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Introduction

Summary

Nuclear receptor peroxisome proliferator-activated receptor y (PPAR-y)
activation can prevent immunoinflammatory disorders and diabetes. B
cells play protective roles during inflammation as well. However, the roles
of endogenous PPAR-y in the regulatory properties of B cells to relieve
inflammation remain unknown. Here, we developed B-cell-specific PPAR-
y knockout (B-PPAR-y’7) mice and found that the conditional deletion
of PPAR-y in B cells resulted in exaggerated contact hypersensitivity
(CHS). Meanwhile, interferon-y (IFN-y) of CD4" CD8" T cells was
up-regulated in B-PPAR-y '~ mice in CHS. This showed that the regula-
tory function of B cells in B-PPAR-y '~ mice declined in vivo. Whereas
splenic CD5* CD1d™ regulatory B-cell numbers and peripheral regulatory
T-cell numbers were not changed in naive B-PPAR-y '~ mice. Loss of
PPAR-y in B cells also did not affect either CD86 or FasL expression in
splenic CD5* CD1d™ regulatory B cells after activation. Notably, inter-
leukin-10 (IL-10) production in CD5" CD1d™ regulatory B cells reduced
in B-PPAR-y-deficient mice. In addition, functional IL-10-producing
CD5" CD1d™ regulatory B cells decreased in B-PPAR-y '~ mice in the
CHS model. These findings were in accordance with augmented CHS. The
current work indicated the involvement of endogenous PPAR-y in the reg-
ulatory function of B cells by disturbing the expansion of IL-10-positive
regulatory B cells.

Keywords: contact hypersensitivity; interleukin-10; peroxisome prolifera-
tor-activated receptor y; regulatory B cell.

inflammatory diseases.® ' Until now, two well-character-
ized functional Breg cells were identified in murine spleno-

B cells play an important role in the innate and adaptive
immune responses, they differentiate into effector anti-
body-secreting plasma cells and memory B cells to ensure
an efficient response during adaptive immunity.1 Recently,
B cells with regulatory functions, named regulatory B
(Breg) cells, were also described.””” Breg cells can play pro-
tective roles to negatively regulate immune and

cytes, namely, T2-MZP (CD19* CD23* CD21™ CD1d™)
and B10 (CD19" CD5" CD1d™).>*"" First defined in 2008,
CD5" CD1d™ Breg cells suppressed T-cell-mediated
responses and inhibited contact hypersensitivity (CHS),
experimental allergic encephalomyelitis (EAE), lupus ery-
thematosus, inflammatory bowel disease and collagen-
induced arthritis.»'*'2"*

Abbreviations: B-PPAR-y~'~, B-cell-specific PPAR-y knockout; Breg, regulatory B cell; CESE, carboxyfluorescein succinimidyl
ester; CHS, contact hypersensitivity; Ct, control; EAE, experimental allergic encephalomyelitis; IFN-v, interferon-y; IL-10, inter-
leukin-10; LPS, lipopolysaccharide; PIM, PMA, ionomycin, and monensin; PMA, phorbol 12-myristate 13-acetate; PPAR-), per-

oxisome proliferator-activated receptor y; Treg, regulatory T cell
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Peroxisome proliferator-activated receptor y (PPAR-y)
is a member of the nuclear hormone receptor superfam-
ily."”” Both natural and synthesized ligands such as rosigli-
tazone can bind to PPAR-7.'>'® PPAR-y activation was
first noted to treat diabetes; its additional anti-inflamma-
tory and immunosuppressive functions were recently
demonstrated through its ability to ameliorate CHS, EAE,
arthritis etc.'” *® Whole-body PPAR-y*'~ mice were more
susceptible to autoimmune and inflammatory diseases
such as immune arthritis and EAE,*"** which further
indicated that endogenous PPAR-y activation also limited
inflammation and immune responses.

Most efforts have been towards directly understanding
how PPAR-y activation suppresses the effector function
of T cells and B cells to elicit anti-inflammatory func-
tions.”> ** To affect effector T cells, PPAR-) agonists or
ligands decreased T helper type 1 cytokines such as inter-
feron-y (IFN-y), tumor necrosis factor-oo (TNF-a) and
interleukin-18 (IL-1f), and promoted T helper type 2
cytokines such as IL-4 and IL-10.""?* T helper type 17
differentiation strongly increased in T-cell-specific PPAR-
7 knockout mice.?® For effector B cells, there have been
paradoxical results reported for PPAR-y.*"*”** Among
them, PPAR-y activation inhibited lipopolysaccharide
(LPS)-induced B-cell proliferation in an asthma model
and reduced IgE synthesis in peripheral blood mononu-
clear cells of atopic dermatitis patients, findings that
showed the suppression of effector B cells and that were
in line with the anti-inflammatory functions of PPAR-y
activation.>>**?

In contrast to effector cells, regulatory cells are crucial
in maintaining peripheral tolerance and controlling
immune responses. Of interest, PPAR-y deficiency in T
cells decreased the numbers and function of CD4" Fox-
p3" regulatory T (Treg) cells, PPAR-y activation
enhanced the inducible Treg cells.’’** PPAR-y was also a
major driver of accumulation and phenotypes of adipose
tissue Treg cells.” Reports and our previous study
revealed that Breg cells showed similar regulatory func-
tions to Treg cells in immune diseases.”'>****> To date,
the intrinsic role of PPAR-y in Breg cells is attractive but
remains unclear.

