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The microfold (M) cell residing in the follicle-associated epithelium is a specialized epithelial cell that initiates mucosal

immune responses by sampling luminal antigens. The differentiation process of M cells remains unclear due to

limitations of analytical methods. Here we found that M cells were classified into two functionally different subtypes

based on the expression of Glycoprotein 2 (GP2) by newly developed image cytometric analysis. GP2-high M cells

actively took up luminal microbeads, whereas GP2-negative or low cells scarcely ingested them, even though both

subsets equally expressed the other M-cell signature genes, suggesting that GP2-high M cells represent functionally

mature M cells. Further, the GP2-high mature M cells were abundant in Peyer’s patch but sparse in the cecal patch: this

was most likely due to a decrease in the nuclear translocation of RelB, a downstream transcription factor for the receptor

activator of nuclear factor-jB signaling. Given that murine cecum contains a protrusion of beneficial commensals, the

restriction of M-cell activity might contribute to preventing the onset of any excessive immune response to the

commensals through decelerating the M-cell-dependent uptake of microorganisms.

INTRODUCTION

The mucosal surface of the gastrointestinal tract is exposed to a
vast array of foreign antigens and microorganisms. The gut-
associated lymphoid tissue (GALT) is an important site for
inducing mucosal immune responses against potentially hostile
exogenous antigens, whereas GALT ignores or induces a
tolerance to food antigens and commensal microbiota that
mainly colonize the distal part of the intestine and establish a
mutually beneficial relationship with the host. GALT includes
Peyer’s patches of the small intestine, their equivalents in the
cecum and colon, and isolated lymphoid follicles dispersed
throughout the intestine. The dome-shaped follicle-associated
epithelium (FAE) covering the luminal surface of lymphoid
tissues is characterized by the presence of microfold or
membranous epithelial cells, termed M cell.1 The transcytosis
of luminal antigens via M cells is an initial step in the induction
of efficient immune responses to certain antigens, such as
microorganisms. Although the functions of M cells in mucosal

immunity have been noted since their discovery,2,3 it is only
recently that a molecular basis for the transport of bacteria via
M cells has been demonstrated. Glycoprotein 2 (GP2) is
expressed on the luminal surface of M cells and interacts with
the type I pili of the bacterial outer membrane, consequently
mediating the uptake of the type-I-piliated bacteria to initiate
subsequent bacteria-specific immune responses.4 In addition to
GP2, several M-cell-specific molecules have been identified:
Tnfaip2,5 Pglyrp1,6 Anxa5,7 Ccl9,8 Marksl1,9 and Spi-B.10–12

However, comparison of their distribution on the entire FAE
has not been analyzed in detail due to limited methods.

Recent studies have also increasingly clarified the molecular
basis of M-cell differentiation. The tumor necrosis factor
superfamily member receptor activator of nuclear factor-kB
(RANK) and its ligand (RANKL) are involved in several
biological processes. The RANKL-RANK pathway critically
regulates the differentiation and/or maturation of M cells.13 In
fact, mice lacking RANKL failed to develop M cells on the
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Peyer’s patch. On the other hand, the administration of RANKL
can induce ectopic M cells in the conventional villous
epithelium of normal animals,13 and single Lgr5-positive stem
cell can differentiate into M cells in the organoid culture in the
presence of RANKL.10 These effects of the RANKL-RANK
pathway on the ectopic M-cell induction are attributed to the
upregulation of the Ets-family transcription factor, Spi-B,10–12

which is expressed selectively in M cells on FAE. As Spi-B-
deficient mice lack the GP2-expressing M cells in FAE and have
a severely reduced capacity for the uptake of luminal antigens,
Spi-B is considered to be a major and fundamental regulator of
M-cell differentiation.11 In contrast, Spi-B-deficient mice retain
Marksl1- and Anxa5-expressing cells in FAE,12 which are
considered developing M cells. These observations raise the
possibility that M-cell precursors may undergo several stages of
maturation to differentiate into bona fide M cells during the
course of their movement along the crypt-FAE dome axis.
However, the overall differentiation processes, particularly the
regional control of M-cell maturation, have not yet been
elucidated.

We here took advantage of a high-resolution immuno-
fluorescent analysis of whole-mount FAE to overview the
ontogeny and maturation of M cells. We identified GP2-high M
cells as a functional and/or mature subset in Peyer’s patches and
also noticed a rare occurrence of GP2-high M cells in the cecal
patches. Unlike the Peyer’s patch M cells, the majority of
cecal patch M cells did not harbor any nuclear RelB that
mediates RANKL-RANK signaling. These results suggest that
RelB activity has a role in M-cell maturation. This study
thus provides a new insight into the regulation of M-cell
differentiation.

RESULTS

Identification of two subsets for M cells

To characterize the maturation process of M cells better, we
developed a new method to perform immunostaining and
fluorescent in situ hybridization (FISH) of freshly isolated FAE
monolayers, including the FAE-associated crypt (Supplemen-
tary Figure 1 online). The obtained specimens were exclusively
composed of epithelial monolayers and were not accompanied
by any serious changes on the localization of the junctional
proteins, ZO-1 and E-cadherin (Supplementary Figure 1d),
indicating that the integrity was well maintained after treat-
ment with EDTA.

