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ABSTRACT

Background Immune checkpoint inhibitors (ICls) have
transformed treatment for melanoma, but identifying
reliable biomarkers of response and effective modifiable
lifestyle factors has been challenging. Obesity has been
correlated with improved responses to ICl, although the
association of body composition measures (muscle, fat,
etc) with outcomes remains unknown.

Methods We performed body composition analysis

using Slice-o-matic software on pretreatment CT scans

to quantify skeletal muscle index (SMi=skeletal muscle
area/height?), skeletal muscle density (SMD), skeletal
muscle gauge (SMG=SMI x SMD), and total adipose tissue
index (TATI=subcutaneous adipose tissue area + visceral
adipose tissue area/height?) of each patient at the third
lumbar vertebrae. We then correlated these measures to
response, progression-free survival (PFS), overall survival
(0S), and toxicity.

Results Among 287 patients treated with ICl, body mass
index was not associated with clinical benefit or toxicity. In
univariable analyses, patients with sarcopenic obesity had
inferior PFS (HR 1.4, p=0.04). On multivariable analyses,
high TATI was associated with inferior PFS (HR 1.7,
p=0.04), which was particularly strong in women (HR 2.1,
p=0.03). Patients with intermediate TATI and high SMG had
the best outcomes, whereas those with low SMG/high TATI
had inferior PFS and 0S (p=0.02 for both PFS and 0S).
Conclusions Body composition analysis identified several
features that correlated with improved clinical outcomes,
although the associations were modest. As with other
studies, we identified sex-specific associations that
warrant further study.

BACKGROUND

checkpoint inhibitors  (ICIs)
have revolutionized metastatic melanoma
treatment over the past decade, leading
to increased durable responses and long-
term survival rates compared with historical
benchmarks.! 2 Given the success of 1CI,
intensive research efforts are now focused on
determining which patients are most likely
to respond to treatment and on identifying
modifiable patient factors associated with
therapeutic benefit.

Immune

Recently, several studies have found an
association between obesity and response to
ICI. One study observed improved OS and
PFS among obese patients with metastatic
melanoma treated with immunotherapy
compared with patients with a normal body
mass index (BMI).” Of note, in this study,
survival outcomes were sex-specific with
significant associations observed only among
male patients. Several other groups have
published similar findings, although the
relationship appears to be complex, and
some studies have failed to report an associa-
tion.* For example, Donnelly et al examined
the relationship between BMI and survival
outcomes among 423 patients with metastatic
melanoma and did not find any significant
associations.” Additionally, the mechanism of
the association between BMI and response to
ICIs is not well understood, although obesity
may promote leptin-mediated T cell dysfunc-
tion which is reversed by Programmed cell
death proteinl (PD-1)/Programmed death-
ligand1 (PD-L1) blockade.’

BMI is a crude surrogate for more specific
measures of body composition (ie, skeletal
muscle and adipose tissue).® Accordingly, the
association of muscle quantity and quality, as
well as fat distribution (eg, visceral vs subcu-
taneous) with ICI outcomes among patients
with metastatic melanoma has not been well-
characterized beyond two small studies.” 1
Thus, we examined the relationship between
body composition and clinical outcomes
in a large cohort of patients with metastatic
melanoma treated with ICI, including the
impact of sarcopenia, obesity, and muscle/fat
composition and distribution.

METHODS

Patient population

After obtaining institutional review board
approval, the electronic medical record

BM)
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Figure 1 Representative segmentation results. Yellow = VAT, Blue = SAT, Red = muscle. (A) Representative low SMG/high

TATI. (B) Representative high SMG/low TATI. (C) Representative high SMG/high TATI. SAT, subcutaneous adipose tissue; SMG,
skeletal muscle gauge; TATI, total adipose tissue index; VAT, visceral adipose tissue.

was reviewed to identify 349 consecutive patients with
advanced melanoma treated with ICI (either anti-PD-1/
PD-L1 monotherapy or combination ipilimumab and
nivolumab) at Vanderbilt University Medical Center
from October 2009 through October 2018. Of these,
290 patients had pretreatment scans available for anal-
ysis (defined as CT or positron emission tomography-
computed tomography (PET-CT) obtained within 6
months of treatment start). After exclusion of three
scans for excess artifact, a total of 287 patients were
included. Chart review was performed to assess immune-
related adverse events related to treatment as defined
by Common Terminology Criteria for Adverse Events
Version 4.03. Response, progression-free survival (PFS)
and overall survival (OS) were investigator determined
based on review of electronic medical records. Objective
response was defined by RECIST V.1.1. PFS was defined
as time of treatment start to progression by RECIST V.1.1,
and OS was defined as time of treatment start to death or
last follow-up.

