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Allograft inflammatory factor 1 is a regulator of
transcytosis in M cells

Sari Kishikawa'?*, Shintaro Sato"34>6+* Satoshi Kaneto!, Shigeo Uchino’-¥, Shinichi Kohsaka’, Seiji Nakamura?

& Hiroshi Kiyono'34:8

M cells in follicle-associated epithelium (FAE) are specialized antigen-sampling cells that take
up intestinal luminal antigens. Transcription factor Spi-B regulates M-cell maturation, but the
molecules that promote transcytosis within M cells are not fully identified. Here we show that
mouse allograft inflammatory factor 1 (Aif1) is expressed by M cells and contributes to M-cell
transcytosis. FAE in Aifl~/~ mice has suppressed uptake of particles and commensal bac-
teria, compared with wild-type mice. Translocation of Yersinia enterocolitica, but not
of Salmonella enterica serovar Typhimurium, leading to the generation of antigen-specific
IgA antibodies, is also diminished in Aifl-deficient mice. Although B1 integrin, which acts
as a receptor for Y. enterocolitica via invasin protein, is expressed on the apical surface
membranes of M cells, its active form is rarely found in Aiff =7/~ mice. These findings show
that Aifl is important for bacterial and particle transcytosis in M cells.
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ntestinal tissues are continuously exposed to the outside

environment. The epithelium covering the digestive tract is

the barrier to invasion by gut pathogenic bacteria and interface
to mutual interaction with commensal microbiota. Therefore,
intestinal epithelial cells (IECs) are equipped with a variety of
immunological, physiological and chemical barrier features to
maintain the balance between surveillance or elimination and
symbiosis, and thus create intestinal homeostasis'™. These
features include innate antigen-recognition receptors such as
Toll-like receptors, along with acquired immunity (for example,
in the form of secretory IgA), tight junction molecules
(for example, occludin), and production of antimicrobial
peptides (for example, defensin), cytokines, chemokines and
mucins*. Offensive and defensive interactions between host
and bacteria influence the induction and regulation of the
antigen-specific mucosal immune responses. To induce antigen-
specific immune responses against orally encountered antigens,
the mucosal immune system is functionally organized into
inductive tissues such as Peyer’s é)atches (PPs) and effector
tissues such as the lamina propria>®. PPs are well-characterized
inductive tissue in the small intestine and are covered by
follicle-associated epithelium (FAE)®. FAE contains microfold
(M) cells, which are specialized antigen-sampling cells that
actively take up foreign antigens from the intestinal luminal
side into PPs for the initiation of antigen-specific humoral and
cellular immune responses’. M cells have two unique structural
characteristics; they have irregular, short microvilli on their
apical side that distinguish them from neighbouring columnar
epithelial cells with tall and dense microvilli, and they have
a pocket structure holding antigen-presenting cells such as
macro]phages, B cells, and dendritic cells on their basolateral
side®~1. This unique morphology is considered to contribute
to their active antigen uptake and the subsequent transcytosis
of antigens from the intestinal lumen to antigen-presenting
cells in PPs, resultin% in the initiation of antigen-specific mucosal
immune responses7’ 2,

Glycoprotein 2 (GP2) has been identified as a specific marker
of mature M cells; it contributes to the uptake of Salmonella
enterica serovar Typhimurium by recognising the bacterial
flagellar protein FimH!*!4, In addition, cellular prion protein
on the M-cell surface has been reported to be an invasive
receptor for Brucella abortus'®. Furthermore, Spi-B is a pivotal
transcription factor for the development and function of
M cells, including the induction of GP2 (refs 16-18). Despite
these advances, we still have a limited understanding of
the molecular basis of M-cell development, maturation, and
function (for example, transcytosis).

To further understand the immunobiological uniqueness
of M cells, we previously performed a DNA microarray analysis
to search for new molecules (our unpublished data) and identified
several unique candidate genes specifically associated with
M cells. From this assay, we proposed allograft inflammatory
factor 1 (Aifl) as a candidate protein that is encoded by one
of these genes and is preferentially produced by M cells. Aifl,
which is also known as ionized calcium-binding adapter molecule
1 (Ibal), is a cytoplasmic protein with EF-hand calcium-binding
domains and was first observed in the macrophages of rat
heart allografts under chronic rejection!®. Aifl is highly expressed
in the monocytic lineage, including macrophages and microglia,
and is involved in phagocytosis and the formation of membrane
ruffling throu%h Racl, which belongs to the Rho-family
of GTPases?"?!. In addition, when EF-hand-domain-truncated
or point-mutated Aifl is overexpressed in the microglial cell
line MGS5, the cells cannot form membrane ruffling through
actin remodelling to catch foreign antigens such as zymosan
during phagocytosis?!*?2. However, it has been suggested that, in

2

vascular smooth muscle cells, Aifl-Racl signalling is involved in
cell migration and actin polymerisation rather than membrane
ruffling?®. The precise function of Aifl in M cells is unknown.
Here we generate Aifl-deficient mice to investigate in vivo role of
Aifl in M cells. Aifl deficiency does not affect the development
and fundamental ultrastructure of M cells. However, uptake of
particles, commensal and pathogenic bacteria by M cells is
severely impaired in Aifl-deficient mice. Our findings suggest
that M-cell-intrinsic Aifl plays an important role in antigen
uptake and transcytosis function of M cells.

Results

Specific expression of Aifl by M cells. To shed further light on
M-cell-specific molecules, we performed a DNA microarray
analysis by using RNA prepared from the FAE of Spib*/* and
Spib—/~ mice, because previous studies by ourselves and others
had shown that Spi-B deficiency resulted in a substantial reduc-
tion in M-cell development!®~'8, We therefore used FAE from
the Spib™/* mice as normal FAE and that from the Spib—/~
mice as M-cell-deficient FAE. From this analysis we identified
several candidate genes, the expression of which was identified as
M-cell specific and Spi-B dependent (unpublished data). Here we
focused on Aifl, because Aifl is involved in phagocytosis in
macrophages through modification of actin bundling?®?! and in
migration of vascular smooth muscle cells through the induction
of actin polymerization®’.

