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ABSTRACT

The programmed death-ligand 1 (PD-L1)-dependent
immune checkpoint attenuates host immunity and
maintains self-tolerance. Imbalance between protective
immunity and immunopathology due to altered PD-

L1 signaling can lead to autoimmunity or tumor
immunosuppression. The role of the PD-L1-dependent
checkpoint in non-immune system is less reported. We
previously found that white adipocytes highly express PD-
L1. Here we show that adipocyte-specific PD-L1 knockout
mice exhibit enhanced host anti-tumor immunity against
mammary tumors and melanoma with low or no tumor
PD-L1. However, adipocyte PD-L1 ablation in tumor-free
mice also exacerbates diet-induced body weight gain, pro-
inflammatory macrophage infiltration into adipose tissue,
and insulin resistance. Low PD-L1 mRNA levels in human
adipose tissue correlate with high body mass index and
presence of type 2 diabetes. Therefore, our mouse genetic
approach unequivocally demonstrates a cell-autonomous
function of adipocyte PD-L1 in promoting tumor growth
and inhibiting antitumor immunity. In addition, our work
uncovers a previously unrecognized role of adipocyte
PD-L1 in mitigating obesity-related inflammation and
metabolic dysfunction.

BACKGROUND

Inhibitory checkpoints in biological systems
limit the negative impact of uncontrolled
cellular processes on biological integrity. As
a salient example, the immune checkpoint
molecule programmed death-ligand 1 (PD-
L1) is induced by host immunity-released
inflammatory cytokines and in turn atten-
uates immune responses to infection, limits
tissue damage, and maintains self-tolerance.’
When hijacked by tumors, PD-L1 expressed
in tumor and certain immune cells dampens
antitumor immunity via various mecha-
nisms.?? Thus, tumor and immune cells have
been the focus of extensive investigations
of PD-L1 expression/function and their
relevance to clinical efficacy of anticancer
immunotherapies. > In contrast, the poten-
tial influence of PD-L1 in other cell types on
antitumor immunity is vastly underexplored.
In addition, it is not clear whether the same
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principle of inhibitory checkpoint is appli-
cable to non-immune systems in mitigation of
homeostatic imbalance.

We recently identified white adipocytes as a
previously unrecognized reservoir of PD-L1.°
We further showed that expression of mouse
adipocyte PD-LL1 mRNA and protein are mark-
edly stimulated during adipogenesis.” PD-L1
is also expressed in mouse brown adipose
tissue (BAT).7 8 Despite these published find-
ings, the functionality of adipocyte PD-L1
remains poorly understood. Here, we used a
tissue-specific knockout (KO) mouse model
to assess the role of adipocyte PD-L1 in anti-
tumor immunity and adipose homeostasis.

