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Sox8 is essential for M cell maturation to accelerate
IgA response at the early stage after weaning in mice

Shunsuke Kimura*@®, Nobuhide Kobayashi?*, Yutaka Nakamura?, Takashi Kanaya>*, Daisuke Takahashi?®, Ryoji Fuijiki®, Mami Mutoh®, Yuuki Obata?,
Toshihiko Iwanaga?, Tomoo Nakagawa’, Naoya Kato’, Shintaro Sato®®, Tsuneyasu Kaisho®, Hiroshi Ohno3*@®, and Koji Hase?®

Microfold (M) cells residing in the follicle-associated epithelium (FAE) of the gut-associated lymphoid tissue are specialized

for antigen uptake to initiate mucosal immune responses. The molecular machinery and biological significance of M cell
differentiation, however, remain to be fully elucidated. Here, we demonstrate that Sox8, a member of the SRY-related HMG
box transcription factor family, is specifically expressed by M cells in the intestinal epithelium. The expression of Sox8
requires activation of RANKL-RelB signaling. Chromatin immunoprecipitation and luciferase assays revealed that Sox8 directly
binds the promoter region of Gp2 to increase Gp2 expression, which is the hallmark of functionally mature M cells.
Furthermore, genetic deletion of Sox8 causes a marked decrease in the number of mature M cells, resulting in reduced antigen
uptake in Peyer’s patches. Consequently, juvenile Sox8-deficient mice showed attenuated germinal center reactions and
antigen-specific IgA responses. These findings indicate that Sox8 plays an essential role in the development of M cells to

establish mucosal immune responses.

Introduction

The mucosal surface of the intestinal tract is constantly exposed
to antigens consumed with food, potentially harmful foreign
pathogens, and antigens derived from symbiotic bacteria. The
gut-associated lymphoid tissue (GALT) is an inductive site for
mucosal immune responses against these mucosal antigens and
thereby contributes to immunosurveillance on the mucosal
surface. The dome-shaped follicle-associated epithelium (FAE)
covering the luminal surface of GALT is characterized by the
presence of microfold or membranous epithelial cells, termed M
cells (Owen, 1999; Mabbott et al., 2013). M cells actively trans-
port macromolecules and microorganisms from the intestinal
lumen into the subepithelial region via a transepithelial path-
way; this process is known as antigen transcytosis (Bockman
and Cooper, 1973; Owen, 1977; Neutra et al., 1987). The luminal
antigens are transferred by M cells to immature dendritic cells
(DCs) that accumulate at the subepithelial dome region; subse-
quently, the immature DCs undergo maturation and, in turn,
activate antigen-specific naive T cells. Thus, M cell-dependent
antigen transcytosis may play a key role in the induction of

mucosal immune responses to certain antigens. Indeed, we have
previously shown that the absence of M cells or their antigen
uptake receptor glycoprotein 2 (GP2) attenuates antigen-specific
T cell responses in mice orally infected with Salmonella enterica
serovar Typhimurium due to a decrease in bacterial uptake to
Peyer’s patches (PPs; Hase et al., 2009a; Kanaya et al.,, 2012).
Analogously, dysfunction of transcytosis due to the absence of
Aifl reduces the uptake of Yersinia enterocolitica in PPs
(Kishikawa et al., 2017). These defects in M cell-dependent an-
tigen uptake have been shown to eventually diminish the pro-
duction of antigen-specific secretory IgA (S-IgA) in the gut (Hase
et al., 2009a; Rios et al., 2016; Kishikawa et al., 2017). These
observations demonstrate that M cells play a critical role in the
onset of mucosal immune responses.

M cells are derived from intestinal stem cells upon stimula-
tion by the receptor activator of NF-«B ligand (RANKL; Knoop
et al., 2009; de Lau et al., 2012). The stem/progenitor cells re-
siding at the FAE-associated crypts are continuously exposed to
RANKL secreted from specialized stromal cells termed M cell
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inducer (MCi) cells (Nagashima et al., 2017). RANKL binds to its
receptor RANK on intestinal stem/progenitor cells to activate
TRAF6, an intracellular adaptor molecule of RANK, leading to
activation of both canonical and noncanonical NF-kB signaling
pathways (Walsh and Choi, 2014). The canonical NF-kB pathway
mainly mediates the activation of the p50/RelA heterodimer,
whereas the noncanonical pathway mediates p52/RelB activa-
tion (Shih et al., 2011). We previously demonstrated that p50/
RelA is essential for M cell lineage commitment as well as for
FAE formation (Kanaya et al., 2018). Furthermore, the non-
canonical NF-«B signaling molecule, p52/RelB, up-regulates Spi-
B, which is an Ets family transcription factor essential for the
differentiation of M cells (de Lau et al., 2012; Kanaya et al., 2012;
Sato et al., 2013). Newly generated Spi-B* M cells lack GP2 ex-
pression and exhibit an immature phenotype. These cells ter-
minally differentiate into functionally mature Spi-B*GP2high M
cells during migration from the FAE-associated crypts into the
dome region (Kimura et al., 2015). The expression of Spi-B and
both NF-«B transcription factors, p50/RelA and p52/RelB, is
necessary, but not sufficient, for complete M cell differentiation,
especially in terms of the expression of Gp2 (de Lau et al., 2012;
Kanaya et al., 2012, 2018; Sato et al., 2013); therefore, the mo-
lecular machinery involved in the M cell maturation process
remains incompletely understood. This raises the possibility
that additional factors activated by the RANKL-RANK pathway
are required to induce full maturation of M cells.

Here, we identify Sox8 as an additional regulator essential for
the differentiation of M cells. Sox8 was specifically expressed in
Spi-B* M cells; this expression was intact even in the absence of
Spi-B and dependent on RANKL/RANK-RelB signaling. Sox8
plays a nonredundant role in M cell differentiation by enhancing
promoter activity of Gp2. Notably, Sox8 deficiency mitigated
antigen sampling and germinal center (GC) reaction in PPs. As a
result, IgA* B cells in PPs as well as commensal-specific S-IgA in
feces were significantly decreased in Sox8-deficient mice com-
pared with that in control littermates. These observations
demonstrate that Sox8 is a novel player essential for the dif-
ferentiation of M cells and antigen-specific IgA response in
the gut.

Results

Sox8 is expressed in M cells via RANKL signaling

To identify the transcription factors that potentially regulate the
development and functionality of M cells, we analyzed three
different transcriptome datasets profiling murine M cell-
specific gene candidates (Hase et al., 2005; de Lau et al., 2012;
Kanaya et al., 2012). Sox8, which encodes a member of the SRY-
related HMG-box family of transcription factors, was one of the
genes enriched in the M-cell fraction in all three datasets. The
present quantitative PCR (qPCR) analysis confirmed that Sox8 is
exclusively expressed in the murine FAE but not in the villus
epithelium (VE; Fig. 1 A). Intraperitoneal administration of re-
combinant glutathione S-transferase-RANKL (GST-RANKL) in-
duces the expression of FAE/M cell-associated genes in the VE,
resulting in the formation of ectopic M cells (Knoop et al., 2009).
Likewise, Sox8 expression was greatly up-regulated in VE upon
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Figure 1. Sox8 is a transcription factor whose expression in M cells is
mediated by RANKL. (A) qPCR analysis of Sox8 in the FAE of PPs and VE.
Results are presented relative to the expression of Actb. Values are
presented as the mean + SD (Student’s t test; n = 4; **, P < 0.01). (B)
qPCR analysis of the VE from GST-RANKL-treated or GST-treated mice.
Results are presented relative to the expression of Actb. Values are
presented as the mean + SD (Student’s t test; n = 3; **, P < 0.01). Data
are representative of two independent experiments (A and B). (C) Im-
munofluorescence of the FAE of murine PPs for Sox8 (green) and
Tnfaip2 (red). The right panelis an enlarged view of the left panel. Bars,
100 pm (left); 50 pum (right). (D) Immunohistochemistry for Spi-B (red)
and Sox8 (green) of human biopsy samples of PP collected from healthy
small intestinal tissues. Bars, 20 pm. C and D show representative
images from at least two independent experiments, respectively. (E)
Expression of mouse Sox8 was analyzed using the RefDIC microarray
database. Detailed conditions of cell preparation and treatment are
available on the RefDIC web site. DIC, differential interference contrast;
IEL, intraepithelial lymphocyte; NK, natural killer cell; NKT, natural
killer T cell.
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treatment with GST-RANKL (Fig. 1 B). Immunofluorescence
analysis of murine PPs also revealed that Sox8 is localized in the
nuclei of FAE cells expressing Tnfaip2, which is a cytosolic
protein unique to M cells (Fig. 1 C; Hase et al., 2009b; Kimura
et al., 2015). Sox8 was also expressed in M cells throughout
mucosa-associated lymphoid tissue (MALT), including in the
cecal patches, nasopharynx-associated lymphoid tissue of
mouse, and human PPs (Fig. S1, A, B, and D). No immunoreactive
signals were observed for Sox8 in the subepithelial dome region,
follicle, and the lamina propria (Fig. 1 C). Comprehensive
analysis using RefDIC, a microarray database for various tissues
and immune cells (Hijikata et al., 2007), also confirmed that
Sox8 is highly expressed in FAE but rarely in any immune cell
subsets (Fig. 1 E).

