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of the tight-junction proteins claudin-1 or claudin-2
(fig. S5, A to D), nor did they exhibit histological
signs of intestinal inflammation (fig. SSE). Further,
the mLNs of control and anti-CD90.2 mAb-treated
mice contained equivalent frequencies of macro-
phages and dendritic cells, whereas anti-CD90.2
mAb-treated mice contained significantly higher
frequencies of neutrophils in the mLNs (fig. S5, F
to H), suggesting that depletion of ILCs does not
result in a global impairment of intestinal epithelial
barrier integrity and that disseminating bacteria
may not originate from the intestinal lumen.
Metabolic profiling (22) of bacterial colonies
from the liver or spleen of anti-CD90.2 mAb-
treated Rag/~~ mice identified that the dissem-
inating bacteria were Alcaligenes spp. (fig. S6A),
a genus of Gram-negative bacteria that reside
within the Peyer’s patches (PPs) and mLNs of
healthy humans, nonhuman primates, and mice
(4, 23). 16S-directed polymerase chain reaction
confirmed the presence of Alcaligenes spp. in
liver and spleen from anti-CD90.2 mAb-treated,
but not isotype-treated, Rag/ ™"~ mice (fig. S6B),
and pyrosequencing of 16S recombinant DNA
tags demonstrated that samples from the intesti-
nal lumen of untreated Rag/~ mice contained
multiple phylogenetic groups of commensal bacte-
ria, whereas cultures from the liver and spleen of
ILC-depleted Ragl™™ mice exhibited a homog-
eneous population of Alcaligenaceae (Fig. 3A).
Analysis of these sequences identified the species
as Alcaligenes xylosoxidians (also referred to as
Achromobacter xylosoxidans). To interrogate the
origins of the Alcaligenes spp., tissues from naive
mice were analyzed by fluorescent in situ hybrid-

ization (FISH) using Alcaligenes-specific probes.
Consistent with a previous report (4), we found
Alealigenes spp. in the interior of PPs and mLNs
of healthy mice (Fig. 3, B and C, and fig. S7).
Collectively, these results indicate that the loss of
ILCs results in selective dissemination of lymphoid-
resident Alcaligenes spp. to peripheral tissues.

To determine whether Alcaligenes spp. were
sufficient to promote inflammation, Alcaligenes
was administered systemically to Rag/™ mice.
In comparison to isotype-treated mice, both anti-
CD90.2 mAb-treated Ragl/™ mice and Ragl ™"~
mice that received systemic Alealigenes spp. exhib-
ited significantly increased hepatic LPS and sys-
temic inflammation (fig. S8, A to F). Furthermore,
whereas germ-fiee Rag/ " mice exhibited no in-
creases in hepatic LPS or systemic inflammation
after administration of anti-CD90.2 mAb, germ-
free Ragl™"™ mice that were monoassociated with
Alealigenes and treated with anti-CD90.2 mADb ex-
hibited increased hepatic LPS, increased spleen
weight, and elevated levels of serum IL-6 and TNF-ct
compared with isotype-treated monoassociated
mice (Fig. 3, D to G).

To examine whether decreased expression of
IL-22-regulated antimicrobial peptides (Fig. 2, H
to K) affects Alcaligenes, we added rS100AS8/
S100A9 (calprotectin) (24) to cultures and found
that it inhibits the growth of Alcaligenes and lim-
its colony formation in a dose-dependent manner
(Fig. 3H and fig. S9). Furthermore, delivery of
rS100A8/S100A9 in vivo significantly reduced
burdens of Alcaligenes in the spleen and liver of
anti-CD90.2 mAb-treated Rag/™ ™ mice (Fig. 3, 1
and J). Collectively, these results suggest that in

healthy mice, ILCs promote anatomical contain-
ment of Alcaligenes spp., in part through promot-
ing expression of calprotectin to limit disruption
of systemic immune homeostasis.

To test whether ILCs prevent dissemination
of Alealigenes in lymphocyte-replete mice, we
generated CD90-disparate Rag/™"~ chimeric mice
that permit the selective depletion of CD90.2*
ILCs without depleting CD90.1" lymphocytes
(fig. S10A) (/3). Administration of anti-CD90.2
mAb to CD90-disparate Rag! "~ chimeric mice
resulted in peripheral dissemination of Alcaligenes
to the spleen and liver at day 3 postdepletion
(Fig. 4, A and B, and fig. S10B). Chimeric mice
exhibited elevated levels of hepatic LPS and in-
flammation, increased spleen size, and elevated
levels of serum IL-6 and TNF-u at days 3, 14,
and 28 postdepletion (Fig. 4, C to G), as well as
significantly higher frequencies of splenic Ki-67"
CD4" T cells, Ki-67" CD8" T cells, and Ki-67"
CD19" B cells (fig. S10, C to E). Splenocyte cul-
tures were restimulated with Alcaligenes-derived
antigens, and significantly higher frequencies
of IL-6" CD4" T cells and TNF-a.” CD4™ T cells
were observed in ILC-depleted chimeric mice
(fig. S10F). Anti-CD90.2 mAb-treated chimeric
mice also exhibited significantly elevated serum
immunoglobulin G (IgG) responses specific for
Alcaligenes-derived antigens, but not luminal-
resident Escherichia coli-derived antigens (fig.
S10G) or opportunistic viruses (table S1). The
inability to culture Alcaligenes at days 14 and
28 was associated with the development of sys-
temic IgG specific for Alcaligenes spp. (Fig.
4H), indicating that despite persistent systemic
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Fig. 4. ILCs regulate anatomical containment of Alcaligenes in lymphocyte-
replete hosts, and Alcaligenes-specific responses are associated with chronic
human disease. (A to H) Naive CD90-disparate chimeric mice were admin-
istered an isotype control or anti-CD90.2 mAb starting on day 0 and were
sacrificed on day 3, 14, or 28. CFUs present in homogenates from the (A)
spleen and (B) liver of antibody-treated chimeric mice. (C) LPS concentrations
in homogenates from the liver of antibody-treated mice. (D) H&E-stained
histological sections of the liver of antibody-treated chimeric mice. Scale bar,
5 um. (E) Spleen size from antibody-treated chimeric mice. Scale bars, 5 mm.
Serum concentrations of (F) IL-6 and (G) TNF-a from antibody-treated chimer-
ic mice. (H) Relative optical density (OD) values of serum IgG specific to
Alcaligenes crude antigens in treated chimeric mice. All data are represent-
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ative of three independent experiments with a minimum of three to five mice
per group. Statistics compare days postdepletion versus isotype using the
Student’s ¢ test. (I to N) Relative serum IgG (OD values normalized to total
serum 1gG) specific to Alcaligenes crude antigens in (1) control (n = 13) versus
pediatric Crohn's disease patients (n = 18) or () control (n = 20) versus
cirrhotic HCV-infected patients awaiting orthotopic liver transplantation (n =
19). Statistics compare disease status using the Mann-Whitney test. Relative
serum IgG specific for Alcaligenes crude antigen in chronically HCV-infected
individuals (n = 27) was correlated with levels of serum (K) bilirubin, (L) INR of
prothrombin time, (M) albumin, and (N) platelets. The association between
Alcaligenes-specific 1gG levels and clinical parameters was compared by
nonparametric Spearman’s rank correlation coefficient (r.).
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inflammation, the adaptive immune system can
limit the presence of live bacteria in the periphery.
Collectively, these data suggest that [LCs are
essential to promote anatomical containment of
Alcaligenes to lymphoid tissues and limit the in-
duction of systemic inflammation in lymphocyte-
replete hosts.

Loss of containment of commensal bacteria
and chronic systemic inflammation is associated
with several chronic human diseases (6-8). To
determine whether these diseases were also as-
sociated with a loss of containment of Alcaligenes
spp., we analyzed serum samples from cohorts of
pediatric Crohn’s disease patients or chronically
hepatitis C virus (HCV)-infected adults for the
presence of Alcaligenes-specific IgG. In compar-
ison to age-matched controls, serum from pedia-
tric Crohn’s disease patients and plasma from
cirrhotic HCV-infected individuals awaiting liver
transplantation exhibited significantly elevated lev-
els of relative IgG specific for Alcaligenes spp.
(Fig. 4, I and I). Although further analysis of
HCV-infected individuals with and without cir-
rhosis demonstrated no correlations between
Alcaligenes-specific IgG levels and patient age
or serum alanine transaminase (fig. S11, A and
B), there were significant correlations between
plasma levels of Alcaligenes-specific 1gG and lab-
oratory measures of liver disease, including
increased serum bilirubin and international nor-
malized ratio (INR) of prothrombin time as well
as decreased serum albumin and platelets (Fig. 4,
K to N).

