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Intestinal microfold (M) cells are an enigmatic lineage of intestinal epithelial cells that initiate
mucosal immune responses by uptake and transcytosis of luminal antigens. The mechanisms of
M-cell differentiation are poorly understood as the rarity of these cells has hampered analysis.
Exogenous RANKL administration can synchronously activate M-cell differentiation in mice.
Here we show the Ets transcription factor Spi-B was induced early during M-cell differentiation.
Absence of Spi-B silenced the expression of multiple M-cell markers and prevented the
differentiation of M cells in mice. Oral antigen-specific T cell activation was significantly
impaired in the intestine of Spib™~ mice. Our study demonstrates that intestinal M-cell lineage
commitment requires Spi-B as a candidate master regulator.

Introduction

The mucosal surface of the mammalian gut is continuously exposed to a variety of foreign
proteins and microorganisms, some of which are potentially harmful for the host. To protect
from these dangers, the intestinal mucosa has evolved specialized organized lymphoid
tissues. Gut-associated lymphoid tissue (GALT) including Peyer’s patches (PPs) and
isolated lymphoid follicles (ILFs) is the inductive site for intestinal immunity. Different
from other peripheral lymphoid tissues, GALT lacks afferent lymphatics, and directly
samples mucosal antigens across the epithelial barrier to initiate immune responses. This
task is accomplished by specialized epithelial cells within the follicle-associated epithelium
(FAE) covering the lymphoid follicles of GALT known as microfold (M) cells. M cells
possess a high capacity for phagocytosis and transcytosis; these functions allow the rapid
transport of antigens to underlying lymphoid tissues, especially antigen-presenting cells.
Antigens are then presented to T cells that support B cell activation, resulting ultimately in
the generation of IgA-producing plasma cells. Thus, M-cell-mediated antigen transport is an
important step in the initiation of mucosal immune responses!=3.

M cells display characteristic morphological features that set them apart from the other
intestinal epithelial cell subsets. They have shorter and irregular microvilli on their apical
surface, and a pocket-like basolateral invagination of the plasma membrane which houses
lymphocytes and antigen-presenting cells3. These morphological features enable recognition
of M cells by transmission or scanning electron microscopy. Although the functional and
morphological features of M cells were initially described nearly 40 years ago*®, many
basic questions concerning M-cell differentiation and function remain unsolved. Gene
expression profiling of M cells has been used as one approach in recent years to learn more
about M cells, and several M-cell-specific molecules were identified, including
glycoprotein-2 (GP2), Marcksl1, M-Sec, Sgne-1, Annexin V and CCL9 (refs 6-11). Among
them, GP2 mediates the uptake of FimH-expressing bacteria to initiate subsequent bacteria-
specific immune responses®.

M cells are a small subset of intestinal epithelial cells derived from the intestinal epithelial
stem cells213, Because of the restricted localization of M cells in the FAE, it has been
postulated that the immune cells in GALT are involved in M-cell differentiation. Among
them, the contribution of B cells in M-cell differentiation has been demonstrated in vivo and
in vitrol4-16, Besides the contribution of hematopoietic cells, mesenchymal cells in the
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subepithelial dome (SED) of PPs play an essential role in M-cell differentiation by
producing receptor activator of nuclear factor-xB ligand (RANKL), which is one of tumor
necrosis factor (TNF) superfamily cytokines!’. Indeed, RANKL-deficient mice show a
severe reduction of M cells, and exogenously administered recombinant RANKL restores
the number of M cells in these mice. Furthermore, RANKL treatment can induce ectopic
differentiation of the villous epithelium into M cells in wild-type micel8,

Multiple transcription factors are involved in the cell fate decisions that occur as intestinal
epithelial stem cells in the crypt differentiate into one of the recognized types of terminally
differentiated intestinal epithelial cells. Math1 (also known as Atoh1), which is repressed by
Notch effector Hes1, is essential for the commitment of epithelial progenitor cells into the
secretory lineage, including goblet, Paneth, enteroendocrine, and tuft cells®-20, Downstream
of Math1, the specification of the individual secretory cell lineages requires at least one
additional transcription factor; KLF4 is required for the maturation of goblet cells?!, Sox9
for Paneth cells?223, and neurogenin 3 for enteroendocrine cells?4. By analogy, M-cell
differentiation is hypothesized to require the regulation by one or more distinct transcription
factors, although their identity has yet to be determined.

In this study, we took advantage of the exogenous administration of recombinant RANKL as
a means of synchronously inducing M-cell differentiation throughout the small intestinal
epithelium?8 to identify genes induced during the process of M-cell differentiation. We
found that the transcript of the Ets family transcription factor Spi-B is highly upregulated at
an early stage of RANKL-induced M-cell differentiation, and is specifically expressed by
naturally occurring M cells in the FAE of PPs. Previously, Spi-B has only been shown to be
expressed in hematopoietic cells, such as B and T cells?® and plasmacytoid dendritic cells
(pDCs)25; therefore, this study is the first evidence that Spi-B is also expressed in non-
hematopoietic cells. We further demonstrate that Spi-B is a regulatory factor for the
differentiation of intestinal M cells.

