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Summary

Background—Obesity is associated with an increased risk of developing clear cell renal cell
carcinoma (ccRCC) but, paradoxically, with improved oncologic outcomes. As the biologic
mechanisms underlying this association are poorly understood, our study aimed to identify
transcriptomic differences in primary tumor or peritumoral adipose tissue between obese and
normal weight patients.

Methods—After confirming the inverse association between body mass index (BMI = 30 vs < 30
kg/m?) and mortality in three independent clinical cohorts including 453 metastatic ccRCC
patients treated with first-line VEGF-directed therapy from the Phase I1l COMPARZ clinical trial,
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152 predominately early stage ccRCC patients from the Cancer Genome Atlas (TCGA), and a
Memorial Sloan Kettering (MSK) observational cohort of 203 metastatic ccRCC patients treated
with targeted immunotherapy using the Kaplan—Meier method and analyzed by log-rank test, we
evaluated and validated primary tumor transcriptomic differences. We also compared gene
expression differences in peritumoral adipose tissue from a prospectively collected cohort of
patients with non-metastatic ccRCC. Wilcoxon rank-sum test was used to analyze significant
differences in gene expression between groups and false discovery correction was performed using
the Benjamini-Hochberg procedure.

Findings—A lower mortality rate was observed in obese patients versus normal weight patients
in the in the locally advanced The Cancer Genome Atlas cohort (median OS not-reached (NR),
95%CI 53.45-NR vs 25.30 mos, 95%CI 14.18-39.47, respectively; adjusted-Hazard Ratio (aHR)
0-41, 95%Cl 0-22—0-75), and COMPARZ trial cohort of metastatic ccRCC treated with tyrosine
kinase inhibitors (median OS 35.65, 95%CI 27.66-NR vs 19.06, 95%CI 15.31-27.80, respectively;
aHR 0:68, 95%CI 0-48-0-96). In a cohort of metastatic ccRCC patients treated with
immunotherapy, the inverse association with OS was no longer significant after adjustment for
International Metastatic Database Consortium risk score (median OS 49.87, 95%CI 31.77-NR vs.
15.61, 95%CI 11.71-30.20, respectively; aHR 0-72, 95%CI 0-40-1-30). Tumors of obese patients
were characterized by increased angiogenesis expression (false discovery rate-adjusted p-
value=0-01) but showed no significant differences in immune cell programs. We found increased
peritumoral adipose tissue inflammation (p<0.05) in obese versus normal weight patients.

Interpretation—Tumor microenvironmental differences in both the tumor and peritumoral
adipose tissue by BMI may contribute to the apparent survival advantage experienced by obese
ccRCC patients. The complex interplay between the ccRCC tumor and peritumoral adipose tissue
microenvironment may have clinical relevance and warrants further investigation.

Funding—Ruth L. Kirschstein Research Service Award, ACSO YIA, Ludwig Center MSK,
Weiss Family Kidney Research Fund, Novartis, The Sidney Kimmel Center for Prostate and
Urologic Cancers and the NIH/NCI to MSKCC through the Cancer Center Support Grant.

Introduction

Obesity, defined by a body mass index (BMI) = 30 kg/m?, is an established risk factor for
developing clear cell renal cell carcinoma (ccRCC)? but exhibits a counterintuitive
association with prognosis.2 We and others found that obese patients with localized ccRCC
treated with nephrectomy survive longer than those who are normal weight, a phenomenon
known as the obesity paradox.l 3 We also observed the same pattern among metastatic
ccRCC patients treated with targeted therapy.* McQuade, et al.® recently reported the
obesity paradox among patients with metastatic melanoma treated with immunotherapy, and
others have also demonstrated this finding in cohorts of patients with mixed solid tumors
treated with immunotherapy.® 7 Most recently, DeGiorgi, et al.8 found that among metastatic
RCC patients treated with = 2" line nivolumab, those who were normal weight experienced
worse overall survival compared to those with higher BMI. Why obese ccRCC patients do
better than patients who are normal weight regardless of treatment type is not known. Initial
mechanistic insights suggest it may be due to BMI-related differences in the tumor
transcriptome.3 We previously showed that the adverse metabolic oncogene, fatty acid
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synthase (FASN), was downregulated in the tumors of obese vs. normal weight patients.
Recently, Wang et al. speculated that the adipocyte-derived hormone leptin in the tumor
microenvironment of obese colorectal cancer patients may alter T-cell function thereby
improving the response to systemic immunotherapy.®

In this report, we compared angiogenic and immunologic transcriptomic patterns of tumor
and peritumoral adipose tissue in obese and normal weight ccRCC patients to shed light on
putative mechanisms underlying the obesity paradox.

