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Introduction

The mucosal surfaces of the gastrointestinal and respiratory tracts represent the
principal portals of entry for most infectious agents. Hence, the development of
vaccination strategies capable of inducing protective immune responses at the mu-
cosal sites is a priority. Since the mucosal surfaces are exposed to a wide variety
of antigens, the mucosal immune system has to discriminate between harmful and
harmless inoffensive or beneficial antigens. For this reason, the mucosal immune
surfaces are highly regulated by a complex interplay of regulatory mechanisms ca-
pable of eliciting strong immune responses against pathogens and protecting the
body as well as preventing the induction of strong immune responses against di-
etary proteins, commensal bacteria, or environmental inoffensive antigens, which
can lead to chronic diseases (Mowat 2003; Pabst and Mowat 2012).

Mucosal surfaces are protected from external attacks by physicochemical de-
fense mechanisms comprising innate and adaptive mucosal immune systems. Epi-
thelial barriers on the mucosal surfaces at different sites in the body differ dra-
matically in their cellular organization, and antigen-sampling strategies at diverse
mucosal sites are adapted accordingly. The intestinal mucosa is covered by only a
single cell layer (type 1 epithelium), whereas multilayered squamous epithelia line
the oral cavity, pharynx, esophagus, and urethra (type 2 epithelium); and the air-
way and vaginal linings vary from pseudo-stratified to simple epithelium (Box 2.1;
Pavot et al. 2012).

A major goal in vaccine design comprises the induction of protective lasting immune
responses against potential pathogens on the mucosal surfaces. These responses are
most effectively induced by the administration of vaccines onto mucosal surfaces
through oral, nasal, rectal, or vaginal routes, when compared with those induced by
parenteral routes (Neutra and Kozlowski 2006). In addition, mucosal vaccines offer
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Box 2.1 Mucosal Immunity Is Mediated by Different Lines of Defense

(1) IgA, antimicrobial peptides (such as defensins, angiogenins, defensin-like
peptides, and catelicidins released by enterocytes, Paneth cells, as well as
by intraepithelial lymphocytes), and mucus glycoproteins

These components are the first line of defense forming a mucosal layer and dis-
miss the penetration of most bacteria. [gA neutralizes pathogens while antimi-
crobial peptides can reach sufficient levels to mediate bacterial lysis in crypts
(Mowat 2003).

(2) Epithelial barrier

The second barrier of defense comprising the monolayer of the epithelial cells
(ECs) and the upregulated permeability provided by tight junctions through
these cells, which are formed by a single epithelial stem cell; absorptive
enterocytes, microbicidal factor-producing Paneth cells, mucus-producing
goblet cells, and hormone-producing enteroendocrine cells protect against
invasion of luminal microbes into the sterile tissues (Brandtzaeg et al. 1999).
(3) Lamina propria

It is considered the final barrier before systemic immunity and contains dis-
tinct lymphoid structures that can detect and restrain microbes through the
action of dendritic cells, macrophages, lymphoid cells, stromal cells, and
plasmatic cells (Coombes and Powrie 2008).

needle-free delivery, thereby improving accessibility, safety, and cost-effectiveness.
Mucosal vaccines are also advantageous when compared with systemic vaccines
from a production and regulatory perspective. For example, vaccines for oral use
do not require extensive purification from bacterial by-products since the gut is al-
ready heavily populated by bacteria, whereas the same vaccine formulation injected
parenterally would have unacceptable endotoxin levels (Lycke 2012). Neverthe-
less, the vast majority of vaccines in use today are administered by intramuscular
or subcutaneous injections, where a proper control on dosage can be accomplished.
By contrast, the dose of a mucosal vaccine that enters the body is not accurately de-
termined. Moreover, several challenges to achieve successful mucosal vaccination
still prevail, comprising poor induction of mucosal immunity, limited understand-
ing of protective mechanisms and cross talk between mucosal compartments, and
the availability of safe and effective mucosal adjuvants as well as delivery systems.
Our understanding of mucosal immunity and development of mucosal vaccines has
lagged behind, in part because the induction and measurement of mucosal immune
responses are more complicated than those elicited by parenteral routes. As a result,
only a few mucosal vaccines have been approved for human use worldwide. Among
these, oral vaccines against poliovirus, Salmonella typhi, Vibrio cholerae, and ro-
tavirus, and a nasal vaccine against influenza virus can be mentioned (Pavot et al.
2012; Woodrow et al. 2012). However, research and testing of mucosal vaccines
are currently accelerating, stimulated by new information on the mucosal immune
system and by the threat of the mucosally transmitted virus, such as the Human
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immunodeficiency virus (HIV). Fortunately, current research is providing new in-
sights into the function of mucosal tissues and the interplay of innate and adaptive
immune responses that result in immune protection at mucosal surfaces (Neutra and
Kozlowski 2006).

To better understand the limitations and challenges for developing successful
oral vaccines, some general anatomical and functional characteristics of the muco-
sal immune system will be described in this chapter, particularly of the one associ-
ated with the intestinal mucosa. Current strategies for successful mucosal vaccina-
tion will be further analyzed, highlighting the advantages of oral vaccines.

Organization of the Mucosal Immune System

The mucosal immune system can be divided into inductive and effector sites. The
first ones are constituted by organized mucosa-associated lymphoid tissue (MALT)
as well as mucosa-draining lymph nodes. The latter are represented by the lamina
propria (LP), the stroma of exocrine glands, and surface epithelia.

MALT comprises multiple compartments including the gut-associated lymphoid
tissue (GALT), which is the largest human mucosa and immunologic organ in the
body. The gastrointestinal mucosa is associated to specialized components of the
innate and adaptive immunity (specific antigen recognition, effector and memory
functions) that protect the host against pathogens, control responses to food compo-
nents, and mediate tolerance against harmful antigens (Holmgren and Czerkinsky
2005).

In the GALT, the organized tissues responsible for the induction phase of the
immune response comprise the Peyer’s patches (PP) and mesenteric lymph nodes
(MLNSs), as well as smaller, isolated lymphoid follicles (ILFs), which have the ap-
pearance of microscopic PP and are distributed throughout the walls of the small
and the large intestines. The diffuse lymphoid tissue of the effector sites at the in-
testinal mucosa consists of lymphocytes scattered throughout the epithelium and LP
of the mucosa (Fig. 2.1).