Sequential induction of M-cell markers by RANKL

Systemic treatment of mice with RANKL was recently identified as a means of inducing
ectopic M-cell differentiation in the villous epithelium (VE) of the small intestinel8. Besides
the RANKL-induced M cells, a few intrinsic M cells have also been identified in the VE,
which are called villous M-like cells”27. Unlike the authentic M cells in the PP FAE, villous
M-like cells do not express M-cell markers GP2 and Marcksl1 (ref. 7).

To characterize the RANKL-induced M cells in detail, we first examined the kinetics of
expression of M-cell markers such as GP2, Marcksl1, CCL9, M-Sec, Sgne-1 and Annexin V
on these cells. We have previously demonstrated that CCL9 is highly expressed in the
FAE10 and here we confirmed the preferential expression of CCL9 in M cells by dual
staining with GP2 (Supplementary Fig. 1). All of these transcripts were upregulated in the
VE of distal ileum upon RANKL treatment (Fig. 1a and Supplementary Fig. 2), suggesting
that RANKL-induced ectopic M cells in the villi more closely resemble FAE M cells than
the rare naturally occurring villous M-like cells. Of note, the kinetics of expression of these
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M-cell markers after RANKL treatment were distinct; the expression of Marcksl1, CCL9
and GP2 peaked after 1, 2 and 3 days respectively, both at the mRNA (Fig. 1a) and the
protein levels (Fig. 1b). Furthermore, the localization of these M-cell markers moved from
the crypt zones towards the tips of the villi from days 1 to 3 after the RANKL treatment,
with Marcksl1 limited to the crypt-villus junction at day 1 and GP2 expression restricted to
the upper part of villi on day 3 (Fig. 1b). Considering that the position of cells along the
intestinal crypt-villus axis reflects their degree of maturation, these observations indicate
that Marcksl1 expression begins at an early stage of M-cell differentiation, whereas
expression of CCL9 and GP2 requires further maturation of the RANKL-induced M cells.

Since the induction of M-cell differentiation on small intestinal villi following exogenous
RANKL administration is a non-physiological pathway for intestinal M-cell induction, we
investigated whether naturally developing PP M cells acquire these markers in the same
order as observed during RANKL-induced differentiation. To this end, we followed the
ontogenic expression of these M-cell markers in the developing mouse PP FAE. It has been
reported that the PP FAE structure is clearly distinguishable from embryonic day 18.5
(E18.5)28, with morphologically mature M cells being first identified between 5 and 10 days
postpartum (P5-10)2°. Therefore, the first appearance of M cells should be detectable in this
period (E18.5 to P10). We found that Marcksl1 was already expressed on a subset of cells in
the FAE by E18.5, whereas CCL9 was first identified on P2 and individual GP2* cells were
not detected until P7 (Supplementary Fig. 3), suggesting that GP2 is only expressed on
mature M cells. On the basis of these findings, we propose that the process of M-cell
differentiation can be practically divided into a series of distinct stages defined by the
expression profile of M-cell markers, and that in vivo RANKL treatment is a powerful
experimental tool for tracing the individual steps of M-cell differentiation.

Preferential expression of Spi-B by intestinal M cells

Identification of M-cell lineage-specific transcription factors expressed early in M-cell
differentiation is a key to elucidating the molecular mechanisms of M-cell differentiation.
Whole-genome expression profiling of mouse VE showed that transcripts encoding Spi-B,
an Ets family transcription factor, were highly upregulated shortly after RANKL treatment
(Fig. 2a). Real-time PCR analysis confirmed that Spi-B mRNA was highly expressed in PP
FAE, but not in VE (Fig. 2b). In situ hybridization (ISH) analysis demonstrated that Spi-B
mRNA was localized to a subset of cells in the PP FAE that also bound UEA-I (Fig. 2d). At
the protein level, Spi-B was localized to the nuclei of GP2 positive M cells (Fig. 2e), thus
establishing the specific expression of Spi-B by M cells within the PP FAE.

ISH also demonstrated the distribution of Spi-B mRNA after RANKL treatment. Spi-B
mRNA was already observed in the crypt as early as 6 h after treatment. At 1 day Spi-B*
cells were concentrated in the transit amplifying cell compartment in the mid-crypt and
migrated further up the crypt-villus axis at later time points (Fig. 2c). Spi-B protein was
detected in the nuclei of crypt cells at 18 h after treatment (Fig. 2¢). In addition, Spi-B
mMRNA was observed in a subset of cells in the PP FAE of E18.5 mouse embryos (Fig. 2f).
The parallel upregulation of Spi-B transcript during both natural PP M-cell development in
ontogeny and following RANKL-induced M-cell differentiation in the VE suggests a pivotal
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role of Spi-B in the induction of intestinal M-cell differentiation. We also examined Spi-B
expression in various GALT besides PPs, such as ILFs, colonic patches and cecal patches,
and showed that M cells in these tissues also expressed Spi-B mRNA (Fig. 2f). To assess the
possibility that human M cells also express Spi-B, we examined the expression of Spi-B in
human PPs by ISH, and found that the human M cells in PPs also preferentially expressed
Spi-B mRNA (Supplementary Fig. 4).