Study Design and Participants

We analyzed data from the COMPARZ phase 11 clinical trial (enrolled from August, 2008,
and September, 2011) which demonstrated non-inferiority of the tyrosine kinases pazopanib
to sunitinib in treatment-naive patients with metastatic ccRCC.° Formalin-fixed paraffin-
embedded (FPPE) tumor blocks were collected at baseline from 453 ccRCC patients with
sufficient tissue available for RNA microarray and gene mutation calling. 375 patients had
microarray, pre-treatment body mass index (BMI), progression-free survival (PFS), and
overall survival (OS) available for analyses (Table 1). After excluding overweight patients
(n=119), our final cohort consisted of 256 patients. The cohort used in this retrospective
study was institutional review board (IRB) approved by participating institutions and
registered with ClinicalTrials.gov with the number NCT00720941.

In the ccRCC the Cancer Genome Atlas (TCGA) Cohort, we evaluated 152 patients with
advanced (American Joint Committee on Cancer, AJCC stage |1l and IV) ccRCC treated by
nephrectomy (Table 2). Clinicopathologic data and tumor specimens (year of collection
1998-2010) were retrospectively collected from multiple institutions after appropriate IRB
approval. Primary tumors were previously transcriptomically profiled by the Cancer
Genome Atlas (TCGA) and published in 2013.19 Additional pre-operative clinicopathologic
variables, including BMI, at the time of nephrectomy were abstracted from each contributing
institution. For the majority of cases, data on subsequent recurrences and systemic therapy
received if recurrent were not available. After exclusion of overweight patients (n=59), our
final cohort consisted of 93 patients.

The MSK Peritumoral Adipose Tissue Cohort was a Memorial Sloan Kettering (MSK) IRB
approved study which enrolled patients from May 2015 to August 2017. We prospectively
obtained primary tumor and peritumoral fat specimens from 62 non-metastatic ccRCC
patients at the time of nephrectomy (appendix p 19). Peritumoral fat was harvested
immediately adjacent (perinephric near, PNN, n=59) and on the opposite unaffected pole
(perinephric away, PNA, n=25) from the tumor (n=55). Clinicopathologic variables
including BMI at time of nephrectomy were abstracted from the clinical record. After
exclusion of overweight patients (n=18 for PNN, n=8 for PNA, n=18 for tumor), our final
cohort included n=41 PNN, n=17 PNA, n=37.

In the MSK immunotherapy cohort, we conducted an IRB-approved retrospective
observational study to investigate the association between pre-treatment BMI and overall
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survival (OS) among 203 metastatic ccCRCC patients treated with immunotherapy between
July 2011 and August 2018 (Table 3). After exclusion of overweight patients (n=74), our
final cohort for OS analysis was n=129. RNA and DNA samples were not available for
analysis in this cohort. Clinicopathologic variables were abstracted from the clinical record.

In the COMPRAZ clinical trial, RNA was extracted by AltheaDx in 2013 according to
Qiagen RNAeasy FFPE kit with a modified deparaffinization step. Gene expression profiles
were derived via Affymetrix GeneChip HTA 2.0 (Affymetrix) RNA microarray data was
normalized to log2 value. Probes without corresponding gene symbol found were excluded
from further analysis. For genes matched with multiple probes, the probe with maximum
Median Absolute Deviation is chosen for representing the expression of the gene. The log2
normalized expression values were used in subsequent analyses. For differentially expressed
(DEG) and individual gene analyses, the quantile normalization values were used.

DNA from the primary tumors and matched normal tissue were extracted using DNA easy
kit (Qiagen) according to standard protocol and subjected to analysis. Germline mutations
were ruled out by analysis of adjacent non-tumoral tissue or normal germline for every
sample. Samples from 377 patients with adequate DNA yields were extracted and sequenced
using the 410 oncogene panel MSK Mutation Profiling of Actionable Targets (IMPACT)
assay. A minimum of 40 ng of DNA was required for next-generation sequencing. MSK-
IMPACT is a hybridization capture-based next-generation sequencing assay for targeted
deep sequencing (approx. 500x) of all exons and selected introns of 410 oncogenes, tumor
suppressor genes, and members of pathways deemed actionable by targeted therapies using
Illumina HiSeq 2500 (Illumina Inc, San Diego, CA, USA).11 Our analysis focused on the
three most clinically relevant mutations in ccRCC which include PBRMI, BAPI, and
7P5312 Rates of VVHL mutation calling are challenging; however, large published
mutational analyses have demonstrated that VAL is an early and essential event in the
pathogenesis of ccRCC.13: 14 Therefore, an analysis of VAL mutation frequency by BMI
groups would not be appropriate in this cohort of patients with ccRCC. Total mutational
count was calculated as the total number of somatic mutations.