Sox8 is constitutively expressed during the development of

M cells

We previously defined GP2 as a terminal differentiation marker
of M cells; Spi-B*GP2Mgh cells are considered as mature M cells
that vigorously take up luminal antigens and Spi-B*GP2-/low
cells as immature M cells with lower uptake capacity (Kimura
et al,, 2015). Whole-mount immunofluorescence staining, fol-
lowed by quantitative image cytometry (Fig. 2 A), revealed that
Sox8 is expressed homogeneously in both immature and mature
M cells (Fig. 2, B and C; and Fig. S2 A). On the other hand, the
fluorescence intensity of Spi-B was higher in the former than in
the latter cells (Fig. S2 B).

Because M cell progenitors generated from intestinal stem
cells at the crypt base migrate upward along the crypt-FAE axis,
mature M cells are detectable at the middle regions of the dome
(Sierro et al., 2000; Kimura et al., 2015). Therefore, the distances
from the crypt bottom to the migrating cells correlate well with
the maturity of the cells in the FAE (Fig. S2 C). The spatial dis-
tribution of Sox8* cells was identical to that of Spi-B and closer
to the crypts than Tnfaip2 and GP2 (Fig. 2 D). These data indicate
that Sox8 is expressed from the early stage of M cell differen-
tiation, in line with Spi-B expression. The early expression of
Sox8 with Spib in the lower/middle region of crypt was further
corroborated by fluorescence in situ hybridization (Fig. 2 E). In
accordance with down-regulation of Spi-B in GP2ieh cells (Fig.
S2 B), the expression level of Spi-B gradually declined along the
crypts-dome axis, whereas that of Sox8 was maintained virtu-
ally intact or slightly increased (Fig. 2 F).

Sox8 is required for maturation of M cells
Given the spatiotemporal expression of Sox8 in M cells, we
postulated that Sox8 may contribute to the development of M
cells. To test this hypothesis, we analyzed PPs of Sox8-deficient
(Sox8~/-) mice. Notably, we detected few, if any, GP2* M cells in
the FAE of Sox8/~ mice (Fig. 3 A), counting 10.4 + 2.85 cells/
100 pm? and 0.85 + 0.09 cells/100 pum? in Sox8*/* and Sox8~/~
mice, respectively (Fig. 3 B). On the other hand, the numbers of
Spi-B* cells and Tnfaip2* cells were modestly decreased in PPs of
Sox8~/~ mice (Fig. 3 B). These observations indicate that Sox8
plays an essential role in the full maturation of M cells.

To identify the downstream target genes of Sox8 and Spi-B,
we performed comparative transcriptome analysis of FAE from

Kimura et al.

Sox8 ensures gut M cell maturation

Sox8~/~, Spib=/~, and corresponding control mice. The findings
showed that Sox8 or Spib deficiency resulted in the significant
down-regulation of 114 or 359 genes, respectively (Fig. S3, A and
B; Table S2; and Table S3). Among these, 41 genes were com-
monly down-regulated (Fig. S3B). We further narrowed the 41
genes down to 17 genes by their fold changes, with over twofold
lower expression in both Sox8 /- and Spib~/~ mice compared
with that in corresponding controls (Fig. S3 C). Interestingly,
Gp2 was among the commonly down-regulated genes. Sox8 was
considered to regulate relatively limited numbers of M cell-
associated genes compared with Spi-B (Fig. S3 B).

The genes listed include stromal cell-associated (e.g., Col5al,
Col4a2, Madcam-1, Cxcli3, and Bgn) and hematopoietic cell-
associated molecules (e.g., Cxcr5, Cd22, I21r, and Ltb), implying
contamination of these cells in the FAE samples. We conducted
qPCR analysis. In accordance with the transcriptome analysis,
qPCR analysis showed that the expression level of Gp2 in the FAE
of Sox8~/~ mice was prominently lower than in that of Sox8*/*
mice (Fig. 3 C). Furthermore, the expression levels of Spib,
Tnfaip2, and Aifl were moderately, but significantly, decreased in
Sox8~/~ mice (Fig. 3 C). A similar tendency was also observed in
terms of Ccl9 expression. However, the early M cell differenti-
ation markers, Ccl20 and Marcksll, were unchanged (Fig. 3 C).
Topographically, the maturation levels of M cells closely corre-
lated with the distance from the crypt bottom (Fig. S2 C). Spi-B*
cells in Sox8*/* mice were observed to be present continuously
from the lower/middle region of crypts to the middle region
of the FAE, whereas Spi-B* cells in Sox8~/~ mice were local-
ized only up to the peripheral region of the FAE dome, being
rare in the middle region of the FAE (Fig. 2 and Fig. 3, D-F).
These observations suggest that Sox8 contributes to the de-
velopment of late-stage M cells rather than early commit-
ment to M cells. Further, the modest reductions in the
number of Tnfaip2* cells and Spi-B* cells of Sox8~/~ mice may
be attributable to impairment of the M cell maturation pro-
cess (Fig. 3 B).

GP2* M cells are known to vigorously take up luminal mac-
romolecules, and GP2 serves as an uptake receptor for a subset
of commensal and pathogenic bacteria such as S. enterica serovar
Typhimurium (S. Typhimurium; Hase et al., 2009a; Kimura
et al, 2015). Therefore, we examined these functions in
Sox8~/~ mice. Fluorescent nanoparticles were orally adminis-
trated, and incorporation into PPs via M cells was evaluated. The
number of nanoparticles in PPs of Sox8/~ mice was much lower
than in those of Sox8*/* mice (Fig. 4, A and B). Similarly,
translocation of S. Typhimurium aroA mutant strain from the
lumen to PPs and mesenteric lymph nodes (MLNs) significantly
decreased in Sox8~/~ mice (Fig. 4 C; Fairweather et al., 1990).
Collectively, these data illustrate that Sox8 is the master regu-
lator of functional maturation in M cells.

