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To maintain immune homeostasis in the intestine, the intestinal immune system has evolved several tol-
erogenic mechanisms toward intestinal microflora and food antigens. Although programmed cell death-1
(PD-1) protein has been implicated in immunological tolerance in the intestine and gut-associated lym-
phoid tissues (GALTs), distribution of its ligands PD-L1 and PD-L2 in the small intestine lamina propria

Keywords: (LP) are unknown. We investigated PD-L1 expression in intestinal LP and found that IgA plasma cells
Plasma cells (PCs) were major PD-L1 expressing cells. PD-L1 expression levels on IgA PCs were higher than that on
:,rg_eﬁme IgG PCs in peripheral lymphoid tissues. IgA PCs expressed antigen-presenting molecule MHC class II
Tolerance and co-stimulatory molecules CD80, CD86, and PD-L2. IgA PCs isolated from intestinal LP exhibited anti-

FoxP3 gen presentation activity, and in the presence of TGF-p induced FoxP3* regulatory T cells, but not IFN-y*
Th1 cells, from naive T cells. Thus, IgA PCs in the intestine may be involved in an immune regulatory role

in the intestinal immune system.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

The intestinal immune system is constantly exposed to intesti-
nal microbiota and food antigens; thus, the intestinal immune sys-
tem can induce and maintain tolerance toward these harmless
antigens [1]. CD4"CD25'FoxP3" regulatory T (Treg) cells play an
important role in intestinal immune system homeostasis. Although
most Treg cells develop in the thymus as naturally-occurring Treg
cells [2], recent studies suggest that FoxP3" Treg cells can be in-
duced from naive T cells during tolerance induction toward newly
encountered antigens in the periphery [3-5].

Oral tolerance is an antigen-specific immune suppression
mechanism induced by prior antigen administration through the
oral route [6]. Treg cells are thought to be involved in oral toler-
ance; oral administration of ovalbumin (OVA) to OVA-specific
TCR transgenic mice induces oral tolerance towards OVA and con-
comitantly induces FoxP3 expression in OVA-specific CD4" T cells

Abbreviations: PD-1, programmed cell death-1; GALTSs, gut-associated lymphoid
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[3,7]. Mesenteric lymph nodes (MLNs) have an essential role in
inducing oral tolerance [8]. Tolerance induction in MLNs is medi-
ated by a specialized dendritic cell (DC) subset: CD103" DCs [9].
However, the intestinal immune system produces immunoglobulin
A (IgA) antibodies against commensal bacteria and maintains a
symbiotic relationship between a host and commensal bacteria
[10,11].

Programmed cell death-1 (PD-1) was originally identified as a
gene that was upregulated in T cell lymphoma cells upon cell
death. PD-1 is a member of the immunoglobulin superfamily and
has an immunoreceptor tyrosine based inhibitory motif (ITIM) in
its cytoplasmic domain [12]. PD-1 is induced during the later phase
of T cell activation and terminates T cell activation to prevent
excessive, prolonged activation [12]. PD-1 deficient mice develop
spontaneous late-onset lupus-like arthritis and glomerulonephritis
in a C57BL/6 background and autoimmune dilated cardiomyopathy
in a BALB/c background [13,14]. Recently, several reports showed
that PD-1 was involved in inducing and maintaining tolerance
and unresponsiveness toward chronic viral infections [12,15]. Con-
sistently, PD-L1 coated beads induced cells with phenotypic fea-
tures of Treg (iTreg) cells that maintained suppressive functions
of iTreg cells in vitro [16].

PD-1 has two ligands: PD-L1 and PD-L2. PD-L1 is preferentially
expressed on B cells, DCs, macrophages, and T cells and is further
upregulated on cell activation [12]. PD-L1 is expressed on
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non-hematopoietic cells, such as vascular endothelial cells, pancre-
atic islet cells, and placenta to maintain immune tolerance and
protect these tissues from untoward immune attacks [12]. Con-
versely, PD-L2 expression is more restricted to hematopoietic cells
and is induced by B cell, DC, macrophage, and T cell activation [12].
PD-L2 has a threefold higher affinity for PD-1 as compared to PD-L1
[12]. For oral tolerance induction, CD103* DCs induce unrespon-
siveness toward orally administered antigens and induce FoxP3*
regulatory T cells through PD-1 and its interactions with its ligands
[17].

