CANCER IMMUNOLOGY RESEARCH | RESEARCH ARTICLE

TMB and Inflammatory Gene Expression Associated with
Clinical Outcomes following Immunotherapy in

Advanced Melanoma

Check for
updates

F. Stephen Hodi', Jedd D. Wolchok?>*%®, Dirk Schadendorf®, James Larkin’, Georgina V. Long®®,
Xiaozhong Qian'®, Abdel Saci'®, Tina C. Young", Sujaya Srinivasan'®, Han Chang'?, Hao Tang™,
Megan Wind-Rotolo', Jasmine I. Rizzo™, Donald G. Jackson'®, and Paolo A. Ascierto™

Outcomes for patients with melanoma have improved over the past
decade as a result of the development and FDA approval of immu-
notherapies targeting cytotoxic T lymphocyte antigen-4 (CTLA-4),
programmed death-1 (PD-1), and programmed death ligand 1 (PD-
L1). However, these therapies do not benefit all patients, and an area of
intensive research investigation is identifying biomarkers that can
predict which patients are most likely to benefit from them. Here, we
report exploratory analyses of the associations of tumor mutational
burden (TMB), a 4-gene inflammatory gene expression signature, and
BRAF mutation status with tumor response, progression-free survival,
and overall survival in patients with advanced melanoma treated as part
of the CheckMate 066 and 067 phase III clinical trials evaluating
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immuno-oncology therapies. In patients enrolled in CheckMate 067
receiving the anti-PD-1 inhibitor nivolumab (NIVO) alone or in
combination with the anti-CTLA-4 inhibitor ipilimumab (IPI) or IPI
alone, longer survival appeared to associate with high (>median) versus
low (<median) TMB and with high versus low inflammatory signature
scores. For NIVO-treated patients, the results regarding TMB associ-
ation were confirmed in CheckMate 066. In addition, improved survival
was observed with high TMB and absence of BRAF mutation. Weak
correlations were observed between PD-L1, TMB, and the inflammatory
signature. Combined assessment of TMB, inflammatory gene expres-
sion signature, and BRAF mutation status may be predictive for
response to immune checkpoint blockade in advanced melanoma.

Introduction

Treatment for patients with melanoma has been transformed in
the past 10 years by the FDA approval of immuno-oncology (I-O)
therapies targeting cytotoxic T lymphocyte antigen-4 (CTLA-4)
and programmed death-1 (PD-1; refs. 1, 2). In the phase III
CheckMate 066 clinical trial, patients with previously untreated,
unresectable, metastatic, BRAF wild-type (BRAF™T) melanoma
randomized to receive the PD-I1-specific monoclonal antibody
nivolumab (NIVO) had significant improvements in overall survival
(OS) and progression-free survival (PFS) compared with those ran-
domized to receive dacarbazine, and these improvements were sus-
tained over 5 years of follow-up (3-5). In the phase III CheckMate 067
clinical trial, patients with BRAF"" and V600 mutation—positive
(BRAFV®™) unresectable or metastatic melanoma assigned NIVO or
NIVO combined with the CTLA-4-specific monoclonal antibody
ipilimumab (IPI) showed significantly longer PFS and OS than
those assigned IPI alone (6, 7). Sustained improvements in OS, PFS,
and objective response rate (ORR) were observed in patients
receiving NIVO or NIVO+IPI versus IPT with a minimum of 5 years’
follow-up (7).

Not all patients respond to immune checkpoint blockade, however,
and there is a need to identify biomarkers that can predict which
patients are most likely to benefit from these treatments (2, 8). Bio-
markers that may predict response to I-O therapy include molecular
signatures related to tumor immunogenicity, such as tumor muta-
tional burden (TMB; ref. 9) and microsatellite instability (10). Other
molecular signatures that may act as biomarkers of response include
mutations in individual genes (11), evidence of adaptive immune
resistance [e.g., increase in expression of programmed death ligand 1
(PD-L1; ref. 12) and lymphocyte-activation gene 3 (LAG-3; ref. 13)],
and signatures related to tumor inflammation, such as inflammatory
gene expression signatures (14). TMB is associated with response to
I-O therapy across various tumor types (9, 15, 16), including untreated
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non-small cell lung cancer (NSCLC; refs. 17, 18). In advanced
melanoma, high TMB is associated with response in patients receiving
IPI (1, 19), NIVO followed by IPI (20), and NIVO in IPI-naive
patients (21).

Mutations in STKI1 (22), genes encoding JAK/STAT pathway
components (23), and genes encoding antigen presentation pathway
components (24) underlie resistance to I-O therapy. Mutations in
PTEN (22,25), NRAS (11), BRAF (11), PBRM1, and other components
of the polybromo-associated BRG-/BRM-associated factor (PBAF)
complex (26, 27) affect antitumor responses. Mutations affecting IFN'y
signaling, which is activated in T-cell inflamed tumor microenviron-
ments (TME), may also influence resistance to I-O therapy (28). In
addition, activation of the oncogenic WNT/B-catenin pathway is
associated with reduced T-cell infiltration in the TME (28, 29). There-
fore, stabilizing mutations in components of the WNT/B-catenin
pathway such as the CTNNBI gene could influence response to I-O
therapy (30).

