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Abstract

Purpose—High body mass index (BMI) may lead to improved immune-checkpoint blockade 

(ICB) outcomes in metastatic clear cell renal cell carcinoma (mccRCC). However, BMI is a crude 

body size measure. We investigated BMI and radiographically assessed body composition (BC) 

parameters association with mccRCC ICB outcomes.

Patients and methods—Retrospective study of ICB treated mccRCC patients. BMI and BC 

variables (skeletal muscle index (SMI), and multiple adiposity indexes) were determined using 

pre-treatment CT scans. We examined the associations between BMI and BC variables with 

ICB outcomes. Therapeutic responses per RECIST V1.1 were determined. We compared whole 

transcriptomic patterns with BC variables in a separate cohort of 62 primary tumor samples.

Results—205 mccRCC patients included in the cohort (74% were male, 71% were overweight/

obese, and 53% were classified as low SMI). High BMI patients experienced longer overall 

survival (OS) than normal weight patients (unadjusted HR 0.66 (95% CI: 0.45–0.97); p=0.035). 
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The only BC variable associated with OS was SMI (unadjusted HR comparing low vs. high SMI 

1.65 (95% CI: 1.13–2.43); p=0.009). However, this OS association became non-significant after 

adjusting for IMDC score and line of therapy. No OS association was seen for adiposity and no 

BC variable was associated with progression-free survival or radiological responses. Tumors from 

patients with low SMI displayed increased angiogenic, inflammatory, and myeloid signals.

Conclusion—Our findings highlight the relevance of skeletal muscle in the BMI paradox. Future 

studies should investigate if addressing low skeletal muscle in metastatic patients treated with ICB 

can improve survival.
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Introduction

The treatment landscape of metastatic renal cell carcinoma (mRCC) is rapidly changing with 

several approved immune checkpoint blockade (ICB) agents alone and in combinations, 

including the Programmed Death Receptor 1 (PD-1) or its Ligand (PD-L1) and CTL-

associated protein 4 (CTLA-4)1,2. As only a subset of patients treated with ICB agents 

achieve durable long-term benefit, identifying novel prognostic and predictive biomarkers 

of ICB clinical benefit remains a significant research priority. Although promising 

signals are emerging from studies incorporating next-generation sequencing tissue-based 

biomarkers, thus far, these have not been integrated into routine clinical care3. Currently, 

survival probability can be best estimated using the International Metastatic Renal Cell 

Carcinoma Database Consortium (IMDC) risk stratification model, a validated risk score 

classifying patients into favorable, intermediate, and poor risk based on clinical and 

laboratory variables4,5,6. Beyond its prognostic value, the IMDC risk score can also help 

to project therapeutic benefit from doublet immunotherapy2. Notably, approximately 60% 

of metastatic RCC fall within the intermediate IMDC risk group. There is an active effort 

to improve the sub-stratification of the intermediate risk group by incorporating prognostic 

clinical, laboratory and molecular data7,8.

High body mass index (BMI) is an established risk factor for the development of clear cell 

RCC (ccRCC)9,10 but exhibits a counterintuitive association with prognosis. Clinical studies 

report that ccRCC patients with higher BMIs experience longer overall and cancer-specific 

survival (OS) compared to patients with lower BMIs. This phenomenon, known as the ‘BMI 

paradox’, has been observed in the post-nephrectomy setting11,12 but also among patients 

with metastatic ccRCC treated with Vascular Endothelial Growth Factor Receptor (VEGFR) 

directed Tyrosine Kinase Inhibitors (TKI)13. In a recent retrospective analysis of 785 RCC 

patients treated with ICB from the IMDC database, Lalani et al. found that patients with 