Epithelium-intrinsic Sox8 is responsible for M cell maturation

RANKL produced by subepithelial MCi cells is important for M
cell differentiation (Nagashima et al., 2017). Therefore, to verify
the possibility that Sox8 deficiency in other cells indirectly im-
pacts M cell differentiation, we analyzed RANKL expression in
PPs of Sox8~/~ mice by immunofluorescence and qPCR analyses.
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Figure 2. M cells constitutively express Sox8 during differentiation. (A) A sketch of the workflow for whole-mount preparation of FAE for image cy-
tometric analysis. I: A fresh PP is excised with surrounding villus from the murine intestine. II: An FAE with VE is peeled off from follicles after EDTA treatment.
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are measured. (B) Whole-mount immunostaining of the FAE of PPs for Sox8 (green), Spi-B (red), and GP2 (cyan). Nuclei were stained with DAPI (blue). Bar,
100 um. Images of each channel are shown in Fig. S2. (C) The left panel shows a scatter plot of the fluorescence intensities of Sox8 versus GP2, where each dot
represents a single cell. Lowercase n indicates the number of analyzed cells. The right panel shows the mean values of Sox8 fluorescence intensities in GP2hgh
and GP2-"W cells. Error bars indicate SD. n = 907. Data were obtained from five FAE images from two independent experiments, and a representative image is
shown in B. (D) Box plots depicting the distribution of M cell markers as their distances from the bottom of crypts. The two whisker boundaries are 2.5th and
97.5th percentiles. Symbols are outliers; ****, P < 0.0001; n.s., not significant; Kruskal-Wallis test multiple comparisons, n = 634 (Spi-B), 634 (Sox8), 563
(Tnfaip2), and 315 (GP2) from at least five images. (E) Whole-mount FISH images of FAE-associated crypts using specific oligonucleotide probes for Sox8 (green)
and Spib (red) are shown. Bars, 20 um. Each FISH image is shown separately with DAPI (green) in lower panel. Black dots indicate the position of mRNA. Images
were representative of at least two independent experiments. (F) Upper panels: High-magnified images of FAE-associated crypts from the whole-mount
immunostaining image. Fluorescence intensity of Sox8 and Spi-B immunostaining are shown as pseudo color. Bars, 20 um. Lower panels: Correlation plots of
fluorescence intensity of Sox8 or Spi-B immunostaining with the distance of each cell from the bottom of crypts. Images were representatives of at least two
independent experiments. a.u., arbitrary units; DIC, differential interference contrast; FISH, fluorescence in situ hybridization.
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the FAE including associated crypts from Sox8*/* and Sox8~/~ mice. Bars, 50 um. (E) Box plots depicting the distribution of M-cell markers as their distances
from the bottom of crypts. The two whisker boundaries are 2.5th and 97.5th percentiles. Symbols are outliers; ****, P < 0.0001; Mann-Whitney test, n = 2,704,
Spi-B-positive cells in Sox8*/* mice; n = 2,077, Spi-B-positive cells in Sox8~/~ mice; n = 798, GP2-positive cells in Sox8*/* mice from two independent ex-
periments. (F) Correlation plots of fluorescence intensity of Spi-B immunostaining with the distance of each cell from the bottom of crypts. Data are rep-
resentative (A and D-F) or mean (B and C) of two independent experiments. a.u., arbitrary units; DIC, differential interference contrast. All values are presented

as the mean + SD.

There was no significant difference in RANKL expression in PPs
between Sox8*/* mice and Sox8~/~ mice (Fig. S4, A and B).

We subsequently analyzed nuclear translocation of RelB in
the FAE by whole-mount image cytometry (Fig. S4 C). RelB isan
essential transcription factor downstream of RANKL-RANK
signaling during M cell differentiation (Kimura et al., 2015;
Kanaya et al., 2018) We found two populations of RelB-positive
cells in the FAE, namely RelB™ and RelB"¢" cells (Fig. S4 D). The
percentages of both RelB-positive cell populations were not
significantly different between Sox8*/* and Sox8~/~ mice (Fig. S4
E). These data show that Sox8 deficiency does not affect RANKL
production by MCi cells or epithelial RANK-RelB signaling es-
sential for M cell commitment.
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Figure 4. The loss of Sox8 causes decreased uptake of luminal nano-
particles into the follicle. (A and B) Green fluorescent latex beads (200-nm
diameter) were orally administered to Sox8*/* or Sox8~/~ mice. 3 h later, two
PPs were collected from the jejunum. Cryosections of PPs were examined by
fluorescence microscopy, and the number of particles was counted manually.
(A) Representative images of cryosections. Dotted lines indicate FAE. Dotted
circles indicate fluorescent particles. Bars, 100 um. (B) Quantification of
particles in PPs. **, P < 0.01; Student’s t test; n = 6 per genotype. (C) Mice
were orally infected with 5 x 108 CFU of S. Typhimurium (AaroA); 24 h later,
PPs and MLNs were collected and tissue homogenates were prepared. The
colonies of culturable bacteria in the tissue homogenates were counted and
are shown as colony-forming units. **, P < 0.01; *, P < 0.05; unpaired two-
tailed Student’s t test; n = 4 from Sox8*/* mice, n = 5 from Sox8~/~ mice. Data
are representative of two independent experiments. All values are presented
as the mean + SD.
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To ascertain whether the decrease in GP2* mature M cells
due to Sox8 deficiency results from the epithelium-intrinsic
defect, we prepared intestinal organoid culture from Sox8*/*
and Sox8/~ mice and induced M cells via stimulation with
RANKL. As expected, GP2* cells were rarely detected in Sox8/~
organoids (Fig. 5 A). Likewise, Gp2 transcripts were nearly ab-
sent in Sox8/~ organoids, whereas the expression of other M
cell-associated genes was only moderately decreased or un-
changed (Fig. 5 B).

The induction of IgA response is delayed in Sox8/~ mice

We further explored the biological significance of Sox8-
dependent M cell maturation in the mucosal immune system.
PPs continuously undergo GC reactions, including class switch
recombination and somatic hypermutation, to generate high-
affinity IgA* B cells (Muramatsu et al., 2000; Kawamoto et al.,
2012). GC in rodent PPs develops rapidly after weaning
(Sminia et al., 1983; Kramer and Cebra, 1995). We observed
that the size of lymphoid follicles decreased in the PPs of
Sox8/~ mice (Fig. 6 A). We also found that the numbers of B
and T cells reduced to approximately half compared with
those in Sox8*/* mice at 4 wk of age (Fig. 6, B-D). Importantly,
the number of GC B cells as well as follicular helper T (Tfh)
cells was also remarkably decreased in Sox8~/~ mice (Fig. 6, C
and D). Tth cells in the PPs promote GC reactions and affinity
maturation to generate high-affinity IgA (Tsuji et al., 2009).
Correspondingly, IgA class-switched B cells were found to
have declined in number in the PPs of Sox8~/~ mice (Fig. 6 C).
On the other hand, these defects were not observed at 6 wk of
age (Fig. S5, A and B).

We additionally observed that the concentration of fecal
S-IgA was significantly reduced in Sox8/~ mice at 4 wk old
(Fig. 6 E) but was comparable between Sox8~/~ and Sox8*/* mice
after 6 wk of age. A large proportion of the fecal S-IgA repertoire
is directed against antigens present on gut commensal bacteria
(Benckert et al., 2011; Mantis et al., 2011). To detect commensal-
specific S-IgA, we performed bacterial flow cytometry on fecal
suspension using a labeled secondary anti-IgA antibody. The
amount of commensal-specific IgA was reduced in 4-wk-old, but
not in 6-wk-old, Sox8/~ mice (Fig. 6 F). To further examine
whether antigen-specific immunoglobulin production was af-
fected in Sox8~/~ mice, we employed a well-established oral
immunization model using S. Typhimurium expressing the
fragment C of the tetanus toxoid (Salmonella-ToxC), which is
taken up by M cells to induce a ToxC-specific mucosal immune
response in GALTs (VanCott et al., 1996; Hase et al., 2009a). The
induction of antigen-specific S-IgA as well as IgG in response to
ToxC was delayed in Sox8~/~ mice compared with that in Sox8*/*
mice (Fig. 6 G).
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Figure 5. Defect in M cell maturation in Sox8~/~ results from epithelium-intrinsic defect. (A and B) Organoids from small intestinal crypts of Sox8*/* and
Sox8~/~ mice were cultured with or without RANKL for 3 d. (A) Immunostaining images for GP2 (green) on organoids. Bars, 100 um. (B) gPCR analysis of M

cell-associated genes expressed in the organoid cultures. Values are presented as the mean + SD; **,

P <0.03; % P < 0.05; n.s., not significant; unpaired two-

tailed Student’s t test, n = 3. Data are representative of two independent experiments.