We first applied this specimen to a whole-mount immu-
nohistochemical staining of representative M-cell markers,
Tnfaip2 and GP2,4,5 to detect the M-cell lineage. The
immunostaining for these markers visualized cells arranged
in radial stripes on the crypt–FAE axis (Figure 1a). Numerous
cells expressing Tnfaip2 but not GP2 had already appeared in
the orifice of crypts, while cells expressing both Tnfaip2 and
GP2 were present from the middle to the top of the FAE dome
(Figure 1a,b). Confocal microscopy combined with F-actin
staining revealed that irrespective of the GP2 expression level,
Tnfaip2-expressing cells have characteristic morphological

features of typical M cells, namely an irregular brush border and
basolateral pocket embracing lymphocytes (Supplementary
Figure 2).1 These features were also confirmed by immunoe-
lectron-microscopic analysis (Supplementary Figure 3). The
a1-2 fucose-specific lectin Ulex europaeus agglutinin I, which is
a classical M-cell marker of the mouse Peyer’s patch,14 recog-
nized Tnfaip2-expressing cells (Supplementary Figure 4).
These data revealed that M cells homogeneously express
Tnfaip2, whereas the GP2 expression level differed among M
cells. To quantitate their proportion, we measured fluorescence
intensities of immunoreactivities for Tnfaip2 and GP2 in
individual M cells (Figure 1c). The scatter plot revealed that M
cells could be divided into two subsets by the intensity of the
GP2 expression, namely GP2-high (GP2high) and GP2-negative
or low (GP2� /low) M cells (Figure 1d).

GP2-high M cells predominantly take up luminal antigens

Whole-mount immunohistochemistry combined with
5-ethynyl-20-deoxyuridine (EdU)-pulse labeling revealed that
Gp2-expressing cells appeared at a later stage than Tnfaip2-
expressing cells (Supplementary Figure 5). As GP2 is an
antigen-uptake receptor on M cells,4 we considered that the
GP2high M cells may be functionally matured M cells. To
confirm this idea, we examined the uptake capacity of the
M-cell subsets by a ligated intestinal loop assay using 20 nm
fluorescent latex beads. The beads appeared densely within
GP2high M cells but only occasionally in GP2� /low M cells
(Figure 2a). We noted that the beads were located internally in
GP2high M cells under our experimental conditions (Figure 2b).
Furthermore, the image analysis of fluorescence intensities of
beads in M cells demonstrated that strong signals were detected
on the GP2high M cells, while intermediate or no signals were
found in the GP2� /low cells (Figure 2c). These data indicate
that the GP2-high subset serves as active or mature M cells with
a high uptake capacity of luminal antigens.

M cells express a set of fundamental genes including Spib

We subsequently performed a multicolor FISH analysis on the
FAE sheets to characterize the gene expression profiles of the
two M-cell subsets (Figure 3). The FISH analysis confirmed the
existence of Gp2-negative or low and Gp2-high M-cell subsets
(Figure 3b), in agreement with the results from the whole-
mount immunohistochemistry. Spib is an essential transcrip-
tion factor for M-cell differentiation.10–12 The expression of
Spib was detected continuously from the crypts to the top of the
FAE dome (Figure 3a). Image analysis showed that the
expression level of Spib was indistinguishable between both
subsets (Figure 3c). The distributions of the three marker genes
were further confirmed at the protein level by immuno-
histochemistry (Supplementary Figure 6). Pulse chase experi-
ments with EdU labeling revealed that Spi-B is expressed from
the earliest stage among the three M-cell markers (Supplemen-
tary Figure 5), confirming that Spi-B is indeed extant early on
in M-cell differentiation.

We further examined the distribution of three other M cell
marker genes: Pglyrp1,6 Anxa5,7 and Ccl9,8 with Spib and Gp2
serving as indexes of M-cell differentiation levels. These were
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expressed in both Gp2� /low and Gp2high M-cell subsets, and
their distribution on the crypt–FAE axis was similar to that of
Spib (Supplementary Figure 7). Thus, Spib, Pglyrp1, Anxa5,
and Ccl9 were considered fundamental signature genes of M
cells simultaneously expressed before Gp2 expression.

M-cell maturation is suppressed in the cecal FAE

We made an immunohistochemical comparison of the
proportions of GP2-high M cells among organized lymphoid
follicles from the duodenum, ileum, cecum, and colon in BALB/
c or C57BL/6 mice (Figure 4a). It is worth noting that the
number and proportion of GP2high M cells were both signi-
ficantly lower in the FAE of cecal patches; in particular, they
were rarely found in C57BL/6 mice (Figure 4a and
Supplementary Figure 8). The cecal M cells in C57BL/6
mice consist almost entirely of GP2� /low cells with a low uptake
capacity of luminal microbeads. The GP2-high subset in cecal
patches of BALB/c mice has a higher uptake capacity similar to
that in Peyer’s patches (Figure 4b,c). Whole-mount FISH
analysis also demonstrated that Gp2 expression was not
detectable in the FAE of cecal patches from C57BL/6 mice,
whereas Spib and Tnfaip2 expression were detectable

(Supplementary Figure 8). The cecal M cells also intensely
expressed other signature genes: Pglyrp1, Anxa5, and Ccl9.
These findings imply that the cecal FAE constructs an M-cell
lineage; however, their activation or maturation is suppressed.