METHODS

Tumor study

Mammary tumor E0771 was purchased from
CH3 Biosystems (Cat: 940001). Melanoma
B16 (Cat: CRL-6475) and lymphoma EL4
(Cat: TIB-39) were purchased from ATCC.
Mammary tumor AT-3” was generated by Dr.
Scott Abrams’s lab at Roswell Park Compre-
hensive Cancer Center. Colorectal cancer
MC-38-ova'’ and luciferase reporter-positive
ovarian cancer ID8agg'" cell lines were gener-
ated by Dr. Tyler Curiel’s lab at University of
Texas Health San Antonio. E0771 (0.5x10°%)
and AT-3 (0.2x10% mammary tumor cell lines
were transplanted orthotopically into the
inguinal mammary fat pad of female mice.
B16 melanoma (0.5x10%), MC-38-ova colon
cancer (6.5x10°) and EL4 lymphoma cell
lines (2x10°% were transplanted subcutane-
ously into the back flank of male mice. 4x10°
ID8agg cells were injected intraperitoneally.
Tumor growth was monitored and immuno-
phenotyping were performed as previously
described.® Survival of ovarian tumor-bearing
mice was assessed by ascites formation,
weight loss or distress. For assessment of
melanoma metastasis, whole lung tissue was
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harvested from tumor-bearing mice after 16 days post-
tumor transplantation and snap-frozen for subsequent
extraction of total RNA using an RNeasy mini kit (Cat:
74104, Qiagen). RT-qPCR was performed to quantify
melanoma-specific transcripts in the lung. Primers used
for qPCR were as follow'": gp100, 5-ACATTTCATCAC
CAGCAGGGTGCC-3"  and  5-AACAAGTGGGTGCT-
GGCGC-3'; Tyr, 5-CTCTGGGCTTAGCAGTAGGC-3' and
5-GCAAGCTGTGGTAGTCGTCT-3";  Trp-1, 5-CCCC
TAGCCTATATCTCCCTTTT-3' and 5-TACCATCGTGGG
GATAATGGC-3';  Tp-2,  5-GTCCTCCACTCTTTTA
CAGACG-3' and 5" ATTCGGTTGTGACCAATGGGT; and
p-Actin as the internal control, 5-CAACGAGCGGTTC-
CGATG-3' and 5-GCCACAGGATTCCATACCCA-3'. For
assessment of metastatic ovarian tumors, whole liver
tissue of ID8 tumor-bearing mice was harvested for
genomic DNA extraction 47 days after tumor implanta-
tion. Primers used for q-PCR were as follows'?: luciferase
reporter gene Luc2, 5-CACCGTCGTATTCGTGAGCA-3'
and 5-AGTCGTACTCGTTGAAGCCG-3'; Plger2 as the
internal control, 5-CCTGCTGCTTATCGTGGCTG-3'
and 5-GCCAGGAGAATGAGGTGGTC-3'.

Flow cytometry

Tumor tissue was cut into small pieces and passed
through a 70 pm cell strainer to obtain single cell suspen-
sion. Viability Ghost Dye Violet 510 (Cat: 13-0870, Tonbo
Biosciences) was used to distinguish live and dead cells.
Cells were then blocked with aaCD16/32 (Cat: 70-0161,
Tonbo Biosciences) at 4°C for 15min and stained with

0CD45 (Cat: 64-0451-82, Invitrogen), oCD3 (Cat: 65-0031,
Tonbo Biosciences), oCD4 (Cat: 78-0041-82, Invitrogen),
oCD8 (Cat: 557654, BD Pharmingen) at 4°C for 30 min.
For Ki67 staining, cells were permeabilized using FoxP3/
transcription factor staining kit (Cat: 00-5523-00, eBiosci-
enceTM) and stained with aKi67 (Cat: 48-5698-82, Invit-
rogen). For cytokine staining, cells were incubated with
aCD3/CD28 (Cat: 11452D, ThermokFisher) for overnight
at 37°C and treated with an activation cocktail with BD
GolgiPlug (Cat: 550583, BD Biosciences) for 5hours at
37°C. Cells were permeabilized using BD Cytofix/Cyto-
perm kit (Cat: 554714, BD Biosciences) and stained with
oPerforin (Cat: 11-9392-82, Invitrogen) for 30 min at 4°C.
Relevant controls included single color staining, isotype
controls or fluorescence minus one. For PD-L1 quantifi-
cation in various cell lines, cells were incubated with 5ng/
mL recombinant interferon y (IFNY) overnight at 37°C
and stained with a viability Ghost Dye Violet 510 (Cat:
13-0870, Tonbo Biosciences) and oPD-L1 (Cat: 46-5982-
82, Invitrogen). Data acquisition was conducted using BD
FACSCelesta and analysis was done using FlowJo software
(BD Bioscience) or BD FACSDiva.

RNA sequencing

Tumor and fat tissue RNA extraction was performed
using RNeasy Mini Kit (Cat: 74104, Qiagen) and RNeasy
lipid tissue mini kit (Cat: 74804, Qiagen), respectively.
For RNA sequencing, about 500 ng total RNA from each
sample was used for downstream library preparation
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Figure 1 Adipocyte programmed death-ligand 1 (PD-L1) ablation reduces tumor growth. (A) PD-L1 protein levels in
subcutaneous white adipose tissue (sSWAT), visceral white adipose tissue (VWAT) and brown adipose tissue (BAT). (B) EO771 and
(C) AT-3 mammary tumor growth in wild-type (WT)/knockout (KO) mice. (D) Growth of parental and PD-L1 KO B16 melanoma

