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We have an enormous number of commensal bacteria in
our intestine, moreover, the foods that we ingest and the
water we drink is sometimes contaminated with pathogenic
microorganisms. The intestinal epithelium is always
exposed to such microbes, friend or foe, so to contain
them our gut is equipped with specialized gut-associated
lymphoid tissue (GALT), literally the largest peripheral
lymphoid tissue in the body. GALT is the intestinal
immune inductive site composed of lymphoid follicles
such as Peyer’s patches. M cells are a subset of intestinal
epithelial cells (IECs) residing in the region of the epithe-
lium covering GALT lymphoid follicles. Although the vast
majority of IEC function to absorb nutrients from the in-
testine, M cells are highly specialized to take up intestinal
microbial antigens and deliver them to GALT for efficient
mucosal as well as systemic immune responses. I will dis-
cuss recent advances in our understanding of the molecular
mechanisms of M-cell differentiation and functions.

Keywords: M cell/gut-associated lymphoid tissue
(GALT)/antigen uptake/Spi-B/enteroid.

Abbreviations: FAE, follicle-associated epithelium;
GALT, gut-associated lymphoid tissue; IEC, intes-
tinal epithelial cell; M cell, microfold cell.

The lumen of our gut is colonized with an enormous
number of bacteria. These commensal bacteria, collect-
ively called the ‘gut microbiota’, reach a population
size of as many as hundreds of trillions, far exceeding
~40 trillion eukaryotic cells estimated to constitute the
human body (/), and have a population complexity of
500—1,000 species (2). Recently developed metage-
nomic approaches have greatly broadened our know-
ledge of microbial genomes and it is now estimated
that the human gut microbiota possess ~600,000
genes in total (3), overwhelming the ~22,000 genes
encoded in the human genome (4). In addition to this
vast and complex microbial ecosystem present in the
gut at homeostasis, gastrointestinal mucosal surfaces
are also exposed to pathogenic microorganisms taken
in with contaminated food and water.

Our body does not accept these microorganisms un-
conditionally as inhabitants in our gut. We have

developed a special immune system, the gut-associated
lymphoid tissue (GALT), which tries to contain or
remove these foreign organisms from the gut. An obser-
vation supportive of this notion of the importance of
GALT has been made studying activation-induced cyti-
dine deaminase (AID)-knockout mice. AID is exclu-
sively expressed in antigen-activated germinal centre B
cells giving rise to antibody-producing B cells, or plasma
cells. AID is required for somatic hypermutation and
class switch recombination necessary for germinal centre
B cells to switch the isotype of their immunoglobulin
genes from IgM to the other antibody isotypes (such
as IgG and IgA) with high affinity for antigen, both in
humans (5) and mice (6). As a result, AID-knockout
mice lack plasma cells producing IgA (7), crucial for
intestinal immune defence (8) (as well as IgG and IgE).
At the same time, they suffer from B-cell hyperplasia,
most prominent in the intestine, concomitant with an
almost 100-fold increase in the number of intestinal bac-
teria (7), including segmented filamentous bacteria (8), a
strong IgA inducing bacteria. Decreasing the intestinal
bacteria by treatment with oral antibiotics dampens the
B-cell hyperplasia in these mice (7). These observations
indicate that the mice can somehow sense the number of
intestinal bacteria, which signals GALT to induce IgA-
producing plasma cells to contain them.

M cells (where M stands for microfold or membran-
ous) are a unique intestinal epithelial cell (IEC) subset
that is responsible for the immune sensing of luminal bac-
teria. Molecular mechanisms underlying the function and
differentiation of M cells will be discussed in this review.