Characteristics of the Organized Inductive
Lymphoid Tissues

Organized lymphoid tissues such as the PP consist of collections of large B cell
follicles and intervening T cell areas. The lymphoid areas are separated from the
intestinal lumen by a single layer of columnar epithelial cells, known as the follicle-
associated epithelium (FAE), and a more diffuse area immediately below the epi-
thelium, known as the subepithelial dome (SED; Fig. 2.1). The FAE differs from the
epithelium that covers the villus mucosa as it has lower levels of digestive enzymes
and a less pronounced brush border, and it is also infiltrated by large numbers of B
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Fig. 2.1 Anatomy and homeostasis of the intestinal immune system. The gut-associated lymphoid
tissue (GALT) can be divided into inductive and effector sites, which consist of organized and
diffuse lymphoid tissues, respectively. The organized tissues are the Peyer’s patches (PP) and mes-
enteric lymph nodes (MLNs), as well as smaller, isolated lymphoid follicles. The effector tissues
consist of lymphocytes scattered throughout the epithelium and lamina propria (LP) of the mucosa.
A single layer of intestinal epithelial cells (IECs) provides a physical barrier that separates the
commensal bacterial in the intestinal lumen from the underlying LP. The IECs lining the lumen
are bathed in nutrients, commensal bacteria, IgA, and goblet cell-produced mucus. These IECs
differentiate into villous or colonic enterocytes, which absorb nutrients (small intestine) and water
(colon). Progenitor IECs differentiate into both enteroendocrine cells, which secrete enteric hor-
mones, and Paneth cells at the base of the small intestinal crypts. Paneth cell granules contain high
concentrations of a-defensins. Certain subsets of T cells (intraepithelial lymphocytes, IEL) and
macrophages cells CX3CR1+ localize between the IECs. In the small intestine, about 80% of IEL
are CD8+ lymphocytes and about 70 % of CD4+ lymphocytes is present in the LP. The specialized
epithelium termed follicle-associated epithelium contains microfold (M) cells that overlie the sub-
epithelial dome (SED) of the organized lymphoid tissue PP consist of a rich zone of B lymphocytes
in an area termed follicles, and around them is a thymus-dependent area (TDA), which is rich in
CD4+ T lymphocytes. The LP, contains B cells (especially sIgA-producing plasmatic cells), T cells
CD4+, stromal cells, and antigen-presenting cells (APCs) such as macrophages and dendritic cells
(DCs) CD103+. Oral tolerance is essential to maintain homeostasis. Food proteins and products
of commensal bacteria are taken up by IECs which express MHC II, but do not express the co-
stimulatory molecules; thus, they contribute to oral tolerance induction. IECs also produce chemo-
kines like APRIL and B-cell-activating factor (BAFF), which promote B cell recruitment in the LP
and class switching in response to TLR signaling, and thymic stromal lymphopoietin (TSLP), the
transforming growth factor-p (TGF-p), retinoic acid (RA), and possibly other factors that promote
the induction of regulatory T (Tregs) cells. Specific subsets of intestinal DCs CD103 + express RA-
synthesizing enzymes, and in the presence of TGF-f, induce the differentiation of naive T, cells,
Foxp3+. RA also programs DCs to imprint gut-homing properties. These committed T, cells home
back to the intestinal LP through high endothelial venules (HEVs), where they undergo second-
ary expansion under the influence of interleukin-10 (IL-10) produced by CX3CR1+ macrophages.
These T cells differentiate into Treg cells, and also produce IL-10 and interferon-y (IFN-y) and/or T
helper (T},) 3 cells, which produce TGF-B-favoring oral tolerance



2 Mucosal Immunology and Oral Vaccination 19

cells, T cells, macrophages, and dendritic cells (DCs). The most notable feature of
the FAE is the presence of microfold (M) cells, which are specialized enterocytes
that lack surface microvilli and the normal thick layer of mucus. Antigens are taken
up by absorptive epithelial cells or specialized epithelial M cells in mucosal in-
ductive sites, or alternatively, can be directly captured by “professional” antigen-
presenting cells (APCs), which include DCs, B lymphocytes, and macrophages.
Antigen-charged DCs further process and present antigens to T cells located at the
interfollicular areas within the PP. Primed lymphocytes exit through the draining
lymphatics to the MLNs, where they reside for an undefined period of further dif-
ferentiation before they migrate into the bloodstream through the thoracic duct and
finally accumulate in the mucosa (Holmgren and Czerkinsky 2005; Mowat 2003).

Priming of T and B cells in these inductive tissues and selective homing to mu-
cosal sites lead to either efficient local immune responses or tolerance. However,
how the intestinal captured antigens can also induce systemic priming or tolerance
involves complex mechanisms. The MLNSs are considered alternative sites where T
cell priming might occur and explain the induction of local and systemic immunity
or tolerance by the oral route. The antigens might reach the MLNSs via the draining
lymph (Fig. 2.2) or as a result of APCs located in the LP that have taken up antigens
either directly from the lumen or from APCs that have acquired unprocessed anti-
gens from M cells, and then migrated to MLNSs. T cells that are primed in the MLN's
are further differentiated, and then migrate to the mucosa to mediate local immune
responses. In addition, since the MLNs can act as a crossover point between the
peripheral and systemic immune systems, this pathway might also explain the in-
duction of systemic immunity or tolerance in response to intestinal antigens (Mowat
2003).

Mucosal Effector Tissues

The diffuse lymphoid tissues are mainly associated with effector responses that are
initiated from the organized lymphoid tissues. These diffuse lymphoid tissues are
mainly composed of lymphocytes residing as intraepithelial lymphocytes (IELs)
in the mucosal epithelium in addition to numerous lymphocytes present in the LP,
which is the connective tissue directly underlying the mucosal epithelium.