in WT/KO mice. (E) Flow cytometry quantification of PD-L1 in tumor cell lines, +interferon y (IFNy) treatment. (F) Tumor weight

measurement.
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according to the Illumina TruSeq stranded mRNA-seq
guidance. Briefly, poly-T oligo-attached magnetic beads
were used to enrich poly A-containing mRNA. Random
primers and reverse transcriptase were then used to
convert enriched mRNA to first-strand cDNA. DNA
polymerase I and RNase H were then used to synthesize
the second-strand cDNA. PCR methods were used to
generate final RNA-seq libraries. RNA-seq libraries were
quantified and pooled for cBot amplification. 50bp
single read sequencing was carried out with Illumina
HiSeq 3000 platform. After sequencing, fastq files was
generated using demultiplexing with Bcl2fastq2.

Metabolism analysis

Mice were fed a high-fat diet (HFD; 60 kcal% fat) or
low-fat diet (LFD; 10 kcal% fat) starting at 6 weeks after
birth. Glucose and insulin tolerance were assessed by
intraperitoneal injection of 2g/kg glucose and 1.8
mU/g human insulin, respectively. For macrophage
characterization, visceral white adipose tissue (VWAT)
was digested into single-cell suspensions and exam-
ined by flow cytometry. F4/80 immunohistochemistry
and liver H&E staining were carried out at VitroVivo
Biotech, LLC. For human sample analysis, cancer-free
breast tissue was procured per an Institutional Review

Board protocol. Fresh breast tissue was digested and
sorted for Lin~ cells before RNA extraction.

Statistics

Mean differences between two groups were compared
using unpaired Student’s t-test. Mean differences from
multiple groups were compared by one-way analysis
of variance. Survival analysis was done by Log-rank
(Mantel-Cox) test. RNA-seq analysis was performed with
Gene Ontology, gene set enrichment analysis (GSEA)
analysis and DESeq using R. Image analysis was performed
using Image J. Statistics were performed by GraphPad
Prism. P<0.05 was considered significant.

RESULTS

Adipocyte-specific PD-L1 ablation significantly enhances host
antitumor immunity and slows tumor growth

To determine the biological function of adipocyte PD-L1,
we established an adipocyte-specific PD-L1 KO mouse
model (Adiponectin-Cre, PD-LP” in C57BL/6), which
reduced PD-L1 protein in subcutaneous and visceral
white adipose tissue (sWAT, vWAT) and BAT (figure 1A)
without changing PD-L1 expression in immune cells from
spleen, lymph nodes, or thymus (online supplementary
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Figure 2 Adipocyte programmed death-ligand 1 (PD-L1) ablation enhances antitumor immunity. (A) Flow cytometry of EQ771
tumor-infiltrating CD8*, (B) CD8*Ki67* and (C) CD8"Perf" cell content. (D-F) Gene sets enrichment analysis for EO771 tumors

from wild-type (WT)/knockout (KO) hosts. IFN, interferon; NES, normalized enrichment score; TNF, tumor necrosis factor; NK,
Natural killer; TCR, T cell receptor; NFAT: Nuclear factor of activated T-cells.
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figure SIA-C). Adipocyte PD-L1 KO mice did not exhibit
any gross developmental defects or appreciable body
weight differences versus their wild-type (WT) littermates
when fed normal chow (see below). However, syngeneic
mammary tumors (E0771 and AT-3) grew significantly
slower in KO versus WT hosts (figure 1B,C), indicating
that adipocyte PD-L1 has a tumor-promoting function. A
similar observation was made in syngeneic tumor models
for primary and metastatic ovarian cancer (ID8agg,
online supplementary figure S2A-B) and primary
colorectal cancer (MC38, online supplementary figure
S2C), but not for lymphoma (EL4, online supplementary
figure S2D) or melanoma (B16, figure 1D), suggesting
that additional tumor and/or stromal factors influence
the tumor-promoting effect of adipocyte PD-LI.

