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Abstract Microfold cells (M cells), which are located in
the follicle-associated epithelium (FAE) covering mucosal
lymphoid follicles, are specialized epithelial cells that initi-
ate mucosal immune responses. These cells take luminal
antigens and transport them via transcytosis across the FAE
to the antigen-presenting cells underneath. Several intestinal
pathogens exploit M cells as their portal for entry to invade
the host and cause disease conditions. Recent studies have
revealed that the uptake of antigens by M cells is essential
for efficient antigen-specific IgA production and that this
process likely maintains the homeostasis of mucosal tissues.
The present article reviews recent advances in understand-
ing the molecular mechanism of M-cell differentiation and
describes the molecules expressed by M cells that are asso-
ciated with antigen uptake and/or the transcytosis process.
Current efforts to augment M-cell-mediated uptake for use
in the development of effective mucosal vaccines are also
discussed.

Keywords RANK ligand - Peyer’s patches - Microfold
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Introduction

The mucosal surfaces of the gastrointestinal, respiratory, and

urogenital tracts represent vast surface areas covered by epi-
thelia, and they are exposed to a huge variety of ingested
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and inhaled antigens. Mucosal surfaces are protected by
secretory products such as mucins, defensins, and antibod-
ies—especially secretory immunoglobulin A (SIgA)—and
by epithelial specializations that include tight junctions and
apical surface glycocalyx. SIgA is the most abundant class
of antibodies found in the mucosal surfaces of humans and
most other mammals, and it plays an important role in the
protection and homeostatic regulation of mucosal epithelia
(Mantis et al. 2011).

The mucosa-associated lymphoid tissue (MALT) struc-
tures are the main sources of IgA-producing plasma cells
in mucosal tissues. MALT is situated along the surfaces of
all mucosal tissues. Its well-known representatives are gut-
associated lymphoid tissue (GALT), nasopharynx-associated
lymphoid tissue (NALT), and bronchus-associated lymphoid
tissue (BALT) (Brandtzaeg et al. 2008). Although there are
many differences between the MALTs in various organs,
they all contain the same basic compartments—follicles,
interfollicular regions, subepithelial dome regions, and fol-
licle-associated epithelium (FAE). Notably, MALTS are non-
encapsulated lymphoid organs that do not possess the affer-
ent lymphatics that can serve as entry sites for lymphocytes
and antigen-presenting cells with foreign antigens. Instead,
the FAE can transport antigens from the mucosal lumen into
the underlying lymphoid tissues. The FAE is characterized
by the presence of microfold or membranous epithelial cells,
termed M cells, which lack a typical brush border and pos-
sess a thin glycocalyx that provides better accessibility to
large particulate antigens (Mabbott et al. 2013).

M cells serve as entry sites of luminal antigen for the
induction of efficient immune responses. M cells are actively
pinocytic cells that transport macromolecules and micro-
organisms from the intestinal lumen into the subepithe-
lial region by a transepithelial transport system known as
transcytosis. The antigen-presenting cells residing in the
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subepithelial region of the FAE subsequently collect the
transcytosed macromolecules and microorganisms. In the
absence of M cells or antigen sampling by M cells, antigen-
specific T cell responses against orally infected Salmonella
typhimurium and Yersinia enterocolitica are reduced in the
Peyer’s patches of mice, resulting in diminished levels of
fecal antigen-specific SIgA production (Hase et al. 2009a,
b; Kanaya et al. 2012; Kishikawa et al. 2017). Mice deficient
in intestinal M cells have profound delays in the germinal
center maturation of Peyer’s patches and in the emergence
of IgA plasma cells in the lamina propria of the gut. Conse-
quently, the maturation of endogenous SIgA production dur-
ing the weaning stage becomes delayed (Rios et al. 2016).

On the other hand, M cells are exploited by several dif-
ferent pathogenic bacteria, toxins, and prion proteins as a
route of entry across the epithelial barrier into deeper tis-
sues of the host. In the genetic absence of M cells in mice,
the accumulation of prions within Peyer’s patches and the
spread of disease to the brain are blocked (Donaldson et al.
2016). Conversely, the prion uptake from the gut lumen
is enhanced in mice that have been treated with RANKL,
which increases M cell density, resulting in shortened sur-
vival times. Therefore, the transcytosis of luminal antigens
via M cells is presumably an initial step in the induction
of efficient immune responses to certain antigens and is
important for the establishment of mucosal homeostasis.
Furthermore, the regulatory mechanisms controlling M cell
transcytosis are essential for maintaining the epithelial bar-
rier at the mucosal surface.

The functions of M cells in mucosal immunity have
attracted the attention of researchers because of their
expected importance for regulating the mucosal immune
systems and the wide potential applications that arise if it is
possible to influence this system. For example, the targeted
delivery of antigens to M cells has been recognized as an
approach to enhancing oral vaccine efficacy (Devriendt et al.
2012). Still, it is only recently that the molecular basis for
M cell differentiation and the transcytosis process have been
uncovered. In this review, we focus on the molecular mecha-
nisms of M-cell differentiation and transcytosis, as research
has made rapid strides in these fields in recent years.