It is well known that the interaction of FAE cells with B
lymphocytes, some pathogenic bacteria, and luminal microbial
environment influence M-cell differentiation.1 FAE-derived
CCL20 attracts CCR6-positive B lymphocytes toward the FAE
and, in turn, the association with B cells in close proximity
facilitates M-cell differentiation in the FAE.15,16 We therefore
examined whether the arrest of M-cell maturation in the cecal
patches can be attributed to the downregulation of CCL20
(Supplementary Figure 9a). The distribution and expression
of CCL20 in the cecal FAE did not differ from those in the ileal
FAE. Moreover, RAG1-deficient mice17—which lack mature B
and T cells—showed equivalent proportions of GP2-high M
cells with control mice (50.76±11.87% in Rag1-KO mice and
59.73±12.19% in control C57BL/6 mice). These data suggest
that the association of B cells with FAE is not a cause of
the arrest of M-cell maturation. When we measured the
proportion of GP2-positive cells in germ-free mice, their
populations were also identical with those of conventional mice

Figure 1 Glycoprotein 2 (GP2) expression defines two microfold (M)-cell subsets. (a) A confocal image of a whole-mount immunostaining of the isolated
follicle-associated epithelium (FAE) monolayer from an ileal Peyer’s patch of a BALB/c mouse for Tnfaip2 (green) and GP2 (magenta). (b) An enlarged
view of the squared area in a. (c) Histograms of fluorescence intensity obtained from the confocal images. The x axis represents fluorescence intensity in
arbitrary units on a log10 scale and the y axis is the number of cells found at each fluorescence level (normalized to mode). Red lines represent cells
stained with either the anti-Tnfaip2 or GP2 antibody. Gray lines show background fluorescence intensities obtained from control experiments without
primary antibodies. (d) Scatter plot of the fluorescence intensities of Tnfaip2 versus GP2, where each dot represents a single cell. The capital N indicates
the number of analyzed cells. The proportions of cells within the indicated boxed areas were calculated by FlowJo software as described in Methods. Bars
¼ 200 mm (a) and 50 mm (b).
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(Supplementary Table 3). Notwithstanding the fact that some
pathogenic bacteria could induce the transition of enterocytes
to M cells,18 commensal microorganisms appear to contribute
little to induction of M-cell differentiation.

RANKL-RANK signaling is necessary but insufficient for
maturation into GP2-high M cells

RANKL-RANK signaling is indispensable for the initiation of
M-cell differentiation in Peyer’s patches.13 We therefore
investigated expressions of RANKL and RANK in the cecal
patches. Immunohistochemical analysis showed that sube-
pithelial stromal cells intensely expressed RANKL in the cecal
patches and RANK was expressed throughout the cecal
epithelium (Supplementary Figure 9b). The distributions
of these molecules were essentially identical to those in Peyer’s
patches.13 Exogenouse RANKL has been used to induce ectopic
M cells experimentally in the villus region.11,13 We also
confirmed that administrations of the GST-RANKL fusion
protein markedly increased the proportion of GP2-high cells in
the ileal FAE. However, the GST-RANKL treatment failed to
increase the proportion of GP2-high M cells in cecal FAE
(Figure 5a,b). Of note, immature (GP2� /low Tnfaip2þ ) M cells
were augmented by this treatment as observed in Peyer’s
patches (Figure 5a,c). Likewise, exogenous GST-RANKL
treatment ectopically induced GP2-high M cells in the

conventional epithelium of the ileum but not in the cecum
of C57BL/6 mice, where most M cells were of the immature type
(Figure 5d). Our quantitative PCR analysis further confirmed
that the administration of GST-RANKL upregulated the
expressions of Spib and Tnfaip2, but not Gp2, in the cecal
epithelium of C57BL/6 mice (Figure 5e). The induction of Gp2
expression in the cecal epithelium was detectable in BALB/c
mice but was also suppressed as compared with that in the ileal
epithelium. These findings illustrated that the RANKL-RANK
signaling is necessary for a lineage commitment to M cells but is
insufficient for full maturation into GP2-high M cells in the
cecal patches.