BMI ≥25 kg/m2 (i.e., overweight or obese) experienced significantly better OS than patients 

with BMI <25kg/m2 (i.e., normal weight)14. The mechanisms underlying the BMI paradox 

have not been fully elucidated but may relate to obesity inducing a chronic inflammatory 

state15, which in turn may render obese patients more responsive to ICB. It is also possible 

that high leptin levels in obese patients could drive T-cell dysfunction leading to better 
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outcomes on ICB16. We recently reported our findings correlating transcriptomic features 

and BMI in independent cohorts of early-stage and metastatic RCC. While there was an 

apparent upregulation of angiogenesis pathways in tumors of obese compared to normal 

weight patients, we found few differences with respect to immune-related pathways17. The 

perinephric tumor microenvironment, however, showed significantly higher expression of 

immunologic pathways by BMI. Together, these patterns suggest that the BMI paradox may 

be biologically driven, and that the significance of body composition for tumor biology 

extends beyond a mere ‘inflammatory state’.

It is well recognized that BMI is an imprecise body size measure as it does not distinguish 

between adipose or muscle tissues18. More specific body composition features, including 

cross-sectional areas of visceral and subcutaneous adipose tissues as well as skeletal muscle, 

can be derived from standard of care computed tomography (CT) scan at the third lumbar 

vertebrae (L3) level to estimate the skeletal muscle index (SMI) and several adiposity 

indexes such as the visceral adiposity index (VATI) and the subcutaneous adiposity index 

(SATI) 19,20. Poor skeletal muscle health has emerged as a relevant poor prognostic factor in 

localized ccRCC setting21, and metastatic ccRCC patients treated with targeted therapy22,23, 

and among metastatic RCC patients treated with ICB24. Recent systematic reviews and 

meta-analyses of mixed cancer patients treated with ICB suggest that low SMI at treatment 

start or skeletal muscle loss during treatment are associated with inferior survival and worse 

treatment response, but it does not appear to increase the rate of immune-related adverse 

events25,26. Whether these results are generalizable to metastatic ccRCC patients treated 

with ICB specifically is unclear. as relatively few such patients were included in these 

studies.

In this study, we investigated how body composition features were associated with OS, 

progression-free survival (PFS), and objective response rates (ORR) among metastatic 

ccRCC patients treated with ICB. Given prior literature, we hypothesized that low SMI 

would be associated with worse ICB clinical outcomes. In exploratory analyses, we 

compared gene expression profiles by SMI using primary tumor samples from a separate 

cohort of patients treated at our institution and profiled by The Cancer Genome Atlas 

(TCGA) with body composition interpreted from pre-surgical CT scans.

Methods:

Study Subjects

After institutional review board approval, eligible patients were identified from electronic 

medical records and databases at the Memorial Sloan Kettering Cancer Center (MSKCC). 

We identified 267 patients who began systemic ICB therapies between July 2011 to April 

2020. Eligible patients had histological confirmation of clear cell histology with prior receipt 

of ccRCC-directed ICB -based therapy in the setting of radiographically evident disease for 

a minimum of 4 weeks and had CT imaging including L3 within 60 days of treatment start. 

Patients with ICB combination treatment that included VEGFR-TKIs were excluded. A total 

of 205 metastatic ccRCC patients met these criteria.

Ged et al. Page 3

Clin Cancer Res. Author manuscript; available in PMC 2023 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Patient characteristics including demographics, BMI, IMDC score (i.e., hemoglobin, 

neutrophil counts, serum calcium, platelet counts, Karnofsky performance status, time 

from first diagnosis to systemic therapy), and Neutrophil-to-Lymphocyte ratio (NLR) were 

abstracted from electronic medical records at the time of ICB start. Patients were categorized 

into favorable, intermediate, and poor risk as per IMDC scores4, while NLR was assessed 

both as continuous and categorical variables (≥3 for high NLR; <3 for normal NLR, cut-off 

based on previous reports27,28). Type of ICB drug class and line of ICB treatment were also 

abstracted.

Body Composition Analysis

BMI values at the time of ICB treatment start were calculated for all patients using the 

formula weight in kilograms divided by height in meters squared, and classified according 

to the World Health Organization (WHO) categories of normal weight (BMI 18.5 to <25 kg/

m2), overweight (BMI 25 to < 30 kg/m2), and obese (BMI ≥30 kg/m2)29. Only one patient 

was underweight (i.e., BMI <18.5 kg/m2) and was included in the normal weight category. 

