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Introduction

Summary

To clarify the effect of secretory IgA (sIgA) deficiency on gut homeostasis,
we examined intraepithelial lymphocytes (IELs) in the small intestine (SI)
of polymeric immunoglobulin receptor-deficient (pIgR /=) mice. The
pIgR ™/~ mice exhibited the accumulation of CD8af" T-cell receptor
(TCR)-ap" IELs (CD8apfap-IELs) after weaning, but no increase of
CD8af*yd-IELs was detected in pIgR~’~ TCR-p~/~ mice compared with
pIgR*"* TCR-B~/~ mice. When 5-bromo-2'-deoxyuridine (BrdU) was
given for 14 days, the proportion of BrdU-labelled cells in SI-IELs was
not different between pIgR*’" mice and pIgR /~ mice. However, the pro-
portion of BrdU-labelled CD8af*-IELs became higher in pIgR ™/~ mice
than pIgR*’* mice 10 days after discontinuing BrdU-labelling. Intrave-
nously transferred splenic T cells migrated into the intraepithelial com-
partments of pIgR*"* TCR-B~/~ mice and pIgR~’~ TCR-~/~ mice to a
similar extent. In contrast, in the case of injection of immature bone mar-
row cells, CD8af ap-IELs increased much more in the SI of pIgR ™/~
TCR-B '~ mice than pIgR*"* TCR-B~/~ mice 8 weeks after the transfer.
af-IELs from pIgR '~ mice could produce more interferon-y and inter-
leukin-17 than those of pIgR*™* mice, and intestinal permeability tended
to increase in the SI of pIgR™’~ mice with aging. Taken together, these
results indicate that activated CD8af aB-IELs preferentially accumulate in
pIgR~’~ mice through the enhanced differentiation of immature haemato-
poietic precursor cells, which may subsequently result in the disruption of
epithelial integrity.

Keywords: bone marrow cell; intestinal permeability; intraepithelial
lymphocyte; polymeric immunoglobulin receptor; spleen cell.

sIgA, have been immunized by pathogenic microorgan-
isms, they exhibit resistance to mucosal infection by the

A diverse array of cells and molecules are involved in the
gut immune response, and secretory IgA (sIgA) consti-
tutes the majority of antibody in the mucous layer of the
intestinal tract. Comparative studies of healthy subjects
and IgA-deficient patients suggest that sIgA may be
responsible for the prevention of respiratory and gastroin-
testinal tract infections." It is reported that sIgA binds
viral antigens penetrating across the epithelial layers and
effectively protects the host against pathogenic microor-
ganisms in naive mice.” * On the other hand, after IgA ™'~
mice and J-chain™/~ mice, both of which are deficient in

same pathogens.” ® These findings indicate that sIgA plays
a critical role for neutralizing and inactivating microor-
ganisms in the mucous layer of the naive host and is not
necessarily required for the guard against pathogenic
infection in the host where specific immunity has already
been established.

The concentration of sIgA in the gut lumen is much
lower in germ-free mice than conventional mice, and
sIgA specific for commensal bacteria, Enterobacter cloacae,
can be detected in gnotobiotic mice colonized by this
bacterium but not in germ-free mice, showing that sIgA

Abbreviations: IEL, intraepithelial lymphocyte; pIgR, polymeric immunoglobulin receptor; SI, small intestine; sIgA, secretory IgA
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production is induced by bacteria residing in the gut
lumen.” Moreover, sIgA  production was induced in
response to live but not dead commensal bacteria and the
bacteria-induced sIgA gradually declined according to the
disappearance of the colonizing bacteria.'® These results
demonstrate that sIgA production can be reversibly regu-
lated corresponding to the bulk of commensal bacteria in
the gut lumen.

Transport of IgA produced in the lamina propria
across an epithelial layer is mediated by polymeric
immunoglobulin receptors (pIgR) expressed on the baso-
lateral side of intestinal epithelial cells."! We and others
have generated pIgR ™'~ mice to uncover the physiologi-
cal functions of sIgA.'>" Studies using pIgR '~ mice
have supported the theory that sIgA inhibits colonization
of Salmonella typhimurium or Mycobacterium bovis in
the gut and nasal tracts of naive mice, and that sIgA
induced by vaccination with influenza virus is effective
in cross-protecting against different types of influenza
viruses.'* ¢

It should be noted that pIgR~’~ mice did not show
any histological signs of disorders except for the enlarge-
ment of mesenteric lymph nodes and pIgR** mice and
plgR™’~ mice had equal lifespans (pIgR*" mice,
113 £ 17 weeks, n = 84; pIngl* mice, 110 £+ 15 weeks,
n = 89). Therefore, it is of interest to know whether gut
homeostasis can be maintained even in the absence of

sIgA.
Our previous report revealed that CD8uf" T-cell
receptor (TCR)-aff"  intraepithelial  lymphocytes

(CD8af*af-1ELs) accumulate in the small intestine (SI)
of plgR™~ mice in response to commensal bacteria.'”
This study shows that enhanced differentiation and acti-
vation of CD8afaf-IELs occur in the SI of pIgR™/~
mice, subsequently resulting in the abnormalities of epi-
thelial integrity. These results demonstrate the importance
of sIgA in the maintenance of gut homeostasis.