Publicly-available RNAseq data for the TCGA cohort, including tumor and normal adjacent
kidney, were downloaded from the NIH Genomic Data Commons (https://gdc.cancer.gov).
For the peritumoral fat cohort, tissue samples were stored in RNALater at 4°C, until RNA
was extracted. Total RNA was isolated from tumor and perinephric fat tissues using the
RNeasy Mini Kit (Qiagen) and sequenced. The methods for RNA extraction and processing
for the TCGA are documented in TCGA, Nature, 2013.10 Tumor and fat specimens with >
500 ng of RNA and RNA integrity number (RIN) > 6.0 were sequenced using RNA poly-A
capture. Quality control (QC) of RNAseq using principal components analysis did not
demonstrate any clusters or similarity (data not shown). RNAseq raw read sequences were
aligned against human genome assembly hg19 (Feb.2009/GRCh37, https://
genome.ucsc.edu/cgi-bin/hgGateway?db=hg19) by STAR 2-pass!® alignment. RNAseq gene
level count values were computed by using the R package GenomicAlignments1® over
aligned reads with UCSC KnownGenel” in hg19 as the base gene model. The Union
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counting mode was used and only mapped paired reads were considered. Fragments per
kilobase million (FPKM) values were then computed from gene level counts by using fpkm
function from the R package “DESeq_2.”18

Differentially expressed gene (DEG) results were used for gene-set enrichment analyses
(GSEA)(19) and building gene set enrichment plots against the Molecular Signatures
Database (MSigDB) Hallmark gene sets (http://software.broadinstitute.org/gsea/msigdb)
through the R package clusterProfiler.2? The R package “limma” (version 3.29.0) was used
for microarray data DEG analysis.?! Limma returns empirical Bayes moderated-t p-values
and adjusted P-values (Q-value) to correct for multiple comparisons testing using the
Benjamini-Hochberg method to control the false discovery rate (FDR). For the RNAseq
cohort, the DEG analysis was performed through DESeq2 R package. In brief, the package
DESeq2 provides methods to test for differential expression between conditions by use of
negative binomial generalized linear models; the estimates of dispersion and logarithmic
fold changes incorporate data-driven prior distributions. Given the raw count data and gene
model used, DESeq2 normalized the raw count data by sample specific size factor and took
covariates, if any, into account while testing for significant differences in gene expression
between conditions with multiple test correction through FDR. The hallmark gene sets
include angiogenesis and hypoxia gene signatures. Two additional previously published and
validated angiogenesis signatures?2: 23 were utilized to measure an overall angiogenesis
score (appendix p 14).

Single-Sample GSEA(24) (ssGSEA) was utilized for immune deconvolution analyses to
estimate the abundance of immune cell types, T-cell infiltration score (TIS), Immune
Infiltration Score (11S), and fraction of immune cells (ImmuneScore). sSGSEA takes the
sample gene expression values as the input and computes an overexpression measure for the
given gene list of immune cell type relative to all other genes in the transcriptome. Marker
genes of immune cell types for ssGSEA were obtained from Bindea et al.2> and
Senbabaoglu et al.28 Infiltration levels for different immune cell types were quantified using
the ssGSEA implementation by the R package “gsva.”2’ The R package “estimate”28 was
used to infer the fraction of stromal and immune cells (ImmuneScore) in tumor samples
based on given gene expression profile in FPKM or normalized log2 transformed values.
sSGSEA scores for each individual immune cell type were used to calculate total T-cell
Infiltration Score (T1S) and Immune Infiltration Score (11S) as previously describe by
Senbabaoglu et al.26

DEG results were used in performing IPA analyses (QIAGEN Inc.) with the Ingenuity
Knowledge Base as the reference set.2 IPA was used to evaluate differences in canonical
pathways that are predicted to change based on gene expression. IPA analysis was used
rather than GSEA due to the smaller cohort sample size in the peritumoral fat cohort. Filters
used in picking up DEG genes for IPA include: mean expression > 10, fold change > 20%,
and P value < 0.05. The number of DEG genes after filtering was 2517, 675, and 629 for
PNN, PNA and tumor, respectively.

We derived an immune cytolytic score (CYT) based on the geometric mean expression of
two key cytolytic effectors, granzyme A (GZMA) and perforin (PRFI).(30) Previously
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published signatures of immune cell function were utilized to assess differences in T-cell
function (Teff score?2: includes CD8A, EOMES, PRFI, IFNG, and CD274),
ImmuneCheckpoint (includes CD274, CTLA4, HAVCRZ, LAG3, PDCD1, PDCD1L G2,
TIGIT), and myeloid expression (Myeloid score?2: includes /L6, CXCL1, CXCL2, CXCLS3,
CXCLS8, PTGS2), and up-regulated Macrophage M1 and M2 signals described as M1_Up
and M2_Up signatures by Chung et al.(31)

PD-L1 expression quantification in FFPE samples from the COMPARZ trial was performed
using IHC per previously validated protocols and as previously described.32 Briefly, patients
were categorized as PD-L1/B7H1 positive when any tumor cell positivity was detected (H-
score (HS) > 0).