First, we examined M-cell-specific expression of Aifl by
quantitative PCR analysis of various IECs, including FAE, which
were isolated from Spi-B-deficient mice and littermate controls.
In control mice, Aifl mRNA was highly expressed in haemato-
poietic cell lineages prepared from PPs, as reported previously
(Fig. 1a)2L In fact, CD11c-positive cells in PPs and the lamina
propria also expressed Aifl (Supplementary Fig. 1). Aifl was also
highly expressed in FAE, but not in other small or large intestinal
epithelial cells (Fig. la), though its level was lower than
other known M-cell markers such as Gp2, Spib and Ccl9
(Supplementary Fig. 2). Expression of Aifl mRNA in FAE was
severely defective in Spi-B-deficient mice. These results suggested
that, among the various types of IECs, Aifl expression might be
specific for M cells. Expression of Aifl in haematopoietic cells
prepared from PPs was intact in Spi-B-deficient mice, further
supporting the specificity of Aifl expression by M cells and its
dependence on Spi-B (Fig. 1a).

We next used whole-mount staining of PPs to investigate the
expression of Aifl protein in M cells. PPs prepared from wild-
type mice were stained with anti-Aifl and anti-GP2 antibodies,
because GP2 positivity in FAE is definitive of mature M cells!>4.
In wild-type mice, although it seemed that there were some
GP2- or Aifl-single positive cells because the fluorescein signals
of both GP2 and Aifl are different in each cell, most of the
Aifl-positive cells located in the FAE of PPs were co-stained
with anti-GP2 antibody (Fig. 1b). Z-stack images also showed that
the expression of Aifl was restricted in GP2-positive
cells (Supplementary Fig. 3). However, Aifl expression, like
GP2 expression, was absent in the FAE of PPs prepared from
Spib~/~ mice (Fig. 1c). On the other hand, consistent with the
mRNA expression (Fig. la), production of Aifl was detected
in the sub-epithelial dome and lamina propria regions, even in
Spi-B-deficient PPs (Supplementary Fig. 4). These data suggest
that Aifl is a newly identified M-cell-specific molecule, the
expression of which depends on the presence of Spi-B.

Generation and characterisation of Aifl-deficient mice.
To investigate the functional role of Aifl in M cells in vivo,
we generated Aifl-deficient (Aifl ~/~) mice (Supplementary
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Figure 1| Specific expression of Aifl in GP2-positive M cells among IECs. (a) Relative Aif! expression in indicated cell populations from Spib*/+ and
Spib—/~ mice. Each result was normalized against the expression of glyceraldehyde 3-phosphate dehydrogenase (Gapdh) and is representative of three
independent experiments. (b,c) Whole-mount staining of GP2-positive M cells and Aifl. Peyer’s patches (PPs) prepared from wild-type C57BL/6J (b) and
Spi-B-deficient mice (¢) were stained with anti-GP2 antibody (green), anti-Aif1 antibody (red) and phalloidin (blue). The yellow box region in (b, bottom
left) was magnified to produce the image in (b, bottom right). Dotted lines indicate the periphery of the FAE region. Data are representative of three

independent experiments. Duo, duodenal; ECs, epithelial cells; FAE, follicle-associated epithelium, haemato, haematopoetic cells; lle, ileum; LI, large

intestine.
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Figure 2 | Normal M-cell numbers in Aifl-deficient mice. (a) Relative expression of Gp2 in FAE from Aifl™/* and Aifl=/~ mice. Each result was
normalized against the expression of Gapdh. Data are shown as means +s.e.m. (n=2 per genotype) from one experiment representative of two
independent experiments. P value was determined with Student’s t-test. (b) Whole-mount staining of GP2-positive M cells in the FAE of Aif1™/* and
Aif1=/~ mice. The number of GP2-positive cells found in each 0.01-mm? field was counted to provide the data in €. Dotted lines indicate the periphery of
the FAE region. Data are representative of three independent experiments. (¢) M cells were counted as GP2-positive cells, and the average number

of M cells found in each 0.01mm? field is shown as the mean s.e.m. (n=7 per genotype). P value was determined with Student's t-test.

Fig. 5a). Aifl ~/~ mice were born in the expected Mendelian
ratio and showed no developmental abnormalities. Immunoblot
analysis confirmed that Aifl expression was abolished in
Aift =/~ bone-marrow (BM) cells and splenocytes (Suppleme-
ntary Fig. 5b). Furthermore, Aifl expression in FAE of PPs was
not detected by whole-mount staining (Supplementary Fig. 5¢).

Next, we checked whether there were any differences in
FAE Gp2 expression between wild-type and Aifl-deficient mice.
Quantitative PCR analysis revealed that expression levels of
Gp2 mRNA in FAE were comparable in control and Aifl =/~
mice (Fig. 2a). In addition, almost the same number of
GP2-positive cells (that is, mature M cells) per field of FAE was
observed in both types of mice (Fig. 2b,c). These data suggest
that Aifl deficiency did not affect M-cell maturation.

M-cell morphology is unaffected by Aifl-deficiency. As
indicated above, Aifl deficiency did not influence the production
of GP2 by M cells. In our next experiment, we examined whether

Aifl was involved in M-cell morphology. Scanning electron
microscopic analysis revealed that the apical surface mor}phology
(short, irregular microvilli formation) of M cells in Aifl =/~ mice
was similar to that in control mice (Fig. 3a). Consistent with the
findings on GP2 positivity, the number of indented cells (which
are considered to be M cells'®?>%) per field of FAE in Aifl =/~
mice did not differ significantly from that in control mice
(Fig. 3b). Furthermore, the presence of microvilli and a pocket
structure enfolding lymphocytes was observed in the FAE region
of Aifl-deficient mice, in the same way as in wild-type mice
(Fig. 3c). In addition, the endocytic compartments found at the
apical side of M cells were observed in Aifl ~/~ mice, although
the size and number of endosomes were slightly smaller than
those found in control mice (Fig. 3d). These data suggest that Aifl
is not associated with the morphology of M cells.