Materials and methods

Mice

B6.129X1-Pigr'™©™/Yit mice (pIgR '~ mice) were gener-
ated by backcrossing to C57BL/6 mice 10 times."”
B6.129P2-Teab™ ™" mijce (TCR-f/~ mice) and
B6.129P2-Tcad™ ™ mice (TCR-6~'~ mice), both of
which are from a C57BL/6 background, were kindly pro-
vided by Dr Susumu Tonegawa (Massachusetts Institute
of Technology, Cambridge, MA). To obtain pIgR ~’~ mice
lacking mature TCR-2B" cells, pIgR ™/~ mice and TCR-
B~'" mice were cross-bred, and by brother—sister mating
of the offspring, pIgR*" TCR-f'~ mice, pIgR /=~ TCR-
B~ mice, pIgR"" TCR-f~'~ mice and pIgR '~ TCR-
B/~ mice were generated. All experiments were approved
by the ethics committee of the Yakult Central Institute.
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Cell preparation

Small intestine was removed from the pyloric sphincter
to the ileo—caecal junction. The SI-IELs were prepared as
described elsewhere.'” Briefly, fragments of SI tissues
approximately 1-2 cm in length were vigorously shaken
in 5% fetal calf serum/25 mm HEPES/RPMI-1640 for
45 min to separate the cells from the intestinal wall. Cells
were recovered by centrifugation in 30% Percoll solution
(GE Healthcare Life Sciences Japan, Tokyo, Japan). Cell
pellets were re-suspended and applied to a 44%/70% Per-
coll discontinuous density gradient. After centrifugation,
the cells at the 44%/70% Percoll interface were recovered
and counted as SI-IELs. Typically, more than 90% and 3—
7% of SI-IELs were CD3" cells and CD3~ B220" cells in
wild-type mice, respectively.

To purify TCR-a" cells or TCR-yd" cells from SI-IELs,
they were incubated with biotinylated anti-TCR-¢ or bioti-
nylated anti-TCR-f monoclonal antibodies (mAbs; both
from BD Biosciences, San Diego, CA), and then mixed
with streptavidin microbeads (Miltenyi Biotec GmbH,
Bergisch Gladbach, Germany). The cells bound to the
magnetic microbeads were removed using an LS column
(Miltenyi Biotec) and the passing-through cells were col-
lected as either TCR-a" or TCR-yd" cell fractions, respec-
tively. Purity of both fractions was higher than 95%.

The spleen was loosened between gauze using a pinc-
ette to obtain a single-cell suspension. Spleen cells were
incubated with a cocktail of biotinylated anti-B220, bioti-
nylated anti-CD11b and biotinylated anti-CD1lc mAbs
(all from BD Biosciences), and then mixed with streptavi-
din microbeads. Cells were magnetically separated using
an LS column and the passing-through cells (CD3" cell-
enriched fraction) were recovered. The proportion of
CD3" cells in this fraction was higher than 95%.

Bone marrow cells were obtained by pushing out the
contents of the femur with Hanks” balanced salt solution
using a syringe equipped with a 26-gauge needle. After the
cells were treated with haemolytic buffer (0-144 m NH,Cl/
0-017 M Tris—HCI, pH 7-65), the remaining cells were incu-
bated with a cocktail of biotinylated anti-CD3, biotinylated
anti-B220, biotinylated anti-CD11b and biotinylated anti-
CD11c mAbs (all from BD Biosciences), followed by incu-
bation with streptavidin microbeads. The cells were mag-
netically separated using an LS column and the passing-
through cells were collected. CD3™ B220~ CDI11b~ CDl1
1c™ cells occupied more than 95% of this cell preparation.

Flow cytometry analysis

Cells were stained with antibodies and analysed using an
EPICS Altra flow cytometer (Beckman Coulter, Inc., Brea,
CA). The following antibodies were used at a concentra-
tion of 10-20 pg/ml: phycoerythrin (PE)-conjugated anti-
TCR-f (H57-597), FITC-conjugated anti-TCR-6 (GL3),
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FITC-conjugated or PE-conjugated anti-CD4 (RM4-5),
PE-conjugated or biotinylated anti-CD8o (53-6.7), and
FITC-conjugated or PE-conjugated anti-CD8f (53-5.8)
(all from BD Biosciences). Biotinylated antibodies were
detected by Tri-Color-conjugated streptavidin (Caltag
Laboratories, Burlingame, CA). Dead cells and debris
were gated out, and gating of the lymphocyte fraction
was used for analysis.

Bromodeoxyuridine staining

Mice were given ad libitum access to distilled water con-
taining  5-bromo-2’-deoxyuridine (BrdU; 0-8 mg/ml;
Sigma-Aldrich, St Louis, MO) for 14 days. Thereafter,
distilled water without BrdU was given to mice for an
additional 10 days. Bone marrow cells, thymocytes and
SI-IELs were prepared 14 days after starting the exposure
to BrdU-containing water and 10 days after discontinuing
the exposure to BrdU-containing water. To analyse
which subsets of SI-IELs incorporated BrdU, cells were
stained with PE-conjugated anti-CD4, PE-conjugated
anti-CD80o, or PE-conjugated anti-CD8f mAbs; cell sus-
pensions were in 0-5 ml of saline, mixed with 1-2 ml of
95% cold ethanol, and kept for 30 min at room tempera-
ture. Thereafter, cells were suspended in 2 ml of PBS and
mixed with 1 ml of 1% paraformaldehyde/0-01% Tween-
20 in PBS. Cells were stained with FITC-conjugated anti-
BrdU mAb (BD Biosciences) and analysed with a flow
cytometer.

