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Abstract Adaptive immunity plays a critical role in IR and
T2DM development; however, the biological mechanisms
linking T cell costimulation and glucose metabolism have
not been fully elucidated. In this study, we demonstrated
that the costimulatory molecule OX40 controls T cell
activation and IR development. Inflammatory cell accu-
mulation and enhanced proinflammatory gene expression,
as well as high OX40 expression levels on CD4" T cells,
were observed in the adipose tissues of mice with diet-
induced obesity. OX40-KO mice exhibited significantly
less weight gain and lower fasting glucose levels than those
of WT mice, without obvious adipose tissue inflammation.
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The effects of OX40 on IR are mechanistically linked to
the promotion of T cell activation, Thl cell differentiation
and proliferation—as well as the attenuation of Treg sup-
pressive activity and the enhancement of proinflammatory
cytokine production—in adipose tissues. Furthermore,
0X40 expression on T cells was positively associated with
obesity in humans, suggesting that our findings are clini-
cally relevant. In summary, our study revealed that OX40
in CD4" T cells is crucial for adipose tissue inflammation
and IR development. Therefore, the OX40 signaling path-
way may be a new target for preventing or treating obesity-
related IR and T2DM.
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Abbreviations

APC Antigen presenting cell

DIO Diet-induced obesity

EdU 5-Ethynyl-2’-deoxyuridine

FACS Fluorescence-activated cell sorting

Foxp3 Transcription factor forkhead box P3

Gata3 Transcription factor GATA binding protein 3
GTT Glucose tolerance test

HBSS Hanks’ balanced salt solution

HE Hematoxylin—eosin

HFD High-fat diet
1L-2 Interleukin 2
1IL-4 Interleukin 4
IL-6 Interleukin 6
IL-10 Interleukin 10
IL-17a Interleukin 17a
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IFN-y Interferon-vy

IR Insulin resistance

ITT Insulin tolerance test

KO Knockout

mAb Monoclonal antibody

MHC-II MHC class I

NCD Normal control diet

NKT Natural killer T cells

PBMC  Peripheral blood mononuclear cell
T2DM  Type 2 diabetes mellitus

Tbx21 T-box transcription factor TBX21

Thl T helper 1

TNF-o.  Tumor necrosis factor alpha
Tregs T regulatory cells

VAT Visceral adipose tissue

WT Wide type

Introduction

Obesity-related insulin resistance (IR) and type 2 diabetes
mellitus (T2DM) have become worldwide public health
issues. Adipose tissue inflammation is a causal link
between obesity and IR, and proinflammatory cell accu-
mulation in visceral adipose tissue (VAT) plays a
fundamental role in IR development and its progression to
T2DM [1-4]. Both innate and adaptive immunity actively
participate in the highly complex regulation of adipose
tissue and modulate inflammatory and metabolic cascades
in all stages of obesity [5-8].

The crosstalk between the innate and adaptive immune
systems in VAT is crucial for obesity-related IR and T2DM
development and progression [9]. Adipose tissue promotes T
helper 1 (Th1) CD4™" T cell activation during the early stages
of diet-induced obesity (DIO) in obese animals, prior to
monocyte/macrophage infiltration [7, 10], suggesting that
MHC class IT (MHC-II)-expressing adipocytes trigger CD4
T cell activation and differentiation in the early stages of
obesity. IFN-y-secreting T cells (Th1l) enhance monocyte
recruitment and differentiation into proinflammatory mac-
rophages, which release IL-1, IL-6 and TNF-o [11] and
impair insulin sensitivity in adipocytes. Macrophages regu-
late CD4" T cell activation and differentiation during
obesity-related IR and T2DM [12-15].

CD4" T cell activation requires MHC-II-dependent
antigen presentation on antigen-presenting cells (APCs), as
well as the presence of costimulatory molecules. After a T
cell receptor (TCR) binds to an MHC-II molecule, cos-
timulatory molecules induce the CD4™ T cells and APCs to
initiate immune responses [16]. Costimulatory interactions
likely mediate extensive crosstalk between innate and
adaptive immunity during the pathogenesis of obesity and
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obesity-related complications. The crosstalk between B7-
CD28 or CD40-CD40L plays a dual role in DIO devel-
opment by inducing protective regulatory T cell responses
and eliciting effector T cell proinflammatory functions [9].
0X40, an important costimulatory molecule, is important
for promoting T cell (especially CD4" T cells) clonal
expansion and differentiation and, ultimately, long-lived
memory cell generation [17]. However, its role in obesity-
related IR and T2DM development and progression has not
been explored.

In this study, we elucidated the proinflammatory role of
the costimulatory molecule OX40 in a DIO model using
0X40-knockout (0X40-KO) mice and investigated the
mechanism by which OX40 induces IR.