Lower RelB activity contributes to the inhibition of M-cell
maturation in the cecal FAE

RelB, a member of the nuclear factor-kB (NF-kB) family, is
essential for the RANKL-induced cellular differentiation of
osteoclasts.19 RelB is retained in the cytoplasm as latent inactive
form, until it is activated and rapidly transported into the
nucleus.20 We examined the RelB activity during M-cell differ-
entiation in ectopic RANKL-induced M cells (Figure 6a).
Nuclear translocation of RelB could be confirmed 1 day after
RANKL administration in both ileal and cecal epithelium, and
the amount of nuclear RelB was lower in the cecal epithelium
than in the ileal one. On the other hand, we failed to find any

Figure 2 GP2high microfold (M) cells have a high uptake capacity of luminal latex beads. (a) Confocal images of whole-mount immunostaining of the ileal
follicle-associated epithelium (FAE) for Tnfaip2 (green) and Glycoprotein 2 (GP2; cyan). Latex beads (magenta) were injected into the ligated intestinal
loop of a BALB/c mouse as described in Methods. (b) High magnification image of M cells taking up latex beads (upper panels) and a sliced image (lower
panels) reconstructed from consecutive confocal microscope images. (c) Scatter plots of the fluorescence intensities of Tnfaip2 versus GP2 (the upper
panel). The lower panel shows histograms of the fluorescence intensity of latex beads in GP2high (red line) or GP2� /low (blue line) M cells within the
indicated boxed areas of the scatter plot. Bars ¼ 20mm (a) and 10mm (b).
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change in the amount of nuclear RelA/p65 after RANKL admi-
nistration, which is another member of the NF-kB family.20

The decrease in RelB nuclear translocation in the cecum raised a
possibility that RelB activity may be associated with full
maturation and/or development of M cells. To examine this
possibility, we used alymphoplasia (aly/aly) mice that have a
point mutation in Map3k14 gene causing loss of function of the
NF-kB-inducing kinase,21 and accordingly RelB failed to move
into the nuclei.19 As the aly/aly mice lack secondary lymphoid
organs—including Peyer’s patches22—we carried out our
analysis by ectopic induction of M cells in intestinal epithelium
after GST-RANKL administration (Figure 6b). The result was
that both GP2high and GP2� /low M cells were not induced in
aly/aly mice, indicating that RelB nuclear translocation is
essential for the formation of M cells.

To clarify the role of RelB on the regional differences in
M-cell maturation, we performed whole-mount immunohis-
tochemistry using anti-Spi-B antibodies followed by Hoechst

33342 to detect the nuclei (Figure 7). The proportion of cells
expressing nuclear RelB was significantly smaller in cecal FAE
than in ileal FAE, regardless of mouse strains (Figure 8a,c).
Moreover, RelB-positive M-cell populations were significantly
lower in cecal patches than in Peyer’s patches (Figure 8b,c).
This was particularly evident in the C57BL/6 mice (Figure 8c);
the RelB-positive M-cell population occupied 93.1±1.7% of M
cells in the ileal FAE of C57BL/6 mice, while this population
accounted for only 42.5±1.3% in the cecal FAE (Po0.001).
RelB-positive cells were found in the crypt and RelB-negative
cells appeared in the FAE (Figure 7b), indicating that RelB
activity is maintained at the initiation of their differentiation
and then downregulated in the cecal FAE of C57BL/6 mice.

DISCUSSION

In this study, we newly identified two distinct M-cell subsets on
the basis of the expression level of GP2, namely, GP2high

and GP2� /low M cells. These subsets not only possessed the

Figure 3 Spib is expressed in the earliest stage of microfold (M)-cell differentiation and shared by Gp2high and Gp2� /low M cells. (a) Three-color
fluorescence in situ hybridization (FISH) image of the ileal follicle-associated epithelium (FAE) from a BALB/c mouse with oligonucleotide probes for Spib,
Tnfaip2, and Gp2. Each indicated channel is shown separately in the gray scale. DIC, differential interference contrast. (b) Scatter plots comparing signal
intensities of Gp2 and Tnfaip2. (c) The histogram of the fluorescence intensity of Spib in Gp2high (red) or Gp2� /low (blue) M cells within the indicated boxed
areas of the scatter plot. A gray line shows background fluorescence intensities obtained from control experiments without specific oligonucleotide
probes. Bars¼ 100 mm (a).
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U. europaeus agglutinin I-labeling property as well as similar
expression levels of other M-cell signature genes including Spi-
B, but also shared morphological features characteristic for M
cells. Nevertheless, the GP2-high subset had a higher capacity
for taking up luminal microbeads, indicating that this subset
comprises functionally mature M cells. The molecular mechan-
isms of M cell differentiation and maturation are still largely
unknown. Spi-B has been well documented as an essential
transcription factor for regulating the differentiation of

immature M cells into functionally mature M cells in Peyer’s
patches.1,10–12,16 That said, our data challenged this idea
because fully matured M cells were not generated in the cecum,
even in the presence of Spi-B. Recent transcriptome analyses
have revealed that several M-cell-specific genes including Gp2,
Tnfaip2, and Ccl9 were downregulated in Spi-B knockout
mice.11 However, the expression of other M-cell-specific genes
including Pgryrp1 and Anxa5 was not affected by the lack of
Spi-B,12 and the forced expression of Spi-B in an in vitro
organoid culture was insufficient to induce M-cell differentia-
tion.10 Taking our data and the previous studies into account,
we consider that Spi-B is essential for the initiation of M-cell
differentiation and, in addition to Spi-B, other regulator(s) may
be required for controlling the definite differentiation into the
mature GP2-high M cells.