The Intestinal Inmune System

To deal with an enormous number of gut commensal
bacteria, the gut is equipped with the unique intestinal
immune system, which harbours as many as 60—70%
of peripheral lymphocytes and constitutes virtually the
‘largest peripheral immune tissue’ in the body (9—11).
The intestinal immune system is composed of physic-
ally and functionally distinct immune inductive and
effector sites (9—71). The immune effector site is the
collective designation for the innate immune cells [such
as dendritic cells (DCs), macrophages and recently
identified innate lymphoid cells] and the adaptive
lymphocytes (i.e. effector T cells and IgA-producing
plasma cells) diffusely existing in the lamina propria.
The immune effector site also includes a unique sub-
population of T cells intercalated in the epithelial layer
called IEL, or intraepithelial lymphocytes. By contrast,
the immune inductive sites, also called GALT, are
organized lymphoid structures consisting of B-cell fol-
licles with germinal centres surrounded by a T-cell
zone (11). These lymphoid follicles sometimes exist as
aggregated forms, such as Peyer’s patches (PPs) in the
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small intestine, cecal patches and colonic patches.
In humans, PPs consist of hundreds of lymphoid fol-
licles aggregated into an oval shape in the terminal
ileum; whereas in mice, 6—8 PPs with 4 or 5 lymphoid
follicles each are seen at relatively equal intervals along
the entire length of the small intestine. There are also
hundreds of isolated lymphoid follicles, in the form of
single structures, scattered throughout the small intes-
tine and colon (/7).

Follicle-associated epithelium and M cells

As the immune inductive site, GALT has to sample
luminal bacterial and other antigens to evoke
immune responses against them, ultimately leading to
differentiated plasma cells producing IgA specific to
these bacteria (9). Although PP and other organized
GALT structures are structurally similar to lymph
nodes of the systemic immune system, they do not pos-
sess afferent lymphatics via which antigens, more pre-
cisely, DCs capturing antigens at peripheral infectious
sites, are supplied to lymph nodes; instead, GALT re-
ceives its supply of antigens directly from the mucosal
surface across the intestinal epithelium overlaying the
GALT lymphoid follicles called “follicle-associated epi-
thelium’ (FAE) (10—15) (Figs 1 and 2). Villous epithe-
lium mainly consists of absorptive enterocytes, with
10% (in the small intestine) to 20% (in the colon) of
mucus-producing goblet cells and a few enteroendo-
crine cells (15, 16) (Fig. 1). As much as several litters
of mucus is secreted a day in adult humans to cover the
epithelium and protect it from bacterial encroachment
(15, 16). In addition, Paneth cells residing at the base
of the small intestinal crypts secrete antimicrobial pep-
tides to further protect the epithelium from bacterial
contamination. IgA is also secreted into the mucous
layer/lumen for epithelial protection via binding and
transcytosis by polymeric immunoglobulin receptors
expressed on the basolateral surface of enterocytes
(11, 14—16). The FAE possesses characteristics distinct
from villous epithelium (10, 12, 14, 15). It is almost
devoid of goblet cells and there are few Paneth cells
in the crypts surrounding FAE. Moreover, the expres-
sion of the IgA-transporting polymeric immunoglobu-
lin receptor is low on enterocytes in and around the
FAE. All of these features favour the close association
of luminal bacteria with FAE, and hence enhance the
opportunity for bacterial delivery to GALT. However,
the unquestionably unique feature of FAE must be the
presence of M cells, a subset of epithelial cells specia-
lized for antigen uptake.

It had already been reported nearly a 100 years ago
that FAE is the only region throughout the entire
gastrointestinal tract where vigorous uptake of anti-
genic particles occurs (/7). In 1922, Kenzaburo
Kumagai, a Japanese physician/microbiologist, found
that mycobacteria can only be taken up via FAE. He
also noticed that FAE cells can even take up inert par-
ticles such as carmine pigments and lyophilized red
blood cells, which later turned out to be one notable
feature of M-cell mediated antigen transport.
However, the resolution of light microscopes in
Kumagai’s era was not good enough to differentiate
M cells from enterocytes in FAE by morphology, and
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the discovery of M cells had to wait for some 50 years
until the emergence of electron microscopy. In the
early 1970s, two groups independently discovered the
cells with unique morphology that are responsible for
particulate antigen uptake, M cells (/8, 19). Unlike
surrounding enterocytes in FAE, M cells lack normal
microvilli on their luminal (apical) plasma membrane
and instead have short fold-like structures, or ‘micro-
folds’, which are especially obvious in humans (Figs 1
and 2). In addition, their basal plasma membrane is
deeply invaginated to form a large sac-like structure,
the so-called ‘M-cell pocket’, where DCs and lympho-
cytes can move in and take up residence, resulting a
very thin or ‘membranous’ M cell cytoplasm. M cells
are scattered in FAE, accounting for 5—10% of FAE
cells both in humans and mice (/0—15, 20).

