kuzemenska, P., Lemmon, R.D.,
Lorange, M., Peeters, C.C., Quataert, S., Tai, J.Y., and Carlone, G.M. 1997, Clin. Diagn.
Lab Immunol., 4, 156.

247. Borrow, R., Andrews, N., Goldblatt, D., and Miller, E. 2001, Infect. Immun., 69, 1568.
248. Artenstein, M.S., Gold, R., Zimmerly, J.G., Wyle, F.A., Schneider, H., and Harkins, C. 1970,

N. Engl. J. Med., 282, 417.
249. Committee on Infectious Diseases, M.d.p.a.c.s.f.f.p.A.r.f.c.s.P.1. 2000, 1500.
250. Gotschlich, E.C., Liu, T.Y., and Artenstein, M.S. 1969, J. Exp. Med., 129, 1349.
251. Kabat, E.A. and BEZER, A.E. 1958, Arch. Biochem. Biophys., 78, 306.
252. Rosenstein, N.E., Fischer, M., and Tappero, J.W. 2001, Infect. Dis. Clin. North Am., 15, 155.
253. Jodar, L., Feavers, I.M., Salisbury, D., and Granoff, D.M. 2002, Lancet, 359, 1499.



362 B. Baudner, R. Rappuoli

254. Lepow, M.L., Beeler, J., Randolph, M., Samuelson, J.S., and Hankins, W.A. 1986, J. Infect.
Dis., 154, 1033.

255. Harrison, L.H. 2006, Clin. Microbiol. Rev., 19, 142.
256. Zangwill, K.M., Stout, R.W., Carlone, G.M., Pais, L., Harekeh, H., Mitchell, S., Wolfe, W.H.,

Blackwood, V., Plikaytis, B.D., and Wenger, J.D. 1994, J. Infect. Dis., 169, 847.
257. Goldschneider, I., Lepow, M.L., and Gotschlich, E.C. 1972, J. Infect. Dis., 125, 509.
258. Reingold, A.L., Broome, C.V., Hightower, A.W., Ajello, G.W., Bolan, G.A., Adamsbaum, C.,

Jones, E.E., Phillips, C., Tiendrebeogo, H., and Yada, A. 1985, Lancet, 2, 114.
259. Gold, R., Lepow, M.L., Goldschneider, I., Draper, T.F., and Gotshlich, E.C. 1979, J. Infect.

Dis., 140, 690.
260. Lepow, M.L., Goldschneider, I., Gold, R., Randolph, M., and Gotschlich, E.C. 1977, Pedi-

atrics, 60, 673.
261. Kayhty, H., Karanko, V., Peltola, H., Sarna, S., and Makela, P.H. 1980, J. Infect. Dis.,

142, 861.
262. Leach, A., Twumasi, P.A., Kumah, S., Banya, W.S., Jaffar, S., Forrest, B.D., Granoff, D.M.,

Libutti, D.E., Carlone, G.M., Pais, L.B., Broome, C.V., and Greenwood, B.M. 1997, J. Infect.
Dis., 175, 200.

263. Maclennan, J., Obaro, S., Deeks, J., Williams, D., Pais, L., Carlone, G., Moxon, R., and
Greenwood, B. 1999, Vaccine, 17, 3086.

264. Scholten, R.J., Kuipers, B., Valkenburg, H.A., Dankert, J., Zollinger, W.D., and Poolman, J.T.
1994, J. Med. Microbiol., 41, 236.

265. Smith, J.M., Dowson, C.G., and Spratt, B.G. 1991, Nature, 349, 29.
266. Maiden, M.C.J. and Feavers, I.M. 1995, Baumberg S, Young JPW, Suanders JR, Welington

EMH, (eds). Population genetics of bacteria. Cambridge: Cambridge University Press, 269.
267. Caugant, D.A., Mocca, L.F., Frasch, C.E., Froholm, L.O., Zollinger, W.D., and Selander,

R.K. 1987, J. Bacteriol., 169, 2781.
268. Feavers, I.M., Heath, A.B., Bygraves, J.A., and Maiden, M.C. 1992, Mol. Microbiol., 6, 489.
269. Peltola, H., Makela, H., Kayhty, H., Jousimies, H., Herva, E., Hallstrom, K., Sivonen, A.,

Renkonen, O.V., Pettay, O., Karanko, V., Ahvonen, P., and Sarna, S. 1977, N. Engl. J. Med.,
297, 686.

270. Gold, R. 1979, J. Rudbach and P. Baker, Editors, Immunology of bacterial polysaccharides,
Elsevier, New York, 121.

271. Muller, E. and Apicella, M.A. 1988, Infect. Immun., 56, 259.
272. Taylor, C.E. and Bright, R. 1989, Infect. Immun., 57, 180.
273. Lesinski, G.B. and Westerink, M.A. 2001, J. Microbiol. Methods, 47, 135.
274. Wuorimaa, T., Dagan, R., Vakevainen, M., Bailleux, F., Haikala, R., Yaich, M., Eskola, J.,

and Kayhty, H. 2001, J. Infect. Dis., 184, 1211.
275. Bernatoniene, J. and Finn, A. 2005, Drugs, 65, 229.
276. Goldsby, R.A. and et al. 2003, 5th Ed. New York: W. H. Freeman & Co.,
277. Jones, C. 2005, An. Acad. Bras. Cienc., 77, 293.
278. Mieszala, M., Kogan, G., and Jennings, H.J. 2003, Carbohydr. Res., 338, 167.
279. MacLennan, J.M., Shackley, F., Heath, P.T., Deeks, J.J., Flamank, C., Herbert, M.,

Griffiths, H., Hatzmann, E., Goilav, C., and Moxon, E.R. 2000, JAMA, 283, 2795.
280. Choo, S., Zuckerman, J., Goilav, C., Hatzmann, E., Everard, J., and Finn, A. 2000, Vaccine,

18, 2686.
281. Cartwright, K., Noah, N., and Peltola, H. 2001, Vaccine, 19, 4347.
282. Ramsay, M.E., Andrews, N., Kaczmarski, E.B., and Miller, E. 2001, Lancet, 357,

195.
283. Miller, E., Salisbury, D., and Ramsay, M. 2001, Vaccine, 20 Suppl 1, S58.
284. Balmer, P., Borrow, R., and Miller, E. 2002, J. Med. Microbiol., 51, 717.
285. De Wals, P., Nguyen, V.H., Erickson, L.J., Guay, M., Drapeau, J., and St Laurent, J. 2004,

Vaccine, 22, 1233.
286. De Wals P, Deceuninck G, Boulianne N, and Serres G. 2004, Int J Infect Dis., 8 (suppl 1),

S190.



12 Neisseria meningitidis 363

287. De Wals, P., Trottier, P., and Pepin, J. 2006, Vaccine, 24, 3500.
288. Pollard, A.J. 2004, Pediatr. Infect. Dis. J., 23, S274.
289. Pichichero, M., Casey, J., Blatter, M., Rothstein, E., Ryall, R., Bybel, M., Gilmet, G., and

Papa, T. 2005, Pediatr. Infect. Dis. J., 24, 57.
290. Pichichero, M.E. 2005, Expert. Opin. Biol. Ther., 5, 1475.
291. Pichichero, M.E. 2005, Clin. Pediatr. (Phila), 44, 479.
292. LaForce FM, Konde K, Viviani S, and Preziosi MP 2007, Vaccine, 7, [Epub ahead of print].
293. Jodar, L., LaForce, F.M., Ceccarini, C., Aguado, T., and Granoff, D.M. 2003, Lancet,

361, 1902.
294. http: and www.meningvax.org/timeline.htm 2007.
295. Chippaux, J.P., Garba, A., Ethevenaux, C., Campagne, G., de Chabalier, F., Djibo, S.,

Nicolas, P., Ali, H., Charrondiere, M., Ryall, R., Bybel, M., and Schuchat, A. 2004, Vaccine,
22, 3303.

296. Robbins, J.B., Schneerson, R., Anderson, P., and Smith, D.H. 1996, JAMA, 276, 1181.
297. Pizza, M., Scarlato, V., Masignani, V., Giuliani, M.M., Arico, B., Comanducci, M.,

Jennings, G.T., Baldi, L., Bartolini, E., Capecchi, B., Galeotti, C.L., Luzzi, E., Manetti, R.,
Marchetti, E., Mora, M., Nuti, S., Ratti, G., Santini, L., Savino, S., Scarselli, M., Storni, E.,
Zuo, P., Broeker, M., Hundt, E., Knapp, B., Blair, E., Mason, T., Tettelin, H., Hood, D.W.,
Jeffries, A.C., Saunders, N.J., Granoff, D.M., Venter, J.C., Moxon, E.R., Grandi, G., and
Rappuoli, R. 2000, Science, 287, 1816.

298. Andersen, J., Berthelsen, L., and Lind, I. 1997, Clin. Diagn. Lab Immunol., 4, 345.
299. Leinonen, M. and Frasch, C.E. 1982, Infect. Immun., 38, 1203.
300. Mandrell, R.E. and Zollinger, W.D. 1982, J. Immunol., 129, 2172.
301. Zollinger, W.D., Mandrell, R.E., Griffiss, J.M., Altieri, P., and Berman, S. 1979, J. Clin.

Invest, 63, 836.
302. Finne, J., Leinonen, M., and Makela, P.H. 1983, Lancet, 2, 355.
303. Bruge, J., Bouveret-Le Cam, N., Danve, B., Rougon, G., and Schulz, D. 2004, Vaccine,

22, 1087.
304. Tondella, M.L., Popovic, T., Rosenstein, N.E., Lake, D.B., Carlone, G.M., Mayer, L.W., and

Perkins, B.A. 2000, J. Clin. Microbiol., 38, 3323.
305. van der Voort, E.R., van Dijken, H., Kuipers, B., van der, B.J., van der, L.P., Meylis, J.,

Claassen, I., and Poolman, J. 1997, Infect. Immun., 65, 5184.
306. Naess, L.M., Oftung, F., Aase, A., Wetzler, L.M., Sandin, R., and Michaelsen, T.E. 1998,

Infect. Immun., 66, 959.
307. McGuiness B, Barlow A.K., Clarcke I.N., Farley J.E., Anilionis A., and Poolman J.T. 1990,

J. Exp. Med., 171, 1871.
308. Wiertz, E.J., van Gaans-van den Brink JA, Schreuder, G.M., Termijtelen, A.A.,

Hoogerhout, P., and Poolman, J.T. 1991, J. Immunol., 147, 2012.
309. Wiertz, E.J., van Gaans-van den Brink JA, Gausepohl, H., Prochnicka-Chalufour, A.,

Hoogerhout, P., and Poolman, J.T. 1992, J. Exp. Med., 176, 79.
310. Wiertz, E., van Gaans-van den Brink, Hoogerhout, P., and Poolman, J. 1993, Eur. J. Im-

munol., 23, 232.
311. Lifely, M.R., Rogers, M.V., Esdaile, J., Payne, M., and Tite, J.P. 1992, Vaccine, 10, 159.
312. Uli, L., Castellanos-Serra, L., Betancourt, L., Dominguez, F., Barbera, R., Sotolongo, F.,

Guillen, G., and Pajon, F.R. 2006, Proteomics., 6, 3389.
313. Azeredo E., do Amaral Cl., and Juarez E. 1994, Informe Epidemiológico do Sus 3, 2, 35.
314. Pirez M.C., Picon T., Galazka J., Rubio I., Montano A., and Ferrari A.M. 2004, Rev Med

Uruguay, 20, 92.
315. Rodriguez A.P., Dickinson F., Baly A., and Martinez R. 1999, Mem Inst Oswaldo Cruz,

94, 433.
316. Perez, O., Lastre, M., Lapinet, J., Bracho, G., Diaz, M., Zayas, C., Taboada, C., and Sierra,

G. 2001, Infect. Immun., 69, 4502.
317. Boslego, J., Garcia, J., Cruz, C., Zollinger, W., Brandt, B., Ruiz, S., Martinez, M., Arthur, J.,

Underwood, P., Silva, W., and. 1995, Vaccine, 13, 821.



364 B. Baudner, R. Rappuoli

318. Sierra, G.V., Campa, H.C., Varcacel, N.M., Garcia, I.L., Izquierdo, P.L., Sotolongo, P.F.,
Casanueva, G.V., Rico, C.O., Rodriguez, C.R., and Terry, M.H. 1991, NIPH Ann., 14, 195.

319. Bjune, G., Hoiby, E.A., Gronnesby, J.K., Arnesen, O., Fredriksen, J.H., Halstensen, A.,
Holten, E., Lindbak, A.K., Nokleby, H., Rosenqvist, E., and. 1991, Lancet, 338, 1093.

320. Zollinger, W.D., Boslego, J., Moran, E., Garcia, J., Cruz, C., Ruiz, S., Brandt, B.,
Martinez, M., Arthur, J., Underwood, P., and. 1991, NIPH Ann., 14, 211.

321. de Moraes, J.C., Perkins, B.A., Camargo, M.C., Hidalgo, N.T., Barbosa, H.A., Sacchi, C.T.,
Landgraf, I.M., Gattas, V.L., Vasconcelos, H.G., and. 1992, Lancet, 340, 1074.

322. Milagres, L.G., Ramos, S.R., Sacchi, C.T., Melles, C.E., Vieira, V.S., Sato, H., Brito, G.S.,
Moraes, J.C., and Frasch, C.E. 1994, Infect. Immun., 62, 4419.

323. Holst, J., Feiring, B., Naess, L.M., Norheim, G., Kristiansen, P., Hoiby, E.A., Bryn, K.,
Oster, P., Costantino, P., Taha, M.K., Alonso, J.M., Caugant, D.A., Wedege, E., Aaberge, I.S.,
Rappuoli, R., and Rosenqvist, E. 2005, Vaccine, 23, 2202.

324. Tappero, J.W., Lagos, R., Ballesteros, A.M., Plikaytis, B., Williams, D., Dykes, J.,
Gheesling, L.L., Carlone, G.M., Hoiby, E.A., Holst, J., Nokleby, H., Rosenqvist, E.,
Sierra, G., Campa, C., Sotolongo, F., Vega, J., Garcia, J., Herrera, P., Poolman, J.T., and
Perkins, B.A. 1999, JAMA, 281, 1520.

325. Aaberge, I.S., Oster, P., Helland, O.S., Kristoffersen, A.C., Ypma, E., Hoiby, E.A.,
Feiring, B., and Nokleby, H. 2005, Clin. Diagn. Lab Immunol., 12, 599.

326. Oster, P., O’hallahan, J., Aaberge, I., Tilman, S., Ypma, E., and Martin, D. 2007, Vaccine,
25, 3075.

327. Nokleby, H., Aavitsland, P., O’hallahan, J., Feiring, B., Tilman, S., and Oster, P. 2007, Vac-
cine, 25, 3080.

328. Thornton, V., Lennon, D., Rasanathan, K., O’hallahan, J., Oster, P., Stewart, J., Tilman, S.,
Aaberge, I., Feiring, B., Nokleby, H., Rosenqvist, E., White, K., Reid, S., Mulholland, K.,
Wakefield, M.J., and Martin, D. 2006, Vaccine, 24, 1395.

329. Wedege, E., Bolstad, K., Aase, A., Herstad, T.K., McCallum, L., Rosenqvist, E., Oster, P.,
and Martin, D. 2007, Clin. Vaccine Immunol., 14, 830.

330. McNicholas, A., Galloway, Y., Stehr-Green, P., Reid, S., Radke, S., Sexton, K., Kieft, C.,
Macdonald, C., Neutze, J., Drake, R., Isaac, D., O’donnell, M., Tatley, M., Oster, P., and
O’hallahan, J. 2007, Hum. Vaccin., 3,

331. Sandbu, S., Feiring, B., Oster, P., Helland, O.S., Bakke, H.S., Naess, L.M., Aase, A., Aaberge,
I.S., Kristoffersen, A.C., Rydland, K.M., Tilman, S., Nokleby, H., and Rosenqvist, E. 2007,
Clin. Vaccine Immunol., 14, 1062.

332. Peeters, C.C., Rumke, H.C., Sundermann, L.C., Rouppe van der Voort EM, Meulenbelt, J.,
Schuller, M., Kuipers, A.J., van der, L.P., and Poolman, J.T. 1996, Vaccine, 14, 1009.

333. Connolly, M. and Noah, N. 1999, Epidemiol. Infect., 122, 41.
334. Cartwright, K., Morris, R., Rumke, H., Fox, A., Borrow, R., Begg, N., Richmond, P., and

Poolman, J. 1999, Vaccine, 17, 2612.
335. de Kleijn, E.D., de Groot, R., Labadie, J., Lafeber, A.B., van den, D.G., van Alphen, L., van

Dijken, H., Kuipers, B., van Omme, G.W., Wala, M., Juttmann, R., and Rumke, H.C. 2000,
Vaccine, 18, 1456.

336. Braun, J.M., Beuth, J., Blackwell, C.C., Giersen, S., Higgins, P.G., Tzanakaki, G.,
Unverhau, H., and Weir, D.M. 2004, Vaccine, 22, 898.

337. Litt, D.J., Savino, S., Beddek, A., Comanducci, M., Sandiford, C., Stevens, J., Levin, M.,
Ison, C., Pizza, M., Rappuoli, R., and Kroll, J.S. 2004, J. Infect. Dis., 190, 1488.

338. Mukhopadhyay, T.K., Halliwell, D., O’Dwyer, C., Shamlou, P.A., Levy, M.S., Allison, N.,
Gorringe, A., and Reddin, K.M. 2005, Biotechnol. Appl. Biochem., 41, 175.

339. Oliver, K.J., Reddin, K.M., Bracegirdle, P., Hudson, M.J., Borrow, R., Feavers, I.M.,
Robinson, A., Cartwright, K., and Gorringe, A.R. 2002, Infect. Immun., 70, 3621.

340. Rappuoli, R. 2001, Vaccine, 19, 2688.
341. Welsch, J.A., Moe, G.R., Rossi, R., Adu-Bobie, J., Rappuoli, R., and Granoff, D.M. 2003,

J. Infect. Dis., 188, 1730.



12 Neisseria meningitidis 365

342. Comanducci, M., Bambini, S., Caugant, D.A., Mora, M., Brunelli, B., Capecchi, B.,
Ciucchi, L., Rappuoli, R., and Pizza, M. 2004, Infect. Immun., 72, 4217.

343. Masignani, V., Comanducci, M., Giuliani, M.M., Bambini, S., Adu-Bobie, J., Arico, B.,
Brunelli, B., Pieri, A., Santini, L., Savino, S., Serruto, D., Litt, D., Kroll, S., Welsch, J.A.,
Granoff, D.M., Rappuoli, R., and Pizza, M. 2003, J. Exp. Med., 197, 789.

344. Madico, G., Welsch, J.A., Lewis, L.A., McNaughton, A., Perlman, D.H., Costello, C.E.,
Ngampasutadol, J., Vogel, U., Granoff, D.M., and Ram, S. 2006, J. Immunol., 177, 501.

345. Giuliani, M.M., Adu-Bobie, J., Comanducci, M., Arico, B., Savino, S., Santini, L.,
Brunelli, B., Bambini, S., Biolchi, A., Capecchi, B., Cartocci, E., Ciucchi, L.,
Di Marcello, F., Ferlicca, F., Galli, B., Luzzi, E., Masignani, V., Serruto, D., Veggi, D.,
Contorni, M., Morandi, M., Bartalesi, A., Cinotti, V., Mannucci, D., Titta, F., Ovidi, E.,
Welsch, J.A., Granoff, D., Rappuoli, R., and Pizza, M. 2006, Proc. Natl. Acad. Sci. U. S. A,
103, 10834.

346. Rappuoli R 2006, 15th International Pathogenic Neisseria conference. Cairns, Australia.
347. Moe, G.R., Dave, A., and Granoff, D.M. 2005, Infect. Immun., 73, 2123.
348. Plested, J.S., Harris, S.L., Wright, J.C., Coull, P.A., Makepeace, K., Gidney, M.A.,

Brisson, J.R., Richards, J.C., Granoff, D.M., and Moxon, E.R. 2003, J. Infect. Dis., 187, 1223.
349. Plested, J.S., Makepeace, K., Jennings, M.P., Gidney, M.A., Lacelle, S., Brisson, J.,

Cox, A.D., Martin, A., Bird, A.G., Tang, C.M., Mackinnon, F.M., Richards, J.C., and
Moxon, E.R. 1999, Infect. Immun., 67, 5417.

350. Verheul, A.F., Snippe, H., and Poolman, J.T. 1993, Microbiol. Rev., 57, 34.
351. Koeberling, O., Welsch, J.A., and Granoff, D.M. 2007, Vaccine, 25, 1912.
352. Hou, V.C., Koeberling, O., Welsch, J.A., and Granoff, D.M. 2005, J. Infect. Dis., 192, 580.
353. Bhattacharjee, A.K., Moran, E.E., Ray, J.S., and Zollinger, W.D. 1988, Infect. Immun.,

56, 773.
354. Bhattacharjee, A.K., Moran, E.E., and Zollinger, W.D. 1990, Can. J. Microbiol., 36, 117.
355. Cadieux, N., Plante, M., Rioux, C.R., Hamel, J., Brodeur, B.R., and Martin, D. 1999, Infect.

Immun., 67, 4955.
356. Danve, B., Lissolo, L., Mignon, M., Dumas, P., Colombani, S., Schryvers, A.B., and

Quentin-Millet, M.J. 1993, Vaccine, 11, 1214.
357. Martin, D., Cadieux, N., Hamel, J., and Brodeur, B.R. 1997, J. Exp. Med., 185, 1173.
358. Moe, G.R., Tan, S., and Granoff, D.M. 1999, Infect. Immun., 67, 5664.
359. West, D., Reddin, K., Matheson, M., Heath, R., Funnell, S., Hudson, M., Robinson, A., and

Gorringe, A. 2001, Infect. Immun., 69, 1561.
360. Borrow, R., Carlone, G.M., Rosenstein, N., Blake, M., Feavers, I., Martin, D., Zollinger, W.,

Robbins, J., Aaberge, I., Granoff, D.M., Miller, E., Plikaytis, B., van Alphen, L., Poolman, J.,
Rappuoli, R., Danzig, L., Hackell, J., Danve, B., Caulfield, M., Lambert, S., and Stephens, D.
2006, Vaccine, 24, 5093.

361. De Wals, P., De Serres, G., and Niyonsenga, T. 2001, JAMA, 285, 177.
362. Stefanelli, P., Fazio, C., Neri, A., Sofia, T., and Mastrantonio, P. 2003, J. Clin. Microbiol.,

41, 5783.
363. Alonso, J.M., Gilmet, G., Rouzic, E.M., Nassif, X., Plotkin, S.A., Ramsay, M., Siegrist, C.A.,

Stephens, D.S., Teyssou, R., and Vogel, U. 2007, Vaccine, 25, 4125.
364. Caugant, D.A., Tzanakaki, G., and Kriz, P. 2007, FEMS Microbiol. Rev., 31, 52.
365. Haneberg, B., Dalseg, R., Wedege, E., Hoiby, E.A., Haugen, I.L., Oftung, F., Andersen, S.R.,

Naess, L.M., Aase, A., Michaelsen, T.E., and Holst, J. 1998, Infect. Immun., 66, 1334.
366. Drabick, J.J., Brandt, B.L., Moran, E.E., Saunders, N.B., Shoemaker, D.R., and

Zollinger, W.D. 1999, Vaccine, 18, 160.
367. Aase, A., Naess, L.M., Sandin, R.H., Herstad, T.K., Oftung, F., Holst, J., Haugen, I.L.,

Hoiby, E.A., and Michaelsen, T.E. 2003, Vaccine, 21, 2042.
368. Huo, Z., Sinha, R., McNeela, E.A., Borrow, R., Giemza, R., Cosgrove, C., Heath, P.T.,

Mills, K.H., Rappuoli, R., Griffin, G.E., and Lewis, D.J. 2005, Infect. Immun., 73, 8256.



Chapter 13
Mucosal Immunity Against Anthrax

Prosper N. Boyaka, Alexandra Duverger, Estelle Cormet-Boyaka
and Jean-Nicolas Tournier

Abstract Anthrax has recently gained much attention due to the potential use of
Bacillus anthracis spores as an agent of biowarfare. In the event of intentional
dissemination of Bacillus anthracis spores, the most likely routes of infection are
through the nasopharyngeal and gastrointestinal tracts. Since inhalational and gas-
trointestinal anthrax are the most severe and potentially lethal forms of the disease,
appropriate vaccine strategies are needed to provide optimal protection against these
mucosally initiated infections. This chapter will review the role of anthrax toxins
in the pathogenesis of anthrax, with special emphasis on how Bacillus anthracis
lethal toxin and edema toxin affect immune cells and alter innate and adaptive im-
munity. We also will summarize traditional strategies for vaccination against an-
thrax and discuss new approaches to inducing both mucosal and systemic immunity
against anthrax toxins for enhanced protection against inhalational and gastrointesti-
nal anthrax.

13.1 Introduction to Bacillus Anthracis and the Disease Anthrax

The Gram-positive, spore forming, rod shaped Bacillus anthracis produces a poly-
�-D-glutamic acid capsule attached to the peptidoglycan of the cell wall and a
tripartite exotoxin for initiation of the clinical manifestations of anthrax [1, 2, 3].
The capsule enables the recently germinated anthrax Bacillus to resist phagocytic
destruction [2]. It also provides a poorly immunogenic surface vital for full viru-
lence. The three-components exotoxin produced is thought to contribute directly to
the lethality of anthrax [1, 2, 3]. Bacillus anthracis infection leads to three forms
of diseases depending on the cutaneous, gastrointestinal or inhalational route of
exposure to Bacillus anthracis spores. Cutaneous anthrax traditionally has been
reported in agricultural settings and this form of infection rarely evolves into a
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lethal disease. The gastrointestinal and inhalational forms of diseases traditionally
have occurred among individuals in close contact with animal or animal products.
These two mucosal routes of infection generally are associated with more severe
symptoms than cutaneous infectious and often lead to death. Thus, biowarfare and
bioterrorist development of anthrax focuses on inhalation and ingestion of anthrax
spores.

13.2 Gastrointestinal Anthrax

Cases of gastrointestinal anthrax occur in areas endemic for anthrax, which exist
in tropical and subtemperate regions. Contamination often results from consump-
tion of undercooked meat or meat product. It also is believed that cases of gas-
trointestinal anthrax may have resulted from the consumption of anthrax-containing
chocolate developed as biological weapons during World War II [4]. Despite the
wide geographic distribution of anthrax endemicity, detailed epidemiologic data
on gastrointestinal anthrax are rare. This mostly is due to lack of microbiologic,
pathologic, or serologic testing in developing countries. Based on limited reports
of gastrointestinal anthrax, it appears that the disease develops a few days after
ingesting spore-contaminated meat. The spectrum of the resulting disease ranges
from asymptomatic to nausea, vomiting, abdominal pain, bloody diarrhea and even
death by shock or sepsis. Ingested anthrax spores can cause lesions in all seg-
ments of the gastrointestinal tract from the oral cavity to the coecum. Ulcerative
lesions, usually multiple and superficial, may occur in the stomach, and possibly,
in association with similar lesions of the esophagus and jejunum [5, 6]. These
ulcerative lesions may bleed, resulting in massive and fatal hemorrhage in severe
cases [5, 6]. Lesions also were reported farther down the gastrointestinal tract,
in the mid-jejunum, terminal ileum, or cecum. These lesions of the lower gas-
trointestinal tract tend to develop around a single site or a few sites of ulceration
and edema. In addition, these lesions may lead to hemorrhage, obstruction, per-
foration, or any combination of these symptoms [7]. Pathologic examination of
gastrointestinal anthrax showed lesions on the mucosa, as well as in mesenteric
lymph nodes which are enlarged and become hemorrhagic [7]. A bioluminescent
Bacillus anthracis was recently constructed to examine the site of bacteria multi-
plication after ingestion of spores. These bacteria provide a unique experimental
system where strongly luminescent bacteria can easily be discriminated from non-
luminescent dormant spores. This system has helped demonstrate the presence of
bacterial rods, numerous polymorphonuclear cells, necrosis, and hemorrhage in the
Peyer’s patches of mice orally administered Bacillus anthracis spores [8]. Thus,
following ingestion of Bacillus anthracis spores, bacterial growth occurs primar-
ily in Peyer’s patches [8]. This study showed that spores are continuously shed
for up to 48 h post-inoculation after a majority of the initial inoculum has been
excreted. It also demonstrated that anthrax spores germinate in the gastrointesti-
nal tract and that vegetative Bacillus anthracis transiently colonize the intestinal
lumen [8].
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13.3 Inhalational Anthrax

Inhalational anthrax was known in the 1800s and early 1900s as a disease related to
the textile (woolsorters) and tanning industries. The largest outbreak of inhalational
anthrax documented in the 20th century occurred in Sverdlovsk in the former Soviet
Union, as a result of aerosol release of Bacillus anthracis spores from a military
facility [9, 10]. Less than two dozen cases of inhalational anthrax were reported in
the US before the intentional release of Bacillus anthracis spores in 2001 [11]. In
contrast to the gastrointestinal form of disease, more epidemiological studies are
available on inhalational anthrax. It is well established that inhalation anthrax is
a biphasic illness characterized by a silent initial phase of 1 to 4 days followed
by a fulminant phase. The initial silent phase is associated with flu-like symptoms
including malaise, fatigue, fever and non-productive cough. Symptoms of the ful-
minant phase, which can be followed by death, include respiratory distress, bluish
discoloration of the skin or mucous membranes caused by lack of oxygen in the
blood, and excessive sweating. It is important to note that nausea and vomiting also
were observed in the initial phase of disease among the recent case of inhalational
anthrax in the US [11]. This finding could indicate an early involvement of the
gastrointestinal tract after aerosol infection.

The current model of inhalational anthrax considers that anthrax spores are take-
up by alveolar macrophages and transported to the draining mediastinal lymph
nodes, where they germinate and establish infection within the lymphatics before the
vegetative forms ultimately disseminate via the general circulation. Recent studies
have confirmed the role of alveolar macrophages in the uptake of Bacillus anthracis
spores. However, it now appears that dendritic cells also can endocytose Bacillus
anthracis spores [12], and interstitial lung dendritic cells were identified as the cell
population that transports spores into the thoracic lymph nodes [13]. Since spores
were seen in lung dendritic cells up to 72 h after intranasal infection [13], the current
view that inhaled spores of Bacillus anthracis do not germinate before they reach
the draining lymph nodes is in question. In this regard, studies with recombinant
bioluminescent Bacillus anthracis have shown that inhaled spores establish initial
infection in nasal-associated lymphoid tissues [8]. Thus far, inhalational anthrax
has been well-accepted as leading to an infection of the general bloodstream. It now
appears that this form of infection includes a significant mucosal component, against
which mucosal immunity likely is required for optimal protection of the host.

13.4 Bacillus Anthracis Exotoxins

Bacillus anthracis produces a tripartite exotoxin, which consists of the protective
antigen (PA), the edema factor (EF) and the lethal factor (LF) [14]. The PA subunit
targets cells via the anthrax toxin receptor 1 (ATR1), which resembles the tumor
endothelial marker 8 (TEM8) [15], and the related ATR2, which is similar to the cap-
illary morphogenesis gene 2 (CMG2) [16]. After the 83 kDa PA (PA83) binds to the
ATR1/TEM8 or ATR2/CMG2, a protease furin cleaves a 20 kDa peptide (PA20) [17]
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which allows the formation of a PA63 heptamer in the host cell membrane [18]. This
PA heptamer ring serves to anchor EF, LF or the two in combination [19]. The three
exotoxins are not toxic separately, but only in combination. Thus, the combination
of PA and EF is usually termed edema toxin (EdTx), while the combination of
PA and LF is termed lethal toxin (LeTx). These names originate from the early
observations that intravenous injection of PA plus LF is lethal [20] and that intra-
dermal injection of PA plus EF induces edema in the skin [21]. It has been suggested
that the low-density lipoprotein receptor-related protein 6 (LRP6) is a co-receptor
with either ATR1/TEM8 or ATR2/CMG2, which promotes endocytosis of anthrax
toxin into cells [22]. However, this role of LRP6 has been challenged recently [23].
The LF has been crystallized [24] and was shown to be a protease, which cleaves
mitogen-activated protein kinase kinase (MAPKK) and thus inhibits intracellular
signaling [25]. On the other hand, EF is an adenylate cyclase [26] whose structure
has been solved [27]. After binding to calmodulin, EF undergoes a molecular rear-
rangement to acquire its adenylate cyclase activity and elevate intracellular cyclic
adenosine monophosphate (cAMP) levels [27].

13.4.1 Anthrax Lethal Toxin Alters Innate and Adaptive
Immune Functions

A number of studies have established that LeTx contributes to the pathogenesis
of anthrax by altering both the innate and adaptive branches of host immunity.
In fact, LeTx is known to inhibit the secretion of proinflammatory cytokines by
macrophages [28, 29, 30]. In more recent studies, LeTx was shown also to inhibit
the secretion of all cytokines by dendritic cells [31]. However, others observed more
selective effects of LeTx on cytokine secretion by dendritic cells, which correlated
with a selective inhibition of p38 and ERK signaling [32]. More specifically, this
study has shown that LeTx inhibits dendritic cell production of IL-10 and TNF-�,
but not IL-12p70 [32]. Phospholipase A2 type IIA expression was demonstrated
to be crucial for killing of anthrax spores by pulmonary phagocytes [33]. LeTx
also alters innate immunity by inhibiting the production of phospholipase A2 type
IIA thus, inhibiting the bactericidal activity of phagocytes [33]. A recent study has
shown that LeTx could inhibit the bactericidal activity of alveolar macrophages
in non-human primate [30]. In addition, LeTx has been shown to prevent chemo-
taxis of polymorphonuclear cells. One potential mechanism for alteration of chemo-
taxis includes MKK-1-independent signaling and the inhibition of actin polymeriza-
tion [34]. The two other mechanisms involve reduction or switch-off of chemokine
production by dendritic cells [12], and inhibition of chemokine receptor expression
on responding cells with subsequent blocking of chemotaxis [35].

In addition to affecting innate immune responses, LeTx can alter the develop-
ment of adaptive immune responses. For example, LeTx was reported to impair the
ability of antigen presentation by LPS-stimulated dendritic cells through inhibition
of MHC and co-stimulatory molecule expression [31, 36]. Furthermore, LeTx has
been shown to inhibit antigen-specific antibody responses [31]. It has become clear
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that the inhibitory effects of LeTx on adaptive immune responses occur via direct
effects on both T- and B-lymphocytes. LeTx inhibits mouse lymphocyte activation
in vivo [37] and blocks IL-2 production by CD4+T cells [38]. LeTx also has been
reported to block MKK-dependent B-cell proliferation and IgM production [39].

The best described role of LeTx is certainly its ability to induce the death of
macrophages [40, 41, 42, 43, 44, 45] and dendritic cells [46]. Interestingly, several
studies have shown that MKK cleavage occurs in both resistant and susceptible
mouse cells [42, 46], suggesting that LeTx-induced cell death is independent of
MKK cleavage. In this regard, one study suggested that LeTx induces apoptosis
of activated macrophages via a p38a-dependent pathway [42, 47]. Another apopto-
sis pathway, involving the activation of PKR downstream from TLR4 by Bacillus
anthracis motifs recently has been described [48]. Of interest, the susceptibility of
mouse macrophages to LeTx recently has been linked to a polymorphism in the
locus Nalp1b, which encodes NALP1 [49]. In fact, NALP1 activation only occurs
in macrophages susceptible to LeTx [49]. The NALP1 is a key component of the
inflammasome or the multiprotein complex responsible for the activation of cas-
pases 1 and 5, leading to the processing and secretion of the pro-inflammatory cy-
tokines IL-1� and/or IL-18 leading to a potent inflammatory response. Therefore,
LeTx-induced death could involve the activation of caspases, alone or together with
secretion of pro-inflammatory cytokines [50].

13.4.2 Effect of Anthrax Edema Toxin on Innate and Adaptive
Immune Functions

Until recently, little was known about the role played by EdTx in the alteration
of host immune functions during anthrax infection. EF, the enzymatic moiety of
EdTx, binds/utilizes ATP and alters the functions of macrophages. In fact, it now
is evident that EdTx alone or in combination with LeTx affects innate immunity.
Thus, EdTx inhibits LPS-induced oxidative burst [51] and other functions of neu-
trophils [34, 52]. EdTx activates the expression of activator protein-1 (AP-1) and
CAAAT/enhancer-binding protein-beta (C/EBP-beta) by macrophages, but also in-
hibits their phagocytic ability and production of TNF-� [53]. It has been shown
that EdTx selectively inhibits the production of IL-12p70 by murine dendritic cells
in vitro, but also, secretion of IL-12p70 and IFN-� secretion induced by LPS, in
vivo [32]. Both LeTx and EdTx inhibit TNF-� production by dendritic cells, but
in contrast with LeTx, EdTx does not inhibit production of the anti-inflammatory
cytokine IL-10 [32]. In summary, while anthrax spores stimulate proinflammatory
cytokine responses by macrophages and dendritic cells [54, 55], each of the an-
thrax toxin targets either pro-inflammatory cytokines or anti-inflammatory cytokine
responses to better counter host innate defenses.

The brisk increase of cAMP induced by EdTx can alter PKA-dependent intra-
cellular signaling. Interestingly, PKA inhibits Mkk4/7, via its effects on Rho and
Mek1/2 through alteration of Ras and Raf signaling. In this regard, the mammalian
Rho family of GTPases including RhoA, Rac1, and Cdc42 play pivotal roles in
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controlling many cellular functions including cell polarity, motility, proliferation,
apoptosis, and cytokinesis. MEK1 and MEK2, also called MAP kinase kinase and
ERK activator kinase, are dual-specificity protein kinases that function in a mitogen
activated protein kinase cascade controlling both cell growth and differentiation.
Therefore, Mkk4/7 and MAPK/ERK kinase (Mek) are potential common targets
of both LeTx and EdTx and it is not surprising that EdTx also alters the functions
of cells that mediate adaptive immune responses. For example, sublethal doses of
EdTx can suppress T cell activation through the inhibition of NFAT (nuclear fac-
tor of activated T cells) and AP-1, two transcription factors essential for cytokine
secretion [56]. In addition, a recent study has shown that both LeTx and EdTx in-
hibit chemotaxis of T cells and macrophages by compromising signaling through
CXC (by macrophage inflammatory protein 1 alpha or MIP1�) and CC (by Stromal
Cell Derived 1 alpha SDF1�) chemokine receptors [35]. It is important to indicate
that despite these analogies, EdTx differs from LeTx with regard to inhibition of
T cell responses. Thus, T cells from mice intraperitoneally injected with LeTx ex-
hibited lower proliferative and cytokine responses to in vitro stimulation via the
TCR. Similar treatment with EdTx only transiently affected T cell responsiveness
to TCR stimulation [37]. However, T cells that recovered responsiveness to TCR
four days after EdTx produced lower levels of TNF-�, IFN-� and IL-17 [37], which
is consistent with other studies that showed EdTx preferentially inhibits production
of inflammatory cytokines [32].

Mice injected with high doses of EdTx exhibited intestinal fluid accumulation,
suggesting that EdTx also could affect immune homeostasis in the mucosal tissues
of the gut [57]. Interestingly, while expression of ATR1 on the apical surface of in-
testinal epithelial cells has been reported, no fluid accumulation was seen after intra-
gastric administration of EdTx (Cormet-Boyaka E, unpublished observation). This
observation is consistent with the concept that symptoms of gastrointestinal anthrax
are not due to toxins released in the intestinal lumen. It is more likely that toxins
reach GALT tissues from the basolateral side after being released in the Peyer’s
patches by bacteria that germinate in this site after uptake of spores. Alternatively,
toxins affect GALT tissues after being released into the general circulation.

While most studies have emphasized the inhibitory effect of EdTx on immune
cells, evidence existsthat EdTx upregulates the expression of anthrax toxin recep-
tor by macrophages [58] This mechanism could contribute to disease pathogene-
sis by increasing in the rate of toxin internalization and indicates that EdTx may
provide a positive signal for enhanced rather than impaired functions by target
cells. In this regard, the transcription factor cAMP response-element binding pro-
tein (CREB) induced by EdTx was found unexpectedly to protect macrophages
from LeTx-induced death [42]. The EdTx also stimulates the expression of MHC
and costimulatory molecules by antigen presenting cells [32, 59]. In contrast with
LeTx which inhibits antibody responses, EdTx was shown to act as an adjuvant
following administration through the subcutaneous [60], the nasal [59], or the tran-
scutaneous routes (Duverger A, unpublished observation) and augment antibody
responses.
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13.5 New Approaches for Inducing Immunity to Anthrax

Live spores of avirulent strains of Bacillus anthracis are being used for vaccina-
tion of domestic animals worldwide [61, 62]. Until recently, live spore vaccines
were used for dermal vaccination of humans in a number of countries [61, 62, 63].
The injection of anthrax toxin into primates reproduces the pathogenesis of infec-
tion with Bacillus anthracis and as a result, anthrax is considered an exotoxin-
mediated disease [64]. Cell-free PA-based vaccines for humans are used both in
the United States [65] and the United Kingdom. These vaccines are aluminum
hydroxide anthrax vaccine adsorbed (AVA) supernatants from cultures of B. an-
thracis strain V770-NPI-R [61] or culture filtrates from the Sterne strain [65,
66]. The latter AVA currently is used for military personnel in the USA. These
vaccines require a series of six injections over an 18-month period with annual
boosters.

Several studies have unveiled a major role for anti-PA antibodies in the protection
against anthrax [67, 68, 69]. Thus, passive transfer of polyclonal or monoclonal
PA-specific IgG antibodies to mice, rabbits, guinea pigs and monkeys conferred
protection against both cutaneous and inhalational forms of anthrax [64, 67]. In
vitro, anti-PA antibodies can protect mouse macrophages from toxicity induced
by the LeTx and thereby providing the basis for the in vitro macrophage tox-
icity assay used as a correlate of protection [70, 71]. In addition, other stud-
ies suggest that protection against anthrax involves immune responses to other
anthrax toxin components. Thus, both anti-PA and anti-LF antibodies were de-
tected in the sera of individuals with histories of clinical anthrax [72]. As we
will be discussed below, effort is being dedicated to the development of new an-
thrax vaccines to be administered by non-invasive routes, including nasal and oral
vaccines.