Notably, B-cell-deficient mice elicited exacerbated
CHS,* which indicated that B cells possessed protective
regulatory roles to suppress CHS. It also showed the
value of Breg cells in CHS. To address whether endoge-
nous PPAR-y expression affects CHS and the regulatory
property of B cells, in this study B-cell-specific PPAR-y-
knockout mice were generated, and it was first observed
that conditional deletion of PPAR-y in B cells resulted in
an enhanced CHS response. This indicated the reduced
regulatory function of B cells in vivo after endogenous
PPAR-y deficiency, and then the underlying mechanisms
mainly targeting CD5" CD1d™ Breg cells were further
explored.
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Materials and methods

Mouse generation and breeding

Strain C.129P2(C)-Cd19"™'"Ce"/J \yith the Cre recombi-
nase under the control of the CD19 promoter on the
BALB/c genetic background and Strain B6.129-Pparg™*
ReV/], which possesses loxP sites on either side of exons 1
and 2 of the PPAR-y gene, were from The Jackson Labora-
tory (Bar Harbor, ME). The generation and breeding pro-
gram of mice was previously described.”® The female
progeny with the genotype CD19-Cre*’~ PPAR-y"" (B-
PPAR-y /") were B-cell-specific PPAR-y knockout mice,
and the progeny with the genotype CD19-Cre '~ PPAR-
yﬂ/ﬂ (normal B-cell littermate controls, Ct) were used as
the control mice. Progeny were genotyped with a poly-
merase chain reaction (PCR) method provided by the
Jackson Laboratory. Wild-type mice on C57BL/6 back-
ground were from the Guangdong Medical Laboratory
Animal Center (Foshan City, Guangdong Province,
China). All animals were bred in an animal facility with a
12-hr light : 12-hr dark cycle and used at 8-12 weeks of
age. All animal experiments were carried out under the
approval of the Southern Medical University Animal Care
and Use Committee in accordance with the guidelines for
the ethical treatment of animals.

Cell isolation and preparation

Freshly isolated spleens were passed through a nylon cell
strainer to create a single-cell suspension, and splenic
lymphocytes were collected using Mouse 1 x Lympho-
cyte Separation Medium (DKW33-R0100; Dakewe,
Biotech Company, Shenzhen City, China). CD19" B cells
were purified using a Mouse B-Cell Negative Isolation
kit (19854A; Stem Cell Technologies, Vancouver, BC,
Canada) according to the manufacturer’s instructions,
with purity of > 95%. For sorting CD19* CD5" CD1d™
Breg cells, 5 x 10° bead-separated splenic CD19"* B cells
pooled from CHS mice in each group at 48 hr after
challenge were cultured in 2 ml complete medium in
24-well flat-bottom plates and stimulated with LPS
(10 pg/ml, Escherichia coli serotype O111:B4, 14391;
Sigma-Aldrich, St Louis, MO) for 24 hr, then stained
with phycoerythrin-Cychrome 7 (PE-Cy7) -conjugated
CD19 (clone 1D3), fluorescein isothiocyanate (FITC) -
conjugated CD5 (clone 53-7.3), or PE-conjugated CD1d
(clone 1B1; BD Pharmingen, San Diego, CA). Next, the
CD19* CD5" CD1d™ B cells were selected by a BD
FACS Aria III flow cytometer (BD Biosciences, San Jose,
CA) with purity of ~90-95%. CD4" T cells from spleno-
cytes of wild-type C57BL/6, for use in a functional study
of Breg cells in vitro, were purified with the Mouse
CD4" T Cell Negative Isolation kit (19812A; Stem Cell
Technologies), and the purity was > 90%.
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Quantitative real-time PCR

Total RNA of CD5" CD1d™ B cells, CD5" CD1d™ B
cells and CD5~ CD1d™" B cells of wild-type mice were
extracted using the Total RNA Extraction Kit (LS1040;
Promega, Beijing City, China) according to the manufac-
turer’ s instructions. Total RNA was reverse-transcribed
using PrimeScript™ Master Mix (RR036A; TaKaRa, Shiga,
Japan). Quantitative real-time PCR was performed using
qPCR Master Mix (A6001; Promega) according to the
manufacturer’s directions. All data were normalized to
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) val-
ues and the results were analyzed using the comparative
AACt method. The relative gene expression is presented
as the fold-change. Quantitative PCR was performed
using primers (Invitrogen, Carlsbad, CA) for PPAR-y
(forward, 5-CGG AAG CCC TTT GGT GAC TTT ATG-
3’ and reverse, 5-GCA GCA GGT TGT CTT GGA TGT
C-3'), GAPDH (forward, 5-AAC TTT GGC ATT GTG
GAA GG-3' and reverse, 5-ACA CAT TGG GGG TAG
GAA CA-3').

Breg markers and CD86, FasL measurement

For detecting the surface markers CD5 and CDI1d on
Breg cells, single-cell suspensions were prepared from
mouse spleen. For CD86 and FasL expression of Breg
cells, 5 x 10° splenocytes were cultured in 0-2 ml com-
plete medium in a 96-well flat-bottom plate and stimu-
lated with LPS for 24 hr, then stained with peridinin
chlorophyll  protein-conjugated CD19 (clone 1D3),
FITC-conjugated CD5, PE-conjugated CD1d, allophyco-
cyanin (APC)-conjugated CD86 (cloneGL-1), and APC-
conjugated CD178 (FasL, clone MFL3) purchased from
BD Pharmingen. These surface molecules were mea-
sured by BD Canto II flow cytometer (BD Biosciences)
and analyzed by FrowJo V10 (version 10.0; LLC, Ash-
land, OR).