Adoptive transfer experiments

Aliquots of the CD3" cell-enriched fraction prepared from
the spleens of wild-type mice were intravenously injected
into pIgR*"* TCR-B~/~ mice or pIgR '~ TCR-f~'~ mice
(5 x 10° cells/mouse), and the splenic cells and SI-IELs in
the recipient mice were analysed 2 weeks after the transfer.
CD3™ B220" CD11b™ CD1llc™  cell-enriched fractions
prepared from the bone marrow of TCR-6~'~ mice were
intravenously injected into pIgR™" TCR-B~/~ mice or
pIgR™’~ TCR-f'~ mice (1 x 10° cells/mouse), and the
SI-IELs in the recipient mice were analysed at 4, 8 and
12 weeks after the transfer.

Measurement of cytokines

Purified of-IELs and 7d-IELs were stimulated with
immobilized anti-CD3 mAb for 48 hr, after which the
culture supernatants were collected and kept at —30°
until the measurement. The concentrations of interferon-
y (IFN-y), interleukin-17 (IL-17), IL-4 and IL-10 were
determined using a sandwich ELISA. The following com-
binations of mAbs or an assay kit were used: for IFN-y,
clone R4-6A2 and clone XMG1.2; for IL-17, clone TCI11-
18H10 and clone TC11-8H4; for IL-4, clone BVD4-1D11
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and clone BVD6-24G2 (all from Biosource International,
Camarillo, CA); for IL-10, Opt EIA set (BD Biosciences).

Polymerase chain reaction

Total RNA was extracted from of-IELs and yd-1ELs using
an RNAqueous® kit (Applied Biosystems, Foster City,
CA). Cells were treated with Lysis/Binding solution and
RNA was purified. PCR was conducted using the follow-
ing TagMan® primer sets (Applied Biosystems): IFN-y
(Assay ID: Mm00801778_m1, amplicon size: 101 bp), IL-
17 (Assay ID: Mmo00439619_m1l, amplicon size: 91 bp),
and glyceraldehyde 3-phosphate dehydrogenase (GAPDH;
Assay ID: Mm99999915_gl1, amplicon size: 107 bp).

Intracellular cytokine staining

To detect IFN-y-producing cells, SI-IELs were treated with
PMA and ionomycin in the presence of brefeldin A (Leu-
kocyte Activation Cocktail; BD Biosciences) for 4 hr. Cells
were stained with FITC-conjugated anti-CD4 or FITC-
conjugated anti-CD8f mAbs and then treated with Cyto-
fix/Cytoperm Buffer, Perm/Wash Buffer and Stain Buffer
(BD Biosciences). Next, cells were stained with PE-conju-
gated anti-IFN-y mAb (clone XMGI.2; Immunotech,
Marseille, France) and analysed using flow cytometry.

Assessment of intestinal permeability

Mice were anaesthetized with isoflurane and loops with a
length of about 3 cm were generated at both the duode-
num and the ileum per mouse. FITC-dextran solution
(Sigma-Aldrich, 60 mg/ml) or rhodamine B isothiocya-
nate-dextran solution (Sigma-Aldrich, 60 mg/ml) was
injected at the same time into the duodenal loop or the
ileal loop, respectively, at 0-2 ml per loop. Peripheral blood
was collected from the tail vein at intervals of 10 min dur-
ing the 60 min after the injection of fluorescence dye solu-
tions. Serum was prepared from the blood and
fluorescence intensity was measured. Intestinal permeabil-
ity was assessed from the change over time of fluorescence
dye concentration in the serum (expressed as ng/ml/min).

Statistical analysis

The statistical significance of differences was determined
using the two-tailed Student’s t-test. Differences with a P-
value < 0-05 were considered significant.

Results

Accumulation of SI-IELs begins after weaning in
pIgR~/~ mice

When sera obtained from pIgR** mice and pIgR™~ mice
were transferred intravenously into Rag-2~/~ mice, IgA
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was detected in the faeces in the same time course (S.
Shimada, unpublished data). Moreover, serum IgA from
naive pIgR™~'~ mice bound a variety of antigens, includ-
ing food component (ovalbumin), bacteria (Pneumococ-
cus) and cell-derived antigens (sheep red blood cell) (S.
Shimada, unpublished data), indicating that IgA with
broad antigen specificity produced by gut plasma cells is
circulating in the blood of pIgR™~ mice because it is not
secreted into the gut lumen. These results confirm that
serum IgA in pIgR™'~ mice has properties similar to nat-
ural polyreactive sIgA.'® Therefore, we consider that
pIgR ™'~ mice can be used to reveal the abnormalities
caused by the lack of secretory antibody.

As reported previously,'” there were more of-IELs in
the SI of adult pIgR ™/~ mice with an age of 11-12 weeks
compared with age-matched pIgR*'* mice (Fig. la). To
see when of-IELs begin to accumulate in a growth pro-
cess of pIgR™~ mice, we cross-bred female pIgR~/~ mice
and male pIgR™™ mice and examined the change of SI-
IELs of neonatal mice from 3 to 7 weeks after the birth.
As nursing mothers are pIgR™~'~ mice and their breast
milk contains the least amount of sIgA, the effect of
mother-derived sIgA on SI-IEL development can be
excluded. As shown in Fig. 1(b), the number of «f-IELs
and 6-IELs was not different between pIgR™ ™ mice and
plgR™~ mice until 5 weeks after the birth. SI-IELs

(@)

15-IELs

increased in number between 5 and 7 weeks after the
birth, and the number of «f-IELs, but not of yJ-IELs,
was significantly greater in pIgR~’~ mice compared with
pIgR™™ mice 7 weeks after the birth (Fig. 1b). These
results demonstrate that of-IELs do not accumulate in
the SI of suckling pIgR™~’~ mice and increase after the
weaning, and the higher level of «f-IELs continues in the
adult pIgR™’~ mice.

