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Summary

Objectives: Cachexia is a systemic metabolic disorder characterized by loss of fat and muscle mass,
which disproportionately impacts patients with gastrointestinal malignancies such as pancreatic
cancer. While the immunologic shifts contributing to the development of other adipose tissue (AT)
pathologies such as obesity have been well described, the immune microenvironment has not been
studied in the context of cachexia.

Methods: We performed bulk RNA-sequencing, cytokine arrays, and flow cytometry to characterize
the immune landscape of visceral AT (VAT) in the setting of pancreatic and colorectal cancers.
Results: The cachexia inducing factor IL-6 is strongly elevated in the wasting VAT of cancer bearing
mice, but the regulatory type 2 immune landscape which characterizes healthy VAT is maintained.
Pathologic skewing toward Th1 and Th17 inflammation is absent. Similarly, the VAT of patients with
colorectal cancer is characterized by a Th2 signature with abundant I-33 and eotaxin-2, albeit also
with high levels of IL-6.

Conclusions: Wasting AT during the development of cachexia may not undergo drastic changes in
immune composition like those seen in obese AT. Our approach provides a framework for future im-
munologic analyses of cancer associated cachexia.

Abbreviations: AT: adipose tissue; ATM: adipose tissue macrophage; BAT: brown adipose tissue; CAC: cancer-associated cachexia; ELISA:
enzyme-linked immunosorbent assay; GLM: generalized linear model; GSEA: Gene Set Enrichment Analysis; ILC: innate lymphoid cell; PDAC:
pancreatic ductal adenocarcinoma; SVF: stromovascular fraction; Th1: T helper 1; Th2: T helper 2; Th17: T helper 17; VAT: visceral adipose
tissue; WAT: white adipose tissue.
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Introduction

Cachexia is a metabolic syndrome characterized by adi-
pose wasting and loss of skeletal muscle mass observed
in the setting of cancer and other chronic diseases such
as chronic obstructive pulmonary disease and heart
failure [1]. The prevalence of cancer-associated cach-
exia (CAC) is variable by cancer type, with particularly
high rates observed in patients with pancreatic ductal
adenocarcinoma (PDAC) [1-3]. Cachexia is a significant
morbidity in PDAC, both reducing the quality of life
and limiting the ability of patients to receive optimal
doses of standard of care chemotherapies [4]. Current
CAC treatments aim to improve symptoms via lifestyle
changes, antiemetic drugs, and appetite stimulants [5].
There are currently no therapies approved for the pre-
vention or reversal of cachexia, emphasizing the need
to better understand the mechanisms underlying this
disease.

CAC is by definition a systemic disease, affecting
muscles and adipose tissue (AT) throughout the body
in addition to other tissues such as the liver and brain.
Accordingly, previous work to understand the mechan-
isms underlying CAC has identified circulating molecules
that are elevated in the context of cancer, some of which
are released directly by tumor cells. This has led to the
identification of inflammatory proteins such as TNFa
(originally named ‘cachectin’) [6] and IL-6 as potential
drivers of CAC in both humans and animal models. IL-6
blockade has shown promise in reversing CAC pheno-
types in murine models and in patient case reports [7-9],
but this therapeutic benefit is inconsistent and has not
been observed in prospective clinical trials. Further, cach-
exia has been observed in murine PDAC models prior
to elevations in circulating IL-6, and IL-6 levels are not
associated with the degree of weight loss in human pa-
tients with PDAC [10]. Taken together, these findings
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emphasize that the mechanisms driving CAC in PDAC
likely extend beyond IL-6.

Metabolic alterations in the blood and target tissues of
CAC have been extensively studied. For example, plasma
metabolomic studies have identified elevations in plasma
amino acids due to muscle breakdown early in the course
of human and murine PDAC development [11]. Various
circulating factors can promote excessive autophagy and
proteasomal activation in skeletal muscle along with
contractile dysfunction, which together contribute to
progressive muscle atrophy [12-14]. Pathologic eleva-
tions in lipolysis drive fat loss [1, 15, 16], and the beiging
of distant white AT has been observed in several murine
models of cancer as well as multiple human cancer types
[8]. This adipose wasting may actually be a prerequisite
for muscle atrophy, although the exact mechanisms of
this dependence are not yet understood [17, 18].

More recently, there has been interest in exploring
changes in systemic immunity in the context of CAC. For
example, an elevation of the neutrophil to lymphocyte
ratio in peripheral blood was associated with higher rates
of cachexia in a cohort of 50 stage III/IV colon, lung, and
prostate cancer patients [19]. Interestingly, in a murine
model of PDAC, neutrophils are recruited into the cen-
tral nervous system via the CCR2/CCL2 axis early in the
course of disease, and blocking this neutrophil infiltra-
tion can prevent the subsequent development of CAC
[20]. However, the AT immune microenvironment has
not been well characterized in CAC, with only limited
data exploring how cellular infiltrates and cytokine pro-
files within AT change in the setting of CAC [21, 22].

On the contrary, the immune microenvironment
of AT has been well studied in the healthy state and in
other pathologic conditions such as obesity and diabetes
[23]. Healthy AT is characterized by a regulatory type
2 immune signature which suppresses inflammation and
maintains adipocyte function [23]. At the center of this
homeostatic network are anti-inflammatory AT macro-
phages (ATMs), which are supported by cytokines
such as IL-4 and IL-13 produced by other resident cells
including group 2 innate lymphoid cells (ILC2s) and eo-
sinophils [24-26]. Regulatory T cells (Tregs) in AT and
muscle express ST2, the receptor for IL-33, and require
this IL-33/ST2 axis for their development and main-
tenance over time [27, 28]. In genetic and diet-induced
models of obesity, as well as in human subjects, the adi-
pose landscape shifts in favor of inflammation-promoting
cells such as neutrophils, inflammatory ATMs, Th17
cells, and TFNy-producing Th1 and CD8+ T cells [23,
29], with a concomitant reduction in the regulatory cell
types including eosinophils [30], iNKT cells [31], and

Tregs [27]. Interestingly, while immunotherapies are now
mainstays in the treatment of malignancies, autoimmune
diseases, and infectious diseases [32, 33], targeted modu-
lation of this adipose inflammation is not yet applied
clinically to treat metabolic diseases such as obesity, dia-
betes, or cachexia.

Here we aim to assess the immune phenotype of
wasting AT during the development of CAC. We compare
the immune landscape in visceral AT (VAT) of healthy
mice to that of mice bearing orthotopic pancreatic tu-
mors which are known to induce AT wasting and ultim-
ately a CAC-like phenotype. Our results suggest that the
type 2 immune signature of healthy AT is maintained in
wasting AT and in the VAT of patients with colorectal
cancer. Additionally, we observed high levels of IL-6 in
the AT of cancer bearing mice and humans. We propose
that similar analyses should be performed to more fully
identify and characterize immunologic shifts that occur
in AT and other target organs during and after the de-
velopment of CAC in preclinical models and in patients
experiencing CAC.

