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IL-22BP dictates characteristics of Peyer’s patch follicle-
associated epithelium for antigen uptake
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Interleukin-22 (IL-22) acts protectively and harmfully on intestinal tissue depending on the situation; therefore, IL-22 sig-
naling needs to be tightly regulated. IL-22 binding protein (IL-22BP) binds IL-22 to inhibit IL-22 signaling. It is expressed in
intestinal and lymphoid tissues, although its precise distribution and roles have remained unclear. In this study, we show that
IL-22BP is highly expressed by CD11b*CD8a~ dendritic cells in the subepithelial dome region of Peyer's patches (PPs). We
found that IL-22BP blocks IL-22 signaling in the follicle-associated epithelium (FAE) covering PPs, indicating that IL-22BP
plays a role in regulating the characteristics of the FAE. As expected, FAE of IL-22BP-deficient (//22ra2~/") mice exhibited
altered properties such as the enhanced expression of mucus and antimicrobial proteins as well as prominent fucosylation,
which are normally suppressed in FAE. Additionally, /22ra2”/~ mice exhibited the decreased uptake of bacterial antigens into
PPs without affecting M cell function. Our present study thus demonstrates that IL-22BP promotes bacterial uptake into PPs
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by influencing FAE gene expression and function.

INTRODUCTION

The mucosal surface of the intestinal tract is exposed to a va-
riety of foreign antigens, including pathogens for host animals.
To avoid the infectious risks of these pathogens, intestinal ep-
ithelial cells (IECs) develop several layers of barriers, such as
mucus secreted from goblet cells and antimicrobial proteins
(AMPs). To efficiently regulate these epithelial barriers, IECs
sense the condition of the intestinal lumen, which is largely
mediated by intracellular signaling pathways evoked by pat-
tern recognition receptors and cytokine receptors (Nenci et
al., 2007; Rubino et al., 2012).

IL-22 is one of the IL-10 family cytokines, and its func-
tions are well characterized in terms of intestinal homeosta-
sis, especially in the regulation of the IEC barrier (Sabat et
al., 2014). IL-22 is produced by immune cells, such as innate
lymphoid cells and T helper 17 cells, in response to microbial
stimulation, whereas the IL-22 receptor (IL-22R; also known
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as IL-22Ral) is predominantly expressed on IECs (Rubino
et al., 2012; Sabat et al., 2014). When IL-22 binds IL-22R,
signal transducer and activator of transcription 3 (STAT3)
is phosphorylated, which results in enhancing the expres-
sion of AMPs and mucus-associated molecules. These are
essential for the protection against pathogens because 1L-22—
deficient mice become more susceptible to the infection by
Citrobacter rodentium and Klebsiella pneumoniae (Aujla et
al., 2008; Zheng et al., 2008). In addition, IL-22 signaling
induces the fucosylation of IECs, which contributes to the
protection against Salmonella enterica serovar Typhimurium
(S. Typhimurium) infection (Goto et al., 2014).

IL-22 also plays an important role in the maintenance
of intestinal epithelial integrity when intestinal tissues are
damaged by various disorders, such as inflammatory bowel
disease and graft-versus-host disease (Sugimoto et al., 2008;
Pickert et al., 2009; Hanash et al., 2012). In these situations,
IL-22 enhances the proliferation and wound healing of IECs,
which results in the repair of the IEC barrier. However, it has
been reported that IL-22 signaling might be deleterious for
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epithelial tissues under certain conditions, including Toxo-
plasma gondii—infectious immunopathology, suggesting that
IL-22 signaling needs to be finely regulated to maintain IEC
integrity (Mufoz et al., 2009).

IL-22 signaling is negatively regulated by IL-22 bind-
ing protein (IL-22BP; also known as IL-22Ra2). IL-22BP
shares 34% amino acid sequence homology with the ex-
tracellular domain of IL-22Ral (Dumoutier et al., 2001).
Importantly, IL-22BP possesses a much higher affinity to
IL-22 than IL-22Ral (20- to 1,000-fold) and prevents the
binding of IL-22 to IL-22Ral (Wolk et al., 2007). Previ-
ous studies have demonstrated that IL-22BP is expressed in
mucosal tissues, including the intestinal tract (Huber et al.,
2012; Martin et al., 2014). In the colon, DCs constitutively
express IL-22BP, which is involved in the suppression of
tumor development (Huber et al., 2012). This observation
suggests that [L-22BP also acts to maintain intestinal ho-
meostasis. In addition, it has been reported that IL-22BP
is highly expressed in lymphoid tissues such as the spleen
and mesenteric lymph nodes (MLNs) in rats (Martin et al.,
2014), suggesting that IL-22BP may also play an important
role in adaptive immune responses, although little is known
in this regard.

Peyer’s patches (PPs) are a part of the gut-associated
lymphoid tissue in the small intestine and serve as an im-
portant inductive site for the generation of antigen-specific
intestinal immune responses (Pearson et al., 2012). To evoke
these responses, PPs need to take up antigens from the in-
testinal lumen. The luminal side of PPs is covered with folli-
cle-associated epithelia (FAE), which is distinct from villous
epithelia (VE), especially in terms of the presence of M (mi-
crofold or membranous) cells. M cells possess high phagocytic
and transcytotic capacities, which allow efficient bacterial up-
take into PPs (Ohno, 2016). Subsequently, taken-up bacteria
are transferred to DCs in the subepithelial dome (SED) of
PPs, eventually leading to the production of antigen-specific
immunoglobulin A (IgA; Hase et al., 2009).