Mammals have evolved multiple immuno-
logic and physiologic mechanisms to promote
the anatomical containment of commensal bacte-
ria to intestinal sites, including promoting phys-
ical barriers (via epithelial cell tight junctions),
biochemical barriers (via production of mucus
layers and antimicrobial peptides), and immuno-
logic barriers (via IgA-mediated immune exclusion;
intraepithelial lymphocytes; and innate pathways
involving phagocytosis, Toll-like receptor-mediated
sensing, and oxidative bursts) (/, 2, 18, 19, 25).
The demonstration that depletion of ILCs results
in the selective dissemination and survival of
Alcaligenes spp. in peripheral tissues of mice in-
dicates that, in addition to established pathways
that nonselectively maintain intestinal barrier func-
tion, more discriminatory processes may have
evolved to promote the selective anatomical con-
tainment of phylogenetically defined communi-
ties of lymphoid-resident commensal bacteria
(fig. S12). It is notable that Alcaligenes spp. has
recently been identified as a dominant lymphoid-
resident commensal species colonizing the PPs
and mLNs of mammals (4). Moreover, peripheral
dissemination of Alcaligenes spp. has been re-
ported in patients with HIV infection, cancer, and
cystic fibrosis (26-29). The identification of a path-
way through which IL-22—-producing ILCs can pre-
vent dissemination of lymphoid-resident Alcaligenes
spp. and limit systemic inflammation highlights
the selectivity of immune-mediated containment
of defined commensal bacterial species and could

offer therapeutic strategies to limit inflammation
associated with multiple debilitating chronic hu-
man diseases.
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Regulated Virulence Controls the
Ability of a Pathogen to Compete with

the Gut Microbiota

Nobuhiko Kamada,* Yun-Gi Kim,* Ho Pan Sham,? Bruce A. Vallance,” José L. Puente,?

Eric C. Martens,” Gabriel Nifiez'*

The virulence mechanisms that allow pathogens to colonize the intestine remain unclear. Here, we
show that germ-free animals are unable to eradicate Gitrobacter rodentium, a model for human infections
with attaching and effacing bacteria. Early in infection, virulence genes were expressed and required
for pathogen growth in conventionally raised mice but not germ-free mice. Virulence gene expression
was down-regulated during the late phase of infection, which led to relocation of the pathogen to the
intestinal lumen where it was outcompeted by commensals. The ability of commensals to outcompete
C. rodentium was determined, at least in part, by the capacity of the pathogen and commensals to
grow on structurally similar carbohydrates. Thus, pathogen colonization is controlled by bacterial
virulence and through competition with metabolically related commensals.

and enteropathogenic E. coli (EPEC) are
important causes of diarrhea and mor-
tality worldwide (7, 2). These Gram-negative

Entemhemorragic Escherichia coli (EHEC)

bacteria attach to and colonize the intestinal tract
by inducing attaching and effacing (AE) lesions
on the intestinal epithelium (7, 2). The genomes
of AE pathogens harbor the locus of enterocyte
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Novel vaccine development
strategies for inducing
mucosal immunity

Expert Rev. Vaccines 11(3), 367-379 (2012)

To develop protective immune responses against mucosal pathogens, the delivery route
and adjuvants for vaccination are important. The host, however, strives to maintain mucosal
homeostasis by responding to mucosal antigens with tolerance, instead of immune activation.
Thus, induction of mucosal immunity through vaccination is a rather difficult task, and potent
mucosal adjuvants, vectors or other special delivery systems are often used, especially in the
elderly. By taking advantage of the common mucosal immune system, the targeting of mucosal
dendritic cells and microfold epithelial cells may facilitate the induction of effective mucosal
immunity. Thus, novel routes of immunization and antigen delivery systems also show great
potential for the development of effective and safe mucosal vaccines against various pathogens.
The purpose of this review is to introduce several recent approaches to induce mucosal immunity
to vaccines, with an emphasis on mucosal tissue targeting, new immunization routes and delivery
systems. Defining the mechanisms of mucosal vaccines is as important as their efficacy and
safety, and in this article, examples of recent approaches, which will likely accelerate progress
in mucosal vaccine development, are discussed.

Keyworbs: delivery system ® mucosal adjuvant  secretory IgA

Mucosal immune system

The mucosal immune system can be sepa-
rated into inductive and effector sites based
on the anatomical and functional properties.
The migration of immune cells from mucosal
inductive to effector tissues is the cellular basis
for the common mucosal immune system
(CMIS) (Ficure 1). Thus, mucosal vaccination
elicits immune responses in distant, multiple
mucosal effector sites [1-5]. Mucosal inductive
sites, including gut-associated lymphoreticular
tissue (GALT) and nasopharyngeal-associated
lymphoreticular tissue (NALT), collectively
comprise a mucosa-associated lymphoreticu-
lar tissue (MALT) network for provision of a
continuous source of memory B and T cells
to mucosal effector sites [1,3-5]. The MALT
contains T-cell zones, B cell-enriched areas
containing a high frequency of surface IgA-
positive (sigA*) B cells and a subepithelial area
with APCs for the initiation of specific immune
responses. The MALT is covered by a follicle-
associated epithelium that consists of a subset
of differentiated microfold (M) epithelial cells,

columnar epithelial cells and lymphoid cells,
which play a central role in the initiation of
mucosal immune responses. M cells take up
antigens (Ags) from the lumen of the intesti-
nal and nasal mucosa and transport them to
the underlying APCs, including dendritic cells
(DCs). In addition, recent studies have now
identified isolated lymphoid follicles (ILFs)
in the mouse small intestine. The ILFs have
been identified as a part of GALT and as such
are a mucosal inductive tissue [6.7]. These ILFs
mainly contain B cells, DCs and M cells in the
overlying epithelium. In addition, most recent
studies showed that tear duct-associated lym-
phoreticular tissue (TALT) and conjunctiva-
associated lymphoreticular tissue (CALT)
play a role as mucosal inductive tissues [8,9].
Mucosal effector sites, including the lamina
propria regions of the GI, the upper respiratory
(UR), and reproductive tracts, secretory glan-
dular tissues and intestinal intraepichelial lym-
phocytes, contain Ag-specific mucosal effector
cells such as IgA-producing plasma cells and B
and T cells.

wWww.expert-reviews.com

10.1586/ERV.11.196

340

© 2012 Expert Reviews Lud

ISSN 1476-0584 367



Fukuyama, Tokuhara, Kataoka et al.

Effector sies

LAming propna regons
Excarine gancs

Inductive sites

Classical tissuas
GALT

Syaternic
cArcidalce

Nowed tisgasas

TALT :i A o
Sobingual mucoga? I :

Erpeve Rew aions B ExpercRewiewes (1129 %

Figure 1. Concept of mucosal inductive and effector sites: when mucosal
immunization is initiated, Ags are taken up by mucosal inductive tissues

(GALT, NALT and TALT). This is an initial step for eliciting Ag-specific S-IgA Ab
responses in mucosal effector tissues. DCs in mucosal inductive tissues play a major role
as APCs for the activation of naive CD4* T cells. In addition, ingested Ags activate
IgA-committed B cells. Activated CD4* T cells and IgA-committed B cells dispatch from
mucosal inductive tissues and migrate into the mucosal effector tissues and subsequently
interact for the terminal differentiation of IgA-committed B cells into IgA-producing

distinct sites for induction and regulation
of S-IgA Ab responses in mucosal effector
tissues.

Although it has been shown that
GALT and NALT share common fea-
tures, it is also clear that a compartmen-
talization occurs between the oral and
nasal immune systems [21-23]. Thus, oral
immunization mainly elicits Ag-specific
immune responses in the small intestine,
in the proximal part of the large intestine,
mammary and salivary glands, whereas
nasal immunization induces mucosal
immunity in the UR tract, nasal and oral
cavities, and the cervicovaginal mucosa
[21-23]. Furthermore, the organogenesis,
lymphocyte trafficking and progression
of immunosenescence in PPs and NALT
are distinctly regulated [11.13,1524-35).
Thus, the PPs develop between embryonic
days 14 and 17 in an IL-7-IL-7Ra and
LTalP2-LTPR signaling cascade-depend-
ent manner, whereas NALT organogenesis
occurs postnatally in the absence of these
cytokine cascades [28,32,34.35). Furthermore,
both Id2 and retinoic acid receptor-related
orphan receptor-yt transcripts are essen-

plasma cells. In addition to the classical mucosal inductive tissues, the SL mucosa can

initiate mucosal immune responses.