Material and methods
Animal care

Animals were housed at the Dana-Farber Cancer Institute
and were maintained according to protocols approved by
the DFCI Institute Committee on Animal Care and Use.
C57BL/6] and Balb/c mice were purchased from Jackson
Labs.

Cell lines

KPC.1 cells were a kind gift of Dr. Anirban Maitra and
were maintained in RPMI 1640 (Gibco #11875-093)
supplemented with 10% fetal bovine serum (FBS), 1x
MEM Non-Essential Amino Acids (Gibco #11140-050),
1x GlutaMAX (Gibco #35050-061), 1000 Units/ml
Penicillin (Gibco #15140-122), 1 mg/ml Streptomycin
(Gibco #15140-122), 1 mM Sodium Pyruvate (Gibco
#11360-070), and 0.0008% p-mercaptoethanol (Sigma
#M3148). CT26 cells were purchased from the American
Type Culture Collection (ATCC) and were maintained in
complete DMEM.

Protein isolation from whole adipose tissue and
skeletal muscle

Gonadal white adipose tissue (WAT), inguinal WAT,
interscapular brown adipose tissue (BAT), and quadri-
ceps muscles were isolated from mice and flash frozen in
liquid nitrogen. Tissues were powderized using a mortar
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and pestle, and powder was suspended in RIPA buffer
supplemented with the Halt Protease and Phosphatase
Inhibitor cocktail (ThermoFisher #78442). Samples were
shaken at 4°C for 30 minutes with vortexing after 15
and 30 minutes, then centrifuged for 15 minutes at 4°C
at 13,300 g, and the supernatant collected. Protein con-
centration was measured using the Micro BCA Assay
(ThermoFisher #23235).

Protein isolation from stromovascular fraction
for immunoblot

BAT and WAT were isolated, and each tissue was trans-
ferred into a well of a 6-well tissue culture plate. Tissue
was finely minced with scissors, and 2 ml of 2 mg/ml
type II collagenase from Clostridium histolyticum (Sigma
C6885) was added to each well. The tissue suspension
was transferred into a 15-ml falcon tube and then di-
gested for 30 minutes at 37°C with shaking at 250 rpm
and vortexing every 10 minutes. After digestion, samples
were diluted with 4 ml of RPMI containing 10% FBS and
then filtered through a 70 pm strainer. The filtered mix-
ture was centrifuged at 350 g for 5 minutes at 4°C, which
leads to the separation of mature adipocytes (floating
fraction) from the stromovascular fraction (SVF) (pellet).
The supernatant was aspirated to leave behind the SVF
pellet, which was then suspended in RIPA buffer supple-
mented with the Halt Protease and Phosphatase Inhibitor
cocktail (ThermoFisher #78442). Protein isolation and
quantification were performed as described above.

Western blots

Twenty micrograms of tissue lysate were loaded per lane
on a 12% Tris-glycine SDS PAGE gel, and transferred
onto polyvinylidene difluoride membranes. Prior to blot-
ting, membranes were blocked with 5% bovine serum
albumin (BSA) (powder from Cell Signaling Technologies
#9998S) in Tris-buffered saline + 0.1% Tween 20 (TBST)
unless specifically noted otherwise. Membranes were
blotted with primary antibodies (diluted in blocking
buffer) at 4°C overnight, washed three times for 5 minutes
with TBST, blotted with horseradish peroxidase (HRP)-
conjugated secondary antibodies (diluted in blocking
buffer) at room temperature for 1 hour, and then washed
three times for 5 minutes with TBST. Samples were then
incubated with 1 ml of Western Lightning Plus-ECL de-
tection reagent (PerkinElmer #NEL103E001EA) and im-
aged using a Bio-Rad ChemiDoc Imaging system. The
following antibodies were used for western blotting: goat
polyclonal anti-PDL1 (R&D Systems #AF1019), rabbit
monoclonal anti-UCP1 (clone D9D6X; CST #14670),
HRP-conjugated rabbit anti-beta actin (clone 13ES;

CST #5125), HRP-conjugated goat anti-rabbit IgG
(CST #7074), and HRP-conjugated rabbit anti-goat IgG
(Invitrogen #61-1620).

Analysis of adipose SVF by flow cytometry

SVF was isolated from adipose tissue as described above.
Briefly, tissues were minced, digested, filtered, and cen-
trifuged to separate adipocytes from the SVFE. After re-
moving the adipocyte-containing supernatant, the SVF
was washed once with 1 ml cold phosphate-buffered sa-
line (PBS). Samples were ACK lysed with 1 ml ACK Lysis
Buffer for 2 minutes, diluted in 1 ml PBS, and centrifuged
at 350 g for 5 minutes at 4°C. Samples were washed
once more with 1 ml cold PBS and then stained for flow
cytometry for 20 minutes at 4°C. After staining, sam-
ples were diluted with 1 ml cold PBS and centrifuged at
350 g for 5 minutes at 4°C, then washed twice with 1 ml
cold PBS. After the final wash, samples were fixed in 1%
formalin (in PBS) and analyzed on a Sony SP6800 spec-
tral flow cytometer. Analysis and quantification of flow
cytometry data was performed in FlowJo 10. The fol-
lowing antibodies against mouse antigens were purchased
from BioLegend for flow cytometry: anti-CD45 BV711
(clone 30-F11), anti-CD11b Pacific Blue (clone M1/70),
anti-CD11b APC-Cy7 (clone M1/70), anti-CD11c FITC
(clone N418), anti-F4/80 APC (clone BMS), anti-Grl
PE-Cy7 (clone RB6-8CS5), anti-Ly6G BV570 (clone
1A8), anti-B220 BV605 (clone RA3-6B2), anti-CD3 PE
(clone 17A2), anti-CD3 BV605 (clone 17A2), anti-TCRp
AlexaFluor 488 (clone H57-597), anti-TCRyd APC
(clone GL3), anti-CD4 BV421 (clone GK1.5), anti-CD8a
Pacific Blue (clone 53-6.7). Anti-SiglecF BV421 (clone
ES50-2440) was purchased from BD Biosciences. The
following antibodies against human antigens were pur-
chased from BioLegend for flow cytometry: anti-CD435
Pacific Blue (clone HI30), anti-CD45 FITC (clone 2D1),
anti-CD15 Pacific Blue (clone MMA), anti-CD15 PE
(clone MMA), anti-SIGLEC8 PE-Cy7 (clone 7C9).
Anti-CCR3 PE (clone SE8) was purchased from BD
Biosciences.