B lymphocytes (B cells) play an important role in humoral im-
mune responses. In response to antigen receptor stimulation, B
cells differentiate into PCs and produce antibodies in conjunction
with the aid of helper CD4" T cells [18]. B cells can influence T cell
differentiation toward Th2 type responses [19]. B cells attenuated
inflammatory disorders, such as T cell-mediated colitis, and played
a role in experimental autoimmune encephalomyelitis remission
[20-22]. A subset of B cells, designated regulatory B cells, produce
IL-10 and suppress the onset of inflammatory diseases [23-25].

Although IgA-producing PCs are a major immune cell type in
the intestinal lamina propria (LP), other than antibody production,
the roles of these cells have not been fully investigated. In this
study, we found that IgA PCs were major PD-L1-expressing cells
in the intestine that could induce FoxP3" Treg cells from naive T
cells in vitro.

2. Materials and methods
2.1. Mice

C57BL/6] mice were purchased from Clea Japan (Tokyo).
DO11.10 mice [26], lymphotoxin o-deficient (LT-o/~) mice [27],
were purchased from Jackson Laboratories (Bar Harbor, ME). Mice
were housed in specific pathogen-free (SPF) conditions in the Ani-
mal Care Facility of Keio University School of Medicine. All exper-
iments were approved by the regional animal study committees
and followed institutional guidelines and Home Office regulations.

2.2. Cell preparations and flow cytometry

Intestinal lamina propria mononuclear cells (LPMCs) from small
intestine (SI) were prepared as described previously [28]. Cell sur-
faces were stained with anti-B220, IgA, PD-L1, PD-L2, CD80, CD86,
[-A, CD103, CD11b, and CD11c antibodies. For intracellular cyto-
kine staining, cells were incubated for 12 h with 50 ng/ml of phor-
bol 12-myristrate 13-acetate (PMA; Sigma, St. Louis, MO), 1000 ng/
ml of ionomycin (Sigma), and 1 pl/ml of GolgiPlug (BD Pharmin-
gen, San Diego, CA) in a CO, incubator at 37 °C. After staining for
cell surface molecules, the cells were resuspended in Fixation/Per-
meabilization solution (BD Pharmingen, San Diego, CA), and intra-
cellular staining was done with an anti-IFN-y antibody. For
intracellular FoxP3 staining, cells were fixed in Fixation/Permeabi-
lization solution (eBioscience). The cells were analyzed using a
FACSCanto™ II (Becton Dickinson, NJ, USA) and FlowJo software
(Tree Star, Inc., Ashland, OR). The following mAbs were used for
flow cytometric analysis: biotinylated anti-IgA (RMA-1, BioLeg-
end); PE-Cy7 anti-B220 (RA3-6B2, BD Bioscience); PE-Cy7
anti-CD11c (HL3, BD Bioscience); PE anti-CD80 (16-0A1, BD Biosci-
ence); PE anti-CD86 (GL1, BD Bioscience); PE anti-PD-L1 (MIH5,
eBioscience); PE anti-PD-L2 (122, eBioscience); PE anti-I-Ab (AF6-
120.1 BD Bioscience); PE anti-CD103 (2E7 eBioscience); FITC
anti-IgG1 (A85-1, BD Bioscience); APC anti-CD138 (281-2, BD Bio-
science); PE anti-FoxP3 (eBioscience); FITC anti-B220 (RA3-6B2,
BioLegend); APC-Cy7 streptavidin (BD Bioscience); APC streptavi-
din (BD Bioscience); and APC-Cy7 CD11b (M1/70, BD Bioscience).

2.3. In vitro T cell differentiation

Naive OVA-specific CD4" T cells were isolated from spleens of
DO011.10 or OT-II TCR transgenic mice using a Naive CD4" T cell iso-
lation Kit II (Miltenyi). CD11c¢" DCs were purified from collagenase
A digested spleen tissues and MLNs with CD11c microbeads (Milt-
eni). IgA plasma cells were purified by depleting B220" cells with
B220 microbeads (Miltenyi) followed by positive selection with
biotin-anti-IgA antibody (BioLegend) and anti-biotin microbeads
(Miltenyi). Naive T cells (2 x 10°) were co-cultured with either
splenic CD11c¢* DCs (2 x 10%), MLN CD11c* DCs (2 x 10%), or small
intestinal IgA* PCs (2 x 10°), with or without 0.1 uM OVA peptide
and 1 ng/ml TGF-B, for 3 days in 96-well flat-bottom plates. For
blocking experiments, anti-PD-L1 (MIH6) (Abcam), anti-PD-L2
(TY25) (Abcam), and Rat IgG2a, kappa monoclonal (aRTK2758)
(Abcam) antibodies were added.