To determine if Spi-B is required for normal M-cell differentiation, we examined Spib™/~
mice. Whole mount staining and immunohistochemistry of PPs demonstrated that GP2* or
CCL9* M cells were completely absent in the PP FAE of Spib~ mice (Figs. 3a,b). Real-
time PCR analysis also revealed a virtually complete loss of GP2, CCL9, M-Sec and Sgne-1
transcripts in these mice (Fig. 3c and Supplementary Fig. 5). The loss in the expression of
these M-cell markers in Spib™~ mice was also observed in RANKL-induced M-cell
differentiation (Fig. 4 and Supplementary Fig. 6). On the other hand, Marcksl1 and Annexin
V mRNA expression both in natural PP M cells and RANKL-induced M cells from Spib~/~
mice was maintained at an equivalent level to that from wild-type mice (Fig. 3c, 4b and
Supplementary Fig. 5, 6). Based on these observations, the expression of GP2, CCL9, M-
Sec and Sgne-1 in M cells is dependent on Spi-B, whereas Marcksl1 and Annexin V
expression is independent of Spi-B. Of note, there were cells expressing Marcksl1 (Fig. 3b)
and Annexin V (data not shown) near the apex of PP FAE from Spib~~ mice, indicating that
Spi-B is required for the expression of late markers of M-cell differentiation but dispensable
for the survival of the Marcksl1*Annexin V* cells, allowing them to migrate towards the top
of FAE before cell death.

Spi-B is critical for M-cell differentiation

In the PP FAE of Spib™~ mice, cells expressing only Marcksl1 and Annexin V were present
but lacked other M-cell markers that are normally acquired at later stages of differentiation.
Since GP2 is a functional antigen-uptake receptor on M cells® and is acquired at a late stage
of M-cell differentiation, this molecule is considered a marker for the terminally
differentiated, fully functional M cells. We therefore hypothesized that the residual
Marcksl1*Annexin V* cells in the PP FAE of Spib™~ mice are not functionally mature M
cells. To explore the possibility, we examined transcytotic activity, a critical function
provided by M cells enabling the rapid delivery of particulate luminal antigens across the
epithelial barrier. We employed oral administration of fluorescent nanoparticles, an
established assay for M-cell transcytosis3C, in Spib™'~ and wild-type mice. In the wild-type
mice, particles were abundantly observed in the SED area of PPs, whereas very few particles
were taken up into the PPs of Spib™~ mice (Figs. 5a,b).

We further investigated the loss of M-cell function in PPs of Spib™~ mice by examining
translocation of orally administered bacteria. The uptake of Salmonella enterica serovar
Typhimurium (S. Typhimurium) in PPs was prominently decreased in Spib™~ mice. This
result is consistent with the absence of GP2* M cells in Spib™~ mice because the uptake of
S. Typhimurium is significantly impaired in GP2-deficient miceS. In addition, PPs from
Spib™~ mice exhibited significant reduction in the bacterial load of Yersinia enterocolitica
(Y. enterocolitica) when they were orally administered (Supplementary Fig. 7), suggesting
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that GP2-independent bacterial uptake was also impaired in PPs of Spib™~ mice. Thus, the
residual Marcksl1*Annexin V* cells in Spib™~ mice are defective in their ability to take up
luminal antigens.

Consistent with the absence of transcytotic capability by the residual Marcksl1*Annexin V*
cells in Spib™~ mice, the ultrastructure of the FAE showed the absence of cells with typical
M-cell morphology. PP M cells exhibit unique morphological characteristics including
irregular and sparse microvilli, and a pocket-like invagination of the basolateral plasma
membrane®®. Scanning as well as transmission electron microscopy revealed that the FAE
of Spib™~ mice completely lacked cells with these morphological features (Fig. 5¢,d). In
contrast, no obvious defect was observed in the development of goblet, Paneth or
enteroendocrine cells in Spib™~ mice, indicating that Spi-B is not involved in the
differentiation of these secretory intestinal epithelial cell lineages (Supplementary Fig. 8).
Based on these observations, Spi-B has a crucial role in the differentiation of
morphologically and functionally mature M cells, and its role in cellular differentiation is
specific to M cells among the known types of intestinal epithelial cells.