Overall survival was defined as the time from treatment initiation (COMPARZ, MSK 10) or
surgery (TCGA) and date of death because of any cause or censoring on the day of the last
follow-up visit. Progression-free survival (COMPARZ) was defined as the time interval
between treatment initiation and the earliest date of either disease progression or death of
any cause. Pre-treatment (COMPARZ, MSK 10) or pre-surgical BMI (TCGA, peritumoral
adipose tissue cohort) was calculated and categorized into normal weight (BMI < 25 kg/m?),
overweight (25kg/m? < BMI < 30kg/m?), and obese (BMI = 30kg/m?) in accordance with
World Health Organization criteria.33

Statistical Analysis

Differences in patient characteristics were tested using Fisher’s exact test and Chi-Square
test (SAS 9.4, SAS Institute Inc., Cary, NC, USA) and the Wilcoxon rank- sum/Wilcoxon-
Mann-Whitney test. SAS 9.4 & R package “ggpubr” version 0.1.5 performs Wilcoxon rank-
sum test and reports p-value in the plot for continuous variables (such as immune feature
sSGSEA scores and total mutation count) after Z-score normalization between sample
groups. False discovery correction was performed using the Benjamini-Hochberg procedure
for reporting multiple test adjusted p-values was used for GSEA analysis. Survival curves
were calculated according to the Kaplan—Meier method and analyzed by log-rank test (SAS
9.4). The TCGA cohort survival curves were adjusted for stage and grade as these were
AJCC stage Il and IV where the COMPARZ and MSK 10 cohorts were all stage 1V and did
not require stage or grade adjustment. The hazard ratio (HR) estimates and 95% confidence
intervals were determined by the Cox proportional hazards regression modeling (SAS 9.4).
Statistical significance was set at p <0-05.

Role of the funding source

The funders of the study had no role in study design, data collection, data analysis, data
interpretation, or writing of the report. The corresponding author had full access to all of the
data in the study and had final responsibility for the decision to submit for publication.
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Kaplan—-Meier plots suggest superior overall survival (OS) for obese vs. normal weight
patients (BMI = 30 vs < 25 kg/m?2) in the TCGA (adjusted hazard ratio (aHR) 0-41, 95%CI
0-22-0-75) and COMPARZ clinical trial (aHR 0:68, 95%CI 0-48-0-96) after adjustment for
stage/grade and IMDC, respectively (Figures 1a—b). The number of deaths in each cohort for
obese vs normal weight were 19/55 (34-5%) and 28/37 (75-7%) for TCGA, 57/128 (44-5%)
and 76/128 (59-4%) in COMPARZ, and 25/66 (37-9%) and 36/63 (57-4%) for MSK 10,
respectively. The OS and PFS (Figure 1c and appendix p 1, respectively) advantage among
obese patients was observed in all patients treated with first-line TKIs (pazopanib or
sunitinib) in the COMPARZ clinical trial. The inverse association of OS and BMI was
strongest in the sunitinib-treated arm (appendix p 2). In the MSK 10 cohort, the inverse
association with OS (HR 0-54, 95%CI 0-31-0-95) was no longer significant after adjustment
for IMDC risk score (aHR 0-72, 95%CI 0-40-1-30) (Figure 1c). These findings were
unchanged when the overweight category was included in the analysis or BMI as a
continuous variable (appendix p 3-4, 21). Notably, the association between BMI and OS was
not significantly different between men and women in a model including IMDC risk score
(p>0.05) (appendix p 21).

After confirming the obesity paradox in our cohorts, we assessed transcriptomic differences
in tumors between obese and normal weight BMI groups in the COMPARZ cohort. Tumors
from obese patients in the COMPARZ cohort demonstrated significant enrichment in
hypoxia, TGF-beta, epithelial mesenchymal transition (EMT), and angiogenesis signaling
programs (appendix p 5). Enrichment in TGF-beta, hedgehog, notch and EMT suggest
activation of wound healing pathways among obese patients. Obese patients also showed an
enrichment of metabolic pathways (e.g., adipogenesis, glycolysis, and fatty acid
metabolism).