The molecular mechanisms of M-cell
differentiation

RANKL-RANK signaling is an essential factor
in M-cell differentiation

The TNF superfamily member receptor activator of NF-xB
(RANK) and its ligand (RANKL) were originally discov-
ered as a dendritic cell survival factor (Wong et al. 1997)
and as an essential factor for bone homeostasis through
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the regulation of osteoclasts (Lacey et al. 1998; Yas-
uda et al. 1998). Williams and colleagues found that the
RANKL-RANK pathway also regulates the differentia-
tion of M cells in the FAE of GALT (Knoop et al. 2009).
RANKL-null mice have hardly any M cells in their Peyer’s
patches and have a markedly diminished uptake of lumi-
nal latex beads compared with wild-type mice. This M-cell
deficit can be recovered by the systemic administration of
exogenous RANKL. Furthermore, the treatment of these
mice with recombinant RANKL also induced the ectopic
differentiation of villous M cells on intestinal villi with the
capacity for microorganism and fluorescent bead uptake.

All intestinal epithelial cell lineages develop from epi-
thelial stem cells residing in the crypts. Each of the dome-
associated crypts surrounding the FAE and the villous crypts
at the base of the villi contain cycling leucine-rich repeat-
containing G protein-coupled receptor (Lgr5)-positive stem
cells (Barker et al. 2007). Clevers and his colleagues per-
formed a genetic lineage tracing study using Lgr5-promoter
activity and showed that M cells derive from these crypt-
based Lgr5 stem cells, as do other intestinal epithelial cell
populations, including enterocytes, goblet cells, enteroendo-
crine cells, tuft cells, and Paneth cells (de Lau et al. 2012).
These researchers also established an in vitro culture system
of isolated single crypts that was devoid of mesenchymal
cells and immune cells and contained only the minimal ele-
ments required for the maintenance and proliferation of the
stem cells (Sato et al. 2009). The cultured crypts faithfully
mimicked in vivo multiple crypt fission and differentiation
events, and they eventually gave rise to organoids with pro-
truding crypts and spherical villus-like epithelial domains
containing all the differentiated cell types. When RANKL
was added to this organoid culture system grown from iso-
lated mouse crypts, some cells in the villus-like epithelial
domains became M cells (de Lau et al. 2012). This phe-
nomenon is identical to that observed in the corresponding
human organoid culture system (Rouch et al. 2016). Taken
together, these findings reveal that RANKL is a critical
inducer for the differentiation of Lgr5-expressing intestinal
stem cells into M cells.

Subepithelial mesenchymal cells are the main inducers
of M-cell differentiation

In GALTs, RANKL is expressed in a variety of cell types,
including group 3 innate lymphoid cells (ILC3 s), T
cells, and mesenchymal cells (Cella et al. 2010; Totsuka
et al. 2009; Taylor et al. 2007). Nagashima et al. (2017)
first identified the M-cell inducer cells (MCi cells), which
are podoplanin® subepithelial mesenchymal cells. MCi
cells abundantly express RANKL on their cell surfaces
and directly interact with the FAE. These researchers
further showed that the genetic deletion of RANKL in a
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mesenchymal cell lineage impaired both M-cell differentia-
tion and M-cell-dependent antigen sampling. Meanwhile,
the expression levels of M cell-associated genes were nor-
mal in the FAE of GALTs from Tnfsf11%2; Vay-iCre mice,
in which RANKL is specifically deleted in the hematopoi-
etic cells (including ILC3s and T cells), indicating that the
RANKL expressed on T cells and ILC3s is dispensable for
M-cell differentiation. These data suggest that the subepithe-
lilal mesenchymal cells serve as M-cell inducers.

Downstream process of the RANKL-RANK pathway
in M-cell differentiation

The alternative pathway of NF-xB signaling regulates
the initiation of M-cell differentiation

The interaction of RANKL with its receptor, RANK, the
cytoplasmic domain of which binds TRAF family proteins,
transmits signals to downstream targets, mainly the NF-kB
pathway (Anderson et al. 1997). NF-kB signaling can occur
through two distinct pathways, the classical (canonical) and
alternative (noncanonical) pathways, which share a common
pattern: dimers of the transcription complex are retained in
the cytoplasm in a latent inactive form until they are acti-
vated and rapidly transported into the nucleus (Oeckinghaus
et al. 2011). In the classical NF-xB pathway, IKK phos-
phorylates IxkBa, leading to its ubiquitination and proteoly-
sis. The degradation of IxkBa releases NF-kB complexes
(predominantly p65:p50 dimers) for nuclear translocation.
This classical NF-kB pathway is activated within minutes,
is usually transient, and is independent of de novo protein
translation.