FAE also displays a more distinct phenotype than VE
(Ohno, 2016). The features of FAE help the closer associ-
ation to FAE and efficient uptake to gut-associated lym-
phoid tissue thereafter of luminal bacteria. Although we
and others have previously identified that the transcrip-
tion factor Spi-B is essential for M cell development (de
Lau et al., 2012; Kanaya et al., 2012; Sato et al., 2013),
molecular mechanisms for these FAE characteristics have
been poorly understood.

In this study, we show that IL-22BP expression is the
highest in PPs among the intestinal tissues in mice, and we
identify that IL-22BP—positive cells that predominantly ac-
cumulate in PP SED are CD11c""CD11b"CD8a” DCs.
In addition, we demonstrate that IL-22BP expressed by
SED-DC:s 1s important for facilitating antigen uptake into PPs
by negatively regulating IL-22 signaling in FAE. Our study
thus identifies IL-22BP as one of the important determinants
for FAE characteristics.
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RESULTS AND DISCUSSION
IL-22BP is highly expressed by DCs in PPs
To understand the role of IL-22BP in the intestinal homeo-
stasis, including mucosal immune responses, we first examined
the expression of IL-22BP throughout the intestinal tract and
found much higher expression of II22ra2 mRNA in PPs than
in other parts of the intestine in mice (Fig. 1 A).To verify as
well as examine the localization of II22ra2 expression mor-
phologically, we performed in situ hybridization. We identi-
fied the accumulation of I122ra2-positive cells in the SED of
PPs (Fig. 1 B). We also confirmed the existence of IL-22BP
protein-expressing cells in the PP SED by immunostain-
ing (Fig. 1 C). We next determined the cellular identity of
IL-22BP expression in the SED region. Previous studies have
demonstrated that a main source of IL-22BP is DCs (Huber
et al., 2012; Martin et al., 2014). In addition, DCs are known
to abundantly accumulate in the SEDs of PPs (Iwasaki and
Kelsall, 2000). We therefore speculated that DCs could be re-
sponsible for IL-22BP expression in PPs as well. We isolated
CD11c""MHCIT"" DCs from PPs (Fig. 1 D). PP DCs can
be subdivided into CD11b"CD8a~, CD11b"CD8a*, and
CD11b”CD8a” (double negative; DN) subsets (Fig. 1 D) lo-
calizing in the SED, the interfollicular region, and both the
SED and interfollicular region, respectively (Iwasaki and Kel-
sall, 2000). We next assessed the expression of 1122ra2 in these
three subsets. Consistent with the distribution of IL-22BP
protein and the localization of DC subpopulations in PPs,
CD11b*CD8a~ DCs exhibited the highest expression of
I122ra2 among them (Fig. 1 E). DN DCs exhibited modest
expression of 1122ra2, which probably derived from DN DCs
localizing in the SED. However, the CD11b~CD8a” DCs and
the CD11c™ (CD11c" cell-depleted) population only showed
low levels of I122ra2 expression. These results suggest that
CD11b"CD8a~ DCs are a major source of IL-22BP in PPs.
‘We also examined the similar DC subsets from the MLIN
and spleen for the expression of 1122ra2 (Fig.S1 A);in contrast to
PPs, the expression of [122ra2 was fairly low in CD11b"CD8a™
DCs even though it was higher than in CD11b~CD8a" DCs
(Fig. 1 E),as described by a previous study (Martin et al., 2014).
We next evaluated the expression of [I122ra2 mRINA
by lamina propria (LP) CD103" DCs and CD103 macro-
phages, which were identified to express I[22ra2 by a previ-
ous study (Martin et al., 2014) and by the ImmGen database
(Immunological Genome Project, 2017). We isolated these
cell populations (Fig. S1 B) and found that CD103" DCs
slightly and CD103 macrophages modestly express I122ra2
(Fig. 1 E). We next carefully observed the intestinal sections
to identify IL-22BP protein-expressing cells in the LP. Immu-
nostaining of IL-22BP protein demonstrated that IL-22BP
protein-expressing cells also accumulate in the SED of co-
lonic patches and isolated lymphoid follicles as well as that
of PPs, but not in the LP of either the small intestine or the
colon (Fig. S1 C).These data suggest that the microenviron-
ment established in the SED region might be required for the
expression of IL-22BP protein.
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Figure 1. IL-22BP is expressed by DCs located on SED of PPs. (A) Relative //22ra2 mRNA expression of intestinal tissue, small intestine (SI), colon,
cecum, and PPs (normalized with Actb; n = 10). Data are pooled from two independent experiments. (B) In situ hybridization analysis of PPs with a di-
goxigenin-labeled specific RNA probe for //22ra2 mRNA. Nuclei were counterstained with Nuclear Fast Red. (C) Immunohistochemistry of PP tissues with
anti-IL-22BP antibody. Green colors show IL-22BP-positive cells, and blue colors show nuclei. Dotted lines indicate FAE. Data are representative of three
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IL-22BP blocks IL-22 signaling on the FAE

The preferential expression of IL-22BP in SED DCs sug-
gests that IL-22 signaling may be suppressed in the FAE com-
pared with the VE.To assess this, we examined the activation
of IL-22 signaling in FAE in mice treated with recombinant
IL-22 protein. Binding of IL-22 to IL-22R phosphorylates
STAT3, which results in translocation of phosphorylated
STAT3 (pSTAT?3) into nucleus. As expected, we observed
the nuclear translocation of pSTAT3 in the VE of WT mice
upon IL-22 administration. In contrast, nuclear pSTAT3 was
almost absent in the FAE of the same mice, suggesting that
IL-22BP expressed in SED preferentially blocks IL-22 signal-
ing in the FAE (Fig. 1 F).