Notably, tumors of obese patients appeared to have distinct angiogenic differences compared
to normal weight patients. Higher angiogenesis scores among obese patients found on
GSEA-derived Hallmark gene set angiogenesis signature were further validated using two
independently published and validated angiogenesis signatures with minimal overlap in the
number of genes per signature as each signature is likely representing a different aspect of
angiogenesis biology (appendix p 14); one signature by Masiero et al.23 (Figure 2a-b,
appendix p 14) and the other signature recently utilized by McDermott, et al.22 to evaluate
predictors of response to anti-VEGF, immunotherapy and combination therapy in the
IMmotion150 phase I clinical trial.

As obesity is associated with a state of chronic systemic inflammation(34), we hypothesized
that obese patients harbor increased local inflammation in the primary tumor. Surprisingly,
we found that the tumors of obese patients exhibited downregulation of IFN-gamma and no
significant change in other inflammatory pathways (INF-alpha and inflammatory response)
(appendix p 5). Therefore, tumors arising in an obesogenic environment do not appear to
harbor increased local inflammation, but instead have increased activation of angiogenic,
metabolic and wound healing pathways.
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To further characterize differences in the tumor immune microenvironment by BMI, we
utilized immune deconvolution3® using published immune cell signatures.2> Overall, there
were no statistically significant differences in total immune infiltration (11S, ImmuneScore),
macrophage, neutrophil, overall myeloid immune cell, or T-cell infiltration score (TIS)
between obese and normal weight patients in the COMPARZ cohort. We found that obese
patients had higher proportions of infiltrating plasmacytoid dendritic cell (pDCs) infiltration
(appendix p 7) but this was not validated in the TCGA cohort (appendix p 15). In a separate
cohort of nephrectomy patients with advanced RCC (7 normal weight and 16 obese)
analyzed using flow cytometry, we did not find differences in the percent CD45* of effector
immune cells, NK or macrophage populations by BMI status (appendix p 17-18).

Although there were no differences in the overall immune infiltration in the tumor among
obese vs normal weight patients, some differences in RNAseqg-derived ImmuneCheckpoint
signature and PD-L1 IHC were evident in our analyses of COMPARZ. Specifically, obese
patients had lower expression of various immune checkpoint molecules (ImmuneChekpoint)
(appendix p 8) and decreased PD-L1 tumoral expression by immunohistochemistry
(appendix p 9). In the TCGA cohort, there was no difference in ImmuneCheckpoint
expression among obese patients (p=0.32) and PD-L1 (appendix p 15).

Finally, because tumor mutational burden has been heavily studied as a biomarker for
potential response to immunotherapy,3® we examined whether mutations differed in obese
and normal weight patients in COMPARZ. We found no differences in total mutational
burden (appendix p 16) or frequency of PBRM1, BAPI or TP53 mutations in the tumors of
obese vs. normal weight patients.

Given the surprising findings of a lack of differences in tumoral immune infiltration in obese
patients compared to normal weight patients we hypothesized that the obese adipose tissue
surrounding the kidney tumor (i.e. peritumoral fat) may harbor a distinct immunologic
milieu possibly contributing to their paradoxical response to immunotherapy. As such, we
performed RNAseq and immune deconvolution on tumor and peritumoral fat specimens to
characterize possible fat-tumor interactions. Supplementary Figure 5h (appendix p 13)
summarizes ingenuity pathway analysis results which suggest that the tumor and the
peritumoral fat (near and away from the tumor) among obese patients have higher
expression of canonical inflammatory signatures (e.g., Th1/Th2 pathways, CD28 signaling
in T-helper cells, dendritic cell maturation). We then used immune deconvolution to further
characterize the immune microenvironment of peritumoral fat near (PNN) and away (PNA)
from the tumor (appendix p 10). Obese patients demonstrated higher immune infiltration
scores (I1S) in the peritumoral fat regardless of proximity to the tumor (appendix p 11).
Compared to fat away from the tumor, peritumoral fat near the tumor demonstrated more
significant immune infiltration (appendix p 12) among obese as compared with normal
weight patients.

As hypoxia is a hallmark of dysregulated adipose tissue in obesity, we assessed hypoxia in
peritumoral fat specimens and its potential relationship to immune infiltration. Within
peritumoral fat, we found higher hypoxia gene expression scores near the tumor and hypoxia
was correlated with higher total immune infiltration (11S) and type 1 macrophage (M1)
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infiltration scores (appendix p 12). There was no difference in hypoxia, immune infiltration
or macrophage scores within the tumor of obese and normal weight patients.