Materials and methods
Animal protocol

Age (8 weeks old) and weight matched male wild-type
(WT) C57BL/6, C57BL/6 OX40-KO, C57BL/6 congenic
for CD45.1 and B6.Rag2/I12rg double knock mice were
purchased from The Jackson Laboratory (Bar Harbor, ME,
USA). These mice received either a normal control diet
(NCD) or a high-fat diet (HFD, 45 kcal% fat, Beijing HFK
Bioscience, Beijing, China) beginning at 8 weeks of age.
The mice were maintained in a pathogen-free, temperature-
controlled environment under 12 h light/dark cycles at
Beijing Friendship Hospital, and all protocols were
approved by the Institutional Animal Care and Ethics
Committee.

Reagent and antibodies

Bead arrays for mouse IFN-y, TNF-o, and IL-6 were pur-
chased from BD Biosciences (San Diego, CA, USA).
Fluorochrome-conjugated  antibodies against mouse
CDl11b, CD3, CD4, CD8, CD45, CD69, NKI1.1, TCR},
0X40, Foxp3, IFN-y, and OX40L and human OX40 and
OX40L were obtained from eBioscience (San Diego, CA,
USA).

Intraperitoneal glucose tolerance test (GTT)
and insulin tolerance test (ITT)

GTT and ITT were performed after 6-h fast. For GTT, mice
were injected intraperitoneally with 1 g/kg p-glucose. For
ITT, mice were injected with 0.75 units/kg regular human
insulin (Humulin R, Lilly). Blood samples were collected
before and 30, 60, 90, and 120 min after the insulin or glu-
cose injection. Plasma glucose concentration was measured
with Medisaff (Terumo Corporation, Japanese). Insulin
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plasma levels were quantified by Mouse Insulin ELISA Kit
(Merck Millipore Corporation, Billerica, MA, USA).

T cell isolation and T cell proliferation assay

Splenocytes from WT and OX40-KO mice were stained
with anti-CD3, CD4, CD8, TCRf and NK1.1 monoclonal
antibodies (mAb). CD31 T cells (CD3*TCRBTNK1.17),
CD4*" T cells (CD3TTCRBTCD4"NK1.17) and CD8* T
cells (CD3"TCRB*CD8*NK1.17) were purified via cell
sorting. Purified T cell subsets were cultured in triplicate in
wells pre-coated with anti-CD3 mAb (3 pg/mL, Clone:
145-2C11, BD Biosciences) and soluble anti-CD28 mAb
(1 pg/mL, Clone: 37.51, BD Biosciences) at 37 °C with
5% CO,. After 72 h of incubation and 12 h before har-
vesting, 5-ethynyl-2'-deoxyuridine (EdU) was added to the
plates (final concentration was 50 pM). Cell proliferation
was measured via EdU incorporation, according to the
manufacturer’s instructions (EdU staining kit, RiboBio
Corporation, Guangzhou, China).

In vitro Treg suppression assay

CD3" T cells (3 x 10° cells/well) enriched by T cell
enrichment columns from the splenocytes of CD45.1
C57BL/6 mice were incubated with 3 pg/mL anti-CD3
(Clone: 145-2C11) antibodies and syngeneic APCs
(3 x 10° mitomycin C-treated splenocytes from WT
C57BL/6 mice) and cultured with or without Tregs
(CD4+CD25™"CD127~, Foxp3™ purity >95%) from
HFD-fed WT or OX40-KO mice at a ratio of 4:1 in 96-well
flat-bottom culture plates. After 3 days, CD45.1-positive
cell EAU incorporation was determined via flow cytometry.

In vitro leptin stimulation assay

Naive T effector cells (Teff, CD4TCD25~ T cells) were
isolated from the splenocytes of WT C57BL/6 or OX40-
KO mice and then stimulated with anti-CD3 (3 pg/mL,
Clone: 145-2C11, BD Biosciences) and anti-CD28 (2 pg/
mL Clone: 37.51, BD Biosciences) antibodies with or
without recombinant mouse leptin (5 pg/mL). Two days
later, CD4" T cells were collected for Tbx21 and Gata3
mRNA analyses by real-time PCR.

In vitro IFN-y stimulation assay

Visceral adipose tissue mononuclear cells from naive
C57BL/6 mice were cultured with 10 ng/mL recombinant
mouse IFN-y (Peprotech, Rocky Hill, NJ, USA). 12 and
24 h later, the cells were collected for proinflammatory
cytokine mRNA analyses by real-time PCR.

Adoptive transfer of T cells

CD3 T cells (5 x 10°, purity >97%) were sorted from
splenocytes of WT C57BL/6 or OX40-KO mice, and
transferred into B6.Rag2/112rg double knock mice by tail
vein injection. Recipient animals subsequently consumed
HFD for 16 weeks.