Intrinsic Spi-B is required for M-cell differentiation

Within the hematopoietic system, Spi-B is known to be involved in B cell function and
development3L, In addition, it has been reported that B cells contribute to M-cell
differentiation4-16. On the basis of these studies, the possibility cannot be excluded that
absence of Spi-B in these immune cells, but not in M cells per se, is responsible for the
observed defects in M-cell differentiation. To address this issue, we prepared reciprocal
bone marrow (BM) chimeras using Spib™'~ and wild-type mice and characterized the
differentiation of M cells within the PP FAE. Transfer of wild-type BM cells into irradiated
Spib™~ mice failed to restore the expression of M-cell markers and the establishment of
normal M-cell morphology in the FAE, whereas the transfer of Spib™~ BM cells into wild-
type mice did not interfere with normal M-cell differentiation in the PP of wild-type
recipient mice (Fig. 6). Taken together, these data indicate that M-cell-intrinsic expression
of Spi-B is critical for the expression of M-cell-specific genes, CCL9, GP2, M-Sec and
Sgne-1, as well as the formation of M-cells with typical morphological features.

Impaired mucosal immune response in Spi-B-deficient mice

The defect of functionally mature M cells in Spib~'~ mice raises the possibility that Spi-B is
essential for the induction of adaptive immune responses initiated by M-cell antigen delivery
within the mucosal immune system. Since the expression of Spi-B in immune cells2:26
could affect the immune responses in Spi-B—deficient mice, we examined antigen-specific T
cell activation in PPs after oral infection with S. Typhimurium in the adoptive transfer model
using S. Typhimurium-specific SM1 TCR-transgenic T cells32:33, This is a well-established
model to analyze antigen-specific immune response in PPs and we have previously shown
the biological significance of M cells for efficient mucosal immune responses after oral
challenge with S. Typhimurium®. SM1 T cell-transferred Spib™~ or wild-type mice were
orally infected with S. Typhimurium, and PPs were harvested for the analysis of S.
Typhimurium-specific T-cell activation. SM1 T cells were detected in the PPs of uninfected
mice of both genotypes, indicating that the migration of transferred SM1 T cells into PPs
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occurred normally in the absence of Spi-B. SM1 T cells in the PPs of uninfected wild-type
mice displayed the naive phenotype with a low surface expression of the CD69 activation
marker, which increased markedly 24 h after oral infection with S. Typhimurium. On the
other hand, the induction of CD69 on SM1 T cells after infection was significantly impaired
in Spib~~ mice (Fig. 7).

The defect in T cell activation upon oral antigen challenge is not likely due to the impaired
antigen presentation because of absence of Spi-B in hematopoietic cells, since we observed
an equivalent systemic T cell activation against S. Typhimurium administered
intraperitoneally in SM1 T cell-transferred Spib™~ or wild-type mice (Supplementary Fig.
9). To further exclude effects attributable to the absence of Spi-B in hematopoietic cells, we
prepared BM chimeric mice by transferring wild-type bone marrow into wild-type and
Spib~/~ recipients. After reconstitution, BM chimeric wild-type or Spib~~ mice received
CFSE-labeled SM1 T cells and were subsequently orally infected with S. Typhimurium.
Three days after infection, we analyzed the proliferation of SM1 T cells in BM chimeric
mice. At this time point most SM1 T cells in wild-type marrow into wild-type chimeric
recipients had undergone one or more divisions. In contrast, SM1 T cells in wild-type
marrow into Spib™/~ chimeric recipients showed a muted proliferative response
(Supplementary Fig. 10). Taken together, these results confirmed that the M-cell-intrinsic
expression of Spi-B is critical for differentiation of M cells required for the host to initiate
an efficient antigen-specific mucosal immune response.

Discussion

We here report that Spi-B is a RANKL-induced transcription factor essential for the
differentiation of intestinal M cells. Identification of Spi-B as a candidate “master regulator”
of M-cell differentiation resolves a long-standing question about the genesis of M cells and
reveals a novel and completely unanticipated function for Spi-B. Furthermore, the lack of M
cells in Spi-B-deficient mice also provides a unique tool for elucidating physiological and
pathological functions of this enigmatic type of epithelial cell.

Spi-B is a member of the Ets family transcription factors34. Spi-B has been reported to play
arole in B-cell receptor signaling, antibody responses and germinal center formation3°, as
well as B-cell development31:36, In addition, Spi-B is required for development of human
plasmacytoid dendritic cells (pDCs)3”. In this study, we found that Spi-B was highly
expressed in both RANKL-induced and PP FAE M cells. This preferential expression of
Spi-B in intestinal M cells is the first demonstration that Spi-B is expressed in non-
hematopoietic cells. Furthermore, we demonstrated that Spib™~ mice completely lacked M
cells in PPs, providing evidence that M-cell differentiation is regulated by a specific
transcription factor as previously shown for most other intestinal epithelial cell lineages. In
addition, Spi-B expression in M cells was conserved in all mouse GALT tissues, as well as
M cells in human PPs, suggesting the essential role of Spi-B in M-cell differentiation.

