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ABSTRACT
Programmed death-ligand 1 (PD-L1) and its receptor programmed cell death protein 1 (PD-1) modulate
antitumor immunity and are major targets of checkpoint blockade immunotherapy. However, clinical
trials of anti-PD-L1 and anti-PD-1 antibodies in breast cancer demonstrate only modest efficacy.
Furthermore, specific PD-L1 contributions in various tissue and cell compartments to antitumor immu-
nity remain incompletely elucidated. Here we show that PD-L1 expression is markedly elevated in
mature adipocytes versus preadipocytes. Adipocyte PD-L1 prevents anti-PD-L1 antibody from activating
important antitumor functions of CD8+ T cells in vitro. Adipocyte PD-L1 ablation obliterates, whereas
forced preadipocyte PD-L1 expression confers, these inhibitory effects. Pharmacologic inhibition of
adipogenesis selectively reduces PD-L1 expression in mouse adipose tissue and enhances the antitumor
efficacy of anti-PD-L1 or anti-PD-1 antibodies in syngeneic mammary tumor models. Our findings
provide a previously unappreciated approach to bolster anticancer immunotherapy efficacy and suggest
a mechanism for the role of adipose tissue in breast cancer progression.
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Introduction

Tumors utilize various immunosuppressive mechanisms to avoid
elimination by host antitumor immunity.1,2 Adaptive mechan-
isms in tumor cells include inflammatory cytokine-induced
expression of the immune checkpoint molecule programmed
death-ligand 1 (PD-L1),2,3 which is encoded by the gene CD274.
Through its interaction with the corresponding receptor pro-
grammed cell death protein 1 (PD-1) on the surface of immune
cells, tumor PD-L1 suppresses antitumor immunity in the tumor
microenvironment by multiple mechanisms including induction
of T cell apoptosis and functional exhaustion.2,4 More recent
studies show that PD-L1 expressed in host immune cells including
myeloid cells also contribute to suppression of antitumor immu-
nity and immunotherapy.5–7 Anti-PD-L1 and anti-PD-1 antibody
immunotherapies block the immune-suppressive actions of PD-
L1/PD-1 to mediate durable responses and have become standard
of care for multiple cancer types.8–14 However, these antitumor
immunotherapies are only effective for a subset of cancer patients
and are not usually curative. In particular, clinical efficacy of anti-
PD-1 antibodies in other solid tumors such as triple-negative
breast cancer is modest.15–19 There is thus an unmet clinical
need to identify better therapies to improve responses to the
current antitumor immunotherapies.

Adipose tissue exerts its well-documented impact on can-
cer development and progression primarily through secretion

of various soluble tumor-promoting factors including hor-
mones, cytokines, reactive oxygen species, extracellular
matrix, and lipid metabolites.20–27 Both preadipocytes and
mature adipocytes have distinct roles in the tumor
microenvironment.28 For example, we and others have
shown that preadipocytes are a significant source of local
estrogens and likely contribute to obesity-associated breast
cancer risk in postmenopausal women.29–31 Likewise, mature
adipocytes promote tumor growth and invasiveness through
adipocyte-produced proteins and lipid metabolites.32–36 In
addition to direct tumor-adipose communications, recent stu-
dies also suggest cancer-promoting functions of adipocytes
through their ability to influence the behaviors of other com-
ponents in the tumor microenvironment. For example, adi-
pocyte-secreted vascular endothelial growth factor (VEGF)-A
and interleukin (IL)-1β promote tumor angiogenesis and
recruitment of immunosuppressive neutrophils to the tumor
microenvironment, respectively.37,38 Given the impact of
adiposity on breast cancer development and progression and
the complexity of the tumor microenvironment, it is impor-
tant to understand the tumor-adipose network better.

In the current work, we utilized in vitro cell culture systems
to examine PD-L1 expression during adipogenesis and the
impact of adipose PD-L1 on the ability of anti-PD-L1 anti-
body to promote antitumor effector function of T cells. To
validate these effects in vivo, we used syngeneic mouse
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mammary tumor models to assess the impact of GW9662, a
pharmacologic inhibitor of adipogenesis, on immune check-
point blockade-based immunotherapy. Our data suggest a
previously unappreciated role of adipose PD-L1 in antitumor
immunity and immunotherapy outcomes. Furthermore, our
findings inform novel approaches to bolster clinical efficacy of
current immunotherapies for breast cancer.