2.4. Statistical analysis

Results are given as means + standard errors of the mean
(SEMs). Statistical comparisons were made by unpaired Student’s
t tests using Prism software (Graphpad).

3. Results
3.1. PD-L1 is expressed on IgA PCs in the intestine

Intestinal LP is an effector site of immune reactions and con-
tains numerous immune cells, including T and B cells. To deter-
mine PD-L1 expression distributions in the mucosal immune
system of the intestine, we first examined PD-L1 expression in LP
mononuclear cells (LPMCs) obtained from SIs of normal mice by
flow cytometry. PD-L1 was expressed by 29% of total LPMCs
(Fig. 1A). Next, LPMCs were stained for B220, IgA, and CD11c in
addition to PD-L1. Among PD-L1" cells, 81% were IgA PCs, whereas
CD11c" DCs constituted only 6.9% of PD-L1*cells in LP of SI
(Fig. 1B). Next, we examined cell surface molecules related to anti-
gen-presenting activity, including MHC class Il and co-stimulatory
molecules on IgA PCs, B cells, and DCs isolated from the spleen and
MLNs. IgA PCs expressed MHC class Il molecules and the negative
regulatory co-stimulatory molecules PD-L2 and PD-L1, whereas
expression levels of the positive co-stimulatory molecules CD80
and CD86 on IgA PCs were lower than those on dendritic cells
(Fig. 1C). CD103 was detected only on some DCs in MLNSs, as re-
ported previously [29]. PD-L1 was expressed on both IgA PCs and
DCs; PCs were the major cell type that expressed PD-L1 in the
small intestine LP.

3.2. Intestinal IgA PCs induce FoxP3" T cells from naive T cells in vitro

Because IgA PCs expressed antigen-presenting molecules, such
as MHC class Il molecules and PD-L1, we next examined whether
IgA PCs could induce FoxP3" Treg cells from naive T cells, as it
had been previously reported that MLN DCs could induce FoxP3*
Treg cells from naive T cells in vitro through the interaction be-
tween PD-L1 on DCs and PD-1 on T cells in the presence of TGF-B
[17]. To test this, naive T cells (CD4*CD62" T cells) from OVA-spe-
cific TCR transgenic mice were co-cultured with either IgA" intes-
tinal PCs, splenic DCs, or MLN DCs in the presence or absence of
TGF-p and examined for intracellular FoxP3 and IFN-y expressions.

Splenic and MLN DCs induced IFN-y* Th1 cells (Fig. 2B). MLN
DCs but not splenic DCs induced FoxP3" T cells in the presence of
TGF-B, as described previously [17] (Fig. 2A). Although IgA PCs
could not induce IFN-y* Th1 cells, IgA PCs induced FoxP3" Treg
cells in the presence of TGF-B as did MLN DCs (Fig. 2A). To examine
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Fig. 1. IgA plasma cells are major PD-L1 expressing cells in the intestine. (A) Black lines indicate PD-L1 stained total LPMCs among 7AAD™ gated cells. Filled histogram
indicates isotype control antibody staining. (B) Upper panels show IgA and B220 or CD11c expressions among 7AAD™ total LPMCs. Bottom panels show IgA and B220 or CD11c
expressions among 7AAD PD-L1* gated cells. Numbers for each gate indicate means + SDs; n = 3. (C) Surface staining of purified IgA plasma cells, B cells, splenic DCs, and
mesenteric DCs. Black lines indicate staining with indicated antibodies. Filled histograms indicate isotype control antibody staining. Results are representative of three

independent experiments.

the roles of PD-L1/L2 and PD-1 interactions in antigen presentation
by IgA PCs, neutralizing antibodies against PD-L1 and PD-L2 were
added during in vitro differentiation. IgA PCs did not induce IFN-
v+Thl cells even in the presence of neutralizing antibodies
against PD-L1 and PD-L2 (data not shown). Although neither
anti-PD-L1 nor PD-L2 antibody alone suppressed induction of
FoxP3 + T cells, a combination of anti-PD-L1 and PD-L2 antibodies
significantly suppressed induction of FoxP3 + T cells (Fig. 2C).