Exogenous RANKL administration into mice could induce
ectopic M-cell differentiation in intestinal epithelium.13 On this
occasion, we found that RelB was transported into the nucleus
in the conventional epithelium immediately after RANKL
administration. RelB is the non-canonical NF-kB transcription
factor essential for RANKL-mediated cellular differentiation in
several cell types.19,20 This transcription factor is originally
produced in the cytoplasm and, on activation, transported to
the nucleus where it transactivates target genes. The RelB
translocation is dependent on NF-kB-inducing kinase activ-
ity.19 It is well known that RelB-deficient mice and NF-kB-
inducing kinase mutant (aly/aly) mice in which RelB failed to
move into the nuclei are devoid of secondary lymphoid organs,
including GALTs.22,23 By using aly/aly mutant mice with
ectopic induction of M cells after RANKL administration, we
demonstrated that the nuclear translocation of RelB is essential
for the M-cell differentiation. The quantitative image analysis
in C57BL/6 mice also demonstrated that in contrast to the ileal
M cells expressing nuclear RelB, a major population of cecal M
cells of C57BL/6 mice did not express nuclear RelB and
remained GP2-negative or low immature M cells. In the BALB/
c mice, maturation of M cells into GP2-high cells occurred with
much higher frequency. Correspondingly, the proportion of
RelB-positive M cells was higher in cecal patches of BALB/c
mice than those of C57BL/6 mice. That is, the RelB activity in M
cells was correlated with the degree of their maturation. Our
data suggest that RelB is required for the initiation of M-cell
differentiation and also is a key determinant of their maturation
by regulating the induction of some downstream genes.

Several groups have mentioned the different phases of M-cell
differentiation, as shown by their glycoconjugate profiles and
morphological features;24–26 however, they lack the evidence
that shows the relationship between the M-cell function and its
gene expression. Our study gives a new and more reliable way to
visualize their differentiation process using the M-cell-specific
molecular markers. In fact, by analyzing the proportion of GP2-
high M cells, we found that M-cell maturation level differs
among GALTs located at different regions as well as mouse
strains. Notably, GP2high M cells were scarce in the cecal
patches of C57BL/6 mice, while GP2� /low M cells were
predominant there, and uptake of luminal microbeads by cecal

Figure 4 Suppression of microfold (M)-cell maturation in cecal patches.
(a) Scatter plot summarizing the proportions of GP2high cells of gut-
associated lymphoid tissue (GALT) obtained from BALB/c (the upper
panel) and C57BL/6 (the lower panel) strains. The proportions were
calculated by using FlowJo software as shown in Figure 1. Each dot
represents individual follicle-associated epithelium (FAE) and horizontal
bars indicate median values. The results are based on three to six mice.
Colonic patches could not be detected in the colon of C57BL/6 mice.
***Po0.001; P-values were calculated by Dunnett’s test. (b and c) Scatter
plots of the fluorescence intensities of Tnfaip2 versus Glycoprotein 2
(GP2; the left panels). The right panels show histograms of the
fluorescence intensity of latex beads in GP2high (solid lines) or GP2� /high

(dashed lines) M cells within the indicated boxed areas of the scatter plot.
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M cells in C57BL/6 mice was hardly observed. In BALB/c mice,
the proportion of GP2high M cells in the cecal patches was
B50%, which was much higher than that of C57BL/6 mice

(B1%) but still lowest among the GALTs of BALB/c mice. The
induction of ectopic GP2high M cells by GST-RANKL treatment
was also suppressed in the cecal FAE of BALB/c mice. These

Figure 5 Administration of receptor activator of nuclear factor-kB ligand (RANKL) fails to induce the development of GP2high microfold (M) cells in the
cecum. (a) Whole-mount immunohistochemical images of Tnfaip2 and Glycoprotein 2 (GP2) in ileal and cecal follicle-associated epithelium (FAE). Left
panels are the FAEs from C57BL/6 mice administrated with glutathione S-transferase (GST; control) and right panels are those with GST-RANKL.
Administrations of GST or GST-RANKL were performed as described in Methods. (b and c) The left panels show scatter plots summarizing the
proportions of GP2high M cells (b). The right panels show scatter plots summarizing the frequency of Tnfaip2-positive M cells in individual FAE from the
indicated lymphoid organs (c). **Po0.05, ***Po0.001; P-values were calculated by Dunnett’s test. (d) Whole-mount immunohistochemical images of
Tnfaip2 and GP2 in conventional epithelia from the ileum and cecum of GST (control) or GST-RANKL-injected C57BL/6 mice. The ileal specimen is
composed of three villi and many crypts. (e) Quantitative PCR analysis of the expression of M-cell markers in conventional epithelia from the ileum and
cecum of GST (control) or GST-RANKL-injected mice. Results are normalized to Gapdh expression and are presented relative to the expression in ileal
epithelium from GST-treated mice. Data are representative of two independent experiments (error bars indicate s.d.). Bars¼ 20 mm (a) and 100 mm (d).
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data revealed that the M-cell maturation process is commonly
suppressed in the cecum in both strains. As mentioned above,
the suppression of M-cell differentiation was most likely due to
a decrease in the nuclear translocation of RelB. It is considered
that subepithelial lymphocytes and luminal bacteria have an
impact on the M-cell differentiation.1 Our study, however,
showed that the proportion of GP2high M cells is largely
unaltered in Rag1-deficient mice and germ-free mice. Thus, the
suppression of M-cell differentiation in cecal patches might be
controlled by cell intrinsic pathway, rather than due to the
extrinsic factors.