Discussion

In the present study, we investigated the potential mechanisms underlying the inverse
association between BMI and survival that is observed in clinical cohorts of localized and
metastatic ccCRCC patients regardless of treatment. Our observations suggest that compared
to the tumors of normal weight patients, those of obese patients harbor ccRCC tumors with
higher angiogenesis scores. Contrary to our initial hypothesis, obese patients did not harbor
increased inflammation within their primary tumors. However, tumors of obese patients in
the COMPARZ cohort had lower immune checkpoint expression than tumors from normal
weight patients and no difference in gene mutational profile or tumor mutational burden.
Finally, our analyses of peritumoral fat revealed higher hypoxia and inflammation close to
the primary tumor. Taken together, our initial mechanistic findings suggest that differences
in the tumor microenvironment may underlie the apparent survival advantage of obese vs.
normal weight ccRCC observed in clinical cohorts.

Survival analyses demonstrated improved survival among patients treated with TKI therapy,
after adjustment for IMDC risk score, with the most significant association being noted
among patients treated with sunitinib. These findings are consistent with a recent report
where patients with higher angiogenesis scores are more likely to benefit from sunitinib as
compared to pazopanib.3” Notably, the inverse association of BMI with immunotherapy in
the MSK 10 cohort was attenuated after adjustment for IMDC risk score. The IMDC risk
score model encompasses a composite of some “host” factors that indirectly reflect systemic
inflammatory effects of the cancer (e.g., anemia, neutrophilia, and thrombocytosis) which
may overlap with mechanisms surrounding the association of immunotherapy outcomes and
BMI.

Using three published and validated angiogenesis signatures, our finding that tumors of
obese patients harbor higher angiogenesis scores than normal weight patients is in line with
recent studies demonstrating that obese patients are more likely to have ClearCode34
molecular subtype A (ccA, associated with improved prognosis compared to ccB) which
demonstrate enrichment in genes involved in angiogenesis, beta-oxidation pathway, organic
acid metabolism, fatty acid metabolism, and pyruvate metabolism.38 Furthermore, patients
with high angiogenesis scores exhibit improved survival outcomes with sunitinib compared
to other VEGF-directed therapy, immunotherapy or the combination.22 37 Visceral adipose
tissue in obese patients is characterized by adipocyte hypertrophy which leads to regions of
hypoxia and subsequent increases in angiogenesis and immune cell infiltration.3° We noted
increased hypoxia scores closest to the primary tumor (PNN) and increased expression of
canonical inflammatory pathways. Adipocytes produce angiogenic factors which may alter
the underlying biology of tumors locally (adipocyte-tumor interface) and systemically.40
Furthermore, leptin secreted by adipocytes induces activation, proliferation, and migration of
endothelial cells by upregulating VEGF and VEGFR-2.4! Therefore, we hypothesize that (1)
obesity may create an environment that facilitates ccRCC growth via angiogenesis while
simultaneously making these tumors more susceptible to TKIs and (2) increased
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angiogenesis could enhance local drug delivery. Similar findings have been demonstrated
among obese metastatic colorectal patients who have been treated with anti-VEGF agents
(e.g. bevacizumab, ramucirumab).*2 Therefore, differences in angiogenesis expression may
partially explain the superior survival outcomes among obese patients receiving TKI therapy.

Obesity-associated inflammation in other solid malignancies has been shown to cause tumor
progression and therapeutic failure.43 Chronic inflammation in visceral adipose tissue leads
to immune cell infiltration, extracellular matrix remodeling and eventually fibrosis. We did
not find increased overall immune cell infiltration in ccRCC tumors from obese and normal
weight patients. Higher expression of plasmacytoid dendritic cells was noted in the
COMPARZ cohort but this was not validated in the TCGA cohort. James, et al.#4, using a
mouse model with intrarenal RCC, demonstrated that diet-induced obesity (DIO) lead to
increased expression of tumor-suppressive dendritic cells (DC) and accelerated tumor
growth which lead to poorresponse to DC-directed immunotherapy. Further exploration into
the impact of obesity on DC cell function are required given these counterintuitive findings.
In the COMPARZ cohort, we found lower expression of immune checkpoint molecules
(ImmuneCheckpoint and PD-L1 IHC staining) in the tumors of obese patients. These
findings are counter to recent findings from Wang, et al. where DIO in tumor-bearing mice
cause increased CD8" T-cell infiltration and T-cell dysfunction as measured by increased
immune checkpoint molecule expression (Lag3, 7im3, PD-1).5 However, these results
differed when human specimens were analyzed where obese colorectal cancer tumor
specimens demonstrated /ower CD8" T-cell infiltration and melanoma cancer tumor
specimens demonstrated Aigher CD8+ T-cell infiltration and immune checkpoint expression.
6 Therefore, the underlying mechanism by which obesity alters the tumor microenvironment
may differ based on the origin of each cancer. Similar to colorectal cancer, ccRCC arises in
close proximity to visceral adipose tissue (i.e., peritumoral fat) and how fat-tumor
interactions affect response to immunotherapy are not known.