3.3. PD-L1 is expressed on IgG1* PCs in systemic lymphoid organs

IgM-negative PCs in peripheral lymphoid tissues had antigen-
presenting activities and induced a series of helper T cell-derived
cytokines by naive T cells, including IFN-y [30]. To compare PD-
L1 expression on IgA PCs derived from gut-associated lymphoid
tissues (GALTs) and IgG1 PCs in peripheral lymph nodes induced
by systemic immunization, we immunized mice with alum-precip-
itated chicken gamma globulin (CGG) and analyzed PD-L1 expres-
sions on CD138"IgG1"* PCs and IgA PCs from the spleen and MLNSs.

CD138"IgA* PCs were observed in the spleen and MLNs prior to
immunization and were not induced by immunization to the same
extent as IgG1* PCs (Fig. 3A). IgA* PCs are thought to be induced by
continuous stimulation by intestinal microbiota in GALT and are
not induced by systemic immunizations [31]. CD138%IgG1* PCs
were induced in the spleen and MLNs by immunization. Although
PD-L1 was expressed on IgG1* PCs, PD-L1 expression level on IgG1*
PCs was significantly lower than that on IgA* PCs (Fig. 3B and C).

3.4. PD-L1 expression is enhanced on IgA plasma cells from LT-o
deficient mouse intestine

To examine the effect of PC deficiency on PD-L1 expression in
the intestine, we compared PD-L1 expressions on intestinal IgA

PCs of wild type mice and LT-a deficient littermate mice, which
have fewer PCs in the intestine [32] (Fig. 4A and B). PD-L1 expres-
sion level on intestinal IgA PCs of LT-o deficient mice were higher
than those on IgA PCs of wild type mice (Fig. 4C). These results sug-
gest that a reduction in intestinal PCs is compensated by aug-
mented PD-L1 expression to maintain intestinal immune
homeostasis.

4. Discussion

The intestinal immune system has evolved mechanisms to
maintain immunological quiescence in the presence of harmless
food antigens and the intestinal microflora. One of these mecha-
nisms is oral tolerance induced in intestinal LP and GALT. Interac-
tions between PD-1 and its ligands, PD-L1 and PD-L2, have been
implicated in immunological tolerance, including oral tolerance,
in the intestine. In this study, we demonstrated that IgA PCs were
the major cell type that expressed PD-L1 in SI LPMCs.

The expressions of molecules that are required for antigen pre-
sentation functions, such as MHC class Il and CD80, CD86, and PD-
L1, suggest that IgA PCs function as antigen-presenting cells (APCs)
in the intestinal LP. Indeed, we found that IgA PCs isolated from SI
LPMCs could induce FoxP3" iTreg cells but not IFN-y* Th1 cells
from naive T cells in vitro (Fig. 2). FoxP3 + iTreg cell induction
was suppressed by the addition of both anti-PD-L1 and PL-L2
antibodies, but not by either antibody alone. Therefore, PD-L1
and PD-L2 on IgA PCs have redundant roles during the induction
of FoxP3 # iTreg cells.

In a previous report [30], isotype switched PCs induced by
subcutaneous immunization with NP-CGG retained their antigen
presentation apparatus and induced Th1, Th2, and Th17 (except
follicular helper T cells; Tgy) associated cytokine production by
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Fig. 2. IgA" plasma cells induce FoxP3 expression in naive T cells in the presence of TGF-p in vitro. IgA* plasma cells were purified from intestinal LPMCs and CD11c¢* DCs were
purified from spleens and MLNs. Naive T cells from OVA-specific TCR transgenic mice were cultured with either plasma cells, splenic DCs, or MLN DCs in the presence of
0.1 uM OVA peptide with or without 1 ng/ml of TGF-p in triplicate. (A) Percentages of FoxP3 positive cells among CD3*CD4" cells. (B) Percentages of IFN-y positive cells
among CD3*CD4" cells. Experiments were repeated 3 times. (C) Naive T cells and IgA + plasma cells were co-cultured as described above with 5 pg/ml of either anti-PD-L1
(L1), anti-PD-L2 (L2), or isotype control antibody in the presence of 0.1 uM OVA peptide and 1 ng/ml of TGF-B in triplicate. Total antibody amounts were adjusted to 10 pg/ml
with isotype control antibody. Mean percentages of FoxP3 # cells are shown. Error bars are SEMs. P-values derived from Student’s t-tests are indicated on the graph (ns; not

significant).