Increase of SI-IELs does not occur in pIgR '~ mice
without TCR-af™ cells

To clarify whether accumulation of SI-IELs in sIgA-defi-
ciency is restricted to the af-IEL subset, we generated
pIlgR™'~ mice lacking mature TCR-af" cells by cross-
breeding pIgR '~ mice and TCR-~'~ mice. Although
the total number of SI-IELs increased in pIgR ™’
~ TCR-B*"~ mice in association with an expansion of
CD8af*of-1ELs compared with pIgR** TCR-*" mice,
the number of SI-IELs in pIgR~’~ TCR-f'~ mice was
not different from that of pIgR"" TCR-f/~ mice
(Fig. 2a). More than 85% of the SI-IELs in the pIgR*’
* TCR-f~/~ mice and pIgR~'~ TCR-f~'~ mice were
TCR-y5" cells, and their relative composition and the
expression of surface molecules (B220, CD69, CD103) on
the y6-IELs were similar in pIgR™* TCR-~'~ mice and

Figure 1. Small intestine intraepithelial lym-
phocytes (SI-IELs) in polymeric immunoglobu-
lin receptor-positive (pIgR*’* or pIgR*'™) mice
and pIgR~'~ mice. (a) SI-IELs were prepared
from pIgR** mice (11-12 weeks old, n =5,

W) and pIngF mice (11-12 weeks old, n = 7,
0). By multiplying the total number of SI-IELs
by the proportion of T-cell receptor-of-posi-
tive (TCR-af*) cells or TCR-p6" cells, the
numbers of «f-IELs or yo-IELs were calcu-
lated. (b) Change of «f-IELs and yd-IELs in
the newborn pIgR™~ and pIgR ™/~ mice. Male
pIgR™™ mice and female pIlgR~’~ mice were
crossbred and the newborn pIgR"™~ mice (@)
or pIgR™"~ mice (O) were nursed by pIgR™"~

L mice. Numbers of «f-IELs and yJ-IELs were
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Figure 2. Cellular composition of small intestine intraepithelial lym-
phocytes (SI-IELs) in polymeric immunoglobulin receptor-deficient
(pIgR™'") mice with and without mature T-cell receptor-af-positive
(TCR-af") cells. (a) Number of af-IELs and 76-IELs in the SI from
pIgR™" TCR-B*~ (pIgR™* ") mice, plgR™’~ "~ mice, pIgR"
"B~ mice, and pIgR™'" /" mice. Data are represented as
mean + SD of six mice. **P < 0-01. (b) Cell constitution of SI-IELs
from pIgR™"* A"~ mice, pIgR~'~f*"~ mice, pIgR*"f~/~ mice, and
pIgR™""B~'~ mice. Data are mean + SD of four to five mice.
*P < 0-05.

plgR™~~ TCR-f~/~ mice (data not shown). Although
CD8af*y5-IELs were detected in pIgR™* TCR-f~/~ mice
and pIgR~'~ TCR-B~'~ mice, their proportion was very
low (1-2% among yJ-IELs) and not different between the
two types of mice (Fig. 2b).

CD8af" IELs originate from the proliferating cells in
pIgR~’~ mice

The proliferative state of SI-IELs was determined by
assessing the incorporation of BrdU. Mice were given
ad libitum access to distilled water containing BrdU for
14 days (pulse), after which they were given access to dis-
tilled water without BrdU for an additional 10 days
(chase). By day 14, almost all of the bone marrow cells
and thymocytes had incorporated BrdU, and SI-IELs in
both pIgR™" mice (13-7 + 3-1%, n =5) and pIgR~’~
mice (13-6 £ 4-4%, n =15) were equally labelled with
BrdU. Ten days after the supply of BrdU-containing
water was discontinued, BrdU-labelled bone marrow cells
and BrdU-labelled thymocytes were almost undetectable.

© 2015 John Wiley & Sons Ltd, Immunology, 146, 59-69
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In contrast, BrdU-labelled cells were still detected among
SI-IELs 10 days after the BrdU supply was ended, and the
proportion of BrdU-labelled cells was higher in the SI-
IELs of pIgR~’~ mice than in those of pIgR*'" mice
(Fig. 3). Although the proportion of BrdU-labelled cells
among CD4" SI-IELs was not different between pIgR*'*
mice and pIgR~/~ mice, a significantly higher proportion
of BrdU-labelled CD8f" SI-IELs was detected in pIgR ™'~
cells than pIgR*"* mice 10 days after having discontinued
BrdU supply (Fig. 3).

Migration of splenic TCR-af" cells into the intestine
is not augmented in pIgR '~ TCR-B~/~ mice

The finding that the proportion of BrdU-labelled CD8f"
SI-IELs increased during the chase period in pIgR ™~
mice suggests that CD8u" cells are derived from the cells
proliferating outside the intestine. It is reported that
chemokine receptor CCR9 on intestinal T cells, and its
ligand CCL25 produced by intestinal epithelial cells, play
a central role for trafficking of CD8u" T cells into the
intestine.'”” We therefore examined the expression of
CCR9 on SI-IELs and CCL25 mRNA through the intesti-
nal tract. The expression patterns of the CCR9 molecule
on the SI-IELs from pIgR*™"* mice and pIgR '~ mice were
similar, and CCL25 mRNA expression in the intestine
was not different between these mice (see Supplementary
material, Fig. Sla,b).