Foxp3" Treg cells assay

A 200-pl sample of peripheral blood was collected, and
10 pl EDTA (0-5 M, 15575-038; Invitrogen) was added to
prevent the blood from clotting. Erythrocytes were lyzed
in red blood cell lysis buffer (420301; Biolegend, San
Diego, CA) under the basic manufacturer’s instructions.
Then, cells were stained with Fc-block anti-antibody
CD16/32. Next, cells were stained with the FITC-conju-
gated CD4 (clone GK1.5; BD Pharmingen) and APC-con-
jugated CD25 (clone PC61.5; eBioscience, San Diego,
CA). Then, cells were fixed and permeabilized with the
Foxp3/Transcription Factor Straining Buffer Set Kit
(005523-00; eBioscience) according to the manufacturer’s
instructions. The permeabilized cells were stained with
PE-conjugated Foxp3 (clone FJK-16s; eBioscience). The
CD4" CD25" Foxp3"™ T cells in peripheral blood were
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detected with the BD Canto II flow cytometer and
analyzed by FLowJo V10.

Intracellular IL-10 detection

First, 1 x 10° splenocytes or 5 x 10° CD19" B cells
from naive or CHS mice were cultured in 0-2 ml com-
plete medium in a 96-well flat-bottom plate. For analy-
sis of IL-10, cells were stimulated with LPS for 5 hr or
24 hr, and phorbol 12-myristate 13-acetate (PMA), ion-
omycin, and monensin (PMA 50 ng/ml, P8139; Sigma-
Aldrich; ionomycin, 500 ng/ml, 10634; Sigma-Aldrich;
monensin, 2 pM, 00-4505-51; eBioscience) were added
for the last 5 hr. For intracellular staining of IL-10,
cells were stained for the surface molecule and then
fixed and permeabilized using a Cytofix/Cytoperm kit
(54714; BD Biosciences) according to the manufac-
turer’s instructions. The permeabilized cells were stained
with APC-conjugated IL-10 and analyzed using a BD
Canto II flow cytometer.

Intracellular IFN-y detection

A total of 1 x 10° splenocytes pooled from CHS mice
in each group at 48 hr after challenge were plated in
triplicate in 0-2 ml complete medium. For analysis of
IFN-y, cells were stimulated with anti-CD3e (clone 145-
2C11; eBioscience) and anti-CD28 (clone 37.51; eBio-
science) for 24 hr; then PMA, 50 ng/ml, ionomycin,
500 ng/ml, and brefeldin A, 3 pg/ml (004506-51; eBio-
science) were added for the last 5 hr. Then, cells were
harvested and washed, followed by surface staining with
PE-conjugated CD4 (clone GK1.5; BD Pharmingen) and
FITC-conjugated CD8 (clone 53-6.7; eBioscience); then
fixed and permeabilized using a Cytofix/Cytoperm kit
(54714; BD Biosciences) according to the manufac-
turer’s instructions. The permeabilized cells were stained
with APC-conjugated IFN-y (clone XMG1.2; BD
Pharmingen) and analyzed by BD Canto II flow
cytometer.

Functional study of Breg cells to inhibit CD4" T-cell pro-
liferation in vitro

The sorted CD19* CD5* CD1d™ B cells from CHS mice
were resuspended at a density of 1-5 x 10°/ml in com-
plete medium after stimulation with LPS for 24 hr.
CD4" T cells separated after negative selection were
resuspended at a density of 1 x 107 cells/ml in PBS
containing 4 uMm carboxyfluorescein succinimidyl ester
(CFSE; Molecular Probes and C34554; Invitrogen) for
10 min at 37°, protected from light. Labeling was termi-
nated by addition of complete culture medium. Then,
0-1 ml CFSE-labeled CD4" T cells were added into
96-well flat-bottom plates pre-coated with anti-CD3e
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(clone 145-2C11; eBioscience) and anti-CD28 (clone
37.51; eBioscience), and then cocultured with 1-5 x 10°
CD19" CD5" CD1d™ B cells in 0-1 ml complete med-
ium at a 1 : 1 ratio for 72 hr. Next, cells were harvested
and stained with APC-conjugated CD4. The proliferation
of CD4" T cells was analyzed by BD Canto II flow
cytometry.

Contact hypersensitivity reaction

The CHS reactions were induced with oxazolone as
described previously.* Briefly, B-cell-specific PPAR-y
knockout mice and control mice (n =5 per group)
were sensitized with 25 pl of oxazolone (100 mg/ml;
Sigma-Aldrich) in acetone/olive oil (4 : 1, v/v) for 2
consecutive days on a shaved right abdomen. On day
5, 10 pul of oxazolone solution (10 mg/ml) in acetone/
olive oil (4 : 1) was applied to the right ear (5 pl on
the dorsal side and 5 pl on the ventral side) to chal-
lenge the response. The thickness of each ear was mea-
sured at 24, 48, 72 and 96 hr after challenge with a
constant-force, calibrated digital thickness gauge. To
observe ear swelling by hematoxylin & eosin stain, mice
were killed after ear swelling measurement at 48 hr
after challenge, ears were collected and fixed in 4%
paraformaldehyde and embedded in paraffin to be cut
into slices and stained with hematoxylin & eosin later;
to evaluate Breg cells in CHS meanwhile, splenocytes
and the purified CD19" B cells pooled from B-PPAR-
3™~ mice and control mice were activated with LPS
for 5 or 24 hr to measure cell surface markers and
intracellular I1L-10. The sorted CD19" CD5" CD1d™
Breg cells from B-PPAR-y/~ mice and control mice
were co-cultured with CD4" T cells to detect their
inhibitory effects on CD4" T-cell proliferation.