Real-time PCR

Total RNA was isolated from splenocytes or epididymal fat
pads using an RNeasy Plus Mini Kit (Qiagen, Valencia,
CA, USA) and reverse transcribed to cDNA using a
SuperScript III RT-kit (Invitrogen, Carlsbad, CA, USA).
0X40, OX40L, Foxp3, Tbx21, RORYT, Gata3, Tnfa (TNF-
o), Ifng (IFN-y), 116 (IL-6), Ccl2, Cxcl9, NKp46 and Leptin
mRNA levels were quantified by real-time PCR using an
ABI 7500 Sequence Detection System (Applied Biosys-
tems, Foster City, CA, USA). Amplicon expression in each
sample was normalized to GAPDH. After normalization,
gene expression was quantified using the 222G method.
The primer sequences are shown in Supplementary
Table 1.

Flow cytometry analysis

Peripheral blood, splenic and VAT mononuclear cells were
harvested and analyzed to determine the expression levels
of various cell-surface markers. All samples were acquired
on a FACSAria II flow cytometer (BD Biosciences, CA,
USA), and the data were analyzed using FlowJo software
(Treestar, Ashland, OR, USA).

Clinical study

For the observational study, we evaluated 140 patients
visiting the Physical Examination Center of Beijing
Friendship Hospital for routine physical examinations. All
subjects were required to be nondiabetic, which was
defined as a fasting serum glucose <6.1 mmol/L, and free
of major organ disease, chronic inflammatory conditions,
cancer, active psychiatric diseases and a history of surgery.
All subjects provided written informed consent to partici-
pate in the study, whose protocol was approved by the
Human Institutional Review Board of Beijing Friendship
Hospital. Peripheral blood mononuclear cells (PBMCs)
were collected in vacutainer tubes. Fasting serum glucose,
cholesterol and triglyceride levels were measured using
standard laboratory techniques. OX40 expression on T
cells was tested via flow cytometry, and the OX40 and
OX40L mRNA levels in PBMCs were quantified via real-
time PCR.
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Statistics

Statistical analysis was performed with SPSS (SPSS Inc).
Values are expressed as the mean =+ standard deviation
(SD). Significances in GTT and ITT were assessed by
repeated-measures two-way ANOVA. Significant differ-
ences were analyzed using Student’s ¢ test and one-way
ANOVA. In the clinical study, the normal distribution of
variables was tested with the Shapiro—Wilk test. Differ-
ences between groups were compared by 7 test for normal
variables and Mann—Whitney test for nonnormal variables.
p values <0.05 were considered significant.

Results

HFD-induced obese mice exhibit increased 0X40
expression in adipose tissues and splenic T cells

To investigate the role of the costimulatory molecule OX40
in DIO and T2DM, we fed C57BL/6 mice HFDs or NCDs.
As expected, HFD-fed mice experienced significant weight
gains and fasting glucose level increases. Mononuclear
cells isolated from the epididymal VAT and splenic tissues
of mice fed either NCDs or HFDs for 16 weeks were used
for flow cytometric OX40 detection.

Compared with the NCD-fed control mice, HFD-fed
mice exhibited upregulated OX40 expression on T cells in
both VAT and splenic tissues (Fig. 1a), the gating strategy
used for flow cytometry is shown in supplementary fig-
ure S1. HFD-fed mice also exhibited significantly
increased splenic CD3" T cell (13.630 & 0.742% in the
HFD group vs. 8.570 £ 1.281% in the NCD group,
p = 0.0235), CD4" T cell (15.167 & 1.513% in the HFD
group vs. 9.060 £ 0.584% in the NCD group, p = 0.0285)
and CD8" T cell OX40 levels (14.230 £ 1.868% in the
HFD group vs. 8.883 £ 1.436% in the NCD group,
p = 0.0487) and substantially increased epididymal VAT
total CD3™ T cell (15.900 £ 0.322% in the HFD group vs.
11.367 £ 0.816% in the NCD group, p = 0.0003) and
CD4*" T cell OX40 levels (13.467 £ 0.393% in the HFD
group vs. 7.077 £ 0.194% in the NCD group, p = 0.0001).
However, HFD-fed mice did not exhibit significant
increases in VAT epididymal CD8" T cell levels
(19.733 £ 3.295% in the HFD group vs. 14.467 + 1.506%
in the NCD group, p = 0.1039) (Fig. 1b).

0OX40 expression levels were strikingly increased by
1.9- and 1.4-fold on the epididymal VAT and splenic
CD4" T cells, respectively, of HFD-fed mice compared
with those on the epididymal VAT and splenic CD4" T
cells of lean mice (Fig. 1c). Relative OX40 and OX40L
mRNA expression levels were also upregulated in the VAT
and splenic tissues of HFD-fed mice compared with those
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of lean mice (Fig. 1d). The correlation between OX40
expression and DIO suggests that OX40 on T cells, espe-
cially CD4" T cells, is involved in HFD-induced obesity
and IR.

