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Review

The mucosal immune system: From dentistry to vaccine development

By Hiroshi KiyoNo*'** and Tatsuhiko AZEGAMI*!»*2*3
(Communicated by Tatsuo SUDA, M.J.A.)

Abstract: The oral cavity is the beginning of the aero-digestive tract, which is covered by
mucosal epithelium continuously under the threat of invasion of pathogens, it is thus protected by
the mucosal immune system. In the early phase of our scientific efforts for the demonstration of
mucosal immune system, dental science was one of major driving forces due to their foreseeability to
use oral immunity for the control of oral diseases. The mucosal immune system is divided
functionally into, but interconnected inductive and effector sites. Intestinal Peyer’s patches (PPs)
are an inductive site containing antigen-sampling M cells and immunocompetent cells required to
initiate antigen-specific immune responses. At effector sites, PP-originated antigen-specific IgA B
cells become plasma cells to produce polymeric IgA and form secretory IgA by binding to poly-Ig
receptor expressed on epithelial cells for protective immunity. The development of new-generation
mucosal vaccines, including the rice-based oral vaccine MucoRice, on the basis of the coordinated
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mucosal immune system is a promising strategy for the control of mucosal infectious diseases.

Keywords:

1. Introduction

The mucosa covers the largest surface area of the
human body, including the oral cavity, respiratory
and digestive tracts, ocular cavity, ear cavity, and
genitourinary tract, and it forms the boundary
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between the interior of the body and its external
environment.!) Because of its large surface area and
continuous exposure to the external environment,
the mucosa is the primary entry route of most
pathogens via inhalation, ingestion, or sexual con-
tact.?) Therefore, the host must maintain a dynamic
and flexible immunologic barrier at the mucosal
surface to protect against invasion by harmful
pathogens. At same time, the mucosa has essential
roles in the physiologic functions of ingestion and
inhalation and therefore is integral to these basic life-
supporting systems. These concurrent yet contrasting
roles— immunologic barrier and physiologic machi-
nery —are a unique characteristic of the mucosa.
To provide a protective barrier at mucosal sur-
faces, the innate and acquired immune systems must
operate concurrently. Physical barriers— consisting
of tight junctions and a dense layer of mucins®
and biochemical barriers—provided by antimicro-
bial peptides? —are crucial elements in the first
line of defense, together with components of innate
immunity, including Toll-like receptors®") and in-
nate immune cells (e.g., natural killer cells, natural
killer T cells, mast cells, and eosinophils).g)’u) For
acquired immunity at the mucosal epithelium, anti-
gen-specific secretory IgA (SIgA) immune responses
are key players in preventing pathogen invasion. SIgA
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directly neutralizes the infectivity of pathogens and
their toxins'? ™) and contributes to the creation and
maintenance of mucosal homeostasis. ™)

For the induction of antigen-specific SIgA anti-
bodies, antigens must be presented directly to the
mucosal surface — especially its component mucosa-
associated lymphoid tissue (MALT), antigen-
sampling cells (microfold or membranous cells [M
cells]),?'%) and antigen-presenting cells (e.g., den-
dritic cells).”)’lg) Therefore, oral and nasal deposi-
tion of antigens that target gut-associated lymphoid
tissue (GALT) and nasopharynx-associated lym-
phoid tissue (NALT) leads to the generation of
antigen-specific SIgA antibodies in the secretions of
the gastrointestinal and upper respiratory tracts. In
contrast, although very effective in the induction of
systemic immunity (e.g., serum IgG antibody), the
systemic presentation of antigens, such as through
their injection, apparently does not induce effective
antigen-specific SIgA antibody responses.?’) In fact,
subcutaneous vaccination is often ineffective for the
induction of antigen-specific mucosal immune re-
sponses.?!) These facts indicate that new-generation
vaccines must be rationally designed to efficiently
elicit antigen-specific mucosal immunity at the entry
sites of aero-digestive infectious agents.

The mucosal immune system consists of coordi-
nated inductive and effector tissues (Fig. 1).?) As
inductive sites, MALTSs are equipped with all of the
immunocompetent cells needed to initiate antigen-
specific humoral and cell-mediated immune re-
sponses.??)~?Y) For example, at Peyer’s patches (PPs),
which are well characterized GALT components,
orally administered antigens are taken up by M cells
located in the follicle-associated epithelium; M cells
promptly deliver antigens to antigen-presenting cells,
such as dendritic cells and macrophages, that lie
beneath PPs.?Y)  Antigen-presenting cells subse-
quently present processed antigen to naive T cells,
leading to the differentiation to Thl cells, Th2 cells,
Th17 cells, and cytotoxic T cells; they also induce
IgA-committed B cells (IgA* B cells) with key
immunological molecules (e.g., TGF-0 [transforming
growth factor (], interleukin (IL)-5, IL-6, IL-10,
APRIL [a proliferation-inducing ligand] and BAFF
[B cell activating factor|), leading to the initiation
of antigen-specific immune responses.?* Concurrent
with antigen presentation, dendritic cells located
in PPs induce gut-imprinting molecules (e.g., CC
chemokine receptor [CCR]9, CCR10, o437 integrin)
on antigen-specific lymphocytes through the retinoic
acid cascade for their subsequent migration to the
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effector tissues (e.g., intestinal lamina propria)
(Fig. 1).29%) The lipid mediator system, which
includes sphingosine-1-phosphate and its receptor,
sphingosine-1-phosphate receptor type 1, plays an
essential role in the egress from PPs of antigen-
specific lymphocytes that carry gut-imprinting mole-
cules and in their subsequent immunologic journey to
distant effector sites.?”)~2%)