Multiple Ets transcription factors besides Spi-B are expressed in epithelial cells of the small
intestine. However, identifying the function of individual Ets transcription factors in these
cells has been challenging, in part due to the potential for compensatory activity by other co-
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expressed Ets factors in the absence of a single Ets transcription factor38, Although nearly
two-thirds of all Ets transcription factors have been genetically inactivated in mice, genetic
absence of just two of these factors has been reported to confer an intestinal phenotype.
EIf3~/~ mice exhibit abnormal morphogenesis of villi and terminal differentiation of
enterocytes and goblet cells3?. In contrast, homozygous deletion of Spdef impairs the full
maturation of both goblet cells and Paneth cells?C. The indispensable role of Spi-B in M-cell
differentiation indicates that any other Ets transcription factors expressed in M cells are
unable to substitute for Spi-B in orchestrating M-cell differentiation.

The relationship between the expression pattern of M-cell markers and the lack of M-cells in
Spib™~ mice has greatly improved our understanding of M-cell differentiation. The FAE in
Spib™~ mice lacks several M-cell-associated markers including GP2, CCL9, M-Sec and
Sgne-1, indicating that these genes are all located downstream of Spi-B expression in M-cell
differentiation. GP2 is thought to be a marker of terminally differentiated, functional M
cells, because of its role in the uptake of pathogenic and commensal bacteria®. In contrast to
the dependence on Spi-B for expression of most M-cell-associated markers and full
functional maturation of M cells, we found that Marcksl1 and Annexin V expression were
not diminished in Spib™~ mice in either cells from the PP FAE or the VE after RANKL
treatment. These Marcksl1*Annexin V* cells in Spib™'~ mice lack not only GP2 expression
but also the ability to take up macromolecules, as well as typical M-cell morphologies such
as irregular microvilli and a pocket-like basolateral invagination. These observations suggest
that Spi-B is essential for the morphological and functional maturation of M cells, and the
genes expressed under the transcriptional control of Spi-B are involved in the maturation
and/or function of M cells. CCL9 is a chemokine involved in the recruitment of CD11b*
dendritic cells into the SED region in PPs*L. Its expression preceded GP2 expression in both
RANKL-induced and FAE M-cell differentiation. In addition, we found that Spi-B directly
bound the CCL9 promoter region in vitro (data not shown), raising the possibility of a
substantial role of CCL9 in M-cell maturation. CD11b* dendritic cells attracted to the SED
by CCL9 may provide signals that contribute to the terminal differentiation of M cells. M-
Sec is also dependent on Spi-B expression in RANKL-induced M-cell differentiation. M-
Sec has been shown to be involved in tunneling nanotube (TNT) formation!, indicating that
the appearance of the TNT structures observed in M cells is also a feature of fully mature M
cells.

Marcksl1 was one of the earliest M-cell markers to be expressed in response to RANKL
treatment and was predominantly expressed at the crypt-villus junction, but not by fully
differentiated villous enterocytes, shortly after treatment. This suggests that the cells in the
crypt, most likely undifferentiated transit amplifying cells, can respond to the activation of
RANKL signaling through RANK with induction of Marcksl1. Interestingly, the frequency
of Marcksl1*Annexin V* cells within the epithelium decreases at later time points after the
onset of RANKL treatment, and the remaining Marcksl1*Annexin V* cells start co-
expressing subsequent M-cell markers, such as CCL9 and GP2. Considering that Spi-B is
essential for the expression of CCL9, GP2, M-Sec and Sgne-1 in M cells, we hypothesize
that only the cells that achieve successful induction of Spi-B by RANKL fully commit to M-
cell differentiation, allowing them to maintain expression of Marcksl1 and Annexin V,
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progress through M-cell differentiation and express later stage markers characteristic of
mature M cells. In contrast, those cells that fail to express Spi-B do not sustain Marcksl1 and
Annexin V expression and instead eventually commit to differentiate into other types of
mature enterocytes. Lateral inhibition by committed M cells may be one mechanism
contributing to the suppression of Marcksl1 and Annexin V expression by the surrounding
cells, as observed in secretory lineage cells*2. This agrees with the observation that in
Spib™~ mice residual Marcksl1*Annexin V* cells reach the apex of the FAE, as well as the
villus tips in the case of RANKL treatment. The Spi-B-independent expression of Marcksl1
and Annexin V in the initial phase of RANKL-induced M-cell differentiation probably
indicates that these proteins may be markers for RANKL-responsive intestinal epithelial
cells.

In summary, our study demonstrates that Spi-B is an essential transcription factor that
regulates M-cell differentiation. The investigation of M-cell differentiation in Spib™~ mice
revealed a tight linkage between acquisition of Spi-B-dependent M-cell marker expression
and induction of fully functional M cells. In addition, a significant reduction was observed
in antigen-specific T-cell activation in Spib™~ mice, confirming the importance of M cells
for induction of adaptive immune responses in the intestinal GALT. Spi-B-deficient mice
serve as a unique tool for elucidating the physiological and pathological functions of M
cells.

BALB/c, C57BL/6J (CLEA), Spib™~ (C57BL/6J background; 1.S., Ts.K. et al. submitted for
publication), CD45.1 congenic (C57BL/6 background), and S. Typhimurium-specific SM1
TCR-transgenic Rag2~/~ C57BL/6 expressing CD90.1 (SM1-tg)32:33 mice were used for
experiments. All mice were maintained under specific pathogen-free conditions at the RCAI
Animal Facility. All animal experiments were approved by the Animal Research
Committees of RIKEN Yokohama Research Institute.