Results

PD-L1 is highly induced during adipogenesis

By mining the ENCODE mouse transcriptome database, we
found that adipose tissue of various depots (gonadal, subcuta-
neous, mammary) express high levels of PD-L1 mRNA
(Supplementary Figure 1). To determine the specific adipo-
genic stage at which PD-L1 is expressed, we induced adipogen-
esis in vitro using mouse 3T3-derived preadipocyte lines 3T3-
L1 and 3T3-F424A (Supplementary Figure 2a). PD-L1 mRNA
levels increased by approximately 15- and 100-fold following
differentiation of 3T3-L1 and 3T3-F424A, respectively
(Figure 1a). In support, PD-L1 protein levels were undetectable
in both parental preadipocyte lines but were markedly induced
post adipogenesis (Figure 1b). To confirm these findings, we
also analyzed PD-L1 expression in a multipotent mouse adi-
pose progenitor cell line 10T1/2 (Supplementary Figure 2a).
Authenticity of the adipose PD-L1 protein band in immuno-
blotting was confirmed by PD-L1-specific siRNA knockdown
(Supplementary Figure 2b). In a time-course study, we found
that PD-L1 levels were elevated significantly during adipogen-
esis, along with adipocyte binding protein 2 (aP2), an estab-
lished marker for mature adipocytes (Figure 1c). Notably,
induced PD-L1 protein levels post adipose differentiation
were comparable to those in B16 melanoma cells (Figure 1d),
an extensively studied tumor model for PD-L1-mediated
immunosuppression. Immunofluorescent staining confirmed
that adipose PD-L1 is predominantly localized to the cell
membrane of mature adipocytes differentiated in vitro
(Figure 1e). To extend the mouse cell line-based findings, we
conducted immunofluorescent staining for PD-L1 in mouse
subcutaneous white adipose tissue (WAT). PD-L1 was detected
primarily on the membrane of mature adipocytes, which were
co-stained with adipocyte marker CD36 (Figure 1f). Lastly, we
assessed PD-L1 protein levels in three pairs of primary human
adipose stromal cells (ASCs) and adipocytes isolated from three
healthy donors undergoing reduction mammoplasty. Human
adipocytes express substantially higher PD-L1 protein versus
ASCs isolated from the same donors (Figure 1g, data not
shown). Taken together, our data clearly demonstrate that
adipose PD-L1 is highly induced during adipogenesis.

To discern the underlying regulatory mechanism by which
PD-L1 expression is induced during adipogenesis, we sub-
cloned the proximal promoter sequence of the mouse
Cd274/Pd-l1 gene into a promoter-less luciferase reporter
vector (Figure 2a). As expected, the resulting reporter was
significantly activated in B16 melanoma cells by IFNγ (lanes
7 and 8 in Figure 2b), a cytotoxic cytokine and known stimu-
lus of tumor PD-L1 released by CD8+ T cells. When trans-
fected into 3T3-L1 preadipocytes, the same Cd274/Pd-l1

luciferase reporter was also stimulated by IFNγ (lanes 5 and
6 in Figure 2b). However, unlike endogenous PD-L1, this
reporter gene was not stimulated by adipogenic medium
(lanes 4 and 5 in Figure 2c), suggesting that the proximal
Cd274/Pd-l1 promoter sequence is not sufficient for adipo-
genesis-induced activation of PD-L1 expression in preadipo-
cytes. Next, we engineered a luciferase reporter construct that
contains a constitutively active, heterologous promoter (PGK)
and the 3’ untranslated region (3’UTR) of the Cd274/Pd-l1
gene (Figure 2d). When transfected into undifferentiated
10T1/2 cells, the Cd274/Pd-l1 3’UTR-fused reporter construct
exhibited significantly lower luciferase activity than the par-
ental control reporter (lanes 1 and 3 in Figure 2e), suggesting
a repressive function of the 3’UTR region. Interestingly, this
inhibitory activity was largely mitigated following adipogen-
esis (lanes 2 and 4 in Figure 2e), which likely contributes to
augmented expression of endogenous PD-L1 during
adipogenesis.

Adipose PD-L1 blocks anti-PD-L1 antibody effects on
CD8+ T cell functions in vitro

Previously published studies showed that anti-PD-L1 anti-
body boosts the abundance of IFNγ-expressing CD8+ T cells
in vitro.6,39,40 We made a similar observation when incubating
total splenocytes isolated from wild-type (WT), but not PD-L1
knockout (KO) mice with anti-PD-L1 antibody (Figure 3a;
compare lanes 1–2 and 3–4 in Figure 3b), thus demonstrating
antibody specificity. However, co-culture of WT splenocytes
with WT adipocytes significantly dampened the anti-PD-L1
antibody effect on CD8+IFNγ+ T cells (compare lanes 1–2 and
5–6 in Figure 3b). In contrast, the antibody effect was largely
preserved when WT splenocytes were co-cultured with PD-L1
KO adipocytes (compare lanes 5–6 and 7–8 in Figure 3b),
suggesting that adipose PD-L1 interferes with the action of
anti-PD-L1 antibody in boosting important antitumor func-
tions of CD8+ T cells. Adipose PD-L1 also interferes with the
function of anti-PD-L1 antibody in boosting CD4+IFNγ+ T
cells (Supplementary Figure 3). To determine whether adipose
PD-L1 expression alone is sufficient for interfering with anti-
PD-L1 antibody effects, we engineered a doxycycline (Dox)-
inducible PD-L1 expression system in 3T3-L1 preadipocytes,
which resulted in predominantly membrane-localized ectopic
PD-L1 upon Dox induction (Figure 3c). Using the same co-
culture system, we found that the DOX-induced ectopic PD-
L1 expression diminished the antibody-mediated stimulation
of CD8+IFNγ+ T cells (compare lanes 1–2 and 3–4 in
Figure 3d). Collectively, these in vitro results support the
notion that adipose PD-L1 blunts the activity of anti-PD-L1
antibody.