M cells are highly active in phagocytosis and trans-
cytosis, and thereby take up luminal bacteria and anti-
gens and deliver them to DCs in the M-cell pocket for
initiation of mucosal immune responses (/0—15, 20). M
cells have fewer lysosomes than other IEC and those
present have low lysosomal enzyme activity. As a
result, antigens taken up by M cells are thought not
to be processed but instead transferred intact to DCs,
which perform the antigen processing and presenta-
tion. Since M cells can take up inert particles such as
latex beads, their phagocytic recognition capacity can
be indiscriminant and non-specific. On the other side
of the coin, receptor-mediated specific recognition has
been suggested based on the observation that live, but
not killed, Vibrio cholerae can be taken up efficiently
by M cells (217), and that uptake efficiency by M cells is
different among strains of Escherichia coli (22).
Despite their significance, identity of these uptake re-
ceptors as well as precise mechanisms for antigen
uptake by M cells have long been obscure, mainly be-
cause the low frequency of M cells and the lack of
specific surface markers make it difficult to purify the
M cells required for molecular/biochemical analyses.
Hence, M-cell studies have largely depended on mor-
phological analyses for more than four decades after
their discovery.

Identification of M-cell-specific molecules

The situation has now changed dramatically thanks to
technological innovations, such as microarray analysis,
enabling exhaustive gene expression data acquisition.
We (23) and others (24) independently developed a
method to detach epithelial cell sheets from lamina
propria and recover FAE and villous regions, and
then compare gene expression profiles between FAE
and villous epithelium. This strategy was then com-
bined with in situ hybridization and/or immunohisto-
chemistry to identify FAE/M cell-specific genes.
Kiyono’s group took a different approach (25) in
that M cells were purified by cell sorting with a mono-
clonal antibody raised by them recognizing a fucose-
containing glycan structure specific to M cells (26).
M-cell-specific molecules identified by these studies
overlap, providing independent lines of evidence that
these molecules are indeed expressed in an M-cell-
specific manner.
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Fig. 1 Schematic view of the intestinal mucosa. Mucus-producing goblet cells are scattered throughout the villus region (left), and the epithelium
is covered by mucus. (Intraepithelial lymphocytes are not shown here.) DCs in lamina propria sometimes extend their dendrites through
epithelium to probe luminal microbes, especially at the end of ileum. Anti-microbial peptide-secreting Paneth cells are found at the crypt base in
the villous region. In the FAE covering the GALT lymphoid follicles (right), goblet cells are hardly seen, resulting in the loss of the mucus coat.
Instead, 5—10% of FAE cells are M cells. The M-cell pocket is also depicted. Adapted from the webpage of the Laboratory for Intestinal
Ecosystem, RIKEN Center for Integrative Medical Sciences (http://leib.rcai.riken.jp/riken/index.html)
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Fig. 2 Scanning electron micrograph of FAE and M cells. A, Scanning electron micrograph of the mucosal surface of an isolated murine Peyer’s
patch. Five FAE regions (F) are surrounded by villi. B, A higher magnification of the FAE. Two M cells (M) are seen. The M-cell surface
appears sunken compared with the surrounding enterocytes because of the absence of microvilli. Adapted from the webpage of the Laboratory
for Intestinal Ecosystem, RIKEN Center for Integrative Medical Sciences (http://leib.rcai.riken.jp/riken/index.html)
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Microbial uptake receptors on M cells
1. Glycoprotein 2 is an M cell-specific cell surface
marker that functions as a bacterial uptake receptor.
Glycoprotein 2 (GP2) was originally identified as a
glycosylphosphatidylinositol (GPI)-anchored protein
specifically expressed in secretory (zymogen) granules
of pancreatic acinar cells (27, 28). Its function has long
been unknown and its expression by M cells was un-
expected. GP2 is specifically expressed on M cells
among IECs both in humans and mice (25, 29).
Further analyses using GP2-deficient mice and
mutant bacteria have revealed that GP2 acts as a re-
ceptor for Type I pili on a subset of Gram-negative
enterobacilli such as E.coli and Salmonella enterica.
Receptor binding results in their efficient uptake into
M cells and subsequent intestinal immune responses
against them (29). These findings indicate that GP2
can be used as a long-sought universal M cell
marker, and that GP2 is important for immnosurveil-
lance at mucosal surfaces by initiating efficient muco-
sal immune responses against commensal as well as
pathogenic bacteria, e.g. E.coli and Salmonella (Fig. 3).
GP2 possesses a certain degree of homology
with Uromodulin, also known as Tamm—Horsfall pro-
tein (27). A GPl-anchored protein Uromodulin is
expressed on and shed off the apical surface of renal
tubular epithelium, and binds to uropahogenic
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Fig. 3 Schematic view of GP2-mediated uptake of bacteria for
mucosal immune responses. Adapted from the webpage of the
Laboratory for Intestinal Ecosystem, RIKEN Center for Integrative
Medical Sciences (http://leib.rcai.riken.jp/riken/index.html)
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E.coli to prevent urinary tract infection (30). It should
be noted that Uromodulin is also specifically expressed
on M cells among epithelium and possibly serves as a
microbial uptake receptor (31, 32), although the detailed
studies are still required to confirm the notion.