Automatic segmentation

Pretreatment scans (either non-contrasted CT images
from PET-CT scans or CT images) were analyzed using
Slice-o-matic (Tomovision V.5.0) and ABACS (auto-
mated body composition analyzer using CT) software
according to previously established methods (figure 1)."
Briefly, patient scans were viewed using AGFA IMPAX
software (V.6.6.1.3525) and the L3 level was identified
by study personnel. Axial, cross-sectional images at the
L3 level were then uploaded to Slice-o-matic and auto-
matically segmented into muscle tissue, subcutaneous
adipose tissue (SAT) and visceral adipose tissue (VAT)
using ABACS automatic segmentation software. This soft-
ware identifies muscle tissue as tissue with a radiodensity
between -29 and +150 Houndsfield units (HU). Given
the radiodensity of organs also falls within this range,
the software incorporates knowledge of L3 muscle shape
to avoid erroneously labeling organs as muscle tissue.'”
Once muscle tissue was identified, SAT was defined as
tissue lying outside the border of the defined muscle area
with a radiodensity between —190 and -30 HU and VAT
was tissue lying inside the border of the defined muscle

area with a radiodensity between -150 and -50 HU. This
software has been previously validated through compar-
ison with manual segmentation and was found to have
excellent concordance.'!

Measures of body composition

Skeletal muscle index (SMI) was used to normalize
muscle area for height and was calculated as follows:
(skeletal muscle area (ch))/(height (m?)). Sarcopenia
was defined according to Martin e al."® For patients with
BMI <25, sarcopenia was defined as SMI <43 cm/m2 for
men and <41 cm/m2 for women and for BMI 226, sarco-
penia was defined as <53 cm/m2 for men and <41 cm/
m?” for women. Sarcopenic obese was defined as patients
who met above criteria for sarcopenia with BMI 230. Skel-
etal muscle density (SMD) is a measure of muscle atten-
uation and was determined by Slice-o-matic software by
taking the average HU of muscle present at the L3 level.
SMD is known to be inversely related to myosteatosis
and has also been shown to be associated with survival
among patients with cancer in several studies."”"® Low
SMD was defined according to previously established
cut-offs by Martin and colleagues.”” For patients with
BMI <20 to 24.9, low SMD was defined as <41 HU. For
patients with BMI >25, low SMD was defined as <33 HU.
Of note, there are multiple definitions of SMD in the
literature. We chose the Martin et al definition because
it was the first pivotal study to address SMD in oncology
and itis the most commonly employed in the literature.'’
Total adipose tissue index (TATI) was used to normalize
adipose tissue for height and was calculated as follows:
(subcutaneous adipose tissue area (cm?) +visceral adipose
tissue area (cmg))/(height (m?)). We used tertiles to
categorize TATI because there is no clinically established
threshold for TATI and we felt that tertiles would be the
most appropriate way to categorize a continuous vari-
able without an established threshold. Skeletal muscle
gauge (SMG) incorporates both muscle area and muscle
density and has strongly correlated with patient outcomes
including toxicity and functional status among patients
with breast cancer treated with chemotherapy.'**’ SMG
was calculated as follows: (SMI cm?/m?)x (skeletal muscle
density in HU). Patients were divided into high and low
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SMG groups based on previously established cut-offs by
Shachar et al (SMG cutoff 1475)." VAT index and SAT
index were calculated as follows: (visceral adipose tissue
area (in cm2)/(height (m?)) for VAT index and (subcu-
taneous adipose tissue (in cm?)/ (height (in m?)) for SAT
index.

BODY MASS INDEX

BMI was calculated as weight (kg) divided by height (m?).
Patients were subdivided according to their pretreatment
BMI. Only three patients were underweight with pretreat-
ment BMI<18.5, thus underweight and normal categories
were combined; hereafter referred to as ‘Normal’. BMI
categories were established based on Centers for Disease
Control (CDC) definitions: Normal = <25, overweight =
>95 to <30, and obese = >30.*' Classes of obesity were also
defined according to CDC definitions as follows: Class I:
BMI 30 to <35, Class II: 35 to <40, and Class III: >40.”!