In addition to genomic analyses, gene expression profiling (GEP)
studies, including patients with melanoma, show that inflammatory
signatures can have predictive value for patients receiving anti-PD-1
therapy (14, 31, 32). Exploratory analyses of patients with metastatic
gastroesophageal cancer treated with NIVO+IPI, and patients with
advanced hepatocellular carcinoma treated with NIVO, show a cor-
relation between response and an inflammatory gene expression
signature consisting of four genes [CD274 (PD-L1), CD8A, LAG3,
and STATI; refs. 33-35], which was developed by investigating gene
expression patterns relevant to antitumor immune response and
immune suppression within the TME (36-39).

As part of retrospective, exploratory analyses, we evaluated TMB in
patients from CheckMate 066 and 067. BRAF V600 mutation status,
mutations in genes reported to affect response to I-O therapy or tumor
inflammation, and inflammatory signature scores were also assessed in
patients from CheckMate 067 (inflammatory signature scores were not
assessed in CheckMate 066 due to limited baseline tumor tissue
availability). These biomarkers, which represent a comprehensive list
of genomic and transcriptomic biomarkers currently being evaluated
for I-O, were investigated alone or in combination in terms of their
association with clinical response, PFS, and OS in a large multicenter
study of patients with advanced melanoma treated with first-line I-O
therapy.

Materials and Methods

Patients

CheckMate 066 (NCT01721772) and 067 (NCT01844505) were
randomized, double-blind, phase III trials that enrolled adults with
previously untreated, histologically confirmed stage III (unresectable)
or stage IV melanoma. Eligibility criteria (previously reported; refs. 4, 6)
included known BRAF V600 mutation status, Eastern Cooperative
Oncology Group performance status score of 0 or 1, and the
availability of tissue for biomarker analysis.

Study designs and treatment

The study designs for CheckMate 066 and CheckMate 067 have
been previously described (4, 6). In CheckMate 067, randomization to
NIVO, NIVO+IPI, or IPI was stratified by tumor PD-L1 expression
(=5% vs. <5%/indeterminate; ref. 6), BRAF V600 mutation status, and
metastasis stage (MO/M1A/M1B vs. M1C), whereas in CheckMate 066,
patients were confirmed BRAF"T and randomization to either NIVO
or dacarbazine was stratified according to tumor PD-L1 expression
and metastasis stage (4). In CheckMate 066, OS was the primary
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endpoint and PFS and ORR were secondary endpoints (4); in Check-
Mate 067, PFS and OS were primary endpoints and ORR was a
secondary endpoint. The trial design for CheckMate 067 was not
powered to compare the NIVO and NIVO+IPI trial arms (6, 8).

Exploratory endpoints in both studies included analyses in patients
with biomarker-evaluable tumor samples from unresectable or met-
astatic sites (Supplementary Figs. S1 and S2). In the present analysis, a
data cutoff with a minimum of 4 years of follow-up was used for both
studies.

The trial protocols for CheckMate 066 and 067 were approved by
the institutional review board at each participating study site. Both
trials were conducted in accordance with the provisions of the
Declaration of Helsinki and with Good Clinical Practice guidelines
as defined by the International Conference on Harmonization. All the
patients provided written informed consent before enrollment. Data
and safety monitoring committees provided oversight of safety and
efficacy considerations (4, 6).

Clinical assessments

Between randomization and progression or initiation of subsequent
therapy, depending on which occurred first, tumor response was
investigator assessed per RECIST v1.1 (40) by computed tomography
or magnetic resonance imaging performed initially at 9 weeks then
every 6 weeks up to a year (CheckMate 066), and initially at 12 weeks
then every 6 weeks for 49 weeks (CheckMate 067), then every 12 weeks
until progression or discontinuation due to unacceptable toxicity,
whichever occurred first (both studies). Responders had complete
(CR) or partial response (PR) as their best overall response (BOR).
Nonresponders included patients with stable (SD) or progressive
disease (PD) and patients whose BOR could not be determined. For
each patient subgroup, ORR was calculated as the fraction of respon-
ders of the treated, biomarker-evaluable population. Confirmation of
response was not required. PFS and OS were measured from the date of
randomization until the date of first radiographic progression or death
(PES), or death only (OS).

Biomarker assessments

The biomarker-evaluable population included patients who had
provided informed consent for inclusion in the study and whose
samples were adequate for biomarker assessments. Pretreatment
tumor tissue, whole blood, and serum samples were collected at
baseline as part of this analysis. In both studies, PD-L1 expression
was prospectively determined on tumor cells using the Dako PD-L1
IHC 28-8 pharmDx assay (4, 6). CD8 immunohistochemistry (IHC)
was performed by pathology-assisted digital scoring at Mosaic Lab-
oratories (Lake Forest, CA) using a monoclonal CD8-specific antibody
(clone C8/144B, cat #M710301-2, Agilent Technologies). CD8 THC
scores were expressed as the percentage of CD8" immune cells of
total cells.