Cloning and expression of VHH nanobodies

The B3-, and VHH control 1B7-IFNg coding sequences
were sub-cloned into the mammalian expression vector
pVRCand transiently transfected using polyethyleneimine
into HEK293F cells cultured in FreeStyle media
(ThermoFisher #12338018). Media containing secreted
protein was harvested 6 days following transfection by
centrifugation at 8000 g for 20 minutes at 4°C, then
loaded onto a HiTrap NiNTA column (GE Healthcare)
and washed with 50 mM Tris, pH 8, 150 mM NaCl and
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10 mM imidazole. Protein was eluted in 50 mM Tris, pH
8,150 mM NacCl, 500 mM imidazole and 10% glycerol,
then loaded onto a Superdex 200 16/600 column (GE
Healthcare) in 50 mM Tris, pH 8, 150 mM NaCl, 10%
glycerol. Recombinant VHH purity was assessed by SDS-
PAGE, and peak fractions were recovered and concen-
trated with an Amicon 10,000 KDa MWCO filtration
unit (Millipore), and stored at -80°C.

In vivo delivery of nanobody-cytokine fusions

Mice were injected intraperitoneally with 200 pl of PBS,
a nanobody control (1B7), or a nanobody-cytokine fu-
sion (1B7-IFNy, B3-IFNYy) once daily for five days. 40 pg
of B3, or the molar equivalents of 1B7-IFNy (88 ng) or
B3-IFNYy (85.7 png) were injected daily. Mice were euthan-
ized and tissues isolated 24 hours after the last injection
for analysis by qPCR and immunoblot.

Orthotopic pancreatic tumors

Orthotopic surgeries were performed as described pre-
viously [34]. Briefly, female C57BL/6] mice were an-
esthetized with a ketamine/xylazine cocktail, shaved
on the left flank, and the surgical site cleaned with
ethanol and betadine. An incision was made in the
skin and peritoneum, and the pancreas externalized
with forceps. KPC cells were resuspended in PBS and
mixed 1:1 by volume with Matrigel (Corning) for a
total of 50,000 cells per 15 ul. Sham mice received PBS
mixed with Matrigel instead of tumor cells. The cell
suspension was kept on ice and drawn into a chilled
insulin syringe. Cells were then injected into the tail
of the pancreas, and a bubble was observed. Mice that
showed signs of leakage were removed from the ex-
periment. The pancreas was left external to the body
cavity for 1 minute with the mice on a warming pad
to solidify the Matrigel. The pancreas was then rein-
serted, peritoneum sutured with one stitch of absorb-
able suture, and the skin stapled with a sterile wound
clip. Mice were given analgesia (Buprenex) and moni-
tored post-surgery according to protocols approved by
the Dana-Farber IACUC. Mice were sacrificed 28 days
post-surgery unless
weights were obtained at the time of sacrifice and sub-

otherwise indicated. Tumors

tracted from total body weight to obtain a net body
weight.

Cytokine concentration measurements

Protein was isolated from adipose tissue as described
above. Murine samples were sent to Eve Technologies for

analysis by the Mouse Cytokine Array/Chemokine Array
31-Plex Panel and the Mouse Cytokine Array Th17
Discovery 12-Plex Panel. Human samples were sent to
Eve Technologies for analysis by the Human Cytokine
Array/Chemokine Array 71-Plex Panel. Cytokine con-
centrations (in pg/ml) were normalized to total protein
concentration for comparison between samples.

Assessment of cachexia models

Tumors were implanted as described above. Mouse
weights were collected prior to surgery and recorded
as the initial body mass. After 28 days, mouse weights
were collected and recorded as the final total body
mass. Mice were then euthanized and tumors were iso-
lated along with the right-sided VAT (gonadal fat pad)
and quadriceps muscle. For each mouse, the weights
of the tumor, VAT, and quadriceps were recorded.
The tumor mass was subtracted from the final total
body mass to obtain the final net body mass. The per-
cent change in body mass was then calculated as %
Change = (Final Net Body Mass - Initial Body Mass)/
Initial Body Mass. The VAT mass and quadriceps mass
were normalized to the initial body mass for display
and comparisons between groups.

RNA-sequencing

Adipose tissue was isolated from mice and immedi-
ately flash frozen in liquid nitrogen. Samples were then
stored at —80°C. RNA was subsequently isolated using
the QIAGEN RNeasy Plus Mini Kit (Qiagen #74134).
Briefly, we added 350 ul of RLT Buffer supplemented
with 3.5 pl B-mercaptoethanol (Sigma #M3148), and
then crushed the tissue in a 1.5-ml tube using a plastic
pestle. Samples were sequentially transferred to QIA
Shredder columns, genomic DNA eliminator columns,
and RNA isolation columns. RNA was eluted using 50 pl
of nuclease-free water.

RNA was sent to GeneWiz for library preparation
and RNA-sequencing. Paired-end 150 bp single-index
sequencing was performed using an Illumina HiSeq system.
Transcript quantification was performed with Salmon
[35], using quasi-mapping mode with selective alignment
(validateMappings). We set the rangeFactorizationBins to
4 and passed both the seqBias and gcBias flags to correct
for sequence-specific bias and fragment-level GC bias,
respectively. Transcript quantifications were collapsed
to gene-level quantifications using the tximport package
[36] and the Ensembl-based annotation package EnsDb.
Mmusculus.v79. Differential expression analysis was then
performed using DESeq2 [37] with fold change shrinkage
by ashr [38]. For downstream analysis and visualization,
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only genes with a mean TPM (transcripts per million) > 2
in VAT from both sham-operated and tumor-bearing mice
were considered. Plots were made in R using the ggplot2
and heatmap.2 packages.

Gene Set Enrichment Analysis

Gene Set Enrichment Analysis (GSEA) was performed
using the fgsea package in R, with genes ranked ac-
cording to their fold change between cancer bearing
and sham-operated mice. Ribosomal genes were ex-
cluded from this analysis. KEGG and Reactome gene
sets containing human gene names were obtained
from MSigDB [39-41], and human gene symbols were
converted to their corresponding mouse gene sym-
bols using biomaRt. Plots were made in R using the
plotEnrichment function (from the fgsea package) and
the ggplot2 package.

Enzyme-linked immunosorbent assays

Clear 96-well flat bottom polystyrene high bind
microplates (Corning #9018) were incubated over-
night with 100 pl of goat anti-mouse IgG (H+L),
Human ads-UNLB (Southern Biotech #1031-01) di-
luted 1:500 in coating buffer (1L H,O + 3.03g Na,CO,
+ 6g NaHCO,, pH adjusted to 9.6), washed three
times with PBST (PBS + 0.5% Tween20), blocked
with 200 pl of blocking buffer (PBS + 10% FBS) for
1 hour at room temperature, and washed three times
with PBST. Samples were then added to the plates (in
technical triplicates) at a 1:1000 dilution in blocking
buffer and incubated for 2 hours at room temperature.
Plates were washed three times with PBST, and then in-
cubated with 100 pl of HRP-conjugated detection anti-
bodies diluted 1:5000 in blocking buffer. Secondary
antibodies were goat anti-mouse IgG1-HRP (Southern
Biotech #1071-05) and goat anti-mouse IgG2b-HRP
(Southern Biotech #1091-05). After a one-hour in-
cubation in the dark, plates were washed five times
with PBST. Plates were then developed with 100 pl of
3,3’,5,5’-Tetramethylbenzidine (Sigma #T8665) for up
to 30 minutes until a modest color change was detected,
at which time 50 pl of 1M HCI was added to quench
the reaction. Plates were analyzed on a PerkinElmer
Envision Multimode Plate Reader for absorbance at
450 nm. Protein concentrations were calculated based
on a standard curve generated on the same plate.