Pharmacologic inhibition of PPARγ selectively reduces
adipose PD-L1 expression in vitro and in vivo

Nuclear receptor PPARγ is a key transcription factor that
promotes adipogenesis.41,42 To modulate adipose PD-L1
levels, we treated 10T1/2 cells with a PPARγ antagonist
GW9662 during adipogenesis. Consistent with published
studies,43–45 GW9662 inhibited adipogenesis as measured by
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oil red O staining and aP2 immunoblotting (Figure 4a). The
same PPARγ antagonist treatment also resulted in marked
reduction of adipose PD-L1 protein (Figure 4a). To assess in
vivo effects, we treated WT C57BL/6 mice with GW9662 and
determined cell-surface PD-L1 levels in primary adipocytes of

vehicle- and antagonist-treated mice by immunostaining.
GW9662 treatment significantly reduced primary adipocytes
PD-L1 (Figure 4b). Of note, the same GW9662-treated mice
did not exhibit reduced PD-L1 levels in other PD-L1-expres-
sing cells/tissues including splenocytes (Figure 4c), lung

Figure 1. Adipocytes express high levels of PD-L1. (a) PD-L1 mRNA by PCR in 3T3-L1 and 3T3-F442A pre- and post-adipogenesis. (b) PD-L1 protein in cells by WB
before and after adipogenesis. (c) Diagram for in vitro adipogenesis (left) and PD-L1 protein expression at different stages of adipogenesis in 10T1/2 (right). aP2 is an
adipogenic marker and β-actin is the loading control. (d) Comparison of PD-L1 protein by WB in 10T1/2 pre/post adipogensis and PD-L1 WT/KO B16 melanoma cells.
(e) Representative immunofluorescence images of PD-L1 (red), plasma membrane marker wheat germ agglutinin (WGA, green) and nuclear marker DAPI (blue) in
pre- and post-adipogenic 10T1/2 cells. (f) Immunostaining of PD-L1 and CD36 using WAT from C57BL/6 mice. (g) WB of PD-L1 and aP2 proteins in adipose stromal
cells (ASC) and adipocytes from human breast tissue. One representative result from three donor samples are shown here. β-Actin is used as the loading control.
Values represent mean ± SD.
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Figure 2. 3’ UTR-mediated control of PD-L1 expression during adipogenesis. (a) Diagram of the pGL3-Cd274/Pd-l1 promoter reporter construct. (b) IFNγ stimulation of
Cd274 promoter-driven luciferase in B16 and 3T3-L1 cells. (c) Cd274 promoter-driven luciferase reporter activity before and after adipogenesis. (d) Diagram of the
pmirGLO-CD274 3’UTR reporter construct. (e) Cd274 3’UTR luciferase reporter activity before and after adipogenesis.
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Figure 3. Adipose PD-L1 attenuates anti-PD-L1 antibody effect in vitro. (a) Flow chart of the coculture assay. (b) Percentage of IFNγ+ T cells in CD8+ cells following co-
culturing of total splenocytes, anti-PD-L1 antibody, and adipocytes. (c) Immunofluorescent staining of PD-L1 (red), WGA (green) and DAPI (Blue) in doxycycline (Dox,
1μg/ml) treated PD-L1-inducible 3T3-L1 cells. (d) Percentage of IFNγ+ T cells in CD8+ cells following co-culturing of total splenocytes, anti-PD-L1 antibody, and
preadipocytes. Dox was included in all co-culture wells throughout the experiment. Induced ectopic PD-L1 in 3T3-L1 derivative cells is shown in the inlet. Data
expressed as mean ± SD.
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Figure 4. PPARγ antagonist GW9662 represses adipose PD-L1 expression. (a) Oil Red O staining and Western blotting of aP2, PD-L1, and β-actin in 3T3-L1 during
adipogenesis, with or without GW9662 treatment. (b) Representative PD-L1 immunofluorescent staining of subcutaneous WAT from DMSO- and GW9662-treated
mice (left). Fold change (normalized to vehicle-treated group) of fluorescence intensity of PD-L1 is shown on the right. (c-f) Fold changes of mean fluorescence
intensity (MFI) from specific cells types isolated from either sham (vehicle) or GW9662-treated mice are shown for splenocytes (c), lung cells (d), thymus cells (e), fat
tissue macrophages (CD45+ CD3-CD11b+ F4/80+) (f). Values represent mean ± SD. N = 5 per group.
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(Figure 4d), thymus (Figure 4e) or macrophages (Figure 4f).
These data support a tissue- and cell type-selective inhibition
of PD-L1 expression by this PPARγ antagonist.