The alternative NF-xB pathway is activated by IKKa
following its phosphorylation by NF-kB-inducing kinase
(NIK). The phosphorylation of IKKa results in the process-
ing of p100 to p52 via limited degradation in the proteasome
and the subsequent formation of RelB:p52 heterodimers for
nuclear translocation. Activation of this alternative NF-xB
pathway requires more time (several hours) than is needed
for activation of the classical NF-kB pathway (several min-
utes), is typically sustained for several days, and requires
nascent protein synthesis. The classical NF-kB pathway is
induced, at least to some extent, by all NF-kB-activating
stimuli, whereas triggers of the alternative NF-xB path-
way are limited to a subset of the TNF family of cytokines;
this activation occurs efficiently in response to RANKL,
B-cell activating factor (BAFF), CD40L, TWEAK, or
lymphotoxin-p (LTB) but not tumor necrosis factor o
(TNF-).

Exogenous RANKL administration to mice is able to
induce ectopic M-cell differentiation in the intestinal epithe-
lium (Knoop et al. 2009). In this situation, p100 is processed
to p52 by limited degradation, and RelB is transported

into the nucleus within one day after RANKL administra-
tion; however, the amounts of p5S0 and nuclear p65 are not
changed (Kimura et al. 2015a). Alymphoplasia (aly/aly)
mice have a point mutation in the Map3ki4 gene caus-
ing a loss of function of NIK; accordingly, in these mice,
RelB:p52 heterodimers are retained in the cytosol in their
inactive form (Shinkura et al. 1999). RANKL administra-
tion to the aly/aly mice fails to induce the ectopic induction
of M cells in the villus epithelium (Kimura et al. 2015a).
Thus, M-cell differentiation is presumably regulated by the
alternative NF-kB signaling that is mediated by RelB:p52
heterodimer nuclear translocation.

TNF-a enhances RANKL-induced M-cell-associated gene
expression: implications of crosstalk between the canonical
and alternative NF-xB pathways

The in vitro organoid culture system of intestinal crypts
is very useful for studying signaling pathways involved in
M-cell differentiation and for researching the influence of
other cytokines on RANKL-induced differentiation. Addi-
tion of the cytokine TNF-a with RANKL in the organoid
culture enhances the expression levels of multiple M-cell-
associated genes, while TNF-a alone has little, if any, effect
on the expression of M-cell-associated genes (Wood et al.
2016). It is well established that TNF-a activates the classi-
cal NF-xB pathway but not the alternative NF-xB pathway.
This effect is probably due to the ability of classical NF-xB
activation to rapidly induce the enhanced expression of the
genes encoding RelB and p100/p52, Relb and Nf«kb2, respec-
tively. Consequently, the presence of more RelB and p100
proteins increases the number of potential RelB:p52 heter-
odimers, which may enhance the downstream effects of the
RANKL-dependent alternative NF-kB signaling. Previous
work supports this hypothesis; the transcriptional regula-
tion of Relb and Nfkb2 genes is dependent on the classi-
cal NF-«xB signaling pathway and constitutive p65 activity
(Basak et al. 2008). LTPR signaling activates first p65:p50
and then RelB:p52; furthermore, the first phase of p65 activ-
ity is required to induce p100 synthesis and subsequent
RelB:p52 activity. Indeed, activation of RelB:p52 dimers by
LT signaling is diminished in embryonic fibroblasts from
p65-deficient mice. These studies indicate that interconnec-
tions between the classical and alternative NF-kB pathways
exist, and these interconnections may be associated with the
augmentation of M-cell differentiation.

Spi-B is an essential transcription factor for the early stage
of M-cell differentiation

The regulation of M-cell differentiation by the ETS (E26

transformation-specific) transcription factor Spi-B was dis-
covered independently by three research groups around the
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same time (Kanaya et al. 2012; de Lau et al. 2012; Sato
et al. 2013). The expression of Spi-B in M cells was detected
continuously from the crypts to the top of the FAE dome.
Pulse chase experiments with 5-ethynyl-2'-deoxyuridine
(EdU) labeling, a thymidine analogue that is incorporated
into the DNA of dividing cells, revealed that, among the
known M-cell-associated molecules, Spi-B is expressed
from the earliest stage (Kimura et al. 2015a). The in vivo
administration of RANKL to mice and its administration in
the organoid culture system grown from the intestinal crypts
both rapidly induce Spib gene expression in the epithelium
(Kanaya et al. 2012; Lau et al. 2012). Furthermore, in the
Spi-B-deficient mice, M cells are entirely absent in the FAE
of Peyer’s patches (Kanaya et al. 2012; de Lau et al. 2012;
Sato et al. 2013). Therefore, Spi-B appears to regulate the
early stage of M-cell differentiation.

Transcription of the mouse Spib gene can be initiated
by two distinct promoters, yielding transcript variants des-
ignated Spib-1 and Spib-2 (Chen et al. 1998). The Spib-1
promoter contains a consensus NF-kB-binding site upstream
of a TATA box sequence located just 5' to the transcrip-
tional start site. The Spib-2 promoter includes a recognition
site for octamer transcription factors but does not include a
TATA box. In the organoid culture system, RANKL exclu-
sively induces the Spib-1 transcript; Spib-2 mRNA is not
induced by the addition of RANKL (Wood et al. 2016).
This RANKL-induced Spib expression requires NIK acti-
vation. Thus, these data suggest that Spib is a target gene of
RANKL-NIK-NF-kB signaling.