Statistical analysis

Data are expressed as the means = SEM. Significance was
determined by a two-tailed unpaired Student’s ¢-test. Sta-
tistical analyses were performed using GRAPHPAD Prism
5.0 (GraphPad Software, San Diego, CA). Probability val-
ues of P < 0-05 were considered statistically significant;
*P < 0-05, *¥* P < 0-01, ***P < 0-001 were applied.

Results

B-PPAR-y '~ mice had enhanced CHS response and
T-cell IFN-y production

Whole-body PPAR-y knockout in mice is embryonically
lethal.”® To determine whether endogenous PPAR-y
affects the regulatory function of B cells in CHS
in vivo, we generated conditional knockout mice in
which only B cells harbored a Cre-dependent deletion

© 2018 John Wiley & Sons Ltd, Immunology, 156, 282-296
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of PPAR-y (B-PPAR-y-deficient). B-cell-deficient mice
have an exacerbated CHS response, showing the
decreased regulatory function of B cells to control
inflammation in CHS in vivo;* hence, the CHS model
was first employed. We observed that CD19-Cre™~
mice had normal CHS responses compared with wild-
type (CD19-Cre™’™) mice, which excluded the affect of
CD19-Cre on CHS (Fig. S1). We found that the oxa-
zolone-induced ear swelling was significantly higher in
B-PPAR-y /™ mice than in control mice at 48 hr after
challenge (P < 0-05, Fig. la). At 72 and 96 hr after
challenge, no difference was apparent between B-PPAR-
y_/ ~ and control mice (Fig. 1a). This curve was in line
with the previous reports that PPAR-y*~ mice exhib-
ited a pronounced increase of methylated bovine serum
albumin-induced arthritis at day 1 after methylated
bovine serum albumin challenge and gradually lost the
difference compared with the control mice after that.?!
Because B-cell-deficient mice had increased CHS
responses even at 72 and 96 hr after challenge,® it
seemed that the dampening of the B-cell regulatory
function might gradually recover 48 hr after challenge
in B—PPAR—)F/ ~ mice. At 48 hr after challenge, B-
PPAR-y '~ mice also showed more serious infiltration
of cells in comparison with control mice in hema-
toxylin & eosin staining assays (Fig. 1b). The intraepi-
dermal abscess and the surrounding epidermis
hyperplasia were more evident in B-PPAR-y~’~ mice.
In addition, the IFN-y production of splenic CD4" and
CD8" T cells after anti-CD3e and anti-CD28 stimulation
was up-regulated in B-PPAR-y '~
challenge (Fig. 1c). In summary, the B-PPAR-y~/~ mice
displayed an enhanced CHS response compared with the
control mice at 48 hr after challenge (Fig. la,b); this
indicated that the regulatory function of B cells was
impaired in B-PPAR-y '~ mice due to the loss of
PPAR-y in CD19" B cells, especially at 48 hr after chal-
lenge in CHS.

mice at 48 hr after

Naive B-PPAR-yfF mice had normal levels of splenic
CD5* CD1d"™ Breg cells and CD4* CD25" Foxp3*
Treg cells

Splenic CD19* CD5" CD1d"™ Breg cells can inhibit the
CHS response and other immune responses both
in vitro and in vivo.*®® PPAR-y expression in splenic
CD19" CD5" CD1d™ Breg cells is higher than other
B-cell subsets by qPCR analysis (Fig. S2). To investigate
whether loss of PPAR-y in B cells affected splenic
CD19" CD5" CD1d™ Breg cell generation in naive B-
PPAR—“/*F mice, we measured the
CD19" CD5" CD1d™ Breg cells of spleen in naive B-
PPAR-y~'~ mice and control mice first. Naive B-PPAR-
77/~ mice had normal levels of splenic CD19" B cells
and CD19" CD5" CD1d™ Breg cells (Fig. 2a,b). The
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Figure 1. B-cell-specific peroxisome proliferator-activated receptor y knockout (B-PPAR-y ') mice have increased contact hypersensitivity
(CHS) responses and interferon-y (IFN-y) production of T cells. (a) CHS responses in control mice and B-PPAR-y '~
ear thickness after oxazolone challenge. Values represent means (& SEM) from #n = 5 per group, *P < 0-05. (b) Histopathology assessment of
hematoxylin & eosin-stained ear lobe sections from B-PPAR-y~'~ and control CHS mice at 48 hr after oxazolone challenge (original magnifica-
tion x 100), n > 3 per group. Similar results were obtained from two independent experiments. (c) Representative flow cytometry plots and bar
graph show IFN-y expression of splenic CD4" T cells and CD8" T cells from CHS mice at 48 hr after challenge. Representative flow cytometry
plots are gated for CD4" or CD8" cells. Values are mean (4= SEM) of three triplicates in each group, which represent two independent experi-
ments (**P < 0-01, ***P < 0-001).

mice were indicated by

Breg cells can induce Foxp3" Treg cells to perform blood of naive B-PPAR-y”/~ mice and control mice
inhibitory functions.>®®” Therefore, we examined the (Fig. 2¢). As shown in Fig. 2(c), the proportion of
CD4" CD25" Foxp3" Treg cell frequencies in peripheral CD4" T cells in peripheral blood, CD25" Foxp3" Treg
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cells in CD4" T cells from peripheral blood, did not
change in B-PPAR-y’~ mice compared with control
mice. Therefore, the development of CD5" CD1d™ Breg
cells in spleen and Foxp3* Treg cells in peripheral
blood was normal in naive B-PPAR-y-deficient mice.
Loss of PPAR-y did not affect the number or the gen-
eration of splenic CD5" CD1d" Breg cells and periph-
eral Foxp3" Treg cells, which could contribute to the
regulatory function of B cells.