RANKL injections

The GST-RANKL fusion protein was prepared as described previouslyl®. The GST-
RANKL fusion protein was intraperitoneally administered to mice twice a day for up to 4
days.

Isolation of epithelium

For the preparation of villous epithelium, small pieces of the ileum at 35 cm from pylorus
were dissected from mice. For FAE, the epithelial layer was peeled off from lamina propria
of the small intestine of mice containing PPs, and the FAE regions were isolated from
surrounding villous epithelium. Detailed procedures for isolation of the epithelium were
described elsewhere8.
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Expression analyses

Total RNA samples of isolated intestinal epithelium were extracted by Trizol reagent
(Invitrogen), and reverse transcribed with ReverTra Ace (TOYOBO). The expression of M-
cell-marker genes was examined by real-time quantitative PCR with SYBRR Premix Ex
TagTM (TAKARA) and specific primers are summarized in Supplementary Table 2. Target
gene expression was normalized to that of Gapdh encoding glyceraldehyde 3-phosphate
dehydrogenase.

Microarray analysis

Histology

Extracted total RNA samples from isolated intestinal epithelium were used for microarray
analysis using GeneChip Mouse Gene 1.0 ST array (Affymetrix). All procedures were
performed according to the manufacturer’s instructions. Genes upregulated upon RANKL-
treatment were analyzed by GeneSpring software (Agilent Technologies).

For immunohistochemistry, small intestinal samples including PPs were fixed with Zinc
Formalin Fixative (Polysciences) and embedded in paraffin. Deparaffnized sections were
incubated with primary antibodies (Abs) overnight at 4 °C. Specific binding of primary Abs
were followed with biotinylated secondary Abs and streptavidin-HRP (ABC Elite; Vector
Laboratories), and visualized with 3,3-diamino-benzidine (DakoCytomation). For
immunofluorescent staining, we used fluorescent-labeled secondary Abs. The primary and
secondary Abs used are summarized in Supplementary Table 1. The immunostained sections
were examined by DM-IRE2 (Leica) confocal laser microscope. Obtained images were
edited by Photoshop CS software (Adobe). For observing the distribution of goblet cells,
small intestinal sections were stained with Alcian blue (Wako Pure Chemical Industries).

In situ hybridization (ISH)

For ISH, tissues were fixed with 4% paraformaldehyde (PFA) for 24 h and embedded into
paraffin. cDNA fragment for RNA probe of mouse Spi-B, M-Sec, Sgne-1 and Annexin V,
and human Spi-B and GP2 were amplified by PCR, and subcloned into pcDNA3 plasmid
vector (the primer sequences were summarized in Supplementary Table 3). Digoxigenin-
labeled antisense RNA probes were prepared by in vitro transcription with SP6 RNA
polymerase (Roche Applied Science), using pcDNA3 including subcloned sequences as
templates. All procedures of ISH were performed with a VENTANA DISCOVERY (Roche
Diagnostics). For dual staining with UEA-1 lectin, ISH sections were incubated with
rhodamine-labeled UEA-I (Vector Laboratories).

Human biopsy samples

Biopsy samples of human PPs were collected from healthy small intestinal tissues, and
treated for ISH. These studies were approved by the Committee on Human Subjects in
RIKEN and Chiba University.
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Whole mount staining

For whole mount staining, mouse PPs were fixed with a Cytofix/Cytoperm kit (BD
Biosciences). The specimens of PPs were stained with anti-GP2 mAb and Alexa 488-labeled
secondary Ab. For counterstaining, F-actin was stained with Alexa 647-conjugated
phalloidin (Invitrogen). Stained specimens were examined by confocal laser microscope.
The projection images of whole mount staining were edited with ImageJ v1.36b software
(http://rsb.info.nih.gov/ij/).

Electron microscopy

PPs were fixed with 4% PFA and 2% glutaraldehyde buffered with 100 mM sodium
cacodylate (pH 7.4), and post-fixed with 1% osmium tetroxide in 100 mM cacodylate buffer
(pH 7.4). For scanning electron microscopy, samples were dehydrated and substituted with
t-butyl alcohol. After freeze drying, samples were coated with platinum and examined by
scanning microscope (JSM-6360LV; Jeol). For transmission electron microscopy, the
dehydrated samples were embedded in Epon812 resin (Taab). Ultrathin sections were
stained with 4% uranyl acetate and then with lead citrate, and examined with a transmission
electron microscope (JEM-1011; Jeol, SU1510; Hitachi).

In vivo assessment of M-cell uptake of fluorescent beads

Mice were gavaged with 200-nm diameter green fluorescent polystyrene latex nanoparticles
(Fluoresbrite YG; Polysciences) (2 x 101! particles in 200 ul PBS). After 3 h PPs were
isolated from mice, and embedded in OCT compound. Frozen sections were stained with
anti-GP2 mAb as previously described®. Quantification of incorporated fluorescent beads
was performed as described in a previous report18.