Two subsets of intestinal M cells with distinct antigen
uptake capacities

Following the RANKL-stimulation-induced commitment of
crypt stem cells to the M-cell lineage, these cells migrate
along the crypt-FAE axis toward the top of the FAE. M
cells in the FAE are further classified into two functionally
different subtypes based on the expression of glycoprotein
2 (GP2) (Kimura et al. 2015a). GP2-high M cells actively
take up luminal microbeads, whereas GP2-negative or -low
cells scarcely ingest them. Both subsets of M cells share a
Ulex europaeus agglutinin I (UEA-I) lectin-binding property
as well as morphological features that are characteristic of
M cells, and both subsets equally express other M-cell sig-
nature genes, including Spib, Tnfaip2, Ccl9, Pgryrpl, and
Anxa5. Whole-mount immunohistochemistry combined
with EdU pulse labeling revealed that the expression period
of GP2 in the M cells appears later than that of Spi-B and
Tnfaip2. These data suggest that GP2-high cells represent
matured and functional M cells.

By analyzing the proportion of GP2-high M cells, we
previously showed that the M-cell maturation level differs
among GALTs located in different regions as well as among
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different mouse strains (Kimura et al. 2015a). We found that
GP2-high M cells are scarce in the cecal patches of C57BL/6
mice, while GP2-low M cells are predominant there. Con-
sistently, the cecal M cells in C57BL/6 mice showed only
minimal uptake of luminal microbeads. Furthermore, in
BALB/c mice, the proportion of GP2-high M cells in the
cecal patches was ~ 50%; this amount was much higher than
that in C57BL/6 mice (~ 1%), but it was the lowest GP2-
high M-cell proportion among the GALTs of BALB/c mice.
The induction of ectopic GP2-high M cells by GST-RANKL
treatment was also suppressed in the cecal FAE of BALB/c
mice. These data reveal that the M-cell maturation process
is commonly suppressed in the cecum in both mouse strains.

The suppression of M-cell differentiation described above
was most likely due to a decrease in the nuclear translo-
cation and/or retention of RelB (Kimura et al. 2015a). A
quantitative image analysis in C57BL/6 mice also demon-
strated that, in contrast to the ileal M cells, which abundantly
express nuclear RelB, a major population of cecal M cells
in C57BL/6 mice did not sufficiently express nuclear RelB,
resulting in GP2-negative or -low immature M cells. How-
ever, the proportion of RelB-positive M cells was higher in
the cecal patches of BALB/c mice than in those of C57BL/6
mice. That is, the RelB activity in M cells is correlated with
the degree of their maturation. RelB is probably required for
the initiation of M-cell differentiation, and it is also a key
determinant of their maturation through its regulation of the
induction of downstream genes.

Cecal patches, like Peyer’s patches, have an adequate abil-
ity to induce antigen-specific immunoglobulin responses
and generate IgA-secreting cells that migrate to the large
intestine (Masahata et al. 2014). A huge number of com-
mensal bacteria inhabit the cecum because the cecum in
the mouse is a major site for microbial fermentation. Given
that M-cell-dependent antigen uptake initiates an antigen-
specific mucosal immune response, it is possible that the
attenuated M-cell maturation in the cecal epithelium may
prevent excessive antigen uptake and the subsequent immune
response and, in this manner, contribute to establishing a
mutualistic symbiosis with the commensal microbiota that
abundantly colonize mouse ceca.

The fundamental differentiation mechanisms of M cells
are conserved in nasopharynx-associated lymphoid
tissue

The nasal cavity in rodents develops mucosal lymphoid tis-
sues, collectively called nasopharynx (or nasal)-associated
lymphoid tissues (NALTSs), that are nestled along both sides
of the nasopharyngeal duct and are generally considered to
correspond to Waldeyer’s ring in humans. NALT serves as
an inductive site for mucosal immunity in the upper respira-
tory tract. The FAE of NALT consists of pseudostratified
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ciliated columnar epithelium and includes M cells. The abil-
ity of NALT M cells to take up luminal antigens is consid-
ered to be similar to that of intestinal M cells (Gebert and
Pabst 1999). Morphologically, the NALT M cells in mice are
closely associated with intraepithelial lymphocytes; these M
cells extend their characteristic stubby microvilli, which are
approximately 300 nm thick, and short, irregular microfolds
on the luminal surface (Fig. 1). In contrast, the surrounding
cells are covered with long cilia and fine microvilli, with
the latter being approximately 100 nm thick (Mutoh et al.
2016). No cilia have been detected on the surfaces of M
cells. Histochemically, NALT M cells have been identi-
fied by the expression of vimentin and cytokeratin 8, 18,
and 20 in the rabbit palatine tonsil (Carapelli et al. 2004;
Gebert et al. 1995; Jepson et al. 1992), by the expression
of clusterin, class II B-tubulin, and cytokeratin 20 in the
human Waldeyer’s ring (Lee et al. 2010; Verbrugghe et al.
2008; Takano et al. 2008), and by affinity to UEA-I lectin in
murine and rat NALT (Jeong et al. 1999; Kim et al. 2011).
In murine NALT, GP2, and Tnfaip2 double-positive
cells (GP2* Tnfaip2™ M cells) on the FAE exhibit mor-
phological features typical of M cells, share the ability
to take up luminal microbeads, and express additional
molecules specific to intestinal M cells, including Spi-B
and Ccl9 (Mutoh et al. 2016). The GP2* Tnfaip2* cells in
the nasal cavity therefore correspond to intestinal M cells.
Furthermore, RANKL-RANK signaling initiates the dif-
ferentiation of M cells in the ciliated epithelium covering
NALT, as it does in the intestinal columnar epithelium.
The downstream factors RelB and Spi-B are involved in
regulating the subsequent differentiation process. Accord-
ingly, the fundamental molecules expressed in M cells and
the M-cell differentiation process are both likely common
to NALT and GALT. This implicates the possibility that
RANKL-RANK signaling may induce the differentiation