At the effector sites, PP-originated antigen-
specific Th2 cells provide the IgA-enhancing cyto-
kines (including IL-5, IL-6, and IL-10) needed for
the final differentiation of IgA™ B cells into plasma
cells that produce dimeric or polymeric forms of
IgA. 22930031 These IgA antibodies then bind to
poly-Ig receptors expressed on the basal membrane
of epithelial cells, where they form SIgA and are
transported to gut secretions (Fig. 1).3233) This
collaborative and well-orchestrated sequence between
the inductive (e.g., PPs) and effector (e.g., intestinal
lamina propria) sites provides the immunologic basis
for the induction and regulation of antigen-specific
immune responses (e.g., SIgA production) at the
mucosal surface.

2. Historical insight into the contribution of
dental science to mucosal immunology

In recent years, mucosal immunology has
become a core entity uniting the biomedical fields
of immunology, microbiology, allergology, and path-
ology. Before the 1970s, few immunologists credited
the presence of the immune system at the mucosal
surface of the digestive tract. However, a major
scientific contribution during that era initiated
research into the mucosal immune system, then
known as “local immunity.” It was originally shown
the presence of IgA antibodies in secretions including
saliva by Tomasi T.B. Jr. and his colleagues in the
mid-1960s.>*%) They showed that human parotid
saliva (and other nonvascular fluids) contained large
amounts of IgA relative to IgG and these IgA differed
in chemical and immunological properties from serum
IgA 39736 Several investigators, including those in
our group, with backgrounds in dentistry and oral
biology recognized the important relationship be-
tween the oral cavity as the beginning of the digestive
tract and the large quantities of IgA antibodies
(~200mg) generated in the salivary glands and
ingested through saliva (~750—1000mL) each
day.?” In addition, although Streptococcus mutans
was first isolated in 1924, most of the research
formally proving its role as the causative pathogen
in dental caries occurred in the 1960s and 1970s.%8)-3)
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Fig. 1.

Coordination between inductive and effector sites for the induction and regulation of antigen-specific mucosal immune responses.

Antigens in the lumens of the gastrointestinal tract, nasal cavity, and tear ducts are endocytosed by M cells located on the follicle-
associated epithelium (FAE) of the mucosa-associated lymphoid tissues. In the case of gut-associated lymphoid tissue or Peyer’s
patches, M cells located in the FAE form the subepithelial dome structure, and antigen-presenting cells such as dendritic cells (DCs)
lie immediately beneath the FAE. M-cell-endocytosed antigens are immediately processed by DCs, which transport antigens to
underlying T cell zones through molecular interactions such as CCL19—CCR7 and CCL20—CCR6. Antigen-primed T cells support the
induction of IgA-committed B cells (IzA™ B cells) owing to the biologic influences of transforming growth factor (TGF)-3, IL-2, IL-5,
IL-6, IL-10, and the CD40—CD40 ligand (CD40L) interaction. In addition, IgA™ B cells acquire mucosal-imprinting molecules, such as
CCR9, CCR10, and o407 integrin, and subsequently migrate to the effector sites. At the effector sites (e.g., the intestinal lamina
propria), IgA™ B cells differentiate into plasma cells after stimulation by the IgA-enhancing cytokines IL-5, IL-6, and IL-10, which are
secreted by antigen-specific Th2 cells. Dimeric or polymeric IgA secreted from plasma cells is transported to the mucosal surface as
secretory IgA (SIgA) through the binding to polymeric Ig receptor expressed on the basal membrane of epithelial cells (ECs).

These advances yielded the scientific strategy for
developing a caries vaccine that induced the produc-
tion of S. mutans-specific SIgA in the salivary fluids
and of gingival fluid IgG produced in the serum.)4)
Our laboratory showed that oral administration of
S. mutans induced the production of both antigen-
specific IgA in the salivary glands and serum IgG
antibodies.*?#) In summary, the efforts of several
researchers in the fields of dental science and oral
biology together became a driving force behind the
wider scientific community’s current acceptance of
an immune system at the mucosal surface of the
digestive tract and of oral immunization as an
effective way to induce antigen-specific SIgA produc-
tion in mucosal secretions.