RT-qPCR

RNA was isolated as described above and quantified
using a DeNovix DS-11+ Spectrophotometer. Five

hundred grams of RNA was used for reverse transcrip-
tion using the iScript Reverse Transcription Supermix
(Bio-Rad #1708840). The resultant cDNA was then
diluted 1:10 in nuclease-free water. For qPCR, we
added 7.5 pl of SsoAdvanced Universal SYBR Green
Supermix (Bio-Rad #1725270), 4 pl of diluted cDNA,
1.5 pl of a primer mix containing forward and reverse
primers at 3 pM each, and 2 pl of nuclease free water
per well in a 96-well plate. Cycling conditions were
set as follows on a BioRad CFX Connect Real-Time
System (Bio-Rad #1855200): (1) 98°C for 30 seconds,
(2) 98°C for 10 seconds, (3) 60°C for 30 seconds, (4)
measure fluorescence in each well, (5) repeat steps
2-4 for 40 cycles. Samples were analyzed as tech-
nical duplicates. Primer sequences were as follows:
5’-TGCTGCATAATCAGCTACGG-3" (PdI1 forward)
and 5-CCACGGAAATTCTCTGGTTG-3" (PdI1 re-
verse), 5’-CAGAGGAAAGAGAGAAAGTCC-3" (Irf1
forward) and 5-CACACGGTGACAGTGCTGG-3"
(Irf1 reverse), 5’-TGTCCACCTTCCAGCAGATGT-3’
(beta-Actin  forward) and 5-AGCTCAGTAACA
GTCCGCCTAG-3" (beta-Actin reverse). Primers
were synthesized as DNA oligos by Integrated DNA
Technologies.

Cytospin

For mouse cytospin, eosinophils were sorted into 1.5 ml
tubes by fluorescence-activated cell sorting from adi-
pose tissue as CD45*SiglecF*Gr1™ cells. The sorted cells
were centrifuged at 300 g for 5 minutes at 4°C, washed
once with 1 ml of cold PBS, centrifuged at 300 g for
5 minutes at 4°C, and resuspended in 100 ml of cold
PBS. This 100 ml cell suspension was loaded into a
cytofunnel and spun down onto a microscope slide using
a Thermo Scientific Cytospin 4 Cytocentrifuge (Thermo
#A78300003) at 800 rpm on medium acceleration for 3
minutes at room temperature. Slides were immediately
fixed in 100% methanol for § minutes and then stored at
4°C until their subsequent staining.

100 ul of the
stromovascular fraction (SVF) suspension was loaded

For human cytospin, whole
into a cytofunnel. Cytospin and cell fixation was per-

formed as described above.

Hematoxylin and eosin staining of
cytospin samples

Harris hematoxylin was filtered through filter paper and
added to a staining jar. Slides were incubated in the hema-
toxylin solution for 5 minutes, removed, washed with
distilled water for 30 seconds, and then transferred to
a jar containing a 2.5% Eosin Y solution for 3 minutes.
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After removing the eosin solution, the slides were dehy-
drated through three rounds of 95% ethanol (20 seconds
each) and three rounds of xylene (20 seconds each). After
drying, slides were mounted with a coverslip and imaged
under a light microscope.

Statistical analyses

Comparisons of body mass, protein concentration
(enzyme-linked immunosorbent assay [ELISA], cytokine
array), gene expression (RT-qPCR), and cell proportions
(flow cytometry) between sham-operated and tumor-
bearing mice were performed using the nonparametric
Mann-Whitney U test. Correction for multiple hy-
pothesis testing was performed using the two-stage
step-up method by Benjamini, Krieger, and Yekutieli.
Comparisons of gene expression (RT-qPCR) between
mice injected with PBS, control nanobody, or nanobody
fusions were performed using two-way analysis of vari-
ances (ANOVAs), with correction for multiple hypothesis
testing obtained using the two-stage step-up method by
Benjamini, Krieger, and Yekutieli. Parametric tests were
applied here due to the very small sample size of the con-
trol group (7 = 2). These statistical analyses were per-
formed using Prism 9.

RNA-seq analysis was performed in R. The statis-
tical models used for differential expression analysis in
DESeq2 and for GSEA have been described previously
[37, 39]. Briefly, DESeq?2 fits a generalized linear model
(GLM) for each gene in a counts matrix modeled using
the negative binomial distribution and then tests whether
each gene’s GLM coefficient differs significantly from
zero. GSEA calculates an enrichment score for any gene
set based on a running sum calculated while walking
down a ranked list of genes (here, ranked by fold change),
and then tests for the statistical significance of this score
using an empirical permutation approach followed by
correction for multiple hypothesis testing.

Consent forms and ethical inclusion of patients

Written and informed consent was obtained from all pa-
tients who participated in this study under Mass General
Brigham Institutional Review Board. All patients com-
plied with and met ethical regulations included in our
protocol.

Results

Orthotopic pancreatic tumors induce reductions
in visceral adipose mass

In order to study the immune alterations in CAC target tis-
sues, we first identified preclinical models that resulted in

the onset of AT wasting and other CAC-like phenotypes.
The genetically engineered KPC (LSL-Kras®'?P*;LSL-
TrpS§3R172H.pdx-1-Cre) model of pancreatic cancer was
previously generated to express mutant KRAS under
the control of the pancreas-specific Pdx1 promoter on a
pS53-mutant background [42]. These mice faithfully de-
velop pancreatic tumors that closely resemble the human
disease by pathology, and they develop cachexia pheno-
types including loss of muscle and adipose mass [8, 43].
Further, orthotopic implantation of KPC tumors can in-
duce CAC phenotypes including a particularly profound
reduction in adiposity compared to baseline [44].