Intraepithelial Lymphocytes

The IELs that reside within the epithelium of the intestine form one of the main
branches of the immune system by their direct contact with the enterocytes and
by their immediate proximity to antigens in the gut lumen. As IELs are located at
this critical interface between the core of the body and the outside environment,
they must balance protective immunity with an ability to safeguard the integrity
of the epithelial barrier, as failure of this function would compromise homeostasis
(Cheroutre et al. 2011).
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Fig. 2.2 Antigen uptake in gut-associated lymphoid tissue (GALT). The antigen might enter
GALT through different parts of the intestine. Epithelial cells can acquire soluble antigens that
have diffused through epithelial tight junctions (/) or have been transferred across epithelial cells
by transcellular routes (/7). CX3CR1+ macrophages can also capture luminal antigens by extend-
ing processes through the epithelial layer, and they may pass this to neighboring CD103 + dendritic
cells (DCs) (/). Also, the antigen might enter through the microfold (M) cells in the follicle-
associated epithelium (FAE) (/7) and after transfer to local CD103 + DCs; the antigen might also
gain direct access to the bloodstream from the gut and interact with T cells in peripheral lymphoid
tissues. The antigen taken up into Peyer’s patches (PP) or lamina propria may enter the blood-
stream via the portal vein, first reaching the liver before it becomes distributed into the circulation.
Free antigen taken up into afferent intestinal lymph will pass through the mesenteric lymph nodes
and eventually enter the bloodstream via the thoracic duct. Once the antigen is sampled by M cells,
it is delivered across the epithelial barrier directly to subepithelial DCs that subsequently process
and present antigen locally to T cells located at the interfollicular areas within the PP. Alterna-
tively, antigen or antigen-loaded DCs from the PP might gain access to the draining lymph, with
subsequent T, B cell recognition in the mesenteric lymph nodes (MLNs). In all cases, the antigen-
responsive CD4+ T cells or plasmatic cells acquire expression of the a4f7 integrin and the che-
mokine receptor CCRY, leave the MLN in the efferent lymph, and, after entering the blood stream
through the thoracic duct, exit into the mucosa through the vessels in the LP. T cells and plasmatic
cells, which have recognized antigen first in the MLN, may also disseminate from the bloodstream
throughout the peripheral immune system. Plasmatic cells produce local sIgA and systemic IgG.
Since T cells and plasmatic cells migrate through the circulation, integrin and chemokine signals
direct their emigration into tissues. In this manner, imprinted T cells and plasmatic cells have a
specific key that allows access to restricted tissues
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IELs essentially comprise antigen-experienced T cells belonging to both T cell
receptor-yd (TCRyd)™ and TCRaf ™ lineages, but are extremely heterogeneous,
and the various IEL subsets are distributed differently in the epithelia of the small
and large intestines probably influenced by the distinct digestive functions and the
physiological conditions between both intestines. In the small intestine, IELs are
almost exclusively T cells and include a significant proportion of TCRyd" cells
(60%). IELs constitutively express CD103 (also known as the oE integrin), which
interacts with E-cadherin on intestinal epithelial cells, and most of them, especially
in the small intestine, express CD8aa homodimers, which is a hallmark of their ac-
tivated phenotype. The majority of IELs express activation markers, such as CD44
and CD69; contain abundant cytoplasmic granules responsible for cytotoxic activ-
ity; and can express effector cytokines, such as interferon-y (IFNy), interleukin-2
(IL-2), IL-4, or IL-17. Furthermore, IELs characteristically express both activating
and inhibitory types of innate natural killer (NK) cell receptors, which typify them
as stress-sensing (activated) yet highly regulated (resting) immune cells (Cheroutre
et al. 2011). IELs play an important role in controlling the entrance of commensal
bacteria after epithelial damage via the release of antimicrobial peptides and pro-
moting the repair of injured gut epithelia. IELs express a limited diversity of antigen
receptors, keep in a heightened state of activation, and thus avoid the need for a
priming step before full activation.

Lamina Propria Lymphocytes

Lymphocytes in the LP include mainly the CD4+ T cells and also an important
population of plasma cells, which are B lymphocytes that are mainly IgA in type
I mucosal tissues like the one present in intestines. An important characteristic of
the mucosal adaptive immune response is the local production and secretion of di-
meric secretory immunoglobulin A (sIgA), which, unlike other antibody isotypes,
are resistant to degradation in the protease-rich external environments of mucosal
surfaces. sIgA is secreted as a dimer across the mucosal epithelium by an active
transport mechanism using the polymeric Ig receptor (pIgR). sIgA has multiple
roles in mucosal defense as it can bind and neutralize pathogens or toxins in the gut
despite the presence of active digestive enzymes. It promotes the entrapment of an-
tigens or microorganisms in the mucus preventing direct contact of pathogens with
the mucosal surface, a mechanism that is known as “immune exclusion.” Protection
of mucosal surfaces by sIgA can also be mediated by intracellular neutralization
of pathogens that have invaded the epithelial cells when the sIgA is transported by
the pIgR. In addition, antigens can be excreted through the secretion of sIgA joined
to the antigens, which is released into the mucosal lumen (Strugnell and Wijburg
2010). Moreover, slgA-mediated blockade is also a key element in the intestinal ho-
meostasis as it reduces inflammatory activity of the microbiota (Mantis et al. 2011).

Although the adaptive humoral immune defense at mucosal surfaces is mainly
mediated by sIgA, locally produced IgM and IgG in the respiratory tract and in the
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genitourinary mucosa and serum-derived IgG can also contribute significantly to
the mucosal immune defense (Neutra and Kozlowski 2006; Iwasaki 2010).

The lymphocytes that enter the mucosa redistribute into distinct compartments.
The functions of mucosal T cells are still largely undefined, but cells with a “mem-
ory” or “effector memory” phenotype predominate in both the epithelium and the
LP, indicating that these have been exposed to an antigen. In the LP of the intestine,
CD4+ T cells are of particular importance in regulating local immune responses.
LP CD4+ T cells might be regulatory T (Tregs) cells and therefore responsible
for maintaining local tolerance to environmental antigens. These produce large
amounts of cytokines, particularly IFN-y, but also IL-4 and IL-10.

LP CD8+ T cells can also have potent cytotoxic T lymphocyte (CTL) activ-
ity. Some of these antigen-experienced LP T cells might be true effector cells, and
might help local B cells to produce IgA “effector memory” cells, as indicated by the
findings supporting that antigen-specific memory CD4+ and CD8+ T cells accu-
mulate preferentially in non-lymphoid tissues, particularly at the intestinal mucosa
(Shale et al. 2013; Mowat 2003).

Intestinal CD4+ T cells are essential mediators of immune homeostasis and in-
flammation. Multiple subsets of CD4+ T cells have been described in the intestine,
which represents an important site for the generation and regulation of cells involved
in immune responses both within and outside of the gastrointestinal tract. Among
intestinal lymphocytes, CD4+ T cells represent a major population implicated in
mediating diverse host-protective and homeostatic responses (Shale et al. 2013).