CD86 and FasL expression in CD5" CD1d" Breg cells
did not change in naive B-PPAR-y-deficient mice
after activation

Regulatory B cells achieve immune inhibitory functions
after  activation® LPS can  potently  activate
CD5" CD1d™ Breg cells after Toll-like receptor 4 liga-
tion.”® CD86 is a surface molecule related not only to
B-cell activation but also to the regulatory function of
B cells.**** Anti-CD86 antibody can block the
immune suppressive effects of Breg cells in humans
and exacerbate EAE in mice.>*' Hence, we further
investigated the effects of B-cell-specific PPAR-y knock-
out on the CD86 expression of CD5" CD1d™ Breg cells
after activation by LPS for 24 hr in vitro. The percent-
age of CD19" B cells and CD5" CD1d™ Breg cells and
the number of CD19" CD5" CD1d™ B cells were not
obviously different between the B-PPAR-y~'~ and con-
trol mice (Fig. 3a,b). In addition, CD86 expression in
CD19" B cells and CD19* CD5* CD1d™ Breg cells was
unchanged in B-PPAR-y/~ mice compared with con-
trol mice after LPS activation (Fig. 3c).

FasL can bind to Fas to induce apoptosis of immune
cells and harbor an IL-10-independent suppression of
CD4% T-cell activation.*” Our previous study revealed
that an anti-FasL antibody partly blocked the inhibitory
effects of CD19" CD5* CD1d™ Breg cells on CD4" T-cell
proliferation.*> Therefore, we next evaluated FasL expres-
sion in CD19* CD5" CD1d™ Breg cells after activation.
FasL expression was not obviously affected in
CD19" CD5" CD1d™ Breg cells and CD19* B cells in B-
PPAR-y/~ mice in comparison with control mice after
LPS activation (Fig. 3d).

B-cell-specific-PPAR-y deficiency augments CHS

IL-10 production decreased in CD5" CD1d™ Breg
cells in B-PPAR-y-deficient mice

Interleukin-10 is the pivotal molecule by which
CD5" CD1d" Breg cells exhibit their regulatory func-
tions.* Anti-IL-10 antibody impaired the inhibitory
effects of CD5" CD1d™ Breg cells in vitro.'* Hence,
we asked if IL-10 production in CD5" CD1d™ Breg
cells changed after B-cell-specific PPAR-y knockout.
First, we excluded the affect of CDI19-Cre on
CD5* CD1d"™ Breg cell expansion and IL-10 expres-
sion after LPS stimulation by using CD19-Cre*’™ mice
and wild-type (CD19-Cre™’~) mice. CD19-Cre*’~ mice
showed no  different percentages of CD19,
CD5" CD1d™ Breg cells and IL-10 expression in com-
parison with wild-type mice (Fig. S1). We then found
that after 5 hr incubation with LPS+PIM (PMA, iono-
mycin, and  monensin), the  percentage  of
CD5" CD1d™  Breg cells and the number of
CD19* CD5" CD1d™ B cells were not obviously differ-
ent between the naive B-PPAR-y’~ and control mice
(Fig. 4a), but IL-10 expression was significantly
decreased in CD19* B cells and CD5* CD1d™ Breg
cells from B-PPAR-y~'~ mice compared with control
mice after LPS activation for 5 hr (Fig. 4b). Mean-
while, the IL-10 production in CD5* CD1d"™ and
CD5~ CD1d"" B-cell populations was not obviously
reduced (Fig. 4b). On the whole, the proportion of
IL-10" CD5" CD1d" Breg cells in CD19" B cells and
the number of IL-10" CD19" CD5" CD1d"™ B cells in
spleen after activation were also obviously down-regu-
lated in naive B-PPAR-y '~ mice (Fig. 4c). This might
contribute to the declined regulatory function of B
cells in B-PPAR-y™'~ mice in vivo.

Functional IL-10-producing CD5* CD1d" Breg cells
reduced in B-PPAR-y-deficient mice in CHS

Next, we focused on IL-10-producing CD5* CD1d™ Breg
cells in CHS to address their relationship with the regula-
tory function defect of B cells in B-PPAR-y '~ mice.
Splenocytes and splenic CD19" B cells isolated from the
B-PPAR-y '~ mice and control mice at 48 hr after oxa-
zolone challenge were pooled and stimulated with LPS

Figure 2. Naive B-cell-specific peroxisome proliferator-activated receptor 7 knockout (B-PPAR-y'") mice have normal splenic

CD5" CD1d™ regulatory B (Breg) and peripheral CD4" CD25% Foxp3* regulatory T (Treg) cells. Splenocytes and peripheral blood were

collected from naive control mice and B-PPAR-y '~

mice. Representative flow cytometry plots and bar chart show (a) the frequency of

CD19" B cells in splenic lymphocytes. Representative flow cytometry plots are gated for lymphocytes. (b) The frequency of CD5" CD1d™

Breg cells in CD19" B cells and the number of CD5" CD1d™ Breg cells in spleen. Representative flow cytometry plots are gated for