13.5.1 Approaches for the Development of New PA-Based Vaccines

Most experimental anthrax vaccines that either are or have been tested are PA-based
and consist of recombinant PA given with various adjuvants [68, 73]. The first
evidence that non-invasive nasal immunization may be useful for improving vac-
cination strategies against anthrax came from the observation that both intranasal
and subcutaneous immunizations with PA induced high levels of anti-PA serum IgG
antibodies, which could protect J774A.1 cells against LeTx, in vitro [74]. However,
only nasally immunized mice contained high titers of serum IgA antibodies [74].
Another study showed that neutralizing anti-PA antibodies could be induced in
mucosal secretions [73]. Thus, mice nasally immunized with recombinant PA and
cholera toxin or CpG oligodeoxynucleotides, as mucosal adjuvants, developed high
plasma PA-specific IgG responses and neutralizing anti-PA IgA antibodies in mu-
cosal secretions [73]. The current BioThrax anthrax vaccine (i.e., AVA) also was
tested as a nasal vaccine in mice. Nasal administration of BioThrax elicited robust
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anti-PA serum and mucosal antibody responses against PA [75]. More interestingly,
two nasal doses of BioThrax were sufficient to completely protect the susceptible
A/J mice against challenge with Bacillus anthracis Sterne spores [75].

In addition to adjuvants, new formulations and delivery systems are being tested
for inducing both mucosal and systemic immunity by PA-based anthrax vaccines.
Thus, a powder formulation administered intranasally to rabbits provided com-
plete protection, whereas a liquid formulation provided only partial protection [76].
These authors also showed that intradermal administration of PA achieved higher
seroconversion rates than intramusculular injection, and more efficiently protected
rabbits against aerosol challenge with anthrax spores [76]. Water-in-oil nanoemul-
sions also were tested for nasal immunization of mice and guinea pigs. Intranasal
immunization with recombinant PA mixed in a water-in-oil nanoemulsion as an
adjuvant, was effective in inducing both serum anti-PA IgG and bronchial anti-PA
IgA and IgG antibodies after one or two mucosal administrations [77]. During the
last decade, the transcutaneous route has emerged as an alternative means to in-
duce both mucosal and systemic immunity [78]. Transcutaneous immunization of
mice with recombinant PA was shown to induce long-term neutralizing antibody
titers, which were higher than those obtained with aluminum-adsorbed PA [79]. A
powder formulation of PA given by the transcutaneous route also protected rab-
bits against aerosol challenge with spores, suggesting that protection against in-
halational anthrax could be achieved by transcutaneous application of PA-based
vaccines [76].

Besides the protein-based PA vaccines discussed above, plasmid DNA and sev-
eral live recombinant vectors expressing PA were developed for immunization
against anthrax. Almost a decade ago, a plasmid DNA encoding PA was injected
intramuscularly into mice and was found to induce serum antibodies with protective
activity [80]. One approach to improve the immunogenicity of antigens expressed
by plasmid DNA vaccines consists in fusion with the VP22 protein of Herpes Sim-
plex Virus type I. Despite the success of this approach with other plasmid DNA,
the immune enhancing mechanisms of VP22 remain poorly understood. Therefore,
it is rather difficult to explain the fact that immunization with a plasmid DNA
expressing PA63 fused to VP22 failed to enhance anti-PA immunity and did not
improve the protection of A/J mice against live spore challenge [81]. Recombinant
Salmonella vectors are well-recognized as an effective system for delivery of het-
erologous transgenes by multiple routes, including the oral route. In an attempt to
develop live recombinant anthrax vaccines, whole PA or portions of this molecule
were expressed in Salmonella vectors [82, 83, 84]. Intravenous injection of mice
with an auxotrophic mutant of Salmonella typhimurium expressing the PA gene
as a fusion with the signal sequence of the hemolysin (Hly) export system, led
to high levels of anti-PA antibodies, which could protect mice against intraperi-
toneal challenge with lethal doses of Bacillus anthracis [83]. Another export sys-
tem for the expression of heterologous antigens as secreted molecules, the cytolysin
A hemolysin of Salmonella enterica serovar typhi (ClyA), was used to enhance
the immunogenicity of the PA domain 4 expressed in the Salmonella typhi vac-
cine strain CVD 908-htrA [85]. More than 70% of mice immunized intranasally
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with the Salmonella vaccine secreting PA domain 4 developed high serum anti-PA
antibody responses, while no significant responses were seen in mice that re-
ceived the live vector expressing PA domain 4 in the cytoplasm [85]. However,
the PA antigen expressed by the Salmonella vector seems be crucial for the ef-
ficacy of these recombinant vectors as oral vaccines. In this regard, Salmonella
typhimurium vectors, which expressed full-length PA, PA domains 1 and 4, or PA
domain 4 fused to the Salmonella typhi ClyA, were produced. Oral immuniza-
tion of mice with these constructs showed that only the Salmonella expressing
full-length PA protected mice against aerosol challenge with Bacillus anthracis
STI spores [84]. The recombinant Salmonella expressing PA domains 1 and 4
protected 25% of mice, while the vector expressing PA domain 4 alone afforded
no protection [84].

Replication-deficient adenoviruses are proven vectors for nasal and oral delivery
of foreign DNA. One such vector, the human adenovirus serotype 5 (Ade5), was en-
gineered to express PA. A single intramuscular injection of mice with the Ade5-PA
evoked higher levels of anti-PA antibodies and enhanced protection against Bacillus
anthracis lethal toxin challenge than the AVA [86]. However, mucosal application
of this Ade5-PA has not been reported. An attenuated nontoxinogenic nonencapsu-
lated Bacillus anthracis spore vaccine expressing high levels of PA also has been
developed and tested in oral immunization studies in animal models. This vaccine
induced anti-PA secretory IgA antibodies into the intestinal lumen of orally immu-
nized guinea pigs, indicating that spores of attenuated Bacillus strains could be a
viable oral vaccine delivery system for induction of mucosal immunity [87].

The use of attenuated bacteria or viruses as vaccine vectors has raised safety
concerns. Lactobacilli are commensals of the gut and genitourinary tract and thus,
generally are regarded as safer than attenuated bacteria for use as delivery vec-
tors for vaccine antigens and other regulatory molecules. Attempts were made to
express PA as an intracellular, surface-anchored or extracellular antigen in Lacto-
bacilli casei and these recombinant vectors were tested for oral immunization [88].
Plants also could represent a “safer” vaccine vector alternative to attenuated bac-
teria and viruses. In this regard, PA has been successfully expressed in transgenic
tobacco chloroplasts [89, 90]. Subcutaneous immunization of mice with partially
purified chloroplast-derived PA yielded anti-PA antibody levels, which protected
mice against intraperitoneal challenge with lethal toxin [90]. After the development
of a rice-based oral vaccine expressing cholera toxin B subunit [91], one would
expect that same strategy could aid the development of a plant-based cold-chain-free
oral anthrax vaccine.

13.5.2 Experimental Anthrax Vaccines for Induction of Immunity
Against Anthrax Toxin Components and Spores

Immunization with plasmid DNA encoding the LF antigen alone was reported
to provide complete protection in mice [92]. This study also showed that co-
immunization with PA and LF DNA promoted four to five times greater titers of
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anti-PA and anti-LF antibodies than those induced by the individual DNA plasmid
given alone. The PA binding sites of anthrax lethal factor and edema factor are
highly homologous, and are both located in the N-terminal fragment of these
molecules. An attenuated adenovirus encoding the N-terminal region 1–254 amino
acids of EF was constructed [93]. After three intramuscular immunizations, this
vaccine could protect approximately 50% of mice from subcutaneous challenge
with 100 × LD50 of Bacillus anthracis spores [93]. The study also demonstrated
that anti-EF antibodies cross-react with anthrax lethal factor and can neutralize the
activity of both LeTx and EdTx [93].

Other investigators addressed the question of whether or not protection against
Bacillus anthracis infection can be improved by inducing antibodies that target an-
thrax toxin components and spores or the capsule. In fact, the addition of formalde-
hyde-inactivated spores of Bacillus anthracis to PA could elicit total protection
against challenge with virulent Bacillus anthracis strains in mice and guinea pigs
[94]. Other studies now have demonstrated that the Bacillus collagen-like surface
protein of anthracis (BclA), which is located on the surface of exosporium could
substitute whole spores in vaccine formulations. For example, mice immunized
with the combination of PA- and BclA-encoding plasmid DNA better survived
challenge with Bacillus anthracis Ames spores than those immunized with PA- or
BclA-encoding plasmids alone [95]. In another study of mice primed two weeks
earlier with suboptimal doses of PA, injection of a non-glycosylated recombinant
BclA PA protected mice against lethal challenge with Bacillus anthracis Stern
spores [96]. Components of the capsule also were reported to improve anthrax im-
munity. Thus, nasal immunization of rabbits with a vaccine consisting of PA conju-
gated to a 10-mer peptide of the poly-D-glutamic acid capsule of Bacillus anthracis
was found to provide superior protection against Bacillus anthracis infection than
PA alone [97].

The combination of PA plus the N-terminal 1–254 fragment of LF (LFn1–254)
has been used as a “molecular syringe” to introduce foreign antigens coupled to
LFn1–254 into target cells. This strategy successfully delivered short peptides [98,
99] as well as proteins [100, 101]. Mechanistic studies with PA mutants attenuated
in self-assembly or translocation [98, 102] or cells with disrupted furin genes [103]
showed that delivery of Ag involves the same toxin self-assembly and transloca-
tion steps that occurr during intoxication. Most interestingly, systemic injection of
mice with PA in association with EF was found to enhance the levels of serum
anti-PA antibody responses above those achieved by injection of PA alone [60].
The adjuvant activity of EdTX for anti-PA immunity was confirmed after nasal
immunization with a mutant of EdTx consisting of a mutant EF with reduced
adenylyl cyclase activity [59]. It is important to note that EdTx as a nasal ad-
juvant also induced neutralizing anti-PA antibodies in mucosal secretions [59].
Furthermore, high anti-EF antibodies were induced after nasal immunization with
EdTx (Duverger A, unpublished observation). Both native and mutant EdTx were
shown to upregulate the expression of costimulatory molecules by antigen pre-
senting cells [32, 59], and this certainly accounts in the adjuvant activity of these
molecules.



13 Mucosal Immunity Against Anthrax 377

13.6 Summary and Perspectives

The recent cases of inhalation anthrax in the US, as well as the threat of other delib-
erate dissemination of anthrax spores as agents of bio-warfare has spurred increased
anthrax research since 2001. A major result of this burst is a greater appreciation of
mucosal tissues of the gastrointestinal and respiratory tract as both portals of entry of
Bacillus anthracis spores and initial sites of interaction of host immune cells with
Bacillus anthracis pathogenesis factors. Consistent with this new understanding,
strategies are being developed for potential induction of both mucosal and systemic
immunity to Bacillus anthracis toxins and other spore-related pathogenesis factors
(Table 13.1). The recent identification of EdTx derivatives as adjuvants for induction
of high levels of immunity against PA and EF, as well as co-administered unrelated
antigens [59], could provide a unique platform for the development of multivalent
mucosal anthrax vaccines.

Table 13.1 Summary of new approaches investigated for induction of protective immunity against
inhalational and gastrointestinal anthraxa

Antigens Formulations Delivery Routes

PA (Recombinant protein) In saline with CpG or cholera toxin
derivatives as adjuvants

Nasal

With alum Nasal
Powder Nasal
Water-in-oil nanoemulsion Nasal
Powder Transcutaneous

PA (DNA) Plasmid DNA Injection sc or im
Salmonella vector Nasal
Salmonella vector Oral
Adenoviral vector Injection im
Lactobacilli vector Oral
Transgenic plants Injection sc

EF (DNA) Plasmid DNA Injection

PA (DNA) and EF (DNA) Plasmid DNA Injection

PA (DNA) and BclA (DNA) Plasmid DNA Injection
Injection

Native PA plus native or mutant EF
(Recombinant proteins)

In saline Nasal

Transcutaneous
Oral

Recombinant PA conjugated
to a 10-mer peptide of the
poly-D-glutamic acid capsule

In saline Nasal

aWhile most current vaccines are given by intramuscular or subcutaneous injection, the new
approaches recently investigated for induction of anti-anthrax immunity involved (or could be
adapted for) delivery by routes (i.e., oral, nasal or transcutaneous) were more likely to induce
both mucosal and systemic immunity. Sc: subcutaneous; im: intra-muscular.
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Chapter 14
Structure, Immunopathogenesis and Vaccines
Against SARS Coronavirus

Indresh K. Srivastava, Elaine Kan, Isha N. Srivastava, Jimna Cisto
and Zohar Biron

Abstract A new disease, severe atypical respiratory syndrome (SARS), emerged
in China in late 2002 and developed into the first epidemic of the 21st century.
The disease was caused by an unknown animal coronavirus (CoV) that had crossed
the species barrier through close contact of humans with infected animals, and was
identified as the etiological agent for SARS. This new CoV not only became read-
ily transmissible between humans but also was also more pathogenic. The disease
spread across the world rapidly due to the air travel, and infected 8096 people and
caused 774 deaths in 26 countries on 5 continents. The disease is characterized by
flu-like symptoms, including high fever, malaise, cough, diarrhea, and infiltrates
visible on chest radiography. The overall mortality was about 10%, but varied pro-
foundly with age; the course of disease seemed to be milder in the pediatric age
group and resulted rarely in a fatal outcome, but the mortality in the elderly was as
high as 50%. Aggressive quarantine measures taken by the health authorities have
successfully contained and terminated the disease transmission. As a result there
are no SARS cases recorded recently. Nevertheless there is a possibility that the
disease may emerge in the population with high vigor. Significant progress has been
made in understanding the disease biology, pathogenesis, development of animal
models, and design and evaluation of different vaccines, and these are the focus of
this chapter.

14.1 Introduction

A new infectious disease, known as severe acute respiratory syndrome (SARS), ap-
peared in the Guangdong province of southern China in 2002. It was characterized
mainly by flu-like symptoms, including high fevers, dry nonproductive dyspnea, and
infiltrates visible on chest radiography. In about a third of all cases, the resulting
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pneumonia led to acute breathing problems requiring artificial respirators [1]. The
overall mortality for SARS was about 10%, but varied greatly with age with a
mortality rate in the elderly as high as 50% [2, 3, 4]. A previously unidentified
coronavirus was isolated from Vero and FRhK-4 cells that were inoculated with
clinical specimens (nasopharyngeal, oropharyngeal and sputum) from SARS pa-
tients [5, 6, 7]. The association of the virus with the disease was confirmed when
monkeys that were inoculated with the virus developed symptoms similar to those
observed in human cases of SARS [8]. Although accurate information about the on-
set of the SARS epidemic is not available, the Chinese Ministry of Health reported
an outbreak of unexplained pneumonia to the World Health Organization (WHO) in
February 2003. The SARS associated coronavirus (SARS-CoV) is believed to have
jumped from an animal host to humans in rural areas of the Guangdong province,
and then spread rapidly throughout the world via air travel. During the period from
November 2002 to July 2003, the epidemic of SARS spread to 29 countries, affected
approximately 8,000 people, resulted in about 800 deaths and severely crippled the
Asian economy. The overall cost of the outbreak was estimated to approach $100
billion, mostly as a result of cancelled travel and decreased investment in the af-
fected region [9]. However, aggressive quarantine measures successfully controlled
the emergence of SARS in 2003, yet in January 2004 two new confirmed cases of
community acquired SARS has been reported in China. This suggests that this infec-
tious disease has not been completely eliminated, and may dramatically re-emerge
in the human population [10].

Based on the phylogenetic analysis of the replicase genes of Coronaviruses
(CoVs), they are divided into three main sero groups: group I CoVs, including
transmissible gastroenteritis virus and human CoV 229E; group II CoVs, including
mouse hepatitis virus and bovine CoV; and group III, including infectious bronchi-
tis virus (Fig. 14.1) [11]. Phylogenetic analyses of the complete genome sequence
of the SARS-CoV suggests that it is not closely related to any of the three previously
identified coronavirus groups, nor does it seem to be a reassortant of known coron-
aviruses [12]. Its unique sequence suggests that the virus has evolved independently
from the other members of the family for a long period of time. The search for a
possible natural reservoir of the SARS-CoV is ongoing, since it could serve as the
launch pad for another SARS outbreak. To date, these efforts have limited success
because a virus with very close sequence homology was isolated from palm civets,
raccoons, dogs, and the Chinese ferret badger, indicating that the virus may have
jumped recently from these mammals to humans [13]. Cats may be infected with the
virus and can spread it, but do not show clinical signs of infection [14]. Moreover,
the virus has been detected on the body-surface and gut contents of cockroaches by
PCR, but their organs were negative, so they might act as a mechanical vector of
virus transmission [15]. The pandemic potential and pathogenicity of SARS-CoV,
as well as the absence of effective licensed drugs, highlights the need for aggressive
efforts directed toward the development of a safe and effective vaccine. The avail-
ability of a prophylactic vaccine would be a particularly desirable solution, since it
would not only prevent disease in vaccinated people, but it would also reduce overall
spread of the virus. While the development of coronavirus vaccines generally has
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Fig. 14.1 Phylogenetic
analysis of coronavirus
replicase genes. SARS-CoV
linage is derived from group
2 viruses. IBV, infectious
bronchitis virus; TGEV,
porcine transmissible
gastroenteritis virus; EtoV,
equine torovirus; MHV-A59,
murine hepatitis virus A59;
PEDV, porcine epidemic
diarrhea virus; HCoV-229E,
human coronavirus 229E
(Figure is adapted
from [11, 148])

been challenging, there are several encouraging factors which point towards the
feasibility of developing a SARS-CoV vaccine: (1) the evidence that SARS-CoV
is inducing an acute infection and disease (it is generally more complicated to
develop a vaccine against a microorganism that induces a chronic infection); (2) the
infection mounts a strong humoral response; (3) passive transfer of sera obtained
from convalescent patients to SARS patients resulted in the reduction of the viral
load that saved the lives of the patients; (4) the relative ease with which the virus
can be propagated in vitro; and (5) as a proof of concept there are some effec-
tive licensed veterinary coronavirus vaccines based on inactivated or live attenuated
virus, including those against a canine coronavirus and avian infectious bronchitis
virus.

In this chapter, we will focus on: (a) Genes and proteins of the SARS-CoV;
(b) correlates of protection; (c) animal models; (d) application of different tech-
nologies for developing SARS vaccine; (e) use of adjuvant and delivery systems for
enhancing the potency of the vaccine, and (f) the potential issue of disease enhance-
ment due to vaccines.

14.1.1 Gene Organization of SARS Coronavirus

Similar to other coronaviruses, SARS-CoV is an enveloped positive-strand RNA
virus, featuring a large viral genome encoding for the three different types of pro-
teins known as (i) structural, (ii) non-structural and (iii) accessory proteins. We will
discuss these different proteins one by one.
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14.1.2 Structural Proteins

This group of proteins includes the spike (S), envelope (E), matrix (M) glyco-
proteins, the nucleocapsid protein (N) [16, 17]. The S, M and E proteins are in-
corporated into the viral envelope, and S-protein dimers or trimers protrude from
the viral membrane, providing CoVs with a characteristic corona-resembling shape
(Fig. 14.2). For the structural proteins we will focus on Spike and nucleocapsid
proteins, as they are the prime targets for developing an effective and efficacious
vaccine.

14.1.3 SARS Spike Protein

The S protein of SARS-CoV is a large transmembrane glycoprotein of coron-
aviruses, and is responsible for virus binding, fusion and entry. Since the S protein is
exposed on the surface of the virion, it is the major target for inducing neutralizing
antibodies. Furthermore, the S protein plays critical roles in viral pathogenesis and
virulence, and is also important for viral functions and antigenicity [18].

The S protein is a type I transmembrane glycoprotein with 1255 amino acids.
All CoV S-proteins contain an N-terminal signal peptide, which facilitates transport
into the endoplasmic reticulum, where the proteins are extensively glycosylated.
Notably, SARS-CoV S has 23 consensus sites for N-linked glycosylation [16, 17,
19, 20, 21]. Comparison of SARS S protein with the S proteins of other coron-
aviruses, revealed that the sequence of the SARS-CoV S protein may have the fol-
lowing hypothetical features (i) a 13-amino-acid cleavable secretory signal [16], (ii)
a putative S1 globular domain (residues 15–680) with a potential receptor binding

Fig. 14.2 Morphology of the
SARS-CoV. A Schematic
presentation of the virus. A
lipid bilayer comprising the
spike protein, the membrane
protein and the envelope
protein cloaks the helical
nucleocapsid, which consist
of the nucleocapsid protein
that is associated with the
viral RNA (adapted
from [148])
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site [7, 21, 22, 23], (iii) a putative S2 stalk domain (residues 681–1255) with a fusion
peptide and heptad repeats, (iv) a hydrophobic transmembrane (TM) domain near
the C terminus that could be responsible for anchoring the S protein to the virion
lipid envelope [24], and (v) a cysteine-rich (Cy) domain immediately following the
membrane anchor region, a feature common to all other coronaviruses which may
be involved in stabilizing protein-lipid interactions.

The S1 domain is responsible for virus binding to the receptor on the target
cells. It has been demonstrated that angiotensin-converting enzyme 2 (ACE2) is
a functional receptor for SARS-CoV [7, 22, 25, 26]. Investigators have mapped an
approximately 200 amino acid region of S1 domain (318–510 amino acids) that is
responsible for interacting with ACE2, its receptor. This 200 amino acid domain
is known as the receptor-binding domain (RBD) [27, 28, 29]. The S2 domain con-
tains a putative fusion peptide and two heptad repeat (HR1 and HR2) regions. Upon
binding of RBD on the viral S protein to ACE2 on target cells, S2 changes confor-
mation by interaction between the HR1 and HR2 regions to form fusogenic core
and bring viral and target cell membrane into close proximity, resulting in virus
fusion and entry [30]. The HR1 and HR2 regions can associate to form a six-helix
bundle structure [30, 31], and a peptide derived from the HR2 region of SARS-CoV
S protein had inhibitory activity on SARS-CoV infection [30]. This indicates that
the fragments containing the functional domains on the S protein may be used as
antigens for inducing antibodies to block virus binding or fusion. Notably, glycopro-
teins (GPs) of highly divergent viruses, including human immunodeficiency virus
(HIV) [32], and mouse hepatitis coronavirus (MHV) [24, 33] exhibit a similar ar-
chitecture. These GPs, referred to as class I fusion proteins, use similar mechanisms
to promote membrane fusion, which has important implications for therapeutic in-
tervention. However, despite the similarities in domain organization, the SARS-CoV
S-protein does not exhibit significant sequence identity with S-protein of any other
CoVs; the highest sequence conservation is found in heptad repeats (HRs) located
within the S2 regions underlining their important function.

The S polypeptide is N-glycosylated co-translationally in the endoplasmic retic-
ulum (ER) and further processed in the Golgi apparatus [24]. The S glycoproteins
of human coronavirus 229E, transmissible gastroenteritis virus (TGEV), porcine
respiratory coronavirus, feline infectious peritonitis virus, and canine coronavirus
remain as single glycoproteins, those of mouse hepatitis virus, bovine coronaviruses,
and human coronavirus OC43 are proteolytically cleaved into two subunits, S1 and
S2, during the cellular transport process. Earlier studies of TGEV indicate that
the S protein is an oligomer composed of three copies of the monomeric S gly-
coprotein [34]. Such a quaternary structure has been reported for other enveloped
RNA viruses and has been demonstrated to be important for eliciting neutralizing
antibodies against hemagglutinin A (HA) of influenza virus [35], the gp120-gp41
heterodimer of human immunodeficiency virus [36], and the G protein of vesicular
stomatitis virus [37].

It is believed that S-protein is present as a trimer on the surface of SARS CoV.
Li and colleagues [38] have characterized four sequential states of a purified re-
combinant S ectodomain (S-e) comprising S1 and the ectodomain of S2. They



388 I.K. Srivastava et al.

are S-e monomers, uncleaved S-e trimers, cleaved S-e trimers, and dissociated S1
monomers and S2 trimer rosettes. Lowered pH induces an irreversible transition
from flexible, L-shaped S-e monomers to clove-shaped trimers. Protease cleavage
of the trimer occurs at the S1-S2 boundary; an ensuing S1 dissociation leads to
a major rearrangement of the trimeric S2 and to formation of rosettes likely to
represent clusters of elongated, post-fusion trimers of S2 associated through their
fusion peptides. The states and transitions of S suggest conformational changes
that mediate viral entry into cells. However, S-protein in different conformations
is yet to be evaluated for its efficacy in inducing potent neutralizing antibody
responses.

14.2 The Interaction of S-protein with Dendritic Cells

Binding of viral glycoproteins to cellular factors other than the receptor(s) does not
enable entry but can enhance viral infection. Therefore, various pathogens, includ-
ing HIV, are thought to interact with factors on dendritic cells (DCs) to promote their
spread within infected individuals [39]. Binding of HIV to DCs facilitates infection
of nearby susceptible cells through a mechanism that is not completely understood.
The lectin DC-SIGN (dendritic cell-specific ICAM-grabbing non-integrin) or re-
lated molecules might be instrumental to this process because DC-SIGN expressed
on cell lines binds to the GP of HIV and catalyzes infection of adjacent receptor-
positive cells. DC-SIGN also interacts with SARS-CoV S-protein and augments
infection with retroviral particles bearing the S-protein on their envelope [40, 41].
This observation is reflected by efficient DC-mediated SARS-CoV transmission to
target cells [40, 41]. Furthermore, additional factors other than DC-SIGN are clearly
involved in viral transfer [40]. Notably, DCs are not permissive to virus infection, in-
dicating that productive infection is not required for transmission [40, 41]. However,
the interaction of SARS-CoV with DCs could contribute to SARS pathogenesis.
Attachment of SARS-CoV to dermal DCs might facilitate viral spread in the skin,
whereas DC-SIGN-positive alveolar macrophages could promote SARS-CoV repli-
cation in the lung. Moreover, internalization of SARS-CoV by DCs might provide
the virus with means of immune escape.

14.3 Receptor for SARS-CoV

Efforts from several groups were focused on the identification of the cellular re-
ceptor for SARS-CoV. Li et al. [7] reported that the metallopeptidase angiotensin-
converting enzyme 2 (ACE2) is a receptor for SARS-CoV. They had used a soluble
S1-immunoglobulin (Ig) fusion protein for immunoprecipitation experiments with
lysates from Vero E6 cells, the cell type used for the isolation of SARS-CoV. Sub-
sequent proteomic analysis revealed ACE2 to be a high-affinity binding partner of
S1. Inhibition of SARS-CoV infection of susceptible cells using antibodies against
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ACE2, in conjunction with the observation that ACE2 expression in a resistant
cell line for SARS CoV makes it highly susceptible for SARS infection, indicated
that the interaction of S1 protein to ACE2 facilitated SARS-CoV infection [7].
Wong et al. also identified ACE2 as a SARS-CoV receptor by using a different
approach [28]. Binding studies using soluble fragments of SARS-CoV S-protein
revealed residues 318 to 510 to be the minimal receptor-binding domain [21, 27, 28].
An initial search for S-protein residues that are important for ACE2 binding pointed
to E452 and D454, with the latter being crucial for association with ACE2 [28].
However, the exact regions of ACE2, which are in contact with the S-protein, remain
to be identified. Recently, the structure of the ACE2 ectodomain has been resolved,
revealing two ridges flanking the catalytic site [42]. Molecular modeling suggests
that these ridges might interact with the S-protein [26]. Interestingly, binding of
ACE2 to an inhibitor and probably also to substrate induces structural changes
within these ridges [42] and might interfere with binding to the S-protein. Detailed
analysis will be required to identify residues within the S-protein and ACE2 that
are critical for their interaction; and therefore represent attractive targets for devel-
oping inhibitors. It is also conceivable that inducing potent antibodies against the
receptor-binding domain could be an attractive strategy for developing a vaccine
against the SARS.

These studies might also have important implications for the development of
small animal models. Thus, ACE2 from African green monkeys enables efficient
entry of SARS-CoV [43], and infection of some macaque species reproduces as-
pects of SARS in humans [8, 44], while viral replication in mice is less robust
and does not induce disease [45]. It will, therefore, be important to determine
if a potentially reduced interaction of SARS-CoV S-protein with murine ACE2
limits viral spread in these animals. If that were the case, then the generation of
transgenic animals would be of greater significance [7]. ACE2, a carboxypepti-
dase that cleaves polypeptides from the renal-angiotensin system [46], is essential
for cardiac function [47] and is expressed in various tissues and organs [48]. Im-
portantly, major target cells of SARS-CoV, such as pneumocytes [1, 49, 50, 51],
express ACE2 [48], and expression in cell lines correlates with permissiveness to
SARS-CoV S-driven infection [43], indicating that ACE2 plays a central role in
SARS-CoV replication.

14.4 Co-receptor or Alternative Receptors for SARS CoV

In contrast to HIV, the evidence for the requirement of a co-receptor or the existence
of alternative receptors for SARS-CoV to entry into certain tissues has not yet been
demonstrated. However, ACE2-dependent infection of organs other than the lung
might contribute to SARS pathogenesis. For example, small intestinal enterocytes
express ACE2 [48] and are permissive for SARS-CoV [49, 51, 52]. Moreover, the
efficient infection of renal epithelial cells of different species [41] and isolation
of the virus from kidney tissue of a SARS patient [6] suggest that SARS-CoV
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infection of kidney cells might contribute to acute renal failure observed in some
SARS patients [41, 53]. Infection of intestinal enterocytes and kidney cells could
facilitate viral transmission via the fecal-oral route. Viral RNA has been detected
in stool samples from SARS patients [1, 52], however, it is unclear if transmission
via feces promoted viral spread during the 2003 outbreak. Hepatocytes from SARS
patients were also infected [49], and some ACE2-expressing hepatoma cell lines are
highly permissive to replication of SARS-CoV [41, 43, 54]. Infection of hepatocytes
might therefore partially account for the altered levels of liver-specific enzymes
commonly observed in SARS patients [1, 54]. Because liver tissue was found to
be largely negative for ACE2 protein expression [48], it will be interesting to ex-
amine whether viral entry is facilitated by low levels of ACE2 expression or other
factors.

14.5 SARS-CoV Spike Protein Triggering: Low pH Versus
Receptor Engagement

Receptor engagement can activate the fusion machinery of viral glycoproteins in
two ways. First, binding to receptor can directly activate the fusion process [25, 55],
which is the case for HIV and murine leukemia virus (MLV) glycoproteins. Al-
ternatively, receptor engagement can trigger the internalization of viral particles
into endosomes where protonation activates glycoprotein-driven membrane fu-
sion [25, 55]. Influenza hemagglutinin and the vesicular stomatitis virus G-protein
(VSV-G) are activated by low pH. In the case of SARS CoV it has been demon-
strated that inhibitors of vacuolar acidification also block infection by S-bearing
pseudotypes, suggesting potential triggering of the fusion activity of SARS-CoV
S-protein by low pH [41, 54, 56]. However, SARS-CoV S-driven cell-to-cell fu-
sion can occur in the absence of low pH [21, 25]. Therefore, the S-protein of
SARS-CoV might be able to mediate membrane fusion in a pH-dependent and
independent fashion, and several parameters might control which stimulus is re-
quired under what conditions. One such parameter could be the association between
the S1 and S2 subunits of the SARS-CoV S-protein. Many class I fusion proteins
are cleaved into an outer and a transmembrane subunit by cellular proteases. In
addition, the cleavage is essential for the functionality of the glycoprotein such
as the case for HIV envelope. By contrast, S-proteins of group I CoVs are not
cleaved at all, and cleavage of the S-protein of MHV, a group II CoV, appears to
be cell-type dependent and not required for its functionality [24, 57]. Based on
the limited set of data, it seems there are no obvious consensus sites for cellular
proteases present in SARS-CoV S protein [16, 17], and efficient cleavage of the
protein has not been reported [21, 24, 30, 58]. Notably, protease treatment of cells
expressing S-protein resulted in an increased cell-to-cell fusion activity [56], indi-
cating that cleavage of S protein might enable pH-independent, receptor-dependent
triggering of the fusion activity. Further work is needed to clearly demonstrate the
role of cellular proteases in triggering the S-protein driven membrane fusion of
the SARS CoV.
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14.6 Membrane Fusion

Two functional elements located in the transmembrane domain of CoV S-proteins
are key to the membrane fusion: a putative fusion peptide and two heptads repeat
(HR). The function of these elements has been elucidated in the context of prototype
class I fusion proteins, such as HIV gp160 [59]. Cleavage of gp160 produces the
fusion active form of the transmembrane subunit gp41, which is oriented perpendic-
ular to the viral membrane and contains a fusion peptide (a stretch of hydrophobic
amino acids) at its N-terminus. Two HRs (HR1 and HR2) are located between the
fusion peptide and the transmembrane domain. During the fusion process, the fusion
peptide inserts into the target cell membrane, HR2 folds back onto HR1, resulting
in the formation of a six-helix bundle structure (trimer of dimers). In this confor-
mation, the HRs are oriented in an anti-parallel fashion, thereby bringing the fusion
peptide (inserted into the target cell membrane) and the transmembrane domain
(inserted into the viral membrane) into close contact, which ultimately facilitates
the membrane fusion [59].

Bosch et al. [24] demonstrated that fusion driven by the S-protein of MHV fol-
lows similar principles; however, a major difference compared to HIV was observed.
The fact that the cleavage of many CoV S-proteins, including that of SARS-CoV,
is not needed for exerting their function suggests that these proteins must have an
internal fusion peptide similar to the G-protein of VSV. A computer-based analysis
has predicted a potential fusion peptide at the N-terminus of HR1 in SARS-CoV S
[59]. In light of these observations, the model for membrane fusion illustrated pre-
viously must be revised for the SARS-CoV S-protein. Thus, upon exposure to low
pH it is possible that an internal fusion peptide, which is covalently associated with
both the S1 and S2 subunits, inserts into the target cell membrane, and the mem-
brane fusion is driven by the formation of the six-helix bundle between HR1 and
HR2. In case of influenza HA, a low pH environment triggers irreversible confor-
mational changes associated with membrane fusion, whereas exposure of VSV-G
to low pH induces a reversible transition into the fusion active state [59]. The na-
ture of pH-induced conformational changes in SARS-CoV S-protein remains to be
determined. If the model proposed above accurately describes SARS-CoV S-driven
membrane fusion, one would expect that peptides mimicking HR1 or HR2 should
assemble into a six-helix bundle and that such peptides would inhibit SARS-CoV
S-mediated membrane fusion. The latter speculation is based on evidence obtained
with several viral class I fusion proteins, including MHV S-protein [24], for which
HR-derived peptides were shown to inhibit fusion by preventing the formation of the
six-helix bundle [59]. The peptide T20, which potently inhibits HIV gp160-driven
membrane fusion when present in the low-nanomolar range, has been approved for
use in patients, representing the first member of entry inhibitors, a new class of
therapeutics [60]. Therefore, blocking the six-bundle formation either by chemical
means such as T-20 is a proven therapeutic agent or whereas directing antibodies
to the critical elements may represent an attractive target for developing a vaccine
against SARS-CoV.
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14.7 SARS Nucleocapsid Protein

The N protein, which binds to the genomic RNA via a leader sequence, recognizes
a stretch of RNA that serves as a packaging signal and leads to the formation of
the helical ribonucleoprotein (RNP) complex during assembly. The structure of the
RNA-binding domain of the SARS-CoV N protein was determined by NMR spec-
troscopy in 2004 [61]. It consists of a five-stranded � sheet whose folding is unre-
lated to that of other RNA-binding proteins. The authors identified a binding site for
single-stranded RNA (ssRNA), using NMR to determine the resonance of residues
perturbed by the addition of RNA, and revealed a similar mode of interaction to
RNA-binding proteins such as U1A RNP. They also identified small molecules from
an NMR-based screen that bind to the RNA-binding domain and might impair its
function. Antigenic peptides of the coronavirus N protein can be recognized by T
cells on the surface of infected cells [62, 63]. The structure of the MHC-I molecule
HLAA∗ 1101 in complex with such a peptide derived from the SARS-CoV N pro-
tein, a nonamer with a SARS-specific sequence, has recently been determined to
1.45 A◦ resolution [61]. It is similar to other MHC-I molecules and shows a similar
peptide-binding mode, and thus this structure adds to the growing library of MHC-I
structures and could be used as a template for peptide-based vaccine design.

14.8 Non-structural Proteins

The SARS-CoV replicase gene encodes for 16 non-structural proteins (nsp), with
multiple enzymatic functions. These are known or predicted to include types of
enzymes that are common components of the replication machinery of plus-strand
RNA viruses: an RNA-dependent RNA polymerase activity (RdRp, nsp12); a 3C-
like serine protease activity (Mpro or 3CLpro, nsp5); a papain-like protease 2 activ-
ity (PL2pro, nsp3); and a superfamily-1 helicase activity (HEL1, nsp13) [16, 64, 65].
In addition, the replicase gene encodes proteins that are indicative of 30–50 exori-
bonuclease activity (ExoN homologue, nsp14), endoribonuclease activity (XendoU
homologue, nsp15), adenosine diphosphate-ribose 10-phosphatase activity (ADRP,
nsp3) and ribose 20-O-methyltransferase activity (20-O-MT, nsp16). These en-
zymes are less common in plus-strand RNA viruses, and may therefore be related
to the unique properties of coronavirus replication and transcription. Finally, the
replicase gene encodes another nine proteins, of which little is known about their
structure or function. The nsp 4, 10 and 16 have been implicated by genetic analysis
in the assembly of a functional replicase–transcriptase complex.

14.9 Accessory Proteins

The genomic sequences of numerous SARS-CoV isolates have been determined.
The ‘conserved’ open reading frames (ORFs) of the SARS-CoV genome occur in the
same order as and are of similar size to those found in other coronaviruses. However,
in addition to the conserved genes, the SARS-CoV genome contains eight novel
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ORFs at the 3′ end (ORFs 3a, 3b, 6, 7a, 7b, 8a, 8b and 9b) [11]. To date, the functions
of these genes remain largely unknown, although their absence from other genomes
suggests unique functions that might be advantageous to SARS-CoV replication,
assembly or virulence [66]. Only one of these so-called accessory proteins has a
known structure and further studies are required to elucidate their precise functions.

14.10 Correlate of Protection for SARS

SARS CoV infection of humans results in the development of acute respiratory syn-
drome in about 10% of the patients, which usually results in mortality. Therefore,
one of the major questions in SARS is how the immune system manages to control
the infection in the majority of patients. The S glycoprotein is a major structural
protein of SARS-CoV and a potential target for SARS-specific humoral immu-
nity and/or cell-mediated immune responses. Recent studies in animal models have
demonstrated that vaccines based on the S protein of SARS-CoV seem to induce
a considerable neutralizing antibody response [58, 67, 68, 69] and provide protec-
tion via inhibition of viral replication after challenge with live SARS-CoV [68].
In addition, SARS-CoV specific IgG can be detected at week 3 after the onset of
syndromes in SARS patients and persist for a long period of time [70, 71]. Poly-
clonal immune sera from convalescent SARS patients were passively transferred
to treat SARS patients during the outbreak in 2003 [72]. These findings revealed
that humoral immune responses, therefore, play an important role in controlling and
clearing SARS-CoV infection in humans and mice. Moreover, the S protein in its
native conformation might be a suitable candidate for vaccine approaches. Indeed,
immunization of macaques with adenoviruses coding for S, M, and N triggered the
production of neutralizing antibodies, providing at least some indirect proof that
S-based vaccines hold promise. To clearly demonstrate that antibodies are really
involved in the control of SARS CoV infection, investigators resorted to the use of
passive transfer experiments, a practice of administering polyclonal immunoglobu-
lin isolated from hyperimmune sera of animal or human origin, introduced by Von
Behring and Kitasato. It has been used extensively in prophylactic as well as in
therapeutic settings [73]. However, the risks related to the use of human blood prod-
ucts make them problematic as a standard therapy. Human monoclonal antibodies
may be a solution to some of the problems. In addition the use of mAbs has the
added advantage of using higher tittered and higher avidity antibody directed against
the protective epitope(s). Furthermore, it may also alleviate the concern of disease
enhancement, since generally low avidity antibodies are considered to cause disease
enhancement.

14.11 Passive Transfer of Monoclonal Antibodies

The first human monoclonal antibody (mAb) resulted from a screen of a human
non-immune single-chain variable region fragment (scFv) phage library constructed
from B cells against the S1 domain of the SARS-CoV spike protein. The antibody
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had a high neutralization activity in vitro and blocked syncytia formation of 293T
cells expressing the S protein on their surface [74]. When the antibody was given
prophylactically to mice at doses therapeutically achievable in humans, viral repli-
cation was reduced by more than 4 orders of magnitude and was no longer de-
tectable [74]. Also employing phage display technology to screen a naı̈ve antibody
library for antibodies reactive against the S protein, ter Meulen and colleagues
isolated a human mAb belonging to the IgG1 subclass [75]. Prophylactic admin-
istration of this antibody to ferrets, an animal model of SARS-CoV infection and
disease, has reduced replication of SARS-CoV in the lungs of infected ferrets by
3.3 logs (p < 0.001), completely prevented the development of SARS-CoV induced
lung pathology (p < 0.013), and abolished shedding of the virus in pharyngeal se-
cretions. Traggiai and coworkers [76] chose B cells from a convalescent person
to identify human mAbs recognizing SARS-CoV. Through a combination of mag-
netic and fluorescence-activated cell sorting they isolated memory B-lymphocytes,
which were subsequently immortalized with Epstein-Barr virus (EBV). B lympho-
cyte clones were selected according to their ability to recognize the SARS-CoV
proteins and/or to neutralize the virus. Surprisingly, only a small fraction of memory
B cells specific for SARS-CoV antigens were directed against neutralizing epitopes
present in the spike protein. One of the human mAbs was tested in a mouse model
for its in vivo neutralizing activity [45]. It protected the lungs completely and the
upper respiratory tract partially from virus replication when given two days prior
to challenge with SARS-CoV. This approach has the advantage that it is fast, as
it can be completed within 3 months, and efficient. It generates large numbers of
antibodies that can immediately be screened for the most favorable affinity and
epitope specificity. Passive immunization certainly has its merits especially when
it comes to the prophylactic protection of high-risk groups like health care work-
ers but might also be of therapeutic benefit when given early after onset of the
disease.