3. Unique features of the mucosal immune system

3-1) Critical role of antigen-sampling system
at mucosal epithelium. GALT (e.g., PPs) plays
important roles as inductive sites for initiating the
antigen-specific humoral and cell-mediated immune
responses necessary for achieving protective acquired
immunity at mucosal surfaces. Mucosal surfaces
provide physical and chemical epithelial barriers to
prevent the invasion of unwanted antigens;** thus
foreign antigens are thought to lack easy access to the
host immune system. However, the host mucosal
immune system is equipped with specialized antigen-
sampling cells that transport external luminal anti-
gens across the epithelial barrier into the organized
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Fig. 2.

Characteristics of antigen-sampling M cells located in the follicle-associated epithelium (FAE) of Peyer’s patches (PPs) and

villous epithelium. M cells are preferentially located in the FAE of mucosa-associated lymphoid tissues and characterized by their
unique morphologies: an irregular brush border, few microvilli, and decreased glycocalyx. NKM 16-2-4 is a monoclonal antibody
specifically recognizing an «(1,2) fucose—containing carbohydrate moiety of murine M cells. When NKM 16-2-4 was applied to a tissue
section of PPs, it specifically bound the apical surfaces of M cells in the FAE of the PPs (red cells in the bottom left part of the figure).
Furthermore, NKM 16-2-4 recognized another M cell (known as villous M cell) located in the villous epithelium (red cells in the
bottom right part of the figure), which is an additional “gateway” cell and has the similar morphologic features as M cell. Some
contents of the figure have been adopted and modified from our original article reference 65.

lymphoid tissues (e.g., GALT).*») These specialized
antigen-sampling cells, known as M cells, typically
are located in the follicle-associated epithelium of
MALT (Fig. 2).497%) M cells are characterized by
their unique morphology comprising an irregular
brush border, few microvilli, and decreased glyco-
calyx.*® M cells were first identified in the rabbit
appendix through the use of transmission electron
microscopy in 1973*) and were identified in humans
in 1974.%0 However, the presence of an antigen-
entrance site on the organized lymphoid structure
of the intestine had already been reported by Dr.
Kenzaburo Kumagai in a 1922 Japanese article.””)

B cells are indispensable in the development of
M cells, given that the follicle-associated epithelium
of PPs of B-cell-deficient mice is devoid of M cell
development.” Among B cells, CCR6M"CD11c™ B

cells in PPs have a vital role in the differentiation
of M cells through CCL20—CCR6 signaling.”” Our
collaborative study showed that, in addition to B
cells, the interaction between RANK (receptor
activator of nuclear factor kB) and its ligand, the
tumor necrosis factor superfamily member RANKL
(receptor activator of nuclear factor kB ligand), is a
key in the development of M cells.” RANKL-null
mice possess <2% of the M cells in wild-type mice
and approximately 10% of the M cells in either B-
cell-deficient or CCR6-deficient mice.”® Expression
of RANKL is restricted to non-hematopoietic mes-
enchymal cells underlying the follicle-associated
epithelium, whereas RANK is expressed on epithelial
cells in the follicle-associated epithelium and other
parts of the small intestine.”® This microarchitec-
tural arrangement suggests that RANKL affects the



No. 8|

differentiation of M cells through short-range delivery
of RANKL to RANK-expressing epithelial precursor
cells in follicle-associated epithelium.?®

The use of modern tools, including transcrip-
tome analysis, has led to the identification of the Ets
family transcription factor Spi-B as a critical factor in
M cell differentiation.” Our group and others have
shown that Spi-B is highly expressed in M cells
located in the follicle-associated epithelium of PPs,
and Spi-B-deficient mice lack functionally mature M
cells in PPs, leading to impaired antigen uptake.?®:%%)
Therefore, the Spi-B-mediated signaling cascade is
a critical pathway for the induction of M cells;*¥%%)
however, an alternative cascade may exist as well,
given that M cell development is not completely
abolished in Spi-B-deficient mice.?”

Under stable physiologic conditions, M cells
account for only about 10% of the epithelial cells
within follicle-associated epithelium of PPs in the
small intestine of mice and 5% of those in
humans.*®6) M cells exhibit a unique intrapocket
structure at their basal membranes and house
antigen-presenting cells (e.g., dendritic cells and
macrophages) or lymphocytes (Fig. 1).°® Further-
more, the region beneath the follicle-associated
epithelium (including the M-cell pocket region) is
enriched with antigen-presenting cells.*®)%) This
immunologic microstructure thus enables rapid and
effective transport of antigens from the lumen into
MALTS such as PPs; underlying antigen-presenting
cells then process the antigens and present them
to lymphocytes, thus initiating an antigen-specific
immune response.””