2. Cellular prion protein as a Brucella abortus receptor
on M cells. Although not specifically expressed on M
cells, there are several molecules that act as microbial
receptors on these cells. Cellular prion protein (PrP®)
is an example. PrP€ is a ubiquitously expressed GPI-
anchored protein. Its refolding into an amyloidogenic
conformation, PrP%, which templates the conversion
of PrP€ to PrP%, causes infectious prion diseases, col-
lectively referred to as transmissible spongiform ence-
phalopathies, a group of neurodegenerative diseases
that affect humans as well as other mammals (33).
Although the normal physiological role of PrP¢ is
still obscure, it has been shown that various pathogenic
microbes and toxins enter host cells by binding to GPI-
anchored proteins (34). Brucella abortus is an intracel-
lular pathogen and a causative agent of brucellosis, a
re-emerging zoonotic disease responsible for economic
damage in the livestock industry, as well as a signifi-
cant human infectious disease with ~500,000 annual
cases worldwide (35, 36). It has been reported that
PrP on macrophages interacts with B.abortus via
binding to its Hsp60, which is secreted via a Type IV
secretion system and attached to the bacterial cell sur-
face, and that this interaction is required for bacterial
internalization by macrophages (37).

PrPC is also highly expressed on the M-cell apical
surface (38), where it functions as a B.abortus uptake
receptor (39). Bacterial HSP60 is highly immunogenic
and well conserved among bacteria (40). Given that
HSP60 has been reported to be present on the cell sur-
face of several other bacteria possessin% the various
types of secretion system (Table I), PrP™~ could serve
as an uptake receptor for these pathogens as well.

It should also be noted that M cells may play a piv-
otal role in prion disease pathogenesis. Many prion
diseases are orally acquired through ingestion of
PrP%¢ in PPs. It has been reported that M-cell depletion
by neutralization of receptor activator of NF-kB
ligand (RANKL) signalling blocks the uptake of
PrP5¢ in PPs, suggesting the importance of M cells in

Table I. Bacteria possessing HSP60 on their surface®

Bacteria Secretion system Reference
B.abortus Type IV 37
Clostridium difficile Type 111 41
Helicobacter pylori Type IV 42
Haemophilus ducreyi Type V 43
Legionella pneumophila Type IV 42, 44
Salmonella Typhimurim Type 111 45
Streptococcus suis Type 11 43, 46
Mycobacterium avium Type VII 47, 48
Actinobacillus actinomycetemcomitans Type 1 49, 50
Borrelia burgdorferi Type 111 51,52

“Adapted from the webpage of the Laboratory for Intestinal
Ecosystem, RIKEN Center for Integrative Medical Sciences (http://
leib.rcai.riken.jp/riken/index.html).
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the onset of prion disease (53) (the role of RANKL in
M-cell development is described in detail in the later
section of this review). However, there is also a contra-
dictory publication showing that FAE enterocyte sur-
rounding M cells, rather than M cell itself, is important
for uptake of PrP% in PPs (54). Further studies are
required to clarify the point.