14.12 The Role of Cell Mediated Immunity
in SARS-CoV Infection

The role of cell-mediated immunity in the resolution of SARS-CoV infection in hu-
mans is still not well understood. In an study by Yang and colleagues, the investiga-
tors observed that memory T-cell responses against the S protein were persistent for
more than 1 year after SARS-CoV infection by detecting the production of IFN-�
using ELISA and ELISpot assays [77]. Flow cytometric analysis demonstrated that
both CD4+ and CD8+ T cells were involved in cellular responses against SARS-
CoV infection. Interestingly, most of SARS-CoV S-specific memory CD4+ T cells
were central memory cells with the CD45RO+ CCR7+ CD62L phenotype. How-
ever, the majority of memory CD8+ T cells revealed effector memory phenotype,
CD45RO-CCR7-CD62L-. Thus, the study provides evidence that SARS-CoV infec-
tion in humans can induce cellular immune responses that are persistent for a long
period of time. These data may argue for the design a vaccine that may be effective in
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inducing not only potent neutralizing antibody responses but also cellular responses
and T-helper cell responses as well. Nevertheless, further work would be needed
to establish a direct correlation between strong cellular responses and reduced vi-
ral load.

14.13 Animal Models

An authentic animal model that represents infections of humans with SARS-CoV is
critical for a better understanding of the disease. In addition, animal models are key
for pre-clinical evaluations of the most effective vaccines leading to clinical evalua-
tions. Efforts have been made by different groups to develop rhesus, mouse, and fer-
ret challenge models for SARS-CoV infection. SARS-CoV can infect cynomolgus
macaques (Macaca fascicularis) following intratracheal inoculation [8, 44, 78, 79].
The histopathologic pattern resembled that seen in humans dying of SARS when
the animals were analyzed 4 or 6 days after infection with a Hong Kong SARS-
CoV isolate [8, 44]. A different study using the Tor2 isolate found only mild, self
limited, respiratory symptoms in some animals and low-level virus replication [78].
Experimental infection of the three species of Old World monkeys (African Green,
rhesus, and cynomolgus monkeys) with SARS-CoV strain Urbani via the respiratory
route revealed a quantitative difference in virus replication in the upper and lower
respiratory tract of the three species; the virus replicated to higher titers and for a
longer time in the respiratory tract of African Green monkeys (AGM) compared
to cynomolgus or rhesus monkeys. The titer of serum neutralizing antibodies in-
duced in these animals correlated with the level of viral replication in the respiratory
tract. Histopathologic examination of African green monkey lungs were consistent
with those reported by Kuiken et al. and Fouchier et al. although they found more
evidence for pneumonitis at earlier time-points post infection (2 days vs. 4 or 6
days, respectively) [79]. Ferrets, cats, mice, and Golden Syrian hamsters have also
been successfully infected with SARS-CoV. All of these animal models support
viral replication in the upper and lower respiratory tract although no clinical signs
were seen in SARS-CoV inoculated cats. Infected ferrets on the other hand be-
came lethargic from day 2–4 post infection, and developed a lung pathology similar
to but milder than those described for infected macaques. Both infected cats and
ferrets were able to efficiently transmit the virus to other animals living in close
proximity [14]. Following intranasal administration of SARS-CoV strain Urbani,
the virus replicates in the respiratory tract of BALB/c mice [45] and Golden Syrian
hamsters [80]. The kinetics of virus replication in both species resembles each other,
peaking at day 2, post infection and the virus clears after 5–7 days. In hamsters,
however, the virus reaches higher titers especially in the upper respiratory tract, and
the animals are shedding the virus for a longer time. In contrast to mice, hamsters
showed pathology in the upper and lower respiratory tract, as well as viremia and
extrapulmonary spread of the virus to liver and spleen. Neither Golden Syrian ham-
ster nor BALB/c mice showed any clinical signs of disease with the exception of
aged mice. Twelve to fourteen months old BALB/c mice infected with SARS-CoV
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demonstrated signs of clinical illness as characterized by weight loss, hunching, ruf-
fled fur, and slight dehydration, which were resolved by day 7-post infection. Com-
pared to young BALB/c mice, SARS-CoV replication was enhanced and prolonged
in the aged mice; virus titers were higher in the lungs and accompanied by alveolar
damage and interstitial pneumonitis [80]. All animal models described above differ
from the human disease in two important aspects: (a) the period between infection
and the peak in viral load is shorter; and (b) pathology is shortened and the disease
rarely progresses to a fatal outcome. But despite these differences, these animal
models are important and useful for vaccine evaluation.

14.14 Development of SARS Vaccine using Different
Platform Technologies

Vaccine efficacy is generally measured by the ability of the antigen to raise a pro-
tective immunologic response from B and/or T cells after exposure to the pathogen.
Ideally, by creating antigen-specific memory within the immune system, individuals
will be protected from infection for decades. Several veterinary coronavirus vac-
cines are currently available, but their efficacy is variable. The vaccine for preven-
tion of infectious bronchitis virus (IBV), which infects chickens, is effective [81],
but the canine and porcine vaccines are only partially effective [82]. The feline in-
fectious peritonitis (FIP) vaccine is actually deleterious to the health of the animal.

There are several independent and parallel vaccine approaches being evaluated
against the SARS-CoV: (i) live attenuated or inactivated virus, (ii) DNA Vaccines;
(iii) DNA prime and boost approach; iv) use of viral vectors for delivering the vac-
cine; (v) recombinant subunit vaccine, and (vi) use of virus like particles (VLP).
All these approaches have potential advantages and disadvantages, and one needs
to weigh the pros and cons for each technology, and select the technology, which is
most potent in inducing protective immune responses.

14.14.1 Attenuated and Inactivated Whole Virus Based Vaccines

The choice of an inactivated vaccine is, without question, the most expeditious route
that can be pursued to reach the clinical evaluation stage of a potential SARS-CoV
vaccine. It has a safety record established by immunizing people with hundreds
of million doses and they are generally easy to manufacture. Moreover, they are
able to induce a broad immune response against all antigenic determinants of the
virus. In fact, many groups from academic institutions and industry are working on
the development of an inactivated vaccine against the SARS-CoV and in Decem-
ber 2004 Sinovac Biotech announced that all 36 subjects participating in a phase
I human clinical trial testing an inactivated SARS-CoV vaccine had received their
second and last vaccination (http://www.news-medical.net/?id=4560). So far, no
adverse reactions have been reported and all participants are in good health. A recent
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study by Zhou and colleagues [83] describes a formaldehyde inactivated whole virus
vaccine, which was tested for its immunogenicity, safety, and protective efficacy
in rhesus monkeys. The animals were immunized twice intramuscularly (i.m) at
one-week interval with 0.5, 5, or 50 �g of non-adjuvanted vaccine and challenged
2 weeks after the second immunization. None of the vaccinated animals developed
any clinical symptoms upon virus challenge. However, the control group showed
only minor clinical signs. Two weeks after the second immunization SARS-CoV
specific IgG and neutralization titers were highest in the 50 �g group and those ani-
mals were protected from virus challenge, as no replicating virus could be detected
in the lungs 15 days post challenge. However, animals receiving lower dosages were
only partially protected. The detection of increased IFN-� concentrations and almost
constant IL-4 concentrations in vaccinated animals indicated a Th-1 driven immune
response. He and colleagues (2004) demonstrated that SARS-CoV inactivated by
�-propiolactone (BPL) elicited high titers of antibodies in the immunized mice and
rabbits that recognize the S protein, especially the receptor-binding domain (RBD)
in the S1 region [84]. The antisera from the immunized animals efficiently bound
to the RBD and blocked binding of RBD to angiotensin-converting enzyme 2, the
functional receptor on the susceptible cells for SARS-CoV. With a sensitive and
quantitative single-cycle infection assay, using pseudovirus bearing the SARS-CoV
S protein, the investigators demonstrated that mouse and rabbit antisera significantly
inhibited S protein-mediated virus entry with mean 50% inhibitory titers of 1:7393
and 1:2060, respectively. These data suggest that the RBD of S protein is a major
neutralization determinant in the inactivated SARS vaccine, which can induce po-
tent neutralizing antibodies to block SARS-CoV entry [84]. In another study, a BPL
inactivated SARS-CoV vaccine was developed and tested for its immunogenicity
and efficacy in BALB/c mice in collaboration with the NIH [85]. Animals were
immunized at 0, 2, and 4 weeks with 5 �g of inactivated virus with or without
the adjuvant MF59, an oil squalene-in-water emulsion, approved for human use in
Europe for an influenza vaccine [86]. After three doses, the MF59 adjuvanted BPL-
inactivated SARS virus vaccine induced a ten fold higher neutralizing titer (1:645)
than the non-adjuvanted vaccine (1:64). IgG subclass determination indicated pre-
dominant Th2-type immune response to the adjuvanted vaccine. Two weeks after
the last vaccine dose, mice were challenged intranasally and nasal turbinates and
lung tissues were analyzed for infectious virus two days later. Complete protection
from virus replication was observed in mice that received the MF59 adjuvanted vac-
cine; neither the nasal turbinates nor the lungs of these mice contained recoverable
virus. Immunization with the non-adjuvanted vaccine resulted in complete protec-
tion of the upper respiratory tract and a significant (p < 0.00001) reduction of viral
titers in the lower respiratory tract of 30,000-fold compared to the control groups.
A number of other investigators have also evaluated whole virus vaccines using
UV, BPL or formaldehyde to inactive the virus in mice and rabbits and combined
them with different types of adjuvant [84, 87, 88, 89]. Regardless of the method or
combination used, all vaccines elicited strong immune responses underscoring the
potential of this approach. One major drawback inherent to all vaccines using inac-
tivated viruses is the high risk of accidents during their production. High amounts of
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infectious virus have to be cultivated and purified raising the probability of incidents.
Using live attenuated virus strains instead of wild type virus could minimize this
risk.

In summary, vaccines can be produced by inactivation of the virus, by using
an attenuated or weak form of the virus, or by using recombinant forms of viral
components. Inactivated virus vaccines are relatively safe because they cannot re-
vert back to the live form. They are also relatively stable and may not even require
refrigeration. This is important in developing countries and for ease in mobilization
during outbreak or emergency situations. However, there are limitations to their use.
Inactivated vaccines usually require several doses and some are weakly effective at
stimulating an immune response. The vaccine to prevent hepatitis A is an example
of an inactivated viral vaccine [90]. Furthermore, these vaccines are less character-
ized, may require special laboratory for the development therefore it may be even
harder to get the FDA approval for clinical evaluation. An unfortunate example of
this general lack of characterization is the inactivated respiratory syncytial virus,
which caused two deaths and many hospitalizations due to disease enhancement in
vaccinated infants.

14.14.2 DNA Vaccines

DNA vaccination is quite a powerful strategy, and receiving considerable attention
due to its ability to induce both humoral and cellular immune responses. It induces
immune responses to, and in some cases even leads to, the protection against various
types of infections, such as influenza, malaria, and SARS [91, 92, 93]. A common
feature of DNA vaccination is that the synthesis of the antigen occurs in intracellular
compartments, allowing the processed antigen to enter the MHC class I pathway, in
turn to generate CD8+ cytotoxic T-lymphocyte (CTL) activities. High CTL and
antibody responses were observed after mice were injected three times with a re-
combinant plasmid vector expressing the N protein [94]. Mice immunized with a
plasmid containing the S protein produced anti-SARS-CoV IgG and developed neu-
tralizing antibodies and a T-cell mediated response resulting in a six-fold reduction
in viral titers in the lungs. Plasmids encoding either the S1 or S2 regions of the
spike protein elicited antibody production in mice. Neither the S1 or S2 antibodies
alone were capable of neutralizing the virus; however, cooperatively they enabled
neutralization of the virus, suggesting that both regions of the spike protein are
important for host-cell viral entry.

Jin and colleagues have demonstrated that both humoral- and cellular-mediated
specific responses could be induced by DNA vaccines for N, M, and E antigens [95].
All three DNA constructs induced SARS-CoV-specific antibodies in mice, however
the highest antibodies were induced against N protein, followed by M and E pro-
teins. In addition, T cell proliferation and DTH responses were also successfully
induced in mice after vaccinations with these constructs. These results suggested
that the DNA vaccine was effective to prime a specific anti-SARS-CoV response and
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apparently generate a broad range of both T-helper and B-cell memory responses
during the priming. This was also consistent with previous observations of the pro-
tective immunity [96, 97]. Furthermore, the DNA administrations generated a lower
level of IL-10, suggesting that DNA vaccines may help polarizing Th-1 type of
responses.

Recently, Zhu et al. [98] have demonstrated that a DNA construct based on
the pcD3d vector could successfully induce SARS-CoV N protein-specific anti-
body titers and CTL responses. Kim [99] has demonstrated that vaccination with
N DNA vaccine could successfully induce a SARS-CoV antigen-specific CD8+
T cell response and distinctly reduce the titer of recombinant vaccinia virus ex-
pressing SARS-CoV N protein after the challenge and that the co-expression of
calreticulin (CRT), a 46 kDa Ca2+-binding protein, with N gene could enhance
its ability to protect against viral challenges. Therefore, it is consistent that the
N protein construct could induce the highest SARS-specific IgG, T cell prolifer-
ation, and in vivo CTL response were once again induced for N protein, followed
by M and E. Furthermore, the highest Th-1 type responses based on IFN-� and
IL-2 production were also induced against the N protein. It is difficult to answer
if N is truly more immunogenic compared to M and E, or the increased level of
immune responses may be due to more epitopes in the N nucleocapsid protein
since it contains 422 amino acid residues, while the M and E have 220 and 76
amino acids respectively. In addition, the differential concentrations of each antigen
presented in the killed SARS-CoV preparation could have also contributed to the
differences.

It has been demonstrated in several studies that there is an interaction between
the N and M proteins. Shi and colleagues [100] have tried to answer two questions:
(a) Can N or M membrane proteins be expressed in a DNA vaccine? and (b) Can
the expression of a membrane protein (M) affect the immune responses induced
by N protein in the context of a DNA vaccine? The animals were injected with
20 �g of the mixture of DNA vaccines encoding for M and N. The ELISA analysis
using the N antigen or inactivated SARS-CoV particles as capture antigen showed
that co-injection of SARS-M could enhance the antibody responses against N, es-
pecially of the IgG2a subclass. After lymphocytes were stimulated with 10 �g/ml
purified N antigen, the CD4+ and CD8+ T cells of N and M plus N group were
increased compared with those of control groups. Cytokine ELISA analysis revealed
that co-injection of M could enhance the levels of IFN-�, and IL-2 production in-
duced by the N antigen. Virus challenge test was conducted in BSL3 bio safety
laboratory with Brandt’s vole SARS-CoV model, and the results indicated that co-
immunization of M and N antigens could reduce the mortality and pathological
changes in the lungs from virus infection in the mixed vaccine immunized group
compared to the single vaccine groups.

In another study, Huang et al. [101] have also demonstrated that immunization
of mice with SARS-CoV spike DNA vaccine induced antigen-specific cellular and
humoral immune responses. The cellular immune responses were mediated by both
CD4+ and CD8+ T cells [101].
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14.14.3 DNA Prime Vector or Protein Boost Vaccines

Different forms of SARS coronavirus spike protein-based vaccines were evaluated
for the generation of neutralizing antibody responses against SARS-CoV in a mouse
model [102]. In this study, they compared six combinations: (a) intra-peritoneal
(i.p.) immunization with recombinant spike polypeptide produced in Escherichia
coli (S-peptide), (b) mice primed with tPA-optimized DNA vaccine (tPA-SDNA)
and boosted with S-peptide i.p.; (c) mice primed with CTLA4HingeS ARS800 DNA
vaccine (CTLA4-S-DNA) and boosted with S-peptide i.p.; (d) mice primed with oral
live-attenuated Salmonella typhimurium (Salmonella-S-DNA-control) and boosted
with. S-peptide i.p, (e) mice primed with oral live-attenuated S. typhimurium that
contained tPA-optimize800 DNA vaccine (Salmonella-tPA-S-DNA) and boosted
with. S-peptide i.p; and (f) mice primed with oral live-attenuated S. typhimurium
that contained CTLA4 Hinge SARS800 DNA vaccine (Salmonella tPA-S-DNA)
and boosted with. S-peptide i.p. There was no statistically significant difference
among the Th-1/Th-2 profile among these six groups of mice with had high antigen-
specific IgG levels. Sera of all six mice immunized i.p. with S-peptide, i.m. with
DNA vaccine control and oral Salmonella-SDNA- control showed no neutralizing
antibody against SARS-CoV. Sera of the mice immunized with i.m. tPA-S-DNA,
i.m. CTLA4-S-DNA, oral Salmonella-S-DNA-control boosted with i.p. S-peptide,
oral Salmonella-tPA-S-DNA, oral Salmonella-tPA-S-DNA boosted with i.p S pep-
tide, oral Salmonella-CTLA4-S-DNA and oral Salmonella-CTLA4-S-DNA boosted
with i.p. S-peptide showed neutralizing antibody titers of <1:20–1:160. Sera of
all the mice immunized with i.m. tPA-S-DNA boosted with i.p. S-peptide and i.m.
CTLA4-S-DNA boosted with i.p. S-peptide showed neutralizing antibody titers of
≥ 1:1280. The present observation may have major practical value, such as im-
munization of civet cats, since production of recombinant proteins from E. coli
is far less expensive than production of recombinant proteins using eukaryotic
systems.

Among all the combinations of vaccines examined in this study, mice primed
with SARS-CoV human codon usage optimized spike polypeptide DNA vaccines
and boosted with S-peptide produced by E. coli generated the highest titers of neu-
tralizing antibody against SARS-CoV. It has been demonstrated that the S-peptide
produced by E. coli did not induce neutralizing antibody against SARS-CoV in-
fection. On the other hand, recombinant spike polypeptide generated by eukaryotic
systems such as transfection of COS7 and BHK21 cells or DNA vaccine was able to
elicit high neutralizing antibody titers against SARS-CoV infection [67, 103, 104].
This was probably because the S-peptide produced in E. coli did not have the
same structure and conformation compared to the S-protein produced in the mam-
malian expression system. In this study, we documented that although recombinant
S-peptide produced by E. coli itself was not able to generate neutralizing antibody
against SARS-CoV infection, mice primed with spike polypeptide DNA vaccine and
boosted with S-peptide from E. coli were able to generate high titers of neutralizing
antibody against SARS-CoV. This indicates that the type of vaccine used for priming
is crucial in determining the type of immune response developed after the boost.



14 Structure, Immunopathogenesis and Vaccines Against SARS Coronavirus 401

Furthermore, it has also been demonstrated that the humoral immune response de-
veloped in mice primed with spike DNA vaccine and boosted with S-peptide from
E. coli did not develop a Th1 type immune response. However, mice immunized
with S-peptide from E. coli alone developed a Th1 type response. This indicates that
a Th1 type immune response may not be essential for the generation of neutralizing
antibodies against SARS-CoV. Although our results suggest that priming with DNA
vaccines and boosting with S-peptide produced by E. coli was successful in the
generation of neutralizing antibody against SARS-CoV, further experiments using
infection models to evaluate its protective immunity are warranted, since anti-spike
antibodies have been shown to enhance the infectivity of coronaviruses in some
cell culture systems, as occurred with SARS-CoV and feline infectious peritonitis
virus [105, 106].

Zakhartchouk and colleagues [107] evaluated the efficacy of DNA prime and
whole killed SARS-CoV vaccines in combination vs. both the vaccines alone.
They have clearly demonstrated that a combination of the vaccines is more im-
munogenic in mice than the DNA vaccine alone. Higher antibody responses (as
compared to DNA vaccine and the whole killed virus vaccine alone) as well as
higher cell-mediated responses (as compared to DNA vaccine alone) were elicited.
Their finding also suggests that the S protein is expressed in 293 transfected cells
as a single, uncleaved polypeptide, but in two differentially glycosylated forms. A
combination of the vaccines and the DNA vaccine induced Th1-dominated immune
response, while two injections of the whole killed vaccine induced Th2-biased re-
sponse. It has been shown previously, that aluminum adjuvants skewed the immune
response towards a Th2 response and a DNA vaccine enhanced T-cell immune
responses [108, 109]. Immunity associated with a Th1-type immune response is
thought to be essential for the control intracellular pathogens; therefore, changing
the bias of the immune response may be an attractive feature of a vaccine combina-
tion strategy.

14.14.4 Use of Viral Vectors for Delivering the Vaccine

Compared to the DNA vaccines, whole killed virus, and live attenuated virus, deliv-
ering the vaccines using viral vectors is more effective for the induction of functional
immune responses. Various viral vectors such as recombinant adeno associated virus
(rAAV), rhabdovirus, adenovirus, and MVA have been used for the delivering the
gene or genes of interest for developing SARS vaccines. In this section, we will
briefly review various viral vectors.

14.14.4.1 rAAV for Vaccine Delivery

Du and colleagues have used rAAV for delivering the RBD in mice [110]. The in-
vestigators have demonstrated: (1) a single dose of RBD-rAAV vaccination could
induce sufficient neutralizing antibody against SARS-CoV infection; (2) two more
repeated doses of the vaccination boosted the neutralizing antibody to about 5 times
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of the level achieved by a single dose of the immunization; and (3) the level of
the antibody continued to increase for the entire duration of the experiment (5.5
months). It was very interesting to see that neutralizing activity of these antibodies
continued to increase with the number of immunizations. These data suggest that
the RBD-rAAV vaccination can deliver a prolonged immune response. This may
be due to the fact that the gene expression of the recombinant AAV goes through a
slow onset initially, taking a course of a few days or weeks, followed by persistent
gene expression for many months, which is supported by reports that the AAV may
express foreign genes long-term in vivo in different organisms without resulting in
significant toxicity [111, 112, 113]. However, the limitation of this study is that it
did not provide the information if the antibody response has reached its highest level
at the time the study was ended, and also the longevity of the antibody responses.
Nevertheless, it is quite clear that the rAAV has the potential to be used as a delivery
vector. In addition, it has been generally observed that some of the viral delivery
systems, i.e., adenovirus and vaccinia virus may not be used for repeated immu-
nizations either due to the pre-existing antibodies against the vector or the induction
of vector specific antibodies during the primary immunization. The vector specific
antibodies limit the efficacy of subsequent immunizations for enhancing the immune
response for the target gene by repeated immunizations [114, 115]. However, these
results clearly demonstrate that this is not the case at least for rAAV. This may be
due to the lower antigenicity of the AAV delivery vector used in this study.

14.14.4.2 Use of Rhabdovirus for Vaccine Delivery

Rhabdovirus (RV) has been introduced as a vaccine vector [116, 117, 118, 119,
120, 121, 122, 123] that could also be used for the expression of relevant SARS
virus antigens. There are several advantages of RV that suggest its suitability as
an expression vector for SARS virus proteins: (i) the modular genome of RV is
organized with short transcription stop/start sequences flanking the genes making
it readily amenable to manipulation [116]; (ii) the RV genome is RNA and the
life cycle of RV is exclusively cytoplasmic so no DNA recombination, reversion
or integration is observed [119, 124]; (iii) stable incorporation of large and multi-
ple foreign genes of up to 6.5 kb offers advantages over plus stranded RNA virus
vectors [119]; (iv) RV is non-cytopathic in infected cells and expresses high levels
of foreign proteins over extended periods of time [118, 119]; (v) RV can induce
a protective immune response in a variety of animals (e.g. dog and mongoose)
following immunization by the oral route and attenuated RV can target cells in
the tonsils and buccal mucosa [125]; (vi) multiple mutations introduced into the
RV genome that completely abolish the pathogenicity of RV render the RV vector
extremely safe [119] and replication-defective RVs can be produced that are safe
for even completely immunocompromised individuals [126, 127]; and (vii) since
RV contains a nucleocapsid protein that has the properties of a superantigen [128],
the RV vector is a unique vaccine delivery vehicle. They have evaluated the ability
of RV for delivering nucleocapsid protein or envelope spike protein genes in mice.
A single inoculation with the RV-based vaccine expressing SARS-CoV S protein
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induced a strong SARS-CoV-neutralizing antibody response. The ability of the RV-
SARS-CoV S vector to induce strong immune responses after a single inoculation
makes this a promising candidate for further evaluation in larger animals as well as
in challenge studies to determine the protective efficacy of the immune responses.

14.14.4.3 Use of Adenovirus for Vaccine Delivery

Replication-deficient human adenovirus type 5 (AdH5) is yet another promising
vector that can induce strong transgene product-specific cellular and humoral re-
sponses. However, one of the major limitations associated with this vector is the
presence of neutralizing antibodies (NAbs) against AdH5. Therefore, Zhi and col-
leagues [129] developed a chimpanzee adenovirus C7 (AdC7) vector to circum-
vent interference by pre-existing immunity to AdH5, and to evaluate the impact
of pre-existing immunity to human adenovirus on the efficacy of adenovirus-based
vaccines against SARS CoV. Efficacy was assessed after intramuscular injection
of the vector into mice and was measured as the frequency of SARS-CoV-specific
T cells and neutralizing antibodies (Nab) against SARS-CoV. Immunogenicity of
the AdH5-based vaccine was significantly attenuated or completely abolished when
the pre-existing anti-AdH5 NAb titer was higher than 40. In contrast, preexisting
anti-AdH5 NAbs have a minimal effect on the potency of the AdC7-based genetic
vaccine. Taken together, these results warrant further development of AdC7 as a
vaccine vector for human trials.

14.14.4.4 Use of MVA for Vaccine Delivery

As early as in 2004, Bisht and colleagues have determined the immunogenicity of
S protein delivered by modified vaccinia Ankara (MVA) in a BALB/c mouse chal-
lenge model following the intranasal or intramuscular route of immunization [58].
Irrespective of the route of immunization, immunized mice induced serum antibod-
ies that recognized the SARS S-protein in ELISA, and also neutralized SARS-CoV
in vitro. Moreover, MVA S administered by either route elicited protective immu-
nity, as shown by reduced titers of SARS-CoV in the upper and lower respiratory
tracts of mice after challenge. Passive transfer of serum from mice immunized with
MVA S to naive mice also reduced the replication of SARS-CoV in the respiratory
tract after challenge, demonstrating a role for anti-S antibodies in protection. The
attenuated nature of MVA and the ability of MVA S to induce neutralizing antibody
that protects mice support further development of a candidate vaccine.

More recently, Ba and colleagues have performed a head to head comparison
of different delivery technologies such as DNA, MVA, and Ad5 for the full-length
SARS-CoV S gene either alone or in combination [130]. They have reported that
Ad5-S elicited the highest level of Nabs against SARS-pseudovirus, MVA-S in-
duces about tenfold (IC50) lower levels of Nabs than Ad5-S, with DNA-S being
the lowest. Therefore, the live vector Ad5 may offer some advantages for inducing
the highest level of NAb response after one immunization. After the boost, DNA
primed/DNA boosted animals induced the lowest level of NAb activity. On the other
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hand, priming with MVA and boosting with Ad-5 induced the highest levels of anti-
body responses against the S protein. It was interesting to observe that mice primed
with MVA-S or DNA-S and boosted with MVA-S induced relatively lower levels of
antibodies compared to animal that were primed with MVA and boosted with Ad-5.
Surprisingly, mice primed with Ad5-S and boosted with either Ad5-S or MVA-S
(AA, AM) induced antibodies that were higher than what was observed following
the DNA primed and DNA boosted regimen, but lower than the other combinations.
This finding indicates the importance of heterologous MVA-S prime and Ad5-S
boost regimen for inducing the substantial level of NAb response. The use of this
regimen may offer an alternative approach to overcome the problems associated
with the limitations of using live viral vectors for multiple immunizations due to the
pre-existing immunity against the vectors.

Ishii et al. [131] constructed a series of recombinant Dis (rDIs), a highly atten-
uated vaccinia strain (highly restricted host range mutant of vaccinia virus isolated
by successive 1-day egg passage of the DIE vaccinia strain), expressing a gene en-
coding four structural proteins (E, M, N and S) of SARS-CoV [131, 132]. These
rDIs elicited SARS-CoV-specific serum IgG antibody and T-cell responses in vac-
cinated mice following intranasal or subcutaneous administration. Mice that were
subcutaneously vaccinated with rDIs expressing S protein with or without other
structural proteins induced a high level of serum neutralizing IgG antibodies and
demonstrated marked protective immunity against SARS-CoV challenge in the ab-
sence of a mucosal IgA response. These results indicate that the potent immune
response elicited by subcutaneous injection of rDIs containing S is able to control
mucosal infection by SARS-CoV. Thus, replication-deficient DIs constructs hold
promise for the development of a safe and potent SARS vaccine.

14.14.4.5 Recombinant Subunit Vaccines

To sidestep the problems linked to the risks of inactivated SARS-CoV vaccine
production, a recombinant subunit vaccine based on the spike protein but also
different SARS-CoV proteins could be designed. The S protein already has been
shown to be the major antigenic site in the virus and antibodies directed against this
protein efficiently block SARS-CoV infection in vitro and in vivo [76, 133, 134].
The protein can be expressed and purified in its full-length form as a cell mem-
brane anchored trimer, or as a truncated protein lacking its transmembrane region,
from the supernatant of transfected cells [104]. Using the baculovirus expressed S
protein, He and colleagues characterized the antigenic structure of the S protein
against a panel of 38 monoclonal antibodies (MAbs) isolated from the immunized
mice [135]. The epitopes of most anti-S MAbs (32 of 38) were localized within the
S1 domain, and those of the remaining 6 MAbs were mapped to the S2 domain.
Among the anti-S1 MAbs, 17 MAbs targeted the N-terminal region (amino acids
[aa] 12 to 327), 9 MAbs recognized the receptor-binding domain (RBD; aa 318 to
510), and 6 MAbs reacted with the C-terminal region of S1 domain that contains
the major immunodominant site (aa 528 to 635). Strikingly, all of the RBD-specific
MAbs had potent neutralizing activity, 6 of which efficiently blocked the receptor
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binding, confirming that the RBD contains the main neutralizing epitopes and that
blockage of the receptor association is the major mechanism of SARS-CoV neu-
tralization. Five MAbs specific for the S1 N-terminal region exhibited moderate
neutralizing activity, but none of the MAbs reacting with the S2 domain and the
major immunodominant site in S1 showed neutralizing activity. All of the neu-
tralizing MAbs recognized conformational epitopes. This panel of anti-S MAbs
can be used as tools for studying the structure and function of the SARS-CoV S
protein.

Bisht and colleagues [136] expressed a truncated version of the S protein (amino
acid residue 14-762) in the baculovirus system, and purified the S protein to homo-
geneity, and evaluated in mice its ability to induce protective antibody responses.
The truncated form of the S-protein elicited higher levels of neutralizing antibod-
ies in mice and protected them against a viral challenge. In another study, He and
colleagues have expressed full-length S protein (FL-S) or its extracellular domain
(EC-S) in baculoviruses, and compared their immunogenicity in mice [137]. The
immunized mice developed high titers of anti-S antibodies with potent neutralizing
activities against SARS pseudoviruses constructed with the S proteins of diverse
heterologous isolates of Tor2, GD03T13, and nSZ3, the representative strains of
2002 to 2003 and 2003 to 2004 human SARS-CoV and palm civet SARS-CoV, re-
spectively. These data suggest that the recombinant baculovirus-expressed S protein
vaccines possess important conformational neutralizing epitopes, which are impor-
tant for protection against the challenge infection. They have further demonstrated
that a recombinant S-protein containing193-amino acid receptor-binding domain
(residues 318–510) fused in frame to human IgG1 Fc fragment induced highly po-
tent antibody responses in the immunized rabbits. The antibodies recognized RBD
on S1 domain and completely inhibited SARS-CoV infection at a serum dilution of
1:10,240. Rabbit anti-sera effectively blocked binding of S1, which contains RBD,
to ACE2. This suggests that RBD can induce highly potent neutralizing antibody
responses and has potential to be developed as an effective and safe subunit vaccine
for prevention of SARS.

To map the precise epitope in the RBD He and colleagues have immunized mice
with the RBD-IgG1 FC recombinant protein. The RBD-IgG1 FC induced high titer
of RBD-specific Abs in the immunized mice, and these sera effectively neutralized
infection by both SARS-CoV and SARS pseudoviruses [137]. They have developed
a series of mAbs (27) and to characterize the neutralization determinants on the
RBD of S protein. Six groups of conformation-dependent epitopes, designated as
Conf I–VI, and two adjacent linear epitopes were identified by ELISA and binding
competition assays. The Conf IV and Conf V mAbs significantly blocked RBD-Fc
binding to angiotensin-converting enzyme 2, suggesting that their epitopes overlaps
with the receptor-binding sites in the S protein. Most of the mAbs (23 of 25) that rec-
ognized the conformational epitopes possessed potent neutralizing activities against
SARS pseudovirus with 50% neutralizing activity in doses ranging from 0.005 to
6.569 ug/ml. Therefore, the RBD of SARS S protein contains multiple conforma-
tional epitopes capable of inducing potent NAb responses, and is an important target
site for developing vaccines and immunotherapeutics.
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It was very interesting to note that S protein produced in baculo virus induced
potent binding and neutralizing antibodies in mice and rabbits [137]. However, it
has been shown by Bai and colleagues that the S protein expressed in E. coli failed
to induce NAb in mice [138]. It is not clear what the reason could be. One potential
difference between the S protein produced in E. coli and baculovirus is that the
baculovirus produced protein is glycosylated, and the E. coli produced protein is
non-glycosylated. However, further work is needed to define that it is the sugars that
are directly involved in creating immunodominant epitopes, or sugars are involved
in producing a correctly folded S-protein. In either situations, perhaps the expression
of S-protein in mammalian expression system will be more desirable. In a proof of
concept study, Chang et al. studied the effect of intron and exon splicing enhancers
to improve the expression of STR2 (88 kDa), carrying three S fragments (S74–253,
S294–739, and S1129–1255) in mammalian cells [139]. The investigators demon-
strated that the addition of an 138 base-pair intron increased the expression of STR2
protein by 1.9, 2.5, and 4.1-fold in Vero E6, 293A cells, and CHO cells respectively.
Furthermore, exon-splicing enhancers also increased the STR2 expression 1.7-2.8
fold. However, the combination of intron and exon splicing enhancer resulted in the
suppression of STR2 expression. These results can provide an optimal strategy to
enhance SARS-CoV S protein expression in mammalian cells and may contribute
to the development of SARS-CoV subunit vaccine.

Based on the data reviewed here, it is quite evident that that full length, trun-
cated, and also the receptor binding domain of S protein induced strong binding and
neutralizing antibody responses against the S-protein in mice and rabbits. Further-
more, upon challenge with pathogenic SARS virus, these animals were protected.
However, it is not clear if the S protein alone will be able to induce a long lasting im-
munity against the virus, or other proteins such as M and N will need to be included
in an effective vaccine against SARS.

14.14.4.6 Use of VLPs for Developing a Vaccine

Subunit vaccines based on recombinant proteins can suffer from poor immunogenic-
ity owing to incorrect folding of the target protein or poor presentation to the im-
mune system. Virus-like particles (VLPs) represent a specific class of recombinant
vaccines that mimic the outer structure of authentic virus particles but do not cause
a productive infection since they lack the viral genome. Yet, they are recognized
readily by the immune system and present viral antigens in their authentic or near-
authentic conformation. Co-expression of mouse hepatitis virus (MHV) M and E
proteins resulted in the assembly of particles. The S protein was dispensable but was
incorporated when present. The resulting secreted VLPs are indistinguishable from
authentic virions in size and shape. The N protein was neither required nor packaged
into the particles when present [140]. Similar observations were made when SARS-
CoV M, E, and S protein were co-expressed in insect cells using a baculovirus
expression system [141, 142]. Whether those VLPs are able to elicit a protective im-
mune response remains to be determined. In contrast, formation of SARS-Co VLPs
in mammalian cells seems not to be dependent on the expression of the E but rather
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the N protein. Therefore, SARS-Co VLP assembly in human 293 renal epithelial
cells relies on the expression of the S, M, and N protein [143]. Whether this dis-
crepancy is caused by the different expression systems needs to be studied further.

14.15 Use of Adjuvant for Enhancing Functional
Immune Responses

The vaccination modality may play a crucial role in the type of antibodies or T
cell responses induced [144]. Therefore, it is possible that different vaccination
modalities such as inactivated virus, live virus vector delivery, DNA vaccine, protein
subunit vaccines and VLP will elicit antibodies that are qualitatively different even
if the immunogen is similar. Additionally, the formulation of immunogens with dif-
ferent adjuvants may affect the maturation of antibody responses differently. This is
suggested by the qualitative differences recorded in antibody responses generated by
a given antigen formulated in different adjuvants in case of HIV vaccines [145]. This
observation suggests that the structure of specific epitopes within the immunogen
may be presented differently in combinations with different adjuvants. Therefore,
even if the overall structure of the immunogen remains stable, the exposure of spe-
cific epitopes may be modified. In a proof of concept study Hu and colleagues have
demonstrated that co-inoculation of DNA vaccine and IL2 had induced a signifi-
cantly higher immune response compared to the spike DNA vaccine alone [146].
In the same study, they evaluated the route of immunization upon the type and
magnitude of immune responses and found that oral vaccination evoked a vigorous
T-cell response and a weak IgG2a antibody responses; intramuscular immunization
evoked a vigorous antibody response and a weak T-cell response, and vaccination
by electroporation evoked a vigorous response with a predominant subclass IgG1
antibody response and a moderate T-cell response.

14.16 Potential of Disease Enhancement Due to Candidate
SARS Vaccines

Enhanced disease in previously immunized individuals is a concern for the de-
velopment of any vaccine. This may be particularly true for SARS-CoV vaccines
since adverse effects have already been reported for one coronavirus vaccine, fe-
line infectious peritonitis virus [147]. In fact, it has been demonstrated that some
S variants were not only resistant to antibody neutralization [133], but also showed
enhanced entry in the presence of certain antibodies in vitro [106]. The S protein
from different SARS-CoV strains isolated during the outbreak in 2002/2003 and
2003/2004 but also S protein of virus isolated from civet cats was used to generate
pseudo typed viruses. Each pseudovirus was incubated independently with immune
IgG purified from mice vaccinated with S protein from strain Urbani. Inhibition of
entry was demonstrated for the prototype strain (Urbani) but also for pseudoviruses
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from 2002/2003 human isolates. However, one S (GD03T0013) pseudovirus was
markedly resistant to antibody inhibition by the polyclonal IgG and, unexpect-
edly, entry of two pseudoviruses from palm civet S glycoproteins was markedly
enhanced. A similar effect could be detected when human mAbs derived from a
recovered SARS patient [76] were used instead of the polyclonal IgG. Antibod-
ies with insufficient cross-neutralization capacity may enhance rather than protect
from virus infection. Epitope mapping of human mAbs using recombinant S pro-
tein fragments demonstrated a significant reduction in reactivity with an S fragment
(residues 318–510) containing a N479S substitution [134]. Sui et al. obtained simi-
lar results [133] when they tested the neutralization ability of another human mAb.
The antibody could protect mice from a SARS-CoV (strain Urbani) challenge when
given 1 day before inoculation. However, when tested in vitro on its ability to neu-
tralize various S protein-pseudo typed viruses, this antibody did not bind to pseudo
typed virus containing a D480G substitution in the spike. D480G is a naturally
occurring variation in the S protein found in a SARS-CoV isolate (GD03T0013).
Although this virus, which was isolated in December 2003 from a SARS patient and
viruses isolated from civet cats seem to be only weakly pathogenic in humans, other
mutations in the viral genome might occur that impact viral tropism and virulence.
Variations in the viral genome will likely continue to occur in the animal reservoirs
due to the high mutation rate of RNA viruses and especially coronaviruses. Addi-
tionally, antibodies mediating virus entry, could function as a facilitating portal for
viruses to gain entrance into the human population. SARS-CoV-like strains which
normally do not infect or hardly infect humans could get the chance to replicate in
and thus also to adapt to the new host. Therefore, any antiviral strategy based on
neutralizing antibodies, whether passive immunotherapy or active immunization,
has to be carefully evaluated in appropriate animal models that closely resemble the
human disease.
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Chapter 15
Influenza Virus Pathogenesis and Vaccines

Michael Vajdy

Abstract Infections with seasonally prevalent strains of influenza cause a substan-
tial healthcare burden worldwide. Influenza gains access to the host through the
mucosa of the upper respiratory tract, but exerts most of its pathologic effects in
the lower respiratory tract. The threat of avian influenza strains to cause bird to
human and then human to human transmission and hence pandemic influenza, is se-
rious. Thus, while improved vaccines for seasonal influenza, particularly for infants
and the elderly, are sought for, new vaccines that are effective against pandemic
influenza strains are urgently needed.

15.1 Introduction

Infections with influenza virus cause considerable morbidity and mortality in the
world [1]. Currently, in the USA alone, seasonal influenza infections are estimated
to cost 16.3 billion dollars associated with death and illness [2]. In the USA, every
year, 5–20% of the population get infected with influenza, resulting in over 200,000
hospitalizations and 36,000 deaths (WWW.CDC.gov). Influenza virus by definition
belongs to the family of mucosally transmitted viruses (Orthomyxoviridae). While
the virus enters the host primarily through the upper respiratory tract, it exerts many
of its pathologic effects in the lower respiratory tract. Nonetheless, nasal secretions
constitute an important pathway of transmission to and from others.

Influenza infections result in many deaths mainly in infant and the aged pop-
ulations. The major symptoms include fever, headaches, malaise, dry cough, sore
throat, runny nose, muscle aches, nausea, diarrhea and respiratory distress. The pe-
riod of the year with the most influenza infections is mainly from November through
March, with the highest number of cases seen in January and February. Infected
persons can transmit the virus from 1 day before the onset of symptoms to 5 days
after the onset of symptoms (WWW.CDC.gov).
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Immunity against influenza is generally believed to consist of both antibodies
and cytotoxic T lymphocytes (CTL). However, for seasonal influenza a universally
accepted correlate of protection is serum hemagglutination inhibition (HI) assay titer
of over 40. Such antibody responses are targeted against the hemagglutinin (HA)
portion of the virus envelope. Seasonal influenza strains from year to year possess
considerable homology, albeit not sufficient to confer complete protection. There-
fore, the world health organization (WHO) closely monitors incubating influenza
strains and predicts each year the predominant strains (usually 3) for the following
year. Equipped with such knowledge vaccine manufacturers design and develop the
following year’s vaccine.

While seasonal influenza causes considerable global mortality and morbidity,
emergence of pandemic influenza strains are the cause of even greater concern.
Pandemic influenza occurs when major segments of HA or neuraminidase (NA)
of human and avian tropic influenza strains undergo major genetic reassortment
through recombination in an intermediary host, which possesses receptors for both
the human-and avian-tropic strains, such as swine. This renders the general popula-
tion, who is completely naı̈ve with regards to this new emergent strain, and with no
pre-existing immunity, extremely susceptible to infection. The Spanish pandemic
influenza caused over 50 million deaths worldwide in the beginning of the 20th
century. The global impact of a pandemic influenza at the present time when travel
and transportations are extremely widespread cannot be overemphasized.