In considering tumor-intrinsic factors that could affect
the functional outcome of adipocyte PD-L1, we noted that
PD-L1 expression in B16 melanoma and EL4 lymphoma
is significantly higher than PD-LI in those tumors that
exhibit differential growth in WT and adipocyte PD-L1
KO hosts (figure 1E, online supplementary figure S2E).
We therefore asked whether high tumor PD-L1 expres-
sion could mask the adipocyte PD-L1 effect on tumor

growth. To test this possibility, we challenged WT mice
with PD-L1 KO B16 cells and found that they grew similar
to control B16 cells in WT hosts (figure 1D). By contrast,
PD-L1 KO B16 melanoma grew significantly slower in
PD-L1 KO versus WT hosts (figure 1D,F), an observation
made in both primary and metastatic tumor sites (online
supplementary figure S2F-G). These data suggest that the
adipocyte PD-L1 effect on tumor growth at least partly
depends on tumor PD-LI. This is consistent with previous
reports concerning the relative contribution of tumor
and stromal PD-L1 to tumor progression.'?

Analysis of mammary tumorinfiltrating lympho-
cytes by flow cytometry showed an increased total
(figure 2A, online supplementary figure S3A), prolifer-
ating (figure 2B, online supplementary figure S3B), and
perforin-expressing CD8" T cell content in KO hosts
(figure 2C, online supplementary figure S3C), suggesting
that adipocyte PD-L1 dampens host antitumor immunity.
This is also consistent with our previous n vitro finding
that white adipocyte PD-L1 antagonizes CD8" cytotoxic
T cell functions.” In further support, gene ontology
analysis of RNA-seq data shows that pathways related
to antitumor immune responses including cytokine
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Figure 3 Programmed death-ligand 1 (PD-L1) deletion exacerbates obesity-associated inflammation and metabolic distress.
(A) Body weight of wild-type (WT)/knockout (KO) mice given low-fat diet (LFD) or high-fat diet (HFD). (B) Insulin tolerance in
obese WT/KO mice. (C) Glucose tolerance. (D) Representative flow cytometry data for CD11b"F4/80" macrophage population
in obese WT/KO visceral white adipose tissue (VWAT). (E) Macrophage prevalence in obese WT/KO vWAT. (F) Prevalence

of CD11c¢* and (G) CD301* percentage of total macrophages. (H) Representative F4/80 immunohistochemistry (IHC). (I)
Quantification of relative F4/80 IHC signals. WT level is set as “1.” (J) Representative liver H&E staining. (K) Quantification of liver

steatosis area as percentage of the entire liver tissue.
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production (p=1.00E-07) and granzyme-mediated apop-
totic signaling pathway (p=4.00E-06) were substantially
upregulated in tumors from the KO hosts versus WT.
In addition, GSEA indicates that, compared with WT,
tumors from the KO hosts had significantly enriched
gene sets in IFNYy signaling (figure 2D), tumor necrosis
factor o signaling (figure 2E), antigen processing and
presentation (figure 2F), natural killer cell cytotoxicity
(figure 2G), CD8' T cell receptor signals (figure 2H), and
NFAT signals (figure 2I). To extend our mouse tumor
study to human clinical samples, we analyzed a published
database comparing transcriptomes of normal and breast
cancer-associated stromal tissue and found significantly
higher PD-L1 mRNA expression in the stroma of inva-
sive breast carcinoma versus that from normal breast
tissue (p=6.08E-5).'* Taken together, these data strongly
support the notion that adipocyte PD-L1 plays a previ-
ously unrecognized, cell-autonomous role in curbing
antitumor immunity and promoting tumor progression.

PD-L1 ablation exacerbates obesity-associated inflammation
and metabolic distress

Given the central role of white adipocytes in obesity, we
asked whether adipocyte PD-L1 affected obesity and asso-
ciated metabolic stress in tumor-free mice. Because estro-
gens are known to protect female mice from diet-induced

obesity and metabolic dysfunction,'”™” we fed male WT/
KO mice either a low-fat diet (LFD 10% kcal% fat) or high
fat diet (HFD 60% kcal% fat). Male WT and KO mice
fed LFD exhibited equivalent weight gain (figure 3A).
In contrast, KO male mice fed HFD gained substantially
more weight than obese WT (figure 3A). Insulin toler-
ance and glucose tolerance were impaired in obese KO
versus their WT counterparts (figure 3B,C). Thus, adipo-
cyte PD-L1 appears to mitigate obesity and aspects of
metabolic syndrome.