0X40-deficient mice are protected against HFD-
induced glucose homeostasis impairments

To determine the potential role of OX40 in inflammation
and IR regulation in DIO, we fed WT and OX40-KO mice
either NCDs or HFDs. As shown in Fig. 2a, no significant
difference of body weight between WT and OX40-KO
mice fed with NCDs was observed. However, HFD-fed
0X40-KO mice gained significantly less weight than age-
matched HFD-fed WT mice (Fig. 2a), and this correlated
with significantly lowered the percentage of epididymal fat
weight relative to total body weight (Fig. 2b), decreased
adipocyte size and lymphocyte adipose infiltration
(Fig. 2c¢). Compared with WT control mice, 0X40-KO
mice fed HFDs for 16 weeks exhibited significantly lower
fasting blood glucose levels than those of WT mice fed
HFDs for the same amount of time (Fig. 2d) (OX40-KO
8.350 + 0.381 vs. WT 10.58 £ 0.349 mmol/L,
p = 0.0237). HFD-fed OX40-KO mice also exhibited
significantly decreased fasting insulin levels compared
with those of HFD-fed WT mice (Fig. 2e) (OX40-KO
0.396 £ 0.037 ng/mL  vs. WT 1.203 &+ 0.252 ng/mL,
p = 0.0194). After 16 weeks of HFD feeding, the mice in
each group were subjected to GTTs and ITTs, HFD-fed
0X40-KO mice exhibited improved glucose tolerance and
insulin sensitivity compared to that of HFD-fed WT obese
controls (Fig. 2f, g). These mice also displayed deficient
epididymal VAT leptin mRNA expression compared with
that of their WT counterparts (Fig. 2h).

To further approve that OX40 expression on T cells
contributes to the phenotype observed in OX40-KO mice,
we selectively repopulated B6.Rag2/112rg double knock
mice with purified CD3 T cells from WT or OX40-KO
mice. After 16 weeks HFD feeding, the mice transferred
with OX40 deficient CD3 T cells showed remarkably
lowered body weight than age-matched recipient mice
adoptive transferred with WT CD3 T cells, with decreased
fasting glucose levels in plasma (Supplementary Fig. S2).
Taken together, these findings indicate that T cell OX40
upregulation promotes DIO and IR.

0X40 deficiency suppresses CD4™ T cell activation
and prevents macrophage infiltration in the adipose
tissues of obese mice

Proinflammatory T cell and macrophage infiltration of
VAT directly contributes to obesity-related IR [18]. Thus,
to elucidate the mechanisms underlying the IR
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Fig. 1 OX40 expression was increased in the adipose tissue and
splenic T cells of HFD-fed obese mice. Mononuclear cells isolated
from the epididymal VAT and splenic tissue of mice fed either an
NCD or an HFD for 16 weeks were used to detect OX40 via flow
cytometric analysis. a Representative flow cytometry image of OX40
expression on CD3™ T cells. b Statistical analysis of OX40 expression
on VAT and splenic CD3%, CD4" and CD8" T cells, which was

amelioration observed in OX40-KO mice during HFD
feeding, we determined the immune cell compositions of
0X40-KO and WT mouse epididymal VAT, splenic tissue,
and peripheral blood. Compared with WT mice, OX40-KO
mice exhibited substantially reduced epididymal VAT and
peripheral blood CD11b* cell (Fig. 3a). In epididymal
VAT, the percentage of M1 macrophages (CD11b*F4/
80TCD11C™) relative to the total numbers of infiltrated
macrophages in OX40-KO mice was strikingly decreased
(Fig. 3b). OX40-KO mice also exhibited substantially
reduced epididymal VAT and peripheral blood CD3" T

measured via flow cytometry. ¢ Relative changes in OX40 expression
induced by HFD administration were plotted as fold changes of OX40
expression induced by NCD administration. d Relative OX40 and
OX40L mRNA levels in the adipose and splenic tissues of obese mice.
The data are presented as the mean + SD, n =5 in each group.
*p < 0.05, ¥*p < 0.01

cell (Fig. 3c, d), CD4" T cell (Fig. 3¢) and CD8" T cell
(Fig. 3f) levels. Obese OX40-KO mice also exhibited
dramatic decreases in splenic CD4™ T cell levels (Fig. 3e),
as well as decreases in splenic and adipose tissue CD69" T
cell levels (Fig. 4a). HFD-fed OX40-KO mice had signif-
icantly decreased CD4"CD69" T cell percentages (WT
30.830 £ 3.477% vs. OX40-KO 5.523 + 0.535% of total
CD4™" T cells; p = 0.0001) and CD47TCD44™" T cell per-
centages (WT  32.600 £ 1.809% vs. 0OX40-KO
21.900 % 1.541% of total CD4™ T cells; p = 0.0041), but
not significantly decreased CD8*CD69™ T cell percentages
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Fig. 2 OX40 deficiency ameliorated metabolic syndrome in mice.
WT and OX40-KO mice were fed HFDs for 16 weeks and then
compared with WT mice fed NCDs. Increases in body weight in each
group are shown at the indicated time points (a). The adiposity was
evaluated by the percentage of epididymal fat weight relative to total
body weight (b). Representative epididymal VAT histology with the

(WT 15.270 £ 0.723% vs. OX40-KO 14.630 £ 0.367%,
p = 0.2259) and CDS8TCD44" T cell percentages (WT
36.633 £ 0.327% vs. OX40-KO 35.567 £ 0.330%,
p = 0.0616) in adipose tissue (Fig. 4a; Supplementary
Fig. S3A).