We first tested whether orthotopic KPC tumors simi-
larly induce cachexia in our own hands, with a particular
interest in the effect on VAT mass. We found that in 20
week old female mice with starting weights of at least 25 g,
tumor-bearing mice showed significant reductions in body
mass and VAT mass along with a trending decrease in
muscle mass compared to sham-operated mice after four
weeks (Fig. 1A). Female mice implanted with tumors at 7
weeks of age exhibited a significant reduction in VAT mass
compared to sham operated controls after four weeks, al-
though total body mass and skeletal muscle mass were
unchanged (Fig. 1B). We also tested the CT26 model of
colorectal cancer, another established model of CAC [45],
and found that subcutaneous CT26 tumors induced reduc-
tions in total body and VAT mass along with a trending de-
crease in muscle mass (Fig. 1C). In subsequent experiments,
we focused primarily on mice implanted with orthotopic
KPC tumors at 7 weeks in order to study the immune en-
vironment in wasting AT of cancer bearing mice prior to
their development of outright cachexia (i.e. decreases in
muscle mass and total body mass in addition to AT mass).

RNA-sequencing shows upregulation
of immune-related genes in AT of
tumor-bearing mice

To understand whether immunologic changes occur
in the VAT during the development of CAC, we sub-
jected 7-week-old mice to sham surgery or implanted
orthotopic KPC tumors into the pancreas and harvested
the VAT after 4 weeks to perform RNA-sequencing
(RNA-seq), cytokine array, antibody quantification, and
flow cytometry (Fig. 2A, Supplementary Figs S1 and S2).
We also assessed the immune infiltrates in AT from mice
inoculated with subcutaneous CT26 tumors compared
to mice injected with PBS to determine whether any cel-
lular changes observed are consistent across cancer types
(Supplementary Fig. S3).

From RNA-seq, we identified 161 and 27 genes
which were significantly upregulated and downregulated
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Figure 1. Models of cancer associated cachexia and adipose tissue wasting. Summary of changes in body mass, visceral adipose
tissue (AT) mass, and quadriceps muscle mass in three tested models of CAC. (A) 50,000 KPC cells were mixed with Matrigel and
surgically implanted into the pancreas of 20-week-old female C57BL/6J mice versus sham surgery. Body weight was monitored
over time, and mice were harvested 28 days post-surgery. (B) Orthotopic KPC tumors were implanted as in panel (A) into 7-week
old female C57BL/6J recipient mice versus sham surgery. Net body weight, adipose and muscle weights were determined at
28 days post-surgery. (C) PBS (‘sham’) or 250,000 CT26 cells (‘CT26’) were implanted subcutaneously in 7-week-old female Balb/c
mice. Net body weight, adipose and muscle weights were determined at 21 days post-implantation. Statistical analyses were per-

formed using the Mann-Whitney test; mean + SD is shown.

(adjusted P-value <= 0.05) in the AT of KPC tumor-bearing
mice compared to sham operated mice, respectively (Fig.
2B). The upregulated genes included MHC class 1I (e.g.
H2-Ab1, H2-DMb1), interferon-inducible genes (e.g.
Ifi207, Ifitm1, Ifi205), complement-related genes (e.g.
C4b), and canonical markers of myeloid cells (e.g. Batf3,
Mafb). The upregulation of M¢1 and Mz2 in the VAT of

cancer bearing mice was also notable, as upregulation of
these genes in WAT was previously reported in the context
of fasting [46] and (33 adrenergic receptor agonism [47].
We performed GSEA using the KEGG and Reactome
gene sets to identify differential expression patterns at
a pathway level. This analysis highlighted a number
of immune-related gene sets among the most strongly
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upregulated including pathways related to chemokine
and cytokine signaling, JAK-STAT signaling, B cell re-
ceptor signaling, and antigen presentation (Fig. 2C,
Supplementary Fig. S4). These pathway enrichments
could be due to upregulation of the respective transcripts
in one or more constituent cell types (e.g. adipocytes,
stromal cells, or immune cells) or from an increase in
the proportion of immune cells contributing to the total
RNA content.

Among the cytokines analyzed, we found that
IL-6 was most strongly elevated in the VAT of cancer
bearing mice (Fig. 2D; Supplementary Table S1), which
is consistent with observations from serum in other
PDAC and CAC models as well as in human PDAC
patients [8, 48]. IgG antibodies (both IgG1 and IgG2a)
were also elevated in the AT of cancer bearing mice
(Fig. 2E and F), which to our knowledge has not been
previously reported. This increased antibody titer was
not associated with an increase in the B cell fraction of
AT-infiltrating CD45" cells (Fig. 2G), and both IgG1
and IgG2a were increased in other tissues of cancer
bearing mice, including subcutaneous AT, skeletal
muscle, and brown AT (Supplementary Fig. S5A-C).
Further, albumin levels were similar in VAT and muscle
protein lysates from sham and cancer bearing mice
(Supplementary Fig. S6). These data suggest that in-
creased tissue IgG is likely not a consequence of local
antibody production, increased vascular permeability,
or excessive tissue contamination with blood. Other
possibilities include selective uptake or retention
of antibodies in these peripheral tissues by cells ex-
pressing Fc receptors, or increased antibody titers in
circulation.

Together, this dataset identifies differentially regu-
lated gene sets and provides a framework for future
studies investigating potentially relevant pathways in AT
wasting during the development of CAC.

TheTh1 shift observed in obese AT is not
present in the setting of cachexia

The finding that both type I and II interferon signaling
pathways were upregulated in the VAT of cancer
bearing mice (Fig. 3A and B, Supplementary Fig. S4)
prompted us to investigate whether this reflected a
shift toward IFNy-high Th1 immunity as is observed
in other AT pathologies such as obesity [23], versus
an increase in hematopoietic cells expressing IFNYy re-
sponse genes (Fig. 3C). At the protein level, we found
that IFNy and other Th1 cytokines and chemokines
(TNFa, IL-2, CXCL9, CXCL10) were not significantly
elevated in the AT of cancer bearing mice, suggesting

that this transcriptional signature likely did not rep-
resent a bonafide shift toward Th1 inflammation (Fig.
3D-H; Supplementary Table S1). Consistent with these
findings, there were no significant changes in the fre-
quency of CD8+ T cells or dendritic cells in VAT of
cancer bearing mice (Fig. 3I and J). There was also
no difference in the total T cell fraction of VAT im-
mune infiltrates in cachectic mice with CT26 tumors
(Supplementary Fig. S7A).