IL-22BP deficiency gains the activation of

IL-22 signaling in the FAE

To further evaluate the role of IL-22BP in vivo, we gener-
ated mice lacking the I122ra2 gene (I122ra2~’~; Fig. S2). In
these mice, cells expressing IL-22BP protein were absent
from the SED of PPs (Fig. 2 A). We next verified whether
IL-22 signaling was restored in the FAE of I122ra2~~ mice.
Both I122ra2~’~ and heterozygous I122ra2"’~ were injected
with IL-22 and then nuclear pSTAT3 was examined. Similar
to WT mice, IL-22 signaling was almost totally blocked in
the FAE of [122ra2"’~ mice. In contrast, the nuclear pSTAT3
was clearly detected in the FAE of [122ra2™’~ mice, suggesting
that IL-22BP deficiency enhanced the ability of FAE cells to
respond to IL-22 (Fig. 2 B).

We also noticed that the signal of pSTAT3 in FAE was
weaker than those of VE in I122ra2™’~ mice. We therefore
compared the expression of II22ral between FAE andVE and
found that the expression of [I22ral was significantly lower
in FAE than in VE (Fig. 2 C). Because the FAE is closely
associated with the SED, we postulated that a factor or fac-
tors derived from the SED could suppress the expression of
II22ral in the FAE.To examine the possibility, we generated
intestinal organoids (Sato et al., 2009) and stimulated them
with receptor activator of NF-kB ligand (RANKL) and lym-
photoxin (LT) a;f,, which are expressed by stromal cells and
immune cells of the SED, respectively (Rumbo et al., 2004;
Taylor et al., 2007). Both RANKL and LT of3, stimulation
decreased the expression of II22ral in organoids (Fig. 2 D).
This suggests that the expression of II22ral was suppressed
by RANKL-RANK and LT B receptor signaling pathways
in the FAE. Collectively, IL-22 signaling in FAE is blocked
under physiological conditions because of a combination

of IL-22BP expressed in the SED and suppressed expres-
sion of II22ral in the FAE.

IL-22BP deficiency causes excessive expression of IL-22-
responsive molecules in FAE

Given that IL-22BP deficiency causes an excessive activa-
tion of IL-22 signaling, I122ra2”’~ mice might exhibit ab-
normalities in FAE properties. To evaluate the possibility,
we examined the expression of IL-22-responsive genes in
FAE. IL-22 signaling is known to target the genes associ-
ated with mucus, AMPs, and fucosylation. As expected,
Muc3, Reg3g, and Fut2 were significantly increased in FAE
of I122ra2™’~ mice (Fig. 3 A). We also investigated the ex-
pression of FAE-associated chemokines such as Ccl20 and
Cxcl16; however, expression of these genes was compara-
ble between I122ra2™’~ and II122ra2"’~ mice. We also found
that Psgl8, another FAE-associated gene, was significantly
decreased in I122ra2™'~ mice (Fig. 3 B). In addition, IL-22
signaling is known to activate the genes involved in epithe-
lial cell proliferation and wound healing, implying that the
renewal of FAE might be accelerated in I122ra2~’~ mice. We
therefore injected 5-ethynyl-2’-deoxyuridine (EdU) into
1122ra2”’~ and 1122ra2"’~ mice and traced the EdU-labeled
cells to observe the zone of proliferation within the FAE.
However, there was no apparent difference in the labeled area
of FAE after 48 h injection (Fig. S2 C). Collectively, these
observations demonstrate that IL-22BP deficiency causes
the augmented activation of IL-22-responsive genes in FAE
and also influences expression of some FAE-associated genes
but does not alter the distribution of proliferating epithe-
lial cells within the FAE.

The internalization of pathogenic and commensal bacteria
into PPs is hampered in /122ra2™/~ mice

The enhanced expression of IL-22-responsive genes could
result in lowering the accessibility of bacteria for uptake
into the PPs of [122ra2™’~ mice. Muc3 is one of the mucus
proteins and is distributed in the cell surface (Linden et al.,
2008). A previous study demonstrated that Muc3 is correlated
with decreased binding of enteropathogenic Escherichia
coli (Mack et al., 2003), indicating that the up-regulation
of Muc3 might impair the adhesion of bacteria. Fut2 is re-
sponsible for the fucosylation of IECs, which contributes to
protection against S. Typhimurium infection (Goto et al.,
2014). We therefore examined the fucosylation of the FAE
of 1122ra2”'~ mice by wholemount staining of PPs with fluo-

independent experiments. (D) CD11c-enriched cells were stained with antibodies to isolate DCs. CD37B220~CD45* PP cells were selected and analyzed by
the expression of CD11c and MHCIL. CD11c""MHCII"™®" cells were isolated as DCs, and CD11b*CD8a~, CD11b~CD8a*, and CD11b"CD8a~ (DN) DCs were
sorted from this DC population. Data are representative of four independent experiments. (E) Relative //22ra2 mRNA expression of sorted DC and macro-
phage (Mac) populations from PPs (n = 5), MLNs (n = 5), spleens (SPs; n = 5), and LPs (n = 4). Data were normalized with Actb. Data are pooled from four
independent experiments. Means + SD are shown. (F) Recombinant IL-22 was intravenously injected to a WT mouse. After 15 min, PPs were collected and
immunostained with anti-pSTAT3 antibody. Green colors show pSTAT3, and blue colors show nuclei. Dotted lines indicate FAE. Data are representative of at