Statistical methods

Continuous variables were compared between groups
using t-test or non-parametric Mann-Whitney U test. Cate-
gorical variables were compared using y” test. PFS and
OS were assessed using the Kaplan-Meier method and
compared between groups using the log-rank test. Multi-
variable Cox regression models were developed to esti-
mate patient survival in association with TATI and SMG,
as well as their interaction term, adjusted for covariates
including age, sex, stage, and prior therapy. Regarding
the SMG:TATT interaction term, we thought that patients
with high skeletal muscle and high adipose tissue would
behave differently than those with low skeletal muscle
and high adipose tissue and thus we included an interac-
tion term to allow the estimated effect of SMG to differ at
different TATI levels. The interaction term was significant
for response (p, ... =0.0499) but not statistically signif-
icant for PFS and OS (p,, . ... >0-1). Given the study
sample size as well as the number of OS/PFS events, we
were able to afford to include the interaction term along
with other specified covariates in the multivariable anal-
yses without causing overfitting concerns. Of note, the
effect of SMG on PFS appeared to be lower for patients
in the highest TATI tertile compared with patients in the
lowest tertile, independent of age and gender (adjusted
HR=0.55, p=0.08). Age appeared to have a non-linear
relationship with survival outcomes and therefore was
fitted using restricted cubic splines with three knots. A
sex-stratified analysis was performed to assess for body
composition differences that are sex-specific. All statis-
tical analyses were performed using R V.3.6.0.

RESULTS

Patient characteristics

There were 287 patients with metastatic melanoma
included (see table 1 and online supplementary table
1). Median follow-up time was 519 days. A total of 136

Table 1 Patient baseline characteristics (n=287)
Male Female Overall
(n=184) (n=103) (n=287)
Age
Median (range) 63 (20-87) 63 (22-89) 63 (20-89)
Mean (SD) 61.7 (13.5) 59.6 (15.8) 61 (14.4)
Stage, n (%)
Mia 44 (23.9) 34 (33) 78 (27.2)
M1b 41 (22.3) 19 (18.4) 60 (20.9)
M1ic and M1d 99 (53.8) 50 (48.5) 149 (51.9)
ICI, n (%)
Ipilimumab+nivolumab 43 (23.4) 19 (18.4) 62 (21.6)
Pembrolizumab 115 (62.5) 71 (68.9) 186 (64.8)
Nivolumab 22 (12) 10 (9.7) 32 (11.1)
Atezolizumab 4(2.2) 3(2.9) 7 (2.4)
Prior therapy, n (%)*
No 91 (49.5) 43 (41.7) 134 (46.7)
Yes 93 (50.5) 60 (58.3) 153 (53.3)
Line of therapy, n (%)
First 92 (50) 42 (40.8) 134 (46.7)
Second 43 (23.4) 24 (23.3) 67 (23.3)
Third 29 (15.8) 24 (23.3) 53 (18.5)
Fourth and above 20 (10.9) 13 (12.6) 33 (11.5)
BMI
Mean (SD) 29.7 (5.36) 28.4(6.13) 29.2 (5.67)
Median (range) 291 (16.7- 27.9(18.1-  28.9 (16.7-
50.6) 45.8) 50.6)
BMI category, n (%)
Normal (<25) 36 (19.6) 37 (35.9) 73 (25.4)
Overweight (>25 to <30) 70 (38) 29 (28.2) 99 (34.5)
Obese (>30) 78 (42.4) 37 (35.9) 115 (40.1)
Sarcopenic, n (%)
No 91 (49.5) 42 (40.8) 133 (46.3)
Yes 93 (50.5) 61 (59.2) 154 (53.7)
Sarcopenic obese, n (%)
No 155 (84.2) 90 (87.4) 245 (85.4)
Yes 29 (15.8) 13 (12.6) 42 (14.6)

*Prior therapy refers to any prior systemic therapy.
BMI, body mass index; ICl, immune checkpoint inhibitor.

patients were alive at last follow-up. The median age was
63 and most (64.1%) patients were male. Most patients
had stage IV Mlc or Mld disease (51.9%) and had
received prior treatment (53.3%). Pembrolizumab was
the most common ICI (64.8%) followed by combination
ipilimumab and nivolumab (21.6%). The median BMI
was 28.9, slightly higher than the national average (26.6
for men and 26.5 for women).** Over half (53.7%) of
patients were sarcopenic at baseline.