Vaccinations against seasonal influenza currently consist of a single annual intra-
muscular (IM) injection of a cocktail of purified HA protein from egg-derived
influenza viruses based on the 3 WHO recommended strains. More recently, live
attenuated influenza strains for intra-nasal (IN) administration have been licensed
for human use. While it is widely expected that one or two IM doses of pandemic
influenza vaccines will confer protection, whether IM injections can be effective to
protect against a pandemic influenza strain remains to be seen. Given the importance
of IN immunizations to induce better herd immunity (local immune responses at the
portal of virus entry) as well as cross-protection against heterologous strains (Secre-
tory IgA), it may be expected that IN or combinations of IN and IM immunizations
may provide optimal protection against pandemic influenza against which there is
no pre-existing immunity.

15.2 Description of the Virus

Influenza (stemming from Italian/Latin influentia meaning epidemic) belongs to
the family of Orthomyxoviridae. Orthos means correct, and myxa means mucus
in Greek. As such, it may be argued that members of this family of viruses are es-
sentially mucosal pathogens. Orthomyxoviridae are enveloped viruses, with shapes
ranging from small spherical to long filamentous. The viruses contain a segmented
single stranded (ss), negative strand, RNA. The negative strand serves as a template
to mRNA synthesis as well as the antigenome positive strand. Unlike other members
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of the Orthomyxoviridae, influenza virus transcription and replication of its RNA
occurs in the nucleus of the target cell [3].

Influenza A, B and C viruses (i.e. 3 different genera, A, B, C) can be distin-
guished based on their antigenic differences in the nucleocapsid (NP) and neu-
raminidase (NA) glycoproteins. Because the majority of respiratory diseases as well
as the potential pandemic strains are caused by influenza A viruses, this chapter
focuses on this particular virus. The virus is composed of a lipid bilayer covering
the M1, matrix protein. Protruding from the lipid bilayer are the hemagglutinin
(HA) and the neuraminidase (NA) spike glycoproteins. Subtypes of influenza are
classified based on their expression of HA (H) and NA (N) genes. As such, H1N1,
H2N2, H3N2, H5N1, H7N7 and H9N2 are the only subtypes isolated from humans
thus far. The lipid bilayer and M1 are traversed by the M2 protein, which forms
ion channels. Within the envelope are 8 segments of ssRNA contained in the form
of helical ribonucleoproteins (RNP). Transcriptase and polymerase complexes are
associated with the RNPs. The RNA segments encode the following gene products:
Segment 1: PB (polymerase basic protein) 2; segment 2: PB1; segment 3: PA (poly-
merase acidic protein); segment 4: HA; segment 5: NP; segment 6: NA; segment 7:
M1 and M2; segment 8: NS1 and NS2 (nuclear second; found only in infected cells).

Influenza A envelope contains a lipid envelope derived from the host’s cell
membrane during the budding process. The HA spikes are rod-shaped, whereas
the NA spikes are mushroom-shaped. The HA binds to sialic acid receptors on
respiratory epithelium, and mediates the fusion of the virus membrane to the en-
dosomal membrane of the target cell in low pH. NA exists as a homo-tetramer
and has enzymatic activity to cleave the �-ketosidic linkage between D-galactose
or D-galactoseamine residues. While NA does not appear to be necessary for viral
infectivity, it is believed to be important in releasing progeny virions from infected
cells. Glycans ending in �-2,3-linked sialic acid gaalctose preferentially bind avian
influenza strains and those ending in �-2,6-linked sialic acid galactose preferen-
tially bind human influenza strains. A recent report further demonstrated that a
two-amino acid change in the HA of the 1918 pandemic strains of influenza caused
a switch in receptor binding preference from the human �-2,6 to the avian �-2,3
sialic acid residues [4]. Despite many such proofs, it was recently demonstrated that
H5N1 influenza strains can bind ex vivo cultures of human nasopharyngeal, adenoid
and tonsilar tissues, despite a lack of expression of �-2,3-sialic acid receptors [5].
Novel glycan micro-array technologies offer a new tool to study the ability of new
emergent influenza strains to bind to host receptors and may shed light on such
discrepancies [6].

15.3 Viral Entry and Pathogenesis

The first step in the viral entry is the binding of the hemagglutinin-neuraminidase
(HN) to its sialic acid receptor on respiratory epithelial cells, causing the HN to
undergo a conformational change. This in turn triggers a conformational change in
the fusion (F) protein allowing a perturbation of the cell membrane, leading to the
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fusion of the host cell membrane with the viral lipid bilayer. NA may also remove
sialic acid residues from SIgA and ��TCRA+ T Cells in the respiratory mucosa,
thus providing further pathogenesis [7].

Influenza virus replicates in both the upper and lower respiratory tracts. Virus
replication peaks at 48 h after inoculation and declines slowly over the following 6
days. The peak titer of influenza is seen on the first day of symptomatic illness with
an average of 104 tissue culture infectious dose (TCID)50/ml of nasal wash. While
pathologic changes occur in both the upper and lower respiratory tracts, the latter
are the most affected. Acute inflammation of the larynx, trachea and bronchi with
mucosal inflammation and edema are common. Columnar ciliated epithelial cells
become vacuolated, edematous and loose cilia before shedding off. Viral antigens
are present in epithelial and mononuclear cells. In infected cells, protein synthesis is
shut off and apoptosis (cell death) is induced. Necrosis of the alveoli and bronchioles
ensues, complete resolution of which may take up to a month [8].

Influenza also causes death by various additional mechanisms including primary
viral pneumonia, secondary bacterial pneumonia in virus-damaged lungs, and by
exacerbating serious chronic diseases such as diabetes mellitus, renal diseases, and
congestive heart failure.

15.4 Host Innate Responses

The respiratory epithelium contains a host of innate defense mechanisms compris-
ing large proteins such as lysozyme and lactoferrin as well as cathelicidin and
cationic defensin peptides (including e.g. the human betadefensin-1) [9]. Salivary
agglutinin and lung scavenger receptor glycoprotein 340 display anti-infleunza ac-
tivities [10]. Human neutrophil pepride 1, a member of the alpha-defensins which
are cationic antimicrobial peptides produced by polymorphonuclear neutrophils, in-
hibits influenza virus infections in vitro [11]. The interferon-induced resistance fac-
tor Mx1 mediated protection against pandemic 1918 and H5N1 strains in mice [12].
A family of host defense lectins, called collectins, including surfactant-associated
proteins SP-A and SP-D opsonize and enhance microbial (including influenza)
killing [13]. Specifically, SP-A and SP-D have been shown to inhibit the neu-
raminidase activity of influenza [14]. Moreover, the mannan-binding lectin (MBL)
is a C-type serum collectin that can inhibit infection of mammalian cells with in-
fluenza virus in vitro [15]. A role of complement components, e.g. CD59a, has also
been suggested in defense against influenza in that lack of this protein was shown
to exacerbate influenza-induced lung inflammation through complement dependent
pathways [16].

TLR7/8 appear to play an important role in protection following IN challenge
of rats, and this was dependent on IFN� and TNF� production [17]. TLR7 is
recognized by influenza virus [18]. TLR2 does not appear to be involved in host
response during post-influenza pneumococcal pneumonia [19]. Infection of cyno-
mulgus macaques with the 1918 pandemic influenza strain induced strong serum
levels of CCL2 (monocyte chemotactic protein-1), CCL5 (RANTES), IL-8 and
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IL-6 by day 6 post infection [20]. Infection of murine alveolar epithelial cells with
influenza virus induced the release of monocyte chemoattractants CCL2 and CCL5
followed by monocyte transepithelial migration, and this was dependent on expres-
sion of CCR2 but not CCR5 [21]. Exposure of human monocyte derived DC to
influenza induced the expression of a number of genes measured by microarray anal-
ysis. These included IL-8, TNF�, IL-1�, IL-6, prostaglandin/leukotriene-associated
genes, type I interferons, CD86, ICAM-1, IL-15R, IL-7R, IL-3R, CD83, and NF�B
p50, p52 and p65 [22].

Neutrophils and macrophages accumulate in the lungs following influenza chal-
lenge and TLR4 may also play a role in viral pathogenesis [23]. Influenza infection
results in rapid upregulation of TLR2 on neutrophils [24]. TLR3 has also been im-
plicated in the inflammatory responses following influenza infection of lung ep-
ithelial cells [25]. As HA also binds to sialic acid receptors on NK cells, these
cells are activated by influenza [26]. Important studies in mice demonstrated that
in the absence of an NK receptor (Ncr1 in mice and NKpg46 in humans), influenza
infection was lethal [27, 28]. In this regard, IL-18 may augment the NK-mediated
cytotoxicity against influenza-infected cells [29]. The monocyte attractant protein
1 (MCP-1) has been found to be important for immunity against influenza in mice
lacking this protein. While wild type mice have increased levels of MCP-1 in their
lungs after influenza challenge, the MCP-1 deficient mice had enhanced weight-loss,
elevated viral loads, reduced leukocyte (mainly macrophages and granulocytes) re-
cruitment into lungs and reduced pulmonary IgA levels [30]. Activation of TLR3 on
respiratory epithelial cells by influenza virus may mediate signaling through TRIF
(TLR associated adaptor molecule) but not MyD88, leading to Nf�B activation and
ultimately secretion of IL-8, IL-6, RANTES and IFN� as well as upregulation of
ICAM-1 [31].

Anti-influenza humoral responses were shown to be induced by direct stimula-
tion of TLR on B cells through production of IFN� and increased IgG2a/c switch-
ing [32]. Moreover, IFN� production by lung B cells occurred within 48 h post
influenza infection, causing an arrest in clonal expansion of B cells in regional
lymph nodes [33]. Because Th-deficient mice controlled influenza infection bet-
ter than combined Th/B cell deficient mice, a Th-independent role of B cells in
influenza virus clearance has been suggested [34]. Natural antibody, defined as IgM
antibodies that bind to antigens that the host has not previously been exposed to,
together with complement can mediate neutralization of influenza virus [35]. Such
natural IgM producing B cells apparently do increase IgM production or undergo
isotype switch to IgG2a upon influenza infection [36]. Type I IFN receptors on B
cells stimulate early B cell responses in lungs through upregulation of the activation
molecules CD69 and CD86 [37].

Recently, it was shown that IL-18, but not IL-12, is important for the development
of anti-influenza CD8+ T cells [38]. Earlier reports attributed an important role for
IL-12 to early (days 3 and 5 post infection) NK cell dependent IFN� production but
not late (day 7 post infection) T cell dependent IFN� production [39]. Interestingly,
it was demonstrated that early on following influenza re-infection NK-mediated
IFN� production was enhanced by pre-existing virus specific IL-2 producing T
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cells [40], thus suggesting a positive feed-back loop between memory type and
innate immunity.

15.5 Correlates of Protection

Presence of serum HI activity against prevalent influenza viruses strongly correlate
with protection from disease and an essential role of B cells in heterosubtypic cross
protection against lethal Influenza A H5N1 virus infection has been reported [41].
Although in murine models, a controversial role of mucosal IgA has also been sug-
gested [42], many murine and human studies support the importance of mucosal
IgA responses in protection against influenza infection and disease. In this regard,
of particular importance have been the findings in both murine and human studies
that mucosal IgA induced by intra-nasal immunization, as opposed to serum IgG
induced by systemic immunization, protected against multiple strains of influenza
virus [41, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52]. Therefore, recent efforts have
focused on intra-nasal immunization strategies that induce both local IgA and sys-
temic IgG responses [51, 52, 53].

15.6 T and B Cell Mediated Adaptive Immunity
Against Influenza

The adaptive immune responses against influenza include antibodies produced by
B cells, cytotoxic granules produced by both CD4+ and CD8+ T cells and helper
cytokines for both B and T cells produced by CD4+ T cells. It is believed that
CD8+ T cells or B cells can each independently control influenza infections. Thus,
mice lacking either CD8+ T cells or B cells can survive influenza challenge, while
mice lacking both CD8+ and B cells succumb to infection.

15.6.1 T Cell-Mediated Responses

15.6.1.1 CD4+ T Cell-Mediated Responses

Following intra-nasal challenge with live influenza virus, HA RNA was first de-
tected in mediastinal lymph node (MLN) by 48 h post infection, and continued
the expression until days 6 and 10 post infection in both CD4+ T cell-depleted
and intact mice [54]. Influenza-specific CD4+ effector T cells protect against in-
fluenza by both a cytotoxic perforin-mediated and promotion of antibody-mediated
responses [55]. The signaling lymphocytic activation molecule associated pro-
tein (SAP) appears to be required for T helper function in protection against in-
fluenza [56]. Influenza-specific IFN�-expressing CD4+ T cells in the lungs lacked
the expression of the chemokine receptor CCR7, and thus homing of effector CD4+
T cells towards chemokines that bind this receptor is not required [57].
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Early on, the importance of CD4+ T cell help for cytotoxic CD8+ T cell re-
sponses was debated [58]. Later, it was demonstrated that primary and secondary
influenza-virus specific CD8+ T cell responses were clearly decreased in lungs,
and furthermore, delayed virus clearance and increased morbidity were observed in
CD4-depleted mice [59, 60]. Collagen, which is abundant and accounts for about
15% of dry weight of lungs, expresses both of the collagen binding integrins �1�1
and �2�1. While CD4+ T cells express CD49b, CD8+ T cells express CD49a
and thus these two T cell subsets differ in their binding to the interstitial environ-
ment of the lungs [61]. In the absence of MHCII-expressing lung epithelial cells,
monocyte/macrophages and B cells can interact with CD4+ T Cells for virus clear-
ance [62]. Although influenza neuraminidase-primed CD4+ T cells may traffic to
the lungs, they do not proliferate in the absence of antigen [63]. In the absence of
B cells, CD4+ T cells are unable to clear an influenza infection [64, 65]. Interest-
ingly, CD4-independent influenza-specific IgG responses can occur during primary
infection of CD40-deficient or MCHII-deficient mice [66]. Curiously, in MHCII-
deficient or CD40-deficient mice, early during influenza infection, a CD4-dependent
IgA response is generated which does not depend on cognate B cell-T cell interac-
tions. However, in support of the previous findings, in these mice, influenza-specific
IgM or IgG responses were not generated [67].

Antigen-presentation and antigen–antibody complexes on follicular Dendritic
cells are not essential for persistence of CD4+ memory T cells [68]. Generation and
maintenance of influenza-specific long-term CD4+ memory T cell responses de-
pends on the antigen dose, duration of repeated interactions with antigen-presenting
cells, and the micro-environment of inflammatory and growth cytokines around the
CD4+ T cells [69]. Following influenza infection, mRNA expression of IL-4 and
IL-10 occurs in CD4+ T cells first in MLN and later in lungs [70]. After primary
challenge of rats CD4+ T cells expand in both MLN and bronchoalveolar lavage
(BAL) and subsequent infection causes further expansion [71].

15.6.1.2 CD8+ T Cell-Mediated Responses

Following intra-nasal inoculation with influenza virus, peak virus titers were de-
tected in the MLN at 2 days post infection, while influenza-specific CD8+ T
cells were detected in MLN at 1 day post infection. Although Dendritic cells
(DC), macrophages and B cells isolated from the infected mice all had the ca-
pacity to activate an influenza-specific T cell hybridoma in an MHCI-restricted
manner, the DC were deemed to be responsible as the primary source of antigen-
presentation [72].

CD8+ cytotoxic T cell responses against influenza are generally induced against
conserved, internal proteins, such as polymerase and nucleoproteins [73]. IFN�
and TNF� mRNA are found in CD8+ T cells in MLN following influenza in-
fection [70]. Both Fas and perforin-dependent cytotoxicity is required for clear-
ance of influenza from the lungs [74]. Acute heterosubtypic CTL responses in
spleen, cervical lymph nodes (CLN) and MLN were induced following pulmonary
priming with nonpathogenic influenza strain Udorn (H3N2), and challenge with the
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mouse adapted pathogenic PR/8/34 strain (H1N1), while mucosal memory CTL
responses were highly dependent on mucosal route of priming [75]. While pres-
ence of influenza-derived antigens is required to activate CD8+ T cells in the
lungs, subsequent localization of influenza-specific cells in the lungs is not antigen-
driven [76]. The magnitude of the recall response against influenza is strongly
CD4+ T cell dependent [60]. However, the long-term (200 days) distribution of
memory T cell clones in blood, spleen, regional LN, bone marrow and lungs appears
to be random [77]. Adoptive transfer of influenza A nucleoprotein epitope-specific
CD8+ T cells into naı̈ve mice, and subsequent challenge with influenza B, indicated
that recall responses against influenza may involve both naı̈ve and memory CD8+
T cells [78]. However, the specificity of CD8+ T cell responses can substantially
vary in primary vs. secondary influenza infections, a phenomenon that depends on
the participation of both DC and non-DC cells in antigen-presentation during the
primary response and mostly DC cells during the secondary response [79]. The
size of the pre-existing antigen-specific CD8+ T cell pool as well as the amount of
antigen and mode of antigen-presentation can all affect the size of the endogenous
recall CD8+ T cell responses [80].

Prior infection with a persistent virus, i.e. gammaherpesvirus68, reduced the
numbers of influenza-specific CD8+ T cells by 50% [81]. Following primary in-
fluenza infection, treatment of mice with antibodies against CD62L, forced the hom-
ing of both CD4+ and CD8+ T cells from MLN to spleen, and further splenectomy
of these mice induced their migration to bone marrow [82]. Virus-specific cells
in lungs are more activated, are more cytolytic and secrete more cytokines com-
pared to virus-specific cells in spleen. This is observed during influenza-induced
pneumonia and is due to the higher antigenic load at this site [83]. Lung CD8+
T cells specific for influenza virus nucleocapsid and acid polymerase-derived epi-
topes produced IL-2, TNF� and IFN� [84]. In vaccinated humans, higher numbers
of IFN�-producing NK and T cells were detected in peripheral blood following
vaccination with live attenuated virus compared to inactivated influenza virus [85].
The collagen binding �1�1 integrin, which is important for CD4+ T cell binding
to lung interstitial microenvironment [61], also regulates CD8+ T cell responses
against influenza [86].

15.6.2 B Cell-Mediated Responses

In the absence of antibodies and B cells, mice can clear influenza infection through
the actions of CD4+ and CD8+ T cells [87]. B cell immunity against influenza
includes antigen-presentation to CD4+ T cells, which then provide help for both B
cells and CD8+ cytotoxic T cells, as well as antigen-presentation for CD8+ T cells.
However, the main function of B cells in immunity against influenza is production
of antibodies. Three different classes of antibodies participate in protection against
influenza. These include IgM, IgG and IgA.

Surprisingly, unmutated IgM antibodies protected mice from lethal primary
and secondary infection with influenza [88]. These were seemingly not stemming
from natural IgM sources, as they were produced de novo after infection. Natural
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antibodies are produced in the complete absence of antigenic stimulation by B-1
cells, with selective antigenic specificities that have evolutionarily risen to respond
to pathogens in the absence of an as yet undeveloped adaptive response [89].

While it is generally believed that influenza-specific IgG antibody responses are
CD4 and CD40-dependent, mice lacking CD40 or CD4 developed anti-influenza
IgG responses and recovered from primary influenza infection similar to intact mice.
However, mice lacking B cells were not protected against primary influenza infec-
tion [66]. The majority of influenza HA-specific antibody secreting cells in drain-
ing LN of influenza challenged mice are CD19+IgD-CD23-CD24highCD38low
germinal center B cells [90]. The first stimulatory signal the local B cells re-
ceive following influenza infection is through their type I IFNR [37]. Influenza
infection of mice caused depletion of bone marrow B cell lineage cells due to
apoptosis of early B cells through actions of TNF� and lymphotoxin �. More-
over, prior infection of mice with lymphocytic choriomeningitis virus, reduced
influenza-specific serum antibody titers following a subsequent influenza infec-
tion [91].

The role of IgA in mucosal immunity against influenza, although favored, is con-
troversial. IgA-deficient mice were protected against IN influenza challenge similar
to wild type mice [92]. This is not surprising given the fact that even B cell-deficient
mice survive an IN influenza challenge. Conversely, lack of SIgA in polymeric Ig
receptor (pIgR) deficient mice resulted in reduced protection and cross-protection,
eventhough serum IgG and IgA transudates were present in nasal secretions [49].
The role of SIgA in protection against influenza may be complementary and par-
ticularly important in memory type responses. Moreover, although it is thought that
induction of local IgA through IN vaccinations may induce better cross-reactivity
with heterologous influenza strains (i.e. those not included in the vaccine) [49], this
remains to be conclusively demonstrated in humans.

15.7 Vaccines Against Influenza

Commercially available inactivated whole- and split-virus vaccines have been suc-
cessful to prevent disease caused by influenza infection [93, 94], and a licensed
IN cold adapted live attenuated influenza vaccine is currently in use [51, 53]. How-
ever, these vaccines have not convincingly shown efficacy in generating long-lasting
immunity, particularly in the elderly, and may not be sufficiently cross-reactive
to protect against antigenic variants [95, 96, 97]. Although the intra-muscularly
injected vaccines are known to induce serum immunoglobulin G (IgG) antibod-
ies, they are poor stimulators of secretory IgA at respiratory mucosal sites and
show sporadic CD8+ cytotoxic T-lymphocyte (CTL) activation [1, 98, 99]. Efforts
are currently under way to develop influenza vaccines that generate significant
secretory IgA, as well as maintain high serum IgG titers, by exploiting mucosal
immunization [95, 100, 101, 102].

The role of intra-nasal vs. systemic immunization and induction of local IgA
as opposed to serum IgG in protection against replication in the nose, the lung
or protection from disease is well established [103, 104, 105, 106]. Therefore, IN
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immunizations alone or in combination with IM immunization may show superior
local and systemic antibody responses. For optimal induction of immune responses
through the IN route, effective and safe mucosal adjuvants are required. Mutants
of the heat labile enterotoxin from enteropathogenic E. coli have been shown to be
safe in animal and human studies [107]. LTK63 is an effective mucosal adjuvant
with no detectable toxic ADP-ribosyltransferase activity [107], and holds promise
as a mucosal adjuvant.

We recently reported that mucosal followed by parenteral immunizations with
Helicobacter pylori derived protein antigens induced enhanced local and systemic
responses compared to mucosal alone, parenteral alone, or parenteral followed by
mucosal immunizations [108]. Moreover, data from a rhesus macaque study sug-
gested that IN followed IM immunizations significantly enhanced serum and vaginal
antibody responses against HIV-env [109]. Therefore, in a recent study we tested
whether the combination of IN followed IM immunization with cell culture de-
rived HA from two strains of influenza A and a strain of influenza B virus in-
duced enhanced local and systemic immune responses compared to IM followed
by IN, IM alone or IN alone immunizations. Local responses were measured in
cervical lymph nodes (CLN), which are widely accepted to drain the nasal mu-
cosa [110, 111, 112, 113], as well as in nasal washes. One intranasal (IN) followed
by one intramuscular (IM) immunizations with a combination of cell culture pro-
duced hemagglutinin (HA) antigens derived from 3 different influenza strains in-
duced significantly higher serum hemagglutination inhibition (HI) and serum IgG
antibody titers as well as T cell responses, compared to 2 IM, 2 IN or 1 M followed
by 1 IN immunizations. Moreover, while 2 IM immunizations did not induce any
antibody responses in nasal secretions or cervical lymph nodes, which drain the
nasal mucosa, IN immunizations alone or in combination with IM immunization
induced mucosal and local responses. These data showed that the IN followed by
IM immunization strategy holds promise to significantly raise serum and local anti-
body and T cell responses against seasonal influenza strains, and possibly pandemic
influenza strains, for which no pre-existing immunity exists [114].

A variety of immunopotentiating adjuvants and delivery systems have been used
to enhance the efficacy of mucosal and systemic experimental influenza vaccines
against homologous as well as heterologous strains. These include liposomes, oil
in water emulsions, immunostimulating complexes (ISCOMS), heat labile toxin
from E. coli (LT) and its mutated derivatives, cholera toxin (CT) and its mutated
derivatives, CpG oligonucleotides, plasmid DNA and RNA (e.g. alphavirus-based
replicon particles). Of these the oil in water emulsion (MF59) has been shown to be
safe and effective for IM immunizations.

A word of caution regarding the use of immunostimulating adjuvants for intra-
nasal vaccinations is warranted. In 1997, a Swiss company (Berna Biotech) marketed
an IN vaccine against influenza consisting of HA and NA in liposomes mixed with
wild type LT. While this had proved efficacious in clinical trials, post marketing
there was a close link between cases of Bell’s palsy (Bp; temporary partial facial
paralysis) and vaccinations with this vaccine [115]. Hence this product was with-
drawn from the market. It has since been shown that CT (and possibly LT) can
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access the olfactory bulb and bind to neuronal cells, hence causing Bp either directly
or through activation of dormant viruses such as herpes virus. While recent research
indicates that for the neurotoxic effects of these toxins via IN administration both
receptor binding (monoganglioside-1 (GM1)) and toxicity (ADP-ribosyltransferase
activity) should occur, it remains to be seen how safe their nontoxic moieties prove
to be in large-scale clinical trials.

The need to continuously monitor for changes in the HA membrane protein of
seasonal influenza virus strains have lead to the idea that design of a vaccine based
on the portions of the virus that do not undergo such high rates of mutations may
be possible and obviously more advantageous. Several attempts have been made
to design a universal vaccine against influenza based on the transmembrane viral
M2 protein [116]. Another approach for universal influenza vaccine is through the
design of plasmid DNA encoding NP and/or M1 [117].

15.8 Preparing for a Potential Pandemic Influenza

Epidemics of influenza occur when small mutations in the HA and NA genes cre-
ating new antigenic epitopes, called antigenic drift, render existing neutralizing an-
tibodies against previous epitopes obsolete. Pandemic influenza occurs when major
segments of HA or NA of human and avian tropic influenza strains undergo major
genetic reassortment through recombination in an intermediary host, which pos-
sesses receptors for both the human-and avian-tropic strains, such as swine. All
major pandemic influenza strains in the 20th century were derived from influenza A
strains. The pandemic that caused the most death, up to 50 million, was the Spanish
influenza in 1918 caused by an H1N1 influenza strain. The other major pandemics
were the Asian (1957) and Hong Kong (1968–1969), each resulting in an estimated
1–2 million deaths. Currently, the H5N1 strain has resulted in the death of millions
of domestic and wild birds. Moreover, this strain has resulted in bird to human trans-
missions and death of several hundred humans. It is suspected that once the virus
can cause direct human to human transmission, the pandemic will be imminent.
This is likely due to the considerable difference in the antigenicity of a mutated
H5N1, and no pre-existing immunity in the general population, compared to the
more common seasonal influenza strains, for which there is a level of pre-existing
immunity. Therefore, there is an urgent need to establish vaccines and immunization
protocols that can prevent an influenza pandemic.

Several companies have produced mock vaccines against putative pandemic
strains of influenza. Vaccination against pandemic influenza is arguably the best
means of protection against the disease, and animal studies suggest the vaccines
could prove efficacious. The generally accepted protective serum HI titer value
of 1:40 against seasonal influenza strains remains to be shown to hold true for
pandemic influenza strains. Recent human studies suggest that IN immunizations
provide better cross-protective responses against diverse strains of seasonal
influenza, and it is plausible that the same may hold true for pandemic strains of
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influenza. However, the use of better adjuvants or delivery systems for systemic
vaccinations may also improve cross-protective responses. There are also several
antiviral drugs being stockpiled that can reduce the severity of disease caused by
pandemic influenza. Major investments have been made by both governments and!
large vaccine manufacturing companies alike to complete additional manufacturing
facilities for vaccines against both seasonal and pandemic influenza. The current
major focus of these efforts is to transform the egg-based to cell-based manufac-
turing technology, in order to save precious processing and development time once
imminent pandemic strains are officially announced by the WHO.
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Genital Pathogens



Chapter 16
Immunity Against Chlamydia trachomatis

Ellen Marks and Nils Lycke

Abstract Chlamydia trachomatis, the etiology of one of the most common human
infections, is responsible for an increasing number of genital tract infections world-
wide. In addition, this obligate intracellular pathogen infects epithelial cells of the
eye, resulting in trachoma and, as a sequela, blindness. The genital tract infection
often leads to severe damage of the reproductive tract, resulting in tubal factor in-
fertility. Infection of the genital tract stimulates a complex array of host immune
responses involving innate as well as adaptive immune responses. Cells of the in-
nate immune system recognize and limit the spread of infection, and influence the
outcome of infection through the modulation of the adaptive immune response.
Protective immunity against C. trachomatis involves primarily Th1 CD4+ T cells
and IFN-� production, while antibodies, and possibly CD8+ T cells, can contribute
to protection. However, the immune response to infection is complex and those
components that convey protective immunity may contribute to the pathogenesis.
Therefore, it is believed that a balance between Th1/Th2 effector and regulatory T
cell populations is required to avoid harmful immunopathology and permanent se-
quelae. Advances in our understanding of the immunobiology of the genital tract and
better knowledge about chlamydial infections are key issues for the development of
effective vaccines. In this context, identifying protective chlamydial antigens is cru-
cial as well as investigating optimal immunization routes and vaccine formulations,
including choice of adjuvant, will probably be central to an effective anti-chlamydial
vaccine. In the present chapter, we discuss the current knowledge of correlates of
protection and vaccine strategies.
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16.1 Introduction

The female genital tract mucosa is challenged with two immunologically distinct
and opposing functions; i.e. maintaining tolerance to allogenic spermatozoa and
the developing fetus, on the one hand, and ability to mount a protective immune
response against pathogenic microorganisms that use the genital tract as a portal
of entry, on the other. This delicate balance between tolerance and immunity is a
hallmark of mucosal barrier functions in the body and particularly well studied for
the gut intestinal immune system (reviewed [1]). Much less known are mechanisms
responsible for this balance in the genital tract. From a host protection point of
view the ability to recognize invasive pathogens is paramount to the ability to de-
velop an adaptive immune response in the genital tract. A better understanding of
regulatory functions in the genital tract immune system is, therefore, much needed
if effective vaccines are to be developed. This has become increasingly important
because sexually transmitted diseases (STDs) caused by bacterial or viral infec-
tions are a major problem world-wide. For example, genital tract HIV and human
papilloma viruses (HPV) are causative agents of severe viral diseases, however,
bacterial STDs are also a growing problem. In this regard, infections caused by
Chlamydia trachomatis are of particular interest. Chlamydia trachomatis infections
can affect not only the genital tract, but also the respiratory tract and the eye. Thus,
Chlamydia infections in humans are a major medical concern in both industrial-
ized and developing countries, with approximately 90 million new infections re-
ported annually [2], representing the most common bacterial STD and the num-
ber one cause of preventable blindness worldwide [3]. More than two-thirds of
the Chlamydia-infected cases are found in developing countries, where resources
for diagnostic- and treatment services are limited. It was recently estimated that
sub-Saharan countries and southern Asia together have more than 60 million new
cases every year [2]. In addition, studies have indicated that genital infection with
C. trachomatis correlates with an increased HIV transmission rate and cervical
neoplasia, which in turn is associated with infections with HPV [4, 5], thus mak-
ing infections and co-infections a key concern for health workers and the launch
of effective treatment plans, including prophylactic vaccine development, much
needed.

C. trachomatis infects both men and women. In females the primary site for
genital tract infection is the columnar epithelium of the endocervix, where the bac-
teria divide and infect neighboring cells. Characteristic symptoms caused by local
inflammation include abnormal vaginal discharge, lower abdominal pain, mucop-
urulent cervicitis and post-coital bleeding. The infection is effectively treated with
antibiotics, however, the number of asymptomatic infections is high, with approx-
imately 70–90% of women and 30–50% of men remaining asymptomatic [6]. If
untreated in females, the C. trachomatis infection may invade and ascend to the fal-
lopian tubes where it can persist for several months. The local inflammation caused
at the site of infection can be severe and disrupt tissue functions, leading to pelvic
inflammatory disease (PID), tubal factor infertility and ectopic pregnancy. Although
antimicrobial treatment is effective a majority of cases remain undetected. In fact,
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antimicrobial treatment has been suspected to promote transmission of infection and
reduce natural immunity in the population [7]. Therefore, there is growing interest
in prophylactic vaccines against chlamydial infections.

Also, high morbidity and economic costs of infection call for a vaccine against
C. trachomatis, but several factors have delayed progress in this field. Firstly, we
do not have a good understanding of which antigens are protective. It is believed
that an effective vaccine should mimic the natural immune response to infection.
However, the vaccine must not induce the severe inflammatory reactions sometimes
associated with infection or, indeed, should not aggravate the inflammatory response
when vaccinated individuals are naturally exposed to C. trachomatis bacteria, as
has been seen (reviewed [8]). Secondly, the route for effective immunization of the
genital tract is still much debated. Strong advocating arguments for local as well as
well systemic vaccination in animal models can be found but few studies in humans
have resolved the issue. Thirdly, the adjuvant formulation to be used for an effective
genital tract vaccine is poorly defined as well as which host factors convey resistance
to infection and the role of innate and adaptive immunity. It is a fact that, while
a natural infection does induce some protection against reinfection, especially in
animal models, this appears to be less true in humans, especially when reinfection
is of a different serovar [9]. Notwithstanding this, our knowledge about vaccine can-
didates and immune responses to C. trachomatis is growing. Most studies in animal
models, in particular using the mouse model of infection with C. muridarium or
human isolates of C. trachomatis have given us a better understanding of immune
protection against Chlamydia infections in the genital tract. Of note though, caution
should be used when extrapolating results from C. muridarium and C. trachomatis
in the mouse model to the human infection, because these species differ consid-
erably with regard to susceptibility to IFN-� as well as in the allelic variation in
genes encoding protective antigens, such as major outer membrane protein (MOMP)
[10, 11, 12]. In this chapter we will focus on what has been learned about genital
tract Chlamydia infection referring mostly to the literature but also to our own work
in gene-knockout mouse models.

16.1.1 Chlamydia trachomatis

The genus Chlamydia comprises obligate, gram-negative, aerobic, intracellular bac-
teria with a variety of tissue tropisms and host species. Human Chlamydia pathogens
include C. pneumoniae and C. trachomatis, which infect the respiratory and occu-
logenital mucosa respectively. C. trachomatis consists of 15 identified serovariants
which differ primarily in the properties of their major outer membrane proteins.
Servovars A, B, Ba and C cause trachoma while serovars D to K are sexually trans-
mitted, but may also infect the respiratory epithelium. Serovars L1, L2 and L3 infect
the genital epithelium but disseminate to the lymphatics, leading to a systemic dis-
ease know as lymphogranuloma venereum (Table 16.1). Serovars D and E are the
most prevalent infections in humans, while H and I represent the least number of
cases reported [13].
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Table 16.1 Chlamydia trachomatis, the causative agent of many diseases, the related groups of
serovars and their incidence in different countries

Species Disease Riskgroup Incidence*

C. trachomatis

Serovar A, B, Ba, C conjunctivitis

trachoma

Urethritis 18–26 year olds 2.5% China

cervicitis 4.2% United States

pelvic inflammatory
disease

2.1% Britain

ectopic pregnancy

tubal factor infertility

neonatal pneumonia

neonatal conjunctivitis

proctitis

epididymitis

vesiculitis

L1, L2, L3
lymphogranuloma
venerum

MSM

proctitis Sex workers

Up to 8% clinic patients
endemic areas

Serovar D, Da, E, F,
G, H, I, Ia, J, Ja, K

Children low
socioeconomic
regions

Up to 50% of children
in endemic areas

∗ Figures presented vary dramatically from country to country, and also with the diagnostic meth-
ods used, ages and socioeconomic groups of the populations that were studied [14, 15, 16, 17, 18]

The defining features common to chlamydiae are unique and illustrate a complex
biphasic developmental cycle (Fig. 16.1). Small, infectious, but metabolically inert,
elementary bodies (EBs) attach and bind to the host epithelium, where they induce
endocytosis into a vacuole, termed an inclusion. In order to evade the host immune
defense, the bacterium inhibits fusion of the inclusion with host cell lysosomes [19].
Within 2–6 hours after internalization the EBs differentiate into metabolically ac-
tive, but non-infectious, reticulate bodies (RBs) that divide exponentially by binary
fission before condensing back into EB form. These EBs are subsequently released
from the cell by firstly disrupting the host cell plasma membrane, followed by
disruption of the inclusion membrane, releasing the bacteria to infect neighboring
cells [20].

16.2 Chlamydia Immunobiology

The female genital tract mucosa contains a full repertoire of immune competent
cells belonging to both the innate and adaptive immune systems, which vary in
number, type and distribution throughout the menstrual cycle. It is thought that the
female reproductive tract lacks organized lymphoepithelial structures found at other



16 Genital Tract Chlamydia trachomatis Infections 437

Infection (EBs)

Division by binary
fission

Transformation of
RBs back into EBs

Transformation
of EBs into RBs

Lysis

Inhibiton of
chlamydial growth

IFN-γ, antibiotics,
tryptophan
starvation

Persistence

Death
Removal of
inhibition

Fig. 16.1 The growth cycle of Chlamydia. The productive infection cycle involves transformation
of EBs into RBs and the division of Chlamydia RBs inside inclusion bodies by binary fission. RBs
then differentiate back into infectious EBs before lysis of the cell and release of infectious particles
for reinfection. RBs may respond to inhibition of the growth cycle by acquiring a non-replicating,
but still viable, aberrant form. The infection will become productive again once the inhibiting
factors are removed and the persistent forms re-differentiate back into infectious EBs

mucosal tissues, such as the Peyer’s patches or isolated lymphoid follicles in the
small and large intestine. However, studies have shown the presence of lymphoid
aggregates (LA) consisting of CD8+ T cells with a core of B cells surrounded
by an outer mantle of macrophages, which can be found in the human cycling
uterus, but are absent at menses and during gestation [21]. In women suffering from
C. trachomatis infection these LA develop into lymphoid follicles, presenting with
germinal centers, the sites for expansion of antigen-triggered B cells [21, 22]. While
these LA can act as local inductive sites, it is likely that T and B cell responses in
the female genital tract may be induced both locally and through recruitment from
distant inductive sites. However, because the genital tract mucosa of uninfected indi-
viduals contains relatively few lymphocytes, recruitment of circulating lymphocytes
appears to be a critical part of the immune response. We know that chemokines
and adhesion molecules act together to recruit lymphocytes from the circulation
and distant secondary lymphoid tissues into the mucosa. These mechanisms appear
to also occur in the female genital tract. Chemokines capable of directing distant
lymphocytes to the genital tract, such as CCL5, CCL7 and CXCL10, have been
shown to be expressed in murine epithelial cell lines in response to C. muridarium
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infection [23]. Expression of adhesion molecules on the endothelium is required for
tissue emigration of leukocytes. VCAM1 and MADCAM1 are up-regulated in the
fallopian tubes following C. trachomatis infection, indicating that the response to
Chlamydia infection evokes both local and distant immune responses [24].

To mount an effective immune response a series of coordinated events activate
the innate and adaptive immune systems. The intricacies of those interactions dur-
ing Chlamydia genital tract infection are still under investigation. However, it is
clear that the cell-mediated immune response plays an important role in protective
immune responses. Given the limited feasibility of detailed studies of Chlamydia
genital tract infections in humans, advances in our understanding of host immunity
has been greatly facilitated by the use of murine models infected with C. muri-
darium or human serovars of C. trachomatis. Like humans, mice develop an as-
cending infection that spontaneously resolves after 2–4 weeks [25], during which
time there is an influx of macrophages, neutrophils and lymphocytes, including B
cells, CD8+ T cells and, in particular, CD4+ T cells [26]. Following resolution of
infection, CD4+ T cells remain in the genital tract. These CD4+ T cells are thought
to significantly contribute to protection against reinfection with the same serovar [9].
Noteworthy, mice that do become reinfected suffer only a transient infection of the
lower genital tract with greatly reduced bacterial loads and milder inflammation [9].
Importantly, the mouse infection is remarkably similar to the human chlamydial
infection in several regards. As in human populations, different strains of mice re-
spond differently to infection and are differently susceptible to the development of
post infection sequelae [27, 28].

16.2.1 Innate Immunity

The innate immune response is the first line of defense against invading pathogens
and may reduce the initial load of the pathogen and promote the induction of an
adaptive immune response capable of specifically combating the infection. Innate
immunity encompasses mechanisms of defense such as the production of soluble
molecules and anti-microbial substances, the detection of pathogen-specific molec-
ular structures, and the actions of macrophages, neutrophils, dendritic cells, natural
killer (NK) cells and NK T cells. These cells of the innate immune system may
have profound implications for the eventual outcome and immunopathology of the
genital tract infection. The pro-inflammatory response that is triggered by infection
is characterized by production of cytokines and chemokines by epithelial and other
cells in the mucosa. Of the cytokines, IL-1�, IL-6, TNF�, GM-CSF, IL-8, Type I
IFNs, and IL-12 are strongly produced [23, 29, 30]. The cytokine microenvironment
promotes the development of Th1-dominated CD4+ T cell immunity (see below).

16.2.1.1 TLR Recognition of Chlamydia

Epithelial cells, neutrophils, NK and NKT cells, macrophages, and dendritic cells
(DCs), are important in the innate immune response through their expression of
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toll-like receptors (TLRs). TLRs act as pattern recognition receptors (PRRs) that
enable cells to recognize pathogen-associated molecular patterns (PAMPs), which
are conserved molecules in bacteria and distinguishable from host molecules. TLRs
1–9 can be found throughout the female genital tract. However, TLR4 is weakly
expressed or absent from the lower genital tract [31]. Upon entry into the genital
tract, Chlamydia could be recognized by TLR4, which recognizes bacterial LPS
and heat shock proteins (HSPs), or through TLR2, which binds bacterial lipopro-
teins. However, surprisingly, it was found that mice lacking expression of TLR2
or TLR4 were unimpaired in their clearance of Chlamydia bacteria from the gen-
ital tract. This occured despite reduced ability by macrophages in TLR2−/− mice
to produce cytokines, resulting in less immunopathology compared to wild-type
control mice [29]. It, thus, appears that the importance of TLRs still is insuffi-
ciently investigated to help explain host resistance against genital tract infections
with C. trachomatis. Also, a role of TLR2 for the immunopathology in humans has
been suggested [32, 33]. However, single gene nucleotide polymorphisms (SNPs)
in the TLR4 or CD14, a co-receptor to TLR4-signalling, did not affect tubal pathol-
ogy [34, 35, 36]. Future studies are warranted to dissect the precise role of TLRs for
host resistance and the immunopathology in genital tract Chlamydia infections.