To further explore whether cancer-associated AT
wasting was associated with a Th1 response, we assessed
PD-L1 expression in the AT of sham and tumor-bearing
mice. PD-L1 is an IFNy-inducible gene in multiple cell
types including tumor cells and immune cells. We pre-
viously used a PD-L1-specific alpaca antibody fragment
(VHH) to demonstrate PD-L1 expression in BAT in mice
[49]. These VHHSs, which are smaller than conventional
antibodies and therefore have better tissue penetration,
can also be linked to therapeutic cytokines such as IFNy
for local delivery [34]. Here, we confirmed by immuno-
blotting that PD-L1 protein is expressed predominantly in
adipocytes from both BAT and VAT, consistent with our
previous in depth analyses of PD-L1 expression on brown
adipocytes [49] (Fig. 4A). To determine whether PD-L1 is
induced by IFNy signaling in AT, we treated non-tumor-
bearing mice with intraperitoneal injections of PBS, a
control VHH (1B7), a PDL1-targeted VHH-IFNYy fusion
(B3-TFNy), and a control VHH-IFNy fusion (1B7-IFNy)
[34]. We confirmed that PD-L1 is induced at the protein
level in both BAT and VAT upon in vivo treatment with
B3-IFNy and 1B7-IFNy (Fig. 4B and C), and further con-
firmed the induction of IFNYy signaling by RT-qPCR for
both Pdl1 and Irf1 (Fig. 4D and E). However, Pdl1 was
not transcriptionally upregulated in VAT of cancer bearing
mice as assessed by RNA-seq (Fig. 4F), nor was PD-L1 in-
duced at the protein level in BAT or VAT of cancer bearing
mice in a separate experiment (Fig. 4G and H). This con-
cordant lack of PD-L1 induction provides further evidence
for the lack of true Th1 skewing in wasting AT.

Th17 immunity is not increased in the VAT of
cancer bearing mice

Th17 cells are rare in the AT of healthy mice but increase
in the setting of obesity and contribute to pathologic
obesity-associated inflammation [50]. To evaluate whether
the Th17 milieu in AT changes with cancer, we measured
the concentration of relevant cytokines including 1L-17A,
IL-17E (IL-25), IL-17F, IL-21, IL-22, 1L-22, IL-23, IL-27,
IL-31, CCL20 (MIP-3a), and lymphotoxin alpha (LT-a)
(Supplementary Table S1).1L-23 and LT-a were significantly
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Figure 3. Th1 inflammation is not evident in the adipose tissue of cancer bearing mice. (A-B) Gene set enrichment plots depicting
the upregulation of both IFNy (A) and IFNa/f} (B) signaling pathways in VAT of cancer bearing mice. (C) Heatmap depicting sample-
level expression of genes in the IFNy signaling pathway which are most strongly upregulated in the VAT of cancer bearing mice.
(D-H) Cytokine array quantifications of Th1-related cytokines including IFNy (D), TNFa (E), IL-2 (F), CXCL9 (G), and CXCL10 (H). (I-J)
Quantification of cell types by flow cytometry, including CD8* T cells (I) and CD11c* dendritic cells (J). Statistical analyses were
performed using the Mann-Whitney test; mean + SD is shown.
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with Dunnett’s multiple comparisons test; mean + SD is shown. Immunoblot in (A) was blocked with 3% BSA in PBST, while sub-
sequent PD-L1 blots were blocked with 5% BSA in PBST.

abundant in the VAT of cancer bearing mice as a fraction
of total CD45" cells or T cells, although these reductions

lower in VAT of cancer bearing mice compared to healthy
VAT, and several other cytokines trended toward a reduc-

tion including IL-31 and IL-17E (Fig. SA).

We also analyzed the vd T cell population in VAT, as
vd T cells can drive Th17 inflammation in response to
IL-23 [50] and are known to regulate AT homeostasis
via production of IL-17A [29]. Consistent with the ob-
served cytokine reductions, y& T cells tended to be less

did not reach statistical significance (Fig. 5B). Since Th17
inflammation also promotes neutrophil recruitment, we
investigated whether neutrophils or their chemoattract-
ants were altered in cancer bearing mice. The amount of
CXCL1 and the fraction of neutrophils were similar in
the VAT of sham-operated and cancer bearing mice (Fig.
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5C and D). Similarly, there was no change in the neutro-
phil fraction of CD45+ cells in cachectic mice with CT26
tumors compared to sham injected mice (Supplementary
Fig. S7B). We thus conclude that there is not a shift to-
ward Th17 inflammation in wasting VAT of mice which
are developing or have already developed CAC.

Th2 immunity is maintained in wasting AT of
cancer bearing mice

To assess whether the regulatory milieu that character-
izes AT in the healthy state is altered in the setting of
cancer, we measured the concentrations of Th2 cytokines
including 1L-4, IL-5, IL-10, IL-13, IL-33, and eotaxin-1
(Fig. 6A; Supplementary Table S1). IL-4 and IL-5 were
detected at low levels with no discernable difference be-
tween the groups, while IL-10 and IL-13 showed slight
reductions in the VAT of cancer bearing mice. Both IL-33
and eotaxin-1 were present at high levels in healthy VAT
and were not altered in cancer bearing mice.

Consistent with the high concentration of eotaxin-1
and IL-33, we found robust populations of VAT eosino-
phils and ILCs which were present at similar frequencies
in both groups (Fig. 6B and C). We confirmed the iden-
tity of the rather large population of eosinophils (~30%
of all CD45" cells) by hematoxylin and eosin (H&E)
staining on a cytospin of sorted CD45"CD11b*SiglecF*
cells from VAT (Fig. 6D). VAT macrophages comprised
a similar fraction of total CD45"* cells in sham and
tumor-bearing mice, and macrophages in both groups
displayed a predominantly anti-inflammatory pheno-
type as determined by the lack of CD11c expression (Fig.
6E~G) [51]. In cachectic mice with CT26 tumors, there
was a slight reduction in the eosinophil fraction of VAT
CD45+ cells and no change in the macrophage fraction
(Supplementary Fig. S7C,D). This contrasting reduction
in eosinophils observed here versus the maintained eo-
sinophil population in KPC tumor-bearing mice could
reflect a difference in the tumor models used (i.e. KPC
vs. CT26), a generalizable difference in the cancer types
studied (i.e. pancreatic cancer versus colorectal cancer),
or a difference in the degree of systemic disease (i.e. iso-
lated AT wasting versus outright cachexia).

AT of human cancer patients is characterized by
aTh2 immune environment

To determine whether our findings in murine models
of cancer associated AT wasting and cachexia are ap-
plicable in humans, we analyzed VAT from colorectal
cancer patients by cytokine profiling and flow cytometry.
Consistent with our preclinical data, the most abundant

cytokines included IL-6, IL-33, and eotaxin-2 (Fig. 7A).
Eotaxin-1 and eotaxin-3 were notably absent in human
VAT (Fig. 7A and Supplementary Table S2), a pattern
departing from our observations in the murine VAT where
eotaxin-1 is detected at high levels (Fig. 6A). Consistent
with the abundance of eotaxin-2 and IL-33, we identi-
fied eosinophils across several human VAT samples by
flow cytometry for SIGLECS (Fig. 7B) and for CCR3
(Fig. 7C), and we confirmed their presence by cytospin
and H&E staining of whole stromovascular fraction pre-
parations (Fig. 7D). Th1 cytokines such as IFNy, TNFa,
and IL-2 were either undetectable or present at very low
levels in these human VAT samples (Fig. 7A), indicating a
lack of Th1 skewing in the AT of cancer patients. In sum-
mary, these results are consistent with our mouse models
and suggest that the Th2 environment in human AT is
maintained in the setting of cancer.