To analyse the migration of mature TCR-af" cells to
the intestinal epithelium, CD3" cells purified from spleens
of wild-type mice were intravenously transferred into
pIgR** TCR-f~'~ mice and pIgR~’~ TCR-~'~ mice.
Ninety-five per cent of splenic CD3" cells expressed TCR-
off and they contained CD4" cells and CD8uaf" cells in
65-5 = 4-5% and 31-6 & 3-1%, respectively. As the reci-
pient mice do not have TCR-af" cells, all of the TCR-
af’ cells in the chimeric mice are donor-derived. Splenic
TCR-af* cells migrated to the spleens of pIgR*’* TCR-
B~ mice and pIgR~’~ TCR-f~'~ mice to a similar
extent, and the proportions of CD4" TCR-af" cells and
CD8xf" TCR-aff* cells in the recipient spleens were
54-9-74-7% and 12-5-17-4% 2—4 weeks after the transfer,
respectively (data not shown). TCR-af" cells could also
be detected within 2 weeks after the transfer in the intes-
tinal epithelia of both pIgR*" TCR-f'~ and pIgR~’
~ TCR-f~'~ recipient mice. There was no difference
between both recipient mice with respect to the relative
ratio of afi-IELs (Table 1). Moreover, af-IELs detected in
pIgR** TCR-B~'~ mice and pIgR~/~ TCR-f~/~ mice
strongly expressed CD69 and CD103 antigens, although
the transferred splenic CD3™" cells expressed neither CD69
nor CD103 (data not shown). In addition, there was no
difference in the relative composition of CD4'af-IELs
and CD8uof af-IELs in pIgR*’* TCR-f~/~ and pIgR~’
~ TCR-B~'~ recipient mice, although there were more
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Figure 3. Proliferative status of small intestine intraepithelial lymphocytes (SI-IELs) in polymeric immunoglobulin receptor-positive (pIgR*'*)

mice and pIgR™'~ mice. Mice were given distilled water containing 5-bromo-2'-deoxyuridine (BrdU; 0-8 mg/ml) for 14 days (pulse), after which
they received distilled water without BrdU for an additional 10 days (pulse — chase). Bone marrow cells, thymocytes and SI-IELs were prepared
from pIgR*"* mice (M) or pIgR™~'~ mice (O) just after the ending of pulse and 10 days after the starting of chase. Cells were stained with FITC-

conjugated anti-BrdU monoclonal antibody (mAb), or in the case of SI-IELs they were stained with phycoerythrin-conjugated mAbs specific for
CD4, CD8x and CD8p, after which they were incubated with FITC-conjugated anti-BrdU mAb. Data are shown as mean £ SD of two to five

mice. **P < 0-05, *P < 0-01.

CD8of"af-IELs than CD4'xf-IELs in both recipients
(Table 1). Taken together, these results demonstrate that
mature CD8af" TCR-a" cells can migrate to the intes-
tine and are activated in the gut environment to a similar
extent, regardless of the presence or absence of sIgA.

Differentiation of bone marrow cells into aff-IELs is
enhanced in pIgR '~ TCR-f~/~ mice

Adoptive transfer of bone marrow cells was conducted to
examine the influence of sIgA-deficiency on the differen-
tiation from immature haematopoietic cells to of-IELs.
CD3™ B220° CD11b™ CDl1lc cells were prepared from
the bone marrow of TCR-6'~ mice and intravenously
transferred into pIgR*" TCR-f~'~ mice and pIgR~’
~ TCR-$~'~ mice, and thereafter SI-IELs in the recipients
were analysed. In these chimeric mice, all the TCR-af"
cells are donor-derived and the TCR-yd" cells originate
from the host. Very few ofi-IELs were detected in both
recipient mice 4 weeks after the transfer, but «f-1ELs
could be detected 8 weeks later and the number of
CD8of*af-IELs was greater in pIgR ™'~ TCR-f~/~ mice
than pIgR*" TCR-f~'~ mice (Fig. 4a). The number of
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CD8uf " af-IELs further increased in pIgR™~’~ TCR-f~/~
mice from 8 to 12 weeks after the transfer, although there
was no further increase in the number of CD8uf of-IELs
in pIgR"" TCR-f~/~ mice during the same period
(Fig. 4b). These results indicate that sIgA-deficiency
enhances the differentiation of immature haematopoietic
cells to CD8a 3 oS-1ELs.

Cytokine production of SI-IELs is skewed towards
cellular immune response in pIgR /'~ mice

To determine whether functions of SI-IELs are different
between pIgR** mice and pIgR '~ mice, of-IELs and
y0-IELs were purified from SI-IELs of both mice and
their cytokine-producing abilities were compared. They
were stimulated with immobilized anti-CD3 mAb for
48 hr, and the cytokine level in the supernatants was
measured. of-IELs and y0-IELs from pIgR™~’~ mice pro-
duced more abundant IFN-y than those from pIgR*"
mice, and yJ-IELs produced less IFN-y than af-1ELs did
(Fig. 5a). of-IELs from pIgR /= mice also produced
more IL-17 than of-IELs of pIgR** mice, although the
difference between both mice did not reach significance
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Table 1. Migration of T-cell receptor-aS-positive (TCR-a") cells into the intestinal epithelia of polymeric immunoglobulin receptor-positive

(pIgR™"*) and polymeric immunoglobulin receptor-deficient (pIgR ~/~) TCR-f~'~ mice

SI-IELs in plgR-deficient mice

HBSS—pIgR** =/~

HBSS—pIgR~/ /'~

SpT—plgR**p~"~

SpT—plgR~" '~

Subset (n=3) (n=3) (n=3) (n=15)
No. of small intestine intraepithelial 7.7 £ 31 7-0 £ 19 17-6 £ 7-9 12:3 £+ 44
lymphocytes (SI-IEL) (x10°)