Aifl is important for antigen-uptake function of M cells.
Although Spi-B has been shown to be a key transcription factor
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Figure 3 | Ultrastructure of M cells in Aif1-deficient mice. (a) Scanning electron microscopic images of FAE from control and Aifl =/~ mice. Right panels
are magnified images of the boxed regions in the left panels. (b) M cells were counted as sunken cells, and the average number of M cells found in each
0.01mm? field is shown as the mean + s.e.m. of one experiment representative of two independent experiments (Aifl T/, n=9; Aifi=/~, n=10). P value
was determined with Student's t-test. (¢) Transmission electron microscopic images of FAE from control and Aifl~/ ~mice. Arrows indicate M cells. Data
are representative of three independent experiments. N, nucleus; L, lymphocyte. (d) Magnified transmission electron microscopic images of the apical side
of M cells. Arrows show endosomes. Data are representative of three independent experiments.

associated with M-cell development!®~18, very little is known
about the molecular mechanisms of the M-cell's antigen-
sampling system. We therefore next examined whether
Aifl contributed to the antigen-uptake function of M cells.
First, we compared the uptake of fluorescent particles (200 nm in
diameter) between control and Aifl /= mice. Two hours
after oral administration of these particles, PPs from the
duodenum were removed and the number of particles in
each PP was counted under a fluorescence microscope. The
PPs of Aifl =/~ mice took up dramatically and significantly
fewer particles than did the PPs of Aifl 7/* mice (Fig. 4a).
We then performed the same assay by using fluorescence-
labelled Lactobacillus reuteri as larger particulate antigens
(0.7 to 1.0 X 2.0 to 3.0 um in size, ref. 25); this bacterium is one
of the major commensals found in the mouse small intestine?®,
The numbers of bacteria found in FAE and inside the PPs
were significantly smaller in Aifl =/~ mice than in control
Aift 7/ T mice (Fig. 4b).

Next, we used Yersinia enterocolitica and S. Typhimurium to
examine the influence of Aifl deficiency on M-cell-targeted
invasion of PPs by intestinal pathogenic bacteria. Wild-type
control and Aifl =/~ mice were orally given 1x 10° colony-
forming units (CFUs) of Y. enterocolitica or 1 x 108 CFUs of
S. Typhimurium. Twenty-four hours after oral administration of
the pathogens, PPs were isolated from the ileum, weighed,
homogenized, and diluted in PBS. Each diluted sample was plated
on Y. enterocolitica-selective agar, or on LB agar plates contai-
ning 25pgml ! nalidixic acid to select S. Typhimurium,
before overnight incubation at the appropriate temperatures
(see Methods section). We then counted the numbers of colonies.
Surprisingly, in a result similar to that for the particle uptake,
the number of CFUs of Y. enterocolitica found in the PPs was
significantly lower in Aifl =/~ mice than in wild-type mice
(Fig. 5a). In contrast, the number of S. Typhimurium
found in the PPs did not differ significantly between control
and Aifl =/~ mice (Fig. 5b).

As shown above (Fig. 2b), the expression of GP2 was
not impaired in Aifl-deficient mice. Given that GP2 recognizes
the outer membrane protein FimH on S. Typhimurium
and contributes to efficient transcytosis of such bacteria by
M cells!4, the presence of GP2 at the apical surfaces of M cells
upon uptake of S. Typhimurium might be the reason why
Aifl-deficient mice showed no decline in the number of
S. Typhimurium in the PPs. To investigate this hypothesis, we
next prepared and used a FimH-deletion mutant of
S. Typhimurium (AFimH). In wild-type mice, the number of
AFimH S. Typhimurium entering the PPs was smaller than the
number of parental FimH-positive bacteria entering (Fig. 5¢,b).
Translocation of AFimH S. Typhimurium compared with
parental FimH-positive bacteria was also diminished in
Aifl =/~ mice, but contrary to our speculation, this effect was
no more than in wild-type mice (Fig. 5c). Salmonella spp.
invasion induces membrane ruffling by their type-three secretion
system (TTSS)%. In the case of Yersinia sgy invasion, membrane
ruffling is not needed and does not occur?”-8, Therefore, we next
examined the uptake of the AinvA mutant of S. Typhimurium,
which lacks TTSS and cannot induce membrane ruffling?’.
Because of this lack of TTSS, the uptake number of AinvA mutant
organisms was severely reduced, even in wild-type control mice,
but it was more severely reduced in Aifl =/~ mice (Fig. 5d;
P=0.016 versus wild-type mice). Taken together, these results
suggest that Aifl is associated with actin remodelling occurring
on Y. enterocolitica invasion, but not with membrane ruffling,
which is induced by, and needed for, invasion of S. Typhimurium.

M-cell-intrinsic Aifl is important for mucosal immunity.
Aifl-deficient mice showed decreased M-cell-mediated uptake of
particles and translocation of Y. enterocolitica. Aifl expression
has been reported so far in microglia and macrophages?"?°.
Therefore, it was also important to investigate whether
Aifl, which is produced in macrophages, dendritic cells, and
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Figure 4 | Influence of Aif1 deficiency on transcytosis function of M cells.
Evaluation of particle (@) and Lactobacillus reuteri (b) sampling by M cells.
Mice fasted for 24 h were given fluorescence-conjugated 200 nm particles
(1% 10" beads) or FITC-labelled bacteria (5 x 10° CFUs) orally. Two hours
later, PPs were collected from the duodenum, fixed in 4%
paraformaldehyde, and cut into 10 or 15 consecutive sections. The numbers
of particles or labelled bacteria that had entered each PP were then counted
under a fluorescence microscope. Each dot represents an individual PP from
three independent experiments (For particles: Aifi t/+, n=12; Aifi =/,
n="11. For L. reuteri: Aifi*/+, n=10; Aifl=/~, n=9). Horizontal bars
indicate each mean. P values were determined with Student’s t-test.