3. The IgA receptor on M cells. M cells are also re-
ported to express IgA receptors on their apical plasma
membrane and transport secretory IgA (SIgA)-bound
antigens into PPs (55, 56). This is also the case for the
efficient uptake by M cells of commensal bacteria
bound by SIgA (57). Recently, it has been reported
that SIgA-antigen complexes are transcytosed by bind-
ing to Dectin-1 on the M-cell surface and subsequently
transferred to and internalized by DCs via interaction
with DC-SIGN on DCs for induction of mucosal and
systemic immune responses (58). Consistent with these
observations, the composition of the gut commensal
microbiota appears altered in mice lacking M cells
due to a Spi-B-deficiency (see later) compared with
wild-type mice (our unpublished observation), suggest-
ing that M cells are important for intestinal immuno-
surveillance to contain commensal microbiota.

4. Other microbial receptors. Subcellular localization
of membrane proteins is sometimes unique in M
cells, in that basolateral membrane proteins on absorp-
tive enterocytes are also expressed on the apical/lu-
minal plasma membrane of M cells. One such
example is Bl-integrin, which serves as a surface recep-
tor for Yersinia pseudotuberculosis, and its expression
on the M-cell apical surface is implicated in bacterial
uptake by M cells (59). Another example is CD155; it
is a homophilic cellular adhesion molecule at the lat-
eral plasma membrane of epithelium that also serves as
the poliovirus receptor, and its apical expression on M
cells is suggested to be involved in poliovirus infection
(60).

Differentiation of M cells

Differentiation of M cells is thought to be regulated by
the interaction of FAE with GALT cells, especially a
thin layer of cells in the region between FAE and the
B-cell follicle called the subepithelial dome (SED).
Epithelial cells in the crypt region surrounding
GALT follicles have been reported to display a gene
expression profile distinct from those in the villous
region, which is thought to be due to their interaction
with GALT (73).

RANKL-RANK interaction for M-cell differentiation.

RANKIL, also known as tumour necrosis factor ligand
superfamily member 11 (TNFSF11), TNF-related ac-
tivation-induced cytokine, osteoprotegerin ligand and
osteoclast differentiation factor, was originally recog-
nized for its key roles in bone metabolism and the
immune system, but has now been shown to be critical
for the formation of mammary epithelia during lacta-
tion, thermoregulation of the central nervous system,
osteoporosis and also for some cancers (6/). A clue for
its molecular mechanisms has come from the discovery

Intestinal M cells

that RANKL is expressed only by stromal cells in the
SED region of GALT throughout the gastrointestinal
tract (62). It has further been reported that RANKL
deficiency as well as RANKL-neutralizing antibody
treatment eliminates most M cells in mice (63).
Intraperitoneal — administration of recombinant
RANKL protein in RANKL-deficient mice corrects
the M cell defect and also induces emergence of ectopic
M cells in villous regions (63). Considering the expres-
sion of RANK, the receptor for RANKL, throughout
the intestine in mice (63), together these observations
suggest that RANKL signalling on epithelium triggers
M-cell differentiation.

The Spi-B transcription factor is critical for M-cell
differentiation. Exogenous RANKL-induced ectopic
M cells in the villous epithelium express several previ-
ously identified M-cell markers at different times after
RANKL exposure (20, 64) (Fig. 4). Furthermore, the
location where these M-cell markers are initially ex-
pressed moves from the crypt zone towards the tips
of villi from day 1 to 3 after RANKL treatment.
Given that the position of the epithelial cells along
the crypt-villus axis reflects their degree of maturation,
RANKL likely signals the immature epithelial cells in
the crypt region to initiate M-cell maturation, and
those cells differentiate to become mature M cells
along with their movement towards the tips of villi.
The order of appearance of these M cells markers is
phenocopied in their order of detection during M-cell
differentiation in mouse ontogeny (64) (Fig. 4), sug-
gesting the usefulness of RANKL treatment as a
means for studying M-cell differentiation in vivo.