Generation of bone marrow (BM) chimeric mice

BM cells were isolated from femora of wild-type (CD45.1) and Spib™/~ (CD45.2) mice and
injected intravenously (107 cells per mouse) into Spib™~ and wild-type mice, respectively.
Before injection, recipient mice were irradiated with 8 Gy of gamma rays. Eight to ten
weeks later, recipient mice were sacrificed. For the evaluation of chimerism, PPs were
immunostained with anti-CD45.1 or 45.2 Ab (BioLegend).

Adoptive transfer of SM1 T Cells

Cells from the spleen and mesenteric lymph node were harvested from SM1 transgenic
mice. The cell suspensions (3—4 x 108 SM1 T cells/200 ul) were injected intravenously into
recipient mice. For analyzing SM1 T cell proliferation in vivo, SM1 T cells were stained
with CFSE dye (Invitrogen) before the transfer.

Bacterial infection

Salmonella enterica serovar Typhimurium (S. Typhimurium) carrying a nalidixic acid
resistance gene (x3306) was a gift from H. Matsui43. SM1 T cell-transferred Spib~'~ and
wild-type mice were orally inoculated with S. Typhimurium x3306 (5 x 109 c.f.u) 24 h after
adoptive transfer. Twenty-four hours later, PPs were harvested for the analysis. In some
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experiments, additional groups of mice were infected i.p. with S. Typhimurium »3306 (10°
c.f.u) and the spleens harvested 24 h later.

CFU assay after oral infection

Spib™~ and wild-type mice were fed with 5 x 107 c.f.u. of S. Typhimurium 3306 or 108
c.f.u. of Y. enterocolitica WA (ATCC 27729)*. After 24 h, PPs were dissected and
incubated at 20°C in sterile PBS containing 500 pg/ml gentamicin for 30 min with gentle
shaking. The pooled PP tissue was weighed and homogenized in sterile PBS. The
homogenates were serially diluted in sterile PBS and plated on a Luria—Bertani agar plate
containing 25 pg/ml nalidixic acid (for S. Typhimurium) or a Yersinia-selective agar plate
(Oxoid) to determine colony-forming units.

Preparation of PP lymphocytes

PP lymphocytes were prepared as described previously®.

Flow cytometry

PP lymphocytes were preincubated with anti-CD16/CD32 mAb (eBioscience) in 2% FBS-
PBS for FcyR blocking, and stained with monoclonal Abs for CD antigens (Supplementary
Table 1). After staining, cells were analyzed with a FACS Canto 11 (BD Biosciences). Data
were analyzed with FlowJo software (TreeStar).

Statistical analysis

Data are shown as averages and standard deviations. We used Student’s t test, Mann-
Whitney U-test, and one-way ANOVA followed with Bonferroni post hoc test. P values <
0.05 were considered as statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Distinct expression patterns of M-cell markers in mouse villous epithelium after
RANKL-treatment

(a) The expression of M-cell markers in mouse intestinal epithelial cells after GST-RANKL
treatment was assessed by gPCR. RANKL injections were given twice a day for up to 4 days
followed by 2 days without further RANKL treatment. Intestinal epithelial cells were
isolated from the ileum at 1, 2, 3, 4 and 6 days after the initial RANKL treatment for g°PCR
analysis. Data represent fold change compared to the normalized value of expression of each
transcript in epithelial cells from untreated mice. All samples were normalized to the
expression level of GAPDH (n = 3). (b) Small intestinal tissues from RANKL-treated mice
were stained with antibodies for M-cell markers (Supplementary Table 1). All sections were
counterstained with DAPI. Scale bar: 20 um. Data are representative of three independent
experiments (error bars, s.d.)
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Figure 2. Preferential expression of Spi-B transcript in mouse M cells
(a) The kinetics of Spi-B expression after RANKL-treatment was assessed by gPCR. Data

represent fold change compared to the normalized value of expression of each transcript in
epithelial cells from untreated mice. (b) Spi-B mRNA expression was measured by gPCR in
villous epithelium (VE) and follicle-associated epithelium (FAE). Data represent fold
change compared to the normalized value of expression of each transcript in villous
epithelial cells. All samples were normalized to the expression level of GAPDH (h = 3). (c)
In situ hybridization (ISH) analysis of Spi-B mRNA in the small intestine from RANKL-
treated and untreated mice. Scale bar: 50 um. (d) The top panel shows ISH image of Spi-B
mRNA in a PP follicle. Scale bar: 100 um. Lower three panels show the high magnification
images of box in the top panel, after restaining of the section with UEA-I. Dotted lines
represent FAE. Arrows indicate the double positive cells with Spi-B and UEA-I. Asterisks
indicate goblet cells on adjacent villous epithelium, which are also positive for UEA-I. Scale
bar: 20 um. (e) Top panel shows immunostaining of Spi-B (red) in small intestine from
mouse after 18 hours after RANKL-treatment. Lower three panels show dual staining of
Spi-B (red) and GP2 (green). Arrows indicate Spi-B*GP2* cells. All sections were
counterstained with DAPI. Scale bar: 20 um. (f) ISH of Spi-B mRNA in a PP from 18.5 day
old wild-type mouse embryo is shown (top panel). Spi-B mRNA was also expressed in other
GALT, such as ILFs, colonic patches and cecal patches (lower three panels). Scale bar: 50
um. Data are representative of three independent experiments (error bars, s.d.).
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Figure 3. The expression of M cell-markers in Spi b~ mice
(a) Whole mount GP2 staining of PPs from Spib™~ and wild-type mice was performed. GP2