T cell populations can be broadly functionally divided into effector and regulato-
ry populations. The lack of inflammation in the majority of individuals, despite the
enormous microbial and antigenic load within the intestine, clearly demonstrates
the dominance of regulatory mechanisms in the steady state, condition in which IL-
17 cells are the dominant Th17A single positive CD4+ T cells, and preferentially
locate the LP of the small intestine and, to a lesser extent, the colon and intestine of
adult mice. Interestingly, expansion of Th17 cell populations in the small intestine
may occur in the setting of extraintestinal infections or autoimmune diseases with-
out detectable mucosal inflammation. In the steady state, the presence of dominant,
suppressive, and regulatory mechanisms restrains innate and adaptative responses.
Functionally specialized subsets of CD4+ T cells play an important role in the regu-
lation of intestinal immune responses. The concept of an important functional role
for CD4+ Treg cells in maintaining intestinal homeostasis was established origi-
nally in mice, where the ability of CD4+ CD25+ Treg cells to prevent disease in the
T cell transfer model of colitis was described. A number of subsets of T cells pos-
sessing regulatory or suppressive activity have now been characterized, but those
expressing the transcription factor Foxp3 and IL-10-producing cells appear to be
of particular functional importance in intestinal homeostasis and in the control of
inflammation. In comparison with systemic immune compartments, the intestine
is enriched with the presence of Treg cells. Although IL-10+ Foxp3+ Treg cells
are also found in abundance in the small intestinal LP, a sizable fraction of IL-10+
CD4+ T cells in this location do not express Foxp3, exhibiting a Trl phenotype.
TGF-p plays a critical role in the development and function of Treg cells, including
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Foxp3 +and Tr1 cells. Cells co-expressing RORyt and Foxp3 are found in intestinal
tissues. Notably, both Treg cells and Th17 cells require TGF-B for their develop-
ment, and the presence or absence of further factors, including the STAT3-activat-
ing cytokines, IL-6 and IL-23, may determine the balance of these populations in
the steady state or inflamed intestine. Interestingly, intestinal CD4+ T cell subsets
are also regulated by environmental factors. The microbiota directs the accumula-
tion of both Treg cells and Th17 cells in the intestinal LP (Shale et al. 2013).

Intestinal APCs

Together with the epithelial barrier, APCs and IELs are located at the first line of
defense. After sensing pathogens, these cellular types release cytokines, antimicro-
bial peptides, and chemokines as defense or activate and recruit immune cells that
furthermore can phagocytose and kill pathogens.

Antigen sampling strategies are adapted to the diverse epithelial barriers that cov-
er mucosal surfaces throughout the body, but all involve collaboration with APCs.
Myeloid APCs of the intestine are a heterogeneous population consisting of DCs
and macrophages (Pabst and Mowat 2012; Geissman et al. 2010; Scott et al. 2011;
Manicassamy and Pulendran 2009). These populations are strategically positioned
with the LP and in organized lymphoid structures, and exhibit a number of adapta-
tions associated with their dual role in tolerance and immunity in the intestine. My-
eloid APCs might congregate immediately under epithelia, migrate into the epithelial
layer, and even extend dendrites into the lumen to capture antigens. DCs can act as
a bridge with the adaptive immune system through their ability to acquire antigen in
the intestine and migrate to the MLN where they prime the activation of cognate na-
ive T cells. In addition to presenting antigens, intestine-derived DCs are specialized
in their ability to prime T cell responses that are focused on the intestine through the
upregulation of gut-homing molecules on the responding T cell surface (Box 2.2).
At sites of organized mucosal lymphoid tissues, specialized M cells in the lymphoid
FAE sample and deliver antigens across the epithelial barrier directly to subepithelial

Box 2.2 Importance of Mucosal Homing in the Choice of Mucosal
Vaccination Route

After the initial exposure to antigen, lymphocytes leave PP or other muco-
sal inductive sites and migrate into mucosal tissues, including the intestines,
lungs, nasal passages, and urogenital tract. These lymphocytes home to the
LP or mucosal epithelium where they exert effector activities such as anti-
body synthesis or killing virally infected cells. The preferential migration of
mucosal stimulated lymphocytes to other mucosal sites throughout the body
gave rise to the idea of a “common mucosal immune system.” However, it is
now apparent that the mucosal immune system is highly compartmentalized
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and thus lymphoid responses preferentially migrate into tissues where the
response was induced. Therefore, the compartmentalization within the muco-
sal immune system places constraints on the choice of vaccination route for
inducing effective immune responses at the desired sites (Holmgren and Czer-
kinsky 2005). Therefore, in order to induce and regulate protective immune
responses at the appropriate mucosal sites, depending on the invading route
of a particular pathogen, it is required to understand the biological basis of the
mucosa compartmentalization (Brandtzaeg et al. 1999).

The capacity for selective migration of effector and memory T and B
cells back to the original challenge site—the concept of tissue-specific hom-
ing—or to the distinct mucosal sites, depends on the differential expression
of adhesion molecules on the lymphocyte cell surface as well as on the vas-
cular endothelium. Whereas naive T cells express adhesion molecules and
chemokine receptors that restrict their migration mainly (but not entirely)
to organized lymphoid tissue, activated memory T cells downregulate these
lymphoid-tissue-homing receptors and upregulate tissue-specific adhesion
molecules and chemokine receptors that target their migration to non-lym-
phoid tissues (Kunkel and Butcher 2002).

This imprinting of tissue-homing properties is best described for the gut
and skin. Priming of T and B cells in PP and mesenteric lymph nodes prefer-
entially induces the expression of 047 integrin and CC-chemokine receptor
9 (CCRY), whereas T cells that are primed in peripheral lymph nodes upregu-
late cutaneous leukocyte antigens, CCR4 and CCR10. Endothelial cells of
postcapillary venules in the intestinal mucosa constitutively express ligands
for 04p7-integrin and CCRY, namely mucosal addressin cell-adhesion mol-
ecule | (MADCAMI1) and CC-chemokine ligand 25 (CCL25), also known
as thymus-expressed chemokine (TECK), which is expressed selectively by
small bowel epithelial cells, allowing lymphoid cells that are induced in intes-
tinal lymphoid tissue to enter this mucosal effector site. Importantly, recent
investigations suggest that antigen-presenting DCs process and “interpret”
locally produced metabolites to program tissue-specific lymphocyte homing.
In the case of GALT, resident DCs metabolize vitamin A to retinoic acid,
which stimulates a437-integrin and CCR9 expression by T cells; and in the
skin, local DCs use metabolites of vitamin D3 to program T cells in recurrent
laryngeal nerves (RLNs) (Kunkel and Butcher 2002).