Standard Hounsfield Unit thresholds for skeletal muscle (−29 to +150 HU) and adipose 

tissues (−150 to −50 HU) were used to derive radiographic body composition variables for 

each patient using SliceOMatic version 5.0 software (Tomovision). The continuous values 

of these variables were divided by height in meters squared to determine their SMI, VATI, 

and SATI, which served as the primary exposure variables30,31. SMI was categorized as low 

vs. high based on the sex-specific classification endorsed by the International Consensus 

of Cancer Cachexia (ICCC) (<55 cm2/m2 for men and <39 cm2/m2 for women)32. As no 

validated cut-points exist for VATI and SATI, these variables were dichotomized based on 

the cohort sex-specific medians (Low VATI: Males<55 cm2/m2, Females<33 cm2/m2; Low 

SATI: Males<57 cm2/m2, Females<88 cm2/m2).

Clinical outcome analysis and statistical endpoints

Study baseline was defined as the date of ICB treatment start. Clinical outcomes assessed 

included OS, PFS, and ORR. OS was defined as the time from starting ICB treatment until 

death; patients who were still alive or lost to follow up at the data cut-off were censored 

at the date of last follow-up. Radiological responses and progression were determined per 

the Response Evaluation Criteria in Solid Tumor (RECIST) 1.133 through individual review 

by an expert radiologist blinded to body composition categories. PFS was defined as the 

time from starting ICB treatment to the date of radiographic progression or death; patients 

who were alive and had not progressed at the time of analysis were censored at the date of 

their last scan; those who discontinued treatment for reasons other than progression were 

censored at the time treatment was last received. Best ORR was defined as the proportion of 

patients achieving complete response, or partial response.

Continuous variables are presented as median or mean +/− SD while categorical variables 

are presented as frequencies and percentages. Differences in variables by BMI, SATI or 

VATI category were compared using the Chi-square test for categorical variables and 

ANOVA or T-test for continuous variables. Time-to-event outcomes (OS and PFS) were 

estimated using the Kaplan-Meier (KM) method, and multivariable Cox proportional 

hazards regression models were used to estimate the hazard ratios (HR) and 95% confidence 
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intervals (CI). Odds ratios (ORs) and 95% CI from logistic regression models estimate 

associations between body composition variables and ORR.

We first examined how BMI at ICB treatment start was associated with OS, PFS and ORR. 

Next, we examined how BMI was associated with each of the three radiographic body 

composition variables (SATI, VATI, SMI). Finally, we evaluated how each body composition 

variable was associated with OS, PFS and ORR. Multivariable models for OS and PFS were 

adjusted for IMDC and line of treatment. In exploratory analyses, we evaluated the joint 

associations of SMI and VATI in relation to OS and performed a subgroup analysis of SMI 

and OS among patients with intermediate IMDC risk.

All statistical tests were 2-tailed, and a p-value <0.05 was considered as statistically 

significant. All analyses were performed in R version 4.0.3 and SAS version 9.3 software 

The cut-off date for follow-up and survival status was October 1st, 2020.

TCGA Molecular Analyses

We conducted an exploratory analysis of gene expression patterns by SMI using a separate 

cohort of 62 ccRCC patients who underwent nephrectomy at MSKCC with primary 

tumors transcriptomically-profiled as part of the TCGA. Body composition features were 

derived from CT scans at the time of nephrectomy using the same approach described 

above. Publicly-available RNAseq data for the TCGA cohort, including tumor only were 

downloaded from the NIH Genomic Data Commons (https://gdc.cancer.gov). Methods for 

RNA extraction and processing for the TCGA are documented in TCGA, Nature, 2013. 