was visualized with Alexa 488 anti-rat IgG (green). F-actin was stained with Alexa 647
Phalloidin (blue). Dotted lines depict the position of FAE. Scale bar: 80 pm. (b) Expression
of CCL9 and Marcksl1 in mouse FAE was analyzed by immunohistochemistry. Scale bar:
50 pm. (c) Comparison of M-cell marker expression in FAE and VE between wild-type and
Spib™~ mice by qPCR analysis. Data represent fold change compared to the normalized
value of expression of each transcript in villous epithelial cells from wild-type mice. All
samples were normalized to the expression level of GAPDH. Data are representative of
three independent experiments (error bars, s.d.). *, P<0.01.
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Figure 4. RANKL-induced M-cell differentiation in Spib'/' mice

WT  Spib*

(a) Small intestines were dissected from wild-type and Spib™~ mice after 3 days of
RANKL-treatment, and subjected to immunohistochemistry. The upper three panels show
the immunostaining of M-cell markers GP2, CCL9 and Marcksl1 in wild-type mice, and the
lower three panels show those in Spib™~ mice. Scale bar: 50 um. (b) Quantitative analysis of
M-cell marker expression by qPCR. Data represent fold change compared to the normalized
value of expression of each transcript in villous epithelial cells from untreated wild-type
mice. All samples were normalized to the expression level of GAPDH. Data are

representative of two independent experiments (error bars, s.d.).
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Figure 5. Disappearance of functional M cells in Spib‘/' mice
(a) Green fluorescent 200 nm diameter nanoparticles were orally administered to the mice.

Three hours later, the distal three PPs were isolated, embedded into OCT-compound, and the
sections were stained with DAPI (blue). GP2 was visualized with Dylight549-labeled
secondary Ab (red). Dotted lines depict the position of FAE. Scale bar: 10 um. (b) The
number of nanoparticles was counted in 20 serial sections per PP, and were represented in
lower graph. Statistical analysis was performed by Student’s t-test (n = 9, P = 0.0269). (c)
SEM images of PPs from wild-type mice (upper panels) and Spib~~ mice (lower panels) are
shown. Left panels show low magnification images, with the boxed areas shown at higher
magnification in right panels. Scale bar = 20 ym. (d) TEM images of PPs from wild-type
mice (upper) and Spib~'~ mice (lower) are shown. Scale bar: 5 pm. Arrows in (c) and (d)
indicate typical M cells, with sparse and irregular microvilli and basolateral pocket-like
structure. Data are representative of two independent experiments (error bars, s.d.)
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Figure 6. The maturation of M cells in Spi b/~ bone marrow chimeric mice
(a) Bone marrow (BM) cells from wild-type (CD45.1) mice were transferred into irradiated

Spib™~ (CD45.2) mice (WT — Spib™", left column), or vice versa (Spib™~— WT, right
column). Eight weeks after the transfer, PPs were immunostained with M-cell markers: GP2,
CCL9, and Marcksl1, as described in the Experimental Procedures. Scale bar: 50 pm. (b)
SEM images of PPs from BM chimeric Spib™'~ mice (WT — Spib~~, left column) and BM
chimeric wild-type mice (Spib™~— WT, right column) are shown. Lower panels show
enlarged images of squares in upper panels. Scale bar = 20 um (upper), 6 um (lower). Data
are representative of two independent experiments.
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Figure 7. Defect in Salmonella-specific T-cell activation in Spib'/' mice
(a) Wild-type or Spib™~ mice were adoptively transferred with SM1 T cells, and orally

inoculated with S. Typhimurium at 24 hours after transfer. Left panels depict dot plots of
CD90.1 and CD4 expression on PP cells from uninfected (Transfer only) and infected
(Infected) mice at 24 hours after infection. Rectangles in the left panels indicate the gate for
CD90.1* SM1 cells. Figures under the rectangles are the percentage of the gated cells in the
total cells. Right panels depict contour plots of CD4 and CD69 expression on the cells in the
gate of the left panels. Rectangles in the right panels indicate the CD69" activated cells
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among the gated SM1 cells. Figures are the percentage of the gated cells among all SM1
cells. (b) Plot shows CDG69 activation data from four independent experiments. Error bar
indicates s.d. *, P<0.01.
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