The identification of a4B7-integrin and CCR9 as mucosal homing recep-
tors interacting with MADCAMI and CCL25, respectively, was considered
the molecular explanation for the fact that mucosal vaccination is required for
protection against mucosal infections, whereas parenteral vaccines are gener-
ally ineffective to induce mucosal immunity. It must be taken into account
that recruitment of lymphoid cells into target tissues requires specific chemo-
kine recognition and adhesion-receptor engagement. The high degree of com-
partmentalization among the distinct mucosal sites relies on the use of distinct
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set of mucosal homing receptors. Indeed, there are distinct tissue-trafficking
patterns for both B and T cells that depend on their site of induction. For
example, plasma-cell precursors that are primed in respiratory tract lymphoid
tissues home to the tracheal and bronchial mucosa, express only low levels of
the gut-homing molecules, a4p7-integrin and CCRY, but express high levels
of a4fB1-integrin and CCR10. Importantly, the counterparts of a4p1-integrin
and CCR10, vascular cell adhesion molecule 1 (VCAMI) and CC-chemo-
kine ligand 28 (CCL28), respectively, are constitutively expressed by airway
mucosal endothelial cells. Lung T cells also express distinct phenotypes and
lack intestinal-homing molecules. Moreover, nasal and vaginal cells also
express a phenotype that is distinct from gut-homing T cells (Iwasaki 2010;
Holt et al. 2008).

DCs that subsequently present antigen locally in adjacent mucosal T cell areas. Gut
APCs can be found scattered in the LP of the gastrointestinal tract (small and large
intestine) and in the radial muscle layer. The intestinal DCs play the most important
role as professional APCs, since they express up to 100 times more major histo-
compatibility complex (MHC) molecules and are more effective in priming naive T
cells in the organized lymphoid tissue (PP and ILFs), MLN, and LP. DCs are con-
sidered the primary inductors to T-cell-dependent IgA responses (Manicassamy and
Pulendran 2009). In mice, APCs can be grouped based on the expression of CD103
(a-E integrin) and CX3CRI (the receptor of fractalkine). CX3CR1+ cells derive
from a monocytic precursor that may be recruited in response to the microbiota and
have been described to drive the development of Th17 cells in vitro, presumably via
a flagellin or ATP-dependent pathways. In particular, CX3CR1+ CD11b+ CDllc+
DCs and CD103+ DCs have been well characterized, while in homeostatic con-
ditions CD103+ DCs derive from circulating DC precursors (pre-DCs) and have
tolerogenic potential. These cells can also imprint T cells with gut-homing proper-
ties in both mice and humans (Scott et al. 2011). Regarding CX3CR1+ APCs, it
is not yet clear what their function is, as they are incapable of migrating out of the
gut and low-effective APCs (Pabst and Mowat 2012). However, a recent report has
shown that these cells acquire migratory properties in the absence of the microbiota.

Routes of Antigen Uptake and Induction of Mucosal
Immune Responses

The immunological consequences of oral administration of antigen ultimately de-
pend on where and how antigen is taken up and presented to T cells. Most soluble,
non-adherent antigens are taken up at low levels, and generally induce immune
tolerance (Pabst and Mowat 2012).

The possible routes of antigen uptake are outlined in Fig. 2.2. The conventional
pathways by which it is assumed that this might occur comprise the uptake of par-
ticulate antigen into PP or isolated lymphoid tissues through M cells, and also by
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the alternative routes of antigen uptake which might be of relevance. These are the
following: the transfer of intestinal antigen and/or APCs from the PP or mucosal LP
through the draining lymph to the MLNSs, followed by local presentation to naive T
cells; blood-borne dissemination of antigen to peripheral lymphoid tissues; transfer
of antigen to the liver through the portal vein; and local presentation of antigen to T
cells by enterocytes or professional APCs in the LP (Pabst and Mowat 2012).

Villus enterocytes participate in a route for antigen uptake and also have been
proposed as intestinal APCs directed to CD4+ T cells. This function was proposed
since enterocytes are MHC class-II positive in most species, but normally do not ex-
press the co-stimulatory molecules that are required for full T cell activation; thus,
they were considered as good candidates for tolerogenic APCs in vivo. However, it
is improbable that presentation of antigen by enterocytes to adjacent CD4+ T cells
might help to explain local tolerance, since naive CD4+ T cells are located in the
organized lymphoid tissues and are rarely located in the LP. In addition, LP T cells
do not migrate out of the gut, and, therefore, it seems unlikely that this pathway
could contribute to systemic tolerance (Mowat 2003).

Role of Epithelial Cells in Mucosal Defense

In the gastrointestinal tract, a single layer of epithelial cells joined by tight junc-
tions faces a complex luminal environment rich in microorganisms. Epithelia and
their associated glands (such as the salivary glands) produce non-specific or innate
defenses, including mucins and antimicrobial proteins. Nevertheless, foreign anti-
gens and microorganisms frequently breach the epithelial barrier, and mucosal tis-
sues are sites of intense immunological activity. In the intestinal mucosa, dispersed
lymphoid cells and APCs are particularly abundant. Epithelial cells are active
participants in mucosal defense since they function as sensors that detect danger-
ous microbial components through pattern recognition receptors such as Toll-like
receptors (TLRs), and they respond by sending cytokine and chemokine signals
to the underlying mucosal cells, such as DCs and macrophages, to trigger innate,
non-specific defenses and promote adaptive immune responses. In the intestine,
where bacteria are abundant, epithelial cells, together with IELs and the underlying
phagocytic cells, can modulate and dampen these signals to prevent undesirable
responses to non-threatening nutrients and the normal intestinal flora that could lead
to mucosal inflammation (Artis 2008; Rescigno 2011).
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Regulation of the Intestinal Immune System and Oral
Vaccination

The mucosal surfaces are continually exposed to a wide variety of foreign anti-
gens. As many of them do not represent any risk to the body, such as food proteins
and commensal bacteria, maintaining the homeostasis and preventing damage or
mucosal disorders, such as allergy and mucosal inflammatory diseases, are accom-
plished by sophisticated regulatory mechanisms that had evolved at these sites. The
gastrointestinal tract is the largest reservoir of immune cells in the body; thus, the
intestinal immune system is also considered the most complex part of the immune
system. The mucosal immune system is able to distinguish between pathogenic
and commensal bacteria or other inoffensive antigens and mount the appropriate
immune responses, either effective protective immunity or regulatory responses.
For example, protecting the gastrointestinal tract from invading pathogens requires
strong protective immunity. By contrast, active immunity against non-pathogenic
materials would be wasteful, and hypersensitivity responses against dietary anti-
gens or commensal bacteria can lead to chronic inflammatory disorders such as co-
eliac disease and inflammatory bowel disease, respectively. Therefore, the default
responses to most soluble non-toxic antigens are either mucosal immune tolerance
or non-inflammatory responses (Pabst and Mowat 2012).