Flow cytometry-based analysis indicates a marked
increase in VWAT macrophage prevalence in obese KO
versus WT mice (figure 3D-E). Furthermore, KO vWAT
had a higher prevalence of macrophages expressing the
proinflammatory marker CD1lc (figure 3F) and lower
prevalence expressed the anti-inflammatory marker
CD301 (figure 3G). These immunophenotyping data are
consistent with previously reported changes of macro-
phages markers under obese condition.”® Crown-like
structure, an established marker for obesity-associated
inflammation and adipocyte death, was more prevalent
in obese KO versus WT adipose tissue (figure 3H-I).
Furthermore, hepatic steatosis, indicative of metabolic
dysfunction, was more pronounced in obese KO than WT
(figure 3]-K).

A , B D
777777777 Obesity Inflammatory Responsemc IL6/JAK/STAT3 Signaling o Apoptosis
o6 NES: 26 £ NES: 22 § NES: 188 QOATTNTTTTNES 6
he P=0.002 80.4 p-0.002 ® 04 p0002 203 /© N P=0.002
204 e 203 o2 [
£ ko wrE ko wT £ 0.1 ko WT 6000 s
2 0.0t 2 0.0l = O-O=MitE b=t & ______'______________'_'_~_J"' __ ___
S 0 5000 10000 S 0 5000 10000 i 0 5000 10000 0 5000 10000
rank rank rank rank
. _ H
° OX|dat|ve Phosphorylanon Fatty Acid Metabolism Glucose Import ° Insulin Signaling Pathway
§ é 0.1 oy
2 - $0.0
c = €-0.1
) | o -0. / 202
1S NES: -1.72 / £ NES: -1.7 / NES: -1.48 fj £-0.2 NEs:-1.47
50-3 p5002 / £-0.3 po.002 P CEJ 03 P=0.03 . £-0.3 P=001 :
R Sl E04 N 204 Nt g4 i S
0 5000 10000 © o 5000 10000 © O 5000 10000 © 0 5000 k10000
rank rank rank ra
| J -
Relative Risk =2.67 [l T2D No
0.04 r=-058 5 10 P=0.043 W 12D Yes
0.03{ ® ° P=0.017 'g
i S
A 0.02 Z 5
& 3
0.01 ©
o
0.00+ y . . : ,
20 25 30 35 40 45 PD-L1'® PD-L1Ni

BMI

Figure 4 Low adipocyte programmed death-ligand 1 (PD-L1) correlates with fat tissue inflammation and metabolic disorder.
(A-H) Gene set enrichment analysis for obese wild-type (WT)/knockout (KO) visceral white adipose tissue (VWAT). (I) Correlation
between human adipose PD-L1 mRNA and body mass index (BMI). (J) Type 2 diabetes (T2D) incidence in PD-L1"° and PD-L1"

groups. IL, interleukin.
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To further corroborate the cell-based findings, we
conducted RNA-seq using adipose tissue samples of obese
WT and KO mice. Bioinformatic analysis indicates enrich-
ment of genes associated with obesity (figure 4A), inflam-
mation (figure 4B), interleukin-6/JAK/STAT3 signaling
(figure 4C), and apoptosis (figure 4D) in KO versus
WT vWAT. In addition, genes related to cell migration
(p=4.70E-30) and immune response (p=2.30E-30) were
significantly elevated in the obese KO group. Remark-
ably, mRNA levels of Iltgax, which encodes the proin-
flammatory macrophage marker CD11c (figure 3F), was
approximately eightfold higher in obese KO than WT
(p=3.03E-25). Conversely, gene sets enriched in obese WT
adipose samples versus obese KO include oxidative phos-
phorylation (figure 4E), fatty acid metabolism (figure 4F),
glucose import (figure 4G) and insulin signaling pathway
(figure 4H), further supporting our glucose tolerance
and insulin tolerance data (figure 4B-C). Collectively,
our results strongly support the notion that adipocyte
PD-L1 attenuates obesity-associated inflammation and
metabolic stress.