GW9662 boosts checkpoint blockade immunotherapy for
distinct breast cancers

Given the interference of anti-PD-L1 antibody by adipose PD-
L1 in vitro and the adipocyte-specific inhibition of PD-L1
expression by GW9662 in vivo, we hypothesized that pharma-
cologic inhibition of its expression in adipocytes by GW9662
could enhance the antitumor efficacy of anti-PD-L1 antibody
in vivo. To this end, we used 4 treatment cohorts after chal-
lenge with E0771 mammary tumor in syngeneic female host
mice: (1) vehicle + anti-IgG (sham), (2) vehicle + anti-PD-L1,
(3) GW9662 + anti-IgG, and (4) GW6992 + anti-PD-L1.
Compared to sham and single treatment groups, combination
treatment resulted in slower tumor growth (Figure 5a), lower
end-point tumor size/weight (Figure 5b-c), and better host
survival (Figure 5d). The enhanced antitumor efficacy of the
combination treatment was also demonstrated in another
syngeneic mammary tumor model characteristic of basal/tri-
ple negative breast cancer phenotype (AT-3, Supplementary
Figure 4). GW6992 also boosted anti-PD-1 treatment efficacy
against E0771 tumor cells (Figure 5e) and host survival
(Figure 5f). Based on these findings, we conclude that
GW6992 is capable of enhancing anti-PD-1 and anti-PD-L1
checkpoint blockade cancer immunotherapies. The ability to
improve efficacy against breast cancers that are generally
refractory to such immunotherapies is especially notable.

To gain more insight into the in vivo antitumor effect of
GW9662, we analyzed tumor-infiltrating lymphocyte (TIL)
populations from E0771 mammary tumor-bearing mice
under various treatments. The combination treatment group
elicited a significant increase over the control and single-agent
treatment groups in the abundance of total CD8+ T cells
(Figure 6a) and CD8+ T cells expressing IFNγ (Figure 6b),
CD44 (Figure 6c), or PD-1 (Figure 6d). Neither total CD4+ T
cells (Figure 6e) nor CD25hiFOXP3+ regulatory T cells
(Figure 6f) were affected significantly by the combination
treatment. However, abundance of CD4+ T cells expressing
IFNγ (Figure 6g) or CD44 (Figure 6h) was significantly ele-
vated in the combination treatment group versus the sham
(vehicle + anti-IgG) treatment group. Taken together, these
data strongly suggest that GW9662 enhances checkpoint
blockade cancer immunotherapy by augmenting antitumor
T cell functions.

Discussion

Despite the dramatic clinical response of certain cancer types
to PD-1/PD-L1-targeting immunotherapies, the exact
mechanisms by which the blocking antibodies work remain
to be fully understood. Supported by correlative data from
early clinical trials, tumor PD-L1 expression was identified as
an important, but incomplete determinant for the therapeutic
responsiveness of anti-PD-L1 or anti-PD-1 immunotherapy.46

However, more recent preclinical and clinical studies indicate
that host cell-derived PD-L1, in particular that produced by

dendritic cells and macrophages, could also contribute to PD-
1/PD-L1 pathway-targeting immuno-checkpoint blockade.47–
53 Our current studies strongly implicate adipose PD-L1
expression, which is tightly associated with adipogenic differ-
entiation, in therapeutic efficacy of these immunotherapy
antibodies. This adipocyte PD-L1-dependent immunomodu-
latory activity represents a previously unrecognized role of
adipose tissue in cancer immunopathogenesis (Figure 7), in
addition to a variety of well-documented endocrine and para-
crine mechanisms by which adiposity promotes cancer
progression.22,54,55 Given the unique adipocyte-rich tumor
microenvironment in breast cancer, our findings provide a
reasonable explanation for low clinical response of breast
cancer to the current checkpoint blockade immunotherapies.
Overcoming this immunomodulatory activity of adipocyte
PD-L1 promises to boost efficacy of PD-1/PD-L1 pathway-
targeting antibodies in clinical settings.

The exact mechanisms by which adipose PD-L1 interferes
with the action of anti-PD-L1 antibody in vivo warrant further
studies. Adipocyte PD-L1 could bind to and sequester anti-
PD-L1 antibody from tumor or immune cell PD-L1. This
possibility is consistent with our in vitro finding that co-
cultured adipocytes antagonize activation of CD8+ T cells by
anti-PD-L1 antibody in a PD-L1-dependent manner. In an
alternative scenario, adipocyte PD-L1 could directly interact
with T cell PD-1 to weaken T cell function in a similar fashion
as does tumor PD-L1. Consistent with this model, our in vitro
co-culture experiment indicates that adipocytes dampen IFNγ
production by CD8+ T cells and that this effect is largely
dependent on adipose PD-L1. Yet a third possibility relates
to the recently reported function of cytoplasmic PD-L1 in
tumor progression.56 While adipocyte PD-L1 is prominently
present on the cell surface, we also observe a sub-population
of internally localized endogenous PD-L1 in adipocytes and
ectopic PD-L1 in our inducible 3T3L1 cell system. This inter-
nal pool of PD-L1 could influence antitumor immunity via a
signaling pathway independent of the conventional mechan-
ism involving cell surface PD-L1/PD-1. These models are not
mutually exclusive and await more in-depth mechanistic
interrogation.