Ba: IgA-committed B cell; GALT: Gut-associated lymphoreticular tissue; MALT: Mucosa-
associated lymphoreticular tissue; NALT: Nasopharyngeal-associated lymphoreticular
tissue; PC: Plasma cell; Th1: Type 1 helper CD4+ T cell; Th2: Type 2 helper CD4+ T cell;

Te: Effector CD4+* T cell; Tn: Naive CD4* T cell.

Secretory (S)-IgA antibody (Ab) is a major player in the mucosal
immune system and is locally produced in effector tissues [1,2.5,10-
12]. The presence of Ag-specific S-IgA Abs at mucosal effector sites
other than the inductive sites where initial Ag sampling occurred
is definitive evidence for the CMIS. To this end, immunization
of GALT or NALT effectively elicits Ag-specific mucosal IgA Ab
responses in diverse mucosal effector tissues with some notable dif-
ferences. Indeed, activated T cells in Peyer’s patches (PPs) prefer-
entially express a437 and CCRY as gut-homing receptors for their
migration into the intestinal lamina propria (13-16]. In this regard,
mucosal addressin cell adhesion molecule-1 (MAdCAM-1), the
ligand for a4B7, mediates T-cell recruitment into the intestinal
endothelium [17]. Furthermore, small intestinal epithelial cells
express the CCR9 ligand, thymus-expressed chemokine. Recent
studies demonstrated that retinoic acid-producing DCs in PPs
and the mesenteric lymph nodes (MLNs) are key players in the
enhancement of a47 and CCR9 expression by Ag-specific effec-
tor CD4* T cells, which in turn guides their migration into the
intestinal lamina propria (18]. In addition to mucosal T-cell hom-
ing, retinoic acid-producing DCs in PPs regulate T cell-independ-
ent IgA class switching and gut-homing receptor expression on
B cells [19.20]. These findings clearly show that the CMIS exhibits

tial for PP inducer cell development;
however, NALT inducer cells require
only Id2 [28,36-38]. In addition, activated
T and B cells in PPs preferentially express
a4B7 and CCR9 as gut-homing receptors,
which help guide their migration back to
the intestinal lamina propria 13.15]. In contrast, CD62L, a4f1
and CCRI10 preferentially control the migration of T and B cells
from NALT into the UR tract effector tissues [24,25,32,33]. The
compartmentalization of Gl and UR tract immune systems is also
evident because distinct differences in mucosal aging occurred
between the GI and UR tract immune systems (26.27.29-31]. Thus,
age-associated alterations, including a reduction in number of
PPs and the level of intestinal Ag-specific S-IgA Abs, occur in
mice during aging [26.27]. Furthermore, mice lose oral tolerance,
which represents another important mucosal immune regulatory
function for maintaining systemic homeostasis to orally admin-
istered Ags during the aging process (612 months) (26,27,30,31].
In contrast, NALT shows a more intact immune response during
aging (1-year-old mice), with signs of immunosenescence noted
only in mice older than 2 years [26,27,29].

Because mucosal immunization induces not only Ag-specific
mucosal S-IgA Abs but also systemic IgG Abs, developing mucosal
vaccines could be used in much the same way as currently available
licensed parenteral vaccines. Thus, mucosal vaccine delivery can
induce systemic T-cell and Ab responses in peripheral lymphoid
tissue, as is seen after parenteral vaccine delivery. However, simul-
taneous induction of mucosal immunity provides a dual protection
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New systems for effective mucosal immunity

against pathogens. Furthermore, mucosal adjuvants and delivery
systems are essential to induce Ag-specific immune responses in
both mucosal and systemic compartments by avoiding induction
of systemic unresponsiveness. This review focuses on several recent
approaches to induce mucosal immunity to vaccines, with emphasis
on mucosal tissue targeting, new immunization routes and delivery
systems that are both effective and safe. As a mucosal targeting
strategy, DCs and M cells are discussed as the two major targeting
cell types. Although a large number of DC-targeting components
have been studied as mucosal adjuvants, CpG oligodeoxynucleo-
tides (CpG ODN) and Flt3 ligand (FL) are selected based on their
effectiveness and safety. Importantly, the cellular and molecular
mechanisms for these two DC-targeting mucosal adjuvants and an
M cell-targeting vaccine delivery system have been well described.
In contrast, the precise mechanisms for sublingual (SL) immu-
nization, eye drops, and rice-based and nanogel delivery systems
remain to be elucidated; however, the early results are promising.
In summary, these novel strategies are attractive and exhibit high
potential from a practical point of view. More extensive reviews,
which include additional rargeting strategies, adjuvants, and deliv-
ery systems, are provided. Some specific details are essential to
understand the cellular and molecular mechanisms involved in
using these novel vaccine strategies.

Targeting vaccines

Mucosal DCs

DC:s play a central role in bridging the innate
immune system with the adaptive immune
system [39-42]. Thus, DCs are found through-
out the body and are especially prominent
at mucosal surfaces. Immature type DCs
are enriched underneath the epithelium of
mucosal inductive sites and are poised to
capture Ags. When Ag uptake occurs, these
DCs change their phenotype by expressing
higher levels of MHC class II and costimu-
latory molecules and move to T-cell areas of
inductive sites for Ag presentation. Thus,
DCs and their derived cytokines play key
roles in the induction of Ag-specific effector
Th-cell responses. In this regard, rargeting
mucosal DCs is not only an effective strategy
to induce mucosal immunity but also a safe
approach, especially for nasal application,
because vaccines mainly initiate immune
responses through DCs in the absence of
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maturation and subsequent induction of Ag-specific Thl-type
responses, including cytotoxic T lymphocytes (CTLs) [43.44). It
has been demonstrated that synthetic CpG ODNs can induce
innate immune responses [45-48]. In this regard, CpG ODNss as
effective immunomodulators, could target malignant tumors,
and reduce allergic responses [49.50]. Furthermore, CpG ODNss
have been used as potent adjuvants to elicit Ag-specific Ab and
cell-mediated immune responses in mice and rats against both
bacterial and viral Ags [51-58]. To this end, mucosal administration
of CpG ODN exhibits potent adjuvant activity (Ficure 2). Mucosal
immunization with CpG ODN plus formalin-inactivated influ-
enza virus, hepatitis B virus surface Ag, or tetanus toxoid effec-
tively elicited vaccine-specific immunity in the mucosal com-
partment of mice (57-59]. CpG ODN as adjuvant mainly induces
Thl-type responses. In this regard, CpG ODN could even switch
a predominant Th2 into a Thl-type immune response pathway
[60]. Although the detailed mechanisms of adjuvant activity of
CpG ODN are still unclear, it has been demonstrated that CpG
ODN enhanced MAPK-mediated IL-12 production by APCs
[61]. Others also clearly showed that nasal immunization with the
recombinant protective Ag of the anthrax lethal toxin and CpG
ODN induced protective Ag-specific plasma IgG2a and mucosal
S-IgA Ab responses with in vitro neutralizing activities [62].
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Figure 2. Nasal DC-targeting mucosal vaccines: nasal application of CpG ODN

central nervous system toxicity.

Because of the recent progress in the
understanding of innate immunity-
associated molecules, toll-like receptor
(TLR) ligands are now considered to be
candidates as potent mucosal adjuvants.
Among these, the TLR9 ligand CpG
ODN is known to target professional
plasmacytoid DCs for their activation,

activates plasmacytoid DCs (pDC, B220*DCs) for the induction of Th1-type
cytokine responses. Thus, CMI and cytotoxic T lymphocyte (CTL) activity can be elicited
in addition to Ag-specific S-IgA Ab responses. In contrast, pFL as nasal adjuvant
preferentially expands the CD8* DC subset and subsequently elicits Th2-type cytokine-
mediated Ag-specific S-IgA Ab responses. Adenovirus expressing FL (Ad-FL) or a
combination of CpG ODN and pFL induces a more balanced Th1- and Th2-type immune
response. Ad-FL activates CD11b* CD11c” DCs, whereas a combined nasal CpG ODN and
pFL stimulates both CD8* DCs and pDCs for the induction of CMI and S-IgA Ab responses.
Abs: Antibodies; Ag: Antigen; CMI: Common mucosal immune; CPG ODN: CpG
oligodeoxynucleotides; DC: Dendritic cell; pDC: Plasmacytoid dendritic cell;