Sox8 deficiency has little impact on the systemic

lymphoid tissues

We further analyzed immune cell composition in major systemic
lymphoid tissues of 4-wk-old mice (Fig. S5, C-G). The number of
most immune cell subsets in the MLNs, spleen, and thymi was
comparable between Sox8*/* mice and Sox8/~ mice, with the
exception of a slight decrease in T helper type 2 (Th2) cells in the
MLNs of Sox8~/~ mice. This change was associated with a sig-
nificant reduction of Th2 cells in the PPs (Fig. S5 D). We also
investigated whether Sox8 deficiency affected B cell class-
switching and Th cell differentiation using an in vitro culture
system. B cell class-switching to IgA, IgE, IgG,, and IgG,, was
intact in the absence of Sox8 (Fig. S5 H). Although the frequency
of GATA3* Th2 cells was slightly affected, the other T cell sub-
sets, namely T-bet* Thl, RORyt* Th17, and Foxp3* regulatory T
(T reg) cells, exhibited normal development without Sox8 (Fig.
S5 H). These data suggest that B or T cell-intrinsic Sox8 defi-
ciency has minimal, if any, impact on the differentiation of B and
T cell populations.

Spi-B is dispensable for Sox8 expression

Spi-B, which is a key transcription factor involved in M cell
differentiation, regulates the expression of several M cell-
associated genes (de Lau et al., 2012; Kanaya et al., 2012; Sato
et al., 2013). RNA sequencing analysis revealed a decrease in the
expression of Sox8 in the FAE of Spib~/~ mice (Table S3). qPCR
analysis also confirmed that Sox8 expression tended to decrease
in Spib~/~ mice (Fig. 7 A). Consistent with previous studies, we
confirmed a marked reduction in Gp2 expression in Spib~/~ mice
by qPCR and RNA sequencing (Fig. 7 B and Table S3; de Lau et al.,
2012; Kanaya et al., 2012; Sato et al., 2013). Ccl20 (an FAE
marker) expression remained intact in Spib~/~ mice. To further
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clarify whether Sox8 expression is regulated by Spi-B, we ana-
lyzed PPs of Spib~/~ mice by a whole-mount immunofluores-
cence technique. The immunoreactivity of Sox8 on the FAE was
retained despite the absence of Spi-B (Fig. 7 B).

Sox8 expression is mediated by the noncanonical
NF-kB pathway
We subsequently examined the role of canonical (p50/RelA) and
noncanonical (p52/RelB) NF-kB pathways downstream of RANK
in the expression of Sox8. To this end, we used intestinal or-
ganoid culture, which enables the induction of M cells in vitro
upon exposure to RANKL (de Lau et al., 2012; Wood et al., 2016).
Introduction of p52 and RelB into the intestinal organoids with
lentivirus coding p52 and RelB prominently up-regulated Sox8
transcript levels (Fig. 8 A). In sharp contrast, exogenous ex-
pression of p50 and RelA failed to increase Sox8 expression.
These data clearly suggested that noncanonical, but not canon-
ical, NF-«B signaling contributes to Sox8 expression. Exogenous
expression of Spi-B also did not affect Sox8 expression (Fig. 8 A).
To consolidate the contribution of noncanonical NF-«B to
Sox8 expression, we performed chromatin immunoprecipita-
tion (ChIP) assay using anti-RelB antibodies. To obtain a suffi-
cient amount of M cell-derived genomic DNA for the assay, we
ectopically induced M cells in the VE by administration of GST-
RANKL (Knoop et al., 2009). Mice treated with GST were used as
a negative control. The ChIP assay demonstrated the association
of RelB with the Sox8 promoter region; this association was
significantly enhanced in the VE from the GST-RANKL-treated
group (Fig. 8 B). Further, the binding of RelB to the 10-kb up-
stream region of Sox8, which lacks NF-kB binding sites, was not
affected by the GST-RANKL treatment. In addition, the re-
cruitment of RelB to Spib and Ccl20 promoter regions was also
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Figure 6. The loss of Sox8 causes delay in the production of symbiotic bacteria-specific IgA antibody after weaning. (A) Follicle size of PPs measured
by stereomicroscope; *, P < 0.05; Student’s t test; n = 7 from Sox8*/* mice, n = 5 from Sox8~/~ mice. (B) The gating strategy to analyze the B and T cell
populations inileal PPs. B (CD3&~B220") cells were analyzed for IgA* B and CD95*GL7* GC B cells. T (CD3e*B220") cells were analyzed for total CD4* Th, CD8a*
cytotoxic T (Tc), and CD4*CD8a~CXCR5*PD-1* Tth cells. (C and D) Flow cytometry analysis of indicated immune cells in ileal PPs. (C) Number of total B cells,
GC B cells, and IgA* B cells. (D) Number of total T cells, Tc cells, Th cells, and Tfh cells; *, P < 0.05; **, P < 0.01; n.s., not significant; Student’s t test, n = 3 per
group. (E) Fecal IgA concentration measured by ELISA; *, P < 0.05; Student’s t test; n = 5 from Sox8*/* mice, n = 4 from Sox8~/~ mice (4 and 6 wk old); n = 5 per
group (8 wk old). (F) Flow cytometry analysis of IgA-coated bacteria in feces; **, P < 0.01; Student’s t test; n = 5 from Sox8*/* mice, n = 4 from Sox8~/~ mice. (G)
Mice were orally infected with 5 x 107 CFU of rSalmonella-ToxC. The presence of TT-specific IgA in feces and IgG in serum at 2 and 3 wk after immunization
were evaluated by ELISA; Student’s t test; n = 10 from Sox8*/* mice, n = 6 from Sox8~/~ mice. Data are representative (B-F) or means (A and G) of two

independent experiments. wpi, weeks post-immunization. All values are presented as the mean + SD.

amplified significantly in the presence of GST-RANKL (Fig. 8 B).
These data imply that p52/RelB directly transactivates M cell-
specific genes, including Sox8, by interacting with their pro-
moter regions.

Gp2 is a direct target of Sox8

We aimed to elucidate the mode of action by which Sox8 induces
the mature M cell marker, Gp2. The luciferase assay results in-
dicated that overexpression of Sox8 prominently enhanced Gp2
promoter activity in a murine intestinal epithelial cell line,
CMT-93, and in human embryonic kidney cells (Fig. 9 A). In
contrast, overexpression of Spi-B alone or in combination with
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Figure 7. Spi-Bis dispensable for Sox8 expression. (A) gPCR analysis of M
cell-associated genes expressed in the FAE of PPs. Values are presented as
the mean = SD; **, P < 0.01; n.s., not significant; unpaired two-tailed Stu-
dent’s t test; n = 7 from Spib*/* mice, n = 6 from Spib~~ mice. (B) Whole-
mount immunostaining images for Sox8 (red) and Spi-B (green) of the FAE of
PPs from Spib*/* and Spib=/~ mice. Bars, 100 um. Data are means (A) or
representative (B) of two independent experiments.
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Sox8 failed to increase the Gp2 promoter activity (Fig. 9 A).
Furthermore, ChIP-gPCR of the intestinal epithelium verified
the specific binding of Sox8 to the Gp2 promoter region, which
includes putative Sox8-binding motifs, upon treatment with
RANKL to induce M cells (Fig. 9 B). However, such specific
binding was not observed in the 6-kb upstream region devoid of
Sox8-binding motifs.