naive CD4 T cells. This contradictory result may be explained by
the lower expressions of CD80 and CD86 on IgA PCs than those
on DCs and the different PD-L1 expression levels on intestinal
IgA PCs and peripheral IgG1 PCs, as we showed that PD-L1 expres-
sion level on IgA PCs was higher than that on IgG1 PCs. Peripheral
switched PCs expressed levels of CD80 and CD86 that were compa-
rable to those on DCs [30].

The fate of T cell differentiation is determined by the relative
expression levels between positive co-stimulatory molecules
(CD80 and CD86) and negative co-stimulatory molecules (PD-L1
and PD-L2) in addition to the cytokines produced by antigen pre-
senting and surrounding cells [33]. Therefore, PD-L1 higher expres-
sion levels and the lower levels of CD80 and CD86 on IgA PCs may
reasonably explain why IgA PCs induced FoxP3* Treg cells rather
than IFN-y* Th1 cells in contrast to PCs induced in peripheral lym-
phoid tissues by systemic immunization.

Furthermore, mice that have fewer IgA PCs in the intestine, such
as lymphotoxin-o (LT-ot) deficient mice, do not exhibit any inflam-
matory reactions in the intestine [34]. We found that PD-L1
expression levels on IgA PCs from LT-a deficient mice were higher
than on these cells from wild type mice (Fig. 4). This suggested that
the lower numbers of IgA PCs in LT-o deficient mice could be com-
pensated by augmented PD-L1 expressions on IgA PCs in the intes-

tine. However, we cannot exclude the contribution of PD-L1 on DCs
and macrophages in the intestine and GALT for maintaining immu-
nological homeostasis. Further studies will be needed to address
this issue.

Although intestinal PCs almost exclusively produce IgA antibod-
ies in the normal intestine, antibody production in inflammatory
sites associated with inflammatory bowel diseases (IBDs), particu-
larly ulcerative colitis (UC), is significantly skewed toward IgG pro-
duction [35]. IgG PCs that infiltrate into inflammatory sites
reportedly express inflammatory cytokines and matrix metallopro-
teinases and secrete IgG that can activate inflammatory macro-
phages through complement activation [36-38]. Furthermore,
IgG PCs may function as stimulatory antigen presenting cells, and
thus abrogate tolerance as opposed to tolerogenic IgA PCs in IBD
inflammatory sites. Previous reports suggest that FoxP3* Treg cells
preferentially differentiated into Tgy cells, formed germinal centers
in Peyer’s patches, and supported IgA class switching and the gen-
eration of IgA PCs in the intestine [39]. However, we showed that
IgA plasma cells could induce FoxP3" Treg cells. Antigen adminis-
tration through the oral route induces IgA antibody production
and the subsequent immune tolerance in the intestine.

Because IgA PCs still express antigen receptors on their cell sur-
faces, it is possible that IgA PCs acquire specific antigens through
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Fig. 4. PD-L1 expression levels on IgA plasma cells from LTo./~ mouse intestines are higher than those of cells from wild type mouse intestines. (A) IgA and B220 expressions
by LPMCs from wild type (WT) and LTo. /= mice. (B) Mean percentages of IgA*B220~ cells among LPMCs from WT and LTo /- mice are shown. (C) Mean fluorescence
intensities of PD-L1 expression by IgA* plasma cells from WT and LTo/~ mice are shown (n = 3. Numbers in upper graph are P-values derived from Student’s t-tests).

their antigen receptors and induce antigen-specific Treg cells.

PCs must be maintained by some kind of positive feedback circuit,
However, immunological homeostasis between Treg cells and IgA

which needs to be addressed in future studies. From our current
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results, IgA PCs in the intestine may possibly be involved in an im-
mune regulatory role in the intestinal immune system to suppress
the development of IBDs.
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