pFL: Plasmid-expressing Flt3 ligand; S-1gA: Surface IgA.
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FL is a growth factor that binds to the fms-like tyrosine kinase
receptor FIt3/Flk2. In vivo FL treatment markedly upregulates
the number of DCs but not their activation [63.64]. Mouse FL
has been cloned and shown to be a key player in the prolifera-
tion and differentiation of early hematopoietic precursor stem
cells (63,65-68]. Furthermore, it has been reported that FL could
mobilize and stimulate not only DCs (64] but also natural killer
cells and B cells (69). Of interest, it was first reported that sys-
temic FL injection facilitated oral tolerance induction because
of its ability to result in significant increases in the number of
DCs in several lymphoid tissues, including the intestinal lamina
propria, PPs, MLNSs, and spleen (70,71]. In contrast to tolerance
induction, others showed that FL treatment also upregulated
immune responses when delivered via mucosal [71], systemic [72),
or cutaneous (73] routes. It has also been reported that when
plasmid DNA encoding FL (pFL) was coadministered with plas-
mids encoding protein Ags or linked to the Ag itself, effective
immune responses were induced [74.75]. In this regard, it has been
suggested that FL possesses adjuvanticity for both humoral and
cell-mediated immune responses and that the FL. cDNA system
may be a potential alternative approach to using the FL pro-
tein system [76-79]. To this end, pFL has been used as a mucosal
DC-targeting adjuvant for the induction of Ag-specific protec-
tive mucosal immune responses (Ficure 2). Nasal administration
of pFL as mucosal adjuvant facilitated expansion of CD8* DCs,
which subsequently elicited IL-4-producing CD4* T-cell- and
Ag-specific S-IgA Ab responses (80]. NALT has been the major
site for sampling pFL and for producing the FL protein locally,
which subsequently induced the expansion and activation of DCs
80]. In this regard, pFL did not show any potential to migrate
into the CNS.

Other types of FL-based NALT-DC-targeting immune modu-
lators, including an adenovirus serotype 5 vector expressing FL
(Ad-FL), were found to elicit Thl- and Th2-type responses,
thereby providing both Ag-specific S-IgA Ab and cell-mediated
immune responses [81. When mice were nasally immunized
with ovalbumin (OVA) and Ad-FL, high levels of Ag-specific Ab
responses were elicited in both mucosal and systemic compart-
ments. Furthermore, significantly increased levels of Ag-specific
IFN-y and IL-4 production were noted in cervical lymph nodes
and spleen 81]. Because of OVA-specific Thl-type cytokine
responses, Ag-specific CTL responses were upregulated in mice
administered with nasal OVA and Ad-FL. Interestingly, the num-
ber of CD11b* CD11c* DCs was preferentially increased. This
DC subset expressed high levels of costimulatory molecules and
migrated from the NALT to mucosal effector tissues s1]. These
findings show that nasal administration of Ad-FL facilitated the
induction of mature-type CD11b* CD11c* DCs and Thl- and
Th2-type CD4* T cells in the NALT for Ag-specific Aband CTL
responses (Ficure 2). Balanced Th1- and Th2-type responses have
become key issues in mucosal vaccine development because this
type of cytokine response would not only provide Ag-specific
S-IgA Ab and CTL responses against viral and bacterial infections
but also avoid induction of allergic (IgE) and inflammatory-type
responses.

CpG ODN has been shown to induce polarized Thl-type
cytokine responses in mice [¢2]. In contrast, pFL preferentially
elicits coadministered Ag-specific Th2-type cytokine immunity
(80]. To this end, one could hypothesize that an ideal but balanced
Thl- and Th2-type cytokine response would be elicited by using a
combination of pFL and CpG ODN as DC-targeting nasal adju-
vants. Indeed, recent studies clearly showed that pFL and CpG
ODN as a combined nasal adjuvant induced the activation and
expansion of plasmacytoid DCs and CD8* DCs in the nasal cavity
for the development of Thl- and Th2-type cytokine-producing
CD4* T cells. Thus, these Ag-specific CD4* T cells successfully
upregulated coadministered Ag-specific immunity in both the
mucosal and systemic immune compartments (Ficure 2) [82,83].
Increased frequencies of mature-type DCs in NALT correlated
well with induction of Ag-specific immune responses. Of signifi-
cance, nasal delivery of pFL and CpG ODN successfully elicited
significant levels of Ag-specific S-IgA Ab responses in 2-year-old
mice [82.83]. To this end, aged mice given nasal pneumococcal
surface protein A and a combination of pFL and CpG ODN
showed protective immunity against nasal Streptococcus pneu-
moniae colonization [83]. These results suggest that nasal admin-
istration of pFL and CpG ODN as mucosal adjuvants provides
an attractive possibility for the development of a vaccine against
S. pneumoniae in the elderly.

M cells

As discussed earlier, GALT, including PPs, is covered by a
specialized follicle-associated epithelium, 10-20% of which is
composed of M cells that show a unique topical morphology
(microfold/membranous) and form pockets for the inclusion of
lymphoid cells, including B and T cells, DCs, and macrophages
(84-89]. M cells show significantly different features compared
with intestinal epithelial cells. M cells possess relatively short
microvilli, small cytoplasmic vesicles and few lysosomes.
Thus, M cells are able to capture and transport lumenal Ags,
including viruses, bacteria, small parasites, and microspheres
(86,87,89.90]. It has been suggested that M cells may also play a role
as APCs because M cells express MHC class II molecules and
acidic endosomal-lysosomal compartments [91]. In this regard,
activation and potential MHC class II expression by M cells
may depend on the nature of endocytosed Ag. M cells serve
not only for transport of lumenal Ags but also for provision of
an entry way for pathogens to invade the host. In particular,
it has been shown that invasive but not noninvasive strains of
Salmonella typhimurium enter the host through PP M cells [92].
In addition to PPs, the ILFs and NALT also contain a lymphoe-
pithelium with M cells. Thus, Mycobacterium tuberculosis uses
NALT M cells for host entry (93]. In addition, it was reported
that M cells are also detected in nonlymphoid follicle-associated
epithelium that covers small intestinal villi (94]. Thus, villous
M cells in the small intestine were present in several PP-deficient
mouse strains, including in utero LT-BR-Ig-treated, LT-a"-,
TNEF/LT-a and inhibition of differentiation 2 (Id2)~"- mice [94].
Importantly, these villous M cells functionally take up bacteria
and induce bacterial Ag-specific immune responses [94]. Indeed,
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Figure 3. Potential for an M cell-targeting strategy: mucosal M-cell targeting by M cell-specific monoclonal antibody or
surface proteins can facilitate Ag delivery for the induction of Ag-specific S-IgA antibody responses to provide effective
immunity at the entry site of pathogens. M-cell targeting is achieved by using the protein sigma-1 (pa1) from reovirus, the ligand for
M cell-specific peptide (Co1) or M cell-specific mAb. However, mucosal administration of genetically conjugated OVA protein with po1 in

the absence of an adjuvant elicits mucosal tolerance.

Ag: Antigen; DC: Dendritic cell; GAL: Gut-associated lymphoreticular; mAb: Monoclonal antibody; NALT: Nasopharyngeal-associated
lymphoreticular tissue; S-IgA: Surface IgA; Th1: Type 1 helper CD4* T cell; Th2: Type 2 helper CD4+ T cell; Th3: Type 3 helper CD4* T cell;

Treg: T regulatory cell.

the MLNs from PP-deficient mice play a key backup role as a
mucosal inductive tissue [95]. It has been suggested that MHC
class II* sIgA* B cells and lamina propria macrophages may be
able to capture Ag through endocytic pathways and process and
present peptides to CD4* Th cells. These findings clearly suggest
that the intestinal lamina propria~-MLN axis performs a potent
mucosal inductive function in addition to the PPs.

If one could identify the key molecules expressed by bacte-
ria and viruses that are needed for their invasion or infection of
M cells, it would be a great advantage for designing and construct-
ing effective delivery systems for M-cell targeting of vaccines.
Reoviruses initially infect the mouse through M cells [9¢], by
using their surface protein sigma-1 (pol) (9798]. In this regard,
an M cell-targeting DNA vaccine complex consisting of plasmid

DNA and the reovirus pal covalently attached to poly-1-lysine
induced significant mucosal S-IgA Ab responses and systemic
immunity (Fieure 3) (99]. Furthermore, a newly developed M cell-
specific monoclonal Ab (NKM 16-2-4) was used as an M cell-tar-
geting carrier for mucosal vaccines. Thus, oral administration of
a chimeric vaccine consisting of NKM 16-2-4 and tetanus toxoid
or botulinum neurotoxin type A toxoid (BoNToxoid/A), together
with native cholera toxin, elicited increased levels of Ag-specific
S-IgA and plasma IgG Ab responses (Ficure 3) [100]. Importantly,
oral immunization with BoNToxoid/A-NKM 16-2-4 provided
protective immunity against lethal challenge with botulinum
neurotoxin [100]. In addition, oral immunization of Ag fused
with M cell-targeting peptide ligand (Col) resulted in enhanced
Ag-specific immune responses [101]. These studies show that an

WWW.expert-reviews.com

344

371



Fukuyama, Tokuhara, Kataoka et al.