Discussion
Numerous studies have revealed the molecular mechanisms
involved at the early stage of M cell differentiation. However, it
remains unclear how the newly differentiated immature cell
type undergoes functional maturation to acquire antigen uptake
and transcytosis capacities at the late stage of differentiation.
Here, we identified Sox8 as a transcription factor essential for
the functional maturation of M cells. Sox8, along with Sox9 and
Sox10, belongs to the SOX-E subgroup of the HMG-box family of
transcription factors; the members of this family are known to
be master regulators of mammalian development, directing sex
determination, gliogenesis, and neural crest development (Jiang
et al.,, 2013; Weider and Wegner, 2017). Among the SOX-E sub-
group, Sox9 is expressed in intestinal stem/progenitor cells and
Paneth cells for the regulation of intestinal epithelial prolifera-
tion and Paneth cell differentiation, respectively (Blache et al.,
2004; Bastide et al., 2007; Mori-Akiyama et al., 2007). However,
little is known about the expression and function of Sox8 in the
intestine. We defined the specific expression of Sox8 by M cells
in human and mouse PPs. Sox8 is a prerequisite for the devel-
opment of functionally mature M cells; accordingly, the genetic
ablation of Sox8 resulted in attenuated antigen sampling and GC
reaction in the PPs. In addition, Sox8 was commonly expressed
by M cells throughout MALTs, including in the PPs, cecal
patches, and nasopharynx-associated lymphoid tissues, as well
as RANKL-induced M cells in the VE. Such distribution, together
with the phenotype in Sox8/~ mice, underscores an essential
role for Sox8 in the development of functional M cells in MALTSs.
The loss of functionally mature M cells due to Sox8 deficiency
is reminiscent of the phenotype of Spi-B-deficient mice (Kanaya
et al., 2012). Nevertheless, Spi-B deficiency marginally affected
the expression of Sox8 in FAE, and, vice versa, Sox8 deficiency
had only a small impact on the expression of Spib. These ob-
servations illustrate that these two master regulators appear to
independently regulate M cell signature genes. In accordance
with this, the transcriptome analysis demonstrated that only a
small proportion of Spi-B target genes was commonly regulated
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Figure 8. Sox8 expression is regulated by p52/RelB. (A) gPCR analysis of mouse small intestinal organoids exposed to lentivirus encoding transcription
factors. The expression of Sox8 was presented relative to that of Gapdh. **, P < 0.01; one-way ANOVA with Tukey’s post-test, n = 4. (B) Anti-RelB ChIP analysis
of the VE from GST-RANKL-treated or GST-treated mice. Immunoprecipitated Sox8, Spib, and Ccl20 promoter regions were examined by qPCR analysis. The 10-
kb upstream region of Sox8, which lacks NF-kB binding sequence, was used as a negative control. **, P < 0.01; n.s. not significant; two-way ANOVA; n = 4 from
GST-treated mice, n = 3 from GST-RANKL-treated mice. Data are representative of two independent experiments. Ctrl, control. All values are presented as the

mean + SD.

by Sox8. Interestingly, the expression of Gp2 requires not only
Spi-B but also Sox8, whereas the expression of middle-stage M
cell markers, namely, Tnfaip2, Aifl, and Ccl9, depends on Spi-B
(Kanaya et al., 2012; Kishikawa et al., 2017).

We proved that p52/RelB directly interacts with the Sox8
promoter and enhances its transcription in the organoid culture
of the intestinal epithelium. Similarly, Spi-B expression is also
regulated by p52/RelB (Kanaya et al., 2018). Thus, the expression
of Sox8 and Spi-B is regulated in parallel downstream of RANK-
p52/RelB signaling in the intestinal epithelium. A recent study
showed that the Tcf4/B-catenin complex interacts with the Sox8
promoter to up-regulate gene expression in B-type spermato-
gonia Gcl-Spg cells stimulated with Wnt (Kataruka et al., 2017).
It has been well documented that Wnt/B-catenin signaling plays
a critical role in the maintenance of intestinal stemness and
proliferation of transit amplifying cells (Pinto et al., 2003; Fevr
et al., 2007). However, further study is required to determine
whether this signaling also participates in the regulation of Sox8
in the intestinal epithelium.

GP2 is a functional marker of fully mature M cells and serves
as an uptake receptor for type 1-piliated bacteria and the botu-
linum toxin on the surface of M cells (Hase et al., 2009a; Kimura
et al., 2015; Matsumura et al., 2015). Although Spi-B is an up-
stream regulator for GP2 expression (de Lau et al., 2012; Kanaya
et al., 2012, 2018; Sato et al., 2013), it has been shown that the
forced expression of Spi-B in epithelial cell culture failed to
activate Gp2 promoter and to induce Gp2 expression (de Lau
et al.,, 2012; Kanaya et al., 2018). These data corroborate that
Spi-B alone is insufficient to induce Gp2 expression. Similarly,
both canonical and noncanonical NF-«B transcription factors are
also essential for Gp2 expression; however, these molecules are
also unlikely to directly control the expression of GP2. There-
fore, a direct regulator of Gp2 remains to be identified. Our study
provides evidence for the direct interaction of Sox8 with the
Gp2-promoter region, leading to transactivation of the gene.
Further, Spib~/~ mice also lack Gp2 expression, even in the
presence of Sox8. This observation suggests that Sox8 alone is
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also insufficient for Gp2 expression in vivo. Enhancer activation
by SOX proteins requires DNA-binding partners specific for
each subclass of SOX proteins to stabilize their binding to target
regions (Kamachi et al., 1999). These facts suggest that a mole-
cule downstream of Spi-B is required as the DNA-binding
partner of Sox8 to induce Gp2 at the late stage of M cell differ-
entiation (Fig. 9 C); however, further investigation is necessary
to ascertain this hypothesis.

Mice carrying intestinal epithelium-specific deletion of
RANK (RANKAEC mice) completely lack both immature and
mature M cells in the FAE, resulting in impaired GC formation of
PPs and a significant reduction of commensal-specific S-IgA
antibodies (Rios et al., 2016). The S-IgA response in RANKAEC
mice was nearly absent at 4-5 wk of age, after which fecal IgA
production gradually increases, reaching to approximately half
of that in control mice until 13 wk of age (Rios et al., 2016). In
Sox8~/~ mice, a significant reduction of IgA* cells in PPs as well
as commensal-specific S-IgA in feces were observed in 4-wk-old
mice. This was attributed to the decrease in S-IgA production in
juvenile Sox8~/~ mice, which results from the diminished GC
reaction, as evidenced by the decreases in GC B cells and Tth
cells. IgA production in Sox8~/~ mice, however, was slightly, but
not significantly, lower at 6 wk of age (68.1% of Sox8*/* mice) but
completely equal to that of Sox8*/* mice at 8 wk of age. The
number of GC B cells and Tth cells in the PPs also recovered at 6
wk of age in Sox8~/~ mice. Thus, the impaired S-IgA response is
obviously less severe in Sox8 /- mice than in RANKAEC mice.
Considering that Sox8/~ mice retain GP2-/1°% immature M cells,
these cells may compensate for the loss of GP2MgP mature M cells
due to Sox8 deficiency in adulthood. Indeed, the uptake of
nanoparticles and S. Typhimurium to the PPs was not com-
pletely abrogated in Sox8~/~ mice. An alternative, but not mu-
tually exclusive, explanation is that direct antigen uptake by
lysozyme-expressing PP DCs (LysoDCs) across FAE (Lelouard
et al,, 2010, 2012) may functionally compensate for the loss of
mature M cells at adulthood in Sox8~/~ mice. Collectively, Sox8-
dependent M cell maturation significantly contributes to the
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Figure 9. Sox8 is a transcription factor responsible for Gp2 expression.
(A) Luciferase assay in CMT93 or 293T cells using Gp2 promoter—driven re-
porter plasmid (Firefly luciferase). Cells were cotransfected with expression
vector of Sox8 or Spib or a combination of Sox8 and Spib. Luciferase activity
was normalized to that of the cotransfected Renilla luciferase expression
vector; **, P < 0.01; one-way ANOVA with Tukey’s post-test, n = 3. (B)
Anti-Sox8 ChIP analysis of the VE from GST-RANKL-treated or GST-treated
mice. The immunoprecipitated Gp2 promoter region was examined by qPCR
analysis. The 6-kb upstream region, which lacks the SOX-binding sequence,
was used as a negative control; **, P < 0.01; n.s. not significant; two-way
ANOVA; n = 3 from GST-treated mice, n = 4 from GST-RANKL-treated mice.
Data are representative of three (A) or two (B) independent experiments. (C)
Proposed model of M cell differentiation. Ctrl, control. All values in A and B
are presented as the mean + SD.

induction of the S-IgA response during the juvenile period and
plays a redundant role in the S-IgA response in adulthood.