Another clinically relevant question concerns the impact of
obesity on patient outcome and therapeutic response. Obesity
paradox refers to the well-observed observation in which mod-
erately elevated body mass index (BMI) appears to be asso-
ciated with better outcome for patients who undergo cancer
treatments, whereas the protective trend is reversed when BMI
reaches morbid obesity.57 Even more perplexing is the recent
report that increasing BMI in male melanoma patients corre-
lates with improved response to immunotherapy, regardless of
the extent of obesity.58 The biological basis for this intriguing
clinical observation is not clear, nor is it known whether the
protective effect of obesity is specific to melanoma. However, it
is worth noting that many obese male melanoma patients in
this clinical study received anti-diabetic drugs,58 which have
been shown to enhance the antitumor activity of anti-PD-1
blockade in preclinical melanoma models.59,60

A recent imaging-based study identified mouse brown
adipose tissue (BAT), not WAT, as a significant source of
PD-L1.61,62 We therefore compared PD-L1 protein levels in
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Figure 5. GW9662 boosts anti-PD-L1/PD-1 antibody efficacy in vivo. (a-d) Tumor study with treatment of GW9662 and anti-PD-L1. E0771 mammary tumor growth
curve (a), representative tumor image (b) and tumor weight (c) upon harvest. Survival curve is shown in (d). Treatments are as follow. Sham: vehicle + anti-IgG
(n = 13), vehicle + anti-PD-L1 (n = 13), GW + anti-IgG (n = 13) and anti-PD-L1 + GW (n = 13). (e-f) Tumor study with treatment of GW9662 and anti-PD-1. E0771
mammary tumor growth (e) and survival (f). Sham: vehicle + anti-IgG (n = 4), vehicle + anti-PD-1 (n = 4), GW + anti-IgG (n = 5) and anti-PD-1 + GW (n = 4). Data are
mean± SEM. P values for the tumor growth curve in (a) indicate the statistics for the last measurement time point. P values for the survival analysis in (d) test the null
hypothesis that the indicated two survival curves are identical.
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mouse BAT versus WAT and found that PD-L1 levels in BAT
are indeed significantly higher than those in WAT
(Supplementary Figure 5). However, given the far more abun-
dance of total WAT over BAT in adult mice, WAT at the
organismal level is still likely to be a significant and function-
ally relevant source of this immune checkpoint protein.

The exact cis-acting regulatory elements that confers acti-
vation of PD-L1 expression following adipogenesis remains to

be characterized. In this regard, we surveyed published ChIP-
seq data for enhancer-binding proteins preadipcoytes before
and after adipose differentiation in vitro. MED1 is a transcrip-
tion mediator protein frequently associated with transcrip-
tional enhancers.63 Two clusters of MED1 ChIP-seq are
observed around the Cd274/Pd-l1 locus after, but not before,
differentiation (Clusters 1 and 2; Supplementary Figure 6).
Cluster 1 is located in the first intronic region of the Cd274/

Figure 6. GW9662 boosts anti-tumor immunity in E0771 TILs. Immunophenotyping of various tumor infiltrating lymphocytes (TILs) after treatments: (a) Total CD8+

cells, and in the CD8+ gate: (b) IFNγ+, (c) CD44+, (d) PD-1+, (e) CD4+ in CD3+, and in CD4+ gate: (f) CD25+FOXP3+, (g) IFNγ+, (h) CD44+, Sham: vehicle + anti-IgG
(n = 5); α–PD-L1: vehicle + anti-PD-L1 (n = 4); GW: GW9662 + anti-IgG (n = 4); α–PD-L1 + GW: anti-PD-L1 + GW9662 (n = 5). Data are mean ± SD.
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Pd-l1 locus, and Cluster 2 in an intergenic region downstream
of the gene. Of note, both MED1 clusters coincide with bind-
ing peaks for PPARγ and C/EBPβ, two master transcriptional
regulators of adipogenesis.64 Future work will be aimed at
validating the functional role of these and other genomic
regions in adipogenesis-induced Cd274/Pd-l1 transcription.

PPARγ has been implicated in both promoting tumor-
intrinsic function and modulating antitumor immunity.65

Indeed, several PPARγ antagonists including GW9662 exert
antitumor activity in various preclinical models.66 Given that
PPARγ is expressed in tumor and other host tissue/cell types
besides adipocytes, reduction of adipocyte PD-L1 may not be
the sole underlying mechanism by which GW9662 boosts the
therapeutic efficacy of these checkpoint blockade antibodies.
While we cannot exclude a potential effect of systemic
GW9662 on tumor and/or immune cells, GW9662 inhibits
adipocyte PD-L1 expression without affecting its expression
in other cell types examined. It is also worth noting that,
although GW9662 is highly selective for PPARγ over other
PPAR family members (e.g., PPARα and PPARδ),67, the drug
effect we observed in our study could be compounded by a
possible effect of GW9662 on other PPAR family members.
Future exploration of more potent and selective PPARγ
antagonists and other small-molecule compounds that speci-
fically target adipose PD-L1 expression promises to inform
development of new therapeutic approaches to boost the
current checkpoint blockade cancer immunotherapies.