16.2.1.2 NOD Proteins

Another family of PRRs is the nucleotide-binding oligomerization domain (NOD)
protein family. NOD1 and NOD2 are intracellular PRRs which recognize ligands
including LPS and peptidoglycans [37, 38]. When activated they up-regulate the
transcription factor NF-�B and c-Jun N-terminal kinase (JNK) in the host cell [39].
Although peptidoglycans have not been detected in Chlamydia, the gene encod-
ing peptidoglycan is present in the Chlamydia genome and may be expressed [40].
Since the Chlamydia infection is strictly intracellular it is likely that NOD-receptors
are important for host recognition. Studies in epithelial cell lines have shown that
NOD1 recognition of Chlamydia can cause up-regulation of NF-kB expression and
fibroblasts were shown to augment IL-6 and MIP-2 production, an effect strongly
impaired in NOD1−/− mice [41]. Thus, NOD-signaling may be involved in the host
recognition of Chlamydia bacteria.

16.2.1.3 The Early Host Response to Chlamydia

Natural killer (NK) and NK T cells may be important factors in host resistance
against genital tract infections not only due to their ability to lyse infected target
cells, but also because they produce certain cytokines, such as IFN-�, known to
promote phagocytic activity of macrophages as well as driving T cells towards the
Th1 lineage. NK cells were first proposed to play a role in host resistance against
Chlamydia infection when it was observed that bacterial elimination from the genital
tract was marked already 7 days into the primary infection and coincided with an
increased number of IFN-� producing cells, at a time when adaptive immunity was
still developing [42]. Treatment in vitro with anti-CD4 antibody did not diminish
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this production, suggesting that a cell type other than the CD4+ cells was respon-
sible for the IFN-� production. NK cells, therefore, are likely candidates, and in
fact, NK cell activity in the genital tract can be detected as early as 12–24 hours
after inoculation of bacteria [42]. Since IFN-�-deficient mice do not show enhanced
bacterial colonization at this early stage of infection it is assumed that the func-
tion of NK cell IFN-� production is not acting by impairing bacterial growth [43].
Rather, it is thought that NK cells are critical to the overall resolution of infection,
through polarization of the immune response towards Th1 and down-regulating the
Th2 response.

Studies in humans have suggested that NK cell activity is defective due to anergy
in these Chlamydia infected patients. Decreased production of IFN-� and TNF-�
was associated with a reduced ability for antibody-dependent cellular cytotoxicity
(ADCC) [44]. Others have reported anergy to chlamydial antigens in adults with
scarring sequelae of trachoma and peripheral blood T cell responses were sup-
pressed in patients suffering from chronic disease [45, 46]. Alterations in the activity
of NK cells could potentially change the outcome of infection and have important
implications for the early stages of the immunobiology of C. trachomatis infections.

NK T cells, a subset of CD4+ innate-like lymphocytes, were recently ascribed
a role in linking innate and adaptive immune responses against various bacteria,
viruses, and parasites [47, 48, 49]. In contrast to antigen presentation on MHC-II
molecules, recognized by classical CD4+ T cells, NK T cells recognize lipid antigen
in the context of CD1d molecules for activation. Activated NK T cells act directly on
infected cells by killing the CD1d-expressing cell or through production of IFN-�,
in turn activating NK cells. Most importantly though, is probably the downstream
effect of NK T cells to modulate the early phase of the adaptive immune response,
polarizing it into Th1/Th2 domination in the genital tract [50, 51]. In addition, it
was demonstrated in the chlamydiae-respiratory tract infection model that bacte-
ria evaded a protective immune response by down-regulating surface-expression
of CD1d, thereby avoiding NK T cell activation and destruction of the infected
cells [52]. Nevertheless, the role of NK T cells in response to genital tract Chlamydia
infection has yet to be better explored.

16.2.2 Adaptive Immunity

16.2.2.1 Cell Mediated Immunity

Adaptive cell-mediated immunity is crucial for clearance of C. trachomatis from
the genital tract. The uninfected genital tract hosts low numbers of CD4+ T cells.
Following infection, lymphocytes in the genital tract form immune inductive sites
in which T and B cells are expanded [53]. In the mouse, these inductive lymphoid
follicles consist mainly of clusters of CD4+ T cells, while in human females, T
cells, DCs as well as B cells are found [21]. However, it is thought that the major-
ity of lymphocytes in the infected genital tract tissue represent cells that migrate
in from other inductive sites, such as the paraaortic draining lymph nodes. This
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is supported by the documentation of homing receptors on the lymphocytes and
adhesion molecules expressed locally in the genital tract mucosa. For example,
the fallopian tubes in Chlamydia-infected mice express the adhesion molecules
MADCAM-1 and VCAM-1, molecules responsible for recruitment of mucosal-
�4�7 and non-mucosal �4�1 homing CD4+ T cells, respectively [24].

An adaptive immune response that clears Chlamydia bacteria from the genital
tract develops over a period of several weeks. The ensuing acquired immunity con-
fers partial resistance to reinfection, especially when reinfection is caused by the
same serovar as the primary infection [9]. It is now well established that clearance
and protective immunity to Chlamydia is dependent primarily upon CD4+ T cells
[43, 54, 55, 56]. Nude mice, which lack T cells, were unable to control infection
and mice that lack CD4+ T cells but have CD8+ T cells are unable to clear infec-
tion [25]. However, mice deficient in CD8+ T cells but hosting CD4+ T cells, such as
the �2-microglobulin deficient mice, effectively eliminate a genital tract infection.
Extended investigations have given that mice deficient in IFN-�, MHC-II, or IL-12
or normal mice depleted of CD4+ T cells, are severely impaired in clearing of in-
fection [25, 43, 54, 57]. Whereas, Th1-dominated immunity is protective, Th2- cells
have been associated with delayed clearance, as seen after transfer of Chlamydia-
specific Th2 clones into nude mice or in mice immunized with EB pulsed-DCs,
establishing a Th2-dominated immune response [58, 59].

The role of CD8+ T cells for host resistance against genital tract Chlamydia
infection is less obvious [55]. As aforementioned, CD8 or �2-microglobulin de-
ficient mice clear infection well [25]. However, several studies have documented
Chlamydia-specific CTL activity against infected target cells [60, 61]. In humans, it
is possible that CD8+ T cell-mediated recognition of peptides presented by epithe-
lial cells, which constitutively express MHC-I, may be an important part of the im-
mune response [62]. It is noteworthy that both CD8+ and CD4+ specific T cells are
generated in response to a genital tract Chlamydia infection [63]. Notwithstanding
this, CD4+ T cell mediated immunity is thought to be superior to CD8+-mediated
CTL activity, as demonstrated with C. muridarium-specific CD4+ splenic T cells
or T-cell lines transferred into infected nude mice, rather than when corresponding
specific CD8+ T cells were transferred [55, 64].

16.2.2.2 Induction of CD4+ T Cell Responses

Protective immunity is a complex coordinated activity involving effector as well as
regulatory T cells. Upon encounter with a genital tract infection a series of adapta-
tions of the T cell response would be expected in order to acquire strong local pro-
tection with minimal tissue destruction. However, these modifications require strict
control of the different responses. Therefore, it is likely that naı̈ve CD4+ T cells
differentiate into Th1,Th2, Th17 or T regulatory cell (Treg) subsets, which together
convey resistance against chlamydial infection. According to the two-signal model
for CD4+ T cell activation, peptide-recognition by T cell receptor is followed by
critical co-stimulation [65, 66]. Several factors impact on forming the appropriate T
cell response. Of these, the type of APC, the expression of co-stimulatory molecules,
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such as CD80 and CD86, and the cytokine environment are key components in this
process [67, 68, 69]. The T cell expresses CD28 constitutively, but upon activa-
tion, ICOS and CTLA4 are also induced, which have key functions in modulating
T cell differentiation into Th1, Th2 or Treg cells [70, 71]. Whereas CD80 and 86
are ligands for CD28 and CTLA4, ICOSL binds to ICOS on the activated T cell to
promote expansion and differentiation of effector and regulatory CD4+ T cells [72].

ICOS and CD28 have been shown to differentially regulate the polarization of
an immune response towards Th1 or Th2 in a number of infectious disease mod-
els including Leishmania major, Salmonella typhimurium and Listeria monocyto-
genes [73, 74, 75]. The co-stimulation required to expand and differentiate the
naı̈ve T cells depend on receptor-ligand interactions and subsequent production
of cytokines, which act in an autocrine and paracrine fashion to shape the T cell
subset response (Fig. 16.2B). Therefore, the cytokine environment is vastly dif-
ferent depending on which costimulatory molecules are involved. ICOS-signaling
has been associated with the production of IL-10, IL-4 and IFN-� depending
on the antigenic stimuli, whereas CD28-signaling is particularly important for
IL-2 production [76, 77, 78]. ICOS has been shown to be more highly expressed
on Th2 than Th1 cells and is involved in germinal center (GC) formation, so-
matic hypermutation and class-switch recombination of activated B cells. Moreover,
Tregs are thought to develop as a consequence of signaling through co-stimulatory
molecules [79]. Currently, 2 broad categories of Tregs have been described: (1) The
natural FOXP3+CD4+CD25+ Treg, which develop in the thymus, and (2) the in-
ducible Tregs (Th3 and Tr1 cells), which develop in the periphery. The importance
of CD28 in the development, maintenance and function of Tregs has been estab-
lished. Interestingly, some subsets of Treg cells have been shown to depend on ICOS
expression for in vivo and in vitro suppression through the production of IL-10.

Since immunity against C. trachomatis is based primarily on the contribution
of Th1 CD4+ cells, in a recent study, we characterized the generation of protec-
tive specific memory responses during infection in the absence of co-stimulatory
molecules. We analysed the differential requirements of co-stimulatory signaling
through CD28 and ICOS in the course of an adaptive immune response against
C. trachomatis serovar D. We found that CD28 was required for the priming and
expansion of Th1 effector cells, responsible for eradicating the genital tract infec-
tion and for the development of long-term memory against reinfection [80]. The

Fig. 16.2 Differentiation of T cells into specific subsets is mediated by cytokines. (A) CD4+

naı̈ve T cells generate T progenitor (Tp) cells following TCR-MHC-II interactions, which can
then differentiate into subsets of Th1, Th2, Th17 or Treg cells following cytokine stimulus. Once
differentiation is initiated, cytokines produced by the T cells act to enhance expansion and differen-
tiation of the specific subsets of CD4+ T cells. (B) Th1 differentiation showing the IFN-� positive
feedback loop. Differentiation into Th1 cells depends on IL-12-mediated activation of STAT4,
which in turn supports IFN-� production. A positive feedback loop follows, whereby IFN-� in-
duces STAT1 which activates T-bet, which increases expression of IFN-� and the �2-subunit of
the IL-12 receptor. This IFN-� produced by Th1 cells acts to promote APCs’ function, thereby
additionally driving Th1 differentiation
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lack of Th1 priming was apparent in CD28-deficient mice and the poor IFN-� pro-
duction resulted in impaired protection and insufficient immunity to reinfection.
These mice exhibited low expression of the Th1-specific transcription factor, T-bet,
in their draining lymph nodes, but prominent expression of GATA-3, which is a
transcription factor linked to Th2-development. By contrast, in the absence of ICOS
Th1 development was greatly augmented and protection was enhanced with almost
sterile immunity to a secondary challenge infection. Therefore, we concluded that
ICOS signaling modulates the genital tract T cell response by dampening the Th1-
domination while promoting Th2-development [80]. Also, Treg development was
impaired in ICOS-deficient mice as demonstrated by lower expression of Foxp3
mRNA, the specific transcription factor for Treg-development, and lower levels of
IL-10 in the genital tract lymphocytes than that found in normal mice infected with
C. trachomatis. This resulted in better protection, but also more immunopathology
in ICOS−/− mice compared to normal mice following C. trachomatis infection of
the genital tract [80]. Thus, it appears that CD28-signaling is critical for immune
protection against a genital tract chlamydial infection, but ICOS signalling is impor-
tant for dampening Th1-development and driving Th2-immunity as well as for anti-
inflammatory IL-10 production and promotion of Foxp3+ Treg populations in the
genital tract. Since ICOS is required for GC-formation and specific antibody produc-
tion, no antibodies were found in ICOS−/− mice, albeit immune protection against
a genital tract chlamydial infection was enhanced. Therefore, and in agreement with
several other mouse models, there was poor correlation between immune protection
against chlamydial infection and presence of specific antibodies [55, 56, 81, 82].

16.2.2.3 Mechanisms of Protection: The Role of IFN-�

There is general agreement that the anti-chlamydial action of CD4+ and CD8+

T-cells, as well as NK cells, could be mediated through production of IFN-� [43].
IFN-�−/− mice are unable to clear a genital tract infection with human strains of
C. trachomatis [43]. IFN-� is thought to directly affect survival of Chlamydia bac-
teria and not exclusively through its ability to activate macrophages to release factors
that drive inflammation. During a Chlamydia infection in mice, IFN-� is produced
in a biphasic pattern, peaking at 1 week and 3 weeks after infection [42]. The early
peak of IFN-� has been attributed to NK and NKT cells, while the latter corresponds
to the high levels of proliferation and influx of CD4+ and CD8+ T cells into the
genital tract tissues [42]. It is known that high doses of IFN-� may confer protec-
tion against Chlamydia infection by blocking chlamydial growth, albeit low doses
of IFN-� appears to rather promote persistent infection by increasing production
of aberrant RBs [83]. Thus, the exact anti-chlamydial effect of IFN-� in vivo is
still incompletely understood. It may include many factors such as reactive nitrogen
species through inducible nitric oxide synthase (iNOS), IDO-mediated tryptophan
starvation, deprivation of iron (Fe) via down-regulation of transferrin receptors,
stimulation of phagolyzosomal fusion, and the disruption of selective vesicular nu-
trient transport via p47/GTPase activation (reviewed in [84]).
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Particularly, the growth-inhibiting effect has attracted much attention. Induction
of the enzyme iNOS by activated phagocytes is key to this effect. Many differ-
ent factors other than IFN-� may promote the production of iNOS, such as other
cytokines and bacterial components, including LPS and lipotechoic acid [85, 86].
iNOS catalyzes the production of reactive nitrogen species (RNS), including nitric
oxide (NO).

L-arginine + O2 + NADPH −−−→
i N O S

NO + L-citrulline + NADP

NO is known to posses powerful immunoregulatory and antimicrobial properties. It
can inactivate enzymes of the citric acid cycle and induce DNA damage [87, 88].
RNS have been shown to inhibit chlamydial growth in isolated fibroblasts [89],
macrophages [90] and murine epithelial cells [91]. But, interestingly, mice lacking
iNOS resisted infection well and were able to normally clear chlamydiae bacteria
from the genital tract [92, 93]. Perhaps, it can be concluded from these latter studies
that presence of iNOS-induced RNS can protect mice from more severe chronic
infection, since the prevalence of hydrosalpinx in i N O S−/− mice was significantly
increased compared to infected normal mice. Furthermore, induction of the enzyme
indoleamine 2,3-dioxygenase (IDO) also plays a central role in IFN-�-mediated
growth inhibition of Chlamydia in human model systems [94]. Noteworthy, this
has not been observed in murine models of genital tract Chlamydia infection [95].
IDO is responsible for the degradation of tryptophan to kynurenine, thereby caus-
ing inhibition of bacterial replication and growth by deprivation of the intracellular
tryptophan pools (Fig. 16.3).

16.2.2.4 Humoral Immunity

Antibodies are critical for protection, especially against pathogenic microorganisms
that are extracellular. C. trachomatis is an obligate intracellular pathogen and there-

Fig. 16.3 The antimicrobial
effects of IFN-�, iNOS and
IDO restrict C. trachomatis
growth in different ways.
Whereas IDO catalyses the
conversion of tryptophan to
kynurenine, which depletes
tryptophan stores and ablates
growth of the bacteria, iNOS
catalyses the production of
nitric oxide, thereby
contributing to lyzosomal
pathogen killing

IF N Y-
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fore there has been extensive debate as to the role of specific antibodies for host
resistance against Chlamydia infections. IgG and IgA-secreting plasma cells are
present in the lamina propria of the endocervix but scarce in the vagina. However,
unlike other mucosal surfaces of the body, the dominant antibody isotype in the
female genital tract is IgG, while IgA is present in significant amounts only in the
cervical mucosa and fallopian tubes (reviewed [96]). Diffusion of serum-derived
and locally produced IgG and IgA through epithelia is an important part of humoral
immunity in the female genital tract. Since specific antibodies can protect the host
in many ways it has been speculated as to what antibodies could do to eliminate
a genital tract Chlamydia infection [56]. Of course, they could act as opsonins
by binding to the surface of the bacteria or the infected cells and together with
Fc-receptor carrying phagocytes or complement components causing lysis of bac-
teria and host cells. Activation of complement also contributes to the release of
chemotactic factors that can attract inflammatory and phagocytic cells to the area
of infection. Specific antibodies may also neutralize infection by preventing bacte-
rial up-take or invasion into host cells. However, none of these mechanisms appear
to be critical for host resistance against C. trachomatis genital tract infections in
the mouse model. Mice deficient in B cells and antibodies demonstrate an intact
ability to clear infection, exhibiting a pattern of bacterial clearance and long term
acquired immunity very similar to that observed in normal mice [97, 98, 99, 100].
Furthermore, vaccine candidates that elicited only high titers of specific antibodies
and no CD4+ T cells were non-protective [43, 56, 101]. Nevertheless, recent studies
have clearly shown that antibodies may contribute to resistance and dampening of
the immunopathogenesis associated with infection [97, 98, 99, 100, 101]. Using
an alternative approach, it was found that Chlamydia-immune mice, which were
rendered susceptible to infection by deletion of T cells, were protected against a re-
infection by passive transfer of immune serum [97]. Additionally, studies in FcR−/−

mice showed reduced resistance against infection, suggesting a role for antibodies
in host protection against reinfection of the genital tract [99]. The mechanisms for
these protective effects are unknown, but it is noteworthy that passive transfer of
immune serum does not protect against a primary infection, only against reinfection,
a fact which argues against a neutralizing or complement activating effect [97]. To
what extent these findings in mice bear any significance for the development of re-
sistance against infection in humans is still an open question. Significantly elevated
Chlamydia-specific IgG and IgA titers have been associated with chronic infection
and pathogenesis [102, 103, 104].

16.3 Immunopathogenesis

It has been estimated that 20% of women with lower genital tract chlamydial infec-
tion will develop PID, 4% suffer from chronic pelvic pain, and 3% show signs of
infertility. There is a considerable majority (50–70%) of women who remain asymp-
tomatic throughout the infection, and both asymptomatic and symptomatic infec-
tions are at risk of developing adverse complications [105]. PID is an inflammation
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of the uterus, fallopian tubes and pelvic structures [106], and the risk of developing
infertility after a single episode of PID is 10% and doubles for each consecutive
episode [107]. Similarly, women suffering from PID are 7–10 fold more likely to
develop ectopic pregnancy and 24–75% experience chronic pelvic pain (reviewed
in [108]).

The pathogenesis of C. trachomatis genital tract infections is the result of an in-
flammation that is immunologically mediated, although surprisingly little in known
about the inflammatory process that leads to fibrosis and damage of the genital
tract. It is thought that persistent antigen synthesis and an ineffective immune re-
sponse contribute to the chronic inflammation that ultimately lead to salpingitis
and/or infertility [109]. Failure to effectively clear the pathogen from the genital
tract may induce a state of aberrant Chlamydia inclusions [110]. Ultimately, the
outcome of chlamydial infection depends on the balance between the Th1, Th2
and Treg subsets in the genital tract, which in turn is influenced by many different
factors including genetics, bacterial strain, and the local microenvironment. In this
context it is noteworthy that C. trachomatis infections have been associated with
the induction of heat shock protein (HSP60), which belongs to a family of phyloge-
netically conserved proteins that are present in both bacteria and produced by host
cells. Chlamydia HSP60 displays 48% homology to human HSP60 and is involved
in the assembly of the outer membrane of EBs [111]. Its accumulation is thought
to contribute to the pathogenesis by breaking tolerance to human HSP60 due to
antigenic cross-reactivity and the induction of an autoimmune reaction [111, 112].
During chronic infection the accumulation of HSP60 provides a continuous anti-
genic stimulation, and thus prolongs an autoimmune response [98]. Alternatively,
Chlamydia-HSP60 stimulates specific Tregs that produce IL-10, and when these
cells are activated they promote a switch from Th1 domination to a predominant
Th2 response, which delays resolution of the infection [112].

16.4 Chlamydia Infection of the Male Genital Tract

Urethritis, epididymitis, vesiculitis, and prostatitis in men can result from acute or
chronic C. trachomatis infection of the genital tract [113]. Recent findings suggest
that Chlamydia may cause male infertility by acting directly on sperm or seminal
fluid. Studies have demonstrated lower pregnancy rates in couples where the male
partner has C. trachomatis-specific serum IgG or IgA [114]. The semen of men with
detectable levels of Chlamydia-specific serum IgA was subject to changes such as
impaired motility, decreased sperm vitality, the presence of leucocytes and defec-
tive tails. Men positive for both Chlamydia-specific serum IgG and IgA displayed
decreased sperm concentration and a lower percentage of progressive spermato-
zoa [100]. Negative effects on seminal quality following Chlamydia infection in-
clude a reduced motility of sperm [115], sperm DNA fragmentation [116], reduced
survival of spermatozoa [117], lowered sperm concentration [100], a blunted acro-
some reaction [118] and an increased amount of leucocytes [119]. While the mech-
anism behind these changes remains to be elucidated, there have been suggestions
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that the Chlamydia LPS is a potent inducer of apoptosis in sperm [120], because
500-fold more E. coli LPS is required to have the same apoptotic effect as Chlamy-
dia LPS [117]. Interestingly, the relationship observed between HSP60-specific Abs
and tubal factor infertility in women has not been demonstrated in men. In men,
native host HSP60 is involved in normal spermatogenesis [121]. Therefore, it has
been speculated that Chlamydia could negatively affect sperm development through
an autoimmune cross-reaction with human HSP60 [100].

16.5 Vaccines Against Chlamydia

An important challenge when constructing an effective anti-chlamydial vaccine is
to find an adequate mix of protective antigens and formulate these together with
an appropriate adjuvant that stimulates genital tract protective immunity. Recent
progress conveys optimism. A subunit vaccine will have to stimulate both systemic
and local humoral as well as cell-mediated immunity. Studies in experimental mod-
els and human females using non-chlamydial antigens, such as the cholera B sub-
unit, have clearly shown that intranasal or local intravaginal immunization are effec-
tive routes for induction of specific systemic and genital tract immunity [122, 123].
The fear that lack of detectable local immune inductive sites in the female geni-
tal tract would not allow for intravaginal immunizations, appear not to be limiting
for a successful vaccination. However, the influence of sex hormones seems more
difficult.

To avoid the influence of sex hormones upon vaccination, it is desirable to im-
munize at a remote site, eliciting an immune response in the inductive tissue and
also stimulating immunity at the site of infection, i.e in the genital tract mucosa.
In this respect, it has been demonstrated that immunization at mucosal sites, such
as the nasal mucosa, with live chlamydiae correlates to a higher level of protective
immunity, including strong Th1 responses and Ab titers, than when EBs are deliv-
ered parenterally [124]. In fact, following intranasal and intravaginal immunization,
much higher levels of specific- IgA and IgG can be found in the genital tract secre-
tions than immunization orally and rectally, although IgA and IgG are also induced
in the genital tract via these latter routes [124]. This emphasizes the potential of the
nasal route of delivery for immunization against genital tract pathogens.

Early attempts for vaccination against Chlamydia were focused on vaccination
with inactivated whole EB preparations and while this approach was successful
for vaccination against other pathogens, vaccination with whole Chlamydia EBs
induced only short-lived immunity. But, a more severe finding was that hyper-
reactivity to natural infection ensued as a negative side-effect in some vaccinated
individuals, calling attention to potential deleterious components of the induced host
immune response (reviewed [8]). This led to the development of subunit vaccines to
avoid potential side effects of immunization. Subsequently efforts have focused on
identifying the protective antigenic subunits as well as effective delivery systems,
immunization routes and adjuvants to be included in an anti-chlamydial vaccine
candidate.



16 Genital Tract Chlamydia trachomatis Infections 449

Early experiments identified the major outer membrane protein (MOMP) to be
a protective antigen [125]. MOMP accounts for 60% of the outer membrane of
C. trachomatis and is composed of 4 variable regions, differing between serovars,
and 5 constant regions. MOMP is a cysteine rich protein which is thought to act as a
porin although its exact function is not yet clear [126]. Neutralizing sites have been
identified as linear epitopes that reside within variable domains of MOMP [127].
However, while some vaccination attempts in animal models have yielded promis-
ing results, cross-serovar protection appears to be poor [9]. Although the different
serotypes of Chlamydia share 84–97% homology of the MOMP, it is clear that the
elements that are most immunogenic are also those which differ the most between
the different serovars [12].

From animal studies we have learnt that an effective anti-chlamydial immuniza-
tion must generate strong specific CD4+ T cell immunity. The antigenic
determinants that prime these cells most effectively are, therefore, likely to be criti-
cal components in a successful vaccine. Several MHC-II helper T cell-epitopes have
been identified in MOMP, but few studies have successfully tested these MOMP-
epitopes for stimulating protective immunity in mice [128]. This was probably
due to a lack of an effective expression vector system or because of poor formu-
lation of the epitopes for effective immunization. However, when whole MOMP
was over-expressed in an inducible E. coli clone, significant progress was made
towards immunizations that conveyed protective immunity [129]. Immunization
with recombinant MOMP has produced a vast diversity of results, ranging from
good to insufficient levels of protection, depending on the strain of mice, route
of immunization, as well as the choice of adjuvant and delivery systems (Ta-
ble 16.2) [130, 131, 132, 133, 134].

One of the most important recent developments within the field is the sequenc-
ing of the entire Chlamydia genome, which has allowed researchers to identify new
virulence factors and membrane proteins that could be potential targets in a new vac-
cine. Foremost among newly identified proteins are several outer membrane proteins
(Omp-1, Omp-2, and Omp-3) which are more highly conserved and contain both
CD4+ and CD8+ T cell epitopes [135, 136]. Another set of promising molecules are
polymorphic outer membrane proteins (pmp) [137], conserved PorB membrane pro-
teins [138], an ADP/ATP translocase (Npt1) [139], a plasmid protein (pgp3) [140],
the proteasome/protease-like activity factor (CPAF) [141], toxins [142] and mem-
bers of the type III secretory machinery [143]. Recently, a study using the DNA
expression library and gene gun immunization approach was published, in which
the authors document a whole series of novel chlamydial vaccine antigens [144].
The particular strength with this technique is that it requires no prior knowledge
of the antigenic targets and has the potential to screen the entire genome of the
pathogen for host immune responses. Because the gene gun is used for vaccine
delivery no assumptions regarding the best protective immune response need to be
made and using a live challenge model the authors identified several strong protec-
tive C. muridarium antigens.

Many of these antigens have yet to be tested experimentally. It is clear that
most immunizations with single subunits in various constellations with traditional
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Table 16.2 Results of immunization of Balb/c mice with recombinant C. Muridarium MOMP
when challenged was administered intravaginally/intrabursally

e

T cell responses Antibody responses

Fused to CT i.n 3x i.n ND
Strong IgG in serum and locally.
IgA detected

~50% reduction in IFU
after 3 weeks

Singh et al .,
(2004)

Fused to CT i.vag 3x i.vag ND
4-fold lower serum Ig, than when
administered i.n. Local IgG present
in low amounts. IgA absent

Not protective
Singh et al .,
(2004)

CT + CpG-ODN t.c 4x t.c
90-fold increase in
IFN-γ mRNA

Strong serum and local IgG2a/IgG1,
moderate local IgA levels

~50% reduction after 6
days

Berry et al .,
(2003)

DspA from strain B31
of B. burgdorferi

i.n NA NA
Low lev ls of serum IgG and IgA.
(IgG1>IgG2a). No IgG detected
locally

Not protective, no
increase in fertility

Pal et al .,
(2003)

DspA from strain B31
of B. burgdorferi

i.n + i.p NA
Moderate T cell
proliferation, IFN-γ

High levels of serum IgG and lgA.
(IgG1>IgG2a). local lgG and lgA

30% reduction in
IFU after 2 weeks,16%
increase in fertility

Pal et al .,
(2003)

DspA from strain B31
of B. burgdorferi

i.m + s.c NA
Very strong T cell
proliferation, IFN-γ

Moderate levels of serum lgG and
IgA. (IgG1 > IgG2a). local lgG and
IgA

50% reduction in IFU
after 2 weeks, 35%
increase in fertility

Pal et al .,
(2003)

Protection level Ref
Outcome of Immunization

Adjuvant
Route of
immunization Booster

i.n; intranasal, i.vag; intravaginal, t.c; transcutaneous, i.p; intraperitoneal, i.m; intramuscular, s.c;
subcutaneous

adjuvants have not resulted in induction of strong protective immunity. However,
because of a growing awareness that novel delivery systems and multiple subunit
vaccines have proven superior to previous formulations we are optimistic about the
possibility that an effective vaccine against genital tract chlamydial infection can
be developed [145, 146]. Recently, mice immunized with DCs pulsed with whole
EBs developed protection superior to that observed with DCs pulsed with MOMP
alone, suggesting that there are complementary protective antigens in whole EBs,
not present in MOMP alone [59]. Also, the delivery systems or vectors used appear
to be crucial. Thus, mice immunized with bacterial ghosts from Vibrio cholerae,
expressing both MOMP and OMP2 offered greater numbers of specific Th1 cells
and resulted in significant protection against infection [147]. Moreover, the vector
itself might be a key component of a vaccine, as seen when MOMP was expressed
by an attenuated influenza A virus strain [148]. Furthermore, immunizations with
MOMP in combinations with potent adjuvants, such as with Montanide ISA 720,
ISCOMs, CpG plus cholera toxin, or as a fusion to the cholera holotoxin have also
proven effective [131, 132, 149, 150, 151]. Thus, these results clearly hold promise
as to our ability to develop an effective vaccine against Chlamydia genital tract
infections in the future.

A fundamental limitation to any vaccine development and, in particular, mu-
cosal vaccine development is the choice of adjuvant that is both safe and effective.
Mucosal vaccines have been difficult to design and develop as a consequence of
the few adjuvants that enhance mucosal immunizations. It should be remembered
that ineffective stimulation of an immune response at mucosal sites may, in fact,
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increase the risk of development of antigen-specific immune tolerance rather than
promote mucosal immunity [152, 153]. This would, of course, be deleterious to any
chlamydial vaccine that is applied at a mucosal site, be it intranasally, rectally or
through intravaginal application. Hence, effective adjuvants are required to stim-
ulate strong protective immunity. Interestingly, the most effective substances that
exert strong adjuvant function belong to the family of ADP-ribosylating bacterial
enterotoxins, cholera toxin (CT) and the closely related E.coli heat-labile toxin
(LT) [130, 132, 149]. These toxins are AB5-complexes that bind to gangliosides
on the cell membrane of most mammalian cells. In this way the toxins gain access
to the cytoplasm and stimulate ADP-ribosylation, which leads to dramatic increases
in cAMP. Unfortunately, due to the promiscious binding to all nucleated cells the
holotoxins have been found to be too toxic to be used in clinical practice [154, 155].
As a means to avoid the toxicity problem some research groups have developed
mutant toxins with less or no ADP-ribosylating activity [156, 157]. These molecules
have been found quite effective as mucosal adjuvants, albeit the ADP-ribosylating
enzyme has proven a key factor for a optimal adjuvant effect.

An alternative approach to circumvent the toxicity problem was to develop an
adjuvant molecule, that combined the full enzymatic activity of CTA1 with a syn-
thetic dimer of the D-fragment of Staphylococcus aureus protein A [158, 159].
The resulting CTA1-DD adjuvant, was devoid of the GM1-ganglioside binding
B-subunit, and instead was targeted to antigen-presenting cells and B cells, in par-
ticular. The CTA1-DD was found to be completely non-toxic [158, 160]. Mice and
monkeys were given doses of more than 200 �g of CTA1-DD without any apparent
side effects or signs of reactogenicity, while similar doses of CT are known to be
lethal. CTA1-DD was demonstrated to be safe and as potent as the CT holotoxin
in augmenting immune responses after systemic as well as mucosal immuniza-
tions [158, 161, 162]. The adjuvant effect of CTA1-DD was dependent on an in-
tact CTA1 enzymatic activity, because mutations that disrupted enzymatic activity
also abolished the adjuvant effect [162]. The CTA1-DD adjuvant has recently been
used together with MOMP in mice and it was found that this combination given
intranasally stimulated strong protective immunity in the genital tract against a live
challenge infection with C. muridarium (K.W. Beagley & N. Lycke, unpublished).
This and other very promising results demonstrate that prospects have improved
for the development of a mucosal vaccine against STDs in general and Chlamydia
infections in particular.

16.6 Summary

C. trachomatis infection of the human genital tract is a major public health concern.
Invasion of the female genital tract by this intracellular bacterium results in naturally
limiting infection that is spontaneously cleared by the host immune response. This
immune response involves components of both the innate and adaptive immune
systems. Cells of the innate immune system sense the presence of the invading
Chlamydia bacteria through TLRs including TLR4, which is the first step towards
limiting the spread of infection and bacterial load. These cells also orchestrate the
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ensuing inflammatory and adaptive immune responses by release of cytokines and
chemokines or expression of chemokine receptors and co-stimulatory molecules.
In the early phase of infection NK and NK T cells may be involved through their
production of IFN-�, which has direct effects on the infection by reducing bacte-
rial growth in addition to activation of protective cell-mediated cellular immunity.
This protective immune response is thought to be dominated by Th1 CD4+ T cells,
although CTL as well as specific antibodies most likely contribute to protective
immunity and host resistance against genital tract chlamydial-infection.

There is a considerable risk of tissue damage and permanent sequelae secondarily
to a genital tract infection with C. trachomatis. The immunopathology of Chlamydia
is complex and we are only beginning to understand some of the components that
are responsible for this effect. The production of large quantities of IFN-� in the
microenvironment is the most important protective measure. However, IFN-� can
also promote the development of aberrant inclusions, evasion of adaptive immunity
and persistent infection, leading ultimately to chronic infection. Further studies are
necessary to unravel the mechanisms involved in the immunopathology of genital
tract to chlamydial infections. An important question to resolve is the role of Tregs
in preventing tissue damage.

Current vaccines against STDs are ineffective with few exceptions. Apart from
the injectable anti-human papilloma virus (HPV) vaccine no anti-STD vaccine has
been launched [163, 164]. There is general concensus that a Chlamydia vaccine
must stimulate protective immunity based on CD4+ T cells primarily, but also in-
ducing specific CTL and antibody production. The choice of protective antigens is
key to success. In this field, recent progress has been made [130, 132, 144, 149].
Most researchers have taken a subunit vaccine approach, incorporating epitopes
from MOMP, OMP and other surface exposed antigens. Moreover, fundamental
knowledge of antigen uptake and presentation in the genital tract will help develop
local vaccines for intravaginal application. Other routes that are being explored are
intranasal and transcutaneous vaccine administrations. The latter approach stimu-
lated strong protective immunity in the genital tract in mice against a live challenge
infection with C. muridarium [149]. Moreover, the use of innovative adjuvant and
delivery systems, such as conjugation of subunit components to adjuvants, such
as the CTA1-DD molecule, or viral expression vectors or the use of the combined
CTA1-DD/ISCOMs vector, constitute novel approaches to the design of an effective
mucosal anti-chlamydial vaccine. Importantly, knowledge of the immune response
to C. trachomatis vaccines has relevance that extends beyond its field and can
have implications for the development of vaccines also against other STDs such as
N. gonorrhoea and HIV.
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Chapter 17
HIV and the Mucosa: No Safe Haven

Satya Dandekar, Sumathi Sankaran and Tiffany Glavan

Abstract Since its discovery in 1983, Human Immunodeficiency Virus-1 (HIV)
infection has resulted in the death of several million people worldwide. Control of
the spread of HIV infections is one of the major concerns of the scientific commu-
nity today. This retrovirus houses a genome encoding three viral structural proteins:
group-specific antigen, polymerase and envelope. The envelope gp120 binds to cell
surface receptors on susceptible target cells in the host. Although HIV is known
to infect various cell types, cells expressing the CD4 receptor support high levels
of viral replication in vivo. Gastrointestinal complications are commonly seen in
patients with HIV-1 infections progressing to AIDS. Recent studies have shown that
HIV causes massive disruption of the Gut Associated Lymphoid Tissue (GALT)
very early in infection. Intestinal dysfunction is often not resolved despite the suc-
cess of HAART in improving the clinical status of these patients. GALT supports
robust viral replication in mucosal memory CD4+ T cells during primary HIV in-
fection, leading to a severe depletion of the CD4+ T cells which persists through
all stages of HIV infection in the absence of therapeutic interventions. Functional
genomic analysis of host responses to HIV shows that molecular processes regu-
lating inflammation and immune activation are dominantly expressed in GALT of
therapy-nave HIV-1 infected patients with a progressive clinical course. Heterosex-
ual transmission is the primary mode for the spread of HIV infection and the virus
gains entry through mucosal surfaces and infects susceptible target cells. Since a
majority of new infections are acquired through the mucosal route, induction of
mucosal immunity is an important factor in vaccine design.

17.1 Introduction

Since the discovery of Human Immunodeficiency Virus-1 [HIV] in 1983, more
than 25 million people have died of the HIV-induced disease, acquired immunod-
eficiency syndrome [AIDS]. According to the UNAIDS 2007 report, an estimated
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33.2 million people around the world are living with HIV/AIDS, of whom 15.4
million are women and 2.5 million are children under the age of 15 [1]. In sub-
Saharan Africa, more than 22.5 million people are reportedly infected with HIV,
making this region the most affected area in the world [1]. A high incidence of new
HIV infections has been reported among pregnant women and female sex workers
in Botswana and Zimbabwe [2]. In the United States, approximately 1.2 million
people are living with HIV, of whom 300,000 are women [3]. The development
of innovative strategies for HIV prevention will be crucial to the control of new
infections worldwide.

Globally, heterosexual transmission is the primary mode for the spread of HIV
infection [3]. In China, India, and Eastern Europe, the increased prevalence of new
infections has been associated with intravenous drug use, sexually transmitted dis-
eases, and poorly monitored public health systems [4, 5, 6, 7, 8]. Young men who
have sex with men remain the predominantly affected group in the United States.
However, recent reports suggest an increased incidence of HIV infections among
women and racial minorities, including African Americans and Hispanics, who rep-
resent the majority of new HIV cases in the United States irrespective of the mode
of transmission. HIV transmission has been shown to occur through exposure to
HIV-positive blood via blood transfusions, intravenous drug use, needle sticks and
from mother-to-child during childbirth or through breast-feeding [9, 10, 11, 12, 13].
Although the availability of an array of anti-HIV drugs has significantly improved
the management of HIV disease, eradication of HIV infection remains a major chal-
lenge. Novel approaches towards HIV prevention that are effective at mucosal sites
of transmission will be required to prevent new HIV infections.

HIV has evolved over time into separate clades, possibly due to multiple transfers
from animal reservoirs to humans. Three major classes of HIV have been identified:
M [main], N [new], and O [outlier]. The M group viruses are subdivided into nine
clades, designated by the letters A-D, F-H, J, and K [14]. The majority of HIV
infections in the Unites States consist of HIV-1 clade B. Human immunodeficiency
virus 2 [HIV-2] is closely related to HIV-1 with respect to viral structure and disease
but the two species have distinct biologic and serologic features [15]. HIV-2 has
been detected primarily in the African subcontinent but it was recently found in
parts of Europe and India. The transmissibility and pathogenic potential of HIV-2 is
lower than that of HIV-1 and people infected with HIV-2 survive for longer periods
of time than those infected with HIV-1 [15]. These differences can be attributed
to lower viral loads, highly effective virus neutralizing antibody levels and HIV-
specific cellular immune responses, reduced cytopathicity, and a lack of modulation
of CD4 expression on the target cell surface.

17.2 Structure of HIV

HIV is a lentivirus that belongs to the Retroviridae family of viruses. The viral
particle has a diameter of approximately 100–120 nm [16]. The genome of HIV is
approximately 9.8 kilobase in length. Alternative splicing events and
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post-transcriptional proteolytic cleavage allow for the production of multiple viral
proteins that are involved in the formation of infectious viral particles and the regu-
lation of viral and host gene expression. The HIV genome encodes three viral struc-
tural proteins, group specific antigen [Gag], polymerase [Pol] and envelope [Env].
In addition, it codes for six regulatory and accessory proteins that are involved in
the modulation of host and viral gene expression [Tat, Rev, Vpu, Vpr, Vif, and Nef].
The coding sequences are flanked by long terminal repeat [LTR] sequences that
harbor important molecular determinants for viral transcriptional regulation and in-
tegration. The enveloped virion contains two identical copies of the single stranded
positive-sense RNA genome encapsulated in a non-covalently linked dimer and en-
closed within a cone-shaped viral core (Fig. 17.1) [17]. The core also harbors the
viral proteins reverse transcriptase, integrase, and protease that are crucial for the
initial stage of viral replication. Several other viral proteins are packaged within
or associated with the core of the virion, including Nef, Vif, Vpr [HIV-1 only],
and Vpx [HIV-2 only]. These viral proteins lead to an increase in the replication
and/or infectivity of the virus through multiple mechanisms. In addition, certain
cytoskeletal proteins are also packaged within the virion, but their functions in viral
infection have not been fully revealed [18]. A better understanding of the structure
and functional domains of the viral antigens will be important for the development
of effective anti-HIV therapy as well as vaccines.

The gag gene encoded Gag polyprotein is cleaved by the viral protease to pro-
duce proteins that form the viral capsid [p24], the nucleocapsid [p6 and p7], and
the matrix [p17]. HIV nucleocapsid proteins are also found within the core and
act as chaperones to protect the RNA from digestion by host cell nucleases. The
viral RNA polymerase gene [Pol] codes for the p160 polyprotein that is proteolyti-
cally processed to release the protease, reverse transcriptase, and integrase enzymes.
Reverse transcriptase is an RNA-dependent DNA polymerase necessary to convert
the viral RNA genome into complementary DNA. Integrase trims the ends of the
viral DNA and cleaves the host DNA so that the viral genome can be integrated

Fig. 17.1 HIV Structure.
1. Envelope surface protein
(gp120) 2. Envelope
transmembrane protein
(gp41) 3. Cell-derived lipid
bilayer 4. Matrix proteins
(p17) 5. RNA genomes
6. Capsid (p24) 7. Various
viral proteins, including:
protease (p10), integrase
(p32), reverse transcriptase
(p66,p51), and the
nucleocapsid protein (p7).
Vif, Nef, and Vpr are also
located inside the virion, but
their exact locations are
unknown
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directly into the host chromosomal DNA. The protease enzyme is responsible for
the post-transcriptional processing of viral polyproteins, converting them to their
functional forms to generate infectious viral structures.