M cells have been studied and characterized
according to their unique morphologic features and
have been identified by using the lectin specificity of
Ulex europaeus agglutinin 1 (UEA-1), which has
strong affinity for an «(1,2) fucose expressed by
murine M cells but not neighboring columnar
epithelial cells.”® %) The specificity of UEA-1 for
M-cell-related glycosylation patterns has therefore
led to the use of this agglutinin as an M-cell
marker.”® %) However, UEA-1 reacts with not only
M cells but also goblet cells and the mucus layer
covering the epithelium, suggesting that it is not a
marker specific for M cells.®?) To this end, our group
developed an M-cell-specific monoclonal antibody,
NKM 16-2-4, which reacts with a glycosylation site
specific to murine M cells (Fig. 2).5% NKM 16-2-4 is a
murine M-cell-specific monoclonal IgG2c antibody
obtained by immunizing rats with UEA-1-positive
cells isolated from murine PPs.%2 NKM 16-2-4 also
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recognizes UEA-1-positive M cells in murine NALT
located in the nasal cavity but not UEA-1-positive
goblet cells.®? Although NKM 16-2-4 is considered
to be an M-cell-specific monoclonal antibody, it also
recognizes Paneth cells but not goblet cells or other
epithelial cells.5?)

When NKM 16-2-4 was used as a targeting
and carrier vehicle for the oral delivery of vaccine
antigens, vaccine antigens (e.g., a vaccine complex of
NKM 16-2-4-tetanus toxoid or NKM 16-2-4-botu-
linum toxoid [BT]) were preferentially delivered to M
cells located in the follicle-associated epithelium of
PPs (Fig. 3).%% Oral administration of NKM 16-2-4-
conjugated tetanus toxoid or BT together with the
mucosal adjuvant (e.g., cholera toxin [CT]) induced
high-levels of antigen-specific serum IgG and mucosal
IgA responses.’? In particular, an oral vaccine
formulation of NKM 16-2-4-conjugated BT induced
full protective immunity against lethal challenge with
botulinum toxin.%? These results formally proved
the scientific platform that a monoclonal antibody
specific for M cells is an effective vehicle for delivering
vaccine antigen to mucosal inductive site (e.g., PPs)
to induce antigen-specific systemic IgG and mucosal
IgA responses.

By using NKM 16-2-4 and UEA-1, populations
highly enriched in M cells have been isolated and
analyzed to further elucidate the molecular features
of this unique cell type; these analyses have included
specific DNA profiling of M cells compared with other
epithelial cell populations.%®)%%) Through the efforts
of our group and collaborators, glycoprotein 2 (Gp2)
has been identified as a molecule that is expressed
specifically by murine M cells; Gp2 is expressed by
human M cells also.%6Y Furthermore, Gp2 was
found to specifically interact with bacterial FimH,
a component of type I pili on the outer membrane
of various bacteria, including FEscherichia coli and
Salmonella typhimurium.) These bacteria therefore
use Gp2 expressed on M cells as their port of entry
and then are transcytosed through Gp2 into the
PPs.%) A Gp2 deficiency in the host, or the deletion
of FimH from the bacterium, prevents M-cell-
mediated bacterial invasion of the host.5?)

M cells are now defined through the combined
use of several criteria, including reactivity with UEA-
1 and NKM 16-2-4, expression of Gp2, characteristic
morphologic features (few surface microvilli and the
presence of a pocket structure), and endocytic
activity.1®)49)-58).62).63) Nost M cells reside in the
follicle-associated epithelium of MALTSs, but our
work has provided evidence that M-cell-like cells
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Specific delivery of vaccine antigen to M cells located in the follicle associated epithelium (FAE) of Peyer’s patches (PPs) induces

antigen-specific mucosal IgA and serum IgG responses. NKM 16-2-4 is an M cell-specific monoclonal antibody (mAb) and used as an
antigen delivery vehicle to M cells located in FAE of PPs. When mice were orally immunized with the mAb-conjugated vaccine
antigen (e.g., botulinum toxoid [BT|) (NKM 16-2-4-BT), the mAb-conjugated vaccine antigen (NKM 16-2-4-BT) was preferentially
delivered to M cells in the FAE of PPs. Furthermore, oral immunization with the chimeric form of vaccine antigen NKM 16-2-4-BT
induced BT-specific mucosal IgA and serum IgG antibody responses with full neutralizing activity against botulinum toxin. Some
contents of the figure have been adopted and modified from our original article reference 62.

with several of these criteria exist in the villous
epithelium even in the absence of follicle-associated
epithelium.%) These M-cell-like cells have been
named “villous M cells” and can transcytose external
antigens from the intestinal lumen to induce antigen-
specific immune responses in a PP-independent
manner.%) NKM 16-2-4 reacts with villous M cells
(Fig. 2, bottom right).6?)