To assess human relevance, we analyzed PD-L1 mRNA
in breast adipose tissue from women undergoing elective
reduction mammoplasties (n=17). We found a significant
inverse correlation between adipocyte PD-L1 expression and
body mass index (figure 4I). Individuals with low adipocyte
PD-L1 expression were more likely to have type 2 diabetes
(figure 4]); however, the small cohort size precludes further
stratification by BMI. These findings are consistent with the
concept that low adipocyte PD-L1 expression is associated
with metabolic dysfunction, but much additional work is
needed.

DISCUSSION

Using a PPARYy antagonist, our previously published study
has shown that preferential reduction of adipocyte PD-L1
expression boosts antitumor immunity and inhibits tumor
growth.® Together with the mouse genetic approach
in the current study, our work unequivocally identifies
white adipocytes as a previously unrecognized, function-
ally important source of PD-LI signals. Notably, our data
define two opposing health-related outcomes of adipocyte
PD-L1: tumor growth promotion that is likely through
dampening antitumor immunity, and mitigation of obesity-
related pathologies including chronic inflammation and
insulin resistance. Accumulating evidence indicates that
caloric intake can trigger either metabolically healthy or
unhealthy expansion of white adipose tissue.'” * Healthy
WAT expansion involves increased adipogenesis (“hyper-
plastic”). On the other hand, unhealthy adipose expansion
is associated with increased hypertrophy and decreased
adipogenesis (“hypertrophic”), which ultimately leads to
chronic low-grade inflammation and metabolic dysfunc-
tion such as insulin resistance. Our findings support the
notion that adipogenesis-associated increase in adipocyte
PD-L1 expression helps maintain adipose homeostasis and
mitigate chronic inflammation during healthy expansion

of adipose tissue. Conversely, diminished adipocyte PD-L1
levels as shown in our mouse genetic model and obese
humans likely aggravate adipose infiltration of inflamma-
tory macrophages and obesity-related metabolic disorders.

Obesity is associated with increased cancer risk and poor
prognosis for certain cancer types.”’ ¥ The molecular
contribution of adipose tissue to cancer is multifactorial.
While numerous adipose tissue-derived factors have been
reported to promote both obesity and cancer progression,
our current finding of adipocyte PD-L1 provides a salient
example of how a previously underappreciated, adipocyte-
intrinsic molecule can influence obesity and tumor growth
in an opposing manner. While the underlying mecha-
nism(s) of adipocyte PD-L1 action remains to be thor-
oughly investigated, the fact that depletion of adipocyte
PD-L1 results in two divergent health-related consequences
highlights the complex and multifaceted nature of adipose
tissue in pathogenesis. In discerning the molecular basis
of obesity-related cancer risk, it is therefore important to
distinguish the overall impact of adiposity on cancer from
the action of individual adipose tissue-derived factors.

Based on the data presented in this study, we propose
the concept of a PD-Ll-mediated adipose checkpoint
that modulates obesity-associated chronic inflammation.
More specifically, white adipocyte PD-L1 acts as an adipose
checkpoint that attenuates obesity-associated macrophage
recruitment into adipose tissue, chronic inflammation, and
metabolic dysfunction. Mechanistically, adipocyte PD-L1
could execute adipose checkpoint effects by partnering
with PD-1 from other cell types in adipose tissue and/or
through regulating adipocyte-secreted cytokines. Of note,
macrophages express PD-1, with higher expression in anti-
inflammatory M2-like versus proinflammatory MI-like
subtype.” In particular, PD-1 expressed in tumor-associated
macrophages dampens phagocytosis and antitumor immu-
nity.” * Furthermore, PD-1 is known to induce polarization
to the M2 phenotype while suppressing the M1 pheno-
type.”” ® Thus, communication between macrophage
PD-1 and adipocyte PD-LI in adipose tissue could curtail
macrophage-associated chronic inflammation and thus
ameliorate homeostatic imbalance.
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