The present study demonstrated the regional differences in
M-cell maturation regulated by RelB activity. Cecal patches
have adequate ability to induce antigen-specific immunoglo-
bulin responses as with Peyer’s patches and generate IgA-
secreting cells migrating to the large intestine.27 Huge number
of commensal bacteria inhabit in the cecum, because the cecum
in the mouse is a major site for microbial fermentation. Given
that the M-cell-dependent antigen uptake initiates an antigen-
specific mucosal immune response, it is possible to speculate
that the attenuated M-cell maturation may prevent excess
antigen uptake and subsequent immune response, and there-
fore contribute to establish a mutualistic symbiosis with

commensal microbiota abundantly colonizing in the cecum
of mice. Further experimental evidence will be required to
determine this conclusively.

METHODS

Animals. Seven- to 12-week-old BALB/cCrSlc (BALB/c) and C57BL/
6NCrSlc (C57BL/6) mice were obtained from Japan SLC (Hamamatsu,
Japan) and maintained under conventional conditions. Seven-week-
old BALB/cCrSlc and C57BL/6NCrSlc germ-free mice were also
purchased from Japan SLC. RAG-1-null mice (C57BL/6 background)
were purchased from The Jackson Laboratory (Bar Harbor, ME).
Eight- to 10-week-old ALY/NscJcl-aly/aly and ALY/NscJcl-aly/þ
mice were purchased from CLEA Japan (Osaka, Japan). All animals
were treated according to the laboratory animal control guidelines of
Hokkaido University (Approval 13-0052), which conform to the
Guide for the Care and Use of Laboratory Animals of the US Institute
for Laboratory Animal Research.

Production of polyclonal antibody against Tnfaip2. A polyclonal
antibody was raised against amino acid residues 40–691 of mouse
Tnfaip2 (also known as M-Sec; NP_033422) in a rabbit. The poly-
peptides were expressed as glutathione S-transferase (GST) fusion
proteins in Escherichia coli strain BL21 (DE3) (Life Technologies,
Grand Island, NY) by addition of 0.1 mM isopropyl-b-D-thioga-
lactopyranoside for 16 h at 25 1C. The fusion protein was purified with
glutathione-Sepharose 4B (GE Healthcare, Waukesha, WI) and GST

Figure 6 RelB activity is essential for microfold (M)-cell differentiation. (a) Western blot analysis of nuclear factor-kB (NF-kB) proteins in the ileal and
cecal epithelium with sequential treatment with receptor activator of NF-kB ligand (RANKL). Epithelia were dissected at indicated days of the sequential
administration. Nuclear fractions were isolated and the obtained samples were subsequently subjected to western blotting for indicated proteins in figures
as described in Methods. Data are representative of two independent experiments. Optical densities were measured from scanned X-ray films
and normalized to densities of lamin A/C (right panels). (b) Whole-mount immunohistochemical images of Tnfaip2 and Glycoprotein 2 (GP2) in
ileal epithelia of ALY/NscJcl-aly/aly (aly/aly) or ALY/NscJcl-aly/þ (aly/þ ) mice injected with glutathione S-transferase (GST) or GST-RANKL.
Administrations of GST or GST-RANKL were performed as described in Methods. The aly/þ mice were used as controls. The ileal specimen is
composed of villi and many crypts. (c) Quantitative PCR analysis of the expression of M-cell markers. Results are normalized to Gapdh expression and
are presented relative to the expression in the ileal epithelium from GST-treated mice. Data are representative of four animals per group. Error bars
indicate s.d. Bars ¼ 50 mm (a).
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was removed by on-column cleavage with thrombin protease. Resulted
poypeptide was emulsified with Freund’s complete adjuvant
(Difco, Detroit, MI) and injected subcutaneously into female New
Zealand White rabbits six times every other week. Two weeks after the
sixth injection, affinity-purified antibodies were prepared using
antigen coupled to cyanogens bromide-activated Sepharose 4B (GE
Healthcare). The specificity of the antibody was confirmed by western
blotting and immunohistochemistry of tissues from Tnfaip2 knockout
mice.

Preparation of FAE and conventional epithelial monolayers. FAE
was isolated from mouse Peyer’s patches and cecal patches by
modifying the method described by Hase et al.8 Briefly, Peyer’s patches
and cecal patches were soaked in ice-cold Hank’s balanced salt solution
(Life Technologies) containing 30 mM EDTA and 5 mM dithiothreitol.
After incubation with gentle shaking for 20 min on ice, FAE mono-
layers containing both dome and crypt regions were carefully
separated from lymphoid follicles by manipulation with a fine needle
under stereomicroscopic monitoring. Conventional epithelial
monolayers were also isolated in the same manner from small pieces of
the ileum and cecum.