Associations with BMI
We did not find any statistically significant associations
between BMI and response, toxicities (any grade), PFS,
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Table 2 Univariable and multivariable analysis examining response, toxicities, PFS, and OS in association with BMI (n=287)

Univariable analysis

Response
Overweight versus normal
Obese versus normal
Toxicities
Overweight versus normal
Obese versus normal
PFS
Overweight versus normal
Obese versus normal
0os
Overweight versus normal
Obese versus normal
Multivariable analysis*
Response
Total cohort (n=287)
Overweight versus normal
Obese versus normal
Male (n=184)
Overweight versus normal
Obese versus normal
Female (n=103)
Overweight versus normal
Obese versus normal
PFS
Total cohort (n=287)
Overweight versus normal
Obese versus normal
Male (n=184)
Overweight versus normal
Obese versus normal
Female (n=103)
Overweight versus normal
Obese versus normal
Overall survival
Total cohort (n=287)
Overweight versus normal
Obese versus normal
Male (n=184)
Overweight versus normal
Obese versus normal
Female (n=103)
Overweight versus normal

Obese versus normal

OR 95% CI P value
1.04 0.57 to 1.90 0.91
0.71 0.39to 1.29 0.26
OR 95% CI P value
1.08 0.59 to 2.00 0.79
0.80 0.44 to 1.46 0.47
HR 95% CI P value
0.92 0.64 to 1.33 0.65
1.15 0.82 to 1.63 0.42
HR 95% CI P value
0.94 0.62 to 1.44 0.79
1.00 0.66 to 1.50 0.99
OR 95% CI P value
0.84 0.45to0 1.60 0.60
0.58 0.31 to 1.09 0.09
0.73 0.31 to 1.69 0.46
0.68 0.30to 1.53 0.35
1.04 0.36 to 3.02 0.94
0.37 0.13 to 1.06 0.06
HR 95% CI P value
1.04 0.71 to 1.52 0.84
1.28 0.90 to 1.83 0.18
1.10 0.66 to 1.84 0.72
1.20 0.73t0 1.97 0.47
1.09 0.59 to 2.00 0.78
1.60 0.95to0 2.70 0.08
HR 95% CI P value
1.10 0.71t0 1.70 0.67
1.10 0.72 to 1.67 0.65
1.16 0.65 to 2.08 0.61
1.07 0.61to0 1.87 0.82
1.15 0.55t02.38 0.71
1.31 0.68 to 2.50 0.42

*Adjusted for age, stage, and prior therapy.
OS, overall survival; PFS, progression-free survival.

or OS in univariable or multivariable analyses (table 2;
online supplementary table 2). Next, we considered the
possibility that sex differences were masking associations

between BMI and outcomes by performing sex-stratified
analysis (table 2). We found that this was not the case
given that even in the sex-stratified analysis, we did not
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find any statistically significant associations between BMI
and response, toxicities, PFS, or OS.

Next, we sought to determine whether different classes
of obesity were associated with any of the above outcomes
(online supplementary table 3 and online supplementary
figure 1). Although there were no statistically significant
differences in response, toxicity, or PFS when examining
different classes of obesity, there was a statistically signif-
icant difference in overall survival among patients with
class III obesity compared with patients with class I obesity
(HR 2.4,95% CI 1.1 to 4.9, p value = 0.03).

Lastly, to determine if associations differed between
the monotherapy and combination therapy cohorts,
we fitted the same multivariable Cox regression models
for response, PFS and OS for the combination therapy
cohort and the monotherapy cohort separately (online
supplementary table 4). There were no major differences
between the individual cohorts and the pooled analysis.
Again, there were no statistically significant associations
between BMI and Response, PFS or OS.

Correlation between BMI and body composition measures
Given BMI is often used as a surrogate for body compo-
sition, we next examined the correlation between BMI
and various body composition measures. BMI was most
strongly correlated with TATI (correlation coefficient
0.88; online supplementary table 5). The weakest correla-
tion was between BMI and SMG (correlation coefficient
0.15).