The viral envelope consists of two layers of phospholipids that are derived from
the cell membrane during budding. The envelope gene codes for the Env polyprotein
gp160, which is processed by cellular proteases to form surface envelope gp120 and
transmembrane envelope gp41. These two proteins produce a structure consisting
of a trimeric head that extends out of the viral envelope and a tripod-like stalk that
anchors it into the bilayer [19]. The envelope gp120 binds to cell surface receptors
on susceptible target cells in the host and gp41 facilitates fusion of the viral enve-
lope with the host cell membrane. The matrix protein of HIV, p17, is inserted into
the inner surface of the envelope layer and surrounds the inner core. The matrix
confers stability to the envelope layer and protects the structural integrity of the
virus particle. The matrix proteins may also participate in viral localization to lipid
rafts [20].

Tat, the “trans-activator of transcription”, plays a primary role in the regulation
of HIV transcription. It binds to the transactivation response element [TAR] and
activates transcription from the HIV-LTR, promoting elongation and production of
full-length viral transcripts. The single-stranded viral RNA genome initially cre-
ates a hairpin that prohibits the polymerase enzyme from traveling along the entire
genome. Tat phosphorylates the RNA and relieves the hairpin configuration. It has
been shown that Tat may also directly alter the host cell gene expression, causing
cytopathic effects [21]. Rev, the “Regulator of Virion”, is crucial for the export of
viral RNA from the nucleus to the cytoplasm. In the absence of Rev, host RNA
splicing machinery processes the viral RNA. Rev binds to a cis-acting RNA loop
structure, the Rev Response Element [RRE], promoting the transport of unspliced
viral transcripts from the nucleus to the cytoplasm and facilitating production of
viral structural proteins. Since Rev is produced in the early phase of the viral life
cycle, its accumulation conducts an appropriately timed transition into late phase of
the viral replication cycle.

Vif, a “viral infectivity factor”, is an accessory protein that accumulates in the
cytoplasm of infected cells. It has been demonstrated that infectivity of the HIV
virus decreases up to 50-fold in the absence of Vif [22]. Recent studies have shown
that Vif may function by degrading a cellular protein, APOBEC3G, through a
ubiquitination-dependent pathway [23]. APOBEC3G catalyzes the deamination of
deoxycytidine in the first DNA strand synthesized by reverse transcriptase. This
introduced mutation may account for the lower infectivity of vif mutants and may
represent an innate cellular defense against retroviruses. Nef, a “negative regula-
tory factor”, is shown to be essential for the pathogenesis of HIV. It is translated
from multiply spliced early transcripts. Nef has multiple functions and is shown to
impact viral infection on various levels. The presence of Nef causes downregula-
tion of CD4 and major histocompatibility complex class I surface expression [24].
This is one of the important mechanisms contributing to the immune evasion of
HIV infected cells and their persistence. Vpr, or “viral protein R”, regulates nu-
clear import and localization of the HIV preintegration complex. It also prevents
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the activation of the p34cdc2/cyclin B complex, causing cell cycle arrest in the
G2 phase and subsequent apoptosis [25]. However, cell cycle arrest of the cells
may also generate a pool of latently HIV infected cells. Vpx is found only in
HIV-2 and carries out a role analogous to Vpr of HIV-1. It is thought that Vpx
might have been formed from a duplication of Vpr. Another HIV accessory pro-
tein, Vpu [viral protein U], is a 16-kD membrane phosphoprotein that is unique
to HIV-1 and plays an important role in the release of the virus during budding
process. In the absence of Vpu, viral particles containing multiple cores are pro-
duced [26]. Vpu also plays a role in the degradation of CD4 by trapping it in the
endoplasmic reticulum of the cell and triggering the ubiquitin-mediated degradation
of CD4 molecules complexed with Env [27]. Since activation of the immune system
is dependant on surface molecules displayed by the virion, comprehensive knowl-
edge of HIV viral structural proteins is crucial to the development of successful
vaccines.

The emergence of viral variants has been well documented in HIV infected pa-
tients due to the high mutation rate in the HIV genomes. The error-prone nature
of reverse transcriptase is estimated to introduce a mutation into each viral replica-
tion cycle. Viral variants generated by new mutations could escape from detection
by virus specific antibodies and cytotoxic T lymphocytes in the host, leading to
viral persistence. Development of new mutations in HIV genomes have also con-
tributed to resistance to anti-retroviral drugs and failure of therapy in HIV infected
patients.

17.3 HIV Infection

Although HIV is known to infect various cell types, cells expressing the CD4
receptor seem to support high levels of viral replication in vivo. CD4 receptors are
found on a variety of hematopoietic cells, including T lymphocytes, thymocytes,
monocytes, macrophages, and dendritic cells. Some CD4-negative cells, such as
follicular dendritic cells and epithelial cells, are also susceptible to HIV infection.
The viral entry into epithelial cells may involve other molecules such as galactosyl
ceramide [28]. Attachment of the viral envelope to the CD4 receptor in itself is not
sufficient for entry into the cell. Two chemokine receptors, CCR5 and CXCR4 have
been shown to serve as HIV co-receptors that enable fusion of the viral envelope
with the cell membrane of the host cell. The CD4+ T cell tropic HIV variants
have been shown to utilize the CXCR4 co-receptor for viral entry while CCR5
co-receptor utilizing viral variants primarily infect monocytes/macrophages. Viral
variants capable of utilizing both CXCR4 and CCR5, have been detected in vivo
and are capable of infecting both T cells and monocyte derived cells [29]. Viral
variants isolated during primary HIV infection have been found to be CCR5-tropic.
In individuals exposed to a mixture of both X4-tropic and R5-tropic HIV variants,
R5 utilizing HIV were first to be recovered in the peripheral blood [30]. X4 is slow
to appear but its emergence has been associated with the clinical deterioration seen
with rapid progressive to AIDS.
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The initial attachment of HIV envelope with CD4 receptor and interaction with
the chemokine co-receptors supports the process of viral entry into the cell as the
conformational change in Env gp120 uncovers domains on gp41 that are needed
for fusion of the viral envelope to the host cell membrane. Entry of the viral capsid
containing the viral RNA genome is pH independent. Cyclophilins from the host cell
associate with the p24 proteins to uncoat the genome [31]. The single stranded viral
RNA genome is converted to complementary DNA by the viral reverse transcrip-
tase enzyme (Fig. 17.2). The resulting cDNA is then copied to generate dsDNA,
and is circularized into both covalently and noncovalently bound forms before be-
ing transported into the nucleus in a pre-integration complex with the viral matrix
protein, Vpr, and integrase. The integrase contains the nuclear localization signal
necessary for transport [32]. Integrase trims the ends of the viral DNA, cleaves the
host genome, and catalyzes the integration of viral DNA into the host cell genome.
During the early phase of transcription, transcripts of Tat, Rev and Nef are produced.
This is followed by the production and export of unspliced large viral transcripts
to the cytoplasm. Activated T cells support high levels of viral replication due to
the availability of cellular enzymes. Viral structural proteins are synthesized during
late phase transcription and newly synthesized viral genomic RNA is packaged into
the capsid at the cell membrane. As the virus is assembled, the Gag and Gag-Pol

Fig. 17.2 Viral Replication
Cycle. 1. Fusion of virus with
host cell membrane following
attachment to CD4 receptors
and chemokine coreceptors
2. Uncoating of core, reverse
transcription of viral RNA
genome 3. Replication and
circularization of cDNA
genome 4. Transport into host
cell nucleus 5. Integration
into host cell genome 6. Early
phase expression of HIV
regulatory proteins
(Tat,Rev,Nef) 7. Late phase
production of structural
proteins and replication of
RNA genomes, followed by
assembly of new virions.
8. Budding and cleavage of
Gag and Gag-Pol
polyproteins
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polyproteins are processed by protease enzymes and the viral capsid buds through
the membrane. During this process, the newly constructed virion takes up viral en-
velope proteins embedded at the site of budding. The viral budding involves the
accumulation of lipid rafts in the membrane [20].

The cytopathic effects of HIV infection on CD4+ T cells result in CD4+ T
cell loss. Multiple mechanisms contribute to cell death, including disruption of
the integrity of the cell membrane due to budding of many viral particles, apop-
tosis induced by the viral gene products, and activation induced cell death. In
addition, many uninfected CD4+ T cells are also killed due to the formation of
multi-nucleated giant cells as a consequence of the fusion of HIV infected cells with
uninfected cells. Eventually, the production of new CD4+ T cells is not sufficient to
overcome the loss of CD4+ T cells in HIV infected individuals, a condition which
leads to severe immune dysfunction.

During mucosal transmission of HIV, the virus gains entry through mucosal
surfaces and infects susceptible target cells. Dendritic cells and infected CD4+ T
cells contribute to further dissemination of the virus by transporting the virus to
regional lymph nodes where it can spread to other cellular targets, resulting in a
dramatic increase in the levels of infectious virus. Newly produced virions and HIV
infected cells can disseminate the infection systemically to other lymphoid and non-
lymphoid organs. During this primary acute stage of HIV infection, some patients
develop flu-like symptoms within a few weeks to several months of initial exposure
to the virus. At this point in the infection high HIV viral loads are detected in plasma.
The viral population present in peripheral blood is quite homogeneous and is gener-
ally CCR5-tropic. The development of HIV-specific cellular and humoral immune
responses at this stage leads to a reduction in the viral loads in peripheral blood
as well as lymphoid tissues. HIV infected individuals can then enter a clinically
asymptomatic stage that can last for a variable number of years, in some patients for
more than 20 years. During this stage, new viruses are continually being produced
at a low rate, but the magnitude of viral replication and damage to the immune
system are limited by the anti-HIV host immune responses. Gradual loss of immune
control during the course of infection can be attributed to the emergence of viral
variants that evade HIV-specific host immune responses and the decreased capacity
of the host to replenish the CD4+ T cell pool, leading to increased viremia, severe
CD4+ T cell loss, and impaired immune functions and thus AIDS [33]. During this
time the virus population becomes more heterogeneous, as mutations accumulate
in the viral genomes. HIV infected patients with a decline in CD4+ T cell numbers
below 350 cells in peripheral blood often have an increased susceptibility to oppor-
tunistic infections due to the impaired functions of both CD4+ and CD8+ T cells
and blunted immune responses [34, 35]. AIDS patients are also more susceptible
to neurological complications and several forms of cancer. Early intervention with
highly active antiretroviral therapy [HAART] of HIV infected patients is beneficial
in suppressing viral replication and enhancing immune functions, leading to a long
clinically asymptomatic stage [36]. Since the lymphoid tissue in the body harbors
most of the CD4+ T cells, it is a site for the dynamic interactions between the virus
and the host immune system, resulting in many of the pathologic consequences of
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HIV infection. Therefore, investigation of lymphoid tissues during HIV infection
and during therapy will be important to arriving at a better understanding of the
immunopathogenesis of the virus.

17.4 Pathogenic Effects of HIV Infection
in the Gastrointestinal Mucosa

17.4.1 Structure of the Gastrointestinal Mucosa

Recent studies from a number of investigators have collectively shown that, regard-
less of the route of transmission, HIV causes massive disruption of the Gut Associ-
ated Lymphoid Tissue [GALT] very early in infection. Therefore, an understanding
of the effects of HIV infection on GALT will be important in gaining insights into
HIV pathogenesis. GALT harbors a significant portion of total lymphoid tissue in
the body, i.e. >80% of the body’s lymphocytes. Thus, GALT is an important player
in providing the host immune defense against pathogens. In addition, the GI tract
carries out the functions of processing and digesting food, absorbing nutrients and
expelling waste. The GI tract is approximately 7.5 meters long [25 feet] and is di-
vided into upper and lower sections. The upper section consists of mouth or buccal
cavity, pharynx, esophagus, and stomach. The lower gastrointestinal tract includes
the small intestine [duodenum, jejunum, and ileum] the large intestine or colon
[ascending colon, transverse colon, descending colon and sigmoid flexure], the rec-
tum, and the anus.

Histological examination shows that the small intestinal mucosa has simple
columnar epithelium, submucosa, smooth muscle with inner circular and outer lon-
gitudinal layers, and serosa. The absorptive surface area of the small intestine is
increased by plicae circulares, villi, and microvilli. Glandular epithelium is present
along the whole length of the GI tract [goblet cells]. These cells secrete mucus that
lubricates food particles and protects the cells from digestive enzymes. Villi are
vaginations of the mucosa that increase the overall surface area of the intestine. The
villi also contain a lacteal that is connected to the lymph system and aids in the
removal of lipids and tissue fluid from the blood supply. Microvilli are present on
the epithelium of a villus and serve to further increase the surface area over which
absorption can take place (Fig. 17.3). The submucosa contains nerves, blood vessels
and elastic fiber with collagen that stretch with increased capacity while maintaining
the shape of the intestine.

Gastrointestinal mucosa and other mucous membranes provide a unique anatom-
ical niche for an interface between a sterile internal environment and a contaminated
external environment. Furthermore, they allow for the passage of selected materials
through an otherwise impermeable barrier. Epithelial cells posses a polarity, having
one side which faces the exterior environment and another which faces internally,
or into the internal milieu. The epithelial cells require intimate contact with each
other to maintain barrier functions while they require contact with the external
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Fig. 17.3 H&E staining of
jejunal villi. Goblet cells,
Enterocytes and Paneth cells
contribute to innate immunity
while lymphocytes present in
the Lamina Propria and
intraepithelial areas provide
acquired immunity

environment to perform functions such as nutrient absorption in the small intestine,
and water reabsorption in the colon.

17.4.2 Immune Mechanisms in the GI Tract

Due to the constant exposure of the mucosa to the external environment, protec-
tion of the gut mucosa is orchestrated by an elaborate innate and acquired immune
system. The renewal process involves stem cell proliferation in the crypts and mat-
uration and differentiation of epithelial cells as they migrate along the villus axis.
During this process, the epithelial cells mature into enterocytes, enteroendocrine
cells, or goblet cells, most with a survival time of two to five days. Migration down-
wards into the crypts is accompanied by maturation into Paneth cells, with a survival
time of 20 to 25 days. The bacterial load in the small intestine is 104 to 106 times
lower than the colon. The innate mucosal defenses encompass both physical and
chemical barriers like peristalsis, gastric acidity, mucous secretion and exfoliation
of epithelium during regeneration.

Intestinal goblet cells secrete mucins that are central in the formation of a mucous
barrier. Goblet cell numbers increase during inflammatory enteropathies like ulcer-
ative colitis. They also secrete intestinal trefoil factor [mTFF3] that is involved in
epithelial barrier formation. Absorptive enterocytes secrete IgA in addition to hav-
ing antimicrobial activity via Histone H1 and Histone derived peptide fragments.
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Paneth cells are granulated secretory epithelial cells that reside at the base of the
crypts of Lieberkühn. Paneth cells secrete lysozymes, antimicrobial peptides, se-
cretory phospholipase A2 [sPLA2] and alpha defensins. In addition, Paneth cell
defensins have been shown to play a role in defense against viral particles [37].

The acquired immune system of the GALT develops during gestation such that
at birth it is capable of responding to antigenic insult. The three parts and cells
of the GALT are the lamina propria lymphocytes [LPL], intraepithelial lympho-
cytes [IEL] and Peyers patches lymphocytes. In normal adults, T cells are present in
the lamina propria and epithelium. Lamina propria T cells are predominantly CD4+
��TCR+. They are all �4�7+ or �E�7+. They have an activated phenotype being
L-selectinlo, CD69+, CD45RO+, CD25+, and Fas+. Lamina propria CD8+ T
cells are also CD45RO+ and express high levels of �E�7. Activated T cells are
destined to die unless rescued by antigen or a common � chain cytokine such as
IL2, IL7 or IL15. Intestinal epithelial cells produce IL7 and lamina propria T cells
express IL7 receptor. In the fetus, local differentiation of T cell progenitors in the
intestine cause them to express markers normally associated with activation simi-
lar to the thymus. T cells expressing �4�7 extravasate into the gut following the
binding to MAdCAM [Mucosa Addressin Cell Adhesion Molecule] which is ex-
pressed on endothelial cells. In normal adults IELs are predominantly CD3+CD8+
with a memory phenotype [CD45RO+]. These cells are mostly �E�7+, binding
to E cadherin expressed by gut epithelial cells. On activation, these IELs de-
velop cytotoxic function [38, 39]. The phenotype of adult IELs is consistent with
resting cytolytic T cells. Intestinal IELs do not express markers associated with
cytolytic activity, such as granzyme B, perforin, FASL, and TNF�. After isolation,
they upregulate these cytolytic effecter molecules. Intraepithelial TCR��+ T cells
modulate epithelial growth and differentiation by producing keratinocyte growth
factor [40, 41]. Mucosal �� T cells can also influence the CD4+ TCR��+ T cell
dependent IgA B cell response.

The first organized Peyers patches appear at around 18 to 19 weeks of gestation.
The numbers of Peyers patches increases from around 100 at birth to 250 in the
mid teens and decreases to 100 at around 90 years of age. These lymphoid folli-
cles bridge the mucosa and submucosa and distort the overlying dome epithelium,
called the follicular dome epithelium. These areas contain specialized M cells that
endocytose luminal contents and present the antigens to underlying lymphocytes
and macrophages. The formation of M cells in Peyers patches is mediated in part by
resident B lymphocytes.

Mucosal fluids contain high levels of IgA which contain a secretory component
and a J chain that links two or more IgA monomers together [42, 43]. This is the
result of a high number of IgA+ B lymphocytes localized in the lamina propria near
the epithelial layer while the secretory component occurs at the basolateral side
of the epithelial cells. Mucosa associated lymphoid tissue [MALT] are the major
inductive sites for IgA responses in animals. They have three functions: to protect
the mucosa against invasion and colonization, to block the uptake of undegraded
dietary and microbial antigens, and to prevent the development of harmful immune
responses [44, 45]. T lymphocytes and the variety of cytokines they secrete regulate
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IgA synthesis in mucosal tissues and up to three to four grams of IgA are secreted
daily into the GI tract [46]. The life span of the B-lymphocytes is five to nine
days. With the help of local macrophages and dendritic cells, antigen specific B
lymphocytes leave the Peyers patches and migrate through the systemic circulation,
homing back to the mucosal effector site of the lamina propria. With T cell help, the
B lymphocyte then matures into a plasma cell in the lamina propria.

Collectively, mucosal defenses mediated through immune cells and epithelial
cells are critical in preventing the invasion and expansion of microbial pathogens
and certain viruses, including HIV.

17.4.3 Pathogenic Effects of HIV Infection
in the Gastrointestinal Mucosa

Gastrointestinal complications are commonly seen in patients with HIV-1 infections
progressing to AIDS. During the early years of AIDS epidemic, HIV disease was
frequently referred to as “Slim disease” [47]. Some GI complications appear in HIV
infected patients prior to the development of advanced stages of immunodeficiency
and in the absence of detectable enteric opportunistic infections, suggesting that the
onset of enteropathogenic changes may occur early in infection and could be due
to the direct effects of HIV in the GI mucosa [48, 49]. GALT is an early target of
HIV that supports high levels of viral replication (Fig. 17.4). Despite advances in
therapeutics, it continues to serve as an important viral reservoir and contributes
to viral persistence [50, 51]. GALT harbors an abundance of activated effector
memory CD4+ T cells that are CCR5+. These cells are highly susceptible to HIV

Fig. 17.4 Immunohistochemistry
of cross-section of intestinal
villi during HIV infection
White staining indicates an
infected macrophage or
infected T cell in the jejunal
mucosa



470 S. Dandekar et al.

infection [52, 53]. Massive infection of these highly susceptible activated memory
CD4+ T cells leads to severe CD4+ T-cell loss in GALT during primary HIV in-
fection. The CD4+ T cell depletion persists throughout the course of infection in
the absence of anti-retroviral therapy [54] (Fig. 17.5). Studies in Simian Immun-
odeficiency Virus [SIV] infected rhesus macaques have shown that the majority of
extra-lymphoid CD4+ T effector memory T cells are productively infected within
10 days following exposure [52]. This is followed by a chronic state of immune ac-
tivation, rapid regeneration and an immune deficiency in the absence of therapeutic
interventions [55].

Recent studies have demonstrated that CD4+ T-cell restoration in GALT of HIV
infected patients during highly active antiretroviral therapy [HAART] is incomplete

(A)

(B)

100

80

60

40

20

0

LPL CD4+T cell % LPL CD8+T cell %

1200

1000

800

600

400

200

0
HIV Negative

HIV Negative

CD4+T cells in Peripheral Blood

CD4+T cell depletion in GALT

C
D

4+
T

 c
el

ls
:m

m
3

%
 C

D
3+

T
 c

el
ls

HIV+

HIV+

HIV+LTNP

HIV+LTNP

Fig. 17.5 T cell counts (A) CD4+ T cell numbers found in peripheral blood mononuclear cells
in HIV negative subjects, HIV positive subjects, and HIV positive long term non-progressors.
(B) Relative percentages of CD4+ and CD8+ T cells in lamina propria lymphocytes



17 HIV and the Mucosa: No Safe Haven 471

and substantially delayed as compared to the peripheral blood compartment [50, 56].
This has been attributed to incomplete viral suppression in GALT during therapy.
Increased levels of local inflammation and immune activation can continue to re-
sult in CD4+ T-cell killing and mucosal tissue damage [50, 57]. Therefore, GALT
may play an important role not only in replenishment and maintenance of the viral
reservoir but also may contribute to the continuing loss of CD4+ T cells in HIV
infection. The dynamics of HIV infection in GALT may pose major challenges
for complete mucosal immune restoration and eradication of viral reservoirs with
current therapeutic strategies.

17.5 Clinical Complications in GI Mucosa During Progressive
HIV Infection

HIV infected patients have experienced clinical complications that are attributed to
the disruption of mucosal defenses in the GI tract. Clinical complications in the oral
tissue of HIV infected patients have been well described and are reflective of the
impaired immune functions. A number of opportunistic infections in the oral mu-
cosa have been reported. One of the common infections in HIV infected patients is
oral candidiasis, a condition which presents as white patches that can be atrophic or
inflamed. Oral hairy leukoplakia may also be present and is caused by a co-infection
with Epstein Barr virus (EBV) or reactivation of the latent EBV infection. Incidence
of herpes simplex virus (HSV) infection is also common and presents as multiple
aintal vesicles on the lip, buccal mucosa, and soft palate, often appearing ulcerative
and crusty. Ulceration of the mucosa can be associated with several infectious and
non-infectious etiologies. Apthous ulcers are painful ulcerations and can also be
a common presentation. Dental manifestations and periodontal disease are rarely
seen, but are important for general mucosal health. Linear gingival erythema with
redness and swelling along gingival margins and a cratered appearance of the gin-
giva after healing are common symptoms. Necrotizing ulcerative periodontitis with
loss of teeth may be seen in later stages of HIV infection.

In the esophagus, dysphagia and odynophagia are often encountered in HIV in-
fected patients. Secondary infections like Candidiasis, cytomegalovirus (CMV), and
HSV are frequently encountered. Neoplasms, gastric reflux disease and idiopathic
motility diseases can complicate mucosal manifestations of HIV infection. Immune
reconstitution following the initiation of HAART has been effective in resolving
some of these complications. Additionally, treatment with prednisone or thalido-
mide may be warranted.

In the rectal mucosa, the occurrence of perirectal abscesses and fistulae, gon-
orrhea, chlamydia, lymphoma, and squamous cell dysplasia have been reported in
HIV infected patients. Due to the generalized inflammatory response of the intesti-
nal mucosa, redness of the anal rectal mucosa is common. Gastrointestinal bleeding
in HIV infected patients is caused by CMV enteritis, Kaposi’s sarcoma, and lym-
phoma. HIV-induced immune deficiency is also associated with the development
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of acalculous cholecystitis, cholangiopathy, papillary stenosis, persistence bile duct
infection, pancreatitis, infections, tumors, CMV enteritis, intestinal lymphomas, and
intusseption secondary to Kaposi’s sarcoma.

Mucosal opportunistic infections are common among women and men. How-
ever, esophageal candidiasis is more common in women. The possible occurrence
of female specific genitourinary manifestations of HIV is a subject of great interest
and debate. Cervical dysplasia and neoplasm have been commonly found in women
with advanced HIV infection. The center for disease control (CDC) has recently
added invasive cervical carcinoma but not carcinoma in situ or cervical dysplasia to
the list of AIDS-defining conditions. In summary, progressive HIV infection is as-
sociated with reactivation of latent infections, an increased susceptibility to various
infections and pathologic changes in the mucosal tissues.

17.6 Histopathologic Changes in GALT During HIV Infection

Intestinal dysfunction is often detected in patients with HIV infection despite the
success of HAART in improving the clinical status of these patients. HIV RNA,
DNA, and Gag p24 protein are readily detected in intestinal biopsies of HIV infected
patients in several studies [50, 56, 58, 59]. Investigations of HIV enteropathogenesis
in humans are limited due to the difficulty in accessing gut mucosal tissue sam-
ples during the course of HIV infection. Simian immunodeficiency virus [SIV]-
infected rhesus macaques provide an excellent animal model of AIDS not only for
vaccine studies but also for the studies of HIV enteropathogenesis in a controlled
experimental setting [60]. An acute enteropathy syndrome was observed in SIV-
infected rhesus macaques during the primary acute stage of SIV infection as early as
two weeks post-infection with signs of nutrient malabsorption, evidenced clinically
by D-xylose malabsorption [61]. Animals had high levels of viral replication in
both CD4+ T lymphocytes and macrophages in GALT [62, 63, 64]. These studies
demonstrated that the onset of the disruption of intestinal structure and function
occurred early during primary SIV infection, prior to the development of immun-
odeficiency, and were driven by the direct effects of viral replication and host re-
sponse [64]. Histopathologic analysis of intestinal tissues detected dilated villus
lacteals, excessive cellular debris, lymphoplasmocytic infiltrates, and cytoplasmic
vacuoles in crypt epithelial cells [61]. Cellular injury and impaired functions of
immature as well as differentiated epithelial cells in the GI tract may contribute
significantly to the development of enteropathy [48, 65]. Recent studies of patients
during early HIV infection reported that high levels of viral replication in GALT
and marked CD4+ T-cell depletion correlated with decreased expression of genes
regulating epithelial barrier maintenance and digestive and metabolic functions [48].
Occurrence of increased levels of inflammation, immune activation and apoptosis in
GALT may contribute to gut mucosal damage. Similar changes were observed in the
rectal mucosa [66]. These findings indicate that HIV-induced pathologic changes in
GALT emerged at both the molecular and cellular levels very early during infection.
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The magnitude of histopathologic and functional changes in GALT has been
reported to increase during the course of HIV infection. These include inflamma-
tory infiltrates with increased cellularity, increased expression of inflammatory cy-
tokines, crypt hyperplasia, blunted villi, and decreased digestive enzyme activities.
These changes have also been evaluated at the molecular level by DNA microarray
analysis of intestinal biopsies of patients with chronic HIV infection. A marked
decrease in the expression of genes involved in intestinal enterocyte digestive and
absorptive functions as well as epithelial barrier function have been observed [67].
Genes associated with drug metabolism were also downregulated, potentially affect-
ing the bioavailability of antiretroviral drugs in GALT, which may contribute to a
lack of effective suppression of local viral replication [67].

17.7 Effects of HIV on CD4+ T Cell Populations in GALT

GALT supports robust viral replication in mucosal memory CD4+ T cells during
primary HIV infection, leading to a severe depletion of the CD4+ T cells (Fig. 17.3)
[54, 59]. Initially, HIV infection leads to vigorous proliferation and expansion of
CD4+ T cells in GALT, as indicated by the expression of Ki67 [a cell proliferation
marker] in 80% or more of the CD4+ T cells [54]. The killing of CD4+ T cells
can be attributed to a massive infection of the majority of mucosal effector memory
CCR5+CD4+ T cells as well as direct cytopathic effects of the viral infection,
resulting in cellular necrosis [52]. In addition, some of the uninfected CD4+ T cells
could be eliminated due to activation-induced cell death [bystander effect]. High
levels of CCR5 and CXCR4 coreceptor expression on intestinal CD4+ T lympho-
cytes, compounded by their predominantly activated state, make these cells highly
susceptible to the viral infection. This may explain the severity of CD4+ T-cell
depletion seen in GALT. Insufficient production and reduced homing of CD4+
memory T cells may contribute to sustained CD4+ T-cell depletion during disease
progression. The loss of CD4+ T cells was coincident with an increased preva-
lence of CD8+ T cells in GALT as seen by both flow cytometry and immunohis-
tochemistry [67]. This dysregulation in T-cell homeostasis leads to increased levels
of inflammatory cytokines in GALT and causes inflammation, chronic immune ac-
tivation, tissue injury, and impaired functions [67]. Recruitment of CD4+ T cells
from the periphery into GALT due to the ongoing viral replication and elevated
chemokine production may provide new targets for the virus and cause a continuous
loss of CD4+ T cells from the total pool in the body [68]. Presence of high levels
of viral antigens in GALT may also contribute to the impaired functions of resident
lymphoid and epithelial cells allowing for microbial translocation [69]. HIV Env,
Tat, and Nef have been shown to directly cause cytopathic changes and impaired
functions at both cellular and molecular levels in CD4+ T-cell lines and intestinal
epithelial cell lines.

In contrast to the clinical course of disease progression in the majority of patients
with HIV infection, a small subset of individuals, termed long-term HIV-1–infected
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nonprogressors [LTNP], remain clinically asymptomatic for more than 10 years in
the absence of therapy. Their plasma viral loads are usually undetectable or very low,
and CD4+ T-cell numbers in peripheral blood are in the normal range. Intestinal
biopsies of LTNP have undetectable viral loads, normal CD4+ T-cell levels and
high levels of virus-specific cellular responses in GALT [67]. Thus, suppression
of viral replication and maintenance of CD4+ T-cell numbers and their function
in GALT and peripheral blood correlate with better clinical outcome in LTNP and
demonstrate the importance of the integrity of the mucosal immune system in the
control of disease progression.

The CD4+ T-cell depletion in GALT persists through all stages of HIV infection
in the absence of therapeutic interventions. Loss of CD4+ T cells in peripheral
lymph nodes and blood is gradual, and disruption of lymph node architecture is
seen only in advanced HIV infection. In contrast, the microenvironment of the GI
tract is severely disrupted very early during primary HIV infection. The difference
in the timing of the severe disruption of GALT and lymph node microenvironments
may be partly attributed to the prevalence of activated memory CD4+ T cells in
GALT [68, 69]. The effector memory CD4+ T cells constitute less than 20% of
the total CD4+ T cells in lymph nodes and peripheral blood, whereas the majority
of the CD4+ T cells are of naı̈ve phenotype [53]. The lack of correlation between
the peripheral blood T lymphocytes and intestinal mucosal T lymphocytes indicates
that the higher numbers of circulating CD4+ T cells are not necessarily an accurate
measure of intestinal mucosal immunity and pathologic changes occurring in GALT.

17.8 Viral Reservoir in GALT During HAART

Initiation of HAART in HIV infected patients has shown great promise in halting
disease progression towards AIDS. The efficacy of HAART is measured by the
suppression of viral loads and restoration of CD4+ T-cell numbers in peripheral
blood. Long-term use of HAART is associated with the development of drug toxic-
ities, metabolic abnormalities, and the emergence of drug-resistant variants. There-
fore, current guidelines recommend delaying the initiation of HAART until patients
reach CD4+ T cell counts below 350 cells/mm3. While longitudinal follow-up of
patients initiating HAART during primary HIV infection has demonstrated rapid
suppression of viral loads, restoration of CD4+ T cells, and preservation of both
HIV-specific CD4+ and CD8+ T-cell responses in peripheral blood, the kinetics
of restoration of the gut mucosal immune system were substantially delayed and
incomplete, independent of the time of initiation of HAART. This delay in mucosal
immune restoration was attributed to incomplete suppression of viral replication in
GALT. Gene expression profiling of intestinal biopsies from these patients showed
an increased expression of genes regulating inflammation and immune activation but
decreased expression of genes associated with mucosal repair and regeneration [50].
Thus it can be postulated that the regeneration of CD4+ T cells is dependant on the
maintenance of a normal microenvironment in GALT.
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Residual viral replication was detected in GALT of patients receiving HAART
despite undetectable viral loads in the peripheral blood [50, 70, 71]. The lack of
complete viral suppression may contribute to the continuous loss of CD4+ T cells
from mucosal tissues during HAART and the delayed CD4+ T-cell restoration in
GALT [50, 70]. Recent studies demonstrate a lack of appreciable decay of viral
reservoirs of HIV-1 DNA-positive cells in GALT or peripheral blood monocytes in
patients on HAART, despite undetectable plasma HIV RNA [70]. The number of
potentially replication competent HIV-1 DNA positive cells in GALT was higher
compared with peripheral blood. Thus, mucosal CD4+ T cells in GALT constitute
an important viral reservoir, in addition to lymph nodes. Due to the constant ex-
posure to antigenic and mitogenic stimuli in the GI mucosal compartment, it is an
environment permissive to the activation of latently HIV-infected cells that may be
trafficking to GALT. In addition, GALT may also support and maintain a low level
of viral replication. These data also suggest that there is a continual replenishment
of the CD4+ T-cell reservoir in the peripheral blood compartment during therapy.
Persistence of latently infected CD4+ T-cell reservoirs is a major challenge for the
eradication of HIV during therapy.

Studies utilizing the SIV model show that the initiation of antiviral therapy dur-
ing primary SIV infection results in efficient suppression of viral replication and
near complete restoration of CD4+ T cells in GALT of rhesus macaques [60]. The
major mechanism of early CD4+ T-cell restoration in GALT involves trafficking
of CD4+ T cells from the periphery to gut mucosa. Gene expression profiling of
intestinal biopsies from these animals demonstrates decreased expression of in-
flammation and immune activation associated genes and increased expression of
genes regulating mucosal repair and regeneration. Thus, it may be beneficial to start
therapy earlier during the course of infection to maintain a mucosal microenviron-
ment more conducive to the replenishment of CD4+ T cells.

17.9 Molecular Basis of Host Responses to HIV

High-throughput DNA microarray analyses of gene expression in lymphoid tissues
of HIV infected patients has facilitated the identification of virus-induced molecu-
lar pathogenesis. Functional genomic analyses of host responses to HIV show that
molecular processes regulating inflammation and immune activation are dominantly
expressed in GALT and peripheral lymph nodes of therapy-naı̈ve HIV-1 infected
patients with a progressive clinical course [67, 72]. In GALT, dysregulation of gene
expression associated with cell cycle regulation, lipid metabolism, and intestinal di-
gestive and absorptive functions was observed. A sharp decrease in the expression of
genes associated with intestinal epithelial barrier, nutrient digestive, and absorptive
functions was observed in therapy-naı̈ve chronically HIV-infected patients [67]. In
addition, several of these processes were also impaired in GALT of LTNP. Multiple
members of the cytochrome P450 family were also downregulated in both groups of
patients, as well as in patients with acute infection [48, 67]. These findings suggest
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that the functions of drug metabolism and nutrient digestion were compromised
in patients with HIV infection regardless of stage of infection. It is possible that
the pathologic changes occurring during primary HIV infection cause long-lasting
damage to the repair and regeneration processes of the intestinal epithelium as well
as the gut mucosal immune system [48, 56, 58].

Investigation of the effects of HAART on GI mucosal gene expression in HIV-
infected patients with varying degrees of mucosal immune restoration demonstrate
the potential to identify molecular correlates of mucosal immune restoration and
response to therapy. Comparative analyses of gene expression profiles from in-
testinal biopsies obtained prior to and at three months post-HAART were per-
formed from two patients with HIV infection who had measurable restoration of
mucosal CD4+ T cells and from two patients who displayed poor restoration of
mucosal CD4+ T cells over the duration of therapy [50]. Patients with poor im-
mune restoration had increased expression of inflammation, cell injury, apoptosis,
and immune responses [50]. A substantial upregulation of genes associated with
interferon response pathways were detected prior to and post-HAART, suggesting
that chronic immune activation, inflammation and failure to control viral replication
in mucosal tissues may be associated with an impaired ability to restore the GALT
microenvironment. Genes associated with immune response and humoral and cel-
lular defenses, as well as response to stress and wounding, were modulated during
therapy. Patients with better immune restoration had a significant reduction in gene
expression related to inflammation and immune response but increased expression
of mucosal lymphocyte homing and repair and regeneration related genes. Molecu-
lar markers of immune activation and tissue injury dominated the expression profiles
of patients failing to restore mucosal CD4+ T cells. These molecular changes in
GALT preceded the changes in the mucosal CD4+ T-cell restoration at the cellular
and tissue level. DNA microarray studies using the SIV model also support the
observations made in patients with HIV infection during HAART. An understand-
ing of the mechanisms of intestinal dysfunction in HIV infection will aid in the
development of new therapeutic strategies that serve to repair and restore intestinal
structure and function and alleviate nutritional complications in patients with HIV
infection.

17.10 HIV Transmission and Genitourinary Mucosa

Globally, the majority of new HIV infections among women are acquired through
heterosexual transmission. The structure of the female genital tract is described in
Chapter 2. It is generally believed that Dendritic cells are involved in the uptake
of HIV virions through the squamous epithelial layer of the vaginal mucosa within
minutes, from where they migrate to the draining lymph nodes and then migrate to
all tissues within days. High to detectable levels of HIV RNA have been found in
semen samples from HIV infected men. Genital ulcers caused by several sexually
transmitted diseases increase the risk of HIV infection in both women and men.
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Exposure to HIV infection through rectal intercourse has a significantly higher like-
lihood to result in infection than vaginal intercourse, primarily because of increased
trauma to the rectal mucosa. A significant proportion of heterosexual couples in
previous studies have been found to engage in rectal intercourse at least some of
the time. Although HIV can be recovered from cervical secretions, its infectivity
appears to be less than that of semen. This may explain why HIV transmission from
women to men is not as high.

Intercourse during menses has been suggested to increase the risk of HIV trans-
mission to both men and women although there is as yet no virologic or epidemi-
ological proof of such increased risk. The use of oral contraceptives has also been
suggested as increasing the risk of infection, as has cervical ectopy. Anecdotal cases
of female-to-female transmission have been reported. Although this mode of trans-
mission is uncommon, data on lesbian sexual activity has not been studied on CDC
AIDS case reports, preventing a full assessment of the role of such exposures in
transmitting infections.

The gastrointestinal tract and the genitourinary tract share common embryonic
origins, however they have distinct immunological features due to their physiolog-
ical functions. The mucosal surfaces of both the male and female genital tracts are
the entry sites of several sexually transmitted diseases. While the female genital tract
has been extensively studied, the male genitourinary tract has limited information
available with respect to immune responses at the mucosal surface. Human urine,
seminal plasma and cervico-vaginal secretions contain IgG as the dominant isotype,
in contrast to intestinal secretions that contain IgA. While the gut has special induc-
tive lymphoid tissue like the Peyers patches, the presence of such tissue has not been
demonstrated in the cervical mucosa. Additionally, while oral or rectal vaccination
can generate both a local and a generalized immune response through the common
mucosal system, vaccination at the vaginal site produces a local response only. Thus
it is important that vaccination strategies target both the intestinal mucosal immune
compartment and that of the genitourinary system.

17.11 HIV in Pulmonary Mucosa

Pulmonary manifestations of HIV infection are common in infants and children.
The development of pulmonary complications is often the cause for morbidity and
mortality in younger age groups. Acute bacterial pneumonia is often caused by
pneumococcus, gram negatives and staphylococci. Pneumocystis carinii [PcP] is
the most common agent causing death due to pulmonary infections in children with
HIV. CMV co-infection with PcP is also common. Other chronic bronchopulmonary
complications include lymphocytic interstitial pneumonitis and bronchiectasis. Tu-
berculosis [TB] is now increasingly noted as a common cause for acute pneumonitis
in children, especially in areas endemic for TB infections. TB is recognized as one
of the most important co-infections occurring with HIV in many parts of the world.
Treatment of both HIV and TB in patients with advanced HIV infection has posed



478 S. Dandekar et al.

challenges of drug toxicity. Recent studies have demonstrated a decrease in pul-
monary mucosa associated CD4+ T cell percentages, although to a lesser extent
than in the GI mucosa. An in depth evaluation of the pathology of bronchopul-
monary mucosa in HIV infection is under-investigated.

17.12 Antiviral Therapy

Initiation of HAART has resulted in a demonstrable decrease in HIV RNA loads
and an increase in CD4+ T-cell counts in the peripheral blood of HIV infected
patients [73]. HAART includes a combination of three or more Nucleoside and Non-
nucleoside Reverse Transcriptase Inhibitors [NRTI and NNRTI], Fusion Inhibitors,
and Protease Inhibitors [74]. Fusion Inhibitors are designed to prevent viral entry
into the host-cell by interfering with the formation of the “hairpin” structure required
for fusion to host-cell membranes. There are 19 licensed antiretroviral drugs in the
latter three classes.

NRTIs and NNRTIs interfere with the activity of the reverse transcriptase [RT] by
self-incorporation into newly synthesized DNA strands by HIV-1 reverse
transcriptase, resulting in chain termination and an inhibition of genomic DNA
synthesis. NRTI are nucleoside analogs that mimic cellular nucleosides. These
include Zidovudine [AZT], Lamivudine [3TC], Stavudine [d4T] and Emtriva [FTC]
[75, 76, 77, 78]. NNRTI inhibit RT by binding to a specific site in the enzyme [79].
The NNRTI include Nevirapine [Viramune], Efavirenz [Sustiva] and Delavirdine
Mesylate [Rescriptor] [80, 81].

Protease inhibitors (PI), such as Atazanavir [Reyataz], Lexiva [Foramprenavir],
Norvir [Ritonavir], Viracept [Nelfinavir] and Crixivan [Indinavir Sulfate] are known
to inhibit HIV protease which leads to incomplete processing of viral protein
precursors and gives rise to immature viral particles that are non-infectious [82].
The use of PI is limited due to the rapid emergence of resistant mutations and poor
bioavailability.

Initiation of HAART has been shown to significantly prolong survival in HIV
infected patients with central nervous system lymphoma compared to monother-
apy. Side effects of HAART include metabolic complications such as diabetes,
pancreatic lipodystrophy, lactic acidosis and drug resistance. [83, 84]. Several stud-
ies have proposed the early initiation of HAART as a way to preserve immune
function, lower the viral set point and prevent the establishment of viral reservoirs.
Concerns have been raised regarding the benefits of early treatment, which may
inhibit the development of mature immunological responses and increase the risk
of long-term medication toxicity [85, 86]. The long-term benefits of early versus
delayed initiation of HAART remain largely under-investigated.