Immunohistochemistry. For whole-mount staining, the isolated
epithelium was fixed with 4% paraformaldehyde (PFA) in phosphate-
buffered saline (PBS) for 30 min. For conventional observation, frozen
sections 10 mm in thickness were mounted on poly-L-lysine-coated
glass slides, air-dried, and fixed with 4% PFA in PBS for 30 min. After
preincubation with 10% normal donkey serum for 1 h, the specimens
were incubated with primary antibodies (Supplementary Table 1) or
U. europaeus agglutinin I lectin (Vector Laboratories, Barlingame, CA)
in the presence of 0.2% saponin and 0.2% bovine serum albumin in
PBS overnight at 4 1C, followed by incubation with appropriate

secondary antibodies for 2 h at room temperature. For detecting
filamentous actin, we used fluorescently labeled phalloidin (Acti-Stain
670 diluted at 1:400, Cytoskeleton, Denver, CO) along with the
primary antibodies. For nuclear staining, we used 40, 6-diamidino-2-
phenylindole, dihydrochloride (DAPI), TOPRO-3, or Hoechst 33342
(Life Technologies) after incubation with the secondary antibodies.
The specimens were observed using a confocal laser microscope FV300
or FV1000 (Olympus, Tokyo, Japan) after mounting with SlowFade
Gold antifade reagent (Life Technologies).

For immunoelectron microscopy, PFA-fixed Peyer’s patches were
processed for the preembedding silver-intensified immunogold
method. Frozen sections were incubated with anti-Tnfaip2 and
subsequently reacted with goat anti-rabbit IgG covalently linked to
1.4 nm gold particles (BBinternational, Cardiff, UK). After silver
enhancement (HQ silver, Nanoprobes, Yaphank, NY), sections were
osmificated, dehydrated, and embedded in Quetol 812. Ultrathin
sections were prepared and stained with uranyl acetate and lead citrate
for observation under a transmission electron microscope (H-7100,
Hitachi, Tokyo, Japan).

Fluorescent in situ hybridization. FISH was performed using the
Quantigene View RNA ISH Cell Assay (Affymetrix, Santa Clara, CA)
with slight modifications in the fixation and the protease digestion
steps. Briefly, isolated epithelium was fixed in a solution containing 4%
PFA and 0.5% glutaraldehyde in PBS for 3 h on ice and then transferred
to 4% PFA in PBS, followed by overnight incubation at 4 1C. After three
washing with 50 mM glycine in PBS, the specimens were pretreated
with a detergent solution (Affymetrix) for 10 min and then protease QS
(dilution 1:400 in PBS; Affymetrix) or 0.1 mg ml� 1 proteinase K in
PBS (Kanto Chemical, Tokyo, Japan) for 10 min at room temperature.
The following processes were in accordance with the manufacturer’s

Figure 7 Nuclear translocation of RelB disappearing from microfold (M) cells on cecal follicle-associated epithelium (FAE) of C57BL/6 mice. (a and b)
Single confocal planes of the ileal (a) and the cecal FAE, and crypt (b) of C57BL/6 mice. FAE monolayers were stained with anti-RelB, anti-Spi-B
antibodies, phalloidin, and Hoechst 33342 as the indicated colors. Phalloidin staining visualizes cell borders by the detection of actin filaments.
Arrowheads indicate examples of Spi-B-positive RelB-negative cells. Bars ¼ 20mm (a).
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protocol. Specific oligonucleotide probe sets against Gp2 (catalog
number VB6-13947), Tnfaip2 (VB4-13531), Spib (VB1-13735 and
VB4-13734), Pglyrp1 (VB1-14469), Anxa5 (VB1-13956), and Ccl9
(VB1-13952) were purchased from Affymetryx.

Ligated intestinal loop assay. To prepare ligated intestinal loops,
the mice were anesthetized using a halothane vaporizer. Aliquots of
1� 1011 fluorescent polystyrene latex beads (20 nm diameter; Life
Technologies) were injected into the ligated intestinal loop as
described previously.4 The mice were euthanized 30 min after the
injection and FAE monolayers were isolated as described above.

Image analysis. Confocal images were acquired in the photon
counting mode of a FV1000 confocal microscopy system with FV10-
ASW software (Olympus). To calculate the population of GP2-high
cells, we selected the region of M cells by setting a threshold of signal
intensities for GP2 and/or Tnfaip2, and then calculated mean
fluorescence intensities within these regions by using ImageJ soft-
ware.28 Obtained values were plotted by Microsoft Excel software or
saved as converted from a comma-separated values format to a flow
cytometry standard format using a CsvToFcs module of GenePattern
software.29 The flow cytometry standard files were opened and
analyzed by FlowJo software (TreeStar, Ashland, OR). In the case of
Figure 6, we selected the region of the nuclei by setting threshold of
signal intensities for Hoechst 33342 and measured the nuclear
fluorescence intensities of Spi-B and RelB.