CD19" cells. (c) CD25" Foxp3" Treg cells among the total CD4" T cells in peripheral blood were analyzed. Representative flow cytome-

try plots are gated for lymphocytes or CD4" cells. Bar graphs indicate mean (4 SEM), n = 3, similar results were obtained from two

independent experiments.
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for 5hr or 24hr to detect IL-10 in
CD19" CD5" CD1d™ Breg cells. Of note, CD5" CD1d™
Breg cell frequency decreased in B-PPAR-y '~ mice
after LPS activation for 5 hr or 24 hr in purified
CD19" B cells and splenocytes (Fig. 5a). Furthermore,
there was an obvious reduction of IL-10 production of
CD19* B cells and CD5" CD1d" Breg cells in purified
CD19" B cells after LPS activation for 24 hr (Fig. 5b,c).
Here, different results on CD5* CD1d™ Breg cell popu-
lation and IL-10 production were observed in purified
CD19" B cells and splenocytes (Fig. 5a—c). This might
be a result of the different signals for Breg cell expan-
sion and activation. In purified B cells, Breg cells were
only activated by LPS with ligation by Toll-like recep-
tor 4; whereas in splenocytes from CHS mice, there
might be other signals from other cells such as primed
T cells, which could also provide activation signals to
Breg cells.>” On the whole, the proportion of IL-10-
producing CD5" CD1d™ Breg cells of CD19" B cells
obviously decreased in both purified CD19" B cells and
splenocytes from B-PPAR-y/~ mice (Fig. 5d). At the
same time, the IFN-y production of CD4" and CD8" T
cells after anti-CD3e and anti-CD28 activation was
obviously up-regulated in vitro (Fig. 1c), which was in
accordance with the increased CHS reaction in vivo.
Therefore, B-PPAR-y '~ mice had a decreased IL-10-
producing CD5" CD1d" Breg cell population in B cells
after activation in CHS, which should contribute to the
inhibition of activated effector T cells in CHS.

To confirm that these CD19" CD5" CD1d™ Breg cells
were functional after activation in CHS, we separated
splenic CD19" B cells using beads from B-PPAR-y '~
mice and control mice 48 hr after challenge, stimulated
them with LPS for 24 hr, sorted the CD19* CD5" CD1d™
Breg cells and co-cultured them with the CFSE-labeled
CD4" T cells from naive C57BL/6 mice for 72 hr. The
divided CD4" T cells during proliferation showed
decreased CFSE fluorescence after each division. As
expected, the CD19" CD5" CD1d" Breg cells of both
control mice and B-PPAR-y”/~ mice exhibited regulatory
function by inhibiting the proliferation of CD4" T cells
(Fig. 6). The inhibitory function of CD19* CD5* CD1d™
Breg cells was seen in B-PPAR-y'~ mice as well as in
control mice (Fig. 6). In combination with the results in
Fig. 5, these data showed that the number of functional
CD19" CD5" CD1d™ IL-10" Breg cells in B-PPAR-y '~

mice decreased after activation. This could cause the
decline in regulatory function of B cells with enhanced
T-cell-mediated inflammation, leading to differences in
CHS in vivo between B-PPAR-y~/~
mice.

mice and control

Discussion

Regulatory B cells were recently discovered to be negative
regulators of inflammatory and immune disorders.>*!°
The emerging role of PPAR-y activation to control
inflammation and immune disorders has been docu-
mented for the past few decades.”** Of note, PPAR-y is
widely expressed, including in B cells and T cells, whereas
the involvement of PPAR-y in B cells is rare and a para-
dox.*"*”*® In addition, it remains unclear whether
PPAR-y can affect the regulatory ability of B cells to
down-regulate T-cell-mediated inflammation such as
CHS. Because whole-body PPAR-y knockout is embryon-
ically lethal in mice,”® and PPAR-y agonists also elicit
PPAR-y-independent effects,”’ we generated B-cell-speci-
fic PPAR-y knockout mice to evaluate the intrinsic role
of PPAR-y on CHS and regulatory B cells. The results
first denote the participation of endogenous PPAR-y in
the regulatory function of B cells in vivo by using a CHS
model.

CD19-deficient mice have increased and prolonged
CHS response reactions, indicating an inhibitory role of B
cells.* CHS is a model for human allergic contact der-
matitis and is mainly mediated by antigen-specific effec-
tor T cells.**® The skin Langerhans cell is the exclusive
antigen-presenting cell in CHS*. CHS was thought to
have a minimized stimulatory role for B cells in the
immune responses, which allowed the regulatory effect of
B cells to be observed.? In the current study, we bred B-
cell-specific PPAR-y-deficient mice to investigate the role
of PPAR-y on Breg cells using the CHS model. We found
that B-cell-specific PPAR-y-deficient mice had an
enhanced CHS response compared with the control mice,
especially at 48 hr after challenge, showing that loss of
PPAR-y in B cells caused the reduced regulatory function
of B cells in vivo.