Particularly, the usual response to harmless gut antigens consists of the induction
of local and systemic immunological tolerance, known as oral tolerance (Mowat
2003). In addition to its physiological importance, this phenomenon can be ex-
ploited for the treatment of autoimmune and inflammatory diseases, but it is also
an obstacle when the development of recombinant oral vaccines is pursued. For
these reasons, understanding the processes that determine the immunological con-
sequences of oral administration of antigens is of key importance.

Basis of Tolerance Induction at the Mucosal Tissues

It has been proposed that specific features of mucosal tissues favor the induction of
tolerance in terms of production of IgA antibodies and, to a lesser extent, T helper 2
(Th2) cell responses. However, several features of mucosal tissues might contribute
to these effects, including a unique ontogeny and anatomical patterning, specialized
cells and organs that are involved in the uptake of antigen, distinctive subsets of
APCs, and several unusual populations of B and T cells. In addition, the migration
of lymphocytes to the intestine is controlled by a series of unique adhesion mol-
ecules and chemokine receptors (Pabst and Mowat 2012).
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Challenges in Oral Vaccine Design and Current Strategies
to Achieve Mucosal Immune Responses

Mucosal vaccines that are orally administered face the same gauntlet of host de-
fenses as do microbial pathogens: They are diluted in mucosal secretions, captured
in mucus gels, attacked by proteases and nucleases, and excluded by epithelial barri-
ers, and thus relatively large doses of vaccine are required, and it is difficult to deter-
mine with accuracy the dose that crossed the mucosa (Neutra and Kozlowski 2006).

Several strategies have been developed to advance the development of mucosal
vaccines, including the use of diverse antigen-delivery systems and mucosal adju-
vants. The main characteristics of these strategies, including advantages and limita-
tions, are summarized in Table 2.1 (see Box 2.3).

Box 2.3 Routes of Mucosal Vaccination

Nasal route

Intranasal administration is an attractive immunization route due to the follow-
ing features: Nasal mucosa is a practical site that lacks acidity, the secreted
enzymes are limited, and small mucosal surface area requires a low dose of
antigen. Furthermore, the nose is highly vascularized, easily accessible, and
can be used for global immunization of large populations. It is well established
that vaccines administrated by nasal route can induce both mucosal and sys-
temic immune responses, preferentially if the vaccine is based on attenuated
live cells or an antigen is accompanied by an adjuvant. This has been confirmed
in nasal immunization of humans against diphtheria, tetanus, influenza, and
Streptococcus mutans. Furthermore, potent responses in the respiratory and
genital tracts can be induced by intranasal immunization as a result of the induc-
tion sites in nasopharynx-associated lymphoid tissue (NALT) that contains all
of the immunocompetent cells required for the induction of antigen-specific
immune responses. Nasal vaccination has proven to be an effective regimen for
the stimulation of the respiratory immune system and can elicit both humorla
and cellular responses.

Different nasal vaccine systems in humans and animals have been
described. In fact, an intranasal live influenza virus vaccine has been approved
by the Food and Drug Administration (FDA). This vaccine is safe, well toler-
ated, and up to 93 % effective against culture-confirmed influenza (Rappuoli
et al. 2011; Woodrow et al. 2012; Pavot et al. 2012; Cheroutre et al. 2011;
Yuki and Kiyono 2009).

Vaginal route

Vaginal mucosa is characterized by a type II epithelium that does not have
histologically demonstrable MALT, but these mucosal surfaces in the female
genital tracts are protected by distinct epithelial cell layers, mucus, and by
distinct innate and adaptive effector mechanisms. Specific immune cells in
genital mucosae comprise intraepithelial T cells, macrophages, Langerhans
cells (LCs), and submucosal DCs present in type II epithelia of the vaginal
canals, which provide immune protection (Iwasaki 2010).
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After infection, innate cells, including monocytes, neutrophils, NK cells,
and plasmacytoid DCs (pDCs), are mobilized to the vaginal tissue. In the
steady state, LCs in the epithelium and DCs in the submucosa are highly
phagocytic and express high amounts of PRRs. After pathogen recognition
through PRRs, DCs and LCs undergo a maturation program and migrate to
the draining lymph nodes to prime naive T and B cells. At a later time point,
antigen-specific T and B cells enter the tissue to provide pathogen-specific
immune defense. Due to the absence of inductive sites (MALT) in vaginal
mucosa, priming of lymphocytes occurs exclusively in the draining lymph
nodes including the common iliac, interiliac, external iliac, and inguinal fem-
oral lymph nodes. Delivery of vaccines by genital routes is not very practi-
cal in human trials due to many disadvantages, comprising the cumbersome
administration of a mucosal vaccine through the genital tract as well as the
immunological features of the female reproductive tract due to hormonal
fluctuations during the menstrual cycle (Kozlowski et al. 2002)

Oral route
The elicitation of immune responses in the intestinal mucosa by an orally
administered antigen comprises its transportation by different pathways:

(1) Through M cells that are present in the follicle-associated epithelium of the
PP or located in ILFs. Basolateral membrane of M cells is heavily invaginated
while the apical one has little glycocalyx, presumably aiding antigen uptake,
which is then captured by DCs, permitting their maturation and migration
to the intrafollicular areas. M cells possess a high transcytotic capacity and
are able to transport a broad range of materials. This pathway preferentially
occurs for particulate antigens (Holmgren and Czerkinsky 2005; Neutra and
Kozlowski 2006).

(2) Directly from the lumen by CX3CR1 + macrophages, (3) across epithelial
cells, or (4) through epithelial tight junctions. The uptaken antigen can be trans-
ferred to CD103+ DC within the PP or in the lamina propria directly by these
cells. The APCs process the antigen and migrate within the PP to the T cell
areas and/or B cell follicles (inductive sites). T follicular helper (TFH) cells
subsequently co-localize with B cells in the B cell follicle in close proximity to
a follicular dendritic cell (FDC) network, and this allows the formation of a ger-
minal center where the antigen-specific B cells undergo class-switching to IgA
and somatic hypermutation to generate higher-affinity antibodies. Free antigen
or antigen-loaded DCs from the PP or LP might gain access to draining lymph,
with subsequent T cell recognition in the MLNSs resulting in the induction of
mucosal and systemic effector immune responses of T cells and B cell-pro-
ducing IgA or IgG antibodies. The resulting IgA+ long-lived plasma cells and
memory B cells generated within the germinal center leave the PP through the
efferent lymph and migrate to the MLN and subsequently to the blood through
the thoracic duct. Plasma cells home to bone marrow and to effector sites in the
lamina propria of the small and large intestine. MLNs can act as a crossover
point between the mucosal and systemic immunity and explain the induction of
systemic immunity induced by intestinal antigens (Mowat 2003).
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Table 2.1 Advantages and limitations of the distinct immunization routes