Right panels are representative images of each section. Dotted lines
indicate FAE regions and circles indicate each particle or bacterium. Scale
bar, 20 um.

lymphocytes, contributed to the uptake of particles and
Y. enterocolitica. We used BM chimeric mice prepared
by transplanting Aifl /= BM cells into congenic
wild-type (Ly5.1) mice (Aifl =/~ BM—Ly5.1) or vice versa
(Ly5.1 BM— Aifl =/ 7). Both types of chimeric mice were orally
given the microparticles (200 nm in diameter) or Y. enterocolitica
8 weeks after BM transfer. Uptake of either particles or
Y. enterocolitica was mnot influenced by Aifl-deficient
BM transfer in Ly5.1 mice (Fig. 6a,b). Transfer of wild-type
BM to Aifl /= mice did not improve the significantly
reduced particle or Y. enterocolitica uptake in these mice
compared with that in the Aifl =/~ BM—Ly5.1 mice. These
results suggest that Aifl expression in M cells, but not
in haematopoietic cells, contributes to the uptake of particles
and Y. enterocolitica.

Aifl-deficient mice showed impaired uptake of the
major enteric commensal bacterium, L. reuteri (Fig. 4b).
Given that M-cell-intrinsic Aifl is important for the uptake
of substantial numbers of commensal bacteria, it is possible
that secretory IgA (SIgA) production is also diminished in
Ly5.1 BM—Aifl =/~ chimeric mice, because IEC-specific
RANK-deficient mice, which lack PP M cells, have less
faecal SIgA than do control mice’’. Enzyme-linked
immunosorbent assay (ELISA) examination of the amounts
of faecal total IgA in both types of Aifl chimeric mice revealed

. enterocolitica . Typhimurium
a Y. liti b s 1yphimuri
=0. P=0.79
20,000 4 =002 600 -
C f 500 —
S 15,000 - S
g) o 400
(o]
E 10,000 - € 300
g 2 4
s | S 200
2 5000 2 ]
3} S 100
0- 0-

Aif** Aif1= Af** Aif1=

C s Typhimurium (AFimH) d S. Typhimurium (AinvA)
=0. P=0.01
970 - P=0.26 _ P=0.016
c c 6
S S 5
S 180 H S
(o)} j=2) 4 -
€ €
o} & 3
Qo 90 Qo
2 2 2
(@] O 14
0 - 0 -

Af* Aif1= AfT** Aif17-

Figure 5 | Impaired translocation of pathogenic bacteria in Aifl —/~
mice. Evaluation of transcytosis of Y. enterocolitica (a; 1x 10° CFUs given
orally) and indicated strains of S. Typhimurium (b-d; 1 x 108 CFUs given
orally). Twenty-four hours after administration of the bacteria, PPs were
collected from the ileum, homogenized and diluted. Each diluted sample
was cultured on the appropriate plates. Colonies were counted and the
values normalized against the weight of the PPs. Data are shown as
means * s.e.m. from two independent experiments (n =18 per genotype for
Y. enterocolitica; n=10 to 20 per genotype for S. Typhimurium). P values
were determined with Student's t-test.
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Figure 6 | Importance of M-cell-intrinsic Aif1 for uptake of particles and
Y. enterocolitica. Evaluation of 200 nm bead uptake (a) and transcytosis
of Y. enterocolitica (b) in bone-marrow (BM) chimeric mice to which we
transferred Aifl=/~ BM cells (Aifl=/~ BM—Ly5.1) or vice versa

(Ly5.1 BM > Aifl =/ ~). Both experiments used the same protocols as
described in Fig. 4a (particles) and Fig. 5a (Y. enterocolitica; for particles:
n=12 per group. For Y. enterocolitica: Aifl =/~ BM—Ly5.1, n=5;

Ly5.1 BM— Aifl =/, n=6). P values were determined with Student's
t-test.

no significant difference between the two groups (Fig. 7a),
suggesting that entry of commensal bacteria was not
totally impaired in Ly5.1 BM—Aifl =/~ chimeric mice.
Interestingly, however, the population of IgA-coated faecal
bacteria was significantly reduced in Ly5.1 BM— Aifl ~/~
chimeric mice compared with that in Aifl =/~ BM— Ly5.1
mice (Fig. 7b,c).
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Figure 7 | Importance of Aif1 for initiation of the mucosal IgA immune response. (a) Quantification of total faecal IgA. Faeces were prepared from the
chimeric mice indicated. Concentrations of total IgA were determined by ELISA. Data are means * s.e.m. from two independent experiments (n =8 per
group). P value was determined with Student's t-test. (b) Representative plots of bacterial flow cytometry. Faeces were collected from the chimeric mice
indicated and suspended in PBS. Bacteria recognized by IgA were detected and their percentages determined. (¢) The percentages determined in b are
shown as means * s.e.m. from two independent experiments (n=12 per group). P value was determined with Student's t-test. (d) Quantification of
total IgA after long-term infection with Y. enterocolitica. Faeces were prepared from the indicated chimeric mice on day 28 after infection. Concentrations
of total IgA were determined by ELISA. Data are means £ s.e.m. from two independent experiments (n=6 per group). P value was determined with
Student's t-test. (e) Comparison of anti-Y. enterocolitica-specific IgA production after long-term infection. Serial diluted faecal extracts prepared from

Y. enterocolitica-infected mice were subjected to ELISA by using Y. enterocolitica-coated plates. Data are means + s.e.m. from one experiment representative
of two independent experiments (n=4 per group). *P<0.05, determined with Student's t-test.

Next, we measured anti-Y. enterocolitica-specific antibody
in a model of long-term infection. Y. enterocolitica at 1 x 10°
CFUs was given orally to the chimeric mice once a week
to analyse total and antigen-specific IgA antibody induction.
After four inoculations of Y. enterocolitica, Ly5.1 recipient
mice, which possessed wild-type M cells and Aifl-deficient
haematopoietic cells, produced large amounts of total and
anti-Y. enterocolitica faecal IgA antibodies (Fig. 7d,e). Although
Aift =/~ recipient mice, which possessed Aifl-deficient
M cells and wild-type haematopoietic cells, had comparable
levels of total IgA in their faeces after infection as before infection
(Fig. 7a,d), no induction of anti-Y. enterocolitica-specific
IgA production was observed in these mice. These data strongly
suggest that M-cell-intrinsic Aifl expression is important to
the translocation of Y. enterocolitica, and that this translocation
was followed by the induction of a mucosal IgA immune response
to this bacterium.