Exploratory genomic and transcriptomic analyses were performed
by whole-exome sequencing (WES) and RNA sequencing (RNA-seq),
respectively, using formalin-fixed, paraffin-embedded (FFPE) pre-
treatment tumor samples. Tumor specimens were collected before
randomization. Tissue blocks were stored at an ambient temperature
and slides were sectioned as needed for IHC and genomic analyses.
Slides were stored at refrigeration temperature and serum samples
were stored at temperatures of —20°C at sites and —70°C at a central
storage facility. Whole blood for peripheral blood mononuclear cell
(PBMC) isolation was collected before dosing and shipped at ambient
temperature to the processing laboratory, where PBMCs were isolated
using the aliquot method and stored in liquid nitrogen. Dual DNA and
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RNA extraction from FFPE tumor tissue was carried out using
the AllPrep DNA/RNA FFPE Kit (cat #80234, Qiagen). RNA concen-
tration and integrity were evaluated using Qubit RNA HS Assay Kit
(cat #Q32852, Thermo Fisher Scientific) and Agilent RNA 6000 Nano
Kit (cat #5067-1511) reagents, respectively. DNA concentration was
assessed using Qubit BR DNA Assay Kit (cat #Q32853, Thermo Fisher
Scientific). Whole blood was collected in ethylenediaminetetraacetic
acid tubes and stored at —80°C until ready for DNA extraction using
QIAmp Blood DNA Extraction Kit (cat #51106, Qiagen); concentra-
tion was assessed using Qubit BR DNA Assay Kit (cat #Q32853).

WES and TMB

Libraries derived from WES for both tumor and blood DNA
samples were prepared using the Agilent SureSelectXT v5 Kit following
validated standard operating procedures (SOP) for both DNA
extracted from FFPE tissue and whole blood at Expression Analysis
(Raleigh, NC). Briefly, extracted DNA was fragmented using a son-
ication instrument (Covaris). WES libraries were then prepared using
65-100 ng DNA as input template, and subsequently entered into a
hybridization capture step targeting exonic regions of the genome.
Enrichment of libraries and addition of a sample barcode index was
achieved via a post-capture polymerase chain reaction (PCR) step.
Library concentration was quantified using the KAPA Library Quan-
tification Kit (Roche, cat# 07960140001) and library fragment size
analyzed using Agilent D1000 ScreenTape Assay on the TapeStation
system, respectively. Library quantification involves qPCR amplifica-
tion of six prediluted DNA Standards (provided with KAPA Library
Quantification Kit) and diluted library samples using primers targeting
the Illumina P5 and P7 flow cell oligo sequences. Average Cq for each
DNA standard is plotted against log;o to generate a standard curve.
Using absolute quantification, concentrations of diluted libraries
were then estimated against the standard curve. Finally, equimolar
amounts of libraries were pooled and sequenced using Illumina
HiSeq2500 generating 2 x 100 paired-end (PE) reads and targeting
100x depth of coverage. Sequence alignment, variant calling, and
TMB calculation were performed as described in Chang and collea-
gues (41). TMB was calculated as total observed missense mutations in
pretreatment tumor samples using matched normal (blood) samples
from each patient for reference (41). For each trial, TMB was either
log;o transformed (when used as a continuous variable) or the median
pretreatment TMB score across all evaluable patients was used as
a cutoff to group patients by high TMB (>median) or low TMB
(< median) status. Biomarker analyses included BRAF mutation status,
which was reported as part of patients’ clinical characteristics. Somatic
mutations in select genes previously shown to affect response to I-O
treatment or tumor inflammation (including BRAF) were also eval-
uated by WES.

GEP and inflammatory gene expression signature scoring
RNA-seq libraries were prepared using the TruSeq RNA Access
Library Kit (cat #20020189, Illumina) following validated SOP at
Expression Analysis. Briefly, total RNA samples were fragmented
and converted into indexed cDNA libraries using 100-200 ng RNA
as input template. Indexed libraries were then subsequently
enriched for coding RNA using hybrid capture probes specific for
coding RNA. Libraries were quantified and qualified as described in
the previous section. Equimolar amounts of libraries were pooled
and sequenced using the Illumina HiSeq2500 to a depth of 50
million 2 x 50 PE reads. Reads were aligned to the Ensembl
GRCh37 v75 Human reference genome using STAR (http://star.
mit.edu/cluster/) and gene-level expression estimates were calcu-
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lated using RNA-Seq by Expectation Maximization as previously
described (42). Quality control metrics were calculated using Picard
(http://broadinstitute.github.io/picard). Samples with fewer than 30
million reads, and an estimated library size less than 10 million were
excluded from analysis. CohortMatcher (https://github.com/gol
haram/cohort-matcher) was used to confirm sample identity by
comparison with matched tumor and normal (blood) WES results.
Scores for the 4-gene inflammatory signature and other inflamma-
tory gene expression signatures were calculated by z-scoring (a
measurement describing a value’s distance from the mean) the log,
counts per million values for each component gene in the signature,
then calculating the median of the z-scored values for all component
genes (CD274, CD8A, LAG3, and STATI) within a sample as the
signature score (33, 35). All four genes were weighted equally in
calculating the signature score of each sample. The median signa-
ture score across all evaluable patients was used to group individual
patient scores as high (>median) or low (<median) for inflamma-
tory gene expression. RNA-seq was not performed on patient
samples from CheckMate 066 due to limited baseline tumor tissue
availability.