M cell-targeting delivery system may be of central importance in
developing effective mucosal vaccines. Furthermore, it is likely
that M cells are also involved in the induction of oral tolerance.
In this latter regard, one must carefully consider the nature of
formulation of vaccine (or inclusion of adjuvant) because both
nasal and oral administration of po1 of reovirus genetically
conjugated with OVA (OVA-pol) alone induced systemic unre-
sponsiveness instead of mucosal IgA immunity (Ficure 3) [102,103].
Thus, mucosally induced tolerance was achieved with doses as
low as 10-50 pg of OVA-pGl when given by the nasal or oral
routes [102,103].

Mucosal delivery systems

MucoRice

In 1997, Curtiss and Cardineau successfully filed for and received
a US patent (5686079) describing tobacco leaves expressing
Streptococcus mutans surface protein Ag as an initial indication
of a potential plant-based mucosal vaccine. Furthermore, others
have developed edible plant-based vaccines by expressing Ags from
enterotoxins, hepatitis B, Norwalk virus and respiratory syncy-
tial virus expressed in tobacco leaves or potato tubers [104-111].
Although these plant-based vaccines exhibited some functional
properties in experimental systems, their practical application still
remains to be elucidated. To develop practical oral vaccines for
global immunization, one should consider that the vaccine must
maintain effectiveness despite 7z vivo and ex vivo environmental
changes. In this regard, several practical merits can be found in
a rice-based oral vaccine compared with most traditional and
other plant-based vaccines. For example, a rice-based vaccine is
a rather safe approach. Because this vaccine can be given in a
powder form, one could avoid potential problems by using a food-
based delivery system. Although the lot-to-lot quality control of a
rice-based vaccine may be challenging, stable vaccine Ag expres-
sion could be achieved by the third generation of rice-based vac-
cine. Furthermore, a rice-based vaccine showed stability at room
temperature for 2-3 years [112,113]. Oral administration of this
rice-based vaccine did not lose activity when exposed to diges-
tive enzymes and subsequently induced protective, Ag-specific
Ab responses in mice and non-human primates [112-115]. Recent
studies have provided direct evidence that oral MucoRice-cholera
toxin B-subunit (CT-B) induced Ag-specific S-IgA Abs that
played a critical role in protection against CT-induced diarrhea
(Fioure 4) [113]. Importantly, cold chain-free oral MucoRice-CT-B
induced long-lasting cross-protective immunity against heat-labile
enterotoxin-producing enterotoxigenic Escherichia coli in addition
to CT-producing Vibrio cholerae [113). These results demonstrate
that oral administration of a rice-based vaccine provides a potent
practical global strategy for the development of cold chain- and
needle-free vaccines that protect from gastrointestinal infection.

Nanogels

The application of biomaterials, such as encapsulating Ags in poly-
mer nanoparticles, microparticles, virosomes and liposomes, shows
significant potential in the development of vaccines and immu-
notherapy [116-123]. Although use of liposomes can enhance Ag

delivery across mucosal surfaces, they are rapidly cleared and do
not allow for long-term Ag release at the mucosal surface [124-126].
In this regard, it is possible that using a bioadhesive gel one could
upregulate the residence time and enhance Ag release and reten-
tion onto the epithelial cells themselves. Indeed, it has been shown
that surface modifications or coadministration with bioadhesive
materials, that is, chitosan, resulted in influenza-specific S-IgA Ab
responses in nasal washes [127). A nanometer-sized (<100 nm) bio-
adhesive polymer hydrogel (nanogel) system has been developed
and used as an attractive drug delivery system [128]. Cholesteryl
group-bearing pullulan (CHP) form self-assembly of associating
polymers as physically crosslinked nanogels in water [129,130]. In
general, hydrophobic interactions between CHP and various pro-
teins revealed a CHP nanogel containing the protein inside. When
CHP nanogels capture the proteins inside, they form a hydrated
nanogel polymer network (nanomatrix) without aggregation. In
this regard, trapped proteins maintained their native form and
were slowly released [130]. On the basis of these advantages, a CHP
nanogel strategy has been used for the development of adjuvant-
free nasal vaccines. It was recently shown that nasal administration
of a cationic type of CHP nanogel (cCHP nanogel) containing the
C-terminus of the H chain (Hc) of botulinum neurotoxin-type A
(BoNT/A; nanogel-Hc-BoNT/A) allowed adherence to the nasal
epithelium for a longer period compared with naked He-BoNT/A
(Ficure 4) [131]. In this regard, gradually released He-BoNT/A was
effectively taken up by mucosal APCs and subsequently elicited
protective Ag-specific S-IgA Ab responses against BoN'T/A intoxi-
cation [131]. In summary, this cCHP nanogel system could rep-
resent an ideal and effective mucosal delivery system to enhance
pathogen-specific mucosal immune responses at the mucosal
surface. Because vaccine Ags are retained for a longer period at
mucosal surfaces, it is essential to consider the potential side effects
of this delivery system in future applications.

Mucosal immunization routes

SL immunization

Oral and nasal routes have been the preferred ones to induce
protective immunity in different mucosal compartments [15,21].
However, it has been demonstrated that rectal, vaginal or para-
mucosal (iliac and inguinal lymph nodes) immunization are
also effective strategies for the induction of protective immunity
against sexually transmitted infectious diseases, including HIV
(132-135]. In addition to these mucosal immunization routes, SL
administration of Ags has been used to treat allergic, autoimmune
or infection-induced pathologic reactions [21,136], by taking advan-
tage of the induction of oral tolerance [137-140). It is well known
that nasal immunization effectively elicits Ag-specific immunity
in both mucosal and systemic compartments; however, one must
consider that some nasal immunization strategies risk Ag traffick-
ing into olfactory tissues and the CNS [141-145]. To obviate this
potential problem, SL immunization may be an ideal mucosal Ag
delivery system thatavoids CNS involvement. SL administration is
also a noninvasive route that has the advantage of requiring lower
doses of Ag than the oral route because of the reduced exposure
to proteolytic enzymes and lower pH of the stomach encountered
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Figure 4. Novel mucosal delivery systems: a plant-based MucoRice-CT-B vaccine effectively induces CT-B-specific protective
immunity when orally administered. Because CT-B can be delivered to the small intestine in the rice protein body, MucoRice-CT-B
effectively induced CT-B-specific Ab responses in the absence of the CT-A subunit or other potential adjuvants. The cationic nanogel-Hc-
BoNT/A is retained for a longer period at the nasal epithelium for slow release of Ag when nasally administered. Thus, nasal APCs,
including DCs, can more effectively take up Hc-BoNT/A to initiate Ag-specific immune responses.

DC: Dendritic cell; GALT: Gut-associated lymphoreticular tissue; NALT: Nasopharyngeal-associated lymphoreticular tissue.

after oral immunization. Furthermore, vaccine uptake may be
more efficient based on the number of APCs present at the SL site
(138]. Recently, studies have used the SL route for vaccine deliv-
ery (146-151). When plasmid DNA encoding hepatitis B surface
Ag was sublingually administered to mice, comparable levels of
Ag-specific humoral and CD8* CTL responses were induced as
seen after intradermal injection [147). The SL delivery of a soluble
Ag 2,4-dinitrophenyl bovine serum albumin in starch microparti-
cles in combination with a penetration enhancer resulted in good
salivary IgA Ab responses [148]. Finally, SL delivery of lipopep-
tides induced increased serum Abs and T-cell responses in the
spleen and inguinal lymph nodes of mice [14¢]. Compared with
subcutaneous administration of the same vaccine preparation, SL
application preferentially induced IFN-y-producing T cells and
Ig(G2a Ab responses, whereas subcutaneous injection elicited IL-4
and [gGl Ab responses [146]. More recently, SL immunization

with influenza virus successfully elicited influenza-specific immu-
nity and provided protection against lethal viral infection [150).
Furthermore, SL immunization with the outer membrane protein
of Porphyromonas gingivalis plus the plasmid expressing FL cDNA
(pFL) elicited increased frequencies of DCs in submandibular
lymph nodes and protective immunity in the oral cavity [151]. In
addition, CCR7-expressing DCs in cervical lymph nodes were
the key players in the induction of Ag-specific immune responses
(149). These findings show that by using the appropriate quantity
and form of Ag with a targeted delivery system, the SL route
could be the preferred one for inducing both mucosal and systemic
immunity, without induction of T-cell unresponsiveness.