least four independent experiments. Bars: (B) 100 um; (C and F) 50 pm.
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Figure 2. IL-22BP deficiency releases IL-22 signaling on the FAE.
(A) PP tissues from WT and //22ra2”'~ mice were immunostained with
anti-IL-22BP antibody. Green colors show [L-22BP-positive cells, and
blue show nuclei. (B) Both 1122ra2*~ and 1122ra2™’~ mice were intra-
venously administered with recombinant IL-22 protein. After 15 min,
PP tissues were collected. Tissue sections prepared from these mice
were immunostained with anti-pSTAT3 antibody. Green colors show
pSTAT3, and blue show nuclei. Dotted lines indicate FAE. Bars, 40 um.
Data are pooled from at least three mice of each genotype. (C) Rela-
tive /122ra1 mRNA expression of FAE and VE from both //22ra2*~ and
1122ra2~"~ mice. Circles and squares show VE and FAE, respectively. Solid
symbols indicate expression profiles of //22ra2*/~ mice, and open ones
indicate those of //22ra2”~ mice. Data were normalized with Gapdh
(n = 7). Data are representative of three independent experiments.
(D) Relative //22ral mRNA expression of intestinal organoids stimu-
lated with RANKL and LT a;B, for 24 h (n = 4). Data are representative
of two independent experiments. Means + SEM. are shown. One-way
ANOVAs with Bonferroni's (C) or Dunnett's (D) post hoc test were used
for statistical analyses. **, P < 0.01.

JEM Vol. 214, No. 6

rescent-labeled Ulex europaeus agglutinin-1 (UEA-I), which
recognizes o (1,2)-fucose. As expected, [122ra2™~ mice ex-
hibited far more prominent fucosylation in FAE compared
with I122ra2"’~ mice (Fig. 3 C).

We hypothesized that the enhanced expression of Muc3
and Fut2 in FAE impairs the internalization of bacteria into
PPs. Orally administered S. Typhimurium is preferentially in-
ternalized into PPs via M cell-mediated transport (Hase et
al.,2009; Kanaya et al., 2012). We therefore evaluated whether
the FAE of [122ra2™’~ mice exhibit the resistance to the inter-
nalization of S. Typhimurium into PPs. Both [122ra2™’~ and
1122ra2*’~ mice were gavaged with S. Typhimurium, and the
number of S. Typhimurium translocated in PPs was deter-
mined. Consistently, the internalization of S. Typhimurium
into PPs was significantly decreased in [122ra2™’~ mice com-
pared with I122ra2%/~ mice (Fig. 3 D). We also examined the
amount of S. Typhimurium—specific fecal IgA after the oral
gavage with attenuated S. Typhimurium and found that S.
Typhimurium—specific IgA response tended to decrease in
I122ra2”’~ mice (not significant; Fig. 3 E). We also assessed
the possibility that bacteria other than S. Typhimurium are
also less internalized into PPs in I122ra2™"~ mice.To examine
the possibility, we evaluated the internalization of one of the
commensal gram-negative bacteria, Alcaligenes spp., which
can colonize inside PPs (Obata et al., 2010; Sato et al., 2013).
As expected, the internalization of Alcaligenes spp. into PPs
was drastically decreased in I122ra2™"~ mice (Fig. 3 F). These
observations indicate that enhanced fucosylation and mucin
production in FAE of [I122ra2™’~ mice impairs both patho-
genic and commensal bacterial internalization into PPs. The
mechanisms of protection against bacteria by fucosylation
have not been elucidated; however, the bacteria that can use
fucose for their proliferation might inhibit the uptake of S.
Typhimurium or Alcaligenes spp. It is thought that the pro-
duction of mucus and AMPs is normally suppressed in FAE
to facilitate bacterial antigen uptake into PPs (Kraehenbuhl
and Neutra, 2003). Our data support and further this notion
by showing that the local action of IL-22BP can account for
these properties of the FAE.

IL-22BP deficiency does not influence M cell

differentiation and function

It could be possible that IL-22BP deficiency directly affects
M cells, which leads to the reduction in the internaliza-
tion of S. Typhimurium into PPs. To assess this possibility,
we examined the differentiation and function of M cells
in 1122ra2~’~ mice. Wholemount immunostaining of FAE
did not show an apparent difference in the expression level
of the M cell-specific marker GP2 (Hase et al., 2009) nor
the number of GP2-positive M cells between I[122ra2™"~
and [122ra2"~ mice (Fig. 4 A). Consistently, the mRNA
expression of Spib, a transcription factor essential for M cell
differentiation (Kanaya et al., 2012), was not significantly
different in I122ra2"~ and I122ra2™’~ mice (Fig. 4 B). To
further assess the potential effects of IL-22 signaling on

1611

920z Areniged 60 uo 3senb Aq 4pd0.£20910Z Wel/89z85.1/L091/9/v1.z/pd-elonie/wal/Bio sseidni//:dny woy papeojumoq