3-2) GALT as the inductive site for antigen-
specific mucosal immunity. In addition to
containing antigen-sampling M cells, GALTs contain
all of the immunocompetent cells required for the
generation of antigen-specific immune responses,
including dendritic cells, macrophages, T cells, and
B cells (Fig. 1).29:6960) Our early work contributed
to the establishment of PPs—components of
GALT —as the inductive tissues for the mucosal
immune system by showing the presence of antigen-
presenting cells (in addition to T and B cells) in

PPs.%) After antigens are taken up by M cells,
transcytosed antigens are engulfed by antigen-pre-
senting cells such as macrophages and dendritic cells,
which process antigens into peptides and transport
the resulting peptides on MHC class I or II molecules
on the surface of antigen-presenting cells to under-
lying CD8* or CD4" T cells, respectively.?7)-0%).69
The interaction between chemokines produced in
the interfollicullar region of the PPs and chemokine
receptors, such as between CCL19 and CCR7 and
between CCL20 and CCR6, plays an important role
in the transport of dendritic cells to T cell zones.™
After arriving at the T cell zones, dendritic cells
present antigen peptides to naive helper T (Th) cells
for the induction of antigen-specific T cells. Antigen-
primed Th cells support IgA class switching and
somatic hypermutation of B cells in the germinal
centers and B cell zones.™ Molecular interactions
between CD40 on B cells, TGF-3, IL-2, IL-5, IL-6,
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and IL-10 also are needed to induce the production of
IgA™ B cells in GALT and their differentiation into
plasma cells in the intestinal lamina propria re-
gions.?")"™) Moreover, in PPs, Th17 cells acquire the
phenotype of follicular helper T cells; this conversion
is dependent on the PP environment but independent
of IL-23 and contributes to the development of IgA™
B cell responses.'”

3-3) Role of innate immunity-associated cells
in mucosal immunity. In addition to the acquired
mucosal immunity (e.g., SIgA) established by anti-
gen-specific helper T and IgA* B cells, innate-
immunity—associated cells, including mast cells,
eosinophils, basophils, macrophages, and innate
lymphoid cells, are important in providing mucosal
immunity. Among the different cell subsets, innate
lymphoid cells have recently been recognized as a
novel family of hematopoietic effectors that fulfill
several key roles in the innate immune responses
to infectious pathogens, the formation of lymphoid
tissue, the process of tissue repair, and homeostatic
control (with tissue stromal cells).”0) Innate
lymphoid cells can be allocated to three subsets
according to their phenotypes, transcription factor
requirements, and cytokine production.”™® Group 1
innate lymphoid cells are characterized by their
ability to produce interferon ~. Group 2 innate
lymphoid cells produce type 2 cytokines, including
IL-5 and IL-13, and depend on GATA-binding
protein 3 and retinoic acid receptor « for their
development. Group 3 innate lymphoid cells produce
IL-17 and IL-22 and are dependent on retinoic acid
receptor 7t. Our recent studies have shown that
intestinal innate lymphoid cells play a critical role
in the creation of homeostatic environment with
commensal microflora.™))

Among the innate lymphoid cell subsets, 1L-22-
producing group 3 innate lymphoid cells constitu-
tively present in the intestine of healthy mice
stimulate IL-22R* epithelial cells to produce anti-
microbial peptides that may help to physically
contain intra-tissue habituated Alcaligenes species
within the PPs.”7) IL-22-producing innate lym-
phoid cell-deficient mice—that is, Ragl™/~ mice
treated with monoclonal antibody against CD90.2,
one of the surface molecules expressed on innate
lymphoid cells—show peripheral dissemination of
commensal Alcaligenes bacteria, leading to the
development of susceptibility to the inflammation
associated with Crohn’s disease and hepatitis C virus
infection; these inflammatory responses are attenu-
ated by the administration of IL-22.7 In addition
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to their contribution to the retention of commensal
bacteria in GALT (e.g., PPs), IL-22-producing group
3 innate lymphoid cells contribute to epithelial
fucosylation in the gastrointestinal tract.”™%) Devel-
opment and maintenance of the fucosylation of
intestinal epithelial cells and homeostasis of the
normal flora in the gut require mutual interac-
tions.”™)-70):81:82) Furthermore, epithelial fucosylation
protects the intestinal surface against bacterial
invasion.™) ) In particular, group 3 innate lymphoid
cells induce the expression of fucosyltransferase 2 on
the gut epithelium; this enzyme is a key factor in
the regulation of fucosylation of intestinal epithelial
cells, the mediators of which include IL-22 and
lymphotoxin .77

Mast cells are involved in innate immunity in
addition to their roles in adaptive immune responses,
allergy, mucosal secretion, intestinal peristalsis,
tissue repair, and peripheral tolerance.®® In the
intestine, mast cells are categorized into two major
subclasses: mucosal mast cells, which reside in the
epithelium, and connective-tissue mast cells, which
reside in the connective tissue beneath the epithe-
lium.®" In mice, mucosal mast cells predominantly
express the chymase mouse mast cell protease 1,
which has an essential role in preventing infestation
by the nematode Trichinella spiralis.3*35) A granule
serine protease, tryptase al, is expressed on human
pulmonary mast cells and directly attenuates the
infection of lung tissue by Klebsiella pneumoniae.59
Thus, mast cells are implicated in mucosal innate
immunity. )56