Discussion

CAC is a significant morbidity among patients with
pancreatic cancer and other tumor types, but our
understanding of the mechanisms driving this disease is
incomplete [1]. Many prior mechanistic studies have fo-
cused on identifying proteins that are elevated in serum
in the context of CAC-inducing tumors and studying the
effects of those proteins on parenchymal cells in cach-
exia target organs. In this way, we have learned how
factors such as IL-6, TNFa, activin, and others can pro-
mote autophagy and proteasomal degradation leading
to myocyte atrophy, activate lipolysis and beiging pro-
cesses in adipocytes, or reduce ketogenesis in hepato-
cytes [6, 8, 12, 48, 52]. However, recent studies have
highlighted cellular immune changes in the periphery
[19] and in the central nervous system [20] that may
contribute to the development of CAC. Interestingly,
while the AT immune landscape in health and dis-
ease has been actively investigated [23, 53], whether it
changes during or contributes to the development of
CAC is still unknown.

Our results indicate that the regulatory Th2 signa-
ture is maintained in AT that is wasting in the context of
tumor progression, in contrast to the strong inflammatory
skewing observed in other AT pathologies such as obesity
and diabetes [23]. Our flow cytometry analyses did not
identify changes in proportions of the surveyed cell types in
cancer bearing mice, but whether the functional profile of
resident immune cells such as eosinophils or macrophages
change in the setting of CAC still needs to be determined.
It is notable that our RNA-seq analysis identified the com-
plement system among the most strongly upregulated gene
sets in VAT of cancer bearing mice (Fig. 2C). Previous
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single-cell RNA-seq studies have identified subsets of
complement-high macrophages [54, 55], and we may be
detecting a shift toward this macrophage state rather than
a shift along the classically described M1/M2 axis.

In light of the fact that obese AT is skewed toward
Th1 and Th17 inflammation and away from regulatory
Th2 immunity [23, 29], the absence of these shifts in
cachexia may not seem surprising. Indeed, in some ways
obesity and cachexia can be viewed as opposite ends on a
spectrum of adipose homeostasis. While obesity is char-
acterized by a positive energy balance with excess depos-
ition of AT often in the context of increased food intake
[56], cachexia is a disease of negative energy balance
with loss of AT often in the setting of reduced food in-
take [57]. Defective thermogenesis has been suggested
as an underlying mechanism of obesity, while activation
of thermogenesis has been reported in cachectic AT and
suggested as a therapeutic modality for obesity [8, 58].
As type 2 immune circuits involving eosinophils, innate
lymphoid cells, and regulatory macrophages are known
to maintain thermogenic capacity in adipocytes [24-26],
we may not necessarily expect these cell types to decline
in cachexia as they do in obese AT.

Obesity and cachexia also have important similarities
that warrant consideration. For example, a hallmark of
obesity is the resulting insulin resistance that critically
drives the onset of type 2 diabetes [59]. Under healthy
circumstances insulin stimulates lipogenesis and inhibits
lipolysis in AT, and accordingly increased basal lipolysis
due to insulin resistance is observed in obesity [60].
Insulin resistance has also been suggested to contribute
to the pathophysiology of CAC [61], and this may be
especially important in the context of PDAC patients,
in whom cachexia and hyperglycemia can occur even
months or years prior to the diagnosis of cancer, respect-
ively. And while hyperglycemia in PDAC patients may be
partially a consequence of pancreatic beta cell failure or
loss, the fact that new-onset hyperglycemia occurs years
prior to diagnosis in patients with small tumors which
are not yet detectable by radiological imaging suggests
that systemic changes in insulin sensitivity also occur in
PDAC patients [2, 62-64]. As many of the immunologic
changes described in obese AT are thought to drive in-
sulin resistance, similar changes could occur in cachectic
AT as well. While we did not observe notable shifts in the
AT immune composition in our model, this does not rule
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performed using the Mann-Whitney test; mean + SD is shown.
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Figure 6. Th2 immunity is maintained in adipose tissue of cancer bearing mice. (A) Cytokine array quantifications of Th2 cytokines
in VAT of sham-operated and cancer bearing mice. Separate plots are shown for those with high, medium, and low concentra-
tions to improve visualization. (B-C) Quantification of eosinophils (B) and innate lymphoid cells (C) as a fraction of total CD45"
cells in VAT by flow cytometry. (D) Hematoxylin and eosin staining of cytospin with sorted CD45"CD11b*SiglecF* cells from VAT,
confirming the eosinophil identity of the cell population defined by this gate in flow cytometry. (E) Quantification of macrophages
(CD11b*F4/80™) as a fraction of total CD45" cells in VAT by flow cytometry. (F) Quantification of inflammatory CD11¢* macrophages
in VAT as a fraction of total macrophages. (G) Ratio of M2 to M1 macrophages in VAT, where M1 phenotype is defined by CD11c
expression. Statistical analyses were performed using the Mann-Whitney test; mean + SD is shown.

out the possibility of such changes in other CAC models

or cachexia patients.

Increased IL-6 in the VAT of cancer bearing mice was
among the strongest changes observed in our experi-
ments, and it was highly abundant in the VAT of colo-
rectal cancer patients. IL-6 is elevated in the serum of

cancer patients, and its local abundance in VAT suggests

that it could mediate cachexia via direct interactions

with cells in this tissue. Our findings suggest that even a
robust local elevation in IL-6 does not orchestrate major
immunologic shifts that contribute to AT wasting, but it
is possible that IL-6 affects adipocytes directly to drive
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Figure 7. Th2 immunity is present in the adipose tissue of human cancer patients. (A) Cytokine array shows high levels of IL-6,
IL:33, and eotaxin-2 in VAT from humans with colorectal cancer (n = 5), with low levels of eotaxin-1, IFNy, and TNFa detected.
Mean + SD is shown. (B-C) Flow cytometry of human VAT stromovascular fraction (SVF) captures eosinophil population defined
by coexpression of CD45, CD15, and SIGLECS8 (B) or CD45, CD15, and CCR3 (C). Each panel corresponds to a unique patient. (D)
Hematoxylin and eosin staining of whole SVF from human VAT identifies eosinophils among other tissue-resident immune cells.

this process. Unlike IL-6, the cachectin TNFa was only  in AT. It is worth noting that various other secreted
detected at very low levels in VAT of cancer bearing proteins have also been implicated in the pathogenesis
mice and cancer patients, suggesting that the cachexia-  of cancer associated AT wasting and cachexia. For ex-
inducing effects of TNFa are likely not mediated locally — ample, PTHrP signaling in AT has been shown to drive
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browning and loss of AT along with muscle wasting in
models of cachexia secondary to cancer and renal failure.
While we did not quantify the amount of other known
cachexia inducing factors such as PTHrP at the protein
level, such factors were not transcriptionally elevated in
AT of cancer bearing mice.