To evaluate the differences in T cell activation and
proliferation between OX40-KO mice and WT mice, we
isolated splenocytes from each group of mice and incu-
bated them with anti-CD3/CD28 antibodies. As shown in
Fig. 4b, after 3 days of incubation, HFD-fed WT mice
exhibited greater cell proliferation than that of NCD-fed
mice. OX40 deletion suppressed T cell division, even in
mice receiving HFDs. HFD-fed WT mice exhibited strong
CD4% and CD8* T cell proliferation. HFD-fed OX40-KO
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scale bar is set at 100 um (c). Plasma glucose (d) and insulin
(e) levels were measured after the animals had fasted for 6 h. GTT
(f) and ITT (g) were performed after intraperitoneal glucose injection.
Relative leptin expression in the epididymal VAT of each group was
compared (h). The data are depicted as the mean & SD, n = 6 in
each group. *p < 0.05, **p < 0.01

mice exhibited decreased CD4 " T cell proliferation but not
decreased CD8™ T cell proliferation (Fig. 4c). These data
indicate that OX40 deficiency significantly suppressed T
cell activation and proliferation, especially CD4* T cell
activation and proliferation. Therefore, OX40 deficiency
represents a T cell anti-inflammatory phenotype.

0X40 deficiency significantly decreases and thus
rebalances the Th1/Treg ratio in adipose tissue
during HFD administration

To investigate the potential mechanism underlying the
contributions of OX40 to adipose tissue inflammation, we
evaluated VAT and splenic T cell phenotypes. HFD-fed
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mice exhibited significantly increased proportions of IFN-
v-producing cells and Foxp3-positive cells relative to the
total numbers of CD4 T cells, while OX40-KO mice
exhibited decreased proportions of IFN-y-producing cells
and Foxp3-positive cells relative to the total numbers of
CD4 T cells (Fig. 5a).

HFD-fed mice exhibited significantly increased propor-
tions and of IFN-y-producing CD4" T cells and Foxp3-
positive CD4™ T cells in both epididymal VAT and spleen,
while HFD-fed OX40-KO mice had substantially decreased
percentages of IFN-y-producing cells (WT
12.650 £ 1.466% vs. OX40-KO 6.490 £ 0.170% of total
CD4" T cells in VAT, p = 0.0194; WT 8.687 + 0.473%
vs. 0X40-KO 4.337 4+ 0.038% of total CD4" T cells in
spleen; p = 0.0008) and Foxp3-positive cells in these tissues
(WT 12.900 % 0.473% vs. OX40-KO 10.970 & 0.088% of
total CD4" T cells in VAT, p =0.0158; WT

% of CD45+ cells

21.830 &+ 0.914% vs. OX40-KO 15.070 £ 0.376% of total
CD4" T cells in spleen; p = 0.0024) (Fig. 5b). HFD-fed
mice exhibited higher proportions of IFN-y-producing
CD8* T cells in VAT but not in splenic tissue. HFD-fed
0X40-KO mice also displayed slightly decreased propor-
tions of IFN-y-producing CD8" T cells in VAT compared to
HFD-fed WT mice (WT 5.800 & 0.892% vs. OX40-KO
3.847 £ 0.492% of total CD3" T cells in VAT;
p = 0.1277). The absolute counts of Thl (CD4TIFN-y* T
cells) and Treg (CD4 Foxp3™ T cells) in VAT and spleen
were also evaluated, HFD-fed mice exhibited significantly
increased number of Thl and Treg, while HFD-fed OX40-
KO mice had substantially decreased Thl and Treg (Sup-
plementary Fig. S3B). Thus, HFD administration-induced
significant Th1/Treg ratio increases, while OX40 knockout
in CD4" T cells significantly decreased and thus rebalanced
the Th1/Treg ratio (Fig. 5c).
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Fig. 4 OX40 deficiency
dampened CD4" T cell
activation and proliferation. The
percentages of CD69™" cells
relative to the total numbers of
CD3", CD4" and CD8™ T cells
were determined by flow
cytometry in the indicated
groups (n = 5 in each group)
(a). Splenocytes isolated from
each group were incubated with
anti-CD3/CD28 antibodies for
3 days, and proliferation was
assessed via EdU incorporation.
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Furthermore, we subsequently quantified Th lineage-
defining transcription factor and proinflammatory cytokine
expression by real-time PCR. As shown in Fig. 5d, HFD-fed
mice displayed significantly upregulated transcription factor
(Tbx21, RORyT and Foxp3, but not Gata3) and proinflam-
matory cytokine gene expression (Tnfa, Ifng and I16) in
adipose tissue, while HFD-fed OX40-KO mice exhibited
significantly lower levels of Thx21, Foxp3, Tnfa, Ifnr and 116
in adipose tissue. A trend toward a decrease in RORyT
mRNA expression was also noted from HFD-fed OX40-KO
mice, although no statistical significance was observed.
However, flow cytometry data showed that HFD-fed OX40-
KO mice had remarkably decreased IL-17 but not IL-4
producing CD4" T cells in VAT (Supplementary Fig. S3C).
Taken together, these findings indicate that OX40 deficiency
suppressed CD4 T cells toward Thl and Thl7
differentiation.