Advantages

Limitations

Oral

Nasal

Parenteral

Delivery: ingestion. Recipient-friendly
approach

The delivery risk is minimal; no syringes
or needles required

Elicited responses: humoral and cell
immune response. Mucosal IgA in
large and small intestines, vagina, and
salivary gland induce modest systemic
antibody, and CTL responses

Extensive use for attenuated vaccines.
Against rotavirus, Vibrio cholera,
Salmonella typhi, and poliovirus

Is the safest route of vaccine delivery

The delivery risk is minimal; no syringes
or needles required

Efficient antigen transfer across nasal
epithelium

Elicited responses: systemic antibody
and mucosal IgA in large intes-
tine, vagina, and nasal cavity; CTL
responses

Requires low antigen dose
Potent systemic antibody and T cell

Extensive clinical use in many viral,
bacterial, and parasitic diseases

Elicited responses: no major problems
with subunit vaccines

Requires mucosal adjuvant

Required high antigen dose. Digestion
in the gastrointestinal tract. Efficient
uptake of particulate antigens

Can induce tolerance

Limited clinical trials of subunit vaccines

Requires delivery devices. Requires full
cooperation of the vaccinee
Requires mucosal adjuvant

Requires medium antigen dose

Can induce tolerance

Limited number of clinical trials. Against
influenza

Evidence of antigen transfer to neuro-
nal tissue via olfactory bulb in mice.
Clinical studies indicate that Bell’s
palsy is caused by influenza nasal vac-
cine that contains the native form of
heat-labile Escherichia coli

Delivery: injection

Requires medically trained personnel

Possible transmission of infection by
contaminated needles and syringes

Alum most widely used as adjuvant, but
a variety of systems are effective

Null response in mucosa

Mild-to-serious side effects with killed
or attenuated vaccines

Oral delivery of non-living vaccines has proved to be extremely challenging, owing
to poor stability of proteins, peptides, and DNA in the acidic and enzyme-rich en-
vironments of the gastrointestinal tract. Several strategies, including the use of bio-
degradable polymeric particles and liposomes, had been adopted to protect antigens
in the gastrointestinal tract. In addition, strong adjuvants, for example, enterotoxins
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such as cholera toxin (CT) and the heat-labile enterotoxin from enterotoxigenic
Escherichia coli (LT), have been successfully used for the oral immunization of
test animals. However, toxicity of these enterotoxins limits their applications in hu-
mans. To alleviate the toxicity issues, mutants and subunits of LT and CT have been
used as adjuvants in many studies of oral immunization in animals with some prom-
ising perspectives (Box 2.4; Lycke 2012; Martin et al. 2000). Table 2.2 presents an
overview of adjuvants and delivery vehicles developed for mucosal immunization.

Box 2.4 Adjuvants and Antigen-Delivery Systems

Intestinal immune system is tightly regulated and polarizes the immune
response mainly to tolerogenic responses; thus, the development of new strat-
egies for the enhancement of optimal immune response is urgently needed.
Strong adjuvants such as bacterial enterotoxins (CT or LT) have been suc-
cessfully used for oral immunization in mice. Recently, a rice-based vaccine
that expressed CTB subunit has proved to serve as an effective long-term cold
chain-free oral vaccine that induces CTB-specific sigA-mediated long-stand-
ing protection against V. cholerae or LT-ETEC-induced diarrhea. As CTB
lacks enzymatic toxic activity, this approach may overcome the limitations
presented by CT or LT, which limit clinical uses (Holmgren and Czerkinsky
2005; Lycke 2012; Lawson et al. 2012).

Lectins possess the ability to activate the immune system, and this charac-
teristic may also be exploited for oral immunization, since enhanced intestinal
absorption by attaching to M cells in PP can be achieved. Plant lectins have
demonstrated to be strong mucosal immunogens, stimulating systemic and
mucosal antibody responses after oral or intranasal delivery (Lavelle et al.
2000; Rosales-Mendoza and Salazar-Gonzalez 2014).

The formulation of antigens in various particulate delivery systems for
mucosal administration may be advantageous in the following ways: (1) pro-
tects the antigen from degradative mucosal enzymes, (2) facilitates the pref-
erential uptake of encapsulated antigen by M cells, (3) sustains the release of
antigen to increase the presentation time of antigen to APCs, (4) allows for
co-presentation of antigen and adjuvant to APCs, and (5) allows for the induc-
tion of cell-mediated immune response by modifying presentation of antigen
to APCs. Therefore, rational antigen selection, adjuvants to angle-protective
immune responses, efficient vectors to target APCs, and appropriate admin-
istration routes are key aspects to take into consideration in the development
of efficient mucosal vaccines (Sharma and Hinds 2012; Valiante 2003; Pavot
et al. 2012).

Typically, the doses that are required to elicit immune responses by the oral route
are substantially higher, by up to 100-fold, than those requiring for parenteral for-
mulations. This raises the crucial issue of the cost of immunization.
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Mucus provides a highly viscous and heterogeneous microenvironment that
presents a significant barrier not only for pathogen entry but also to mucosal vac-
cine delivery. Therefore, in order to be effective, mucosal vaccines must prevent
inactivation of both the antigen and the adjuvant by the harsh mucosal environ-
ment and deliver the vaccine across mucosal barriers to target mucosal tissues and
immune cells. The pore size of mucus has been estimated to range 50—1,800 nm.
Surface modification of drug-delivery vehicles has proven to be a promising ap-
proach to increase both mucoadhesion and mucus penetration. Several natural
materials such as chitosan, alginate, and derivatives of cellulose show strong mu-
coadhesive properties owing to the presence of numerous hydrogen bond-forming
groups. The concepts of mucus penetration and mucus adhesion will have a sig-
nificant role in achieving effective transport of mucosally administered vaccines
(Woodrow et al. 2012).