In conclusion, we identified Sox8 as a key transcription factor
in the late stage of M cell differentiation, which is important for
immune surveillance on the mucosal surface. Identification of
downstream molecules as well as association partners of Sox8
should enable the complete elucidation of the molecular mech-
anism underlying the functional maturation of M cells and may
offer novel strategies for the development of mucosal vaccines
targeting M cells as the portals of antigen entry.

Materials and methods

Antibodies against Sox8

Antibodies against Sox8 were generated in guinea pig against a
purified, bacterially expressed protein consisting of amino
acids 2-60 of mouse Sox8 fused to GST, according to a pre-
vious report (Stolt et al., 2005). The resulting fusion protein
was emulsified with Freund’s complete adjuvant (Difco), and
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injected subcutaneously into a female guinea pig six times
every other week (Frontier Institute). The specificity of the
antibody was confirmed by immunofluorescence of tissues
from Sox8-knockout mice (Fig. 3 D).

Mice

The Sox8~/~ mice were obtained from the Mutant Mouse Re-
gional Resource Centers (strain name: B6;129S7-Sox8tmiMkob;
Mmnc; stock number 030471-UNC) with a mixed 129vRv
(1-15%) and C57BL6 (85-99%) background (O’Bryan et al,
2008). Sox8/~ mice were backcrossed with C57BL/6 mice
several times. Backcrossed F1-4 mice were used for gene
or protein expression analysis. F3-4 mice were used for
immunological analysis. The Spib~/~ mice were generated as
described previously (Sasaki et al., 2012). For immunological
experiments, littermate mice were used as controls. For other
experiments, littermates or purchased C57BL/6 mice were used
as controls. The mice were maintained under conventional
conditions at the animal facility of the Institute of Medical
Science, the University of Tokyo (IMSUT), and Hokkaido
University, and under specific pathogen-free conditions in
the animal facility of Keio University. All animal experiments
were approved by the ethics committee of IMSUT, Hokkaido
University, and Keio University.

Human subjects

Human biopsy samples of human PPs were collected from
healthy small intestinal tissues and analyzed by immunohisto-
chemistry. This was approved by the Committee on Human
Subjects at RIKEN and Chiba University.

Preparation of FAE and conventional epithelial monolayers
FAE was isolated from mouse PPs and cecal patches by modi-
fying the method described (Hase et al., 2005; Kimura et al.,
2015; Fig. 2 A). Briefly, PPs and cecal patches were soaked in
ice-cold HBSS (Life Technologies) containing 30 mM EDTA and
5 mM dithiothreitol. After incubation with gentle shaking for
20 min on ice, FAE monolayers containing both dome and
crypt regions were carefully separated from lymphoid follicles
by manipulation with a fine needle under stereomicroscopic
monitoring.

Mouse small intestinal organoid culture

Small intestinal organoids were derived from Sox8/~ or litter-
mate control mice. The duodenum was removed from mice and
cut into 5-mm segments. The segments were incubated in cold
2 mM EDTA in PBS for 5 min and washed by pipetting. The
segments were incubated in 2 mM cold EDTA in PBS for 30 min,
and crypts were isolated by pipetting with cold HBSS. Dissoci-
ated crypts were passed through a 70-pum cell strainer. The
crypts were resuspended in DMEM/F12 medium (Stemcell
Technologies); then, the number of crypts were counted, and the
crypts were resuspended in Matrigel (Corning). Next, the crypts
were plated in a 24-well plate with IntestiCult organoid growth
medium (Stemcell Technologies). Media were changed every
2 d. For M cell induction, 200 ng/ml recombinant mouse RANKL
(Affymetrix) was added to the medium and incubated for 3 d.
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Immunofluorescence
For whole-mount staining of the FAE, the isolated epithelium
was fixed with 4% paraformaldehyde (PFA) in PBS for 30 min.
For organoid staining, organoids were incubated in cold Gentle
Cell Dissociation Reagent (Stemcell Technologies) until dissolu-
tion of Matrigel. The organoids were washed with cold PBS
twice and fixed in 3.7% formaldehyde in PBS for 15 min at room
temperature. For conventional immunofluorescence, deeply
anesthetized mice were perfused via the aorta with a physio-
logical saline followed with 4% PFA, pH 7.4. The PPs were re-
moved from the ileum and immersed in the same fixative for an
additional 24 h. The heads, including nasopharynx-associated
lymphoid tissue, were additionally subjected to decalcification
with 5% EDTA for 2 wk at 4°C (Mutoh et al., 2016). The PPs and
decalcified heads were dipped in 30% sucrose solution overnight
at 4°C, embedded in OCT compound (Sakura Finetek) and
quickly frozen in liquid nitrogen. Frozen 10-pm-thick sections
were mounted on poly-L-lysine-coated glass slides and air-dried.
After preincubation with 10% normal donkey serum for 1 h,
the specimens were incubated with anti-Sox8 antibody, anti-
Tnfaip2 antibody (Kimura et al., 2015), anti-GP2 antibody
(MBL), anti-Spi-B antibody (R&D Systems), anti-RANK antibody
(R&D Systems), or anti-RANKL antibody (BioLegend) in the
presence of 0.2% saponin and 0.2% BSA in PBS overnight at 4°C,
followed by incubation with appropriate secondary antibodies
for 2 h at room temperature. For nuclear staining, DAPI, TOPRO-3,
or Hoechst 33342 (Life Technologies) was used after incubation
with the secondary antibodies. The specimens were observed
using a confocal laser microscope FV300 or FV1000 (Olym-
pus) after mounting with SlowFade Gold antifade reagent
(Life Technologies).

Image analysis

Confocal images were acquired in the photon-counting mode of
an FV1000 confocal microscopy system with FV10-ASW soft-
ware (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 Spi-B and then calculated mean flu-
orescence intensities within these regions and the distances
from the bottom of crypt using ImageJ software (Fig. 2 A). Ob-
tained values were plotted using Microsoft Excel software.

Pulse-chase experiments

Mice were administered 5-ethynyl-2'-deoxyuridine (EdU;
5 mg/kg body weight) by intraperitoneal injection. EdU detec-
tion was performed using the Click-iT EdU Alexa Fluor 488
imaging kit (Life Technologies) according to the manufacturer’s
protocol.

Fluorescent in situ hybridization (FISH)

FISH was performed using the Quantigene View RNA ISH Cell
Assay (Affymetrix) 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°C. After three washing
steps with 50 mM glycine in PBS, the specimens were pretreated
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with a detergent solution (Affymetrix) for 10 min and then
protease QS (dilution 1: 400 in PBS; Affymetrix) or 0.1 mg/ml
proteinase K in PBS (Kanto Chemical Co., Inc.) for 10 min at
room temperature. The following procedures were performed in
accordance with the manufacturer’s protocol. Specific oligonu-
cleotide probe sets against Spib (VB4-13734) and Sox8 (VBI-
13736) were purchased from Affymetrix.