of M cells in other MALTS in the conjunctiva, tear ducts,
bronchi, and salivary gland ducts.

Unlike the intestine where GP2 expression is mainly
restricted to the M cells of the FAE, numerous GP2-
expressing nonciliated cells have been found to be dis-
tributed in the epithelium covering the paranasal sinuses,
tear ducts, and conjunctiva in the head region of mice
(Fig. 2) (Kimura et al. 2014, 2015b). However, these cells
do not express other M-cell markers, such as UEA-I lectin,
Tnfaip2, Spi-B, and CCL9. Histochemical studies suggest
that GP2-expressing cells in the paranasal sinuses and con-
junctiva are a lineage of goblet cells because they are posi-
tive for periodic acid—Schiff staining (Kimura et al. 2014).
Notably, GP2 alone may not serve as a specific marker for
M cells in the nasal and ocular tissues of mice.

Kim et al. have recently reported that UEA-I* M cells
reside in the nasal respiratory epithelium (Kim et al.
2011). Although these UEA-I" M cells are not associated
with any lymphoid tissues, they are able to take up respira-
tory pathogens and initiate an antigen-specific immune
response under experimental conditions. GP2* Tnfaip2*
M cells are also reactive with UEA-I lectin; however, their
localization is restricted to the NALT FAE (Mutoh et al.
2016). Our previous studies failed to detect any GP2*
Tnfaip2* cells or specific immunoreactivities for CCL9
and Spi-B in the respiratory area of the nasal mucosa, even
after the administration of RANKL. A RANKL injection
exclusively induces GP2* Tnfaip2* M cells in the FAE
but not in the ordinary epithelium of the respiratory area.
This result is consistent with the limited localization of
its receptor RANK to the FAE. Therefore, UEA-I* “M
cells” outside of the NALT might differ from authentic M
cells expressing GP2 and Tnfaip2, and their differentiation
might be independent of RANKL-RANK signals.

Fig. 1 Scanning electron micrograph of the luminal surface of
NALT. a M cells (arrows) are intermingled among ciliated cells. b
High magnification of an M cell displaying thick stubby microvilli

(arrows) and short microfolds (arrowheads). Bars: 10 pm (a) and
5 pum (b). This figure is reprinted with permission from Mutoh et al.
(2016)
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Fig. 2 Distribution of GP2-positive cells in the heads of mice (a).
Immunohistochemical staining with anti-GP2 antibody on a coronal
section of the head of a mouse. GP2-positive cells in the epithelium
covering the paranasal sinuses (a), the colleterial gland (b), the NALT
FAE (c and ¢'), and the nasolacrimal gland (e) are shown in green.
GP2-positive cells on the NALT FAE expressing Tnfaip2, another
M-cell signature gene, are shown in red (c'). Nuclei are stained with a
nucleic acid dye, DAPI, which is shown in blue. Panel ¢’ is reprinted

Transcytosis

M cells have unique morphological features suited to effi-
cient endocytosis and/or transcytosis. They lack the rigid
brush border, and their apical surfaces possess poorly devel-
oped glycocalyx and undeveloped microvilli, which allow
the cells to have easy access to the intestinal lumen to take
up antigens. Furthermore, the M-cell basolateral membrane
is deeply invaginated to form a large intraepithelial “pocket”
that holds lymphocytes and mononuclear phagocytes. Due
to this structural specialization, the basolateral cell sur-
face is juxtaposed to the apical surface at intervals of a few
microns; the distance narrows accordingly, making it easy
for transcytotic vesicles to translocate through the epithe-
lial barrier. Nonetheless, the molecular mechanisms of the
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with permission from Mutoh et al. (2016). b Immunohistochemical
staining of GP2 in the conjunctiva of mice. GP2-positive cells gather
or are scattered in the squamous stratified epithelium (left and mid-
dle panels). After imaging GP2 immunostaining (middle panel), the
same section was stained for PAS reaction (d). Nuclei are stained
with a nucleic acid dye, SYTOX, which is shown in blue. cor cornea,
EL eyelid, NM nictitating membrane. Panel b is reprinted with per-
mission from Kimura et al. (2015b)

transcytosis process via M cells are still largely unknown.
However, researchers have identified some molecules that
are highly expressed on M cells that act as receptors on the
cell surface for luminal microorganisms and are probably
associated with vesicular transport as they regulate the cel-
lular cytoskeleton and membrane compartments of M cells.