Statistical analyses

Statistical analyses were performed using R versions 3.4.4 or higher.
Survival analyses used version 2.41-3 or higher of the “survival”
package and visualized using version 0.4.2 or higher of the “survminer”
package. Patient characteristics and clinical outcomes were compared
between the biomarker-evaluable population and the intent-to-treat
(ITT) population using frequency statistics and descriptive statistics.
Hazard ratios (HR) and their 95% confidence intervals (CI) for PES or
OS in the TMB and inflammatory signature patient subgroups were
obtained by univariate Cox proportional hazards, stratified by PD-L1
expression (25% vs. <5%/indeterminate), BRAF V600 mutation status,
and disease stage, and were illustrated with Kaplan-Meier plots. The
association between different biomarkers was explored using linear
regression analysis, Pearson’s correlation coefficient, and scatter plots.
The association between response with biomarkers was assessed by
descriptive statistics, box plots, logistic regression models, and receiver
operating characteristic (ROC) plots by trial arm. ROC analyses were
completed using version 1.10.0 or higher of the “pROC” package and
visualized using version 2.2.0 or higher of the “plotROC” package. All
other plots were generated using version 2.2.1 or higher of the “ggplot”
package.

Considering that these exploratory analyses were performed retro-
spectively on a subset of the ITT population, HRs and areas under the
curve (AUC) are reported with 95% Cls instead of P values (43). The
studies were not powered for formal statistical comparison between
treatment arms or within biomarker subgroups.

Data deposition

Raw sequencing data cannot be made publicly available for all
patients owing to restrictions on patient consent preventing sharing
of potentially identifiable genetic data. Informed consent for data
sharing was obtained from 16 TMB-evaluable patients in the
CheckMate 066 trial as well as from 61 TMB-evaluable patients
and 38 GEP-evaluable patients in the CheckMate 067 trial.
Sequence data, TMB, and 4-gene inflammatory signature scores
from these patients support the conclusions of this article and have
been deposited in the European Genome-phenome Archive under
accession numbers EGAS00001004564, EGAS00001004555, and
EGAS00001004567. TMB and 4-gene inflammatory signature
scores are in Supplementary Data Files S1-S3. More information
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on Bristol Myers Squibb’s data sharing policy can be found here:
https://www.bms.com/researchers-and-partners/clinical-trials-and-
research/disclosure-commitment.html.

Results

Patients

In CheckMate 067, 176 (56.2%) and 97 (31.0%) of the 313 patients
treated with NIVO, 184 (58.8%) and 85 (27.2%) of the 313 patients
treated with NIVO+IPI, and 178 (57.2%) and 87 (28.0%) of the 311
patients treated with IPI had pretreatment samples evaluable for TMB
and GEP, respectively (Supplementary Fig. S1). In CheckMate 066,418
patients were randomized, of whom 206 received treatment with
NIVO and 205 received dacarbazine; 119 of 411 treated patients
(29.0%) had TMB-evaluable pretreatment samples, 52 in the NIVO
arm and 67 in the dacarbazine arm (Supplementary Fig. S2).

Demographics and baseline patient characteristics were generally
comparable between the biomarker-evaluable and the ITT populations
in both CheckMate 066 (4) and 067 (Supplementary Tables S1-S3;
ref. 6). TMB distribution (CheckMate 067 and 066; Supplementary
Figs. S3 and S4) and inflammatory signature scores (CheckMate 067;
Supplementary Fig. S5) were similar across treatment arms. Median
missense mutations for all TMB-evaluable patients in CheckMate
066 and 067 were 203.5 and 157, respectively (Supplementary Figs.
S3 and S4). The fractions of patients by M stage, BRAF V600 mutation
rate, PD-L1 expression, and sex were similar between TMB-evaluable
patients (CheckMate 067 and CheckMate 066), GEP-evaluable
patients (CheckMate 067), and ITT patients (Supplementary Tables
$1-83). Within each treatment arm, ORR (Supplementary Tables S4-
$6), PES, and OS were similar between as-treated patients and bio-
marker-evaluable patients (Supplementary Figs. S6-S11).

Clinical outcomes
Association of TMB with tumor response and survival

Median TMB values were numerically higher in responders to
NIVO (both trials), NIVO+IPI, or IPI (CheckMate 067) compared
with nonresponders (Fig. 1A and Table 1 for CheckMate 067 data;
Supplementary Fig. S12 and Supplementary Table S7 for CheckMate
066 data). ORR was also numerically higher in patients with high
versus low TMB irrespective of PD-L1 expression with NIVO (both
trials) or NIVO-+IPI (CheckMate 067) and appeared highest in
patients with high TMB and PD-L1 expression treated with NIVO
or NIVO+IPI (Supplementary Tables S8 and S9). For both studies,
ROC curves also highlighted the potential predictive value of TMB in
identifying responders to NIVO+IPI, as well as to IPI (CheckMate
067) and to NIVO (CheckMate 066, 067), but not to dacarbazine
(CheckMate 66; Supplementary Figs. S13 and S14). In CheckMate 067,
the AUC was 67.2 (95% CI, 59.1-75.3) for NIVO, 60.5 (95% CI,
52.3-68.7) for NIVO+IPI, and 64.7 (95% CI, 55.1-74.4) for IPI
(Supplementary Fig. S13). In CheckMate 066, TMB yielded an
AUC (95% CI) of 66.4 (51.1-81.8) with NIVO but had lower
predictive value for response to dacarbazine (AUC, 39.8; 95% CI,
24.3-55.3; Supplementary Fig. S14). The association of TMB
with response was observed regardless of PD-L1 expression levels
(Supplementary Figs. S15 and S16).