Reg3g Fut2
0.4+ 71 " 0.020
n.s.
[ ] O . 6 o
5 03{%e — 5 O o015 o .
T e -
g 'i‘ o ED 44 ® 00O O
3 0.2 PY 0.0104 o o
= °
& [ 1} J
& 0.17 2 {E [m] 0.0054
14 @ a
s o ¥ oo
0.04— T T T 04— ¢ T r 0.0004
VE FAE VE FAE VE FAE
B Ccl20 Cxcl16 Psg18
0.51 0.08+ 0.00081
. e
| ]
0.4
5 E oo 0.06 n 0.00061
i % -
o 0.3 n ]
o
= T 0.04 0.0004 m
2 0.2 % -
=
g oo 0.02 O m 0.00021 Em
X 0.1 e (m] -
- -.—@—.—%—
0.0--0—@— T 0.004— T 0.0000-

VE FAE VE FAE VE FAE
C 1122ra2*- 122ra2’ _
100
3 804
®
(5]
& 604
kel
2
< 404
2]
o
o
T 20
UEA-I )
WGA
olage QO
+/- -I-
600+ p=0.013 3-
=) n
| | e}
<
o
400 S 2
o
£ k) .
= ©
6 (L (m] § -
4 o -
200 g 1
©
:lFET S °
0- 0-
L o 0 2 3
Week after administration
F 122ra2* li22ra2*
3 1501
p =0.0047
1004 m
o
o
=
o
©
501 ]

1612

Figure 3. Excessive expression of IL-22 signaling in the
FAE of //122ra2”!~ mice decreased the uptake of bacterial
antigens into PPs. (A and B) Relative expressions of IL-22-
responsive genes (A) and those of FAE-associated genes (B) on
the FAE and VE from both //22ra2*~ and 1122ra2"~ mice are
shown. Circles and squares indicate VE and FAE, respectively.
Solid symbols indicate the expression profile of //22ra2*"~ mice,
and open ones indicate those of /[22ra2™/~ mice. Data were
normalized with Gapdh (n=7).* P < 0.05;*** P < 0.001. Data
are representative of three independent experiments. (C) PP
tissues from both /122ra2"~ and 1122ra2’~ mice were fixed
and stained with fluorescent-labeled lectins. Red colors show
UEA-I, and blue show WGA. Dotted lines indicate FAE. Data are
pooled from three mice of each genotype. Fucosylated area of
FAE was determined by MetaMorph software (n = 7). *, P <
0.01. (D) Both //22ra2*~ and 1122ra2™"~ mice were fed with S.
Typhimurium (x3306), and 24 h after the infection, PPs were
collected. Then, PPs were homogenized and plated on Luria
broth plates to calculate the number of S. Typhimurium taken
up into PPs (n = 10 of each genotype). Data are representa-
tive of three independent experiments. (E) Both //22ra2*~ and
1I22ra2”~ mice were gavaged with 5 x 10° CFUs of AaroA
S. Typhimurium (UF20). After 2 and 3 wk, feces were collected,
and S. Typhimurium-specific IgA was analyzed by ELISA
(n=5of each genotype). Data are representative of four inde-
pendent experiments. (F) The presence of Alcaligenes spp. was
visually analyzed by wholemount fluorescent in situ hybrid-
ization on the interior of PPs. Small dots indicate Alcaligenes
spp. The left graph shows the dot count of Alcaligenes spp.
(n = 5). Data are representative of two independent exper-
iments. Bars: (B) 40 um; (F) 10 um. Means + SD are shown.
One-way ANOVA with Bonferroni's post hoc test (A and B) and
Student's t test (C, D, and F) were used for statistical analysis.
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Figure 4. 1L-22BP deficiency does not affect the differentiation and function of M cells. (A) The FAE isolated from both 1122ra2*~ and 1122ra2~~ mice

were immunostained with anti-GP2 (green), and samples were counterstained with fluorescent-labeled phalloidin (blue). Bar, 40 um. Data are pooled from
three mice of each genotype. (B) Relative mRNA expression of M cell-marker genes on the FAE and VE from both //22ra2*~ and //22ra2™"~ mice are shown.
Circles and squares indicate VE and FAE, respectively. Solid symbols indicate the expression profile of //22ra2*~ mice, and open ones indicate those of
1122ra2”~ mice. Data were normalized with Gapdh (n = 7). Data are representative of three independent experiments. (C) Intestinal organoids were stimu-
lated with GST-RANKL or GST-RANKL together with recombinant IL-22 protein for 3 d. Then, expressions of M cell marker genes were analyzed. Data were
normalized with Gapdh (n = 4). Data are representative of two independent experiments. (D) Both //122ra2*"~ and /122ra2~"~ mice were orally gavaged with
fluorescent-labeled nanoparticles (0.2-um diameter). After 4 h, particles taken up into PPs were counted. Results show the number of nanoparticles in PPs
per section. Ten sections from distal PPs from each three mice are shown (n = 3). Data are pooled by two independent experiments. Means + SD are shown.