Differential expression analyses were performed using the R package “DESeq2”34. Gene 

set enrichment analyses (GSEA) were used to evaluate differences in Molecular Signatures 

Database (MSigDB) hallmark gene set collection35,36. Immune deconvolution using single-

sample GSEA (ssGSEA) was utilized with previously published immune cell signatures37 

to estimate the abundance of immune cell types, T-cell infiltration score (TIS), and Immune 

Infiltration Score (IIS). Infiltration levels for different immune cell types were quantified 

using the R package “gsva”38. The R package “estimate” 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 values39. ssGSEA scores for 

each individual immune cell type were used to calculate total T-cell Infiltration score (TIS) 

and Immune Infiltration Score (IIS). Ingenuity Pathway Analyses (IPA) (QIAGEN Inc.) 

were performed using differentially expressed genes (DEG) with the Ingenuity Knowledge 

Base as the reference set40. Filters used in picking up DEG genes for IPA included: mean 

expression > 10, fold change > 20%, and P value < 0.05. P-values were corrected for 

multiple testing (p-adjust) using the Benjamini-Hochberg method.

We derived an immune cytolytic score (CYT) based on the geometric mean expression 

of two key cytolytic effectors; granzyme A (GZAM) and perforin (PRF1)41. Previously 

published signatures of immune cell function were utilized to assess differences in T-cell 

function42 (Teff score: includes CD8A, EOMES, PRF1, IFNG, and CD274), myeloid 

expression (Myeloid score: includes IL6, CXCL1, CXCL2, CXCL3, CXCL8, PTGS2)42, 

ImmuneCheckpoint (includes CD274, CTLA4, HAVCR2, LAG3, PDCD1, PDCD1LG2, 
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TIGIT), and Adenosine Gene Signature (AdenoSig: includes IL1β, PTGS2, and CXCL1, 2, 

3, 5, 6, 8)43.

The data generated in this study are not publicly available due to patient privacy/lack of 

consent to sharing of personal health information but are available upon reasonable request 

from the corresponding author.

Results:

The baseline characteristics of the 205 metastatic ccRCC patients included in this analysis 

are summarized in Table 1. The cohort was predominantly male (74%), white (91%), with 

median age starting ICB treatment of 63 years (range: 40–90). Most patients (65%) were 

classified as IMDC intermediate risk (65%); 17% were considered favorable risk and 18% 

were considered poor risk. Thirty percent of the cohort had received ICB treatment in 

the first-line setting, and 39% presented with de novo metastatic disease. Most patients 

(65%) had received single agent ICB (Anti-PD1 or Anti-PDL1) compared to combination 

ICB treatment (35%), predominately combining Anti-PD1 with Anti-CTLA4 ICB directed 

therapy. Patients were classified by BMI as obese (36%), overweight (35%), or normal 

weight (29%). Fifty three percent of the cohort were classified as having low SMI (per sex-

specific ICCC-defined thresholds quoted above). Patients were equally distributed across 

high and low VATI and SATI because they were dichotomized at gender-specific medians. 

Tables S1–4 shows cohort characteristics differences by BMI, SMI, VATI, and SATI. The 

only characteristic that differed by BMI was age where normal weight patients were slightly 

older (median 66 years) than those who classified as overweight or obese patients (median 

62 years, p=0.04); BMI categories did not correlate with other clinical variables, including 

IMDC score or ECOG performance status (Table S1). Most patient characteristics differed, 

however, when categorizing patients by SMI (Table S2). Compared to patients with high 

SMI, low SMI patients were more likely to be older, male, present with worse ECOG 

performance status, and classified as poor IMDC group. Low SMI was also significantly 

associated with higher pre-treatment NLR values, both as a categorical and continuous 

variable (p-values < 0.001). Patient characteristics did not differ by VATI (all p-values>0.05; 

Table S3), while patients with low SATI were slightly older than high SATI patients (p=0.03; 

Table S4).