Taking advantage of that approach, we identified
Spi-B as a highly induced transcription factor in villous
epithelium upon RANKL treatment in mice (20, 64).
Spi-B is a member of the E26 transformation-specific
(Ets) transcriptional factor family originally described
as a key regulator for B cells (65, 66), and is also re-
ported to play important roles in the development and
function of plasmacytoid DCs (67).

We (64) and others (31, 32) have shown that Spi-B is
expressed specifically in M cells among IECs, and that
mature M cells are absent in mice lacking Spi-B in
IECs but not in haematopoietic cells. In the absence
of Spi-B and hence M cells, immune responses against
luminal bacteria such as S.emterica serovar
Typhimurium and Yersinia enterocoiltica are defective,
suggesting that epithelium-specific expression of Spi-B
is required for mature M-cell differentiation, which is
prerequisite for efficient uptake of luminal bacterial
antigens and their delivery into PPs and subsequent
intestinal anti-bacterial immune responses.

Other factors affecting M-cell differentiation or main-
tenance. There have been several studies reporting de-
creases in M-cell numbers using genetically engineered
mice. In mice lacking B cells, the arca of the FAE as
well as the number of M cells decreases significantly
along with a marked decease in the number and size of
PPs (68). RAGI-deficient mice, which lack both B and
T cells, have an even more severe defect in PPs and M
cells are hardly observed (68). By contrast, mice
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Fig. 4 Schematic model of RANKL-induced M-cell differentiation.
Upon RANKL stimulation of immature IECs, most likely transit-
amplifying cells, the Spi-B transcription factor is induced to initiate
M-cell differentiation. Some M-cell markers, such as Marcksll and
Annexin V appear early after RANKL stimulation and their ex-
pression is RANK L-independent (64). By contrast, expression of the
other M-cell markers after RANKL stimulation takes a longer time
and is Spi-B-dependent (64). Among the markers examined, GP2
expression occurs last and is thought to be a marker of fully mature
M cells. Adapted from the webpage of the Laboratory for Intestinal
Ecosystem, RIKEN Center for Integrative Medical Sciences (http://
leib.rcai.riken.jp/riken/index.html)

lacking T cells possess PPs and M cells comparable to
wild-type mice (68), suggesting the importance of B
cells for the formation of both FAE and M cells.
However, a conflicting observation has been made in
another study of RAGI1-deficient mice where there was
no difference in M-cell frequency despite a drastic de-
crease in the area of FAE as well as in absolute num-
bers of M cells compared with wild-type mice (69).
Regarding the molecules mediating localization and
migration of FAE and GALT immune cells, CCL20, a
chemokine expressed throughout FAE, and its recep-
tor CCR6 could be among the candidates. A decrease
in the size of PPs and the number of M cells has been
reported in CCR6-deficient mice (70). Subsequently, it
was reported that a unique CCR6-high CD11c-inter-
mediate B-cell subset (CCR6h'CD1 1c™ B cells) is pre-
sent in the SED region in wild-type mice, and that
adoptive transfer of these cells into CCR6-deficient
mice restores the number of M cells (71).
Considering the comparable expression of RANKL
in SED stromal cells in wild-type and CCR6-deficient,
hence CCR6MCD11¢™ B cell-deficient, mice (71), it is
unlikely that CCR6MCDI11¢™ B cells affect the
number of M cells through upregulation of RANKL
expression on SED stromal cells. Furthermore, as
described later, M-cell differentiation can be induced
upon RANKL treatment of intestinal crypt ‘enteroid’
in vitro cultures without addition of any immune cells
(31), suggesting that CCR6™CDI11¢™ B cells are dis-
pensable for M-cell differentiation. With this in mind,
it has been postulated that CCR6MCD11c¢™ B cells
may play a role in the maintenance of existing M
cells rather than in induction of M-cell differentiation.
Lymphotoxin- signalling has also been suggested to
be involved in interactions between FAE and SED
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cells, since SED immune cells including DCs and fol-
licular DCs disappear in conjunction with a decrease in
M cells upon blockade of lymphotoxin-f3 receptor sig-
nalling (69).