Cell surface proteins on M cells may serve as receptors
for foreign antigens

GP2 is a well-characterized cell surface protein known
to serve as a transcytotic receptor on M cells (Hase et al.
2009a). GP2 was originally discovered as an integral mem-
brane protein that is secreted from the zymogen granules
of pancreatic acinar cells and is associated with the plasma
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membrane via a glycosylphosphatidylinositol (GPI) link-
age (Scheffer et al. 1980; Rindler and Hoops 1990). In the
absence of GP2, the uptake and transcytosis of particular
types of bacteria and toxins by M cells are severely impaired
(Hase et al. 2009a; Matsumura et al. 2015), suggesting that
GP2 serves as an uptake receptor for a subset of commensal
and pathogenic bacteria on M cells. In fact, GP2 interacts
with FimH, a major component of the type 1 pilus on the
outer membrane of a subset of Gram-negative enterobacilli
such as Escherichia coli and Salmonella typhimurium, and
a GP2-FimH interaction is necessary for the efficient uptake
of FimH* bacteria by M cells and the subsequent bacteria-
specific mucosal immune responses (Hase et al. 2009a).

Botulinum neurotoxin (BoNT), which is produced by
Clostridium botulinum and related species, is a potent metal-
loprotease toxin that acts on neuronal cells and causes food-
borne botulism. On its own, BoNT is not absorbed by the
intestinal epithelium and has little oral toxicity. However,
BoNT is naturally produced in the form of a large progeni-
tor toxin complex (L-PTC), which is a multiprotein com-
plex composed of BoNT, nontoxic nonhemagglutinin, and
hemagglutinin (HA). Remarkably, the oral toxicity of the
L-PTC is hundreds of fold higher than that of the free toxin
(Ohishi et al. 1977; Sakaguchi 1982; Cheng et al. 2008). The
translocation route of botulinum toxin A through the epithe-
lium to the neuronal cells was largely unknown; however,
recent work proposed that M cells are the major site for the
intestinal translocation of L-PTC (Matsumura et al. 2015).
Susceptibility to orally administered L-PTC is dramatically
reduced in mice that lack intestinal M cells due to treatment
with anti-RANKL antibody. The HA in L-PTC interacts
with the GP2 on M cells, and this interaction mediates the
traverse of BoNT through the intestinal epithelial barrier.

Similarly, cellular prion protein (PrP) is expressed on
the apical surface of M cells and interacts with heat-shock
protein 60 (Hsp60) of the Gram-negative bacterial species
Brucella abortus, which causes brucellosis and is known to
infect via the oral route (Nakato et al. 2012). The transloca-
tion of B. abortus into Peyer’s patches after its oral admin-
istration is significantly reduced in PrP®-deficient mice, sug-
gesting that the PrP¢ on M cells serves as a major uptake
receptor for B. abortus during oral infection.

Other molecules with binding capacity for bacterial com-
ponents are expressed on the surfaces of M cells, but their
functions in M cells are still unclear. Uromodulin, a mol-
ecule that is highly similar to GP2, binds E. coli with type 1
fimbriae (Sato et al. 2013; Kuriyama and Silverblatt. 1986).
Siglec-F is a sialic acid-specific lectin that has been shown
to be a cellular receptor for the sialylated microbe Neisseria
meningitides (Gicheva et al. 2016; Jones et al. 2003). Pep-
tidoglycan recognition protein 1 (Pglyrpl), also known as
PGRP-S, interacts with peptidoglycan in the bacterial cell
wall (Lo et al. 2003; Dziarski et al. 2003).

The existence of cell surface molecules that serve as spe-
cific receptors demonstrates that M cells have a receptor-
mediated transcytosis system for luminal antigens in addition
to their nonselective antigen uptake process. The receptors
on M cells will be a pharmacological target for blocking
bacterial or toxin invasion via M cells or for enhancing the
immune response by targeting antigens that are specific to
M cells.

M cells express cytosolic proteins that likely regulate
M-cell morphology and transcytosis

Allograft inflammatory factor 1 (Aifl) was originally dis-
covered as a gene expressed in chronically rejected cardiac
allografts, and is also known as ionized calcium-binding
adapter molecule 1 (Ibal). Aifl is a 17-kDa hydrophilic pol-
ypeptide that contains a calcium-binding EF-hand domain
and is mainly expressed in macrophages/microglias and neu-
trophils (Utans et al. 1995; Ito et al. 1998). Kishikawa et al.
(2017) reported that M cells in the FAE of Peyer’s patches
express Aifl. They found that, in Aifl-deficient mice, the
uptake ability of luminal particles and enteric commensal
bacteria via M cells is severely impaired, whereas Aifl
deficiency does not affect the development and fundamen-
tal ultrastructure of M cells. This group further showed that
Aifl is involved in the activation of B1 integrin at the apical
surface of M cells. 1 integrin is a potential receptor for
the Y. enterocolitica protein invasin; the pl integrin—inva-
sin interaction mediates the effective entry of this patho-
genic bacterium into the Peyer’s patches (Isberg and Leong
1990; Griitzkau et al. 1990; Clark et al. 1998). A deficit
of B1 integrin activation in Aifl-deficient mice appears to
be responsible for the decreased subsequent induction of
antigen-specific I[gA immune responses in these mice (Kishi-
kawa et al. 2017).