During a median follow-up time of 31.2 months (0.96–77.8 months) there were 110 deaths 

for OS analyses, and 165 PFS events. Figure 1A shows KM plots for BMI and OS. The 

log-rank test was significant (p=0.035) suggestive of survival advantage for overweight 

and obese patients at treatment start, compared to normal weight patients. The 2-year OS 

rate was 64% (95% CI: 56%−72%) for overweight or obese patients vs. 45% (95% CI: 

34%−60%) for normal weight patients. The unadjusted HR comparing overweight or obese 

to normal weight patients was 0.66 (95% CI: 0.44–0.97); p=0.035). This OS association 

became non-significant after adjusting for IMDC scores and line of therapy (HR 0.75 (95% 

CI: 0.50–1.12); p=0.20). BMI category was neither associated with PFS (HR: 0.99 (95% CI 

0.71–1.38, p>0.90) nor with ORR (OR: 1.04 (95% CI: 0.55–2.01; p=0.90)) (Figure 1B and 

Table 2, respectively).
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Table S5 shows how different body composition features were associated with BMI. As BMI 

increased, the proportion of patients classified as having low SMI decreased. Low SMI was 

observed in 82% of normal weight, 63% of overweight, and only 20% of obese patients 

(p<0.001). Considering that specific prior systemic treatments are potentially associated 

with muscle wasting44,45, we described prior treatment details in relation to SMI in Tables 

S6 and S7. The amount of time on prior treatment before ICB treatment start did not 

differ significantly between low vs. high SMI patients. Notably, the percentage of patients 

categorized as low SMI among those with limited prior treatment exposure (defined as <3 

months) was the same (62%) as among those with more extensive prior therapy (defined as 

≥2 years). However, the prevalence of low SMI increased as the number of lines of prior 

treatment increased (p=0.05; Table S7).

The only body composition variable significantly associated with OS was SMI (log-rank 

p-value=0.009) (Figures 2 A–C). The 2-year OS rate was lower for low SMI (48% (95% CI: 

39%−59%)) compared high SMI patients (68% (95% CI: 59%−57%)). The unadjusted HR 

for death comparing low SMI to high SMI was HR 1.65 (95% CI: 1.13–2.43; p =0.009). 

Again, this became non-significant after adjustment for IMDC score and line of therapy HR 

1.33 (95% CI: 0.90–1.97; p=0.20). The 2-year OS rates were numerically higher for high 

vs. low VATI and high vs low SATI categories. However, KM plots log-rank comparison 

was not significantly different for both VATI ((HR 0.80 (95% CI: 0.55–1.16); p=0.20) and 

SATI ((HR 0.79 (95% CI: 0.54–1.16); p=0.20). In an integrated analysis of muscle and 

adipose indices, we tested associations of OS with grouping defined on both SMI high/low 

and VATI high/low status (Figure 3A). Log-rank comparison suggested inferior survival for 

patients with low SMI, regardless of their VATI level (p=0.07), and worst for SMI low/VATI 

low group, where estimated 2-year OS was 45% (vs. 73% in SMI high/VATI high). Among 

intermediate IMDC risk patients (n=133) survival was significantly worse for low vs. high 

SMI (HR 1.68 (95% CI: 1.06–2.67)) (Figure 3B). There were no associations between any 

body composition variable with PFS (Figures S1 A–C) or ORR (Table 2).

TCGA Analyses Results:

The TCGA cohort (n=62) was predominantly male (79%) and had localized disease 

(58%); 47% of patients we classified as low SMI according to pre-nephrectomy CT 

scans (Table S8) After confirming that low SMI was associated with inferior OS on 

univariate analysis (Figure S2; p-value=0.0004) we found that tumors of low SMI 

patients harbored increased expression of epithelial mesenchymal transition, inflammatory 

(inflammatory response, IL-6, TNF-alpha), and angiogenesis signaling programs (Figure 

4A; adjusted p-values<0.05). Metabolically, tumors among low SMI patients had decreased 

fatty acid metabolism and increased glycolysis pathway expression (Figure 4A; adjusted 

p-values<0.05). Using immune deconvolution, we found no difference in total immune 

infiltration (per ImmuneScore), or immune checkpoints (CTLA4, PDL-1, PD1). However, 

tumors of low SMI patients demonstrated increased degrees of macrophage infiltration, 

higher AdenoSig scores, more Th1 cells and decreased Th17 cells (Figure 4B, p-adjusted 