In CheckMate 067, PFS appeared to be longer in patients with
high TMB (>203.5 total missense mutations) in all treatment
arms, with HRs for high versus low TMB of 0.45 (95% CI, 0.30-
0.65) in the NIVO arm, 0.55 (95% CI, 0.38-0.81) in the NIVO+IPI
arm, and 0.60 (95% CI, 0.43-0.82) in the IPI arm (Fig. 1B). In
addition, OS appeared to be longer in patients with high TMB in all
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Figure 1.

Clinical response and survival by TMB status in CheckMate 067. A, Distribution of
TMB in responders and nonresponders with NIVO, NIVO+IPI, or IPl. Boxes
extend from the first to third quartiles, the middle line shows the median, and
the whiskers extend to the most extreme data point that is no more than 1.5 times
the IQR from the box. Dotted line represents the median TMB across all
treatment arms. B, Kaplan-Meier curve for PFS by TMB status for TMB-
evaluable patients treated with NIVO, NIVO+IPI, or IPl. C, Kaplan-Meier curve
for OS by TMB status for TMB-evaluable patients treated with NIVO, NIVO+IPI,
or IPI. HRs (95% CI) for high versus low TMB were obtained with univariate Cox
proportional hazards models. NR, nonresponders; R, responders.

treatment arms, with HRs for high versus low TMB of 0.46 (95% CI,
0.30-0.71) in the NIVO arm, 0.53 (95% CI, 0.34-0.82) in the
NIVO+IPI arm, and 0.52 (95% CI, 0.36-0.74) in the IPI arm
(Fig. 1C). Similar results were observed in patients with BRAF""
tumors receiving NIVO compared with dacarbazine in CheckMate
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Table 1. ORR by TMB status in CheckMate 067.

Nonresponders, Responders, ORR
Treatment TMB class, N n n° (%)
NIVO Low, 89 61 28 31.5
High, 87 33 54 62.1
As-treated 172 141 45.0
population, 313
NIVO+IPI  Low, 96 47 49 51.0
High, 88 31 57 64.8
As-treated 130 183 58.5
population, 313
IPI Low, 84 72 12 14.3
High, 94 70 24 25.5
As-treated 251 60 19.3

population, 311

@Nonresponders include patients experiencing SD or PD or those whose BOR
could not be determined.
PResponders include patients who achieved CR or PR.

066. In the NIVO arm, 23 of 52 patients (44.2%) had high TMB,
whereas in the dacarbazine arm, 36 of 67 patients (53.7%) had high
TMB (Supplementary Fig. S17). PFS and OS in the NIVO arm
appeared longer in patients with high TMB status compared with
those with low TMB (HR for PFS, 0.34; 95% CI, 0.16-0.72 and OS,
0.45; 95% CI, 0.21-0.95), whereas no difference was observed in
the dacarbazine arm by TMB status (HR for PFS, 0.68; 95% CI,
0.40-1.20, and OS, 0.69; 95% CI, 0.41-1.20; Supplementary
Fig. S§17). TMB did not correlate with tumor PD-L1 expression
and the distribution of TMB was not correlated with PD-L1
expression levels in either of the trials (Supplementary Figs. S18-
§21). The separation of PFS and OS by high versus low TMB was
also similar across metastatic stages and PD-L1 expression levels in
CheckMate 067 (Supplementary Figs. $22-S25; Supplementary
Table S10).

Association of TMB and BRAF mutation status with survival

Within the TMB-evaluable population in CheckMate 067,
BRAFY*® tumors had lower median TMB than BRAFVT (176 mis-
sense mutations in BRAF %% vs. 240 in BRAF™T) across all treated
patients (Supplementary Fig. $26). In patients with BRAF"* tumors,
median TMB was similar for responders and nonresponders, whereas
median TMB in BRAF"" was numerically higher for responders
(Fig. 2A). The suggested increase in PFS in patients with high versus
low TMB appeared more pronounced in patients with BRAF" T versus
patients with BRAFY? across all treatment arms (Fig. 2B). The same
effect was observed in the NIVO and IPI arms for OS (Fig. 2C). A
trend toward longer OS in patients with high versus low TMB was
also observed with BRAFY® tumors with NIVO+IPI (Fig. 2C).
Survival appeared longer in patients with BRAF"T tumors treated
with NIVO but not with dacarbazine in CheckMate 066 (Supple-
mentary Fig. S17). When PD-L1 expression was considered
concurrently with BRAF mutation status, a trend toward higher
PES, OS, and ORR was observed in patients with 5% PD-L1 and
BRAF™™ or BRAFY** treated with NIVO, patients with >5% PD-L1
and BRAF%% treated with NIVO+IPI, and patients with >5% PD-
L1 and BRAF"T treated with IPL This trend was not observed in
patients with BRAF" T treated with NIVO-IPI or in patients with
BRAF'®™ treated with IPI (Supplementary Figs. S27 and $28;
Supplementary Table SI11).
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Figure 2.