Notably, the peritumoral fat of obese patients demonstrated increased immune infiltration
and hypoxia, both of which were more pronounced near the tumor. The potential
significance of the interaction between peritumoral adipose tissue inflammation and ccRCC
tumors is unclear. In ovarian, breast and prostate cancer there has been significant cross-talk
noted between the primary tumor and adipocytes. Studies such as this require further
exploration in ccRCC. Our hypothesis generating study suggests that although the primary
tumors of obese patients did not exhibit higher levels of immune infiltration to explain their
response to immune checkpoint blockade, the surrounding peritumoral fat did. We speculate
that the peritumoral adipose tissue may act as an immune reservoir of activated cells that are
made available for mobilization upon administration of various systemic therapies (appendix
p 13). Therefore, peritumoral fat may act locally to affect the biology and ultimately survival
of ccRCC.

Our study is not without limitations. This study is limited to patients with ccRCC as less is
known about the association of obesity with non-clear cell RCC. As this was exploratory
analysis of microenvironmental difference between obese and normal weight patients, we
did not fully adjust for all clinical co-variates associated with clinical response. We used
bulk immune deconvolution to estimate immune cell composition within primary tumors and
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results were not validated using multiplex IHC. However, we validated our results across
multiple cohorts, using different gene expression platforms (microarray and RNAseq) and
flow cytometry. We utilized published and validated gene signatures for our analysis and did
not seek to generate novel signatures in this study as each angiogenic signature may
represent a different aspect of anagenesis biology. We analyzed results from a single area of
primary tumors and recognize the possibility that there is significant heterogeneity present in
ccRCC.4> We recognize that we are correlating primary tumor specimens with the treatment
of metastatic disease which may not be representative of the microenvironment of metastatic
lesions.*6 Our MSK immunotherapy cohort consisted primarily of patients receiving second
line immunotherapy and therefore cannot be generalized to patients treated in the first line
setting. Finally, while BMI is a good marker for visceral adiposity, it may not reflect other
body composition components (e.g., muscle mass).4’

In summary, our findings lend biologic support to the obesity paradox which is observed
among ccRCC patients regardless of treatment. We detected differences in the tumor
microenvironment in obese compared to normal weight patients. Specifically, the tumors of
obese ccRCC patients harbored increased angiogenic programs and did not demonstrate
significant differences in overall inflammation. Interestingly it’s the peritumoral fat of obese
patients which showed increased inflammation and hypoxia condition compared to normal
weight patients. Although there is no direct clinical translatability at this time, differences in
transcriptomic pathways associated with obesity and other body composition features should
be further investigated so that they may be leveraged to improve outcomes among patients
with ccRCC. Future studies should focus on the utility of body size (e.g., BMI) or body
composition measures as a predictive factor in combination with clinicopathologic and
tumor-specific features (e.g., mutational status) and further explore mechanisms of fat-tumor
cross-talk that can be exploited to improve patient outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research in context
Evidence before this study

An inverse association between body mass index (BMI) and overall survival has been
observed among patients with renal cell carcinoma (RCC) across several cohorts
including a recent meta-analysis (pooled HR 0-57, 95%CI 0-43-0-76). We searched
PubMed for publications from database inception to June 22, 2019 for studies in English
assessing primary tumor and peritumoral adipose tissue gene expression differences to
understand the mechanisms underlying the obesity paradox in clear cell RCC (ccRCC).
We used the search terms, “obesity Kidney cancer”, “obesity renal cell carcinoma gene
expression”, and “obesity kidney cancer genomic.” The inverse association between BMI
and cancer-specific mortality among 2,119 patients with ccRCC treated with
nephrectomy (HR 0:59, 95%CI 0-42-0-83) and among 1,975 patients metastatic ccRCC
treated with targeted therapy (HR 0:-84, 95%CI 0-73-0-95) where obese patients survived
longer than normal weight patients was reported. Among a smaller subset of patients in
the previously mentioned localized (n=126) and metastatic ccRCC (n=61) cohorts,
expression of the metabolic oncogene fatty acid synthase (FASN) was noted to be
significantly lower in the primary tumors of obese patients compared to normal weight.
Another study evaluated the association of a previously published and validated 34-gene
signature (ClearCode34-identified molecular subtype) with comorbidities in 282 patients
with ccRCC and noted that obese patients were more likely to harbor ccA tumors
(compared to ccB which denote a more aggressive phenotype) (48% vs. 34%, p=0.02).
Recently, a report of 313 metastatic RCC patients treated with = 2"9-line nivolumab
reported shorter survival among normal weight patients receiving immunotherapy (HR
1.59, 95% CI 1-10-2-30). A recent study demonstrated that altered PD-1-mediated T-cell
dysfunction may be partially driven by leptin which is increased among obese patients.
Lastly, emerging evidence points to the importance of understanding microenvironmental
differences in primary RCC tumors (e.g., angiogenesis and inflammation) to personalize
treatment selection. We did not find any studies evaluating differences in primary tumor
or peritumoral fat gene expression pathways between obese or non-obese patients as it
relates to the obesity paradox in ccRCC.