<0.05). Ingenuity pathway analysis (Figure S3) demonstrated significant activation of the 

inflammatory IL-6 pathway.
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Discussion:

We investigated multiple radiographically-assessed body composition features (i.e., SMI, 

VATI, SATI) in relation to clinical outcomes among metastatic ccRCC patients treated 

with ICB. In this large cohort of >200 patients with detailed clinical and radiographic 

annotation, we confirmed and extended the BMI paradox recently reported among ccRCC 

patients treated with ICB14,46. Low SMI emerged as a strong prognostic factor, with a 

more notable effect size than adiposity indices suggesting that the clinical benefit to ICB 

seen with higher BMI is possibly driven by differences in muscle rather than adiposity 

alone. The strong prognostic signal for SMI was apparent in patients with high as well as 

those with low adiposity, suggesting the prominent, independent role of skeletal muscle in 

systemic RCC biology. With further study, the integration of SMI into clinical risk scores 

may prove helpful in refining the IMDC intermediate patient classification. Over 41% of 

the overweight/obese patients in our cohort were classified as having low SMI, pointing out 

limitations of established vital sign measurements for evaluation of body composition. Over 

80% of normal BMI patients had low SMI, suggesting that these patients do not have normal 

body size after all. Although we did not find that any body size variable was associated with 

PFS or ORR, our hypothesis-generating molecular findings suggest tumor transcriptomic 

differences in SMI that may have treatment implications.

Low SMI may be a marker of cancer cachexia, which is defined as the involuntary loss of 

skeletal muscle mass with or without accompanying loss of adipose tissue and can develop 

progressively from pre-cachexia to refractory cachexia during the disease course32. The 

degree of cachexia affecting our metastatic ccRCC patients with low SMI is not clear as we 

did not have data on pre- or post-treatment weight loss or functional status which are needed 

to accurately classify patients32. However, compared to patients with high SMI, those with 

low SMI were older, had a lower performance status, had received more lines of prior 

treatment, and higher IMDC risk scores, all of which could contribute to muscle catabolism 

and worse OS47. Patients with low SMI were also characterized by higher levels of the 

circulating inflammatory biomarker NLR at ICB treatment start which others have shown 

portends a worse prognosis in ICB treated patients. The HR for SMI and OS was attenuated 

slightly and lost its statistical significance after adjustment for IMDC risk score and line of 

treatment, which was expected given the strong inter-relationships between SMI and these 

variables48 (Tables S6 and S7). Indeed, prior studies demonstrate skeletal muscle loss on 

VEGF-TKIs44,45. While we found no association between the time on prior treatment before 

starting ICB and SMI in our study, the prevalence of low SMI increased as the number of 

lines of prior treatment increased (p=0.05).

A prior study from the TKI era demonstrated that the integration of low SMI to RCC 

risk stratification models improved its predictive performance22. We conducted a stratified 

analysis of SMI and OS among patients with intermediate IMDC risk score and found 

that low SMI was associated with inferior OS compared to high SMI (HR 1.68 (95% CI: 

1.06–2.67, p= 0.03). This is worthy of further investigation as it suggests that the integration 

of SMI into the IMDC risk score may improve the predictive accuracy and sub-stratification 

of the intermediate risk IMDC group which represents the majority of metastatic ccRCC 

patients.
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It has been hypothesized that the efficacy of ICB could be adversely affected by cachexia, 

but this was not supported by our study which demonstrated no adverse associations for PFS 

or ORR when comparing patients categorized by SMI. A recent pharmacokinetic analysis of 

clinical trial data of pembrolizumab-treated patients with melanoma and non-small cell lung 

cancer, reported that cachectic patients exhibited elevated pembrolizumab clearance and 

poor response, suggesting that cancer cachexia could change the pharmacokinetics enough 

contributing to resistance to pembrolizumab49. We found no associations between SMI and 

PFS or ORR with antitumor effects of ICB therapy but recognize that larger sample sizes 

and more accurate classification of cachexia may be needed. To determine whether SMI 

is a predictive biomarker that could be used to inform treatment selection, the interaction 

between SMI and treatment type (e.g., ICB vs. VEGF-TKI) should be investigated in a 

large-scale clinical trial that compares two treatment arms and ideally, is comprised of 

first-line treated patients.