Aifl-dependent activation of Bl integrin on M-cell surface.
Invasin, which is one of the outer proteins of Y. enterocolitica,
is a specific ligand molecule that binds to B1 integrin on the apical
surfaces of M cells to facilitate effective entry of Y. enterocolitica
into PPs?134, We hypothesized that apical surface expression
or activation, or both, of $1 integrin in M cells would be regulated
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by Aifl and would thus be diminished in Aifl-deficient mice.
However, the level of B1 integrin mRNA (Itghl) expression
did not differ significantly between FAEs prepared from
control and Aifl =/~ mice (Fig. 8a). Next, we examined the
surface expression of total and activated P1 integrin on the
apical side of M cells by using whole-mount staining without
cell permeabilization. We examined the apical side because
non-M-cell enterocytes also express Pl-integrin on the
lateral membranes, but not on the apical surfaces**. Total
B1 integrin expression was detected on the apical surfaces
of GP2-positive M cells in control and Aifl ~/~ mice (Fig. 8b),
whereas active Bl integrin expression on the apical surfaces
of M cells was seen in control mice but not in Aifl-deficient
mice (Fig. 8c). These data suggested that Aifl was important
for the activation of Bl integrin on the apical surfaces of
M cells contributing to the translocation of Y. enterocolitica
via invasin.

Discussion

Here we identified Aifl as a novel molecule specifically expressed
in M cells among IECs, and we newly generated Aifl-deficient
mice for in vivo elucidation of the role of Aifl in M-cell
development and function. We demonstrated that Aifl is
important for the M-cell uptake function of extraneous
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Figure 8 | Aifl-dependent activation of p1 integrin. (a) Relative gene expression of B1 integrin in FAE from wild-type and Aifi=/~ mice. Data are
means £ s.e.m. of one experiment representative of two independent experiments (n =4 per genotype). P value was determined with Student's t-test.
(b,c) Whole-mount staining of PPs prepared from Aifi*/+ and Aifl =/~ mice with anti-total B1 integrin antibody (b, red) or anti-activated-p1
integrin antibody (¢, red), together with anti-GP2 antibody (b,c, green). Each yellow box region in ¢ (left panels) was magnified to produce the image
in ¢ (right panels). Dotted lines indicate the periphery of the FAE region. Data are representative of three independent experiments.

substances such as microparticles and certain commensal
bacteria, including L. reuteri, but that it is not involved in
the structural development of M cells. Furthermore, Aifl is
involved in the activation of B1 integrin, which is a potential
receptor for the invasin of Y. enterocolitica, at the apical surface
of M cells for the effective entry of this pathogenic bacterium
into PPs and the subsequent induction of antigen-specific
IgA immune responses.

Because Aifl is also strongly expressed in the testis, it has been
hypothesized that Aifl has a role in spermatogenesis!®3>.
However, our strain, and another strain, of Aifl-deficient
male mice showed normal fertility (data not shown and
ref. 36). Aifl expression has also been found in another
epithelial cell, namely the glomerular visceral epithelial cell, or
podocyte, which partially covers the outside of the glomerular
basement membrane and acts as a final barrier to protein loss in
the kidney’”. The function of Aifl in podocytes is unknown;
however, it very likely has a role related to the transport
of materials, because it is expressed in epithelial cells specialized
for substance transfer or filtration, such as the M cells in IECs.

Aifl expression in M cells was totally dependent on Spi-B,
which is a master regulator of M-cell development!®~18,
Interestingly, however, gene expression and protein production
of Aifl in the haematopoietic cells in PPs were not affected by
Spi-B deficiency (Fig. la; Supplementary Fig. 4). Recently, it
has been reported that expression of Aifl in microglia is
dependent on interferon regulatory factor 8 (IRF8)3%%,
In addition, expression of Aifl in microglial cells and
IFNy-stimulated macrophages requires the transcription factor
PU.1 (refs 40,41). In fact, in the predicted promoter region of
Aifl there are several consensus binding sites for transcription
factors, including those of the Ets, IRF and STAT families*’,
Because PU.1 belongs to the Ets family and, among the members
of that family, is closest to Spi-B, it is possible that Aifl is a direct

target of Spi-B in M cells. Another explanation for the regulation
of Aifl is that another transcription factor—perhaps PU.1 or
IRF8—is upregulated or activated, or both, in M cells to trigger
the transcription of Aifl.

Numerous in vitro experiments have indicated that Aifl is
involved in actin polymerization in inflammation??43, In fact,
in a collagen-induced arthritis model, Aifl-deficient mice
showed attenuated signs of arthritis’®. There have been also
many reports that Aifl is involved in actin remodelling, ruffling
and bundling as part of the 9phagocyﬁc function of macrophages
and microglial cells?*2%2° and as part of the migration
of vascular smooth muscle cells?®>. Therefore, we hypothesized
that Aifl deficiency would affect the ultrastructure of M cells.
However, a sunken structure, which is one of the features of
the apical surfaces of M cells””!2, was easily and consistently
detected in our Aifl-deficient mice (Fig. 3a,b). Transmission
electron microscopic analysis also revealed that Aifl-deficient
mice possessed cells with M-cell morphology in their FAE,
which had irregular microvilli and endosomes on the apical side
and a pocket structure on the basolateral side (Fig. 3c,d).
Furthermore, whole-mount staining showed that the numbers
of GP2-positive cells found in FAE were almost the same in
wild-type and Aifl-deficient mice (Fig. 2b,c). Interestingly,
although Aifl is presumably a cytoplasmic molecule, Z-stacked
transverse images from whole-mount staining showed that
localisation of Aifl was abundant on the apical side, but not
the basolateral side, of M cells (Supplementary Fig. 3). These
data suggest that Aifl is not involved in actin remodelling on
the basal side, nor in the fundamental structural morphology
or maturation of M cells.