M cell differentiation, we used an in vitro M cell differenti-
ation model generated from intestinal organoids. M cells can
be induced in intestinal organoids by the addition of RANKL
(de Lau et al., 2012; Rios et al., 2016). We stimulated intes-
tinal organoids with RANKL or RANKL together with
IL-22 and evaluated M cell differentiation. Both Gp2 and
Spib were prominently increased in organoids upon RANKL
stimulation and were not suppressed by the addition of
IL-22, suggesting that IL-22 signaling does not impair M
cell differentiation (Fig. 4 C). In addition, we evaluated the
capacity for antigen uptake of M cells in [122ra2™’~ mice by
using fluorescent nanoparticles as a model particulate anti-
gen. We gavaged [122ra2™"~ and I122ra2""~ mice with fluo-
rescent nanoparticles and quantified the number of particles
by counting them in fixed PP sections. There were no sig-
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nificant differences in the number of nanoparticles taken up
into PPs between [122ra2™’~ and I122ra2"’~ mice (Fig. 4 D).
Collectively, these results indicate that IL-22BP deficiency
does not impair M cell differentiation nor M cell-mediated
antigen uptake and that the decreased bacterial uptake into
PPs in 1122ra2™’~ mice is not caused by functional or devel-
opmental defects in M cells.

Bacterial colonization does not trigger

the expression of IL-22BP

Because bacterial stimulation triggers the expression of
IL-22 (Schreiber et al., 2015), we wondered whether the
expression of IL-22BP could also be influenced by bacte-
rial colonization. To examine the possibility, we compared
the expression of IL-22BP mRNA between germ-free
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Figure 5. Bacterial colonization does not affect the
expression of IL-22BP. (A) Relative //22ra2 mRNA expres-
sion of PPs from SPF and GF C57BL/6N mice are shown
(normalized with Actb). (B) Relative //22 mRNA expression
of PPs from SPFand GF C57BL/6N mice are shown (normal-
ized with Actb). n = 4. Means + SD are shown. (C) Microbiota
compositions of l22ra2*"~ and 1i22ra2”~ mice are shown.
n = 5. Data are representative of two independent experi-
ments. Student's t test was used for statistical analysis.
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(GF) and specific pathogen—free (SPF) mice. In contrast
to the significantly higher expression of II22 in SPF mice
compared with GF mice, the expression of [I122ra2 was
comparable between GF and SPF mice (Fig. 5, A and B),
suggesting that microbial stimulation does not trigger the
expression of IL-22BP by SED DCs. Conversely, we as-
sessed whether IL-22BP deficiency could affect microbiota
composition; however, there was no significant difference
in microbiota composition of feces between [122ra2™’~ and
1122ra2"’~ mice (Fig. 5 C).

Concluding remarks

In this study, we identified that IL-22BP is highly expressed
by PP CD11b"CD8a~ DCs and that IL-22BP blocks IL-22
signaling in FAE. We also found that I122ra2™~ mice ex-
hibited enhanced fucosylation as well as increased pro-
duction of AMPs and the Muc3 mucin, which resulted in

1614

impaired bacterial translocation into PPs. Collectively, our
findings suggest that the extent of bacterial uptake into PPs
can be regulated both at the level of the FAE and at that
of M cells and provide novel information with respect to
the microenvironment and molecular mechanisms required
for FAE characteristics.

MATERIALS AND METHODS

Mice

BALB/c, C57BL/6], and C57BL/6N mice were purchased
from CLEA Japan, Inc. All mice were maintained under SPF
or GF conditions in Institute of Physical and Chemical Re-
search and Yokohama City University animal facilities until
use in experiments at 8—12 wk old. All animal experiments
were approved by the Animal Research Committees of the
Institute of Physical and Chemical Research Yokohama Re-
search Institute and of Yokohama City University.
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Generation of /122ra2™/~ mice

II22ra2 genomic sequences were amplified from a bacterial
artificial chromosome (clone 353K11; Thermo Fisher Sci-
entific) and inserted into the targeting vector with restric-
tion enzymes (SaclI-Notl) or the Gateway Recombination
System (Thermo Fisher Scientific; Fig. S2 A). The targeting
vector was transfected into embryonic stem cells to obtain
the clone with homologous recombination. The success-
ful targeting was confirmed by Southern blotting analysis
(Fig. S2 B). Mice with the floxed 1122ra2 allele were crossed
with CAG-Cre transgenic mice to delete exon 3 of I122ra2.
1122ra2"’~ and I122ra2™"~ mice were cohoused for at least 4
wk, and then mice were used for each experiment.

Cell isolation

PPs, the spleen, and MLNs were minced gently and then di-
gested with 1 mg/ml collagenase (Wako Pure Chemical Indus-
tries) and 40 pg/ml DNasel (Roche) containing RPMI 1640
(Sigma-Aldrich) supplemented with 2% fetal bovine serum
for 30 min at 37°C twice. Digested tissues were homoge-
nized with a syringe with an 18G needle and passed through a
70-pm mesh to obtain the single cell suspension. LP cells were
prepared according to a previous study (Moro et al., 2015).

Cell sorting

CD11c-enriched cells were obtained by autoMACS with
CD11c-microbeads (Miltenyi Biotec) according to the
manufacturers instructions. CD11c-enriched cell sus-
pensions were stained with antibodies, PerCP/Cy5.5—an-
ti-CD3 (145-2C11), PerCP/Cy5.5—anti-B220 (RA3-6B2),
APC-eFluor780—anti-CD45 (30F-11), PE-Cy7 or PE-
anti-CD11c  (N418), Brilliant violet 421-anti-MHCII
(M5/114.15.2), PE-Cy7 or APC-anti-CD11b (M1/70),
PE-anti-CD8a (53-6.7), and FITC-anti-F4/80 (BMS;
BioLegend) for separation of DC or macrophage subsets.
Dead cells were removed by Fixable Viability Dye eFluor
506 (eBioscience). Finally, DCs were sorted by FACSAria
(BD). The flow cytometry data were analyzed by Flow]o
software (Tree Star).