% of aff-IEL 03+ 02 0-3 +0-1 24-4 + 159 212 + 4-1
% of yd-IEL 86-0 + 23 82:0 + 5-8 679 £+ 137 689 +£ 79
% of CD4~ CD8 " cells in ofi-IEL Not tested Not tested 1-8 £ 12 1-5 + 04
% of CD4" CD8™ cells in af-IEL Not tested Not tested 21-1 + 10-7 185 + 72
% of CD8ao" cells in af-IEL Not tested Not tested 1-4 £ 06 1-6 £ 21
% of CD8uf™ cells in af-IEL Not tested Not tested 662 + 169 689 + 11-1
% of CD4" CD8" cells in af-IEL Not tested Not tested 9:5 + 4.9 95 + 4.3

(Fig. 5a). Interleukin-4 and IL-10 were not detected in
these culture supernatants. RT-PCR analysis also showed
that IFN-y and IL-17 mRNA expression level was higher
in af-IELs from pIgR ™'~ mice than in those from pIgR*/*
mice (Fig. 5b). Finally, intracellular cytokine staining
analysis revealed that more IFN-y" CD4" cells and IFN-
7" CD8af" cells were detected in pIgR™~’~ mice than
pIgR™* mice (Fig. 5¢).

Intestinal integrity tends to be disrupted after SI-IEL
accumulation in pIgR '~ mice

Taking into consideration that CD8xf3" «-IELs expressing
IFN-y preferentially accumulate in pIgR ™'~ mice, they

—~
&

may have influences on the epithelial integrity.?® There-
fore, we compared the intestinal permeability of SI of
pIgR*"* mice and pIgR ™'~ mice. In young mice (6 weeks
old), SI of pIgR*"* mice and pIgR™~’~ mice exhibited sim-
ilar levels of permeability. In contrast, the permeability of
SI tended to increase in older pIgR /= mice (20 weeks
old), although the difference of permeability between
pIgR*’* mice and pIgR~~ mice did not reach significance
because of inter-individual variation (Fig. 6).

Discussion

We have previously reported that Thy-1" CD8af"o-1ELs
preferentially accumulate in the SI of pIgR™~’~ mice in

Total SI-IELs ofp-lIELs vo-1ELs
30 30 100
P=0-09

£ o OO

=4 -—

< 20 *k - - Q
Figure 4. Reconstitution of of-intraepithelial zx; § 20 § 60
lymphocytes (IELs) in polymeric immunoglob- S § g w0l
ulin receptor-positive T-cell receptor-of-posi- S 10t ;o 10 2
tive (pIgR™* TCRB ') mice and pIgR™~/~ 2 20
TCR-~'~ mice by adoptive transfer of imma- 0 0 o ) )
ture bone marrow cells. (a) Bone marrow cells 4 12 4 8 12 4 8 12
were obtained from TCR-6/~ mice, and Weeks Weeks Weeks
CD3~ B220” CD11b~ CD1lc ™ cells were pre- —e— DIgR**B7~ —e— pIgR™*B" —e— pIgR™*7
pared and transferred intravenously into —o— pIgR™ B —o— pIgR™ B —o— plgR™ B~

plgR** TCR-B~~ mice (plgR**f~'", @) and
pIgR™ ™™~ mice (O) by 1 x 10° cells/
mouse. Total number of small intestine (SI)-
IELs and the relative constitution of «f-IELs
and y0-IELs in the recipient mice were exam-
ined at 4, 8 and 12 weeks after the transfer.
Data are presented as mean £+ SD of two to
five mice. (b) Cellular constitution of SI-IELs
in the recipient mice was analysed by a flow
cytometer and the numbers of ofi-IEL subsets

No. of subsets (x106 cells)

were calculated by multiplying the total num-
ber of SI-IELs by the relative proportion of
each subset. *P < 005, **P < 0-01.

© 2015 John Wiley & Sons Ltd, Immunology, 146, 59-69

o
-

Subset of af-IELs

0 CD478~

BM—splgR**B~- BM—plgR™-p~

CD4*8~ B CD8oo m@CD8uf* W CD4*8*

65



N. Kato-Nagaoka et al.

IFN- IL-17

(@) 40 ! 400

P=0-06

£ < 300}

c

2 S 200t

g ©

C -—

[ c

o [

< g 100 |

© o

oB-IEL  y8-IEL aB-IEL  yS-IEL
m plgR** O plgR™- m plgR** O plgR™-
() plgR** plgR~"~
103 =g I 10% e
182% 09% 09 08%
102~
T
£ 10"
10°
2.3

10" 102 10°

10°

1 LELE L R0 L AR B R
100 10" 102  10°

CD4

IFN-y

IFN-y IL-17
400

> 3 > 300

Z =

5 g

S 21 £ o200}

e 2

K] 3

2t &€ 100}

lﬂ o L
op-lEL  y5-IEL ap-lIEL ¥3-IEL
H plgR** O plgR™ B plgR** O plgR™
p|gR+/+ plgR—/—
10% = e 10% = =
Jp1% 81% 8-1 2.0% 21.5% 21.5
102 - 102+
10' 10"
100
12.3
T u Lo TR B Ao 0. L, D B L
100 10" 10%2 10° 100 10" 102 10°
CD8p

Figure 5. Cytokine production by small intestine intraepithelial lymphocytes (SI-IELs) of polymeric immunoglobulin receptor-positive (pIgR*'*)

mice and pIgR™~~ mice. (a) Purified of-IELs and yd-IELs from pIgR** mice (M) and pIgR ™'~ mice () were stimulated with immobilized anti-