Our study also demonstrated that uptake of particles and
L. reuteri by M cells was significantly less in Aifl =/~ mice
than in wild-type mice (Fig. 4a,b). These results suggest that
Aifl plays a critical role in M-cell-mediated antigen uptake from
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the intestinal lumen—a unique characteristic of these cells.
It remains unknown precisely what stimuli activate Aifl;
however, it is interesting to postulate that Aifl acts when
transcytosis has just occurred at the apical surface of the M cell,
because Aifl deficiency seemed not to affect cell-structural
morphology. In relation to this issue, although the percentage
of SIgA-coated faecal bacteria was significantly lower in
Ly5.1 BM—Aifl /~ chimeric mice than in Aifl ~/~
BM—Ly5.1 mice, certain bacteria were still recognized by
SIgA in the Ly5.1 BM—Aifl ~/~ mice (Fig. 7b,c), because
no IgA-coated bacteria were observed in faeces prepared from
Ragl-deficient mice, which lack T and B cells. Taken together
with the evidence that total IgA production levels were
comparable in the above mentioned two types of chimeric mice
(Fig. 7a), these results suggest that Aifl-independent uptake of
some kinds of commensal bacteria occurs continuously at M cells.
This might also explain why endosomes were still observed
in Aifl-deficient M cells (Fig. 3d). One possible mechanism
of Aifl-independent uptake is IgA-mediated transcytosis by
Dectin-1 because it has recently been reported that Dectin-1 acts
on IgA-mediated transcytosis in M-like cells derived from Caco-2
cells, a human colonic cancer cell line, and mouse M cells*4,
However, we considered that Dectin-1 is not contributed
on SIgA-mediate antigen uptake on M cells because the
Dectin-1 mRNA level in the FAE of mouse PPs was very
low (data not shown). In addition, we could not detect
Dectin-1-positive cells in mouse PP FAE by whole-mount
staining using anti-mouse Dectin-1 mAb (clone: RHI;
Supplementary Fig. 6), indicating that Dectin-1 is not expressed
on the apical side of M cells. Furthermore, Dectin-1 has
never been identified from several gene-expression and profiling
data sets as an FAE- or M-cell-specific gene.

In addition to the defects in uptake of particles and some
kinds of commensal bacteria in Aifl-deficient mice, invasion
of M cells by Y. enterocolitica was also significantly decreased in
these mice, whereas uptake of S. Typhimurium was normal
(Fig. 5a,b). Upon the entry of pathogenic bacteria into host
epithelial cells, reorganisation of the actin cytoskeleton is induced
by ‘zipper’ or ‘trigger’ mechanisms®”>?8, The zipper mechanism,
which is induced upon invasion by Yersinia, Listeria and
Neisseria spp., is initiated by bacterial ligand and host cellular
receptor interaction. On the other hand, the trigger model is
observed upon entry of Salmonella and Shigella spp., with
the induction of membrane ruffling. Given that Aifl is associated
with the activation of B1 integrin, but not with the expression of
GP2, in M cells (Fig. 8b,c and 2b), it is possible that actin
rearrangement at the apical side of M cells is not induced by
Y. enterocolitica in Aifl-deficient mice, because B1 integrin acts as
a receptor for the invasin molecules of Yersinia spp.3l-3%
Consistently, uptake of AinvA S. Typhimurium, which did
not induce membrane ruffling, was significantly lower in
Aifl-deficient mice than in control mice (Fig. 5d).

Our data strongly indicate that M-cell-intrinsic Aifl is
important for not only uptake of particles, some kinds
of commensal bacteria, and Y. enterocolitica, but also for
the subsequent activation of mucosal IgA immune responses.
Because CDl1lc-positive cells in PPs and the lamina propria
also expressed Aifl (Supplementary Fig. 1), Aifl might contribute
to antigen presentation by antigen-presenting cells or to
antigen sampling by CD11¢ T CX;CR1 ™" dendritic cells, which
are found in the sub-epithelial dome region of PPs and can
directly sample bacteria from the intestinal lumen*>4®. However,
this possibility was contradicted, because the wild-type mice to
which we adoptively transferred Aifl =/~ haematopoietic
cells (Aifl =/~ BM—Ly5.1: mice harbouring normal M cells
and Aifl —/~ antigen-presenting cells) showed induction of
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antigen-specific SIgA production, whereas this was severely

defective in our other chimeric mice (Ly5.1 BM— Aifl —/~:

mice harbouring Aifl =/~ M cells and normal antigen-presenting
cells) after Y. enterocolitica infection (Fig. 7e).

Small GTPases contribute to the activation of integrins via
Ca? " -binding molecules such as calmodulin®’. Because Aifl has
Ca? " -binding EF hand motifs, and because we previously reported
that Rac2 is specifically expressed in M cells among IEC lineages'?,
it is possible that Rac2 mediates Aifl-dependent Pl integrin
activation in M cells. In fact, Aifl-mediated activation of Rac2 has
been shown to be important for the activation of vascular smooth
muscle cells*®. Taken together with the data shown in this study, it
can be suggested that Aifl expression in M cells contributes to the
activation of Rac2, leading to (1) activation of Bl integrin, which
contributes to the translocation of Y. enterocolitica, and (2) actin
remodelling, which contributes to the uptake of particle antigens
and enteric commensal bacteria by M cells, though future
studies are required to elucidate further the mechanisms of
how Aifl controls actin remodelling and the activation of
B1 integrin in vivo.