0X40 deficiency suppresses leptin-induced Th1l
differentiation and maintains Treg suppressive
activity and adipose tissue homeostasis

Leptin reportedly stimulates IFN-vy secretion [10, 19]. To

investigate the role of OX40 in T cell differentiation in
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Il 0X40 KO-HFD
N

60

obese mice, we incubated naive CD4TCD25~ T cells (T
effector cells, Teff) from the splenocytes of either WT or
0X40-KO mice with anti-CD3/CD28 antibodies and
leptin. As shown in Fig. 6a, b, compared with CD4" T
cells incubated with anti-CD3/CD28 alone, CD4™1 T cells
incubated with leptin exhibited marked increases in
Thx21 and Ifng expression. OX40 knockout resulted in
significantly downregulated 7bx21 and Ifng expression in
CD4" T cells. These results suggest that adipocyte-
derived leptin can stimulate naive CD4TCD25~ T cells
to differentiate into Thl cells and that OX40 enhances
Thl polarization. To confirm that IFN-y-producing Thl
cells stimulated by leptin contribute to adipose inflam-
mation, we quantified proinflammatory cytokine
expression in adipose tissue via real-time PCR 24 and
48 h after IFN-y stimulation in vitro (Fig. 6b). As
expected, IFN-y upregulated Cxcl9, Tnfa, Ifng, Ccl2 and
116 expression.

To investigate the effects of OX40-OX40L signaling on
Treg suppressive activity, we performed an in vitro sup-
pression assay. Tregs from both HFD-fed WT and OX40-
KO mice suppressed anti-CD3-stimulated naive CD4" T
cell proliferation, and no difference in CD4" T cell pro-
liferation was observed when Tregs and CD4" T cells were
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Fig. 5 OX40 deficiency rebalanced the Thl/Treg ratio in adipose
tissue during HFD feeding. a Flow cytometry analysis of IEN-y* cells
and Foxp3™ cells relative to the total numbers of CD3" T cells in the
adipose tissue of mice from each group, expressed as lymphocyte
percentages. b Changes in the percentages of IFN-y" cells and
Foxp3™ cells relative to the total percentage of CD3%, CD4" and
CD8* T cells (quantified by flow cytometry) in the adipose tissue and
splenic tissue of HFD-fed WT and OX40-KO mice were plotted.

cultured at a 1:1 ratio. However, when Tregs and CD4" T
cells were cultured at a 1:4 ratio, HFD-fed OX40-KO
mouse Tregs exhibited pronounced suppressive activity
compared with that of HFD-fed WT mouse Tregs
(p = 0.04, Fig. 6¢c, d), suggesting that OX40 upregulation
on Tregs partially affects Treg suppressive activity in
HFD-fed mice. Taken together, these findings indicate that
the upregulation of OX40 contributes to adipose tissue
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¢ Thl/Treg ratios were calculated as CD4 TFN-y*/CD4*Foxp3™
relative to the total percentage of CD4™ T cells (determined by flow
cytometry) in the adipose tissue and splenic tissue of mice in each
group. d Quantitative real-time PCR analysis of proinflammatory
cytokine (Tnfa, Ifng and 116) and transcription factor (Tbx21, Gata3,
RORyT and Foxp3) levels in the adipose tissues of mice from each
group. The data are presented as the mean £+ SD, n = 5 in each
group. *p < 0.05, **p < 0.01, ns no significance

inflammation and IR by promoting Th1 differentiation and
inhibiting Treg suppressive activity.