To investigate why PPAR-y deficiency lowered the
regulatory function of B cells in vivo, we first asked if
the number of naive Breg cells decreased. As previously
described, splenic CD19* CD5* CD1d"™ Breg cells are

Figure 3. Naive B-cell-specific peroxisome proliferator-activated receptor y knockout (B-PPAR-y ') mice have normal CD86 and FasL expres-

sion in CD5% CD1d" regulatory B (Breg) cells after activation. Splenic lymphocytes collected from control and B-PPAR-y '~ mice were stimu-
lated with lipopolysaccharide (LPS) for 24 hr in vitro. Representative flow cytometry plots and bar chart show (a) the percentage of CD19" B
cells of lymphocytes, (b) the frequency of CD5" CD1d™ Breg cells in the total CD19" B cells and the number of CD5" CD1d™ Breg cells in
spleen, (c) CD86, and (d) FasL expression in CD19" and CD5" CD1d™ Breg cells. Representative flow cytometry plots are gated for lymphocytes
or CD19" cells. Bar graphs indicate mean (+ SEM), n = 3, data represented two independent experiments.
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Figure 4. Interleukin-10 (IL-10) production of CD5*CD1d" regulatory B (Breg) cells decreases in naive B-cell-specific peroxisome proliferator-
activated receptor 7 knockout (B-PPAR-y~'7) mice. Splenic lymphocytes from naive control mice and B-PPAR-y™/~ mice were cultured with
lipopolysaccharide (LPS) plus PIM for 5 hr. Representative flow cytometry plots and bar chart show (a) the percentage of CD5* CD1d" Breg
cells, CD5* CD1d"™ B cells, and CD5~ CD1d"®" B cells and the number of CD19* CD5* CD1d™ Breg cells in the spleen. (b) IL-10 expression
of CD19" B cells, CD5" CD1d™ B cells and other B-cell subsets. Representative flow cytometry plots are gated for CD19%, CD5" cD1d",
CD5" CD1d"°", or CD5~ CD1d™" B cells. (¢c) The proportion of IL-10° CD5" CD1d™ B cells in CD19" B cells and the number of IL-
10" CD19* CD5" CD1d" B cells in spleen. Unpaired Student’s t-test showed significant differences between groups, bar graphs indicate mean

(£ SEM), n = 6, *P < 0-05.

the recognized important subset of Breg cells responsi-
ble for suppressing CHS.*® To adoptively transfer
CD19* CD5" CD1d™ Breg cells to B-cell-deficient mice

© 2018 John Wiley & Sons Ltd, Immunology, 156, 282-296

could rescue the regulatory function defect of B cells in
the CHS model.*® We then detected splenic
CD5" CD1d™ Breg cells in CD19" B cells from naive
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mice and observed that the frequency and number of
CD5" CD1d™ Breg cells was not changed between the
control mice and the B-PPAR-y knockout mice. This
indicated that the generation of  splenic
CD19" CD5" CD1d™ B cells was not affected after B-
cell-specific deficiency of PPAR-y. This finding was in
line with the previous report that loss of PPAR-y in B
cells did not affect the development of B cells or B-cell
populations, such as pro-B cells, pre-B cells, follicular B
cells, marginal zone precursor cells, marginal zone cells,
among others, in spleen or bone marrow.”® As
reported, mice lacking Breg cells presented with
reduced Treg cell frequency.’®’ We next investigated
the CD4" CD25" Foxp3™ Treg cells in peripheral blood
and observed no significant change in B-PPAR-y '~
mice. This finding suggested that the generation of
splenic CD5" CD1d™ Breg cells and peripheral Treg
cells was normal in naive B—PPAR—y_/_ mice, which
could not contribute to the reduced regulatory function
of B cells in vivo after PPAR-y deficiency.

Regulatory B cells can efficiently suppress CHS, espe-
cially after activation.*® Next, we asked if Breg cell
activation was affected by the loss of PPAR-y in the B-
cell lineage. CD86 (B7-2) and FasL are the important
surface molecules for Breg cells to perform their regula-
tory function after activation. Anti-CD86 antibody can
reverse  the  suppressive  function of  human
CD19" CD24" CD38" Breg cells on Thl cells.’ During
EAE, reconstitution with B cells from wild-type mice,
but not B7-deficient mice, resulted in disease recov-
ery.”* We tested the CD86 expression in CD19" B cells
and CD5" CD1d™ Breg cells after LPS activation and
found no difference between B-PPAR-y '~ and control
mice. Of interest, B—PPAR—V_/_ mice had normal CD86
expression in B cells in B-PPAR-y~/~ mice after anti-
CD40 and IL-4 activation,” consistent with our results
here. For CD86 expressed in both activated effector B
cells and Breg cells, our results and previous reports
suggested that CD86 might not be involved in PPAR-y-
mediated regulatory function and effector function of B
cells. B lymphocytes and CD5" CD1d™ Breg cells also
expressed elevated FasL after LPS stimulation, which
could mediate the death of immune cells, including
CD4" T cells, and then inhibit the inflammatory
response or diseases.”” We observed that FasL expres-
sion was not affected in CD19" B cells and
CD5* CD1d™ Breg cells in B-PPAR-y~/~ mice after
LPS activation, suggesting that other factors might con-
tribute to the reduced regulatory function of B cells in
B-cell-specific PPAR-y-deficient mice.

Interleukin-10 is considered a pivotal inhibitory
cytokine for the suppressive activity of Breg cells.>*
Interleukin-10-deficient mice have enhanced inflamma-
tory reactions and diseases.*** In addition, IL-10- and