Eye drops
The ocular surface leading to the lacrimal sac and nasolacri-
mal duct also forms an interface with the outside environment.
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In fact, it has been proposed that CALT, together with TALT,
organizes eye-associated lymphoreticular tissue to create mucosal
surveillance and a barrier in the eye region of humans [152,153].
Although TALT develops in human tear ducts, little information
was available on mouse TALT until recently. Thus, it was reported
that TALT is located in the murine lacrimal sac covered by an
epithelium with M cells for Ag uptake 8. The administration
of Ags using eye drops induced Ag-specific S-IgA Ab responses
in both ocular and nasal cavities in addition to serum IgG Abs
because of the presence of TALT in the conjunctival sac, located
in the tear duct, which bridges the ocular and nasal cavities
8,152-154]. Ocular administered Ags migrate to tear ducts and then
to the nasal cavity and thus are taken up by TALT and NALT
M cells for the induction of Ag-specific immune responses. Past
investigations tended to emphasize the identification and char-
acterization of CALT [153,155-158]. Unlike other mammals (e.g.,
cat, dog, and human), mice and rats do not possess CALT [155).
However, recent findings showed that eye drop administration of
Ag induced CALT development in mice with increased numbers
of M cell-like cells [9]. Although it remains unclear whether eye
drop immunization induces potential adverse effects, including
inflammatory responses, it was reported that the administered Ag
did not migrate into the CNS 9. Taken together, these findings
clearly showed that eye drop administration of vaccine would be
a novel strategy for the induction of Ag-specific mucosal immune
responses, if inflammatory responses could be avoided.

Expert commentary

The CMIS provides both an essential concept and a practi-
cal means for the development of mucosal vaccines. Thus, it
is essential to effectively activate mucosal inductive tissues or
MALT for effective mucosal immunity. For targeting MALT,
different routes of mucosal immunization have been developed
and shown to successfully elicit protective mucosal immunity
against several pathogens. However, one could easily fail to elicit
protective mucosal immunity without a better understanding of
the cellular and molecular mechanisms that regulate the mucosal
immune system. Thus, one must carefully consider the route of
immunization, the adjuvant and method of Ag delivery to elicit
appropriate and desired mucosal immune responses to a par-
ticular pathogen. For example, oral vaccination may have fewer
side effects and be the most preferred immunization route from
a practical point of view; however, oral vaccines require that one
maintain their original quality and efficacy until they reach the
GALT, because the GI tract represents a harsh environment. In
this regard, the MucoRice delivery system could be potentially
beneficial for oral vaccine development. Thus, it is important
to test whether this system can be easily adapted to other types
of vaccine Ags. Nasal vaccines must be safe and not be taken
up by the CNS because the nasal immunization route has an
advantage for the induction of Ag-specific S-IgA Ab responses
in the elderly. Indeed, targeting DCs or M cells in the MALT
not only facilitates Ag uptake but also avoids potential CNS
toxicity. Furthermore, SL and eye drop immunization success-
fully elicit mucosal immunity without serious toxicity or side

effects so far. Novel delivery systems significantly enhance Ag
uptake by MALT for the induction of Ag- or pathogen-specific
mucosal immunity. However, the precise cellular and molecular
mechanisms for these immunization systems in the induction of
mucosal immunity still remain to be elucidated. Nevertheless,
it is possible that a strategy that uses the appropriate combina-
tion of mucosal adjuvants and delivery systems and optimizes
the immunization schedule by repeating and combining differ-
ent routes of mucosal immunization as a primary and boosting
strategy could lead to development of a new generation of safe
and effective mucosal vaccines.

Five-year view

Mucosal vaccination is a needle- and medical waste-free vaccine
strategy that provides protective immunity against pathogenic
bacteria and viruses in both mucosal and systemic compartments.
However, mucosal vaccines must overcome two major hurdles
(effectiveness and safety), which are both relatively difficult tasks
compared with systemic vaccine development because of the
uniqueness of the mucosal environment. Future global warm-
ing could introduce unexpected pathogens, such as the malaria
parasite, into new areas where they have never been seen causing
pandemic infectious diseases. Furthermore, some of the currently
available vaccines, including nasal FLuMist, are less effective in
the immunocompromized population such as young children and
the elderly. These facts indicate that the development of novel
mucosal vaccines have the potential to provide a better quality
of life. According to current knowledge of mucosal vaccines, an
appropriate combination of several mucosal vaccine strategies
could facilitate the development of practical vaccines over the
next 5 years. However, one must realize that developing licensed
products is a time-consuming and difficult task from the point
of view of a promising outcome. Furthermore, more intensive
vaccine development studies need to be performed using novel
approaches such as SL immunization, eye drop delivery, nano-
matrix and plant-based delivery systems because recent evidence
supports both their effectiveness and safety.
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Key issues

o The concept of a common mucosal immune system W|th specnahzed compartments is requtred for the deve!opment of effectlve ~

R mucosal vaccmes

. Mucosal vaccines el|c1t immune defense in both mucosal and systemlc ’assue compartments

* Mucosal adj uvants and delivery systems are needed for the induction.of more effective mucosal immune responses
¢ Targeting mucosal dendritic cells is an effective and safe strategy for inducing antigen-specific immunity.

». New routes of mucosal immunization and antigen delivery systems should facilitate mucosal vaccine development.
o A combination of appropriate mucosal vaccine strategies is essential for future mucosal vaccine development.
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Epithelial barrier: an interface for

the cross-communication between
gut flora and immune system

Summary: Large numbers of environmental antigens, including com-
mensal bacteria and food-derived antigens, constitutively interact with
the epithelial layer of the gastrointestinal (GI) tract. Commensal bacteria
peacefully cohabit with the host GI tract and exert multiple beneficial or
destructive effects on their host. Intestinal epithelial cells (IECs) constitute
the first physical and immunological protective wall against invasive
pathogens and a cohabitation niche for commensal bacteria. As the physi-
ological homeostasis of IECs is maintained by multiple biological pro-
cesses such as apoptosis, autophagy, and the handling of endoplasmic
reticulum stress, the aberrant kinetics of these biological events, which
have genetic and environmental causes, leads to the development of host
intestinal pathogenesis such as inflammatory bowel disease. In addition,
IECs recognize and interact with commensal bacteria and give instruc-
tions to mucosal immune cells to initiate an immunological balance
between active and quiescent conditions, eventually establishing intesti-
nal homeostasis. The mucosal immune system regulates the homeostasis
of gut microbiota by producing immunological molecules such as secre-
tory immunoglobulin A, the production of which is mediated by IECs.
IECs therefore play a central role in the creation and maintenance of a
physiologically and immunologically stable intestinal environment.

Keywords: commensal bacteria, IECs, physiological inflammation

Introduction

In our gastrointestinal (GI) tracts, 10'* to 10'* microorgan-
isms peacefully cohabit with the mucosal immune system to
establish an ‘inside world’ together (1). These microorgan-
isms perform multiple functions for their host, such as pre-
venting infections caused by pathogens, digesting and
providing nutrients such as vitamin B and folate, and shaping
the mucosal immune systems (2—4). Commensal bacteria dif-
fuse in the GI tract, constantly encountering the host epithelial
monolayer. The epithelial monolayer consists of several sub-
sets of intestinal epithelial cells (IECs) including M cells, gob-
let cells, Paneth cells, enteroendocrine cells, and columnar
epithelial cells. The epithelial monolayer generally separates
the host from the external environment to avoid the hazards
associated with the intrusion of undesired antigens, such as
pathogenic bacteria and viruses, as well as some of commensal
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but opportunistic bacteria. Although IECs create a physiologi-
cal barrier, there is also a mucus layer that acts as a barrier
against both harmless commensal and hazardous pathogenic
bacteria. Disruption of this barrier system allows invasion of
bacteria, which can lead to detrimental inflammation, destruc-
tion of the digestive tract, and conditions such as the establish-
ment of infection and inflammatory bowel disease (IBD). In
addition, commensal bacteria spatiotemporally direct the
organization of the mucosal immune system, which is medi-
ated by effector molecules produced by IECs. Although patho-
gens induce the expression of pro-inflammatory cytokines
and chemokines in IECs, leading to the recruitment of muco-
sal innate immune cells that initiate acute and chronic inflam-
matory responses (5-7), in this review article we mainly
describe the cellular and molecular crosstalk between com-
mensal bacteria and IECs. This crosstalk is closely associated
with the maintenance of the physiological and immunological
homeostasis of the GI tract. The homeostatic condition of the
mucosal immune system contributes to the maintenance of
normal gut microbiota. From recent genome-wide association
studies (GWASs), a set of genes involved in the homeostasis
of IECs and the mucosal immune system has been reported as

being closely associated with the prevention of IBD (8, 9).