Clinical response and survival by TMB status and BRAF mutation status in
CheckMate 067. A, Distribution of TMB by BRAF mutation status in respon-
ders and nonresponders treated with NIVO, NIVO+IPI, or IPl. Number of
responders and nonresponders by treatment arm and BRAF mutation status
is indicated on the figure. Boxes extend from the first to third quartiles, the
middle line shows the median, and the whiskers extend to the most extreme
data point that is no more than 1.5 times the IQR from the box. B, Kaplan-
Meier curve for PFS comparing TMB-high and TMB-low patient subgroups by
BRAF mutation status with NIVO, NIVO-+IPI, or IPI. C, Kaplan-Meier curve for
OS comparing TMB-high and TMB-low patient subgroups by BRAF mutation
status with NIVO, NIVO-+IPI, or IPl. HRs (95% Cl) for high versus low TMB
were obtained with univariate Cox proportional hazards models. NR, non-
responders; R, responders.
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Association of an inflammatory signature with tumor response and
survival

In CheckMate 067, the median inflammatory signature score was
numerically higher in patients who responded to NIVO, NIVO+IPI,
or IPI compared with nonresponders (Fig. 3A). Across treatment
arms, ORR was suggested to be higher in patients with high signature
scores compared with low signature scores (Supplementary Table S12).
ROC curves supported the potential predictive value of the inflam-
matory signature score in identifying responders across treatment
arms with AUC of 68.9 (95% CI, 58.3-79.5) for NIVO, 62.3 (95% CI,
50.1-74.6) for NIVO+IPIL, and 59.2 (95% CI, 46.3-72.1) for IPI
(Supplementary Fig. S29).

PFS appeared generally longer in patients with signature scores
above the dataset median (> —0.04) for all treatment arms, with HRs of
0.56 (95% CI, 0.34-0.94), 0.40 (95% ClI, 0.23-0.72), and 0.43 (95% CI,
0.27-0.70) comparing scores above and below the median signature
score in the NIVO, NIVO+IPI, and IPI arms, respectively. OS also
appeared longer in patients with high signature scores for all treatment
arms, with HRs of 0.37 (95% CI, 0.20-0.66), 0.38 (95% CI, 0.19-0.74),
and 0.46 (95% CI, 0.27-0.79), respectively (Fig. 3B and C).

The 4-gene inflammatory signature correlated with a 10-gene IFNy
signature derived from 19 patients with melanoma and associated with
response to pembrolizumab (r = 0.93; ref. 14), an 18-gene tumor
inflammation signature (TIS) derived using baseline clinical samples
from multiple tumor types and found to enrich for response to
pembrolizumab (r = 0.96; ref. 44), and a 13-gene inflammatory
signature, the absence of which was found to mediate cancer immune
evasion in melanoma samples (r = 0.89; Supplementary Fig. S30;
ref. 30). Notably, the Pearson correlation between the 4-gene inflam-
matory signature and tumor PD-LI expression was weaker (r = 0.39)
compared with the correlation between the 4-gene inflammatory
signature and other inflammatory signatures (Supplementary Figs.
$30 and S31). In contrast with the observation of BRAF'* tumors
appearing to have lower TMB than BRAF"" tumors (176 missense
mutations in BRAFY®® vs. 240 missense mutations in BRAF"";
Supplementary Fig. $26), BRAF'*® tumors had numerically higher
median 4-gene inflammatory signature scores than BRAF"™ (0.29 in
BRAFV® vs. —0.10 in BRAF"™; Supplementary Fig. $32).

Composite biomarker analysis

The correlation between log;,TMB and the 4-gene inflammatory
signature was weak [r = 0.283 (95% CI, 0.157-0.400), all arms
combined; Fig. 4A]. Consistent with this result, as CD8A is one of
the genes in the 4-gene inflammatory signature, there was no corre-
lation between TMB and expression of CD8, as measured by IHC
(Supplementary Fig. $33). Patients who had both high 4-gene inflam-
matory signature scores and high TMB values appeared to have higher
ORR with NIVO and NIVO+IPI (75.0% and 66.7%, respectively)
versus IPI (27.6%). The worst ORRs were observed for patients whose
tumors were low for both TMB and the 4-gene inflammatory signature
score (22.2%, 25.0%, and 9.5% for NIVO, NIVO+IPI, and IPI,
respectively; Fig. 4A; Supplementary Table S13). The same trends
were observed when subgroup analyses combining TMB and the
4-gene inflammatory signature were conducted for PFS and OS
(Fig. 4B and C). Similarly, greater ORRs were observed in patients
with high TMB and high CD8 expression treated with NIVO and
NIVO+IPI (72.2% and 69.6%) compared with IPI (23.3%; Supple-
mentary Table S14). However, the small patient subgroups should be
considered when interpreting these analyses (Fig. 4; Supplementary
Tables S13 and S14).
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Figure 3.