Association of body composition measures

Given the strong correlation of TATI and BMI, we first
assessed whether TATT correlated with clinical outcomes.
In the univariable analyses (table 3 and online supple-
mentary table 2), we did not find any statistically signifi-
cant associations between TATI (assessed by tertiles) and
response, toxicities, PFS or OS. Patients with sarcopenic
obesity had inferior PFS (HR 1.47, 95% CI 1.02 to 2.12,
p=0.037), although there were no differences in response
or OS.

Multivariable analysis

In multivariable analyses (table 4) adjusted for age, sex,
SMG:TATT interaction, stage and prior therapy, there
were no differences in response, PFS or OS among
patients with high SMG versus low SMG. Although there
was no difference in response among different TATI
tertiles when examining the total cohort, when stratified
by sex, females in the highest TATI tertile were signifi-
cantly less likely to respond to ICI compared with females
in the lowest TATI tertile (OR 0.18, 95% CI 0.04 to 0.76,
p=0.02). This difference was not seen among males. Addi-
tionally, multivariable analyses showed that patients in
the highest TATI tertile were more likely to experience
progression (HR PFS 1.71, 95% CI 1.01 to 2.87, p=0.04)
than those in the lowest tertile. In the sex-stratified anal-
ysis, this association was even stronger among women

(HR PFS 2.06, 95% CI 1.06 to 3.98, p=0.032) but did not

Table 3 Univariable analyses examining response,
toxicities, PFS and OS in association with body composition
measures (n=287)

Response OR 95% ClI P value
SMI (sarcopenic vs non- 0.89 0.56to01.42 0.62
sarcopenic)

SMD (high vs low) 1.15 0.72t01.83 0.56
SMG (high vs low) 124 0.77t0o1.99 0.37
TATI (medium vs low) 1.16 0.66t02.05 0.61
TATI (high vs low) 0.79 0.44t01.40 043
Sarcopenic obese (yes vs no) 0.60 0.30to 1.20 0.15

Toxicities OR 95% ClI P value
SMI (sarcopenic vs non- 090 0.56to1.44 0.67
sarcopenic)

SMD (high vs low) 0.78 0.49t0o1.25 0.30
SMG (high vs low) 0.84 0.52t01.35 0.47
TATI (medium vs low) 0.85 0.478to 1.50 0.57
TATI (high vs low) 0.74 0.42t01.32 0.32
Sarcopenic obese (yes vs no) 0.62 0.31t01.23 0.17

PFS HR 95% ClI P value
SMI (sarcopenic vs non- 115 0.87to1.51 0.33
sarcopenic)

SMD (high vs low) 0.97 0.74t01.28 0.85
SMG (high vs low) 0.90 0.68to1.19 047
TATI (medium vs low) 0.82 0.58t01.16 0.26
TATI (high vs low) 111 0.80to1.55 0.51
Sarcopenic obese (yes vs no) 1.47 1.02to 2.12 0.037

os HR 95% ClI P value

SMI (sarcopenic vs non- 128 093to1.77 0.135
sarcopenic)

SMD (high vs low) 0.76 0.55t01.04 0.09
SMG (high vs low) 0.78 0.57t01.08 0.14
TATI (medium vs low) 0.83 0.56t01.24 0.37
TATI (high vs low) 1.01 059t01.48 0.97

Sarcopenic obese (yes vs no) 1.34 0.88t02.05 0.17

P values =0.05 are displayed in bold.

OS, overall survival; PFS, progression-free survival; SMD,
skeletal muscle density; SMG, skeletal muscle gauge; SMI,
skeletal muscle index; TATI, total adipose tissue index.

persist among men (HR PFS 1.40, 95% CI 0.59 to 3.31,
p=0.45). There was, however, no statistically significant
difference in OS between patients with high and low
TATT in the total cohort or when stratified by sex.