Isolation of FAE and VE

PPs were dissected from the small intestine and were soaked
in HBSS containing 30 mM EDTA for 15 min. After the
incubation, FAE and VE were isolated by manipulation with
needles under a stereomicroscope. Isolated FAE were used for
wholemount immunostaining or expression analyses.

Intestinal organoids culture

Proximal small intestine was incubated with 2 mM EDTA/
PBS for 30 min on ice. Then, intestinal crypts were isolated
by vigorous pipetting and embedded in Matrigel (Corning).
Crypts were cultured in Advanced DMEM/F12 (Thermo
Fisher Scientific) containing 10 ng/ml EGF (PeproTech),
R-spondinl conditioning medium (provided by C.J. Kuo;
Ootani et al.,2009), 100 ng/ml Noggin (PeproTech), B27 sup-
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plement (Thermo Fisher Scientific), N2 supplement (Thermo
Fisher Scientific), and 1 mM N-acetylcysteine (Sigma-
Aldrich). Recombinant glutathione S-transferase—mouse
RANKL fusion protein (GST-RANKL; 500 ng/ml; Knoop
et al., 2009) and LT o3, (1 pg/ml; R&D Systems) were used
for the stimulation of organoids. Recombinant mouse 1L-22
(100 ng/ml; PeproTech) was added into RANKL-stimu-
lated organoids to evaluate the effect of IL-22 signaling on
M cell differentiation.

Expression analyses

Total RNA from each sample was extracted with the
RNeasy mini kit (QIAGEN) and was reverse transcribed
with ReverTra Ace (Toyobo) to obtain ¢cDNA. Gene ex-
pression was analyzed by real-time quantitative PCR
with SYBR Premix Ex Taq (Takara Bio Inc.) and specific
primers (Table S1). The expression of target genes was as-
sessed by a comparative cycle threshold method using ex-
pression of Gapdh or Actb.

In situ hybridization

PP tissues were fixed for 24 h with 4% paraformalde-
hyde and were embedded into paraffin. The ¢cDNA frag-
ments for RNA probes of mouse I122ra2 were amplified
by PCR and subcloned into pcDNA3 plasmid vector. The
primer sequences are described in Table S1. A digoxigen-
in-labeled antisense RINA probe was prepared by in vitro
transcription with SP6 RINA polymerase (Roche), with
pcDNA3J including subcloned sequences as templates. All
procedures of in situ hybridization were performed by a
VENTANA DISCOVERY system (Roche) following the
manufacturer’s instructions.

Immunohistochemistry

PP tissues were fixed with zinc formalin fixative (Poly-
sciences) and embedded into paraffin. Paraffin sections of PPs
were deparaffinized and treated with 0.3% H,O, in PBS for
20 min at room temperature to quench an endogenous per-
oxidase activity and then sections were boiled with citrate
buffer, pH 6.0, for 20 min to antigen retrieval of both IL-
22BP and pSTAT3. The sections were incubated with 0.5%
blocking buffer (PerkinElmer) in PBS for 30 min at room
temperature and then with primary antibodies overnight at
4°C.The binding of anti—IL-22BP (AF1087; R&D Systems)
and anti—-phospho-STAT3 (Tyr705; Cell Signaling Technol-
ogy) was followed by biotinylated secondary antibodies and
visualized by a Tyramide Signal Amplification system (Perkin-
Elmer). The sections were analyzed with an SP5 confocal
laser microscope (Leica Microsystems).

Detection of EdU-incorporating cells in the FAE

EdU (5 mg/kg of body weight) was intraperitoneally injected
to mice. After 48 h, EdU was detected using the Click-iT
EdU Alexa Fluor 488 imaging kit (Thermo Fisher Scientific)
according to manufacturer’s protocol.
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Wholemount staining

To observe GP2, isolated FAE were fixed with 4% parafor-
maldehyde for 1 h on ice and then incubated with primary
antibodies overnight at 4°C. After the overnight incubation,
specimens were incubated with fluorescent-labeled second-
ary antibodies for 1 h at room temperature. To examine the
fucosylation of epithelial cells, PPs were fixed with perio-
date lysine paraformaldehyde solution and stained with 20
pg/ml Rhodamine—UEA-I (Vector Laboratories) and 10 pg/
ml Alexa Fluor 633—wheat-germ agglutinin (WGA; Thermo
Fisher Scientific). The specimens were analyzed with an SP5
confocal laser microscope.

Intravenous injection of recombinant IL-22 protein
Recombinant mouse IL-22 (3 pg/mouse; PeproTech) was
intravenously injected to mice. After 15 min, mice were sacri-
ficed and PPs were collected. The PPs were fixed and embed-
ded in paraffin blocks for sectioning.

Quantification of fluorescent nanoparticles

taken up into PPs

Fluorescent-labeled nanoparticles (0.2-um diameter; Molec-
ular Probes) were administered to fasted mice. After 4 h, mice
were sacrificed and distal PPs were collected. Then, PP tissues
were embedded into optimum cutting temperature com-
pound (Sakura). Five-um-thick sections were prepared from
embedded PPs, and particles taken up into PPs were counted.

Quantification of S. Typhimurium taken up into PPs

Mice were orally administered with 10’ CFUs of S. Typh-
imurium (¥3306; provided by H. Matsui, Kitasato University,
Tokyo, Japan; Gulig et al., 1998). After 24 h, PPs were dis-
sected and incubated for 30 min at 20°C in sterile PBS con-
taining 100 pg/ml gentamicin. Pooled PP tissue was weighed
and homogenized in sterile PBS. The homogenates were se-
rially diluted in sterile PBS and plated on a Luria broth agar
plate containing 25 pg/ml nalidixic acid.