Clinical response and survival by inflammatory signature score in CheckMate
067. A, Distribution of inflammatory signature scores in responders and non-
responders treated with NIVO, NIVO+IPI, or IPl. Number of responders and
nonresponders is indicated on the figure. Boxes extend from the first to third
quartiles, the middle line shows the median, and the whiskers extend to the
most extreme data point that is no more than 1.5 times the IQR from the box.
B, Kaplan-Meier curve for PFS comparing patient subgroups with high or low
inflammatory signature scores for NIVO, NIVO-+IPI, or IPI. C, Kaplan-Meier curve
for OS comparing patient subgroups with high or low inflammatory signature
score status for NIVO, NIVO+IPI, or IPI. HRs (95% CI) for high versus low TMB
were obtained with univariate Cox proportional hazards models. NR, nonre-
sponders; R, responders.

Cancer Immunol Res; 9(10) October 2021

1207



Hodi et al.

NIVO NIVO+IPI 1Pl .
A ; Figure 4.
53.9% 75.0% 76.5% 66.7% 50.0% . 27.6% o ) X
2 R . Clinical response and survival by combined anal-
; . - e . ) _.' . ysis of TMB and the inflammatory signature in
- - =7 . et CheckMate 067. A, Scatter plot of the distribu-

tion of inflammatory signature scores and TMB

250% %2 50.0%

Inflammatory signature score
o

categorized in responders and nonresponders
treated with NIVO, NIVO+IPI, or IPlin CheckMate

10 100 1,000 10 100 1,000 10
TMB (missense mutations/exome)
Response ~ R ¢ NR
B NIVO NIVO+IPI
—— TMB low:GEP low -1- TMB low:GEP high — TMB low:GEP low -1- TMB low:GEP high

TMB high:GEP high TMB high:GEP low

100 .

TMB high:GEP low TMB high:GEP high

[
0 10 20 30 40 50 60 0 10 20 30 40 50 60

Months Months
No. at risk No. at risk
5 3 1 1 0 0 M GEPlow20 4 3 3 1 1 0
6 6 5 4 0 0 TMBwGEPhigh17 10 6 4 4 1 0
M5 5 4 3 0 0 6 7 6 6 5 2 0
24 15 13 11 11 2 0 8 11 10 8 7 4 0

~— TMB low:GEP low
TMB high:GEP low

c182% 067. ORR (%) is provided for each quadrant of
inflammatory signature score and TMB by treat-
100 1,000 ment arm. B, Kaplan-Meier curve for PFS com-

paring patient subgroups based on combined

analysis of TMB and the inflammatory signature

Pl in CheckMate 067. C, Kaplan-Meier curve for OS

-1- ¥MS';?§;9§£’p“‘h?§h comparing patient subgroups based on com-

’ bined analysis of TMB and the inflammatory

signature in CheckMate 067. HRs (95% CI) for

each comparison were obtained with univariate

Cox proportional hazards models. NR, nonre-
sponders; R, responders.

0 10 20 30 40 50 60
Months
i1 0 0o 0 o0
4 2 2 2 1 0
111 10
8 4 3 2 1 0

Treatment TMB class

NIVO+IPI

NIVO+IPI
—— TMBIow:GEP low --- TMB low:GEP high
TMB high:GEP low TMB high:GEP high
1001

c NIVO
—— TMB low:GEP low -1~ TMB low:GEP high
TMB high:GEP low TMB high:GEP high
1007 -

0 10 20 30 40 50 60 0 10 20 30 40 50 60
Months Months
5 8 7 5 3 0 0 8 5 5 4 0
i 8 8 8 6 0 2 11 11 19 o0
8 6 6 5 5 0 2 10 10 8 8 0
24 21 20 20 18 14 0 18 14 13 13 18 11 0

—— TMB low:GEP low
TMB high:GEP low

PFS HR (95% CI)
0.43 (0.20-0.95)

0.34 (0.14-0.83)
023 (0.11-0.48)
0.42 (0.20-0.91)
0.45 (0.21-0.99)
0.18 (0.06-0.48)
031 (0.14-0.69)
0.66 (0.29-1.52)
0.37 (0.19-0.69)

Pl

-+~ TMB low:GEP high
TMB high:GEP high

Months

Treatment Inflammatory signature score

NIVO+IPI

Relationship between candidate gene mutations and response
The association of somatic mutations in genes affecting either
response to I-O therapy or tumor inflammation with response was
assessed in CheckMate 067. For most genes examined, mutations
were mainly observed in tumors with high TMB (Fig. 5A-C;
Supplementary Fig. S34). For most genes and pathways assessed,
there were more wild-type tumors than tumors harboring muta-
tions (Supplementary Table S15). When the antigen presentation
complex, IFNYy signaling pathway, NRF-KEAP complex, PBAF
complex, PTEN-STK11 pathway, RAS/RAF pathway, and WNT/
[3-catenin pathways were examined, there was no strong evidence of
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an association between mutational status of the tumor and response
to treatment across arms of CheckMate 067 (Supplementary
Table S16).