We next sought to determine if associations differed
between the monotherapy and the combination therapy
cohorts. We fitted the same multivariable Cox regression
models for response, PFS and OS for the combination
therapy cohort and the monotherapy cohort separately
(online supplementary table 6). The associations in the
monotherapy cohort were consistent with the results of
the pooled analysis. There were no statistically significant
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Table 4 Multivariable and sex-stratified analysis examining
body composition measures and response, PFS and OS

95% CI

Response OR P value

Total cohort* (n=287)

SMG (high vs low) 0.90 0.36 to 2.28 0.83

TATI (medium vs low) 1.24 0.48 to 3.22 0.66

TATI (high vs low) 0.39 0.15to0 1.02 0.06
Malet (n=184)

SMG (high vs low) 1.56 0.42 t0 5.85 0.51

TATI (medium vs low) 2.05 0.50 to 8.37 0.32

TATI (high vs low) 0.92 0.22 to 3.91 0.91
Femalet (n=103)

SMG (high vs low) 0.72 0.1510 3.48 0.68

TATI (medium vs low) 0.81 0.20 to 3.25 0.76

TATI (high vs low) 0.19 0.05 to 0.77 0.02
PFS HR 95% ClI P value
Total cohort* (n=287)

SMG (high vs low) 1.21 0.70 to 2.10 0.48

TATI (medium vs low) 1.07 0.61 to 1.90 0.81
TATI (high vs low) 1.71 1.01 to 2.87 0.04
Malet (n=184)

SMG (high vs low) 1.12 0.50 to 2.50 0.78

TATI (medium vs low) 0.92 0.39t02.18 0.86

TATI (high vs low) 1.40 0.59 to 3.31 0.45

Femalet (n=103)

SMG (high vs low) 0.96 0.41t02.22 0.92

TATI (medium vs low) 1.11 0.44 to0 2.52 0.80

TATI (high vs low) 2.06 1.06 to 3.98 0.03
0os HR 95% Cl P value
Total cohort* (n=287)

SMG (high vs low) 0.99 0.53 to 1.83 0.97

TATI (medium vs low) 1.18 0.61 to 2.26 0.62

TATI (high vs low) 1.44 0.80 to 2.61 0.22
Malet (n=184)

SMG (high vs low) 0.85 0.36 to 2.01 0.71

TATI (medium vs low) 0.88 0.351t0 2.20 0.78

TATI (high vs low) 1.43 0.57 to 3.56 0.45
Femalet (n=103)

SMG (high vs low) 0.83 0.31 to 2.21 0.71

TATI (medium vs low) 1.80 0.69 to 4.68 0.23

TATI (high vs low) 1.53 0.68 to0 3.43 0.30

P values =0.05 are displayed in bold.

*Adjusted for age, sex, stage, prior treatment and SMG:TATI interaction term.
tTAdjusted for age, stage, prior treatment and SMG:TATI interaction term.
OS, overall survival; PFS, progression-free survival; SMD, skeletal muscle
density; SMG, skeletal muscle gauge; SMI, skeletal muscle index; TATI, total
adipose tissue index.

associations in the combination therapy cohort which may
be due to limited power as a result of the small number of
patients in this group (n=62).

To further investigate the relationship between SMG
and TATI, we assessed different combinations of SMG

3

and TATI. Although within the full group, outcomes were
not statistically different. when comparing cohorts with
the poorest outcomes (low SMG:high TATI) to those with
the best outcomes (high SMG:mid TATI), there was a
significant difference in both PFS and OS with patients in
the low SMG:high TATI group having significantly worse
outcomes (p=0.02 and 0.02 respectively, figure 2).

Given the inverse relationship between TATI and
response, we were interested in whether one adipose
tissue compartment was primarily driving this association.
Thus, we assessed SAT and VAT in relation to response,
PFS and OS (online supplementary table 7). We found
that there were no statistically significant differences
among patients with low versus high SAT or low versus
high VAT with regard to these outcomes.

DISCUSSION

To our knowledge, this is the largest study examining
the association between body composition measures and
outcomes in patients with metastatic melanoma receiving
ICI In this study, we found that high TATI was associated
with decreased response rate and PFS among women.
Interestingly, this association was only significant in multi-
variable analysis when accounting for the interaction
between SMG and TATI. This suggests that patients with
higher muscle (higher SMI and SMG—a metric which
incorporates muscle size and density) and low or interme-
diate fat content seem to have better outcomes than those
with high fat/low muscle. These findings are in agree-
ment with other studies which have found that sarcopenic
obesity is more closely associated with outcomes than
obesity alone across other cancer settings.”> However, the
results observed in our study were only of modest clinical
and/or statistical significance, and are thus of doubtful
utility as biomarkers.