Added value of this study

Findings from this study lend biologic support to the obesity paradox in ccRCC.
Specifically, gene expression differences in angiogenic and inflammatory programs
within the tumor microenvironment (tumor and peritumoral adipose tissue) may help
explain the survival advantage experienced by obese as compared to normal weight
patients.

Implications of all the available evidence

The obesity paradox observed in ccRCC patients may be driven by differences in tumor
microenvironment biology. The cross-talk between the tumor and peritumoral adipose
tissue is incompletely understood but may provide new, clinically relevant insights for
ccRCC patients. This study highlights the need to evaluate the clinical relevance of host
factors, such as body size, and their potential contribution to tumor biology, prognosis
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and treatment selection. Future studies are required to evaluate the cross-talk between
peritumoral adipose tissue and RCC, impact of visceral fat inflammation on outcomes in
patients receiving immunotherapy, and therapeutic interventions to address adverse
components of body size (e.g., increased visceral fat).
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Figure 1. (A-C): Obesity is associated with improved survival outcomes in the TCGA,
COMPARZ, and MSK immunotherapy immunotherapy (10) cohorts

Unadjusted Kaplan-Meier curves demonstrating differences in OS between normal and
obese patients in the (A) TCGA, (B) COMPARZ, and (C) MSK immunotherapy (10)
cohorts. HR=hazard ratio. aHR = adjusted HR. Cl=confidence interval. OS=overall survival.
TCGA=The Cancer Genome Atlas clear cell kidney cancer. MSK=Memorial Sloan
Kettering. NR=not reached.

*TCGA cohort was adjusted for stage and grade. COMPARZ and MSK 10 cohorts adjusted
for IMDC alone.

The association of BMI with overall survival in the MSK 1O cohort was no longer
statistically significant after adjustment for IMDC. No significant association with OS after
adjustment for age and sex (aHR 0:60, 95%CI 0-34-1-08).
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Figure 2. (A-B): Obese patients demonstrate higher angiogenesis score in the primary tumor
compared to normal weight patients

Box plots demonstrating differences in sSSGSEA angiogenesis scores among obese and
normal weight patients in the (A) COMPARZ cohort and (B) KIRC TCGA cohorts. The
angiogenesis RNA signature was derived from Masiero M, et al. (Carncer Cell, 2013).
ssGSEA=single-sample gene set enrichment analysis. TCGA=The Cancer Genome Atlas
clear cell kidney cancer. Z=z-score. Wilcoxon=Wilcoxon—Mann-Whitney test. Sample
number per group indicated below each graph.
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Table 1:

Clinicopathologic characteristics of COMPARZ clinical trial cohort

N=375

Age, mean (SD) 62 (14)
Male, n (%) 282 (75-2)
BMI, mean (SD) 27.49 (7-67)
BMI category, n (%)

Normal 128 (34-13)

Overweight 119 (31-73)

Obese 128 (34-13)
MSKCC risk group, n (%)

Favorable 102 (27-2)

Intermediate 227 (60:53)

Poor 32 (8:53)
Treatment, n (%)

Sunitinib 192 (51-2)

Pazopanib 183 (48:8)

BMI=body mass index. SD=standard deviation.
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Table 2:
Clinicopathologic characteristics of TCGA AJCC stage I11/1V cohort

N=152

Age, mean (SD) 62 (14)
Male, n (%) 99 (65'1)
BMI, mean (SD) 281 (7)
BMI category, n (%)

Normal 38 (25)

Overweight 59 (38-8)

Obese 55 (36-2)
AJCC stage, n (%)
I 88 (57-9)
1% 64 (42:1)

TCGA-=clear cell renal cancer The Cancer Genome Atlas. BMI=body mass index. SD=standard deviation.
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Table 3:

Clinicopathologic characteristics of MSK immunotherapy cohort.

N=203

Age, mean (SD) 62 (13)
Male, n (%) 151 (74-0)
BMI, mean (SD) 269 (6:3)
BMI category, n (%)

Normal 63 (31-0)

Overweight 74 (36'5)

Obese 66 (32'5)
IMDC risk group, n (%)

Favorable 35 (17:9)

Intermediate 128 (65-3)

Poor 33 (16-8)

Unknown 7
10 Treatment Line, n (%)

First line 48 (23:6)

>Second line 155 (76-4)

|0=immunotherapy. BMI=body mass index. SD=standard deviation.
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