FasL-expressing Breg cells could be different

292

populations among CD5" CcD1d" B cells.*** Inter-
leukin-10 is  not  constitutively  expressed in
cD5* cD1dM Breg cells, it can be well detected after
antigen, LPS, CpG, anti-CD40 and PIM stimulation in
mice.*”® We found that IL-10 secretion statistically
decreased in CD19* B cells and CD5* CD1d™ Breg
cells after LPS+PIM activation in naive B-PPAR-y ™/~
mice. The expansion of IL-10-expressing CD5" CD1d™
Breg cells dramatically deceased in B cells from B-cell-
specific PPAR-y-deficient mice. In the previous study,
CD138" plasma B cells decreased obviously after oval-
bumin immunization in B-cell-specific PPAR-y-defi-
cient mice compared with control mice.”® For
CD138", plasma cells could secrete IL-10 and be
regarded as a mouse Breg cell population in addition
to producing antibodies,”*’ this suggested that
CD138" Breg cells might also be impaired in B-cell-
specific-PPAR-y-deficient mice, which was consistent
with the decreased IL-10* CD5" CD1d™ Breg cells
here. It was reported that the PPAR response element
present in the human IL-10 promoter region and the
PPAR-y agonist rosiglitazone could specifically induce
the production of IL-10 from T-cell-receptor-activated
human CD4" T cells.** Together with our results,
these findings indicated that the intrinsic PPAR-y defi-
ciency in B cells might affect the production of IL-10
in Breg cells or the IL-10* CD5" CD1d™ Breg cell dif-
ferentiation after activation, dampening the immune
suppressive function of B cells.

These IL-10-expressing Breg cells were then focused
upon in CHS to address the intrinsic role of PPAR-y
deficiency in B cells. During CHS, the percentage of
CD5" CD1d™ Breg cells and IL-10 production of
CD5" CD1d™ Breg cells were decreased in purified B
cells after activation in B—PPAR—“/*/ ~ mice. As a whole,
the IL-10" CD5* CD1d™ Breg cell proportion was par-
ticularly reduced in B cells from CHS in B-PPAR-y '~
mice. Simultaneously, the sorted splenic CD5* CD1d™
Breg cells after activation from CHS mice here showed
regulatory functions to inhibit CD4" T-cell prolifera-
tion. Collectively, the functional IL-10-expressing
CD5" CD1d™ Breg cells decreased in B-PPAR-y/~
mice, which was consistent with the increase of ear
swelling and IFN-y production by T cells in B-PPAR-
77/~ mice in CHS. In line with this, the PPAR-y ago-
nist pioglitazone was recently reported to increase the
Breg cells to ameliorate liver injury in mice given a
high-fat diet.*” Based on the results above, we con-
cluded that decrease of functional IL-10-producing
CD19" CD5" CD1d™ Breg cells among B cells after
activation led to an exacerbated contact hypersensitivity
after the loss of PPAR-y in B cells. The endogenous
PPAR-y deficiency in B cells might impair IL-10-produ-
cing Breg cell differentiation after activation to aggra-
vate the CHS response.

© 2018 John Wiley & Sons Ltd, Immunology, 156, 282-296
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Figure 5. B-cell-specific peroxisome proliferator-activated receptor 7 knockout (B-PPAR-y /") mice have decreased interleukin-10 (IL-10) -pro-
ducing-CD5" CD1d" regulatory B (Breg) cells in contact hypersensitivity (CHS). The splenic lymphocytes and splenic CD19* B cells were iso-
lated from control mice and B-PPAR-y ™~ mice at 48 hr after the oxazolone challenge in CHS. Cells were cultured with lipopolysaccharide (LPS)
activation for 5 or 24 hr and PIM was added for the last 5 hr. Representative flow cytometry plots and bar chart show (a) the percentage of
CD5" CD1d™ Breg cells, Representative flow cytometry plots are gated for CD19" cells. (b) IL-10 expression of CD19" B cells. (c) IL-10 expres-
sion of CD19* CD5" CD1d" Breg cells. Representative flow cytometry plots are gated for CD19" cells or CD19" CD5" CD1d" cells. (d) The per-
centage of IL-10" CD5" CD1d™ Breg cells in B cells was analyzed. Bar graphs indicate mean (£ SEM), n =3, *P < 0-05, **P < 0-01,
***P < 0-001. data represented two independent experiments.
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Figure 6. CD5" CD1d" regulatory B (Breg) cells from contact hypersensitivity (CHS) mice functionally inhibit CD4" T-cell proliferation. Splenic
CD19" B cells were isolated from control mice and B-cell-specific peroxisome proliferator-activated receptor y knockout (B-PPAR-y~'~) mice at
48 hr after the oxazolone challenge. CD19" CD5* CD1d™ B cells were sorted after lipopolysaccharide (LPS) stimulation for 24 hr and co-cul-
tured with CD4" T cells at a 1 : 1 ratio for 72 hr in the presence of anti-CD3e and anti-CD28. The proliferation of CFSE-labeled CD4" T cells
was analyzed after the co-culture by flow cytometry. Representative flow cytometry plots are gated for CD4" cells. Data represented two indepen-
dent experiments.

In conclusion, we generated B-cell-specific PPAR-y- activation.'>**! We cannot exclude the possibility that
deficient mice and found that endogenous PPAR-y defi- paradoxical effects of PPAR-y activation on Breg cells ini-
ciency impacted the regulatory function of B cells in tiated by a different immune balance might sometimes
CHS. The impaired regulatory function after knockout of occur during immune responses. The effects of PPAR-y-
PPAR-y in B cells was not due to reduced naive splenic related signals on Breg cells need to be further elucidated
CD5" CD1d™ Breg cell generation, but instead to the in the future.

activation-induced IL-10" CD5" CD1d™ Breg cell expan-
sion. Our group and other groups recently described that
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Figure SI. CDI19-Cre”” mice have normal
CD5"CD1d" Breg cells and contact hypersensitivity (CHS)
response.

Figure S2. The mRNA expression of peroxisome prolif-
erator-activated receptor 7y (PPAR-y) is higher in
CD5'CD1d" B cells than other two B cell subsets.
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