Pulse-chase experiments. Mice were administered with EdU
(5 mg kg� 1 of body weight) by intraperitoneal injection. EdU
detection was carried out using the Click-iT EdU AlexaFluor488
imaging kit (Life Technologies) according to the manufacturer’s
protocol.

RANKL administration. The primers 50-CACCCCCGGGCAGCGC
TTCTCAGGAGCT-30 and 50-GAGACTCGAGTCAGTCTATGTCC
TGAAC-30 (Sigma Genosys, Woodlands, Texas) were used for a PCR
to amplify a cDNA clone of RANKL. The PCR fragment was subcloned
into the pGEX-4T-2 vector (GE Healthcare) after digestion by SmaI
and XhoI. The construct was transformed into the BL21 E. coli strain
for GST fusion protein expression. The culture was induced with
0.1 mM isopropyl b-D-1-thiogalactopyranoside for 16 h at 20 1C and
the GST-RANKL was purified from bacterial lysate by affinity
chromatography on a Glutathione-Sepharose 4B (GE Healthcare)
followed by dialysis against multiple changes of PBS. Recombinant
GST used as a control was prepared by the same method using an
empty pGEX-4T-2 vector. Purified protein was administered to mice
by intraperitoneal injections of 250 mg per day for 3 days, according to a
previous report with minor modification.13 After 24 h from the last
administration, the mice were killed and subjected to the following
assays.

Quantitative reverse transcriptase PCR. Total RNA was prepared
using TRIzol (Life Technologies) from isolated epithelium from mice
injected with GST or GST-RANKL. First-strand cDNA synthesis was
completed using ReverTra Ace (TOYOBO, Osaka, Japan). Quanti-
tative PCR reactions were conducted in Rotor Gene 6000 equipment
(Qiagen, Hilden, Germany) using KAPA SYBR Green Fast PCR kit
(KAPA Biosystems, Woburn, MA). The specific primers used are
shown in Supplementary Table 2.

Western blotting. The small pieces of isolated epithelial sheets (about
30 mm length) from GST-RANKL-injected mice intestine were
washed with ice-cold Hank’s balanced salt solution and suspended in
0.5 ml of lysis buffer (10 mM Hepes-NaOH pH7.9, 1.5 mM MgCl2,
10 mM KCl, 0.1 mM EDTA, 1 mM dithiothreitol, 0.1% NP-40, protease
inhibitor cocktails (Roche, Mannheim, Germany)). The epithelial
sheets were allowed to swell on ice for 15 min and then vortexed
vigorously for 15 s. The homogenate was centrifuged at 850� g for
10 min. The supernatant (postnuclear extract) were added 6� SDS
sample buffer and stored at � 30 1C. The resulted pellet was washed
with 0.5 ml lysis buffer and centrifuged with same condition, and then
re-suspended 50 ml in ice-cold nuclear extraction buffer (20 mM Hepes-
NaOH pH7.9, 1.5 mM MgCl2, 400 mM NaCl, 0.1 mM EDTA, 0.1% NP-
40, 10% glycerol, 10 mM dithiothreitol, protease inhibitor cocktail
(Roche)), and incubated on ice for 30 min with intermittent mixing.
Samples were centrifuged at 14,000� g for 30 min, and the super-
natant (nuclear extract) was added 6� SDS sample buffer and stored
at � 30 1C. Equal amounts of postnuclear and nuclear extract were
separated on 12% polyacrylamide gels and transferred to poly-
vinylidene fluoride membrane. Standard immunostaining was carried
out using ECL enhanced chemiluminescence technique (GE

Figure 8 Small numbers of mmicrofold (M) cells in the cecal follicle-
associated epithelium (FAE) express nuclear RelB. (a) Histograms of the
fluorescence intensity of nuclear RelB in the ileal FAE and the cecal FAE of
C57BL6/N mice. Nuclear fluorescence intensities were measured from
images of whole-mount immunohistochemistry with an antibody against
Spi-B and RelB as described in Methods. Black lines represent cells
stained with the anti-RelB antibody and gray lines represent cells stained
without the anti-RelB antibody. (b) Scatter plots of the fluorescence
intensities of RelB versus Spi-B. Over 8,000 cells were counted from more
than 10 whole-mount images of FAE from 3 C57BL/6 mice. The numbers
indicated in the scatter plots are the proportions of each boxed area to the
whole cells. Data are representative of three independent experiments.
(c) Scatter plots summarizing the proportions of RelB-positive cells in total
FAE cells (left) or in total M cells (Spi-B-positive cells) (right). ***Po0.001;
P-values were calculated by Dunnett’s test.
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Healthcare). The primary antibodies used for western blotting were
shown in Supplementary Table 1.

Statistical analysis. Differences between the two groups were
analyzed by Student’s t-test. Differences for multiple group com-
parisons were analyzed by a one-way analysis of variance followed by
Dunnett’s test. All statistical analyses were conducted using R software
(http://www.r-proj- ect.org/).

SUPPLEMENTARY MATERIAL is linked to the online version of the paper

at http://www.nature.com/mi
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