Microbial interactions may also affect M cells. For
example, relocation of mice from a ‘clean’ specific
pathogen-free facility to a ‘dirtier’ conventional one
has been reported to increase M-cell numbers (72). It
has also been reported that oral administration of a
single pathogen, S. Typhimurium, to germ-free mice in-
creases M cells (73). Even though the detection of M
cells in these studies depended on a relatively lower
expression of alkaline phosphatase, a phenotypic char-
acterization of M cells that leaves room for inaccurate
conclusions, the observed increases in M-cell number
occurred 7 days after the animal facility relocation or
bacterial administration, suggesting the probable pro-
motion of M-cell differentiation by bacteria, although
precise mechanisms remain to be eclucidated. More
rapid (within one to several hours) M-cell increase
has also been reported using S.Typhimurium in mice
(73) and Streptococcus pneumoniae in rabbits (74).
Tahoun et al. (75) have used bovine organoid cultures
to define molecular mechanisms and suggest that an
S.Typhimurium virulence factor SopB is responsible
for the bacterium-induced acute M-cell induction.
Such a rapid appearance of M cells cannot be ex-
plained by the physiological differentiation of M
cells, which takes a few days in vivo before maturation
(64), and may reflect phenotypic transition of FAE
enterocytes or final differentiation of immature to
mature M cells (76). Further studies are required to
clarify this situation.

Culture systems for M cells

Even though molecules involved in M-cell functions
and differentiation have recently been identified, the
molecular mechanisms underlying phagocytosis and
transcytotiosis of antigens as well as the differentiation
of M cells are still largely unknown. To understand the
molecular mechanisms for M-cell functions and differ-
entiation in detail, an in vitro M-cell culture system
would be very useful.

In 1997, Kernéis et al. (77) reported that a human
adenocarcinoma cell line Caco-2 transdifferentiated
into cells with M-cell like morphology and transcytotic
capacity for beads and V.cholerae upon coculture with
murine PP immune cells. A dozen or two articles using
this culture system have since been published. Recently
it has been shown with this in vitro M-like cell culture
system that the SRC family tyrosine kinase HCK is
involved in transcytosis of antigens into M cells (78).
This study also suggested that Spi-B regulates HCK-
dependent transcytosis.

Another culture model for M-cell study came from
‘enteroid’ cultures treated with RANKL (37). Sato et al.
(79) first described the establishment of long-term cul-
tures of isolated single crypts, devoid of mesenchymal
cells including stromal and immune cells. The cultured
crypts undergo multiple crypt fission events and even-
tually give rise to organoids with protruding crypts and
spherical villus-like epithelial domains containing all the
differentiated cell types. When RANKL is added to this
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so-called ‘intestinal organoid’ or ‘enteroid’ culture,
some cells in the villous-like epithelial domains
become GP2" M cells (3/). Recently, a method has
been developed to convert the spherical enteroids into
epithelial monolayer cultures, with which IgA transcy-
tosis can be analysed (80).

Future perspectives

A major function of M cells is particulate antigen de-
livery to GALT. As described here, several receptors
on M cells have been identified, and the molecular
basis for antigen uptake has been partially clarified.
The M-cell-specific cell surface molecules could serve
as targets for developing efficient mucosal vaccine
delivery systems (81, 82).

By contrast, there is much less information with re-
spect to the molecular basis of transcytosis of antigens
by M cells. Possible involvement of HCK downstream
of Spi-B in M-cell transcytosis (78) suggests that deter-
mination of Spi-B targets in M cells may provide im-
portant new insights into the mechanisms of M-cell
transcytosis. RANKL-mediated M-cell induction in
the enteroid-derived epithelial monolayer cultures
should also facilitate M-cell study at the molecular
level.

Finally, detailed examination of M-cell-deficient
mice, such as the Spi-B-knockout, should shed light
on the in vivo significance of M cells.
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