Aifl exhibits F-actin binding and crosslinking activity
in macrophages/microglia cells, and it regulates membrane
ruffling and phagocytosis by interacting with the small
GTPase Rac (Ohsawa et al. 2000). Because Rac2 mRNA
is highly expressed in the M cells of FAE (Terahara et al.
2008), it seems likely that Aifl may contribute to the regu-
lation of F-actin remodeling in M cells by cooperating
with Rac2 for the uptake of particles and enteric com-
mensal bacteria by M cells. During the phagocytosis of
Y. enterocolitica, the interaction of invasin with p1 integ-
rin triggers the formation of phagocytic cups by activat-
ing actin polymerization through several small GTPases,
including Rac, and their effectors (Wiedemann et al.
2001). Both Aifl and Rac probably function downstream
of 1 integrin, but it is still unclear how Aifl regulates the
activation of B1 integrin. Nonetheless, the uptake of par-
ticles and some kinds of commensal bacteria via M cells
seems to be diminished in Aifl-deficient mice; therefore,
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further analyses of the Aifl in M cells will provide insight
into the molecular mechanisms of M-cell transcytosis.

Tnfaip2, also known as M-Sec or B94, is a cytosolic
protein expressed in M cells, human umbilical vein
endothelial cells (HUVEC), and myeloid lineage cells
such as macrophages and dendritic cells (Hase et al.
2009b; Wolf et al. 1994; Chevrier et al. 2011). In mac-
rophages, Tnfaip2 has a potent ability to cause membrane
deformation and plays a central role in the formation
of tunneling nanotubes (TNTs) in cooperation with the
small GTPase RalA and the exocyst complex (Hase et al.
2009b). TNTs are a relatively recently recognized mem-
brane structure defined as filopodia-like thin protrusions of
the plasma membrane that physically connect remote cells
(Kimura et al. 2012, 2013). The expression of Tnfaip2
is also increased in nasopharyngeal carcinoma tissue and
inflamed endothelial cells (Chen et al. 2011; Barzilai
et al. 2016). Furthermore, a siRNA-mediated depletion
of Tnfaip2 reduces the amount of cell migration and inva-
sion by nasopharyngeal carcinoma HK1 cells (Chen et al.
2011). In the inflamed endothelial cells, Tnfaip2 protein
is localized at the plasma membrane, and the depletion
of this gene reduces polarized secretion of cytokines and
chemokines, suggesting that Tnfaip2 mediates the exocy-
tosis process (Barzilai et al. 2016).

Mutational and crystallographic analyses showed that
the N-terminal polybasic region of Tnfaip2 directly binds
phosphatidylinositol (4,5)-bisphosphate and phosphati-
dylinositol (3,4,5)-bisphosphate for its localization to the
plasma membrane (Kimura et al. 2016). Tnfaip2 interacts
with the RalA, and this interaction is essential for its mem-
brane deformation ability. A crystal structure of M-Sec
consists of helix bundles arranged in a straight rod-like
shape, similar to that of membrane-tethering complex
subunits such as Sec6, Exo70, and Tip20. A positively
charged surface in the C-terminal domains of Tnfaip?2 is
required for its interaction with active RalA to extend the
plasma membrane protrusions, suggesting that the mem-
brane-associated Tnfaip2 recruits active RalA, which
subsequently directs the exocyst complex to the site of
membrane deformation.

Together, these data suggest that the Tnfaip2 protein
cycles between cell membranes and the cytosol and that it
may play a role in controlling cellular membrane morphol-
ogy. In M cells, Tnfaip2 is mainly detected in the cytosol,
but it is sometimes associated with the plasma membrane
and co-localizes with incorporated microbeads (Hase et al.
2009b; Kimura et al. 2015a; Mutoh et al. 2016). Tnfaip2
is therefore presumably associated with M-cell morphol-
ogy and the M-cell transcytosis/endocytosis process; how-
ever, additional experiments are required to determine its
in vivo functions in M cells.
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Mucosal vaccine development

Because the mucosal surface serves as an important site of
initial contact and as a portal of entry for pathogens, it is
critical to develop strategies for neutralizing pathogens at the
mucosal surface. Mucosal vaccination via an oral or nasal
route can lead to immune responses not only at the mucosal
site of administration but also at other mucosal sites and/or
systemic sites. Therefore, mucosal vaccines are expected to
eventually become an effective preventive measure against
various infectious diseases. Presently, however, the oral and
nasal routes for vaccination are still challenging and difficult
to achieve, and progress in mucosal vaccine development
has been rather slow (Devriendt et al. 2012).