The intestinal barrier system as a cohabitation and
disease initiation site for commensal bacteria

Although commensal bacteria reside peacefully in the gut
mucosa, they share common microbe-associated molecular
patterns (MAMPs) with the pathogenic bacteria that invade
though the intestinal epithelium (10). Commensal bacteria,
therefore, have the potential to activate immune responses
through pattern recognition receptors such as Toll-like recep-
tors (TLRs) and nucleotide-oligomerization domain (NOD)-
like receptors (NLRs) (10, 11). Mild or physiologically
acceptable levels of stimulatory signals provided by commen-
sal flora are essential for the development and maintenance of
an appropriate mucosal immune system, which together with
the epithelial barrier system provides the first line of defense
against foreign undesired antigens (3). To avoid unnecessary
and excessive active immune responses at the intestinal epithe-
lium, a dual safety control system is employed: physical sepa-
ration of commensal bacteria from the host, and negative
regulation of extreme and active immune responses. Indeed,
under normal conditions, immune responses to commensal
bacteria are downregulated to avoid any pathological events
but maintain a tremor condition for immediate triggering of

necessary active immune responses against unwanted anti-
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gens, which is described as physiological inflammation (12,
13). For the creation and maintenance of physiological
inflammation, two physically, chemically, and immunologi-
cally critical walls, the mucus layer and the intestinal epithelial
layer, play vital roles. Commensal bacteria are thus separated
from the host by the two layers of intestinal wall. At same
time, these two segregation systems provide an environment
suitable for cohabitation by commensal microorganisms.

Mucus layer

The GI epithelial layer is entirely covered by a thick and
sticky mucus gel layer. The mucus layer consists of many
bioactive molecules, including mucins, glycoproteins, trefoil
factors, anti-microbial peptides, and secretory IgA (SIgA)
antibodies (14). In general, the mucus layer can be separated
into two layers, an inner and an outer layer, which are the
hallmark of the GI tract (14—16). The thickness of these two
layers varies in each part of the GI tract. The inner layer is
approximately 50 um thick, and the outer layer is approxi-
mately 100 pm thick in the murine colon (15, 17). The
thickness of the mucus layer is dependent on commensal
bacteria, as suggested by data showing that the outer mucus
layer of germfree mice is thicker than that of bacteria-colo-
nized mice (17). Protein content generally does not differ
between the inner and outer layer; however, the concentra-
tion of mucin 2(Muc2) is higher in the inner layer than in
the outer layer (17). This provides the inner mucus layer
with the ability to firmly attach to the epithelial layer. Com-
mensal bacteria usually colonize the outer mucus layer (17),
suggesting that the inner layer has a potent defensive func-
tion. Indeed, unusual colonization by commensal bacteria is
observed in Muc2-deficient mice, which lack an inner mucus
layer (17). This abnormal localization, especially when the
bacteria penetrate the crypt region, leads to the spontaneous
development of acute followed by chronic inflammation that
resembles human ulcerative colitis and adenomas in the small
intestine (17-19), indicating the critical role of mucus and
mucins in the exclusion of undesired intrusion of commensal
bacteria. However, pathogenic bacteria have evolved to pro-
duce mucus-degrading enzymes such as glycosydases, which
break down mucin oligosaccharides and digest mucus barri-
ers to reach the host epithelial layer (14). Although specific
commensal bacteria such as Candidatus arthromitus, which are
commonly referred to as segmented filamentous bacteria
(SFB), closely associate with murine ileal IECs (20), how
these bacteria pass through the mucus layer to colonize the

epithelial layer is not yet fully understood.
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Intestinal epithelial layer

The intestine is covered by a monolayer of epithelial cells. As
well as constituting a physiological barrier, IECs produce
digestive enzymes, absorb nutrients, and undertake the immu-
nological functions of detecting and sampling antigens, secret-
ing anti-microbial molecules, and shaping and guiding
mucosal immune responses (21). To exert these functions,
several specialized epithelial cell subsets, including M cells,
goblet cells, Paneth cells, endocrine cells, and columnar epi-
thelial cells, cooperatively form a physical and immunological
network for the creation and maintenance of homeostasis
between the environments inside and outside the intestine
(Fig. 1).

IECs are constantly supplied from pluripotent stem cells
residing in the crypt region of villi and secondary mucosa-
associated lymphoid tissues (MALT) such as Peyer's Patches
(PPs). Some of these crypt stem cells, now identified as leu-
cine-rich repeat-containing G-protein-coupled receptor 5

(Lgr5)™ cells (22), are capable of differentiating into goblet

Goto & Kiyono - Epithelial barrier and gut microflora

cells, enteroendocrine cells, or enterocytes during migration
upwards from the crypt. Crypt stem cells differentiate into
Paneth cells as well and migrate downwards to the bottom of
the villi (23). Terminally differentiated goblet cells, enteroen-
docrine cells, and enterocytes reach the tip of the villi within a
few days, undergo apoptosis, and are extruded into the intes-
tinal lumen (24). Crypt stem cells residing in the base of PPs
differentiate into columnar epithelial cells and M cells in
regions of follicle-associated epithelium (FAE) that cover the
PPs (25). It remains to be identified whether crypt stem cells
residing in villi possess the same characteristics and differenti-

ation kinetics as secondary MALT crypt stem cells.

M cells

M cells are mainly located in the regions of FAE that cover the
secondary lymphoid structures associated with the mucosal
immune system, such as PPs, colonic patches, isolated lym-
phoid follicles (ILFs), and nasopharynx-associated lymphoid
tissues (NALTs) (26—29). M cells have unique morphological
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Fig. 1. Homeostasis of commensal bacteria is maintained by mucosal immune factors. (A) At the villous epithelial layer, ileal enterocytes express
the terminally fucosylated carbohydrate moiety on their apical membrane and goblet cells produce fucosylated mucins that affect the homeostais of
Bacteroides (@. Paneth cells produce anti-microbial molecules (e.g. a-defensin) @ and enterocytes transport and release secretary IgA (SIgA) into the lumi-
nal cavity 3. These factors inhibit the abnormal location and expansion of segmented filamentous bacteria (SFB). (B) Peyer's Patch M cells are special-
ized as antigen-sampling cells. Pathogenic and non-pathogenic commensal bacteria are taken up by M cells and initiate mucosal immune responses.

DC, dendritic cell; Tip-DC, TNF-o/iNOS-producing dendritic cell.
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features. Their apical cell membrane is covered by short, irreg-
ular microvilli that are totally different to those on columnar
epithelial cells (Fig. 1B). These unique microvilli might enable
microorganisms to access the apical surface of M cells. Indeed,
many pathological agents are reported to invade through PP M
cells (30). The other unique morphological feature of M cells
is the pocket-like microfold structure located on the basal side
of the plasma membrane that contains lymphocytes such as B
cells, T cells, macrophages, and/or dendritic cells (DCs) (31)
(Fig. 1B). These pocket lymphocytes, especially CCReMeh
CD11c™ B cells, produce survival signals for M cells (32).
Indeed, B-cell-deficient mice have been shown to possess few
M cells in their PPs (31).

M cells also have unique glycosylation patterns on the epithe-
lial surface. PP M cells express o(1,2)-fucose but not N-acetyl-
p-glucosamine, which are detected by Ulex europaeus agglutinin- 1
(UEA-1) and wheat germ agglutinin (WGA), respectively (33).
Thus, M cells are histologically identified as UEA-1"WGA~
cells. Monoclonal antibody NKM 16-2-4, which recognizes
UEA-1 related o (1,2) fucose associated with M cells, was
shown to recognize murine PP M cells but not goblet cells and
columnar epithelial cells (34). It was recently shown that the o
(1,2) fucose moiety recognized by NKM 16-2-4 is also used by
villous M cells and fucosylated epithelial cells (described
below) (35). Recently, glycoprotein 2 (GP2), a membrane-
bound protein, has been reported as a new specific protein-
associated marker of M cells (36). GP2 is expressed on the
apical plasma membrane of M cells and interacts with FimH, a
component of type I pilli expressed on Gram-negative bacteria
such as Escherichia coli and Salmonella typhimurium, leading to the
binding and transcytosis of bacteria (37). Interaction between
GP2 and bacterial pilli has an important role in the initiation of
antigen-specific immune responses against S. typhimurium (37).