Methods

Generation of Aifl-deficient mice. A mouse Aifl genome clone (GenBank
Accession # AB036423) was isolated by using a mouse Aifl cDNA probe to screen
a 129 SVJ mouse genome cosmid library (Stratagene). The targeting vector was
constructed on pBluescriptIISK(-) (Stratagene) by inserting a diphtheria toxin

A (DT-A) expression cassette, a KpnI-HindIII fragment containing Aifl exons

1 and 2 and part of exon 3, a neomycin resistance cassette, a HindIII-NotI
fragment corresponding to the 3’-downstream region of Aifl, and another

DT-A cassette (Supplementary Fig. 5a). The HindIII site of the 3'-fragment was
destroyed by ligation with the neomycin cassette. The vector was linearized by
digestion with Xhol and electroporated into embryonic stem cells. Embryonic stem
cell clones selected by G418 resistance were screened for homologous recombi-
nation by Southern blot analysis (data not shown). These clones were individually
microinjected into blastocysts derived from C57BL/6 mice and transferred

to pseudopregnant females. A chimeric female mouse was mated with

a 129 male mouse; their offspring, which were judged as AifI heterologously
deleted (Aifl /), were then backcrossed for more than eight generations

with C57BL/6] mice. Heterozygous mice were crossed to obtain Aifl 7/ and
Aifl =/~ mice. Littermates or age- and gender-matched Aifl /™ and Aifl =/~
mice were used for all subsequent experiments in this study. Aifl genotyping
was performed by PCR method using the sets of primers: for wild-type allele,
5'-GGCTTCAAGTTTGGACGGCAGATCCTC-3' and 5'-CATGAGCCAAAGC
AGGGATTTGCAGGG-3'; and for mutated allele, 5-ATGAGCCAAAGCAG
GGATTTG-3' and 5-CGACCTGCAGCCAATATGGG-3'.

Mice. Spib—/~ mice (C57BL/6 background) were kindly provided by

Dr M. Celeste Simon (University of Pennsylvania). CD45.1 congenic mice on the
C57BL/6 background (Ly5.1) and Ragl =/~ mice on the C57BL/6 background
were purchased from Jackson Laboratory. C57BL/6] mice were obtained from
CLEA Japan. Until use, all mice were maintained under specific-pathogen-free
conditions in horizontal laminar flow cabinets in the experimental animal facility
of the Institute of Medical Science, The University of Tokyo. Six to 12 weeks

old mice of both genders were used in this study. All animal experiments were
conducted with the approval of the Animal Research Committee of the Institute
of Medical Science, The University of Tokyo.

Real-time PCR. To isolate and prepare FAE from PPs, dissected PPs were
washed and then incubated in PBS containing 30 mM EDTA and 1 mM DTT for
30 min on ice. The FAE was peeled off by manipulation with fine needles under
a stereoscopic microscope. Total RNA was prepared from the cells by using

an RNeasy Kit (Qiagen). Complementary DNA was reverse transcribed by

using SuperScript VILO master mix (Invitrogen), and then used as a template for
real-time PCR with a set of specific primers and a LightCycler 480 SYBR

Green I Master (Roche) on a LightCycler 480 System II (Roche). Expression
levels of target genes were normalized against that of glyceraldehyde 3-phosphate
dehydrogenase (Gapdh). The sets of primers used were as follows: Gapdh (forward)
5'-TGTCCGTCGTGGATCTGAC-3' and (reverse) 5'-CCTGCTTCACCAC
CTTCTTG-3'; Aifl (forward) 5'-GGATTTGCAGGGAGGAAAA-3' and

(reverse) 5-TGGGATCATCGAGGAATTG-3'; Gp2 (forward) 5'-ATACTGC
ACAGACCCCTCCA-3' and (reverse) 5-GCAAACTCTGAGAGTCAGAA
ACATG-3'; Spib (forward) 5'-GCCCACACTTAAGCTGTTTGTA-3" and
(reverse) 5'-CTGTCCAGCCCCATGTAGAG-3'; and Itgbl (forward) 5'-ctgcttcta
aaattgagatcagga-3' and (reverse) 5'-tccataaggtagtagagatcaataggg-3'.
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Electron microscopic analysis. PPs dissected from the ileum were fixed at
room temperature for 2h in a solution containing 2.5% glutaraldehyde,

2% paraformaldehyde and 0.1 M phosphate buffer (pH 7.4). After being washed
with 3% sucrose three times on ice, the samples were fixed in 1% osmium
tetraoxide on ice for 1h and dehydrated sequentially with 30, 50, 70 and

90% ethanol for 15 min each. For scanning electron microscopy, dehydrated
samples were freeze-embedded in ¢-butyl alcohol and freeze dried, and then coated
with osmium. Each sample was then observed under a scanning electron micro-
scope (S-4200; Hitachi). For transmission electron microscopy, dehydrated samples
were treated with propylene oxide twice for 5 min, and then embedded in Epon812
resin mixture (TAAB Laboratories). Ultra-thin sections (70 nm) stained by

2% uranyl acetate and Reynolds lead solution were examined under a Hitachi
H-7500 electron microscopy.

Whole-mount staining. PPs were excised from the duodenum and ileum and then
washed with PBS. The PPs were then fixed, permeabilized, and blocked with

a BD Cytofix/Cytoperm kit (BD Biosciences) or just fixed by 4% paraformaldehyde
and blocked with 0.2% BSA/PBS. Permeabilized tissues were stained with rat anti-
mouse GP2 antibody (MBL) and rabbit anti-mouse Aifl antibody (Wako), followed
by the appropriate secondary antibodies conjugated with Alexa Fluor 488 or

Cy3 (Jackson ImmunoResearch). After being washed with PBS, the specimens were
stained with Alexa Fluor 633-conjugated Phalloidin (Invitrogen). Unpermeabilized
tissues were stained with rat anti-mouse integrin beta 1 (clone 265917, R&D) or rat
anti-mouse active integrin beta 1 (clone 9EG7, BD Biosciences), followed by
Cy3-conjugated secondary anti-rat Ig antibody. After being washed, samples were
then stained with Alexa Fluor 488-conjugated anti-mouse GP2 antibody (MBL).
Samples were mounted and analysed under a confocal laser-scanning microscope
(DM IRE2/TCS SP2; Leica or FV1200; Olympus).

Quantification of antigen uptake by M cells. About 1 x 10!! particles (200 nm in
diameter; Yellow Green Microspheres, Polysciences) or FITC-labelled L. reuteri
(5 x 10° CFUs) were given orally to mice that had been fasted for 24 h. Two hours
later, two PPs were dissected from the duodenum of each mouse and embedded
in OCT compound. After we had made 10 or 15 successive frozen sections,

the particles or bacteria found inside the PPs were observed and counted under
a fluorescence microscope (Keyence).