The pathogenic mechanisms of cancer-induced wasting are complex and multi-factorial50. A 

recent study in ccRCC found that tumor-derived cytokines were associated with low skeletal 

muscle mass and poor survival51. In our molecular analyses, we found distinctive tumors 

features from patients with low SMI, in particular these tumors were characterized by 

increased anigogenic and IL-6 signaling with decreased fatty acid metabolism. Furthermore, 

immunogenomic features revealed no differences in total immune infiltration, or immune 

checkpoints (CTLA4, PDL-1, PD1) but a significant high myeloid signal, reflected by 

higher macrophage infiltration and higher AdenoSig scores. While this may suggest 

differences in the immune tumor microenvironment by SMI, we did not see such differences 

reflected in ORR or PFS in our metastatic patient cohort. Interestingly, clinical response 

to the adenosine 2A receptor antagonist ciforadenant have been associated with higher 

expression of AdenoSig scores43. With these findings in mind (in particular the higher 

angiogenesis and myeloid infiltration in low SMI), It would be of particular interest to 

assess how SMI category affects outcomes on ICB plus VEGF TKI combinations compared 

to doublet ICB combination, which are the current standards in the first line. Prospective 

evaluations would be helpful to further investigate these findings.

We regard our findings as hypothesis-generating which merit further study. Study strengths 

include the strict eligibility and outcome criteria with detailed clinical annotation including 

RECIST assessment of cross-sectional imaging. The analytic cohort was comprised of 

patients with clear cell histology who received ICB without the addition of VEGF-

TKI combinations. Only contrast-free CT scans taken within two months of ICB start 

were interpreted for body composition52 and sex-specific body composition cut points 

were evaluated. Study limitations include its retrospective, observational nature and 

heterogeneous patient population with respect to the line of therapy. We could not consider 

the confounding effect of subsequent systemic therapies after ICB on OS outcomes, survival 

bias, or change in body composition during follow-up.

In conclusion, our study highlights the relevance of skeletal muscle in the BMI paradox 

observed in metastatic ccRCC patients treated with ICB. Low SMI patients experienced 

inferior survival regardless of adiposity although this was not significant in multivariable 

analysis. Exploratory molecular analyses suggest that low SMI patients harbor more 
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aggressive tumor molecular profiles which may have implications for therapeutic strategies. 

Longitudinal studies that describe changes in body composition during ICB treatment are 

needed to further define the clinical relevance of muscle quantity and change over time 

in metastatic ccRCC patients. Additionally, studies are needed to assess how we can 

incorporate body composition measurements as an additional “vital sign” in the clinic to 

help assess prognosis and identify patients that may benefit from behavioral interventions to 

increase muscle mass.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

In this cohort of 205 patients with metastatic clear cell renal carcinoma treated with 

immune checkpoint blockade agents, we found that patients with low skeletal muscle 

index experienced inferior overall survival compared to patients with high skeletal 

muscle index. No adiposity-related body composition variable was associated with 

any clinical outcome. Exploratory molecular analyses suggested that patients with 

low skeletal muscle index harbor more aggressive tumors with higher expressions of 

angiogenic, inflammatory, and myeloid signals than patients with high skeletal muscle 

index. Our findings suggest that skeletal muscle as opposed to adiposity may be driving 

the obesity paradox observed in metastatic clear cell renal cell cancer patients treated 

with immune checkpoint blockade and potentially could inform on future therapeutic 

interventions in patients with low skeletal muscle mass.
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Figure 1. 
Kaplan Meier curve of OS among 205 metastatic ccRCC patients treated with ICB per BMI 

(1A). Kaplan Meier curve of PFS among 205 metastatic ccRCC patients treated with ICB 

per BMI (1B).