Contrary to their participation in beneficial
protective immunity, overabundance or abnormal
activation of mast cells in the intestine often occurs in
patients with inflammatory bowel disease.’”)%%) The
key factors responsible for the activation of mast cells
in this mucosal inflammation are still unclear. Our
group recently showed that mice lacking the P2X7
receptor (a P2 purinoceptor specific for ATP) on
their mast cells were resistant to 2,4,6-trinitroben-
zene sulfonic acid—induced intestinal inflammation,
whereas the activation of mast cells induced by the
interaction between ATP and P2X7 purinoceptor
elicited the production of inflammatory cytokines
such as IL-6, tumor necrosis factor «, and oncostatin
M.70:89) In addition, patients with Crohn’s disease
have increased numbers of mast cells and enhanced
expression of P2X7 purinoceptor on these cells.®)
Taken together, these findings suggest that P2X7-
mediated mast-cell activation is an important factor
in the development of intestinal inflammation.
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4. The mucosal immune system in the
development of new-generation vaccines

At present, most of the vaccines available for
clinical human use are administered through systemic
routes, such as subcutaneous injection. The tradi-
tional route of vaccination is effective for inducing
protective systemic immune responses but typically
elicits only weak, or no, antigen-specific immune
responses at mucosal surfaces, which are important
sites of pathogen invasion.?”) Although the systemic
route of vaccination is currently routinely used to
induce protective immunity within the body, it may
not be suitable for defending against the invasion
of harmful mucosal pathogens upon their entry by
inhalation, ingestion, or sexual contact. In contrast,
mucosal vaccination with appropriate delivery ve-
hicles or co-administered with adjuvant has success-
fully induced not only systemic immune responses
but also protective mucosal immune responses,
leading to a double layer of protection against
mucosally invasive pathogens.?20:90792) Tn addition
to their effectiveness, mucosal vaccines offer addi-
tional advantages over injectable vaccines in terms
of decreased costs, increased ease of administration,
avoidance of needlestick injuries and transmission of
blood-borne diseases, and less physical and psycho-
logic discomfort.2%)

Despite these obvious advantages, only a few
mucosal vaccines have been approved for clinical use
in humans: vaccines against poliovirus, rotavirus,
Salmonella typhi, and Vibrio cholerae are adminis-
tered orally, and vaccines against influenza virus are
given intranasally (Table 1).26) Most of these cur-
rently available mucosal vaccines involve either
attenuated or gene-modified live or killed forms of
whole microorganisms (Table 1).20 A mucosal vac-
cine that delivers a component (subunit) or purified
form is not yet available for clinical use. Oral
administration of a protein antigen for vaccine
candidate alone fails to effectively induce antigen-
specific immune responses because of intrinsic phys-
iologic mechanisms of the intestinal tract, namely
degradation of vaccine antigen by digestive enzymes
(e.g., pepsin);”V9) clearance mechanisms (e.g., peri-
stalsis action and mucus secretion); and physiologic
and biologic barriers (e.g., gastric acids, mucins,
and tight junctions) to the access of vaccine antigen
to mucosal inductive tissue (e.g., GALT or PPs).20)
Although various obstacles remain, a mucosal
vaccination strategy appears attractive and benefi-
cial for the next generation of vaccines. Furthermore,
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recent scientific advances achieved through the
sharing of knowledge and technologies among differ-
ent fields of science are helping to overcome various
hurdles in the development of mucosal vaccines.

4-1) MucoRice, a new-generation rice-based
In the field of oral vaccine develop-
ment, transgenic plant-based vaccines are spotlighted
because of their practicality, safety, and low
cost. 299979 Compared with injectable vaccines, oral
vaccines require additional adaptations in antigen-
delivery techniques, because the antigens must cross
mucosal barriers comprising digestive enzymes,
mucus, and physiologic mechanisms to be presented
to gut-associated MALTSs such as GALTs and PPs.
Among the various plant candidates (e.g., carrot,
potato, rice, soybean, tobacco, and tomato) for
transgenic vaccines composed of a bacterial compo-
nent (such as heat-labile enterotoxin [LT] B subunit,
CT B subunit [CTB]|, or Yersinia pestis) and a viral
component (such as hepatitis B virus, rotavirus, or
norovirus),’*?771%) rice may be the most suitable
antigen-expressing plant because rice seed (especially
the protein body) is resistant to digestion by gastric
acid.”) Furthermore, protein expressed in rice seeds
is stable for a prolonged time in the absence of
refrigerated storage.”’'%) Rice can thus be consid-
ered a viable candidate for the creation of cold-chain—
free and needle-free vaccines.