Evaluation of S. Typhimurium-specific IgA in feces

Mice were orally administered AaroA S. Typhimurium
(UF20; 5 x 10° CFU/mouse; provided by H. Matsui; Gulig
and Doyle, 1993). 2 and 3 wk after the infection, feces were
collected and suspended in sterile PBS (100 pl to 10 mg
feces), homogenized, and centrifuged at 12,000 g for 10 min,
and then supernatant was collected. The supernatants were
analyzed by the mouse IgA ELISA kit (Bethyl Laboratories)
to measure the amount of S. Typhimurium—specific IgA. In
this study, 96-well plates were coated with lysates prepared
from S. Typhimurium to capture S. Typhimurium—specific
IgA in supernatant.

Wholemount fluorescence in situ hybridization analysis

To detect Alcaligenes, oligonucleotide probes ALBO, which
detects the 699-716 position in the 23S ribosomal RINA
of Alcaligenes spp., and BPA were purchased from Thermo
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Fisher Scientific. Isolated tissue segments were fixed in 4%
paraformaldehyde for 16 h at 4°C and washed with PBS. Tis-
sues were hybridized for 16 h in hybridization buffer (0.9 M
NaCl, 20 mM Tris-HCI, 45% formamide, 0.1% SDS, and 10
pg/ml DNA probe) at 60°C. After washing twice in washing
buffer (0.45 M NaCl, 20 mM Tris-HCl, 45% formamide, and
0.01% SDS) for 10 min at 60°C, tissue segments were flushed
with PBS. To detect the epithelial layer, the specimen was
stained with the Alexa Fluor 633-labeled WGA (10 pg/ml;
Thermo Fisher Scientific) for 1 h. After being washed with
PBS, the tissue samples were mounted and examined using
an SP5 confocal laser microscope, and the fluorescent dots in
each dome were counted.

Microbiota analysis by 16S ribosomal RNA sequencing

Feces were collected and stored at —80°C until analysis. Fecal
DNA extraction was performed according to previous studies
but with minor modifications (Kim et al., 2013; Kato et al.,
2014). Feces (10 mg) were suspended with sterile sticks in
300 pl of TE10. The fecal suspension was incubated with 15
mg/ml lysozyme (Wako Pure Chemical Industries) at 37°C
for 1 h. A purified achromopeptidase (Wako Pure Chem-
ical Industries) was added to be the final concentration at
2,000 U/ml and then was incubated at 37°C for 30 min.
The suspension was added at 1% (weight/volume) sodium
dodecyl sulfate and 1 mg/ml proteinase K (Merck) and in-
cubated at 55°C for 1 h. After centrifugation, the bacterial
DNA was purified using phenol/chloroform/isoamyl alcohol
(25:24:1) solution. The DNA was precipitated by adding eth-
anol and sodium acetate. RNase treatment and polyethylene
glycol precipitation was performed. The V4 variable region
(515F-806R)) was sequenced on an Illumina Miseq following
the method described previously by Kozich et al. (2013). Each
reaction mixture contained 15 pmol of each primer, 0.2 mM
deoxyribonucleoside triphosphates, 5 pl of 10X Ex Taq HS
buffer, 1.25 U Ex Taq HS polymerase (Takara Bio Inc.), 50 ng
extracted DNA, and sterilized water to reach a final volume
of 50 ul. PCR conditions were as follows: 95°C for 2 min
and then 25 cycles of 95°C for 20 s, 55°C for 15 s, and 72°C
for 5 min, followed by 72°C for 10 min. The PCR product
was purified by AMPure XP (Beckman Coulter) and quanti-
fied using a Quant-iT PicoGreen dsDNA Assay kit (Thermo
Fisher Scientific). Mixed samples were prepared by pooling
approximately equal amounts of PCR amplicons from each
sample. The pooled library was analyzed with a High Sen-
sitivity DINA kit on a 2100 Bioanalyzer (Agilent Technolo-
gies). Real-time PCR for quantification was performed on a
pooled library using a KAPA Library Quantification kit (Illu-
mina) following the manufacturer’s instructions. Based on the
quantification, the sample library was denatured and diluted.
A sample library with 20% denatured PhiX spike-in was se-
quenced by Miseq using a 500 Cycles kit (Illumina). We ob-
tained 2 X 250-bp paired end reads. Taxonomic assignments
and estimation of relative abundance of sequencing data were
performed using the analysis pipeline of the QIIME software
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package (Caporaso et al., 2010). Chimera checking was per-
formed using UCHIME (Edgar et al., 2011). An operational
taxonomic unit (OTU) was defined at 97% similarity. OTUs
indicating relative abundance of <1% were filtered to remove
noise. The OTU was assigned a taxonomy based on a com-
parison with the Greengenes database using RDPclassifier
(Wang et al., 2007; McDonald et al., 2012).

Statistical analyses

Student’s ¢ test and one-way ANOVA followed by the Bon-
ferroni’s post hoc test were used. P-values of <0.05 were con-
sidered statistically significant.

Online supplemental material

Fig. S1 shows an analysis of IL-22BP expression in in-
testine and lymphoid tissues. Fig. S2 shows the generation
of IL-22BP—deficient mice. Table S1 lists the primer se-
quences used for this study.
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