Structured Treatment Interruptions [STI] have been proposed as an alternative for
patients experiencing drug-toxicity and an emergence of drug resistant mutations
and lack of adherence [87]. STIs were explored to minimize drug related adverse
effects and to boost the anti HIV immune response. However, recent studies do
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not support the use of STI, as patients consistently experienced virological and im-
munological failure shortly after the interruption of treatment and failed to develop
HIV-specific immune responses. Thus, the best therapeutic strategy for the treatment
of HIV infection needs to be continually investigated and improved.

The success of long-term HAART has greatly stimulated studies of viral reser-
voirs. The pool of latent HIV-1 positive T cells may be perpetuated by T cell home-
ostatic mechanisms for maintaining memory CD4+ T cells. Important HIV viral
reservoirs include infected immune cells in GALT, tonsils and lymph nodes. It is
possible that the bioavailability of drugs may be poor in certain tissues contributing
to the persistence of viral reservoirs.

17.13 Role of Mucosal Immunity in Vaccine Development

Induction of mucosal immunity is an important factor in blocking transmission of
HIV infection through sexual contact. Mucosal blockers can act as an early defense
against systemic infection. If this were possible, it would be an appealing avenue
to pursue. Forms of presentation of B and T cell epitopes capable of activating an
entire set of inductive and effector immune elements of the mucosa are receiving
increased attention.

Immunization of mucosal sites via trafficking throughout the mucosal immune
system has been effective in other viral systems, especially those with respiratory
targets. It remains to be shown that protection against HIV infection can be specif-
ically conferred at the rectal or genital mucosa via trafficking through the course
of the mucosal immune system as compared with local immunization. HIV vaccine
development is discussed in detail in Chapter 18.
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Chapter 18
Mucosal Vaccination Against HIV-1

Tom Evans

Abstract Sexual mucosal transmission of HIV-1 is the most common means of
spread of HIV/AIDS throughout the world. Although it may be reasonable to as-
sume that a vaccine that works to eliminate viral replication in the systemic lym-
phoid tissue may be partially protective, there is still a reasonable belief that a
vaccine that engenders high level of immune defenses at mucosal surfaces will
be needed in the quest for an effective HIV immunization regimen. Despite some
positive advances, the fact remains that no candidate vaccine to date has elicited
antibodies which can broadly neutralize a wide variety of primary HIV-1 virus iso-
lates in humans. Moreover, the benefit of inducing either a quantitatively or quali-
tatively different response at the mucosal level has not been adequately addressed
experimentally. Unfortunately, many of the same concerns are valid for the vac-
cines which have been developed to induce cytotoxic T cell responses to HIV, in
an attempt to control HIV-1 replication in infected cells. Thus, all studies to date
must be interpreted in the context of the failure of all human trials of HIV vac-
cines to date, and a lack of known correlates of immunity pending such a vaccine
success.

This chapter thus focuses on non-human primate and human investigations of
mucosal immunization for HIV-1. the pre-clinical evidence that mucosal routes of
vaccination, or even mucosal induction of immune responses using systemic vac-
cination, provide complete or partial protection from HIV-1 infection or disease is
evolving. Although most of the animal studies, especially in the macaque model,
would imply that vaccination via the nose, rectum or vagina may be needed for
optimum vaginal or rectal responses, that data is still weak and not substantiated
by any human clinical trial. It is clear that we still do not know the optimum route,
the desired antibody response, the qualitative or quantitative nature of the T cells
and their homing markers that need to be induced, or the specific approach that
will allow for development of an effective mucosal HIV vaccine. Indeed, there is
still debate as to whether neutralizing antibodies or CTL or yet undefined immune
parameters, either in mucosal or systemic compartments or both, may correlate with
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protection against infection or disease. Nonetheless, most investigators in the HIV-1
vaccine field believe that mucosal responses will be needed and may be central to
eventual success.

18.1 Introduction: There are Far more Questions than Answers

Sexual transmission of HIV-1 is the most common means of spread of HIV/AIDS
throughout the world. Although a well-deserved emphasis has been focused on vagi-
nal transmission, it is clear that other routes of infection, such as via penile surfaces,
the rectum or the oral cavity, also deserve attention. The latter is especially important
for protection during transmission by breast feeding in infants of infected mothers.
In addition, the massive accumulation of virus that occurs in the gastrointestinal
tract shortly after initial infection and dissemination, regardless of the initial route of
transmission, has resulted in an appreciation of the need to protect this large mucosal
lymphoid organ from depletion of CD4+ T cells [1]. It is quite clear that shortly
following infection CD4+ memory T cells are selectively and profoundly depleted
in the gastrointestinal tract, that this depletion persist throughout the illness, and
remains somewhat apparent even after successful antiretroviral therapy. Moreover,
other studies have indicated that the respiratory tract [2] and vaginal tract [3] are
also foci of early depletion of CD4+ T cells. In consequence, although it may be
reasonable to assume that a vaccine that works to eliminate viral replication in the
systemic lymphoid tissue may be partially protective, there is still a reasonable belief
that a vaccine that engenders high level of immune defenses at mucosal surfaces will
be needed in the quest for an effective HIV immunization regimen.

In order to achieve adequate control of HIV-1/AIDS, it is likely that a vaccine
needs either to lower the viral load in the infected transmitting individual, to prevent
infection in the recipient, or to decrease the rate of disease progression in the newly
infected patient. The lowering of viral replication by use of therapeutic vaccination
in chronically HIV-1-infected individuals is unproven to date, despite many mislead-
ing and “promising” Phase 1 or Phase 2 clinical trial results. New concepts in ther-
apeutic vaccination emerging from cancer immunotherapy, as well as approaches
to seemingly more tractable mucosal infectious diseases such as herpes viruses and
human papillomavirus, may be applied in future therapeutic HIV-1 vaccine trials.
However, the therapeutic vaccination approach will not be part of the further dis-
cussion in this chapter. This chapter thus focuses on some murine but primarily on
non-human primate and human investigations of mucosal immunization for HIV-1.

For prevention of HIV-1 infection, most investigators agree that a high level of
effective neutralizing antibody at the site of infection or against the gastrointesti-
nal burst of replication will likely be needed. A number of studies have shown
that passively administered IgG monoclonal antibodies can protect from mucosal
simian/human immunodeficiency virus chimera (SHIV) challenges [4, 5]. There
are also some studies of SHIV or SIV models of infection, in which the ability to
elicit homologous virus neutralization has led to some degree of protection. How-
ever, the protection demonstrated has not always required that these vaccines be
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given by mucosal routes to induce mucosal IgG or IgA antibodies. Various mech-
anisms exist by which secretory IgA or transudated IgG, produced by mucosal or
systemic immune responses, respectively, may protect from SIV or SHIV in such
models [6].

Despite these positive advances, the fact remains that no candidate vaccine to
date has elicited antibodies which can broadly neutralize a wide variety of primary
HIV-1 virus isolates, and thus the benefit of inducing either a quantitative or qual-
itatively different response at the mucosal level has not been adequately addressed
experimentally. Unfortunately, many of the same concerns are valid for the vaccines
which have been developed to induce cytotoxic T cell responses to HIV, in an at-
tempt to control HIV-1 replication in infected cells. That is, there is still lacking a
robustly proven animal model to definitively answer the question of the need for
a mucosal approach to provide protection through control of plasma viremia and
replication in various lymphoid and non-lymphoid tissues. Thus, all of the studies
cited below must be interpreted in the context of the failure of all HIV-1 vaccines
attempted in humans to date, and a lack of known correlates of immunity, pending
a vaccine success.

Despite this lack of a direct proof of the role of T cell responses as a correlate of
immunity/protection against HIV-1 infection, a large number of investigations have
shown that the T cell compartment, and the CD8+ T cell compartment in particular,
is critical in the control of SIV or HIV-1 viremia, and possibly in protection from
disease. These include studies using T cell depletion, adoptive transfer of CD8+ T
cells in mice, observational studies in humans, and vaccine studies in non-human
primates. Of potentially greater importance in developing an HIV-1 vaccine would
be to apply the growing understanding of the role of mucosal T cell induction and
trafficking. Although a general mucosal immune system has been postulated, and
cross-talk may occur between some mucosal sites, there are also specific markers of
T cell homing that are still under intense investigation (reviewed in [7]). However,
the dynamic field of the specificity of those homing integrins and molecules and
associated mucosal surface receptors is beyond the scope of this review.

The role of mucosal cytotoxic T cells (CTL), either MHC-I restricted or unre-
stricted, to provide protection from a variety of experimental pathogens that pen-
etrate the mucosal barrier, is well documented. In a murine vaccinia-HIV-1-gp120
model it has been shown that rectal immunization with an HIV-1 peptide vaccine
induced mucosal and systemic CTL and also provided protective immunity against
rectal challenge, while systemic immunization using the same construct failed [8].
Moreover, selective induction of protective MHC-I restricted CTL in the intestinal
lamina propia of rhesus macaques was shown following transient SIV infection of
the colonic mucosa [9]. In rhesus macaques, these SIV-specific CD8+ T cells with
cytotoxic ability were also detected in the intraepithelial but not subepithelial com-
partment of the vaginal mucosa [10]. Indeed, in a recent study it was shown that the
increased avidity of the seemingly protective colonic CD8+ CTL was dictated by the
route of immunization (i.e. rectal as opposed to systemic) and was also associated
with colonic lamina propia CD4+ T cell responses following rectal challenge with
the pathogenic SHIV-ku-2 [11]. However, the lack of inbred rhesus colonies has
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resulted in an inability to do the appropriate transfer experiments to be assured of
the protective specificity of the measured T cell response in such experiments.

In short, there are a number of fundamental unanswered questions as we enter
25 years of HIV-1 vaccine research. Do these vaccines need to induce immune re-
sponses at mucosal surfaces in order to have a beneficial effect? If so, can the use
of systemically administered vaccines provide sufficient responses at the mucosal
compartment to have some benefit? And if this is not true, then will mucosally
administered vaccines be required to achieve the goal? If mucosal responses are
needed and not induced by systemic vaccination, will a general mucosal vaccine
suffice? That is, will there be a sufficient common mucosal immune system [12],
or will there be compartmentalization of the mucosal immune response such that
only some routes will protect? For example, does vaginal protection require admin-
istration by vaginal routes, or will iliac lymph node targeting, rectal, oral, or nasal
immunization suffice? Although we have hints to all of these questions from animal
models and a number of human studies, the definitive answer to any of the above
questions is simply not known at this time.

18.2 Mucosal Routes of Immunization

The route of administration for induction of genital responses has been studied in a
large number of systems, and not all of the data have been consistent. Nasal delivery
has been prominent among the routes studied due to many positive characteristics.
The doses of vaccines required have been relatively low, it lacks the low pH inactiva-
tion in the gut or vaginal tracts, and potent responses in multiple mucosal sites have
been observed following nasal immunization [13, 14, 15]. In one murine study, in-
tranasal immunization induced responses in a broader range of mucosal tissues than
were observed following immunization by the vaginal, gastric, or rectal routes [16].
Likewise, intranasal vaccination of rhesus macaques with SIV p55gag combined
with cholera toxin (CT) induced CD4+ and CD8+ T cell responses in both systemic
and mucosal compartments, including the tonsil and mesenteric lymph nodes [17].
Specific antibody secreting B cells (ASC) were also found in the cervix, intestinal
lamina propria, and nasal passages. In another study, intranasal immunization of hu-
mans with DNA-lipid complexes induced mucosal antibodies in genital and cervical
lymph nodes [18].

In contrast to the intranasal studies cited above, the administration of CT to
macaques either rectally or vaginally demonstrated that responses were limited to
the compartment in which the immunization took place [19]. In humans, intranasal
immunization with the nontoxic B subunit of CT (CTB) induced mucosal anti-
bodies in cervicovaginal and rectal secretions as well as in peripheral blood [20],
whereas the rectal or vaginal immunization with CTB again only induced local
responses [21, 22].

Vaginal immunization to induce local vaginal antibody responses has yielded
variable results. Following intravaginal immunization with poliovirus, women
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produce high levels of specific secretory IgA [23]. Likewise, immunization with
Candida albicans also induced high specific IgA in vaginal secretions [24]. However,
other studies have met with much more limited success [25, 26, 27]. An additional
complication is added by the fact that the immune induction variation during vaginal
vaccination requires assessment and timing to the different stages of the menstrual
cycle [28]. Although the data from different laboratories has not been entirely con-
sistent, the ability to induce generalized immunity outside the rectal or vaginal area
by local administration of vaccines appears to be limited. How much protection
may be afforded to small vs. large intestinal tissue when using rectal administration
is still an open question, although there is recent intriguing supportive data for this
concept from the Berzofsky research team at NIH [11].

Oral immunization has led to vaginal responses in some animal studies, but this
route has been less potent in general than nasal approaches [29]. In one study, oral or
intratracheal immunization with microparticles containing entrapped SIV induced
protective immunity in systemically primed macaques against repeated intra-vaginal
challenge with SIV [30]. In non-HIV studies in which priming versus no priming
was compared, systemic priming has been necessary to achieve protection when
using oral or IT delivered vaccines [31]. Oral immunization using SIV p55 gag and
CT did not yield strong vaginal responses [32], despite eliciting a local response.
Thus, oral vaccination has not been a preferred method for vaccine delivery in HIV
models, except to deliver enteric modified bacterial vectors (such as Salmonella),
which may prime for a systemic response after productive intestinal and lymph node
infection.

Transcutaneous immunization has also been evaluated as potential immunization
route to elicit mucosal CTL responses [7]. However, in these studies, the use of a
potent mucosal adjuvant, such as either cholera toxin (CT) or E. coli labile toxin
(LT) (with our without CpG), has been required, and appropriate control of the
effects of these adjuvants in the transcutaneous immunizations by using multiple
potential non-mucosal routes was not shown. Thus, these results at this point in
time may be considered intriguing but require further confirmation.

18.3 Animal Studies and Mucosal Based Vaccine Approaches

The interest and potential need for mucosal vaccine development in HIV has led to
a resurgence in interest and funding in the mucosal immunization field in general.
The trial of Wright et al., carried out by the AIDS Vaccine Evaluation Group in the
late 1990s and described below, was in many ways groundbreaking, and may have
only been acceptable from a regulatory point of view because it took place in the
HIV vaccine arena. Such trials in a regulatory environment with a lower benefit to
risk ratio would likely require a great deal more pre-clinical toxicology than was
initially required in HIV vaccine studies.

Many have questioned almost all of the initial early challenge studies in the
SIV/SHIV model, as most were carried out with large infectious inocula that likely
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do not reflect the natural physiology in human transmission. Marthas et al. at UC
Davis pioneered a method for infecting infant rhesus macaques using multiple feed-
ing of low-dose SIV or SHIV placed in to milk, and were able to obtain infections
in a majority of infants [33]. Likewise, investigators have used multiple low-dose
inoculations via either the rectal route or the vaginal route to productively infect
macaques [34, 35, 36]. With these models in hand, it is more likely that promising
vaccine approaches can be evaluated in a manner more closely approximating the
actual infectious events that occur in humans. In addition, it has become clear that
the SHIV89.6P model that is highly pathogenic, but easy to protect against, may be
of less value than studies using pathogenic SIV.

Some of the first studies that reinvigorated the mucosal field were those that
showed that immunization protocols which protected monkeys from intravenous
SIV challenge did not provide protection from mucosal challenge [37]. Shortly
thereafter, protection from rectal challenge was achieved with a sub-infectious dose
of attenuated SIV; however, the protection in those studies were shown likely to
be due to a xenogeneic immune response to cellular antigens co-purified with the
virus [38]. These UK-based investigators subsequently demonstrated that an SIV
subunit vaccine, delivered to rhesus macaques by a non-mucosal route, but which
targeted the regional nodes draining the rectum and vagina, was protective against
rectal challenge [39]. This protection also then correlated with increased numbers
of SIV-specific IgA-secreting cells in iliac lymph nodes. However, others have pub-
lished that this regional targeting approach was not protective against vaginal trans-
mission [40].

As these studies were being conducted and reported, other mucosal approaches
continued to show promise. Live attenuated vaccines protected from the repeat oral
challenge model of SIV in young macaques [41], and a SHIV attenuated vaccine
protected from a virulent SIV vaginal challenge [42]. Multiple studies have now
shown protection from rectal or vaginal challenge (with mostly SHIV viruses)
using prime-boost combinations. These included those preformed by Ellenberger,
Barouch, Amara, Rose [34, 43, 44, 45], and others. An ALVAC/protein prime-boost
regimen was also shown to elicit CTL in the mucosal compartment and was partially
protective against a SHIV mucosal challenge [46].

The natural tropism of adenoviruses for mucosal surfaces, and the fact that the
widely used human adenovirus vaccine is mucosally delivered, sent this vector to the
forefront of many disease vaccine programs, including those for tuberculosis, herpes
simplex virus (HSV), as well as HIV [47]. Adenovirus vectors are also favored due
to their ability to induce relatively robust and potent cellular and humoral responses
following vaccination by multiple routes [48]. Early studies using an adenovirus
SIV env vaccine administered by mucosal routes to rhesus macaques (intranasal or
oral followed by intratracheal and intramuscular (IM) boosting) demonstrated an
ability to elicit modest systemic and mucosal humoral responses, as well as poten-
tially decreased viral burden following an intravaginal SIVmac251 challenge [49].
Later studies by these investigators also showed induction of cellular immunity
and partial protection against a rectal challenge of the same SIV strain when us-
ing a multigenic (Env/Rev + Gag and/or Nef) adenovirus 5 vector prime (oral and
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intranasal boosted intratracheally) and IM protein boost [50]. However, the major-
ity of studies performed with adenoviruses have used IM delivery, including the
recent failed field trial of the Merck Ad5 vaccine encoding a polyprotein. Multiple
studies are underway using adenoviruses of different serotypes or which have been
genetically modified for mucosal delivery, mostly by the nasal route or prime-boost
method, in HIV.

An AIDS vaccine based on an attenuated, recombinant vesicular stomatitis virus
(VSV), administered by a combination of parenteral and mucosal routes, also proved
effective in the rhesus SHIV-89.6PD mucosal challenge model [45]. In further
studies using this construct Egan et al. showed that intranasal administration of
this vaccine, which encoded HIV 89.6P envelope and SIV Gag (with alternate
VSV G surface proteins used in the vector to avoid the neutralizing response),
elicited markedly higher MHC class I T cell responses (measured by a combination
of ELISPOT, tetramer staining, and CTL assays) than those achieved by the IM
route [51]. The serum antibody titers to the HIV antigens were less affected by
the route of administration, and the humoral IgG and IgA responses in the nasal
wash, cervical and rectal secretions were detectable but disappointing, especially
given the immunogenicity of the vaccine via the intranasal route. In the small num-
ber of experimentally infected monkeys, greater post-challenge titers appeared to
arise in the intranasal group, although the level of protection did not vary between
the intranasal and intramuscular administration. This study is, however, one of the
few to show that an intranasal delivered vaccine can induce peripheral blood T cell
responses superior to the same vaccine when given by the IM route.

Belyakov et al. also showed that mucosal CTLs specific for SIV virus can be
induced by intrarectal immunization of macaques with a synthetic-peptide vac-
cine incorporating the LT(R192G) adjuvant [52], and that the response correlated
with the level of T-helper response. After intrarectal challenge with pathogenic
SHIV-Ku2, blood and intestinal viral titers, as well as local and peripheral CD4+

T cells, were better preserved in intrarectally immunized than in subcutaneously
immunized or control unvaccinated macaques. This same group has gone on to show
differentiation between both the quantitative and qualitative response of mucosal
(gut) CTL responses following rectal immunization. Much of this response and pro-
tective nature of rectal vaccination is hypothesized to function via the higher avidity
and localization of the CD8+ T cells induced [11, 53].

A further and intriguing mucosal approach has been developed by Andino et al.
using poliovirus vectors encoding most of the genes in SIV. In early experiments
using this novel system, rectal IgG and IgA were elicited in the majority of the
cynomolgus macaques vaccinated via the intranasal route [54, 55]. Vaginal anti-
bodies were detected in a minority of animals. Two immunizations were required,
and two different Sabin serotypes were used as vectors. Of note, the investigators
were then able to partially protect macaques from a pathogenic SIVmac251 vaginal
challenge. As with other vector systems in which either natural exposure or prior
vaccination is likely to have elicited vector-neutralizing antibodies (e.g., adenovirus,
parainfluenza virus, herpes viruses), the effect of preexisting immunity remains a
significant hurdle for poliovirus-based vaccines.
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There are a myriad of other reported vectors for use in mucosal protection.
One of the more prominent among these is the alphavirus-based vector (Sinbis,
Venezuelan Encephalitis Virus or Semliki Forest Virus). Although these have pri-
marily been used parentally to date, they have been studied when administered by
mucosal routes. Other promising approaches, espciecially for potential intranasal
administration, include the use of herpes virus vectors (both amplicon based as well
as attenuated constructs), rhinoviruses, adeno-associated viruses (AAV), and rabies
viruses.

Although DNA, as a stand alone mucosal vaccination vector, has had a disap-
pointing record [56], several investigators have used DNA for priming or boosting
Initial work by Kalvinskis in the respiratory route led to responses that were intrigu-
ing, but this has not been followed by human trials [18]. The use of DNA transcu-
taneously may elicit mucosal T cell responses based on work in other systems [57],
but this data is still far from definitive.

18.4 Mucosal HIV Vaccine Studies in Humans

In the 1990s the NIH-sponsored AIDS Vaccine Evaluation Group (which evolved
into the HIV Vaccine Trials Network, or HVTN) carried out a number of innova-
tive mucosal vaccine trials in humans. Two of the earliest studies involved the oral
administration of an octomeric MN V3-loop peptide vaccine (United Biomedical)
formulated as a polylactide microparticle prior to intramuscular boosting with the
peptide adsorbed onto alum (AVEG 018) [58]. The peptide was given for three con-
secutive days at 1 mg on weeks 0, 4, and 24, followed by the intramuscular immu-
nization at week 36. The vaccine was well-tolerated, but resulted in no significant
humoral, cellular, or mucosal immune responses. Of note, in a prior trial using this
same vaccine, immune responses were following three parental immunizations [59].
In a trial in which the intramuscular administration of the vaccine was followed by
the oral boost (AVEG 023), the mucosal route again led to no detectable responses.
The mucosal responses measured (but undetected) in these trials included assays for
IgG and IgA antibodies in the feces, vaginal, parotid, salivary, seminal, and nasal
wash secretions.

In another study a p17-24/Ty virus like particle (British Biotech) was given via
the intramuscular route, and then boosted using the same particle given via either
the oral or rectal routes (AVEG 019) [60]. Again, no meaningful responses were
observed.

In the largest and most comprehensive study of HIV mucosal vaccination in
humans performed to date (AVEG 027), a canarypox vCP-205 vaccine, which in-
duced peripheral CTL responses when given IM in approximately 30% of healthy
volunteers, was given by a variety of routes to 56 healthy subjects [61]. The non-
replicating vectored vaccine encoded the p55Gag and p15 protease of the HIV-1 LAI
strain, the gp120 of HIV-1 MN, and the gp41 of LAI, was administered IM, orally,
intranasal, intravaginal, intrarectal, or in combination (IM+ IR and IM+ IN). These
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vaccinations were administered via the same route four times over 6 months, and
then subjects in each arm were boosted with recombinant CHO-derived MNgp120
(VaxGen) at months 9 and 15. Of clinical design importance, a rabies glycopro-
tein canarypox vaccine construct (vCP65) was used as a control by each route
(28 total subjects) to assess whether the immunogenicity of the HIV-1 encoded
antigens would be potentially responsible in the event of suboptimal responses at
mucosal sites.

The vaccines were well-tolerated despite the multiple routes and number of im-
munizations. Antibody responses to the canarypox vector were seen in all sub-
jects and to the rabies glycoprotein in most of the vCP65 subjects after systemic
administration. However, the HIV-1 specific responses generated by this vaccine
administered mucosally or systemically were disappointing. After mucosal immu-
nization, very few volunteers had responses to SF2 V3 loop, IIIB gp160, MN
gp160, or LAI p24 proteins by any route, except for 2 of 7 who received the ca-
narypox vaccine IM. The mucosal route also primed for gp120 binding antibody
responses to the initial gp120 protein boost less effectively that did the systemic
route (1/32 versus 10/14). No peripheral blood antibody-secreting cells (ASC)
were detected following the canarypox immunizations, but IgG and IgA ASCs
were detected following the protein boost (31/39 and 8/39 respectively). No mu-
cosal antibody responses to HIV-1 were detected. The control rabies canarypox
construct also elicited rabies antibody poorly when given mucosally. There were,
however, mucosal antibodies detected (both IgG and IgA) to the parent canarypox
vector (13/52 for IgA), including IgA in 8/11 of those who received intrarectal
vaccinations.

Only sporadic CTL responses were measured in peripheral blood following any
immunization (19% of volunteers), and this did not vary by route. However, there
were detectable responses in 4 volunteers who received intrarectal delivery of the
canarypox-vectored vaccine. The main conclusion that could be drawn was that the
responses were suboptimal, but measurable (due to the frequent canarypox vector
responses), and that the rectal route appeared to elicit the greatest local response,
especially IgA to the canarypox and rabies antigens.

A number of studies have been now carried out using bacterial vectors encoding
HIV-1 antigens. In a phase 1 study, a Salmonella enterica serovar Typhimurium was
constructed to encode Gag via a type III secretion system [62]. Eighteen healthy
adults received escalating doses orally beginning at 5 × 106 colony forming units
(CFU) and reaching 1 × 106 CFU. Adverse events at low doses were in general
mild, although at the highest doses diarrhea, fever, and abnormal transaminases
were observed, and the highest dose arm had to be halted. No subject experienced
bacteremia. Most of the subjects had immune responses to the Salmonella vector
antigens, but responses to HIV-1 Gag were low and disappointing. No antibody was
induced, and direct ex-vivo gamma interferon ELISPOT responses were minimal.
Using an ex-vivo culture system, responses were observed in 4 of 10 volunteer re-
ceiving the three highest doses, but the actual number of cytokine secreting cells
tended to be low, and persistence was not shown.
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There has been an ongoing debate about whether the use of systemic vaccines
can induce mucosal CTL responses, especially those in the cervico-vaginal or rectal
tract (see discussion above). Some animal investigations have led to the thought
that this is unlikely, including the extensive murine and nonhuman primate work by
Belyakov and Berzofsky [63]. However, in one trial of a candidate canarypox vac-
cine, Musey selected subjects with known peripheral PBMC reactivity by chromium
release and gamma interferon functional assays, and showed CTL activity in 5/7 in
the blood compartment and in 4/7 in the rectal tract [64]. None of 5 placebo sub-
jects had measurable responses in either compartment. In support of this concept,
the protection from vaginal challenge by T-cell based vaccines given systemically
in the SHIV 89.6P model also argues that mucosal vaccines, although possibly pre-
ferred, may not be necessary. However, because almost all of the related studies have
focused on acute responses a few weeks after the final immunization, the notion
remains that for long-term protection mucosal vaccination for induction of local
memory may be beneficial or required.

18.5 Summary and Conclusion

At the time this chapter was compiled, the reported complete lack of efficacy of the
Merck adenoviral-based IM vaccine (this vaccine had been partially effective in a
SHIV mucosal challenge model) raises questions as to the validity or ability to inter-
pret the majority of SHIV challenge studies. However, it is still unclear if the failure
may be a SHIV strain-specific effect, an effect of low level prior immunity to the
adenovirus construct, the inability to elicit functional mucosal responses in humans,
the quantity or quality of the CD4+/CD8+ T cell response, lack of neutralizing
antibody responses or a combination of these and other factors.

The pre-clinical evidence that mucosal routes of vaccination, or even mucosal
induction of immune responses using systemic vaccination, provide complete or
partial protection from HIV-1 infection or disease is still evolving. Although most of
the animal studies, especially in the macaque model, would imply that vaccination
via the nose, rectum or vagina may be needed for optimum vaginal or rectal re-
sponses, that data is still weak and not substantiated by any human clinical trial. The
recent failure of the relatively immunogenic Ad5 multivalent vaccine does not leave
answered the questions as to whether the failure was due to the level of response or
the localization of response. It is clear that we still do not know the optimum route,
the desired antibody response, the qualitative or quantitative nature of the T cells
and their homing markers that need to be induced, or the specific approach that will
allow for development of an effective mucosal HIV vaccine. Indeed, there is still
debate as to whether neutralizing antibodies or CTL or yet undefined immune pa-
rameters, either in mucosal or systemic compartments or both, may correlated with
protection against infection or disease. Nonetheless, 25 years into this epidemic,
most investigators in the HIV-1 vaccine field believe that mucosal responses will be
needed, and that directed mucosal vaccination maybe the best method available to
achieve this goal.
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Chapter 19
Formulations and Delivery Systems
for Mucosal Vaccines

Padma Malyala and Manmohan Singh

Abstract Mucosal vaccines offer great advantage and better patient compliance
in many disease areas. Most vaccine delivery systems are generally particulate
e.g. emulsions, microparticles, iscoms and liposomes, and mainly function to target
associated antigens into antigen presenting cells (APC). Several key formulation and
delivery approaches exist to deliver the antigens in combination with an adjuvant by
the mucosal route. Some of these have also been evaluated in the clinic while many
others are still in pre-clinical evaluation. The discovery of more potent adjuvants
may allow further development of prophylactic vaccines against acute infections
as well as therapeutic vaccines against chronic infectious diseases, some of which
could be delivered mucosally. In addition, novel and creative delivery systems may
also allow vaccines to be delivered mucosally in a more efficient manner.

Keywords Vaccine adjuvants · Immunostimulators · Mucosal delivery systems ·
Liposomes · Microparticles · Emulsions · LT mutants

19.1 Introduction

It is well known that majority of pathogens initially infect their hosts through mu-
cosal surfaces. Therefore, the induction of mucosal immunity is likely to make an
important contribution to protective immunity. In addition, mucosal administration,
which avoids the use of needles, is becoming an increasingly attractive approach
for the development of new generation vaccines. Although a number of vaccines
are commercially available which control the spread of acute infections such as
influenza [1], these vaccines induce serum immunity, but do not induce mucosal
immunity at the site of infection in the nasal cavity. In addition, commercially avail-
able vaccines are ineffective for the induction of cytotoxic T lymphocyte (CTL)
responses, which are responsible for killing virally infected cells [2]. As a conse-
quence, work is currently underway to develop more effective mucosal vaccines
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that induce mucosal IgA responses through local administration, and also induce
more potent systemic responses [3].

Most vaccines have traditionally been administered by intramuscular or subcu-
taneous injection. Mucosal administration of vaccines offers a number of impor-
tant advantages; including ease of administration, reduced adverse effects induced
through injection and the potential for frequent boosting. In addition, local immu-
nization induces mucosal immunity at the sites where many pathogens initially
establish infection of hosts while in general, systemic immunization has failed to
induce mucosal IgA antibody responses. Oral immunization would be particularly
advantageous in isolated communities, where access to health care professionals
is difficult. Moreover, mucosal immunization would avoid the potential problem of
infection due to the re-use of needles. Several orally administered vaccines are com-
mercially available, which are based on live-attenuated organisms, including vac-
cines against polio virus, Vibrio cholerae and Salmonella typhi. In addition, a wide
range of approaches is currently being evaluated for mucosal delivery of vaccines
including many approaches involving non-living adjuvants and delivery systems.

19.2 Mucosal Adjuvants

The most potent mucosal adjuvants which are available for local immunization are
heat labile enterotoxin from Escherichia coli (LT) and cholera toxin (CT) from Vib-
rio cholerae, and these molecules and their sub-units have shown some promise as
intranasal adjuvants for e.g. influenza [4]. However, since the native toxins CT and
LT are the causative agents, respectively for cholera and traveler’s diarrhea, they
are considered to be too toxic for use in humans. Therefore, several groups have fo-
cused on the development of detoxified mutants of LT and CT as mucosal adjuvants.
Groups within Novartis Vaccines and Diagnostics Inc. (formerly Chiron Corpora-
tion) have focused on the development of LT mutants with reduced, or eliminated
enzymatic activity, since it is the ADP-ribosylating enzymatic activity of LT and CT
which causes abnormal intracellular accumulation of cAMP and excess fluid secre-
tion from intestinal epithelial cells. Site-directed mutagenesis was used to replace
single amino acids within the enzymatic A subunit of LT and mutants (LTK63 and
LTR72) with reduced or eliminated enzymatic activity were developed [5]. LTK63
is completely devoid of ADP-ribosyltransferase activity and appears to be non-toxic
both in vivo and in vitro, while LTR72 has residual enzymatic activity (<1% of the
native LT) and has significantly reduced, but detectable, toxicity [5]. Both of these
mutants have been previously shown to be potent mucosal adjuvants for antibody
and CTL induction in a number of studies in mice [5]. In addition, LT mutants have
been shown to be potent oral adjuvants for influenza vaccines and model antigens.

Nevertheless, due to the significant challenges associated with oral immunization,
various alternative routes of immunization have been evaluated with LT mutants, in-
cluding nasal, intravaginal and intra-rectal. Of these, intranasal immunization offers
the most promise, both due to the potent responses induced by this route and due
to the easy access and simple administration devices which already exist. On many
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occasions, the ability of LT mutants to induce potent antibody responses following
intranasal immunization has been demonstrated [6]. In recent studies, LT mutant
adjuvants have shown protection against challenge with B. pertussis [7], S. pneu-
moniae [8] and herpes simplex virus [9] following intranasal immunization and the
induction of potent CTL responses. In addition, the potency of LT mutants was not
affected by the presence of pre-existing immunity to the adjuvant [8]. The apparent
safety of this approach in humans using wild type LT is strongly supportive of the
approach using genetically detoxified LT mutants.

CpG, IC–31, Protollin, and Chitosan are other mucosal adjuvants used to target
and enhance mucosal immune defenses [9, 10]. Chitosan has been used as both a
mucosal adjuvant as well as a delivery system. CpG, a TLR agonist, has been used in
conjunction with Tetanus Toxoid and Cholera Toxin antigens as a mucosal adjuvant
and higher anti toxin titers have been reported by many research groups. Synthetic
CpG-oligodinucleotides (ODN), containing immunostimulatory C poly G motifs is
a novel class of adjuvant. These motifs are recognized by the innate immune system
via the toll like receptor 9 (TLR9), and can induce broad adjuvant effects such as
the direct activation of B cells, macrophages and dendritic cells as well as induction
of IL-6 and IL-12 cytokine secretion [11]. CpG-ODNs contain a nuclease resistant
phosphorothioate backbone, which can be co-administered with the vaccine antigen
to induce specific immunity. It has been demonstrated that CpG-ODNs are safe
and effective adjuvants with both parenteral and mucosal vaccine administration in
various animal models and recent studies report the ability of CpG-ODNs to induce
both systemic and humoral immunity upon mucosal application [11]. CpG motifs
induce Th1 biased immune effects due to TLR9 signaling, which can be used to
augment cell-mediated immunity [11]. In the development of an effective amebia-
sis vaccine, Ivory et al. developed a mucosal vaccine composed of the Entamoeba
histolytica Galactose/N-acetyl-D-galactosamine inhibitable lectin (Gal-lectin) and
CpG-ODN [11]. The Gal-lectin is a protein involved in parasite virulence and ad-
herence and is known to activate immune cells, while CpG-ODN is a potent in-
ducer of Th1-type immune responses. The group demonstrated that the intranasal
administration of the vaccine resulted in strong Gal-lectin specific Th1 responses
and humoral responses in gerbils [11].

The IC31 adjuvant, consisting of a vehicle based on the cationic peptide KLKL5

KLK and the immunostimulatory oligodeoxynucleotide ODN1a, signaling through
the TLR9 receptor, was found to promote highly efficient Th1 responses. The stim-
ulatory effect of IC31 has been attributed to the ODN1a component leading to
stimulation of antigen presenting cells through TLR9, triggering an intracellular
cascade that eventually leads to secretion of proinflammatory cytokines and finally a
Th1-response [12]. Upon ligation of TLR9, the production of IFN-� leading to Th1
response, and CTL activity was found to be induced in mice and signaling through
TLR9 has thus been considered important for the generation of anti-bacterial and
viral immune responses [12] The expression of TLR9 is selectively found in the en-
dosomal compartment of plasmacytoid dendritic cells (pDCs) and B cells whereas
TLR4 and the majority of the known TLRs are present on the surface of human
myeloid DCs and monocytes [12]. The restricted distribution of TLR9 together with
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the intracellular location has questioned the applicability of targeting TLR9 through,
e.g. soluble CpG-motifs [12]. However, recent clinical studies using various CpG
motifs mixed with antigen have demonstrated the priming of a high number of
CD8+ T cells specific for a melanoma peptide and an IFN-� response after vac-
cination with an influenza vaccine [12]. These studies have emphasized the poten-
tial of TLR9 ligands, like IC31, as important immunomodulator for inclusion into
human vaccines. The other characteristic feature of the IC31 adjuvant system is the
cationic vehicle KLKL5KLK which is also shared with other successful tuberculosis
(TB) vaccine formulations. Cationic DDA liposomes have, in this regard, previously
been found to be efficient for priming anti-TB responses to both Ag85B-ESAT-6,
a mycobacterial vaccine antigen, and HBHA, a Heparin Binding Haemagglutinin
Antigen [12]. Both cationic liposomes and the cationic peptide, KLKL5KLK, may
provide efficient interaction with the negatively charged host cells and presumably
also exert efficient delivery of antigen into the cell, a characteristic of cationic
components, which have been exploited for the transfection of cells with plasmid
DNA [12].

Agger et al. have reported augmentation of the immune response and protec-
tive efficacy of the mycobacterial vaccine antigen, Ag85B-ESAT-6 using IC-31 in
mice [12]. The combination of Ag85B-ESAT-6 and IC31 exhibited significant levels
of protection in the mouse aerosol challenge model of tuberculosis and a detailed
analysis of the immune response generated revealed the induction of CD4+ T cells
giving rise to high levels of IFN-� secretion.

Protollin is a novel adjuvant comprising Proteosomes non-covalently complexed
with LPS. Intranasal immunization of mice with Protollin combined with detergent-
split influenza antigens (HA) or recombinant influenza hemagglutinin (rHA)
enhanced serum IgG and mucosal IgA levels by up to 250-fold compared with
immunization with the antigens alone [10] IFN-� responses were also enhanced
compared to the levels produced by splenocytes from mice immunized with antigen
alone, while production of IL-5 was abrogated. Mice immunized with Protollin-rHA
were completely protected against lethal challenge with influenza virus, demon-
strating that Protollin is an effective mucosal adjuvant for prophylactic vaccines
(Table 19.2) [13].

Chitosan, a naturally occurring biopolymer, has been used as a mucosal adjuvant
as well as a bioadhesive and is discussed in detail in the section of mucosal delivery
systems.

19.3 Mucosal Delivery Systems

19.3.1 Bioadhesive Formulations

Since the early 1980’s, several groups have focused on bioadhesion as a concept
to improve local and systemic drug delivery [14]. In general, bioadhesive delivery
systems are designed to adhere to various tissue surfaces, mainly the mucosal
epithelium. An alternative term, mucoadhesion is also used often to describe the
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interaction of a polymer delivery system and a mucosal site. Mucoadhesion appears
to require a highly expanded and hydrated polymer network, which promotes an
intimate molecular contact between the delivery system and the mucus layer [14].
The mechanisms of bio- or mucoadhesion can involve physical or chemical inter-
actions, including electrostatic or hydrophobic bonding, van der Waal’s forces or
hydrogen bonding. Irrespective of the mechanisms involved, the main advantages of
bioadhesive delivery systems include extended residence time at the site of action,
local delivery to a selected site and enhanced interaction with the mucosal epithe-
lium [14]. In a range of studies in recent years, several bioadhesive polymers have
been described, including chitosans, methacrylic acids, starch, gelatin, hyaluronic
acid and cellulose derivatives to enhance the absorption of co-administered protein
drugs [15] Hyaluronic acid is a naturally occurring mucopolysaccharide consisting
of residues of D-glucuronic acid and N-acetyl-D-glucosamine. Through the ester-
ification of the carboxyl groups of hyaluronic acid with alcohols, biodegradable

polymers have been developed, called HYAFF [16]. The HYAFF
TM

polymers can
be used to make microspheres using a coacervation phase-separation process [17].
The HYAFF microspheres have strong bioadhesive properties and have been used
for delivery of calcitonin and insulin following mucosal administration [15, 17].
However, HYAFF microspheres have not been used previously for mucosal delivery
of vaccines.

The initial observations in mice offered significant encouragement that the bioad-
hesive microsphere delivery system may offer some benefit over administration of
a formulation comprising of soluble haemagglutinin (HA) protein, with the potent
adjuvant, LTK63. In addition, the results described here show that the potency of the
HA + LT mutant combination can be enhanced by formulation into a bioadhesive
microsphere delivery system (Figs. 19.1 and 19.2). Intranasal immunization with
the bioadhesive microsphere formulation in pigs induced a significantly enhanced
serum immune response in comparison to traditional intramuscular immunization.
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Fig. 19.1 Following two intranasal immunizations of mice four weeks apart, enhanced serum
antibody responses were obtained with influenza vaccine (HA) and mucosal adjuvant LTK63 in
combination with bioadhesive HYAFF microspheres (HA + LTK63 + HYAFF). For comparison,
mice were also immunized with antigen alone (HA), antigen and microspheres (HA + HYAFF) or
antigen plus adjuvant (HA + LTK63). Geometric mean titers (GMT) +/− standard error of the
mean are presented for each group
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Fig. 19.2 Following two intranasal immunizations of mice four-week apart, enhanced serum
hemagglutination inhibition (HI) antibody responses were obtained with influenza vaccine (HA)
and mucosal adjuvant LTK63 in combination with bioadhesive HYAFF microspheres (HA +
LTK63 + HYAFF). For comparison, mice were also immunized with antigen alone (HA), antigen
and microspheres (HA + HYAFF) or antigen plus adjuvant (HA + LTK63). Mean HI Titers are
presented for each group

In contrast, an alternative bioadhesive polymer, chitosan, which is a widely used
pharmaceutical excipient [18], has shown encouraging results following intranasal
immunization in a small animal model [18]. Nevertheless, chitosan and related
molecules have previously been described as potent adjuvants or immunomodula-
tory compounds following parenteral/systemic immunizations [19]. Therefore, the
adjuvant effect of chitosan following intranasal administration may not come solely
from the bioadhesive properties of this polymer. It remains to be seen if simple
‘bioadhesion’ is enough to impart a potent adjuvant effect following mucosal deliv-
ery, but our data would seem to indicate that inclusion of an adjuvant active molecule
may also be necessary to induce a potent response.