Abbreviations: OS=Overall survival. ccRCC=clear cell renal cell carcinoma. ICB= Immune-

checkpoint blockade. PFS=Progression free survival
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Figure 2. 
Kaplan Meier curves of Overall Survival (OS) among 205 metastatic ccRCC patients treated 

with ICB according to Skeletal Muscle Index (SMI) (2A), Visceral Adiposity Index (VATI) 

(2B), and Subcutaneous Adiposity Index (SATI) (2C).

Abbreviations: OS=Overall survival. ccRCC=clear cell renal cell carcinoma. ICB= 

Immune-checkpoint blockade. SMI=Skeletal Muscle Index. VATI=Visceral Adiposity Index. 

SATI=Subcutaneous Adiposity Index.
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Figure 3. 
Kaplan Meier curves of OS among metastatic ccRCC patients treated with ICB according to 

the joint effects of SMI and VATI for OS (3A), and SMI in the Intermediate IMDC group 

(3B).

Abbreviations: OS=Overall survival. ccRCC=clear cell renal cell carcinoma. ICB= Immune-

checkpoint blockade. SMI=Skeletal Muscle Index. VATI=Visceral Adiposity Index. IMCD= 

International Metastatic RCC Database Consortium.
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Figure 4. 
GSEA analysis of Hallmark gene sets comparing differences between low and high SMI. 

Enrichment scores are ranked and colored based on the NES and sized by the -log10 

transformed value of the adjusted p-value. Colors signify directionality of expression 

changes, red=up and purple=down (4A). Differences in tumor immune infiltration by 

immune deconvolution between low vs. high skeletal muscle index (SMI) (low (L) vs. high 

(H)). Colors signify directionality of expression changes, red=up and purple=down (4B)
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Abbreviations: GSEA=Gene-Set Enrichment Analysis. NES=Normalized Enrichment Score. 

SMI=Skeletal Muscle Index, L=Low vs H=High. mean Z_diff = mean Z-score difference.
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Table 1.

Baseline Patient Characteristics at ICB Initiation

Patient Characteristic n = 205
1

Age at start of ICB treatment in years [range] 63 [40, 90]

Sex

Male 152 (74%)

Female 53 (26%)

Race

White 171 (91%)

Asian 7 (4%)

Black or African American 8 (4%)

Other 2 (1%)

ICB drug class

AntiPD1 or AntiPDL1 134 (65%)

AntiPD1+AntiCTLA4 64 (31%)

AntiPD1+AntiPDL1 7 (4%)

Line of ICB treatment 1 

1st line 61 (30%)

2nd line 87 (42%)

3+ line 57 (28%)

Presented with de novo metastatic disease

Yes 80 (39%)

No 125 (61%)

IMDC score at start of ICB treatment

Favorable 35 (17%)

Intermediate 133 (65%)

Poor 37 (18%)

ECOG performance status at start of ICB treatment

0 96 (47%)

1 93 (45%)

2 16 (8%)

Body Mass Index (BMI)

Obese (≥30 kg/m2) 74 (36%)

Overweight (25–30 kg/m2) 71 (35%)

Normal weight (<25 kg/m2) 60 (29%)

Skeletal Muscle Index (SMI)

High SMI 96 (47%)

Low SMI 109 (53%)
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Abbreviations: ICB=Immune Checkpoint Blockade; ECOG=Eastern Cooperative Oncology Group; IMDC=International Metastatic Renal 
Cell Carcinoma Database Consortium; PD-1=Programmed Death-1; PD-L1=Programmed Death-Ligand 1; CTLA-4=Cytotoxic T-Lymphocyte-
Associated Protein-4; SMI=Skeletal Muscle Index; BMI=Body Mass Index.

1
94% of patients who received ICB in the ≥2nd line setting had previously received VEGFR TKI treatment.
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