Our molecular understanding of M-cell biology has
informed the design of oral and nasal vaccines with
improved efficacy for priming mucosal and systemic immune
responses. In fact, orally administered biotinylated ovalbu-
min peptide (OVA) conjugated with anti-GP2-streptavidin
efficiently induces OVA-specific fecal IgA secretion in a
mouse model (Shima et al. 2014). Additionally, GP2-binding
peptide fused with green fluorescent protein (GFP) signifi-
cantly increases the uptake of enhanced GFP (EGFP) by M
cells and induces efficient mucosal and systemic immune
responses measured at the level of antigen-specific serum
and fecal antibodies, cytokine secretion, and lymphocyte
proliferation (Khan et al. 2017). Oral administration of teta-
nus toxoid- or botulinum toxoid-conjugated NKM 16-2-4,
which is an M-cell-specific monoclonal antibody, induces
high-level, antigen-specific serum IgG and mucosal IgA
responses (Nochi et al. 2007). In addition, an oral vaccine
formulation of botulinum toxoid-conjugated NKM 16-2-4
induces protective immunity against a lethal challenge with
botulinum toxin.

The combination of targeting M-cell antigen delivery and
controlling M-cell density could potentially further improve
the effect of a vaccine. Cho and colleagues identified an
M-cell-homing peptide through the use of a bacteriophage
display system and developed an M-cell-targeting antigen
that is a fusion protein of the bacterial outer membrane
protein BmpB with the M-cell-homing peptide (M-BmpB)
(Yoo et al. 2010; Maharjan et al. 2016). In mice systemi-
cally treated with RANKL to enhance M-cell density, oral
immunization with M-BmpB induces strong protective
IgA and systemic IgG antibody responses against BmpB
(Mabharjan et al. 2016). The authors further confirmed that
the systemic administration of RANKL did not severely
affect bone resorption activity under their experimental con-
ditions (Maharjan et al. 2016). However, RANKL-RANK
signaling is known to be involved in a number of important
biological processes, including bone homeostasis, inflam-
mation, cell differentiation, and body temperature control
(Walsh and Choi 2014; Okamoto et al. 2017; Hanada et al.
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Fig. 3 Proposed model of M-cell differentiation. RANKL on the cell
surface of podoplanin-expressing mesenchymal cells (M-cell inducer
cells: MCi cells) interacts with its receptor (RANK) on the intestinal
epithelial stem cells. This RANKL-RANK interaction triggers the
nuclear translocation of RelB:p52 heterodimers to initiate M-cell dif-
ferentiation. Spi-B is probably a target gene of RANKL-RelB:p52
signaling and is expressed at an early stage of the differentiation pro-
cess. Spi-B regulates several M-cell signature genes. Differentiated

2009). Furthermore, M-cell density in the mucosal tissue
is probably also associated with disease susceptibility. The
invasions of intestinal pathogens, pathogenic products (tox-
ins), and prion proteins into Peyer’s patches are effectively
blocked by neutralization antibodies against RANKL as
well as within intestinal epithelial cell-specific RANK-
deficient mice (Gonzalez-Hernandez et al. 2014; Gonzalez-
Hernandez et al. 2014; Donaldson et al. 2016; Matsumura
et al. 2015). Consistently, the exogenous administration of
RANKL to mice enhances prion uptake and toxin absorp-
tion from the oral route (Donaldson et al. 2016; Matsumura
et al. 2015). Although systemic treatment with RANKL is
a potent and attractive strategy because it can enhance the
mucosal vaccine efficiency by increasing the number of M
cells in the mucosal epithelium, its use will require the cau-
tious consideration of potential side effects from enhancing
the M-cell density and activating RANKL-RANK signaling
in other organs.

M cells are classified into at least two functionally different subtypes
based on the expression GP2. GP2-low M cells are immature M cells,
and GP2-high M cells are mature M cells, which have a high uptake
capacity for luminal antigens. The maturation from GP2-low M cells
to GP2-high M cells also requires RelB:p52 activity. That is, ReB:p52
activity must be maintained during the entire process of M-cell dif-
ferentiation and maturation

Concluding remarks

Accumulating knowledge from recent work about the molec-
ular mechanisms underlying M-cell cellular differentiation
has gradually outlined the main components of the M-cell
differentiation process (Fig. 3). RANKL-triggered alter-
native NF-kB signaling is probably critical for the initia-
tion of M-cell differentiation. In GALT, the subepithelial
mesenchymal cells expressing RANKL (MCi cells) act on
intestinal epithelial stem cells to direct their differentiation
into M cells. The transcription factor Spi-B is required for
their subsequent commitment to an M-cell fate. Further, dif-
ferentiated M cells are classified into two functionally dif-
ferent subtypes based on the expression of GP2: GP2-high
cells are mature M cells and have a high uptake capacity,
whereas GP2-negative or -low cells are immature M cells.
The RANKL-mediated process is common to the GALT and
NALT; therefore, this might be a fundamental mechanism
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underlying M-cell differentiation in the MALTSs. Tran-
scriptome studies of FAE have identified several M-cell-
expressing genes that contain cell surface proteins serving
as antigen receptors and cytosolic proteins which may be
associated with the antigen uptake process and/or transcy-
tosis. In conclusion, molecular-based knowledge of M-cell
biology will contribute to the further understanding of
mucosal immunity, which is likely to lead to improvements
in mucosal vaccine efficiency.
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