The bioadhesive microspheres may contribute to the immune response obtained
due to one or more of the following reasons; (a) increased duration of retention in the
nasal cavity, (b) greater interaction with the epithelium, (c) enhanced absorption, or
(d) sustained release from the microspheres. Each of these effects may act upon the
antigen, the adjuvant, or both. Although further studies are necessary to determine
the mechanism of action of the formulation, it is notable that the microspheres alone
were ineffective and the presence of a mucosal adjuvant was necessary for potent
responses.

19.3.2 PLG Microparticles

In the recent past, we have focused on an alternative delivery system for vac-
cines consisting of microparticles prepared from the biodegradable, biocompatible
polyesters, poly (lactide co-glycolide) (PLG). Microparticles represent an attrac-
tive approach to vaccine delivery since PLG has been used in humans for many
years as resorbable suture material and as controlled-release drug delivery sys-
tems. [20, 21, 22] It has also been shown that microparticles (∼ 1 �m) are taken
up efficiently by antigen-presenting cells (APC) in vitro, and in vivo and are able
to induce cytotoxic T lymphocyte (CTL) responses in rodents. [23, 24] We recently
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developed novel charged PLG microparticles prepared with an anionic surfactant
as the particle stabilizer, capable of efficient adsorption of antigen onto their sur-
face. [25, 26] This approach allows the preservation of antigen integrity and results
in the presentation of multiple copies of the antigen to the APC, which is similar to
the surface of a pathogen. We have also shown microparticles to be a potent vaccine
delivery system for antigen from Neisseria meningitides serotype B (Men B) [27].
In previous studies, we have reported that immunization with a recombinant anti-
gen from HIV adsorbed to PLG microparticles induces potent antibody and CTL
responses in mice [28] and in non-human primates. [28]

Following intranasal administration of anesthetized mice with haemagglutinin
(HA) from influenza virus entrapped in one of four microparticle resins (sodium
polystyrene sulfonate, calcium polystyrene solfinate, polystyrene benzyltrimety-
lammonium chloride, or polystyrene divinylbenzene) sized to 20–45 �m enhanced
anti-HA serum Haemagglutinin-inhibiting antibodies and nasal wash IgA antibodies
were induced [29]. Importantly, this study showed that this immunization strategy
reduced viral burden in the lungs following intranasal challenge of anesthetized
mice with live virus. Interestingly, these resins induced enhanced serum IFN-�
levels following intranasal administrations, while the levels of IL-4, IL-2 and IL-6
remained unchanged, suggesting a Th1-type response (ibid).

To investigate a possible mechanism for the enhanced immune responses induced
following intranasal immunizations with PLG-DNA, we localized and phenotyp-
ically identified the cells that expressed the HIV-1-gag protein in local and sys-
temic lymphoid tissues. Following a single intranasal immunization with PLG-DNA
expressing HIV-1 gag, we localized and identified the cells that expressed the
encoded gene by immuno-fluorescent staining (unpublished data). In the immunos-
taining studies of cervical lymph i)nodes (CLN) and spleen, the majority of gag-
expressing cells were CD11b+, suggesting that this population is responsible for
uptake and expression of DNA following intranasal immunization with PLG/DNA.
Although CD11b is expressed by many cell populations, it is primarily considered
a marker for tissue macrophages (Macs) and dendritic cells (DC), which are both
professional antigen-presenting cells (APC) [29] [30]. However, compared to Macs,
DC are more potent APC [31] Our data suggest that following IN immunization
with DNA adsorbed onto PLG-microparticles, monocyte lineage cells, Macs and/or
DC’s, are involved in the uptake and expression of gag-DNA, since we detected
both CD11b+ and [31] naı̈ve T cells in vivo is an important question, which needs
further investigation. Our previous in vitro data showed that bone marrow-derived
DC can take up PLG/DNA encoding HIV-1 gag and present it to a gag-specific T cell
hybridoma [32].

19.3.2.1 Oral Immunization with PLG Microparticles

The most attractive route for mucosal immunization is oral, due to the ease and
acceptability of administration through this route. However, due to the presence of
acidity in the stomach, an extensive range of digestive enzymes in the intestine and a
protective coating of mucus which limits access to the mucosal epithelium, oral im-
munization has proven extremely difficult with non-living antigens. However, novel
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delivery systems and adjuvants may be used to significantly enhance the responses
following oral immunization.

In mice, oral immunization with PLG microparticles has been shown to induce
enhanced mucosal and systemic immunity to entrapped compared to soluble anti-
gens [33, 34, 35] In addition, mucosal immunization with microparticles induced
protection against challenge with Bordetella pertussis [36, 37, 38, 39] Chlamydia
trachomatis [40] and Salmonella typhimurium [41]. In primates, mucosal immu-
nization with inactivated SIV in microparticles induced protective immunity against
intravaginal challenge [42]. Also, in primates, mucosal immunization with mi-
croparticles induced protection against aerosol challenge with staphylococcal en-
terotoxin B [43]. Comparative studies have indicated that microparticles are one of
the most potent delivery systems available for mucosal delivery of vaccines [44]. In
recent studies, microparticles have also shown some promise for the mucosal deliv-
ery of DNA [45, 46]. The ability of microparticles to perform as effective adjuvants
following mucosal administration is largely a consequence of their uptake into the
specialized organized mucosa associated lymphoid tissue (oMALT) [47]. Although
most of this work has described particle uptake following oral delivery, a recent
paper described the uptake of microparticles into mice following intranasal deliv-
ery [48]. The potential of microparticles and other polymeric systems for mucosal
delivery of vaccines was recently reviewed [13, 49] as was the use of a broader range
of antigen delivery systems [50]. While microparticles have significant potential
for mucosal delivery of vaccines, their potency may be improved by their use in
combination with additional adjuvants. This is likely to be a pre-requisite for the
development of effective oral vaccines, since the challenges should not be underes-
timated. Accumulated experimental evidence suggests that simple encapsulation of
vaccines into microparticles is unlikely to result in the successful development of
oral vaccines and improvements in the current technology are clearly needed [13].

19.3.3 Liposomal and Niosomal Formulations

Various liposomal formulations have been explored as mucosal delivery systems
both with an antigen alone and with an incorporated adjuvant. Liposomal vaccine
formulations are being explored in oral, and transdermal delivery systems. Lipo-
somes enable formulation of both hydrophilic and hydrophobic molecules as they
are comprised of hydrophilic and hydrophobic regions. The liposome lipid bilayers
can adhere to the plasma membrane of the cognate mammalian cell and deliver their
contents directly into the cytoplasm [51]. In transdermal vaccine delivery, vesicular
systems such as liposomes (phospholipids-based artificial vesicles) and niosomes
(non-ionic surfactant vesicles) are being tried to increase permeability. These pene-
tration enhancers are biodegradable, non-toxic, amphiphilic in nature, and effective
in the modulation of vaccine or drug release properties [52].

Liposomal delivery systems have been evaluated as an oral delivery system
where gastrointestinal immunity is desired. For instance, due to the nature of the
Vibrio cholera infection, oral vaccination, which induces intestinal immunity, is
believed to be more effective than the immunity elicited by a parenteral vaccine.
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In a study by Somroop et al. on developing a cholera vaccine, an oral vaccine made
up of three antigens, i.e. heat-treated recombinant cholera toxin (CT), V. cholerae
O1 lipopolysaccharide (LPS), and recombinant toxin-co-regulated pilus subunit A
(rTcpA) was formulated using liposomes as an antigen delivery vehicle and un-
methylated CpG-ODN as an adjuvant [51]. The kinetics of the specific antibody
secreting cells (ASC) in the peripheral blood of vaccine primed-rats were studied in
order to determine the mucosal memory response to the vaccine. Significant num-
bers of the ASC of all antigenic specificities were present in the lamina propria (LP)
of the vaccinated rats on days 6 and 13 post-booster. The number of CT-ASC was
highest on Day 4 after the boost, while the LPS-ASC and TcpA-ASC were at their
peak on Day 3 post booster immunization. Table 19.1 below compares the mean of
CT- ASC on day 3 between the placebo group and immunized group. [51].

Naito et al. used cationic liposomes as an oral delivery system for attenuated
modified vaccinia virus Ankara, a vaccine vector (MVA) [53]. Their study explored
whether cationic liposomes modified with tresyl monomthoxy poly ethylene glycol
(TMPEG) are capable of shielding MVA expressing HIV glycoprotein (MVAIIIB/�-
gal) from poxvirus-neutralizing antibodies in vitro and in vivo. They showed that,
after modification using the optimized PEGylation method with cationic liposome
complexes, the MVAIIIB/�-gal–TMPEG/liposome complexes retained infectivity
in vitro. Furthermore, the same complexes provided an appreciable level of protec-
tion in vivo and elicited antigen-specific immune responses in mucosal and sys-
temic tissues of BALB/c mice after repeated oral delivery, suggesting effective
shielding against pre-existing poxvirus neutralizing antibodies for multiple deliv-
eries (Table 19.1) [53]. Jain and Vyas used Mannosylated Niosomes as oral vaccine
delivery system to protect the antigen, tetanus toxoid (TT), from gastrointestinal
degradation [13, 54]. The coating of modified polysaccharide o-palmitoyl mannan
also enhanced the affinity of the delivery system toward antigen-presenting cells

Table 19.1 Serum IgG antibody titers and Antigen-Specific Antibody Secreting Cells (ASC) using
liposomes as mucosal delivery systems with different antigens and animal models using mucosal
routes of administration [51, 53, 55]

Animal model Route Antigen Functional readout Formulation
and dose

Titers ASC

Mice Oral Ankara HIV-Envelope-
specific Antibody
titers

MVA 750 –
MVA/Liposome

Complex
2200 –

Rats Oral Cholera Mean Antigen –
specific Antibody
Secreting Cells
(ASC) on Day 4
for CT in
peripheral blood

Placebo – 10
(CT+ V. cholerae O1

LPS+ Recombinant
TcpA) combination
formulated with
liposomes using
CpG-ODN.

– 72

Rabbits Nasal TT Mucosal IgA titers TT Solution 31 –
TT encapsulated in

Liposome
64 –
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Table 19.2 Mucosal IgA antibody titers with Mannosylated Niosomes as Mucosal delivery sys-
tem and Protollin as Mucosal adjuvant using TT and Influenza as antigens in rodent animal
models [12, 54]

Animal model Route Antigen Titer type Formulation and dose Titers

Rats Oral TT Salivary
Secretory IgA

titers

TT/Alum 1.78
TT/Plain Niosomes 56.23
TT/Mannosylated

Niosome
1000

Mice Nasal Influenza Lung IgA titers A/Beijing/IM 20
A/Beijing/IN 24
A/Beijing/Protollin/IN 3397

(APCs) of Peyer’s patches. The formulation elicited better IgG levels and a signifi-
cant mucosal immune response (SIgA) upon oral administration in comparison with
intramuscularly- injected alum-adsorbed TT (Table 19.2) [54].

TT liposomes with CpG-ODN as an adjuvant were used as a nasal delivery sys-
tem by Tafaghodi et al. to increase the systemic and mucosal immune responses
in rabbits [55]. TT encapsulated in liposomes kept its intact structure, and its im-
munoreactivity was also completely preserved, as shown by the SDS–PAGE and
ELISA methods. Although the highest serum IgG and antitoxin titers were ob-
served in groups immunized with solution formulations (P < 0.001), the highest
mucosal SIgA titers were achieved by liposomes encapsulated with TT (Table 19.1).
CpG-ODN as an adjuvant was able to increase the serum IgG and antitoxin titers
when co-administered with TT in solution (P < 0.05) or co-encapsulated with TT
in liposomes (P < 0.01), but failed to increase the SIgA titers in nasal lavages.
No hemolysis occurred upon incubation of liposomes with human RBCs. Also,
no local irritation was observed in human volunteers after nasal administration of
plain liposomes in this study. Intranasal administration of liposomes encapsulated
with vaccines showed to be an effective way for inducing the mucosal immune
responses [55]. Alcon et al. investigated the ability of biphasic lipid vesicles (as
vaccine-targeting adjuvants) containing a bacterial antigen and CpG ODNs to in-
duce systemic and mucosal immune responses in pigs. The results showed that while
the protein, either alone or with CpG ODNs, did not induce mucosal immune re-
sponses, administration of antigen and CpG ODNs in biphasic lipid vesicles resulted
in induction of both systemic and local antibody responses after immunization using
a combined mucosal/systemic approach [56].

19.4 Summary

Future developments in adjuvants are likely to include the development of more
site-specific delivery systems for both mucosal and systemic administration. In ad-
dition, the identification of specific receptors on APC’s is likely to allow targeting of
adjuvants for the optimal induction of potent, safe and specific immune responses.
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The specific receptors on APC may be extra- or intracellular. If intracellular,
then a means to promote uptake of the delivery system by the relevant cells may
also be required for optimal efficacy. An interesting approach to targeting APC’s
has been described which involves co-expression of two linked proteins, with a tar-
geting component and an adjuvant signal [57, 58, 59]. An alternative approach to
vaccine targeting for CTL induction has also been described using a fusion protein
with a bacterial toxin to deliver the antigen specifically to the Class I processing
pathway [60, 61]. However, further developments of novel adjuvants will likely be
driven by a better understanding of the mechanism of action of currently available
adjuvants and this is an area of research that requires additional work.
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284–285, 287, 323, 340, 342, 371–372,
394, 397, 399, 419, 421, 433, 435, 439,
440–445, 452, 502, 505

IgA, 10, 11, 17, 25, 33, 35, 37, 38, 42, 44,
46, 51–60, 63, 87, 95, 107, 113, 116, 135,
143–145, 147, 157–160, 167, 173, 180,
183, 207–209, 228, 233–239, 241, 242,
248, 249–254, 266, 268, 273–283, 288,
289, 303, 306, 309, 312–315, 323, 332,
339, 340, 341, 373–375, 404, 416, 418,
420, 421, 423, 446, 447, 448, 468, 477,
485–491, 502, 505, 508
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IgA1, 25, 44, 45, 52, 56, 237, 313–315, 332,
341

IgA2, 25, 44, 52, 56, 237, 314, 341
IgD, 25, 33, 39, 46, 47, 52, 237, 265, 266,

269, 423
IgE, 25, 46, 87, 95, 136, 237
IgG, 17, 25, 33, 38, 46, 47, 55, 59, 60, 65,

87, 91, 95, 113, 153, 158, 161, 167,
184, 204, 207, 208, 224, 229, 233, 236,
237, 241, 249, 250–254, 266, 268, 270,
273–283, 306–313, 315, 339–348, 373,
393, 397–399, 400, 404, 407, 408, 420,
421, 422–424, 446–448, 477, 484, 489,
491, 502, 508

IgG1, 25, 60, 87, 95, 113, 116, 117
IgG2, 25, 87, 95, 116, 237, 249, 250, 312, 335,

342, 343, 399, 419
IgG2a, 87, 95, 116
IgG2b, 95
IgG3, 95, 113
IgG4, 25, 237, 242
IgM, 25, 33, 35–39, 45, 47, 53, 55, 58,

87, 104–105, 113, 143–147, 158, 224,
228–229, 237–239, 242, 249, 253,
265–268, 271, 279, 282–283, 312, 332,
341, 347–349, 371, 419, 421, 422

I� kinase (IKK), 97
IL-2, 45, 46–47, 246, 250, 266, 287, 371, 399,

419, 422, 443, 505
IL-4, 26, 45, 94, 95, 102, 116, 117, 204, 246,

247, 249–250, 251, 266, 277–278, 284,
287, 387, 421, 443, 505

IL-5, 26, 45, 46, 87, 89, 246, 250, 266,
343, 502

IL-6, 45–46, 87, 90, 94, 106, 107, 199, 205,
246, 247, 277, 285–287, 333, 419, 438,
439, 442, 501, 505

IL-7, 94, 104
IL-8, 15, 58, 197, 200, 201, 206, 284, 286–287,

310, 311, 333, 418–419, 438
IL-10, 26, 42, 45, 87, 88, 94, 116, 117, 146,

197, 246, 247, 272, 277–278, 284, 285,
287, 343, 370, 371, 399, 421, 443–444, 447

IL-12, 91
IL-13, 116, 117, 266, 284, 442
IL-15, 91, 94, 96
IL-17, 94
Ileum, 4, 13, 40, 53, 223, 231, 274, 277,

368, 466
Iliac LN, 27, 486, 488
ILF, see Isolated lymphoid follicle
Immunodeficiency, 58, 268, 387, 459–460,

469, 470, 472, 484

Immunologic memory, 173, 183–184, 313,
342–343

Immunoreceptor tyrosine-based activation
motifs (ITAM), 308

Immunostimulating complexes (ISCOM), 251,
253, 424

Immunostimulators, 499
IN, see Intranasal
Indoleamine 2, 3-dioxygenase (IDO), 445
Inducible co-stimulator (ICOS), 443–444
Inducible nitric oxide synthase (iNOS), 90,

199, 244–245, 444–445
Infectious bronchitis virus (IBV), 396
Inflammatory bowel disease (IBD), 82, 99
Influenza, 415–425, 499–500, 502–505, 508
Influenza virus, 26, 58, 59, 60, 61, 63, 137,

387, 415–425, 502, 505
Inhalational anthrax, 369, 374
Innate, 16–17, 77–119, 178–180, 244–245,

247, 254, 270, 285–287, 305, 307, 315,
338–339, 347, 367, 370, 371, 418, 420,
433, 438

Inner cytoplasmic membrane (IM), 326
iNOS, see Inducible nitric oxide synthase
Integrase, 461, 464
Integrins, 12, 51, 88–89, 100, 105, 263, 311,

421, 485
Interferon regulatory factor (IRF), 109
Intestinal microbiota, 44, 135–136, 138–139,

142, 144–147
Intestinal trefoil factor (ITF), 93
Intestine, 6–10, 51, 63, 153–154, 156–158,

162, 173, 176–177, 179, 181, 206,
223–225, 230–231, 239, 244, 247–248,
250, 263, 437, 466–468, 505

Intracellular adhesion molecule (ICAM)-1, 94
Intracellular pathogen, 16, 401, 433, 445
Intraepithelial, 8, 12, 25, 57, 60, 86, 95, 135,

179, 266, 272, 468, 485
Intraepithelial lymphocytes (IEL), 12–13, 60,

86, 95, 179, 266, 272, 468
Intramuscular (IM), 210, 250–251, 253–254,

270, 338, 353, 374–376, 397, 403, 407,
416, 424, 488–490, 500, 503, 508

Intranasal (IN), 23, 424
Intraperitoneal (i.p.), 16, 243, 271, 278, 374,

375, 450
Intrarectal, 489, 490, 491
Intra-vaginal (IVAG), 27
Intussusception, 61, 62, 288–290
IRF, see Interferon regulatory factor
ISCOM, see Immunostimulating complexes
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Isolated lymphoid follicle (ILF), 12, 40, 50,
136, 265, 437

ITAM, see Immunoreceptor tyrosine-based
activation motifs

ITF, see Intestinal trefoil factor
IVAG, see Intra-vaginal

J
J chain, 33, 35–38, 40, 42, 46–48, 60, 268,

313, 468
Jejunum, 13, 223, 224, 230–231, 368, 466
Joining (J) chain, 35
JNK, see Jun NH(2)-terminal kinase
Jun NH(2)-terminal kinase (JNK), 439

K
Kaposi’s sarcoma, 471–472
Keratinized epithelium, 82
Killer inhibitory receptors (KIR), 91
KIR, see Killer inhibitory receptor
Kupffer cells, 90

L
LA, see Lymphoid aggregates
Lactobacilli, 375
Lactobacillus casei, 118
Lactoferrin, 13, 58, 86, 180, 201, 229, 331,

338, 418
Lamina propria (LP), 12, 23, 26, 27, 33, 35–42,

51, 53–60, 82, 86, 88, 90, 93, 99, 106, 107,
137, 145, 179, 180, 265, 446, 467–470,
486, 507

LAMP-1, see Lysosome-associated membrane
protein-1

Larynx, 24, 418
Lectin-like domain (LLD), 309
Lentivirus, 460
Lethal factor (LF), 369, 376
Lethal toxin (LeTx), 367, 370, 375
LeTx, see Lethal toxin
LF, see Lethal factor
LFA, see Lymphocyte function associated

antigen
Lipopolysaccharide (LPS), 43, 181, 182,

326, 507
Lipoprotein receptor-related protein 6

(LRP6), 370
Liposomes, 64, 424, 499, 502, 506–508
Liposomes; microparticles, 64, 424, 499, 502,

506–508
Listeria monocytogenes, 14, 443
Live attenuated, 61–62, 64, 178, 184, 187–188,

289, 385, 396, 398, 400, 401, 416, 422,
423, 488, 500

LLD, see Lectin-like domain
Long terminal repeat (LTR), 461
Long-term nonprogressors (LTNP), 473–475
Lordsdale virus, 252
LN, see Lymph node
LP, see Lamina propria
LPS, see Lipopolysaccharide
LRP6, see Lipoprotein receptor-related

protein 6
L-selectin, 51, 59, 267, 269, 275, 283, 285, 468
LT�, see Lymphotoxin �
LTK63, 168, 424, 500, 503, 504
LT mutants, 499–501
LTNP, see Long-term nonprogressors
LTR, see Long terminal repeat
LTR72, 500
Lumbar puncture, 337
Lymph node (LN), 24, 26, 422, 423
Lymphocyte function associated antigen

(LFA), 94
Lymphoid aggregates (LA), 24, 26, 437
Lymphotoxin � (LT�), 48, 147, 423
Lysosome-associated membrane protein-1

(LAMP-1), 307, 332
Lysozyme, 9, 11, 13, 83–86, 311, 338, 418, 468

M
Macaques, 224, 263, 393, 395, 418, 470, 472,

475, 485–489
Macrophage-inflammatory protein (MIP), 117
Macrophages, 89–90, 309–311, 338, 339, 347,

369, 370–373, 388, 419, 421, 437–439,
444–445, 463

MadCAM, see Mucosal Addressin Cell
Adhesion Molecule

Major outer membrane protein (MOMP), 435,
449–452

MALT, see Mucosa associated lymphoid tissue
Mannan-binding lectin (MBL), 418
Mannan-binding lectin (MBL)-associated

serine proteases (MASP), 342
MAPK/ERK kinase (Mek), 372
MAPKK, see Mitogen-activated protein kinase

kinase
MASP, see Mannan-binding lectin

(MBL)-associated serine protease
Matrix (M), 386
Matrix protein, 417, 461, 462, 464
MBL, see Mannan-binding lectin
M cells, 8, 10, 11–12, 24, 27, 33, 41–42, 53,

57, 63–64, 136–138, 140–141, 145, 172,
182, 468

MCP-1, see Monocyte chemotactic protein-1



520 Index

Mediastinal LN, 369, 420
Mediastinal lymph node (MLN); lungs,

420, 469
Mek, see MAPK/ERK kinase
Membrane fusion, 387, 390–391
Memory, 78, 103, 105, 109, 118
Meningococcemia, 323, 333, 335–338
Meningococci, 112, 323, 325, 328, 330,

332–333, 338, 342, 344, 350, 353
Mesenteric lymph node (MLN); intestine, 12,

36, 40, 42, 49, 90, 99, 224, 265, 368, 486
Metallopeptidase angiotensin-converting

enzyme, 2, 388
MHV, see Mouse hepatitis coronavirus
Microflora, 4, 5, 13, 17
Microspheres, 163, 503–504
Microvilli, 7, 11, 466
MIP, see Macrophage-inflammatory protein
Mitogen-activated protein kinase kinase

(MAPKK), 370
MLST, see Multilocus sequence typing
MNC, see Mononuclear cells
MNV-1, see Murine NoV
Modified vaccinia Ankara (MVA), 401,

403–404, 507
MOMP, see Major outer membrane protein
Monkeys, 106, 202, 263, 289, 373, 384, 389,

395, 397, 451, 488–489
Monocytes, 84, 86, 87–88, 89–90, 96, 100
Monocyte chemotactic protein-1 (MCP-1),

310, 418, 419
Mononuclear cells [MNC], 12, 25, 90, 157,

207, 230, 246, 276, 286, 343, 418, 470
Monosodium urate (MSU) crystals, 99
Montgomery County, 222, 232–233, 252
Morganella morganii, 54, 139
Mouse hepatitis coronavirus (MHV), 387
Mucin, 4, 6, 8–9, 10, 11, 26, 79, 82, 176, 178,

181, 248, 305, 467
Mucinase, 176, 178, 181
Mucosa associated lymphoid tissue (MALT),

24, 33–34, 39, 40–43, 48, 52–53, 54, 63,
66, 81, 82, 134, 135, 136, 195, 196, 468

Mucosal Addressin Cell Adhesion Molecule
(MadCAM), 12, 51, 265

Mucosal delivery systems, 499, 502, 506, 507
Mucosal phagocytes, 87–94
Multi-component vaccines, 209–210
Multilocus sequence typing (MLST), 326
Murine NoV (MNV-1), 224, 225, 244, 245, 248
MVA, see Modified vaccinia Ankara
Mycobacterium bovis, 117
Mycoplasma pneumoniae, 61

MyD88, see Myeloid differentiation marker 88
Myeloid differentiation marker 88 (MyD88),

99, 104
Myocyte enhancer factor 2-related nuclear

factor (B-MEF2), 47

N
NACHT-LRR-PYD-containing protein-1

(NALP1), 371
NALP1, see NACHT-LRR-PYD-containing

protein-1
NALT, see Nasal associated lymphoid tissue
NAP, see Neutrophil-Activating Protein
Nasal associated lymphoid tissue (NALT), 24,

27, 34, 41, 50, 52, 59, 63, 66, 137–138
Nasopharynx, 24, 34, 41, 50, 93, 136, 301,

303, 305, 312, 323, 325, 328, 330–333,
338–339

Natural killer (NK) cells, 81, 85, 90, 271, 438
Natural killer receptors (NKR), 91
Nef, 461–462, 464, 473, 488
Neisseria gonorrhoeae, 61, 326
Neisseria lactamica, 339, 351
Neisseria meningitidis, 323–354
Neuraminidase, 178, 416–418, 421
Neutralizing antibody, 279–280, 282, 374,

388, 393, 395, 400–401, 403, 405–406,
484, 492

Neutrophils, 87–90, 94, 96, 100–101, 108, 114,
179, 199, 204, 306–307, 309–311, 315,
334, 338, 343, 347, 371, 418–419, 438

Neutrophil-Activating Protein (NAP), 199
NFAT, see Nuclear factor of activated T cells
NFkappaB (NF�B), 15, 16
Niosomes, 506–508
Nitric oxide (NO), 445
NKR, see Natural killer receptor
Non-Obese Diabetic (NOD), 15, 16, 87, 97,

98, 439
Non-progressor, 470
Nonstructural protein (NSP), 221, 276
Norovirus (NoV), 219, 232
Norovirus protease/polymerase protein

(ProPol), 231, 248
Norwalk virus, 222, 229, 234
NoV, see Norovirus
NP, see Nucleocapsid protein
NSP, see Nonstructural protein
Nuclear factor of activated T cells (NFAT), 372
Nuclear second (NS)-1, 417
Nucleocapsid protein (NP), 386, 417
Nucleotide oligomerization domain

(NOD), 97, 98
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O
ODN, see Oligodinucleotides
O1 lipopolysaccharide, 182, 507
Oligodinucleotides (ODN), 501
OMP, see Outer membrane protein
Opa, 331, 332, 343–344, 350–351
Opc, 332, 343, 350–351
Open reading frames (ORF), 392
Opsonization, 81, 98, 108, 111, 204, 303, 305,

307–308, 310, 338, 342
Oral cavity, 24, 34, 35, 56, 196, 368, 484
Oral vaccine, 23, 62, 63, 168, 183, 373, 375,

506–507
ORF, see Open reading frame
Organogenesis, 43, 66, 135–136, 144, 146
Orthomyxoviridae, 415–417
Otitis media, 302, 316
Outer Inflammatory Protein (OipA or HopH),

200, 201
Outer membrane proteins (OMP), 200–201,

325–326, 327, 331–332, 341, 350, 449

P
PAI-1, see Plasminogen-activator inhibitor 1
PAFr, see Platelet activating factor receptor
Paired box protein 5 (PAX5), 46
PAMP, see Pathogen-associated molecular

pattern
PAM [PAM(3)CSK4; a TLR1/2 ligand], 310
Pancreatic proteases, 81
Pandemic flu, 415–416, 418, 424–425
Paneth cells, 4, 6, 9, 10, 11, 13, 16, 84, 86, 108,

467–468
Papain, 81
Parietal cells, 5
PATH, see Program for Appropriate

Technology in Health
Pathogen-associated molecular patterns

(PAMP), 15, 16, 100, 101, 439
Pathogenicity island, 197, 199
Pattern recognition receptors (PRR), 39, 78,

97, 99, 439
PAX5, see Paired box protein 5
PB, see Polymerase basic protein
PBMC, see Peripheral blood mononuclear cell
PC, see Plasma cell
pDCs, see Plasmacytoid dendritic cells
Pelvic inflammatory disease (PID), 434
Pepsin, 81, 86
Peptic ulcer, 195–196, 198, 201, 205, 210
Peptidoglycan, 15–16, 83, 84, 97, 310, 325,

367, 439
Peripheral blood mononuclear cells (PBMC),

12, 207, 209, 246, 286, 343, 470

Peripheral lymph node addressin (PNAd), 139
Permanent sequelae, 324, 433, 452
Peroxidase, 83, 86, 89
Peyer’s patches (PP), 10, 11, 12, 24, 27, 40,

41, 43, 46, 48, 50, 51, 57, 90, 136, 139,
144–145, 182, 206, 231, 250, 265, 368,
372, 437, 508

Phagocytosis, 77, 81, 88–90, 97–98, 101, 108,
111–112, 205, 303, 305–311, 313–314,
327, 332, 335, 339, 342–344, 347

Pharynx, 24, 83, 466
Phosphoinositide 3-kinase (PI3-K), 310
Phospholipase A2, 84, 85
PI, see Protease inhibitors
PI3-K, see Phosphoinositide 3-kinase
PIgR, see Polymeric immunoglobulin receptor
Pili, 177, 326, 327, 331, 332
PID, see Pelvic inflammatory disease
Plasma cell (PC), 25, 33, 36, 37, 40, 41, 44,

47, 104–105, 107, 109, 265, 266, 274,
282–284, 313, 446, 469

Plasmacytoid dendritic cells (pDCs), 501
Plasminogen-activator inhibitor 1 (PAI-1), 335
Platelet activating factor receptor (PAFr),

304, 314
PLG, see Poly (lactide co-glycolide)
pmp, see Polymorphic outer membrane

proteins
PNAd, see Peripheral lymph node addressin
Pneumococcal capsular polysaccharide

vaccine, 315
Pneumococcal cell wall component phosphoryl

choline (ChoP), 304, 314
Pneumococcal infections, 301, 302, 306
Pneumococcal surface adhesin A (PsaA), 304
Pneumococcal surface protein A (PspA), 58,

304, 306, 308, 315
Pneumococcal surface proteins C (PspC),

58, 306
Pneumococci, 307–310, 314, 315
Pneumolysin, 304–306
Pneumonia, 301–316, 324, 336, 337, 384, 418,

422, 435–436, 477, 501
Pneumonitis, 395–396, 477
Poly-�-D-glutamic acid, 367, 376
Poly I:C, 106, 272
Poly (lactide co-glycolide) (PLG), 504–506
Polymerase, 337, 392, 417, 421–422, 459,

461–462
Polymerase acidic protein (PA), 417
Polymerase basic protein (PB), 417
Polymerase (Pol), 461
Polymeric immunoglobulin A, 33
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Polymeric immunoglobulin receptor (PIgR),
10, 11, 17, 25, 35–39, 57–60, 64, 143, 312,
313, 423

Polymorphic outer membrane proteins
(pmp), 449

Polymorphonuclear cells, 307, 343, 368, 370
Polymorphonuclear (PMN) cells, 16, 84, 88,

98, 199, 307, 309, 310
Polysaccharide vaccines, 305, 312, 324, 335,

344, 346–347, 353
Poly-�-D-glutamic acid capsule, 367
PorA, see Porin
PorB, 64, 325–326, 327, 331, 333, 341, 343,

350–351, 449
Porin (PorA), 327, 331, 350, 449
Positive regulator domain I–binding factor

(PRDI-BF), 46
PP, see Peyer’s patches
PPI, see Proton pump inhibitor
PRDI-BF, see Positive regulator domain

I–binding factor
Program for Appropriate Technology in Health

(PATH), 349
A proliferation-inducing ligand (APRIL), 40,

46, 145–146, 156, 166
Protease inhibitors (PI), 478
Protective antigen (PA), 163, 166, 167, 369,

435, 448–450, 452
Protein kinase RNA-activated (PKR), 244–245,

286, 371
Protein kinase R (PKR), 97, 98
Proteosomes, 41, 64, 502
Protollin, 501–502, 508
Proton pump inhibitor (PPI), 201
PRR, see Pattern recognition receptors
PsaA, see Pneumococcal surface adhesin A
PspA, see Pneumococcal surface protein A
PspC, see Pneumococcal surface proteins C
Pseudomonas aeruginosa, 16
Pulmonary dendritic cells (DC), 25

R
rAAV, see Recombinant adeno associated virus
RAG, see Recombination activating gene
RANTES, 286, 311, 418–419
RB, see Reticulate bodies
RBD, see Receptor-binding domain
Reactive nitrogen species (RNS), 444, 445
Receptor-binding domain (RBD), 387, 397
Recombinant adeno associated virus

(rAAV), 401
Recombinant toxin-co-regulated pilus subunit

A (rTcpA), 507

Recombination activating gene (RAG), 225,
268, 269

Rectal mucosa, 23, 27, 230, 471–472, 477
Regulator of virion, 462
Reoviridae, 263
Replicase genes, 384–385
Reticulate bodies (RB), 436
Retroviridae, 460
Rev, 461, 462, 488
Reverse transcriptase (RT), 229, 461–464, 478
Rev Response Element (RRE), 462
Rhabdovirus, 401, 402
Ribonucleases, 83, 84, 85
Ribonucleoprotein (RNP), 392, 417
RNA, 15, 97, 98, 102, 221, 244, 277, 385, 386,

390, 402, 408, 416–417, 420, 424, 461,
476, 478, 464, 478

RNase, 85
RNP, see Ribonucleoprotein
RNS, see Reactive nitrogen species
Rotavirus (RV), 34, 39, 50, 51, 58, 61, 62, 66,

222, 223, 239, 263, 265, 267, 269, 271,
273, 275–278, 286, 287, 288

RRE, see Rev Response Element
RT, see Reverse transcriptase
rTcpA, see Recombinant toxin-co-regulated

pilus subunit A

S
Sacculus rotundus, 138, 139
Salmonella, 12, 16, 61, 90, 94, 97, 167, 168,

209, 374, 377, 400, 443, 487, 491, 500, 506
Salmonella enterica serovar typhi, 209,

374, 491
Salmonella typhimurium, 12, 14, 374–375,

400, 443, 506
SARS, see Severe atypical respiratory

syndrome
SARS coronavirus, 383–408
SBA, see Serum bactericidal antibody
SC, see Secretory component
Schistosoma mansoni, 117
SDF-1, see Stromal cell-derived factor 1
Secretory component (SC), 35
Secretory IgA (SIgA), 25, 36, 40, 56, 146, 153,

160, 162, 173, 181, 183, 223, 313, 315,
323, 340–343, 375, 416, 423, 485, 487, 508

Secretory immunoglobulin A (IgA) binding
protein (SpsA), 306

SED, see Subepithelial dome
Segmented filamentous bacteria (SFB), 53–54,

139, 147
Selectins, 88, 100
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Sequence types (ST), 326
Serogroup A, C, Y and W-135, 346–347
Serogroup B vaccines, 324, 350, 352, 354
Serogroup C meningococcal disease (CMD),

336, 348
Serovar D, 436, 443
Serum bactericidal antibody (SBA), 346
Severe atypical respiratory syndrome (SARS),

383
Sexually transmitted diseases (STD), 23, 434,

460, 476–477
SFB, see Segmented filamentous bacteria
Shiga toxin, 107
Shigella dysenteriae, 107
Shigella flexner, 164, 168
Shigella sonnei, 168
SHIV, see Simian human immunodeficiency

virus (SHIV)
Sialic acid, 325, 417–419
Signal transducers and activator of transcription

(STAT), 101, 224, 244, 270, 462
Simian human immunodeficiency virus

(SHIV), 484–485, 487–489, 492
Simian immunodeficiency virus (SIV), 470,

472, 475, 476, 484–489, 506
Single gene nucleotide polymorphisms

(SNP), 439
SIV, see Simian immunodeficiency virus
SIVmac251, 488–489
Snow Mountain virus (SMV), 222, 223, 229,

237, 242, 245–247
SNP, see Single gene nucleotide polymor-

phisms
Somatic diversification, 135, 140
Somatic recombination, 78
S-peptide, 400–401
Spike glycoprotein, 417
Spike (S), 386
Spleen, 87, 137, 139, 143, 144, 224, 230, 231,

239, 248, 250, 265–267, 273–277, 394,
421–422, 505

Spores, 367–377
Squamous epithelium, 24, 25, 27, 86
ST, see Sequence types
Staphylococcus aureus, 43, 118, 451
STAT, see Signal transducers and activator of

transcription
STD, see Sexually transmitted disease
Streptococcus mutans, 118
Streptococcus pneumonia, 52, 301–316, 324
Stromal cell-derived factor 1 (SDF-1), 48
Subepithelial dome (SED), 8, 140–141,

270, 272

Submandibular LN, 24
Submental LN, 24
Subunit vaccine, 59, 61, 62, 64, 396, 404–407,

448, 450, 452, 488
Super antigen, 43, 141–143, 146, 402
Surfactant-associated proteins, 418

T
TAR, see Transactivation response element
Tat, 461–462, 464, 473
T box transcription factor (T-bet), 442–444
TbpA, 331
TbpA-B, 331
TCA-3, see T cell activation gene 3
T cell activation gene 3 (TCA-3), 118
T cell-independent antigen, 347
T cell receptor (TCR), 78
TCP, see Toxin coregulated pilus
TCR, see T cell receptor
Tetanus toxoid (TT), 507–508
TGF�, 26, 45, 93, 442
T helper 1 (Th1 or TH1), 87, 88, 95, 102,

103–104, 106, 115, 117
T helper 2 (Th2 or TH2), 87, 95, 103–104, 106,

116–118
Tight junctions, 7, 83, 86, 145, 196
T independent (TI) antigen, 43, 46, 53, 54, 56
Tissue culture infectious dose, 418
TLR, see Toll Like Receptors
TLR2, 15, 41, 44, 64, 94, 99, 101, 102, 104,

106, 138, 305, 310, 331, 418–419, 439
TLR3, 15, 16, 94, 100, 102, 106, 146, 272,

286, 419
TLR4, 15, 16, 41, 44, 94, 98, 99, 101, 102,

104, 105, 106, 332, 335, 419, 439, 451, 501
TLR5, 15–16, 94, 98, 102, 106, 206
TLR7, 98, 101, 102–103, 105, 106, 418
TLR8, 98, 102, 286
TLR9, 15, 44, 100–101, 102, 105, 106, 109,

501, 502
TMPEG, see Tresyl monomthoxy poly

ethylene glycol
TNF�, 26, 88, 90, 91, 94, 96, 97, 106, 107,

116, 197, 199, 204, 246, 277, 284, 287,
307, 310, 333, 370, 371–372, 419, 421,
423, 438, 440, 468

Toll-like receptors (TLR), 11, 15, 41,
78, 97, 98, 141, 198, 206, 305, 331, 332,
335, 439

Tonsil, 24–26, 34, 36, 41, 48, 50, 63, 64, 66,
137, 146, 269, 328, 402, 417, 479, 486

Toxin coregulated pilus (TCP), 173, 176–178,
181, 183, 507
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Toxoplasma gondii, 13
Trachea, 26, 86, 250, 269, 395, 418, 487–489
Transactivation response element (TAR), 462
Transferrin, 38, 86, 331, 352, 444
Transforming growth factor (TGF)-�, 93
Trefoil factors, 82, 93, 198, 467
Treg, see T-regulatory cells
T-regulatory cells (Treg), 343, 441, 443–444,

447, 452
TREM-1, see Triggering receptor expressed on

myeloid cells-1
TREM-2, see Triggering receptor expressed on

myeloid cells 2
Tresyl monomthoxy poly ethylene glycol

(TMPEG), 507
Triggering receptor expressed on myeloid

cells-1 (TREM-1), 310
Triggering receptor expressed on myeloid cells

2 (TREM-2), 91
Trypsin, 81
TT, see Tetanus toxoid

U
Upstream stimulatory factor (USF-1), 47
Urease, 5, 199, 200, 203, 204, 208–209
Urethritis, 436, 447
USF-1, see Upstream stimulatory factor
Uterus, 26, 113, 437, 447

V
VacA, see Vacuolating cytotoxin
Vaccine adjuvants, 66
Vacuolating cytotoxin (VacA), 200
Vagina, 26, 27, 35, 86, 446, 483, 492
Vaginal transmission, 484, 488
Variable diversity joining (VDJ), 45, 139, 142

Vasogenic edema, 334
VDJ, see Variable diversity joining
VDJ gene rearrangement, 142
VEE-VRP, see Venezuelan equine encephalitis

virus replicating particles
Venezuelan equine encephalitis virus

replicating particles (VEE-VRP), 249, 251
Vesicular stomatitis virus (VSV), 387, 390,

489
Vibrio cholerae, 39, 173, 174, 450, 500
Vibrio cholerae classical and El Tor biotypes,

178, 179, 185
Vibrio cholerae Inaba and Ogawa serotypes,

182, 185
Vif, 461–462
Viral capsid (VP), 231, 461, 464, 465
Viral reservoir, 469, 471, 474, 475, 478–479
Virus like particle (VLP), 50, 59, 231, 246,

249, 279, 396, 406, 490
VLP, see Virus like particle
VP, see Viral capsid
Vpr, 461–464
Vpu, 461, 463
Vpx, 461, 463
VSV, see Vesicular stomatitis virus

W
Waldeyer’s ring, 24, 53, 64, 137

Y
Yersinia enterocolitica, 12

Z
Zonula Occludens-(ZO), 7, 92, 178
Zymogenic cells, 5