Materials and methods

Plasmid construction

Mouse Cd274/Pd-l1 coding sequence was amplified using
primers as follow: mPD-L1-F: AGACTACCGGTCGCCA

CCATGAGGATATTTGCTGGCATTATATTCACAG; mPD-
L1-R: CATGTGTCACGCGTTTACGTCTCCTCGAATTGT
GTATCATTTCG. The cDNA was cloned through the AgeI
and MluI sites in the pINDUCER11 vector containing a con-
stitutive EGFP expression cassette and a tetracycline response
element as previously described.52 For construction of the
pGL3-Cd274 promoter and pmirGLO-Cd274 3’UTR vectors,
the following primers were used to amplify the 1kb promoter
and 500 bp 3’UTR sequence of Cd274 gene, respectively:
Cd274 promoter-F: GCGACGCGTGTTTCATTATGTCG
AGGAACTTTGA; Cd274 promoter-R: ACGCGTCGACCT
GGTCTTATCTCGAGTTCAGAGCC; Cd274 3’UTR-F: CCG
CTCGAGGAAGGAGCCCATTAGCTCTGTGT; Cd274 3’UT
R-R: ACGCGTCGACAATAAATAAAAATATTTATTAAAT
TAATGC. Amplified promoter sequence was inserted into
pGL3 vector through the SalI and MluI sites. Amplified
3’UTR sequence was inserted into the pmirGLO vector
through Xho and SalI sites. All resulting vectors were verified
by sequencing.

Cell culture and reagents

To generate inducible PD-L1-expressing 3T3-L1 cells,
HEK293 cells were transfected with the PD-L1 expression
plasmid and two packaging plasmids psPAX2 and pMD2.G
using Lipofectamine 2000 (Life Technologies, Cat: #11668027)
in Opti-MEM I media (Life Technologies, Cat: #31985–062).
After 48 h, parental 3T3-L1 cells were infected with PD-L1-
expressing lentivirus and polybrene (5 μg/ml). Infected cells
were sorted on a BD FACSAria II Flow Cytometer (BD
Biosciences) for GFP positive cells.

Mouse CH3/10T1/2 (10T1/2), 3T3-L1 and B16-F10 mela-
noma (B16) were purchased from ATCC. 3T3-F442A was
purchased from Kerafast. All cells were cultured in high
glucose DMEM (Thermo Fisher Scientific; Cat: #11965) sup-
plemented with 10% fetal bovine serum (FBS), 100 μg/ml
penicillin and 100 μg/ml streptomycin (P/S, Thermo Fisher
Scientific, Cat: #15140122). For in vitro experiments, GW9662
(Sigma, Cat: #M6191) was added to fresh medium at the
indicated concentrations during the adipogenesis. PD-L1
was knock out in B16 cells using Cd274 sgRNA CRISPR/
Cas9 All-in-One Lentivector set (Mouse) (ABM; Cat:
#K4385405) following the manufacturer’s instruction. For
luciferase reporter assay, 3T3-L1 and B16 cells were treated
with IFNγ (R&D Systems) at 0.5 ng/ ml overnight.

In vitro co-culture and anti-PD-L1 treatment

Total splenocytes were isolated from age-matched wildtype
and PD-L1 syngeneic KO mice. Briefly, spleens were ground
and washed with RPMI-1640 medium (containing 10% FBS
and 1% P/S) and passed through 70 μm cell strainers to obtain
single-cell suspensions. Red blood cells were removed by Red
Blood Cell Lysing Buffer (Sigma, Cat: #R7757) following the
manufacturer’s instructions. Adipocytes were isolated follow-
ing published protocols.68 Briefly, fat tissue was digested for
40 min in DMEM/F12 (Stem Cell Technologies, Cat: # 36254)
containing 10% Collagenase/Hyaluronidase solution (Stem
Cell Technologies, Cat: #07912), 1% P/S and 2% FBS. Debris

Tumor 
Progression

Paracrine
Endocrine
Functions

GW9662

Anti-PD-L1/PD-1 efficacy

T cell activation

Adipogenesis

Figure 7. Model for effects of adipogenesis on antitumor immunity.
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was removed by 70 μm cell strainers, and then centrifuged at
1,000 g for 10 min. Red blood cells were lysed by Red Blood
Cell Lysing Buffer as describe above and resuspended in CR10
medium (RPMI-1640 with 10% FBS, L-glutamine, sodium
pyruvate, non-essential amino acids, penicillin/streptomycin,
and HEPES buffer).

For co-culture experiments, U-bottom 96 well plates were
pre-coated with 10 μg/ml anti-CD3e (clone 2C11) overnight
at 4°C and subsequently washed with sterile PBS twice prior
to cell seeding. Splenocytes and wild-type or PD-L1 KO adi-
pocytes were seeded at ratio of 1:1 with 4 μg/ml anti-CD28
antibody and 10 μg/ml anti-PD-L1 or anti-IgG2b antibody.
After 4 days of co-culture, cells were examined by flow cyto-
metry. For co-culture of splenocytes and 3T3-L1 cells, sple-
nocytes and PD-L1 inducible 3T3-L1 or parental 3T3-L1 cells
were seeded on anti-CD3e-coated plates at ratio of 10:1 with 4
μg/ml anti-CD28 antibody (clone 37.51), 1 μg/ml doxycycline
and 10 μg/ml anti-PD-L1 or anti-IgG2b antibody. After over-
night co-culture, cells were examined by flow cytometry.