Bacterial stimulation is involved in the induction and func-
tion of M cells. The number of M cells increases after conven-
tionalization of specific-pathogen-free mice (38). In addition,
mono-association of germfree mice with S. typhimurium results
in increased numbers of M cells (39). This evidence suggests
the importance of stimulation by commensal and pathogenic
bacteria in the construction of the M cell-mediated gateway
system for the mucosal immune systems. However, the spe-
cific bacterial signaling that initiates the differentiation of M
cells from PP crypt stem cells has not yet been identified (31).
TLR2- and TLR4-mediated bacterial signaling molecules such
as the peptidoglycans and lipopolysaccharides (LPSs) promote
the transcytosis of microparticles by M cells, although these
MAMP-TLR signaling cascades do not influence on the devel-
opment of M cells (31, 40).
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In addition to the typical M cells located in the FAE covering
MALT (e.g. PPs), cells known as villous M cells that share
M cell traits have been found in the villous epithelium of the
small intestine (41). Villous M cells share the morphological
(short, irregular microvilli; microfold formation) and biologi-
cal (UEA-1"WGA™) characteristics of classical PP M cells (41).
The other major arm of the mucosal immune system, in addi-
tion to the digestive tract, is the respiratory tract. Analogous to
the intestinal antigen-sampling system consisting of villous M
cells, the epithelium of the nasal passage contains respiratory
M cells distantly located from NALTs (e.g. in the turbinate
portion of the nasal cavity) (42). Antigen sampling in the
upper respiratory system is thus handled by classical M cells
located in the FAE of NALTs (NALT M cells) and respiratory M
cells. Identification of villous M cells and respiratory M cells
further emphasizes the dynamism of the gateway and the anti-
gen-sampling system of the aero-digestive mucosal immune
system.

Administration of stress-inducing molecules such as dextran
sodium sulfate (DSS), cholera toxin, or non-steroidal anti-
inflammatory drugs has been shown to induce UEA-1" cells in
the intestine (35). Although UEA-1 positivity is one hallmark
of M cells, these stress-induced cells are also co-stained with
WGA (WGA™), morphologically indistinguishable from typi-
cal columnar epithelial cells, and they possess less ability to
sample bacteria than classical M cells (35). Importantly, these
cells are negative for GP2 expression (35), a marker of M cells.
We therefore propose that these cells are different from the
other M cell family members, despite the fact that the cells
harbor similar glycosylation characteristics that are recognized
by UEA-1, and thus, should be named ‘fucosylated columnar
epithelial cells (F-ECs)’ (Table 1). Goblet cells and Paneth cells
have also been shown to react with UEA-1 (43). It is therefore
difficult to distinguish between classical M cells, F-ECs, goblet
cells, and Paneth cells by only using UEA-1 reactivity. GP2 is
now considered an additional criterion for defining M cells, at
least in the intestine. F-ECs interact with viruses and patho-
genic and non-pathogenic bacteria through terminal fucose
residues (44—48). Therefore, these terminal fucoses expressed
on F-ECs might have a role as entry sites and might produce a

suitable environment for symbiotic microorganisms.

Goblet cells

Goblet cells are secretory epithelial cells that produce mucin,
trefoil peptides, Fcy binding protein, and resistin-like mole-
cule B (RELMP), which are all major components of mucus
(14). The percentage of goblet cells relative to the total

© 2011 John Wiley & Sons A/S ® Immunological Reviews 245/2012
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Table 1. Properties of M cells, villous M cells, and F-ECs of murine small intestine and nasal tissues

Pocket NKM Bacterial antigen
UEA-| WGA Microwvilli lymphocytes Glycoprotein 2 16-2-4 sampling Fucosultransferase
PP M cell + - Irregular + + + + Fut!
Villous M cell + - Irregular + - + + Fut2
F-ECs + + Dense - - + - Fut2
NALT M cell + - Irregular + ? + + !
Respiratory M cell + - Irregular - ! + + !

Well known morphological and physiological features of M cells are the short and irregular microvilli with pocket formation and antigen sampling/trans-
porting capacity. Peyer's Patch (PP) M cells react with NKM16-2-4 and express Glycoprotein 2 (GP2), thereby typical murine M cells are identified as
UEA-1", WGA™, NKM16-2-4*, and GP2" cells. Subsets of M cells including villous M cells, nasopharynx-associated lymphoid tissues (NALT) M cells,
and respiratory M cells all have the same short and irregular microvilli and antigen sampling capacity as PP M cells. F-EC, fucoslated columnar epithelial
cells; EC, epithelial cells; UEA-1, Ulex europaeus agglutinin-1; WGA, wheat germ agglutinin; Fut, fucosyltransferase.

number of epithelial cells increases from the duodenum
(approximately 4%) to the descending colon (approximately
16%) (23). Fewer numbers and smaller sizes of goblet cells
are detected in the cecum of germfree mice compared with
conventional mice (49), suggesting that microflora might reg-
ulate the differentiation and maturation of goblet cells. Goblet
cells have a pivotal role in regulating the localization of com-
mensal bacteria in the intestinal lumen and in maintaining
the homeostasis of the gut microenvironment by producing

mucins.

Paneth cells

Paneth cells are located at the basal sites of crypts of Lie-
berkuhn in the small intestine, but they are not observed in
the colon (23), although Paneth cell-related cells are recently
observed in colon crypt region (50). Paneth cells contain a
massive endoplasmic reticulum (ER) and Golgi network sys-
tem that contains many cytoplasmic granules. These secretory
Paneth cells discharge various antimicrobial factors (e.g.
o-defensins, RELM, Regllly) that might contribute to the
prevention of bacterial invasion of the crypt regions (12, 51—
54). In addition, it has been reported that Paneth cells create a
niche for crypt stem cells by producing EGF, TGF-o,, Wnt3,
and Dll4, which are essential trophic molecules for the main-
tenance of Lgr5* stem cells (50).

As briefly indicated above, Paneth cells secrete a wide vari-
ety of bactericidal molecules such as defensins, lysozymes,
cathelicidins, sPLA,;, Ang4, and c-type lectins such as ReglIly
(55), which contribute to the protection of the gut epithelium
from infection by enteric pathogens (51-54, 56). The expres-
sion of these bactericidal proteins is induced by the cellular
components of pathogenic and non-pathogenic bacteria such
as LPS and lipoteichoic acid, which are recognized by TLRs
associated with Paneth cells (51, 57). a-Defensin is one of the
major antimicrobial peptides produced by Paneth cells, and it

© 2011 John Wiley & Sons A/S ¢ Immunological Reviews 245/2012

protects against the invasion of pathogenic bacteria such as
S. typhimurium (53, 54). In addition, ectopic expression of
human o-defensin 5 restricts the residence of SFB, a well-
known pathobiont in the mouse ileum. Genetic removal of
o-defensin results in the aberrant expansion of SFB, leading to
the induction of pro-inflammatory T-helper 17 (Th17) cells
(58). Importantly, impaired production of o-defensin is
observed in patients with IBD (59), suggesting that a-defensin
and Paneth cells have bactericidal roles in the exclusion of
pathogens and pathobionts and the prevention of undesired
inflammation. Paneth cell-intrinsic myeloid differentiation
factor 88 (MyD88) activity also mediates the induction of
RELMB, RegllIf, Reglily, and CRP-ductin in response to com-
mensal bacteria (60). Of these antimicrobial molecules, Regl-
IIy, which is mediated by TLR4-MyD88 signaling cascades
controlled by commensal bacteria-derived LPS, is critical in

the prevention of infection by vancomycin-resistant Enterococcus

(51).

Enteroendocrine cells

Enteroendocrine cells, like goblet cells, are a group of secre-
tory epithelial cells scattered in the intestinal epithelium. The
total number of enteroendocrine cells is estimated to be
approximately 1% of the total number of IECs (61). These
cells specialize in producing hormones and neuropeptides
such as serotonin and secretin, which are important for
mucosa-protecting functions such as luminal secretion (62).
Although the interaction between microorganisms and ente-
roendocrine cells has not yet been extensively investigated, it
is hypothesized that bacteria and enteroendocrine cells are
involved in the communication between the gut and the
nervous system. Post-infectious irritable bowel syndrome
(PI-IBS), a GI disorder, is occasionally provoked after acute
infection by pathogenic bacteria such as Campylobacter, Shigella,
and Salmonella (63). One of the major clinical features of PI-IBS
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