MucoRice-CTB, which consists of CTB ex-
pressed in transgenic rice, is one of the most potent
plant-based vaccines (Fig. 4).°)1%) The gene encod-
ing CTB was transduced into rice seed by means
of an Agrobacterium-mediated method (Fig. 4, A),
and the amount of resultant recombinant CTB
protein reaches approximately 30pg per transgenic
rice seed.?) The recombinant CTB protein accumu-
lates in the rice protein body, a unique protein-
storage organelle in rice seed (Fig. 4, B-1)."Y The
CTB proteins expressed in the protein body are not
only stable at room temperature for more than 3
years without loss of immunogenicity but also
resistant to digestive enzymes in the gastrointestinal
tract (Fig. 4, B-2 and -3),”V"1% suggesting that the
rice protein body acts as a natural capsule for the
oral delivery of vaccine antigens to the gut immune
system. Introduction of the MucoRice-CTB (CTB
accumulated in protein bodies) in the digestive tract
leads to its subsequent uptake by M cells and
transport to PPs (Fig. 4, C).V

In addition to its advantages of cold-chain-free
storage and effective delivery, MucoRice-CTB in-
duces antigen-specific protective immune responses

oral vaccine.
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Table 1. Mucosal vaccines available for human clinical use
Trade name
Target Route Type Protocol
(Producer)

Poliovirus Oral Live attenuated poliovirus 3 doses, Polio Sabin Mono Two

monovalent (Sabin strain type 1), with at least 4 weeks between doses (GlaxoSmithKline),

bivalent (type 1 and 2), (05 years old) Sabin

or trivalent (type 1, 2 and 3) (Biken) and others
Rotavirus Oral Live reassortant rotavirus 3 doses, RotaTeq

containing G1, G2, G3, with 4-10 weeks between doses (Merck)

G4, and P1A (only infants 6-32 weeks old)

Live attenuated human 2 doses at least 4 weeks apart RotaRix

G1P|[8] rotavirus (only infants 6—24 weeks old) (GlaxoSmithKline)
Salmonella  Oral Live attenuated S. typhi 4 doses Vivotif
typhi Ty2la on alternate days (Crucell)

(persons older than 6 years)

Vibrio Oral Killed whole-cell V. cholerae O1 2 doses Dukoral
cholerae and recombinant cholera toxin given 1-6 weeks apart (Crucell)

B subunit (3 doses for children 2—6 years old)

Killed bivalent whole-cell 2 doses Shanchol

V. cholerae O1 and O139 2 weeks apart (Shanta Biotechnics),

(persons older than 1 year) mORC-Vax
(Vabiotech)

Influenza Nasal Live attenuated influenza 1 or 2 doses FluMist
virus virus reassortants of A/HINI, (persons 2—49 years old) Quadrivalent

A/H3N2, B/Yamagata/16/88, (MedImmune)

and B/Victoria/2/87

Live attenuated influenza 1 or 2 doses Nasovac

virus A/HIN1

(persons older than 3 years)

(Serum Institute of India)

in both the systemic and mucosal compartments
(Fig. 4, D). Oral administration of MucoRice-CTB in
mice elicits the production of CT-neutralizing serum
IgG and fecal IgA antibodies and protects mice from
diarrhea induced by orally administered CT (Fig. 4,
D).V MucoRice-CTB also induces CT-specific
antibody production in cynomolgus macaques.!%)
Moreover, MucoRice-CTB induces cross-protective
immunity against LT after its oral administration.'%)
CT and LT are multisubunit macromolecules that
comprise an active A subunit, which confers the
biologic activities of toxicity and adjuvanticity, and
a GM1 ganglioside-binding B subunit that lacks
toxicity.'919%) The ADP-ribosyltransferase activity
of the CTA and LTA subunits activates adenylate
cyclase, causing subsequent increases in cAMP,'0%)
triggering the secretion of water and chloride ions

from epithelial cells into the small intestinal lumen,
and leading to severe diarrhea.'’” The cross-protec-
tive immunity against LT induced through vaccina-
tion with CT is thought to reflect the close similarity
between the CTB and LTB subunits.'? Therefore,
MucoRice-CTB may be a potential vaccine against
the toxin produced by enterotoxic FE. coli, which is
a major cause of severe diarrhea in children in
developing countries.!®'") In terms of safety,
because MucoRice-CTB contains lower amounts of
the major rice allergens than does wild-type rice, the
risk of unexpected allergic reactions against the
rice proteins in MucoRice-CTB is minimized.!'?):113)
Moreover, oral immunization with MucoRice-CTB
does not induce rice-storage-protein—specific serum
IgE responses and other adverse events in cynomol-
gus macaques.'*)
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Fig. 4. Contributions of fusion science from agriculture, gene engineering, and immunology to rice-based antigen-delivery technology