CD3 monoclonal antibody (mAb) for 48 hr, after which the concentrations of interferon-y (IFN-y) and interleukin-17 (IL-17) in the culture su-

pernatants were measured using ELISA. Results were expressed as mean £ SD of data from three independent experiments. (b) Total RNA was
extracted from purified of-IELs and yd-IELs from pIgR** mice (M) and pIgR '~ mice (O), and mRNA levels of IFN-y and IL-17 were examined
by quantitative PCR. Relative density to GAPDH mRNA was expressed. (c) Intracellular IFN-y was detected in CD4" and CD8f" subsets in SI-

[ELs isolated from pIgR"™" mice and pIgR~/~ mice.

response to the gut microbiota.'” In this study, we recon-
firmed the accumulation of CD8xf'ufB-IELs in adult
pIgR~’~ mice and furthermore found that this happened
after weaning (older than 5 weeks) (Fig. 1b). Intestinal
bacteria start to colonize just after delivery and the infant
gut microbiota is established during the suckling stage. It
has been reported that the gut microbiota changes with
aging and the compositions of intestinal bacteria in
infants and adults are different.’"** The accumulation of
CD8of*af-IELs may be triggered in response to the
adult-type gut microbiota.

Although the increase of SI-IELs was marked in pIgR /"
mice, the number and constitution of SI-IELs in pIgR™"
TCR-B~'~ mice and pIgR ™'~ TCR-B~/~ mice were simi-
lar (Fig. 2a,b). These results demonstrate that SI-IEL sub-
sets mainly affected by sIgA-deficiency were af-IELs but
not y5-1ELs. TCR-afi" cells and TCR-76" cells play differ-
ent roles in the defence against pathogenic infection and
the control of intestinal epithelial cell differentiation.*”®
afi-IELs expand and are activated to become cytolytic in
response to gut microbiota, but the number and cytolytic
activity of yd-IELs are similar in conventional mice and

6000 Duodenum 800 lleum
P=012 P=011

< 5000} _—. = ° Figure 6. Intestinal permeability of small intes-
E E 600 b tine (SI) of polymeric immunoglobulin recep-
% 4000 | % tor-positive (pIgR*™*) mice and pIgR ~/~ mice.
£ £ Loops were generated at duodenum and ileum

2 3000 2 400 . . .
= ° . = . ° of mice under isoflurane-anaesthesia, and
S o000l ° — 8 ° hd FITC-dextran or rhodamine B isothiocyanate-
% e =3- _'_ s aE—, 200 | — - dextran solutions was injected into the loops,

L o il . .
o 1000 : o i . ° ’ respectively. By measuring the fluorescence
0 ° 0 s -.- . intensity in the serum collected at intervals,
plgR** plgR™ |plgR** plgR™~ plgR** plgR™ |plgR** plgR™~ permeability of SI was evaluated. Closed circles
(n=4) (n=4)| (n=7) (n=7) (n=4) (n=4)| (n=7) (n=7) show the data of each mouse and the bars rep-
6 weeks 20 weeks 6 weeks 20 weeks resent the mean value.
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germ-free mice.”””° Judging from the fact that cytolytic

CD8afi” TCR-a8" cells accumulate on the intraepithelial
space of the intestine after viral infection,>"*? of-IELs are
considered to be a sentry against pathogenic infection in
the gut. In contrast, it is known that y5-IELs recognize
the antigens on intestinal epithelial cells and play central
roles in their homeostasis.””*® These results indicate that
the expansion of CD8xf"aB-IELs in response to the
intestinal bacteria due to sIgA-deficiency occurs indepen-
dently of yd-1ELs.

To understand how «ff-IELs expand the pool size in
pIgR ™'~ mice, we examined the incorporation of BrdU
into SI-TELs of pIgR*"* mice and pIgR™’~ mice. Although
the proportion of BrdU-labelled SI-IELs was comparable
in pIgR*"* mice and pIgR ™'~ mice 14 days after supplying
BrdU, a relative ratio of BrdU-labelled cells among
CD8a" SI-IELs was higher in pIgR ’~ mice than pIgR™""
mice 10 days after BrdU administration was discontinued
(Fig. 3). These results suggest that sIgA-deficiency may
promote the migration of CD8f~ BrdU-labelled precur-
sor cells into the intestinal epithelia and their differentia-
tion to CD8xf" SI-IELs. It has been reported that
CD8ofS"af-IELs are derived from recent thymic emi-
grants.” Therefore, it is likely that CD8f~ precursors
having completed DNA synthesis migrate and differenti-
ate to CD8uf" TCR-a8" cells in the intestinal epithelia
more efficiently in sIgA-deficiency.

To examine whether the migration of mature TCR-af"
cells is enhanced in sIgA-deficiency, we carried out the
adoptive transfer experiments. When splenic TCR-u«f*
cells were transferred to pIgR** TCR-f~/~ mice or
pIgR™~~ TCR-f~'~ mice, CD8xf8*of-IELs accumulated to
a similar extent in both recipients, suggesting that sIgA-
deficiency does not affect the migration of mature
CD8ufB" TCR-af" cells to the intestinal epithelia. It is
known that CCL25 secreted by intestinal epithelial cells
promotes the migration of mature CCR9" CD8xf" TCR-
aft cells to the intestinal epithelia in wild-type mice,"
but neither CCL25 mRNA expression in the intestine nor
the density of CCR9 molecules on SI-IELs were different
in pIgR*"* mice and pIgR™’'~ mice (see Supplementary
material, Fig. S1). Therefore, it is considered that CCRY/
CCL25 is not involved in the increase of CD8of"af-1ELs
due to sIgA-deficiency.