Several preclinical studies have linked adipose tissue
with increased rate of tumor progression. One study found
that melanoma tumors (both in vivo and in vitro) that
were surrounded by adipocytes had increased progression
and invasion in part due to direct lipid transport from
adipocytes to tumor cells with a concomitant decrease in
tumor cell de novo lipogenesis.** Furthermore, a number
of studies across cancer types have demonstrated poor
outcomes associated with adiposity, particularly with
sarcopenic obesity outside the context of immune therapy
(eg, cancer surgery or chemotherapy).>’

Within the context of cancer immunotherapy, one
study showed that obesity/adiposity could actually have
favorable effects.” Increased markers of exhaustion
were found in tumor-infiltrating lymphocytes from diet-
induced obese (DIO) mice which was in part regulated
by leptin signaling. Increased T cell exhaustion led to
increased tumor progression among DIO mice compared
with control mice. When given anti-PD-1 therapy, tumors
in DIO mice returned to progression rates similar to the
control mice, suggesting that immunotherapy has the
ability to reverse T cell exhaustion in obese mice. These
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Figure 2 Kaplan-Meier curves for PFS and OS for various combinations of SMG:TATI. OS, overall survival; PFS, progression-
free survival SMG, skeletal muscle gauge; TATI, total adipose tissue index.

data support the concept that obesity may drive T cell
exhaustion and more aggressive tumor biology which,
when reversed by ICI, levels the playing field.

In this study, we did not find any statistically significant
associations between baseline BMI and response to ICIL
We did find a significant association between OS and Class
IIT obesity (BMI >40, HR 2.4, 95% CI 1.1 to 4.9, p value
= 0.03). Given there was no statistically significant differ-
ence in response or PFS, we hypothesize that this is likely
due to overall poor health of these patients rather than an
interaction between obesity and ICI. Thus far there have
been mixed findings regarding BMI and response to ICI
with several studies finding a positive association® but
not universally.7 There are several possible explanations
for these inconsistencies. First, the effect of BMI may be
small and sex-specific as demonstrated by several studies
including our own. Second, the role of adipose tissue in
cancer progression and response to ICI may be a dynamic
one, with tumors in obese individuals being initially more
vulnerable to ICI but ultimately associated with irrevers-
ible T cell exhaustion and worse outcomes. Thus, it might
be possible to capture different associations between BMI
and response at different clinical time points. Lastly,
given the complex relationship between adipose tissue
and both tumor and immune cells, it is likely that there
are a host of underlying factors that require continued
collaboration between basic and clinical scientists.

There were several limitations to this study. We did not
take into account tumor characteristics, including tumor
mutational burden and PD-LI expression. Additionally,
the study was performed at a single center in the South-
eastern USA, a region with relatively high rates of obesity,
and possibly other region-specific biases. Most patients
in the study were either overweight or obese (76.3%)
slightly higher than national rates (71.6%), but fairly
representative for the region.”® Subset analyses produced
small numbers in some groups, thus potentially obscuring
modest associations. However, the labor-intensive nature
of these study procedures would make dramatically
increasing the sample size challenging. Patients who did

not have pretreatment scans or whose scans were unan-
alyzable were not included in the study which could
introduce selection bias. Patients’ pretreatment scans
were obtained within 6 months of treatment start and it
is possible that body composition changed in the months
prior to treatment particularly in the setting of advanced
cancer. The majority of patient scans, however, were
obtained within 1 month prior to treatment start (228
out of 287 patient scans) and only 12 scans were obtained
greater than 2 months prior to treatment start making
significant changes in body composition that would affect
the results of the present study less likely.

In conclusion, we did not observe associations with
outcomes and BMI in this study but did identify trends
toward worse outcomes in patients with higher adiposity
and lower muscle quantity and quality. These trends were
of modest clinical and statistical significance, despite a
fairly large sample size. Given these findings, we conclude
that although body composition may have some value in
predicting response to ICIs, it will likely not play a major
role in clinical decision-making. Additional clinical and
translational studies are needed to elucidate the effects
of body composition and other host factors on the anti-
tumor immune response.
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