The induction of mucosal immune responses against foreign antigens, microor-
ganisms, and vaccines requires the presence of organized lymphoid tissue, either
within the mucosa or in draining lymph nodes. Soluble, non-adherent antigens are
taken up at low levels, if at all, and such antigens generally induce tolerance in the
intestine. In general, mucosal vaccines are likely to be most effective when they
mimic successful mucosal pathogens in the following key respects: They are ideally
multimeric and/or particulate, adhere to mucosal surfaces (or even better, adhere
selectively to M cells), efficiently stimulate innate responses, and evoke adaptive
responses that lead to immunoprotection against the target pathogen (Neutra and
Kozlowski 2006). Particulate vaccines have theoretical advantages for mucosal de-
livery because M cells are known to uptake efficiently microparticles with a diam-
eter of up to 1 um. Encapsulation of antigens in polymer-based particles can be a
promising tool for delivery of vaccines to mucosal sites. However, without proper
targeting, these carriers may not be successfully internalized, processed, and pre-
sented in a way to direct an immunological response. Targeting APCs, specifically
DCs, constitutes another strategy. Most examples of DC-targeting strategies em-
ploy the well-characterized DC receptor DC205, DC-specific intracellular adhesion
molecule 3-grabbing non-integrin (DC-SIGN), or mannose receptor. Mucosal epi-
thelial cells represent another opportunity for targeting vaccines. Potential targets
to address this objective are the epithelial markers FcRn and galactosyl ceramide
(Woodrow et al. 2012). Another method that has been employed to favor adhesion
between epithelium and the vaccine delivery vehicle consists of using high-affinity
targeting ligands against M cells, but only few M cell receptors had been identified.
As M cells tend to exhibit unique glycosylation patterns, lectins such as Ulex euro-
peus agglutinin 1 (UEA-1), which binds alpha-1-fucose, has been the most widely
investigated M cell-targeting molecules in mice (Pavot et al. 2012).

Accordingly, the effectiveness of live pathogens and effective oral vaccines such
as the live poliovirus and live attenuated S. #yphi vaccines is partly a result of their
adaptation to survive in luminal environments, due to which they can efficiently
invade organized lymphoid tissues in the intestines. Non-living macromolecules,
protein-subunit antigens, and non-microbial particles generally evoke weak im-
mune responses when applied mucosally, and thus the use of adjuvants is required
in order to alert the mucosa and activate innate signaling pathways in epithelial cells



38 A. L. Garcia-Hernandez et al.

or in the underlying APCs. However, the major limitation of using live vaccines and
adjuvants are associated with toxicity risks (Pavot et al. 2012).

Under this outlook, it is clear that efforts to overcome obstacles in the develop-
ment of effective mucosal vaccines are mainly directed towards finding more effi-
cient means of delivering appropriate antigens to the mucosal immune system, and
towards discovering effective, safe mucosal adjuvants capable of providing protec-
tive immunity against infectious agents.

Vaccines based on live attenuated viruses or microbes that have been inactivated
by heat or chemicals comprise the majority of licensed vaccines used for the pre-
vention of infectious diseases. To date, these constitute the only vaccines approved
for mucosal delivery and the only ones whose efficacy is correlated with effector
mucosal immune response (Woodrow et al. 2012). The oral polio vaccine is a live
attenuated vaccine that produces serum antibodies as well as local sIgA in the intes-
tinal mucosa, which confers protection from virus entry and multiplication. Other
live attenuated vaccines administered via the oral route are licensed for enteric
infections such as cholera, typhoid, and rotavirus. The success of live attenuated
or inactivated vaccines is attributed to the presentation of multiple immunogens
and enhanced second signals that combine and elicit strong antibody responses and
long-term memory. However, not all viruses can be attenuated, and the risk of re-
version can compromise safety, especially for viruses with ill-defined attenuation.
Although inactivation of viruses and bacteria is a more generalized approach and
these vaccines are much safer, inactivated vaccines can exhibit loss of antigens or
pathogen-associated molecular patterns (PAMPs). This loss results in rapid waning
of protective immunity and causes the inactivated vaccines to be less effective than
live attenuated vaccines (Woodrow et al. 2012).

Subunit vaccines and conjugated vaccines are a second largest category of li-
censed prophylactic vaccines. These vaccines are based on pathogen-specific pro-
teins or polysaccharides conjugated to proteins or peptides. Subunit and conjugate
vaccines as well as toxoid vaccines are administered primarily by subcutaneous or
intramuscular routes and not mucosally. One notable exception is a vaccine against
cholera toxin B subunit and the inactivated strain of V. cholerae O1. Oral but not
parenteral immunization, with inactivated whole-cell cholera bacteria together with
cholera toxin B subunit, protects against cholera colonization and toxin binding.
This vaccine induces protection-specific mucosal antibodies and provides long-
lasting intestinal immunological memory. However, no other examples of success-
ful licensed subunit vaccines that are administered by mucosal immunization and
provide protection are available (Woodrow et al. 2012). The use of living microor-
ganism for the delivery of antigens has shown to induce mucosal immune responses
at the gastrointestinal and the systemic levels (Neutra and Kozlowski 2006). There-
fore, oral delivery of antigens in attenuated bacterial strains is an alternative solu-
tion to antigen protection, but raises safety concerns over the delivery vehicles.

Another approach consists on the use of plant-based vaccines, which provide a
means to deliver large amounts of a designated antigen in an encapsulated form.
Plants have been used to express a wide range of recombinant proteins, includ-
ing diagnostic proteins, industrial enzymes, and enzymes used in the production
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of pharmaceuticals, food additives, therapeutic proteins, antibodies, and vaccine
antigens (Daniell et al. 2009). Levels of expression achieved thus far indicate the
long-term economic viability of plant-based systems for recombinant protein pro-
duction. In the case of subunit vaccines, large-scale antigen production in plant sys-
tems should be sufficiently inexpensive to allow for delivery of the necessary high
dosages anticipated for oral administration. Production of antigens in plant material
has the added advantage of encapsulation in the expression host since antigens are
naturally encapsulated in the tissue used for recombinant protein production. This
encapsulation appears to guard against rapid and complete degradation of orally ad-
ministered recombinant proteins. Thus, there is the potential for antigen to be gradu-
ally released into the gastrointestinal tract as long as plant cells are digested. This
should allow for an increased proportion of orally administered antigens to reach
effector sites which line the gastrointestinal tract (Pavot et al. 2012; Rosales-Men-
doza and Salazar-Gonzalez 2014). This approach has yielded encouraging results
in animals and humans, although the safety of transgenic plans needs to be further
evaluated (Mitragotri 2005). Although in its infancy, oral immunization by means
of plant-based vaccines augurs a potential source of novel vaccines. Chapter 13
provides relevant “Plant-Based Vaccines as a Global Vaccination Approach: Cur-
rent Perspectives” perspectives on future research activity that is considered critical
to favor the advancement of this technology.
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