In the next experiment, we transferred immature haemat-
opoietic cells into pIgR™* TCR-~/~ mice and pIgR '~
TCR—[)’f/ " mice, and examined the change of SI-IELs in the
recipients from 4 to 12 weeks after the transfer. As a result,
donor-derived af3-IELs could be detected 8 weeks after the
transfer and the absolute number of CD8uf3"«f-IELs was
greater in pIgR '~ TCR-f~/~ mice than pIgR*" TCR-f/~
mice (Fig. 4b). These results demonstrate that the differen-
tiation of immature haematopoietic cells to CD8aS"of3-
IELs was enhanced in sIgA-deficiency. As the numbers of
SI-IELs were not different between pIgR*"* TCR-$~/~ mice

© 2015 John Wiley & Sons Ltd, Immunology, 146, 59-69
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and pIgR~'~ TCR-f~/~ mice (Fig. 2b), it is assumed that
the expansion of CD8«8" SI-IELs in pIgR ’~ mice requires
the expression of functional TCR-of. If this is the case,
CD8u S af-IELs may expand the pool size by recognizing
gut antigens in pIgR~’~ mice.

It is widely known that sIgA plays an important role in
preventing pathogenic microorganisms from invading the
body through mucosal surfaces."”'*** Sait et al. detected a
significantly greater number of bacteria in mesenteric
lymph nodes of pIgR™~’~ mice than pIgR*'* mice.”® We
therefore examined the bacterial translocation into mes-
enteric lymph nodes of pIgR*'* mice and pIgR ™'~ mice.
In our studies, bacterial translocation was observed in
pIlgR™'~ TCR-*~ mice and pIgR~’~ TCR-f~/~ mice,
but not in pIgR*"* TCR-B™'~ mice and pIgR*"* TCR-f~/~
mice (see Supplementary material, Fig. S2), supporting
the theory that sIgA may inhibit the penetration of intes-
tinal bacteria into the body. It should be noted that the
proportion of pIgR™'~ TCR-f*~ mice exhibiting bacte-
rial translocation was much lower in our study compared
with the results reported previously.®*® The reason for
this discrepancy is not clear, but the extent of bacterial
translocation may be influenced by the breeding condi-
tion in animal facilities.

We tried to find the functional difference of SI-IELs
between pIgR*™* mice and pIgR™~'~ mice by examining
the cytokine-producing abilities. As a result, af-IELs in
pIgR~’~ mice could produce more IFN-y than those in
pIgR™* mice (Fig. 5), and therefore it is assumed that
functions of af-IELs are skewed toward cellular immune
responses in sIgA-deficiency. It has been reported that
IFN-y-producing CD8af af-IELs disrupt the barrier of
epithelial cells in vitro.”” We here found that the intestinal
permeability tends to increase in pIgR™/~ mice after
CD8ufS af-IELs have already expanded (Fig. 6). These
findings suggest that sIgA works to maintain the epithelial
integrity by suppressing the excessive activation of
CD8of"af-1ELs.

Gut microbiota has been reported to differ in the pres-
ence or absence of sIgA,”®> so we compared bacterial
composition in the small and large intestine contents of
pIgR** and pIgR™/~ mice using a pyrosequencing
method and quantitative PCR method with primers rec-
ognizing the bacterial 16S rRNA gene. We found that
there was no significant difference in the diversity of gut
microbiota between wild-type and pIgR ™/~ mice at 10—
11 weeks, but the composition of bacterial community in
SI seemed to be different (see Supplementary material,
Fig. S3a). Furthermore, the number of Clostridium cocco-
ides and segmented filamentous bacteria in the SI was
greater in pIgR~’~ mice compared with pIgR*"* mice at
20 weeks (see Supplementary material, Fig. S3b). It is
likely that colonization by higher numbers of segmented
filamentous bacteria may be connected with the tendency
to produce more IL-17 production by «f-IELs in pIgR ™/~
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mice.”®* Therefore, it is considered that IFN-y-produc-
ing CD8af af-IELs expand in response to commensal
bacteria after weaning, thereafter the gut microbiota
change in composition, and finally the epithelial integrity
may be disrupted in association with the increase of
IL-17 later in life. It has been recently reported that a
fibre-free diet reduces the expression of pIgR in the large
intestine of rats.*” These findings suggest that an unbal-
anced diet disturbs the secretory immune response by
reducing pIgR expression, which may result in the disrup-
tion of epithelial integrity.

In conclusion, our results indicate that activated
CD8of"af-IELs accumulate due to sIgA-deficiency and
may evoke the disruption of epithelial integrity. The har-
monized mucosal immune system made up of sIgA and a
huge number of lymphoid cells in the intestinal
mucosa,*' seems to be very efficient in the defence against
the unexpectedly diverse antigens constantly coming into
the gut lumen and for maintaining gut homeostasis.
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SI-IELs in plgR-deficient mice

Figure S1. Expression of CCR9 on small intestine in-
traepithelial lymphocyte (SI-IELs) and CCL25 mRNA in
the intestinal wall of polymeric immunoglobulin recep-
tor-positive (pIgR™*) mice and pIgR ™/~ mice.

Figure S2. Bacterial translocation into mesenteric
lymph nodes and IgA level binding commensal Lactobacil-
Ius in polymeric immunoglobulin receptor-deficient
(pIgR’/ ~) mice.

Figure S3. Comparison of gut microbiota in wild-type
mice and polymeric immunoglobulin receptor-deficient
(pInglf) mice.
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