0X40 is associated with obesity in humans
To determine if our findings are relevant for humans, we

analyzed 140 patients with different body mass indices
(BMlIs) who visited the Physical Examination Center for
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Fig. 6 OX40 deficiency rebalanced the Th1/Treg ratio in adipose
tissue, suppressed Thl cell differentiation, and maintained Treg and
adipose homeostasis. Naive CD4TCD25™ T cells from the spleno-
cytes of either WT or OX40-KO mice were stimulated with anti-CD3/
CD28 antibodies and leptin for 3 days. Relative 7hx21 (a) and Ifng
(b) expression levels in each group were compared. ¢ Adipocytes
isolated from each group were stimulated by recombinant IFN-y
in vitro for 12 or 24 h. Quantitative real-time PCR analyses of
proinflammatory cytokine and chemokine mRNA levels in adipocytes

routine physical examinations in this observation study.
Their demographic and clinical characteristics are shown
in Supplementary Table 2. Patients were classified as
obese or nonobese according to their BMIs (obese,
>28 kg/mz). PBMCs collected from lean and obese
humans were subjected to flow cytometric testing to
detect OX40 expression. mRNA isolated from the
PBMCs of each patient was used to evaluate OX40 and
OX40L expression. Notably, we detected higher OX40
expression levels on CD3™" T cells, CD4" T and CD8* T
cells in obese individuals with a high BMI (BMI >28)
via flow cytometry (Fig. 7a). OX40 and OX40L mRNA
levels were also markedly increased in obese patients
compared with those of lean controls (Fig. 7b), sug-
gesting that OX40 and OX40L play a role in obesity-
induced IR pathogenesis.
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were performed after in vitro stimulation. d Naive T cells were
stimulated with anti-CD3 antibodies and syngeneic APCs for 3 days.
Tregs from HFD-fed WT and OX40-KO mice were mixed with naive
T cells at different ratios, and CD4" T cell proliferation suppression
was observed. The data shown are representative of three individual
experiments. e The suppressive effects of Tregs on naive CD4" T
cells in each group were compared. The data are depicted as the
mean = SD, n = 3 in each group. *p < 0.05, **p < 0.01, ns no
significance

Discussion

Adaptive immunity has emerged as an important regulator
of obesity-related adipose tissue inflammation, which
suggests that it plays a critical role in glucose metabolism
[20, 21]. Macrophage activation and polarization into the
proinflammatory “M1” or anti-inflammatory “M2” phe-
notype are crucial for adipose tissue inflammation and are
mediated by adaptive immune cells. CD4" T cell activa-
tion and differentiation in adipose tissue initiate crosstalk
between adaptive and innate immunity in DIO and IR. Thl
and Th17 cells release IFN-y and IL-17, which stimulate
proinflammatory M1 macrophage differentiation, whereas
Th2 cells and Tregs promote anti-inflammatory M2 mac-
rophage differentiation via IL-4, IL-10 or IL-13 production
[3, 6, 20, 21]. Thus, increases in the Th1/Treg or Th1/Th2
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Fig. 7 OX40 is associated with obesity in humans. a PBMCs
collected from 140 patients were used to detect OX40 expression on T
cells via flow cytometry and plotted against the BMIs of the tested
individuals. b PBMC RNA was extracted and tested for OX40 and

ratio in DIO induce adipose tissue inflammation by pro-
moting macrophage differentiation to the proinflammatory
M1 phenotype.

CD4" T cell activation requires costimulation in addi-
tion to MHC-II antigen presentation. 0OX40 is
predominantly expressed on activated CD4" and CD8" T
cells. OX40 signaling promotes T cell survival, division
and cytokine production [17]. In the current study, HFD-
fed obese mice exhibited impaired glucose tolerance and
IR. Obese mice additionally displayed increased splenic
and adipose tissue OX40 and OX40L mRNA expression.
Flow cytometric analysis demonstrated higher proportions
of OX40 on CD4™ T cells, but not CD8* T cells, in VAT.
Consistent with these results, OX40 gene deletion down-
regulated CD69 and CD44, the activation markers
expressed on CD4™" T cells, but not CD8" T cells, in VAT
and significantly attenuated CD4" T cell proliferation but
not CD8% T cell proliferation. Furthermore, OX40-KO
mice fed HFDs exhibited remarkably decreased IFN-y-
producing CD4™" T cell percentages but not IFN-y" CD8"
T cell percentages in VAT compared to those of HFD-fed
WT mice. Differences in OX40 expression between CD4*
and CD8" T cells have also been observed in other

OX40L mRNA expression and plotted against the BMIs of the tested
individuals. The data are depicted as the mean + SD. p values are
indicated in each graph

inflammatory situations, with OX40 expression shown to
be transient on CD8" T cells but prolonged on CD4" T
cells [17, 22-24].