and the potential oral vaccine MucoRice. (A) The gene encoding cholera toxin B subunit (CTB) is transduced into rice seed by means
of an Agrobacterium-mediated method. The resultant CTB protein accumulates in the rice protein body (PB), which is a unique
protein-storage organelle. (B) When the section of MucoRice-CTB seeds was stained with gold particle-conjugated anti-CTB, electron
microscopic analysis showed that MucoRice-CTB preferentially expressed CTB in the protein body (PB)-I and -II of rice seeds (B-1).
MucoRice-CTB powder containing 15 g of CTB and recombinant CTB (rCTB: 15pg) were treated with or without pepsin (0.5
mg/ml) for 1hr at 37°C and then subjected to Western blotting analysis. The rCTB protein was easily digested by pepsin (right
column with + pepsin), whereas the CTB protein expressed in the protein body of rice (MucoRice-CTB) was resistant to digestive
enzymes (left column with + pepsin) (B-2). In addition, MucoRice-CTB was stable at room temperature for years and thus the
amount of CT expressed in the rice seeds did not change after 18 months storage period (B-3). (C) Following oral immunization,
MucoRice-CTB is delivered effectively to gut mucosal surfaces and is endocytosed by M cells located follicle associated epithelium of
Peyer’s patch. (D) Oral administration of MucoRice-CTB in mice effectively elicited CT-neutralizing serum IgG and fecal IgA
antibodies and protects mice from the diarrhea induced by orally challenged CT. Some contents of the figure have been adopted and
modified from our original article reference 91.

4-2) MucoRice for oral delivery of antibody.
The MucoRice system can be applied to passive
immunotherapy because of its advantages of both
stability in the absence of refrigeration and effective
delivery.'™ MucoRice-ARP1 expresses the anti-
rotavirus specific variable domain of llama heavy-
chain antibody fragment (VHH) in rice seeds and is a
candidate for a new passive immunotherapy against
rotavirus infection.""” Worldwide, an estimated
1.731 billion episodes of diarrhea and 700,000 deaths

due to diarrheal infections occur each year in children
younger than 5 years, and rotavirus (associated with
28% of cases) is the most common cause of vaccine-
preventable severe diarrhea.!'™ A pentavalent reas-
sortant vaccine (RotaTeq, Merck) and a monovalent
live attenuated G1P[8] rotavirus vaccine (Rotarix,
GlaxoSmithKline) are currently in clinical use for
oral vaccines against rotavirus infections and effec-
tively protect infants against rotavirus gastroenter-
itis.?0) In developing countries where rotavirus-
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induced diarrhea is common, ') financial constraints

may limit the widespread use of these vaccines
against rotavirus. In addition, rehydration is the
only effective treatment for rotaviral diarrhea.!')
Therefore, MucoRice-ARP1 might provide an alter-
native strategy for the control of rotavirus infections.
Because VHH, which is composed of heavy-chain
dimers and is devoid of a light chain, possesses an
extensive antigen-binding repertoire,"'”) and because
rotavirus-specific VHH (ARP1) has been efficiently
produced in yeast and reduces morbidity from
rotaviral diarrhea in mice,!'® its application to
passive immunotherapy for rotaviral infection offers
an attractive alternative strategy for the control of
rotavirus infection, in addition to the currently
available rotavirus oral vaccines. MucoRice-ARP1
comprises the 12-kDa ARP1 protein expressed in
transgenic rice (0.85% of seed weight) and has all the
advantages described for MucoRice-CTB, such as
stability at room temperature.''¥) Moreover, oral
administration of MucoRice-ARP1 attenuates rota-
viral infection in immunocompetent and immunode-
ficient mice, suggesting that MucoRice-ARP1 can
be used for the immunocompromised population in
addition to healthy subjects. The combined technol-
ogies of the MucoRice expression system and VHH
are expected to evolve into passive immunotherapy
options for diverse mucosal infectious diseases.!'?

5. Conclusion

The mucosal surface harbors a complex but
flexible immune network that protects the host
against constant exposure to external pathogens.
Each of the diverse mucosal surfaces has its own
immune inductive tissue—the so-called MALTS,
such as GALT or PPs in the gastrointestinal tract.
These MALTSs possess unique functional character-
istics, including antigen sampling by M cells and
subsequent processing and presentation by antigen-
presenting cells, resulting in the initiation of antigen-
specific mucosal immune responses. Th1l, Th2, Thl7,
and follicular helper T cells and cytotoxic T cells, as
well as IgA* B cells, are induced in PPs and then
migrate to the distant intestinal lamina propria and
epithelium to provide the first line of defense. This
mucosal T- and B-cell-mediated network plays an
important role in the induction of protective im-
munity.

Although the importance of mucosal immunity
is well known, traditional systemic vaccines, which
typically are administered subcutaneously, often fail
to induce antigen-specific mucosal immune responses
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and thus cannot prevent pathogenic invasion at
epithelial surfaces. Despite our increased understand-
ing of the need to maximize the effective induction of
both antigen-specific systemic and mucosal immune
responses, few mucosal vaccines are available for
human clinical use. However, advances in the fields of
biochemical engineering, bioengineering, agricultural
science, and plant biology have provided clues for
success regarding the creation of new-generation
mucosal vaccines (e.g., MucoRice-based oral vac-
cine). Continued parallel progress in elucidating the
fundamental aspects of mucosal immunity and their
application to mucosal vaccines relies not only on an
increased understanding of the mucosal immune
system but also on novel mergers of modern concepts
and technologies from related and unrelated fields.
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