Mice tumor challenge and treatments

Wild type C57BL/6J mice (Cat: #000664) were purchased from
Jackson laboratory. For tumor studies, 8 to 10-week-old mice
were used. PD-L1 knockout (KO) mice were a generous gift
from Dr. Lieping Chen.69 E077170 and AT-371 tumor cells were
subcutaneously inoculated into the fourth mammary pad using
5 × 105 and 2x105, respectively. B16 tumor cells were subcuta-
neously inoculated into mouse back flank at 5 × 105. Tumor
volumes were measured with calipers (0.5 × length × width2) at
indicated days. Survival was determined by tumor size ≥1000
mm3 or animal death or distress. Anti-IgG2b (BioXcell, Cat:
#BE0101) and anti-PD-L1 (BioXcell, Cat: #BE0090) antibodies
were administered through intraperitoneal (i.p.) injection at
10 mg/kg. Anti-IgG2a (BioXcell, Cat: #BE0146) and anti-PD-1
(BioXcell, Cat: #BE0089) antibodies were administered through
i.p. injection at 5 mg/kg. All antibodies were given twice per
week. GW9662 (Sigma, Cat: #M6191) was intraperitoneally (i.p.)
injected daily at 1 mg/kg beginning 14 days prior to tumor
challenge and continuing throughout the entire tumor growth
period. All animal-related procedures were approved by the
Institutional Animal Care and Use Committee (IACUC) at the
University of Texas Health Science Center at San Antonio.

Human adipose tissue procurement

Cancer-free breast tissue was procured from women under-
going cosmetic reduction mammoplasty, following protocols
approved by the Institutional Review Board at the University
of Texas Health Science Center at San Antonio. Written
consent forms were signed by all donors prior to tissue
procurement.

Flow cytometry

Cells were stained with fixable, viability live/dead Ghost Dye™
Violet 450 (Cat: # 13–0863-T100, Tonbo Biosciences) in 1x
PBS for 30 min at 4°C in the dark, after which they were
thoroughly washed once with 1x PBS. Non-specific antibody

binding was blocked using anti-CD16/32 antibody at 1:200
dilution (clone 2.4G2, Cat: #70–0161-U100, Tonbo
Biosciences). Surface staining was done at 4°C for
30–45 min in dark for CD45 (FITC, clone 30-F11, Cat:
#103108, BioLegend), CD3 (redFluor710TM, clone 17-A2,
Cat: #80–0032-U100, Tonbo Biosciences), CD4 (Brilliant
Violet 605TM, clone RM4-5, Cat; #100548, BioLegend), CD8
(APC-CyTM7, clone 53–6.7, Cat: #557654, BD Biosciences),
CD44 (Brilliant Violet 785TM, clone IM7, Cat: #103041,
BioLegend), PD-1 (APC, clone 29F.1A12, Cat: 135210,
BioLegend), CD25 (Per-CP/Cy5.5, clone PC61, Cat: #102030,
BioLegend), CD11b (PerCP-CyTM5.5, clone M1/70, Cat:
550993, BD Biosciences), F4/80 (FITC, clone BM8, Cat: 11-
4801-85, eBioscience), and PD-L1 (Brilliant Violet 421TM,
clone 10F.9G2, Cat: #124315, BioLegend). Following surface
staining, cells were fixed and permeabilized with the FoxP3/
transcription factor staining buffer kit (Cat: #00–5523-00,
eBioscienceTM) according to manufacturer instructions, and
stained for FoxP3 (FITC, clone FJK16s, Cat: #11–5773-82,
eBioscienceTM). To detect intracellular IFN-γ, a 24-well
plate was coated with 5 µg/ml anti-CD3e antibody in 1x PBS
at 37°C for 2 h. Wells were washed with 1x PBS and 4 × 106

cells were suspended in 2 ml medium containing 1 µg/ml
anti-CD28 mAb, and incubated at 37ºC for 12 h. Cells were
then incubated with 2 µL leukocyte activation cocktail, with
BD GolgiPlug™ (Cat: 550583, BD Biosciences) per ml CR10
medium for 5 h at 37ºC. Cells were permeabilized and stained
with anti-IFN-γ (PE/Cy7, clone XMG1.2, Cat: #505826,
BioLegend). To detect GW9662 effect on PD-L1 expression
in vivo, various tissues and cells as indicated were harvested
from either DMSO or GW9662-treated E0771 tumor bearing
mice after 30 days of tumor growth. Single cell tissue suspen-
sions were generated as described above and stained with live/
dead Ghost Dye™ (Tonbo Biosciences). Cells and were stained
with anti-PD-L1 antibody after anti-CD16/32 blockade.
Relevant controls were fluorescence minus one, single color
staining or isotype controls (BioLegend). Data was acquired
on BD LSRII and BD FACSCelesta flow cytometers and
analyzed using FACSDiva or FlowJo software (BD
Bioscience).