In naive CD4" T cells, OX40 engagement can lead to
either Thl or Th2 cell generation, depending on the
microenvironment in which the cells are located [25-27].
0X40 signaling promotes T cell survival and cytokine
production [17]. In our study, we confirmed that in diet-
induced obese mice, adipocyte-derived leptin stimulated
CD4™" T cells to differentiate into Thl cells, and OX40
expression enhanced Thl polarization and IFN-y secretion
further in vitro. Consistent with these findings, HFD-fed
WT mice exhibited upregulated 7hx21, RORyT transcrip-
tion factor expression, but not Gata3 transcription factor
expression, in VAT. However, OX40 depletion notably
suppressed Thx2I expression, but not Gata3 or RORyT
expression, which led to significantly decreased percent-
ages of IFN-y producing CD4" T cells in adipose tissue.
0X40 depletion also partially decreased IL-17 producing
CD4" T cells in adipose tissue as determined by flow
cytometry, suggesting that OX40 may also enrolled in
Th17 differentiation.
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CD4* Foxp3™ Tregs are important negative regulators
of VAT inflammation and IR [1, 5, 20, 28, 29]. Treg cell
depletion in WT lean mice results in increased proinflam-
matory cytokine expression in adipose tissue and increased
insulin levels. Restoration of VAT Treg/Thl balance
improves long-term glucose and insulin homeostasis [11].
Costimulation signals are essential for Foxp3' Treg
development and function [30]. The CD28-B7 and CD40—
CDA40L interactions not only promote effector T cell acti-
vation but also maintain Treg development and
homeostasis, representing a complex network of receptor-
ligand interactions that qualitatively and quantitatively
influence immune responses. Blocking the CD28-B7 and
CD40-CDA40L interactions has been shown to impair Treg
proliferation and function and lead to excessive proin-
flammatory macrophage infiltration and DIO and IR
development [9, 31-33].

0X40 is also expressed by Foxp3™ Tregs. However, in
contrast to CD28-B7 and CD40-CD40L signaling, OX40—
OX40L signaling profoundly abrogated Treg suppressive
activity in our study, although OX40 promoted Treg
expansion. These findings are also supported by those of
other groups using different models [25, 34, 35].

Winer et al. proposed that CD4™ T lymphocytes play a
fundamental role in the regulation of body weight, adipo-
cyte hypertrophy, insulin resistance and glucose tolerance
in DIO. CD4" T cells control of glucose homeostasis is
compromised in DIO progression, when VAT accumulates
pathogenic IFN-y-secreting Thl cells, overwhelming static
numbers of Th2 and regulatory Foxp3™ Tregs. CD4" (but
not CD8™) T cell transfer into lymphocyte-free Ragl-null
DIO mice reversed weight gain and insulin resistance,
predominantly through Th2 cells and Tregs [11]. Macro-
phage numbers and/or proinflammatory gene expression in
adipose tissue are positively associated with adipocyte size
in obese mice and are negatively associated with weight
loss in obese humans [36]. In obesity, inflammation of
white adipose tissue is associated with diminished gener-
ation of beige adipocytes that express the uncoupling
protein UCP1. The Ucpl expression in adipocytes was
significantly lower when adipocytes cultured in direct
contact with proinflammatory macrophages derived from
obese adipose tissue and stimulated with LPS plus IFN-y
[37]. In this study, the mechanism by which OX40 deletion
decreases adipocyte size and adipose tissue weight could
be explained by OX40 may indirect affect white adipocytes
differentiation, function and beige adipogenesis through its
regulation on Th1l and M1 macrophages.

Comparisons between HFD-fed WT and OX40-KO
mice showed that OX40 induced increases in the percent-
ages of Foxp3-positive cells with impaired suppressive
activity. Moreover, OX40 induced significant increases in
the percentages of IFN-y-producing cells, resulting in
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substantially elevated Th1/Treg and M1/M2 macrophages
ratios in the VAT of HFD-fed mice and leading to DIO and
IR. OX40 deletion significantly reduced Thl cells and M1
macrophages percentages, restored Treg suppressive
activity, rescued immune homeostasis in VAT and atten-
uated DIO and IR.

To investigate the relevance of our findings to humans, we
measured OX40 and OX40L expression in human PBMCs
via flow cytometry and real-time PCR. Interestingly, we
observed that individuals with higher BMIs exhibited sig-
nificantly higher OX40 expression on T cells than that of
individuals with lower BMIs. These findings indicate that
0X40 may play an important role in human obesity.

In summary, VAT CD4" T cells are activated by adi-
pocytes and leptin in DIO. Together with leptin, OX40
expression enhances CD4" T cell proliferation, promotes
CD47 T cell differentiation to Th1 cells, increases the Th1/
Treg ratio and induces immune invasion in HFD-fed mice.
IFN-vy produced by Thl cells then polarizes adipose tissue
macrophages to the M1 phenotype. M1 macrophages sub-
sequently secrete proinflammatory cytokines, which
promote adipose tissue inflammation and IR development.

Conclusions

Our study has presented a new mechanism by which 0X40,
a costimulatory molecule, regulates obesity-related adipose
tissue inflammation and IR. Therefore, the OX40 signaling
pathway may be a new target in obesity-related IR
treatment.
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