We also observed a strong increase in IgG levels in the
VAT of cancer bearing mice. The consistent fraction of B
cells in VAT and the finding of elevated IgG at other sites
suggests that this is not due to increased local antibody
production. Further, the lack of a corresponding increase
in tissue albumin levels suggests that the IgG increase is
not simply a consequence of increased vascular perme-
ability, excessive vascularity, or blood contamination of
our tissue samples. Other potential mechanisms include
enhanced selective transport of IgG into peripheral tis-
sues or IgG retention in tissues by Fc-receptor expressing
cells. The consequences of antibody deposition in CAC
target tissues are unknown. Macrophages and dendritic
cells express high levels of Fey receptors, and interactions
between these receptors and IgG (alone or in immune
complexes) can affect the activation state of these cells
[65]. Whether increased tissue IgG levels shape the func-
tional immune landscape of VAT or contribute to the
pathogenesis of CAC should be investigated.

This study has implications for the field of immuno-
therapy in both oncology and metabolic disease. First,
there is an established association in cancer patients be-
tween adiposity and responsiveness to immune check-
point blockade [66—-68]. The mechanisms underlying this
association are not clear, but it could reflect an effect of
these treatments on AT-resident immune cells. Indeed,
pre-clinical data supports a role for AT as a reservoir for
memory T cells which can drive recall responses to pro-
tect against viral infection [69]. Whether a similar axis
exists to coordinate anti-tumor immune responses is not
established. Second, anti-PDL1 therapy is approved for
several cancer types including lung, breast, and bladder
cancers [70]. T cell activation in response to immune
checkpoint blockade can increase IFNYy production and
signaling both intratumorally and systemically. The
baseline expression of PD-L1 in AT and its significant
capacity for induction by IFNy treatment which we dem-
onstrated here may be pharmacodynamically relevant,
as AT could serve as a sink for anti-PDL1 monoclonal
antibodies. Finally, while modulation of the AT micro-
environment has been studied pre-clinically to reverse
metabolic phenotypes such as obesity and diabetes, its
potential utility in the treatment of cachexia has been
relatively understudied to date.

There are several limitations of this study. First, only
female mice were evaluated, which we selected for their

more consistent body weights and ease of randomiza-
tion. However, as PDAC and CAC are more common in
males [71, 72], further studies are warranted to charac-
terize whether sex impacts the AT immune environment
in the setting of cancer. Second, our experiments did not
address whether obesity, which is a common comorbidity
in PDAC patients, impacts the development of cachexia
or associated immunologic shifts in AT. Third, our ana-
lyses of human AT were limited to patients with colorectal
cancer and relied on published literature for a description
of healthy AT. Finally, while we did not observe alter-
ations in the frequencies of the most prominent immune
cell types, there could be differences in more granular cell
subsets which would be revealed by techniques such as
single cell transcriptional profiling.

Our study represents a comprehensive characteriza-
tion of the visceral adipose immune landscape in healthy
and cancer bearing mice, and it informs us of the human
adipose cytokine profile in the setting of cancer. We find
that IL-6 and IgG are strongly elevated in the wasting AT
of mice with PDAC, but the Th2 immune environment is
generally maintained at the transcript, protein, and cel-
lular levels. We also demonstrate that PD-L1 can be in-
duced by IFNy in both white and brown adipose tissue,
although it is not induced by the presence of a tumor.
Whether adipocyte PD-L1 expression increases in cancer
patients receiving immunotherapy remains an important
question. Our integrated analysis of RNA-sequencing,
cytokine array profiling, and flow cytometry can serve
as a framework for subsequent evaluations of tissues af-
fected by CAC in preclinical models and cancer patients.

Supplementary material

Supplementary data are available at

Advances online.

Immunotherapy

Figure S1. Flow cytometry gating strategy for myeloid panel
in murine visceral adipose tissue. Cells quantified include eosino-
phils, neutrophils, macrophages (M1 and M2), dendritic cells, B
cells, T cells, and innate lymphoid cells.

Figure S2. Flow cytometry gating strategy for lymphoid
panel in murine visceral adipose tissue. Cells quantified include
B cells and T cell subsets, including v T cells, CD4" aff T cells,
and CD8" af3 T cells.

Figure S3. Flow cytometry gating strategy for visceral adi-
pose tissue in CT26 tumor bearing mice. Cells quantified include
total CD45" cells, eosinophils, neutrophils (Ly6G*), macro-
phages, and T cells.

Figure S4. Gene set enrichment analysis of RNA-sequencing
data using Reactome gene sets. Several immune-related path-
ways are upregulated, including type I and II interferon
signaling and the complement cascade (highlighted in red).

Figure S5. IgG1 is elevated in sites other than visceral adi-
pose tissue in mice bearing orthotopic KPC pancreatic tumors.
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(A) Quantification of IgG1 levels by ELISA in whole tissue
protein lysates from subcutaneous adipose tissue (A), quadri-
ceps muscle (B), and brown adipose tissue (C). Statistical ana-
lyses were performed using the Mann-Whitney test; mean =
SD is shown.

Figure S6. Albumin levels are similar in AT and skeletal
muscle from sham operated and KPC tumor bearing mice.
Albumin was assessed by immunoblot in whole tissue lysates
of visceral adipose tissue (VAT) and quadriceps muscle (Quad).
Arrow indicates the band corresponding to albumin. 20 mg of
protein were loaded per sample.

Figure S7. Quantification of cell types in VAT of sham op-
erated and CT26 tumor bearing mice by flow cytometry. (A) T
cells were defined as CD45*SigF'Ly6G CD11b'F4/80°CD3". (B)
Neutrophils were defined as CD45"Ly6G*SigF . (C) Eosinophils
were defined as CD45*SigF*Ly6G". (D) Macrophages were de-
fined as CD45'Ly6G SigF CD11b"F4/80".

Supplemental Table 1. Summary of cytokine abundance in
VAT from sham and KPC tumor bearing mice. For sham and
KPC groups (n = 6 each), the average and standard deviation
of the normalized concentrations are given. Cytokine concen-
trations were obtained in units of pg/mL. For each sample,
these concentrations were normalized to the total protein
concentration from the whole tissue lysate such that the re-
ported quantities reflect the relative amount of each cytokine
in the tissue.

Supplemental Table 2. Summary of cytokine abundance in
VAT from colorectal cancer patients. The mean, median, and
standard deviation of the normalized concentrations are given
for each cytokine (n = 5). Cytokine concentrations were obtained
in units of pg/mL. For each sample, these concentrations were
normalized to the total protein concentration from the whole
tissue lysate such that the reported quantities reflect the relative
amount of each cytokine in the tissue.
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