Quantitative RT-PCR

Total RNA was prepared using TRIzol (Life Technologies) from
epithelium isolated from mice or organoids. First-strand cDNA
synthesis was completed using the iScript Advanced cDNA
Synthesis Kit for RT-qPCR (Bio-Rad). The qPCR reactions were
conducted in CFX-connect (Bio-Rad) using SsoAdvanced Uni-
versal SYBR Green Supermix (Bio-Rad). The specific primers
used are shown in Table S1.

RANKL administration

The primers 5'-CACCCCCGGGCAGCGCTTCTCAGGAGCT-3’ and
5-GAGACTCGAGTCAGTCTATGTCCTGAAC-3' (Sigma Genosys,
Inc.) were used for PCR to amplify a cDNA clone of RANKL. The
PCR fragment was subcloned into the pGEX-4T-2 vector (GE
Healthcare) after digestion by Smal and Xhol. The construct was
transformed into the BL21 Escherichia coli strain for GST fusion
protein expression. The culture was induced with 0.1 mM iso-
propyl B-D-1-thiogalactopyranoside for 16 h at 20°C, and GST-
RANKL was purified from bacterial lysate by affinity chroma-
tography on a Glutathione-Sepharose 4B (GE Healthcare)
followed by dialysis against multiple changes of PBS. Recombi-
nant GST used as a control was prepared by the same method
using an empty pGEX-4T-2 vector. Purified protein was ad-
ministered to mice by intraperitoneal injections of 250 ug/d for
3 d, according to a previous report with minor modification.
After 24 h from the last administration, the mice were sacrificed
and subjected to the following assays.

Quantification of uptake of fluorescent beads by M cells

2 x 10" of 200-nm diameter polystyrene nanoparticles (Fluo-
resbrite YG; Polysciences) were orally administered to 6-wk-old
Sox8~/~ or littermate mice that had been fasted for 24 h. 3 h later,
two PPs were collected from the jejunum. Then, PPs were em-
bedded in OCT compound and quickly frozen in liquid nitrogen.
Cryosections of PPs were examined by fluorescence microscopy
(BZ-9000; Keyence), and the number of particles was counted
manually.

Chip

For ChIP experiments, C57BL/6 mice were administrated 250 pg
GST or GST-mRANKL per day for 3 d. Epithelial monolayers
were isolated from duodenum and fixed with 1% formaldehyde/
PBS for 10 min at 37°C. The reaction was stopped by the addition
of glycine (final, 125 mM). Cells including chromatin were lysed
in radioimmunoprecipitation buffer (Nacalai Tesque). Chroma-
tin was sheared into 200-800-bp fragments using Micrococcal
Nuclease (Takara Bio) and nuclear membranes were broken by
sonication. Cell lysate including sheared chromatin was diluted
with dilution buffer (16.7 mM Tris-HCI, 0.01% SDS, 1.1% Triton
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X-100, 1.2 mM EDTA, and 167 mM NaCl). Immunoprecipitation
was performed using control rabbit IgG (clone DAIE; Cell Sig-
naling Technology), anti-RelB antibody (CIE4; Cell Signaling
Technology) or anti-Sox8 antibody (ab104245; Abcam) and Dy-
nabeads Protein A (Veritas) at 4°C for overnight. Magnetic beads
were washed with low-salt buffer (20 mM Tris-HCl, 0.1% SDS,
1% Triton X-100, 2 mM EDTA, and 150 mM Nacl) five times,
high-salt buffer (20 mM Tris-HCl, 0.1% SDS, 1% Triton X-100,
2 mM EDTA, and 500 mM NaCl) three times, and Tris-EDTA
buffer (Nacalai Tesque) twice. Immune complexes were eluted
in elution buffer (10 mM Tris-HCI, 300 mM NaCl, 5 mM EDTA,
1% SDS) at 65°C for 4 h, and reverse cross-linking were per-
formed in the presence of proteinase K (55°C, 1 h). Precipitated
DNA fragments were purified by ChIP DNA Clean Concentrator
(Zymo Research). ChIP-qPCR analysis was performed using KOD
SYBR qPCR Mix (Toyobo). PCR primers were designed based on
the promoter region including NF-«B consensus sequence or
SOX-binding sequence (Table S1).

Cell culture of epithelial cell lines

CMT93 and HEK293T cells were propagated in DMEM con-
taining 10% (vol:vol) FBS, 1% GlutaMAX (Thermo Fisher Scien-
tific), 100 U/ml penicillin, and 100 pg/ml streptomycin.

Luciferase assay

The coding sequences of mouse Spib and Sox8 were amplified
from RANKL-stimulated, organoid-derived cDNA and subcloned
into pcDNA3.1 vector (Life Technologies). The Gp2 promoter
region (0 to -2,494 nucleotides) was amplified from genomic
DNA of C57BL/6 mouse and subcloned into pCRII-Blunt-TOPO
vector (Life Technologies), and then into pGL4.11 vector (Prom-
ega). PCR primers for cloning are summarized in Table SI.
HEK293T and CMT93 cells were cultured in a 24-well plate and
transfected with the combination of expression plasmids using
Lipofectamine 3000 (Life Technologies). After 24-h incubation,
luciferase activity was measured using the Dual-Luciferase Re-
porter Assay System (Promega).

RNA sequencing

The FAE specimens were collected as described previously (Hase
et al., 2005). After the extraction of total RNA using a RNeasy
Micro Kit (Qiagen), cDNA was synthesized using a SMART-Seq
v4 Ultra Low input RNA kit for sequencing, following the
manufacturer’s instructions (Takara Bio): 50-bp single-end
reads were acquired using a HiSeq 2000 platform (Illumina)
at the Kazusa DNA Research Institute. The genes significantly
down-regulated in Sox8~/~ mice and Spib~/~ mice are listed in
Tables S2 and S3, respectively. All data have been deposited in
the DDBJ Sequence Read Archive (accession no. DRA006978).

Fecal IgA ELISA

Feces were collected from Sox8*/+ and Sox8~/~ mice. Freeze-dried
feces were homogenized in PBS with EDTA-free protease in-
hibitor cocktail (Complete EDTA-free; Roche) and centrifuged at
4°C. Fecal supernatants were diluted in 2% BSA/PBS. MaxiSorp
plates (Thermo Fisher Scientific) were coated with goat anti-
mouse IgA (Bethyl Laboratories) for 1 h. The plates were
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washed five times with 0.1% Tween20 in Tris-buffered saline
(TBS-T) and then blocked with 2% BSA/PBS at room tempera-
ture for 30 min. The plate was incubated with the diluted
samples at room temperature for 1 h. After washing five times
with TBS-T, the plate was incubated with HRP-conjugated goat
anti-mouse IgA antibodies (Bethyl Laboratories) at room tem-
perature for 1 h. After washing five times with TBS-T, the plate
was incubated with 1-Step Ultra TMB-ELISA Substrate Solution
(Thermo Fisher Scientific). The reaction was stopped by adding
1.2 M sulfuric acid. The absorbance was measured at 450 nm.

Bug-IgA flow cytometry analysis

Bug-IgA flow cytometry analysis were performed as previously
reported (Koch et al., 2016). Briefly, large debris in fecal extract
from Sox8~/~ or littermate control mice was removed by brief
centrifugation. The bacteria in the supernatant were stained by
biotin- or fluorescence-conjugated antibody as follows: anti-IgA
(clone: C10-1) and anti-Igk light chain (187.1) purchased from BD
Biosciences. Live bacteria were identified in the debris by DAPI
staining. Flow cytometry was performed using an Aria III flow
cytometer (BD Biosciences), and data were analyzed using
FlowJo software (Tree Star).