RNA isolation and quantitative PCR

Total RNA was extracted and quantitative PCR (qPCR) was
set up with the Luminaris Color High Green High ROX qPCR
Master mix all as described,72 using an Applied Biosystems
7900HT workstation with SDS 2.4 software. These primer
sequences used for RT-qPCR were designed by Primer-3 soft-
ware (Sigma Aldrich). The sequences of primers are as fol-
lows.: PD-L1-F (forward): AGTATGGCAGCAACGTCACG;
PD-L1-R (reverse): TCCTTTTCCCAGTACACCACTA; β-
Actin-F: CAACGAGCGGTTCCGATG; β-Actin-R: GCCACA
GGATTCCATACCCA

Immunoblotting

Cultured or primary cells were lysed in Laemmli sample buffer.
Protein amounts were determined by using Pierce BCA Protein
Assay Kits (Pierce, Cat: #23225). Primary antibodies were against
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mouse PD-L1 goat mAb (R&D Systems, Cat: # AF1019), human
PD-L1 rabbit mAb (Cell Signaling Technology, Cat: # 13684S),
aP2 (R&D Systems, Cat: # AF1443), GAPDH (Cell signaling,
Cat: #2118), β-actin (Cell signaling, Cat: #4967). Corresponding
secondary antibodies were used and protein was detected with
ECL SuperSignalTM West Pico PLUS Chemiluminescent
Substrate (Thermo Fisher, Cat. #34580).

SiRNA transfection

PD-L1 knockdown by siRNA oligonucleotides in post-differ-
entiated adipocytes was as previously described,52 using
Lipofectamine reagent RNAiMAX (Invitrogen). Control
siOTP (ON-TARGETplus Non-Targeting Pool, Cat: #D-
001810–10) and siPD-L1 (SMARTpool: ON-TARGETplus
Cd274 siRNA, Cat: #M-040760) were purchased from
Dharmacon, Inc (USA). Samples were harvested 48 h after
transfection and analyzed by Western blotting.

Adipose differentiation and Oil Red O staining

Two days after reaching full confluency, cells were incubated
with adipogenic medium (0.5 mM 3-isobutyl-1-methyl-
xanthine, 1 μM dexamethasone, 5 μg/mL insulin and 100
μM indomethacin) in 10% FBS/DMEM medium. Three days
after induction, cells were switched to insulin-containing
medium (10% FBS/DMEM medium with 5 μg/mL insulin),
which was changed every 2-3 days for approximately 8 days,
at which time cells were fully differentiated. Differentiated
cells were rinsed twice with 1x PBS, and fixed with 4%
formalin for 20 min at room temperature. Cells were washed
with 1x PBS and stained with filtered oil red O (Sigma, Saint
Louis, MO, USA) for 1 h, followed by rinsing twice in water.
Stained cells were visualized by light microscopy (Nikon).

Luciferase assay

Transient transfection was performed using Lipofectamine
2000 (Invitrogen). For promoter study, B16, pre- or post-
differentiated 3T3-L1 cells grown in 24-well plates were co-
transfected with 0.1 μg of pGL3 basic empty control plasmid
(Promega, Cat: #E1751) or pGL3-Cd274 promoter construct
and 0.02 μg of the Renilla luciferase construct (Promega, Cat:
#E6911, for normalization of transfection efficiency). For
3’UTR study, pmirGLO (Promega, Cat: #E1330) or
pmirGLO-Cd274 3’UTR vector were transfected into pre- or
post-differentiated 10T1/2 cells. Luciferase activity was
detected by Promega dual-luciferase reporter assay system
(Promega, Cat: # E1910).

Immunostaining

10T1/2 or 3T3-L1 cells were seeded on glass coverslips placed
in 24-well plates. Cells were washed twice with PBS, fixed with
4% paraformaldehyde for 20 min, permeabilized with 0.3%
Triton X-100 for 15 min. Samples were then blocked with 2%
bovine serum albumin in PBS and incubated with anti-PD-L1
antibody (R&D Systems, Cat: #AF1019) and secondary anti-
body (ThermoFisher, Cat: #A-21085) sequentially. Plasma

membrane was stained with wheat germ agglutinin (WGA)
(ThermoFisher, Cat: #W11261). Slides were washed and
mounted with coverslips using Vectashield mounting medium
with DAPI.

For PD-L1 immunofluorescence in adipose tissue, subcu-
taneous white adipose tissue was harvested from mice after
1 month of DMSO or GW9662 treatment. Adipose tissue was
fixed with formalin for overnight at 4 ºC. Paraffin-embedded
adipose tissue was then cut into 4-μm sections for staining.
Slides were deparaffinized, rehydrated and boiled with anti-
gen-unmasking solution. After washed with PBS, slides were
blocked by rat serum and incubated with anti-PD-L1 (R&D
Systems, Cat: #AF1019) and anti-CD36 (ThermoFisher, Cat:
#PA1-16813) for overnight at 4 ºC. Slides were then washed
with PBS and incubated with donkey anti-goat IgG
(ThermoFisher, Cat: #A11055) and donkey anti-rabbit IgG
(ThermoFisher, Cat: #A10040) at room temperature for
2 hours. Slides were then mounted with Vectasheild mounting
media with DAPI (Vector labs, H-1200), sealed with nail
polish, and examined by Zeiss LSM710 Microscopy. PD-L1
fluorescence intensity was quantified by Image J software
(https://imagej.nih.gov/ij/).

Statistics

For mean difference comparison from two groups, unpaired
student t-test was used. For mean differences comparison from
multiple groups, one-way ANOVA followed by multiple com-
parison was used. Tumor growth curves were examined
through two-way ANOVA. Log-rank (Mantel-Cox) tests were
used to analyze the survival curves. All the statistics were con-
ducted on Graphpad Prism software. Data in bar and dot graphs
are means ± SD. P < 0.05 was considered significant.
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