Bacteria. Lactobacillus reuteri (ATCC 23272) obtained from RIKEN BioResource
Center were grown overnight at 37 °C under anaerobic conditions while left
standing in MRS broth (BD Biosciences). For FITC labelling, 5 x 10° L. reuteri
were incubated with 5 mgml ~ ! Fluorescein isothiocyanate isomer I-Celite (Sigma)
at 37 °C for 60 min with shaking. Nalidixic acid-resistant S. Typhimurium

(strain %3306)*° and invA-deletion mutants of 73306 (strain UF102)°, which
possess a kanamycin resistance gene, were kindly provided by Dr Hidenori Matsui
of Kitasato University. To generate FimH-deletion mutants of S. Typhimurium,
pKD46 plasmid encoding Red recombinase® was introduced into ¥3306. %3306
carrying pKD46 were then transformed with a PCR fragment containing the
kanamycin resistance cassette and regions homologous to the FimH gene; the
fragment was prepared with pKD4 plasmid as a template and the primer set of
5'-CAACCTGTATCCGTCCGGCGTCATAAAAGGAAAAATAGAGGTGTA
GGCTGGAGCTGCTTC-3' and 5'-CGATAGCGATGAAAACGCGCC
GAAGGATCATTATGCCTCCATGGGAATTAGCCATGGTCC-3'. After culture
of the above transformants in LB broth containing L-arabinose and kanamycin,
ampicillin-sensitive clones that had lost the pKD46 were selected and then checked
for FimH deletion by PCR. All S. Typhimurium strains were grown overnight at
37°C in LB broth containing nalidixic acid (and kanamycin for strain UF102 and
AFimH). Y. enterocolitica (ATCC 27729) was grown overnight at 26 °C in
tryptic soy broth. Following overnight incubation, a culture of S. Typhimurium and
one of Y. enterocolitica were prepared such that the ODgg, reached 0.1 to 0.2;
they were placed into fresh growth medium and further incubated for 2h at the
appropriate temperatures for each, as above.

Bacterial administration assay. Aifl ¥/ and Aifl =/~ mice were each

given 100 pl of 1 x 10° CFU per ml S. Typhimurium or 1 x 10'° CFU per ml

Y. enterocolitica by mouth. After 24 h, PPs were dissected from the ileum, washed
with PBS, and then incubated in 100 ugml~! gentamycin solution at room
temperature for 30 min. After being washed with PBS, PPs were weighed and
homogenized. The diluted homogenate samples were plated on LB agar plates
containing 25 pg ml ~ ! nalidixic acid (for S. Typhimurium %3306) and 50 pgml ~ 1
kanamycin (for UF102 and AFimH), or on Yersinia-selective agar plates

(Kanto Chemical Co.; for Y. enterocolitica). Data were excluded if no colonies were
observed even in the highest amounts plating plate.

BM transfer. BM cells were prepared from Aifl =/~ mice (CD45.2) and congenic
Ly5.1 mice (CD45.1). The cells were transferred to Ly5.1 and Aifl ~/~ mice,
respectively, the haematopoietic cells of which had been disrupted by radiation
(9.5 Gy). All mice were used for experiments 8 weeks after BM transfer. To confirm
chimerism, flow cytometric analysis was performed to splenocytes prepared

from all mice used in the experiments with antibodies to CD45.1 and CD45.2
(clones A40 and 104, respectively; BioLegend). At least 95% of the haematopoietic
cells were replaced by donor cells (data not shown).

Flow cytometric analysis of IgA-coated bacteria in faeces. Faeces were
collected and weighed, and then suspended in PBS to 100 mgml ~! by vigorous
vortexing at 4 °C for 30 min. Each 500-pl suspension was centrifuged at 4 °C,
13,000 r.p.m. for 10 min. The pellet was then suspended in 1 ml 4% paraf-
ormaldehyde and incubated at 4 °C overnight with rotation. Each suspension was
centrifuged at 4 °C, 1,000 r.p.m. for 2 min, and then 5 pl of the supernatant was
washed twice with FACS buffer (2% FBS in PBS). Pellets were stained with FACS
buffer containing 1 mgml ~! rat serum (Jackson ImmunoResearch) and 1 pgml ~!
PE-conjugated anti-mouse IgA (clone mA-6E1, eBioscience) at 4 °C for 20 min,
and were then analysed on NovoCyte Flow Cytometer Systems (ACEA).
IgA-positive gate was determined by using isotype control antibody (Rat IgG1 «,
clone: RTK2071, BioLegend; Supplementary Fig. 7).

Detection of Y. enterocolitica-specific antibody response. Y. enterocolitica

(1 x 10% CFUs) was given orally to BM-transferred chimeric mice once a week.
Four weeks after the first inoculation, faeces were collected from the mice.
Supernatants were prepared from 100 mgml ~! diluted faeces, which were
vigorously shaken and centrifuged at 4 °C. MaxiSorp plates (Thermo) were coated
with 100 pl of 1.0 mgml ~! lyophilized Y. enterocolitica. The plates were washed
four times with 0.05% Tween20 in PBS (PBS-T) and then blocked with 1% BSA in
PBS-T for 2h at room temperature; the diluted samples were incubated for 2h at
room temperature. After the samples had been washed with PBS-T, they were
incubated with HRP-conjugated anti-mouse IgA antibodies (Southern Biotech)
for 2h at room temperature. After washing of the samples with PBS-T again,

a 3,3/,5,5'-tetramethylbenzidine Microwell Peroxidase Substrate system
(Kirkegaard & Perry Laboratories) was used for detection according to the
manufacturer’s protocol. Absorbance was read at a wavelength of 450 nm with

a SmartSpec Plus Spectrophotometer and an iMark Microplate Reader (Bio-Rad).

Statistical analysis. Results were compared by using an unpaired two-tailed Student’s
t-test. Statistical significance was established at P<0.05. All statistical analyses were
conducted by using GraphPad Prism 6. No statistical methods were used to determine
sample size. These experiments were not randomized and the investigators were not
blinded to allocation during experiments and outcome assessment.

Data availability. The data that support the findings of this study are available
from the corresponding author upon request.
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