Single cell isolation and flow cytometry

PPs from Sox8~/~ or littermate control mice were minced and
shaken at 37°C with RPMI 1640 containing 2% FBS, 0.1 mg/ml
collagenase, 0.1 mg/ml DNase I, and 12.5 mM HEPES. The su-
pernatant was collected and blocked using anti-CD16/CD32
(FcyR) antibody (BioLegend) in 2% FBS/PBS. The cells were
stained with antibodies as follows: anti-CD3e (clone 17A2), anti-
CD4 (GK1.5), anti-CD8a (53-6.7), anti-CD45R (30-F11), anti-CD95
(Jo2), anti-CXCR5 (SPRCL5), anti-GL7 (GL-7), anti-IgA (C10-1),
and anti-PD-1 (J43) purchased from Thermo Fisher Scientific,
BioLegend, BD Biosciences, or Tonbo Bioscience. Flow cytometry
was performed using an LSRII flow cytometer (BD Biosciences),
and data were analyzed using Flow]Jo software (Tree Star).

Lentiviral infection

Lentiviral supernatants were generated by transient transfec-
tion of RelB, RelA, p50- or p52-containing SIN vector (CSII-
CMV-RfA-IRES2-Venus, 17 ug), pCAG-HIVgp (10 pg), and
pCMV-VSV-G-Rev (10 pg) into Lenti-X 293T (5 x 109/15 ml;
Clontech) using Polyethylenimine Max (Polysciences), accord-
ing to the manufacturer’s protocol. All vectors were kindly
provided by Dr. H. Miyoshi and RIKEN Bioresource Research
Center. Transfected host cells were incubated for 24 h; after
culturing for another 48 h, the culture medium was changed to
medium containing 10 uM forskolin to allow cells to produce
free virions. Viruses were purified after removal of host cells
and ultracentrifugation. Dissociated organoids were infected by
mixing with 250 pl of virus-including medium, followed by
centrifugation at 600 g for 1 h at 32°C. Then, cells were em-
bedded into Matrigel and incubated for 2-3 d.

Colony-forming unit measurement after oral infection
Tetracycline-resistant S. Typhimurium (AaroA) was kindly
provided by Dr. H. Matsui (Kitasato University, Tokyo, Japan).
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Sox8~/~ or littermate control mice were infected with 5 x 108 CFU
of S. Typhimurium (AaroA). After 24 h, the three distal PPs (ileal
PPs) and MLNs were collected and incubated in PBS containing
500 ug/ml gentamicin (Thermo Fisher Scientific) for 30 min.
Samples were washed with PBS containing 1 mM dithiothreitol,
homogenized in sterile PBS, and subsequently centrifuged
briefly to roughly remove host cells. Tenfold serial dilutions of
the resulting supernatants were plated on Luria-Bertani agar
plates containing 15 ug/ml tetracycline (Tokyo Chemical In-
dustry Co. Ltd.) to determine the number of CFUs.

Immunization and tetanus toxoid (TT)-specific ELISA
Recombinant Salmonella (rSalmonella)-ToxC (AaroA, AaroD) and
TT were kindly provided by the BIKEN Foundation (Osaka, Ja-
pan). Sox8~/~ or littermate control mice were orally immunized
with 5 x 107 CFU of rSalmonella-ToxC. TT-specific IgA and IgG in
feces and serum were measured by ELISA. Flat-bottomed, 96-
well MaxiSorp Nunc-Immuno plates were coated overnight with
500 ng/well of TT. Plates were blocked with 2% BSA in PBS, and
optically diluted fecal extracts and sera were added into the plate
wells. The Mouse IgA ELISA Quantitation Set (Bethyl Labora-
tories) and Mouse IgG ELISA Quantitation Set (Bethyl Labora-
tories) were used for antibody detection. To produce HRP
signals, a 1-Step Ultra TMB-ELISA was used.

In vitro B cell differentiation

Pan B cells were isolated from spleens of Sox8~/~ or littermate
control mice using MojoSort mouse pan B cell isolation kit (Bi-
oLegend) in accordance with the manufacturer’s instructions.
For IgA* B cell polarization, pan B cells were stimulated with
2 ug/ml F(ab’)2-goat-anti-mIgM (Thermo Fisher Scientific),
5 pg/ml anti-mCD40 (3/23; BioLegend) in complete advanced
RPMI 1640 media (Thermo Fisher Scientific) containing 5% vol:
vol FCS (MP Biomedicals) supplemented with 1 ng/ml recom-
binant human (rh) TGF-B1, 5 ng/ml recombinant mouse (rm) IL-
5, 20 ng/ml rmIL-21 (all from BioLegend), and 10 nM all-trans
retinoic acid (Fujifilm Wako Pure Chemical) for 6 d. For IgGl*
and IgE* B cell polarization, pan B cells were stimulated with
anti-mIgM and anti-mCD40 in complete media supplemented
with 20 ng/ml rmIL-21 and 50 ng/ml rmIL-4 (BioLegend) for 6 d.
For IgG2a* B cell polarization, pan B cells were stimulated with
anti-mIgM and anti-mCD40 in complete media supplemented
with 20 ng/ml rmIL-21 and 50 ng/ml rmIFN-y (BioLegend) for
6d.

In vitro T cell differentiation

Naive T cells were isolated from spleen of Sox8~/~ or littermate
control mice using a MojoSort mouse naive T-cell isolation kit
(BioLegend) in accordance with the manufacturer’s instructions.
For induced T reg polarization, naive CD4* T cells were stimu-
lated with immobilized anti-TCRB mAb (H57-597, 5 pg/ml; Bi-
0XCell) on a high-binding 96-well plate (Corning) and soluble
anti-CD28 mAb (37.51, 2 pg/ml; BioXCell) in complete advanced
RPMI 1640 media containing 5% vol:vol FCS supplemented with
0.5 ng/ml rhTGF-1 and 10 ng/ml rmIL-2 (BioLegend) for 2 d.
The stimulated T cells were expanded in complete media sup-
plemented with rhTGF-B1 and rmIL-2 for another 3 d. For Thl
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cell polarization, naive CD4* T cells were stimulated with im-
mobilized anti-TCRPB mAb and soluble anti-CD28 mAb and anti-
mIL-4 (11b1]; BioXCell) in complete media supplemented with
10 ng/ml rmIL-2 and 10 ng/ml rmIL-12 (BioLegend) for 2 d. The
stimulated T cells were expanded in complete media supple-
mented with anti-mIL-4 and rmIL-2 and rmIL-12 for another 3 d.
For Th2 cell polarization, naive CD4* T cells were stimulated
with immobilized anti-TCRf mAb and soluble anti-CD28 mAb
and anti-mIFN-y (R4-6A2; BioXCell) in complete media supple-
mented with 10 ng/ml rmIL-2 and 10 ng/ml rmIL-4 for 2 d. The
stimulated T cells were expanded in complete media supple-
mented with anti-mIFN-y, rmIL-2 and rmIL-4 for another 3 d.
For Thi7 cell polarization, naive CD4* T cells were stimulated
with immobilized anti-TCRB mAb and soluble anti-CD28 mAb
and anti-mIL4 and anti-mIFNy in complete media supplemented
with 25 ng/ml rmIL-6 (BioLegend), 0.1 ng/ml rhTGF-BL, and 300
nM 6-formylindolo(3,2-b)carbazole (FICZ; Abcam) for 2 d. The
stimulated T cells were expanded in complete media supple-
mented with anti-mIL4, anti-mIFN-y, rmIL-6, rhTGF-B1, and
FICZ for another 3 d.

Online supplemental material

Fig. S1 shows Sox8 expression in the FAE of cecal patches and
nasopharynx-associated lymphoid tissues in the mice. Fig. S2
shows whole-mount image analysis of Spi-B expression level
and the relationship of distance and cell age. Fig. S3 shows the
transcriptome analysis for comparison of gene expression pro-
filing of FAEs between Sox8*/* and Sox8~/~ or Spib*/* and Spib~/~
mice. Fig. S4 shows that RANKL-RelB signaling is unaffected by
Sox8 deficiency. Fig. S5 shows immune cell composition in
MALTSs in Sox8*/* mice. Table Sl is the list of primers used in this
experiment. Tables S2 and S3 are gene lists down-regulated in
Sox8~/~ and Spib~/~ mice, respectively.
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