In the case of B-catenin, mutations in amino acids 31-45 disrupt an
N-terminal degradation box, leading to WNT-independent expression
of downstream genes (45). Despite the association of the WNT/
B-catenin pathway with lack of immune infiltration reported else-
where (30), response rates and survival did not appear reduced by
stabilizing mutations in CTNNBI or by mutations in individual genes
of the WNT/B-catenin pathway in any treatment arm (Supplementary
Fig. $35; Supplementary Tables S17 and S18).
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Ongoing research on the role of immunogenicity and inflammation =~ melanoma receiving I-O therapy (1, 15, 19-21). TMB is also associated
in the context of tumor response to I-O therapy has highlighted ~ with response to anti-PD-1 therapy in other tumor types, including
the association of TMB and gene expression signatures of inflam-  advanced and metastatic NSCLC (17, 18), previously treated urothelial
mation with response to PD-1 blockade across different tumor carcinoma (9), and small-cell lung cancer (SCLG; ref. 16). Consistent
types (14, 15, 32, 33, 35). In this robust multicenter study evaluating ~ with the current study, in studies of NIVO+IPI, high TMB is asso-
several biomarkers in a large cohort of patients with advanced mel-  ciated with improved PFS in advanced and metastatic NSCLC (46-48),
anoma, we find that baseline high TMB may be associated with ~ improved efficacy in SCLC (16), and response in castration-resistant
improved treatment efficacy in patients who receive first-line NIVO,  prostate cancer (49).
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The results presented herein from CheckMate 066 suggest a poten-
tial association between high TMB and improved efficacy in patients
with BRAF"™ tumors who receive NIVO compared with dacarbazine.
Considering the weak evidence for a potential association between
high TMB and efficacy with dacarbazine, the results of this study are
more consistent with TMB potentially predicting response to I-O
therapy.

In the combined analysis of TMB and BRAF mutation status, we
observed that median TMB was numerically lower in BRAF'®%
tumors than in BRAF"" tumors. This is consistent with previous
studies in other tumor types suggesting that driver mutations, includ-
ing BRAF, are associated with lower TMB (50, 51). Interestingly, each
BRAF mutation type may differentially associate with TMB, with
BRAF V600K associating with higher TMB than BRAF V600E (52).
In our study, stratifying by TMB and BRAF (albeit with subgroups of
limited size) showed that in patients treated with NIVO or IPI, PFS and
OS appeared to be the longest in patients with high TMB and BRAF"".
TMB did not associate with PES and OS in BRAF"*° tumors, although
a trend toward longer OS was observed in patients with high TMB and
BRAFY*® tumors treated with NIVO+-IPL This is consistent with the
generally lower TMB observed in BRAF'** tumors than in BRAF™™
tumors. Meanwhile, a numerically higher median inflammatory score
was observed in BRAFV®® tumors than in BRAF"T tumors. The
interpretation of this observation should be treated with caution
considering the small size of the patient subgroups involved in these
analyses (Supplementary Tables S1-S3). Possible explanations con-
tributing to the observed differential distribution of TMB and inflam-
matory signature scores in BRAF*® tumors include the fact that
BRAF'®® melanoma arises early in life with less opportunity for
cumulative ultraviolet (UV) damage (53), whereas high TMB is
associated with increased age and UV exposure (54). Alternatively,
as demonstrated in an earlier study, constitutive activation of the
mitogen-activated protein kinase (MAPK) pathway in BRAF'%
melanoma regulates cytokine production (55), which may ultimately
influence immune regulation within the TME. Further investigation
into such possibilities is warranted.

Efficacy in CheckMate 067 did not appear affected by the presence
of mutations in select genes and pathways, including stabilizing
mutations in CTNNBI that are proposed to activate the WN'T/3-cate-
nin pathway and thereby lead to tumor immune evasion (30). How-
ever, the small size of the patient subgroups in our study should be
considered when interpreting our results.

PD-L1 expression is associated with immune infiltration and
response to PD-1 blockade across multiple tumor types (56). Inter-
estingly, survival analyses in our current study suggested that high
TMB may be associated with improved PFS and OS irrespective of
PD-L1 expression levels (Supplementary Figs. $24 and S25). Mean-
while, Madore and colleagues (57) demonstrated that lack of PD-L1
expression was associated with lower TMB and reduced survival in
patients with melanoma. Although low TMB and PD-L1 expression
levels have previously been associated with worse clinical outcomes
following I-O therapy (12), results from the current study suggest
that patients with low TMB and tumor-cell PD-L1 expression below
5% may still benefit from NIVO or NIVO-+IPI (Supplementary
Table S8). Our analyses also showed a low correlation between
tumor PD-L1 expression and TMB, supporting the suggestion that
these are independent biomarkers for I-O therapy (58). Further-
more, in contrast with previous reports showing an association
between PD-L1 expression and the TIS in patients with advanced
melanoma treated with pembrolizumab (44, 59, 60), and an asso-
ciation between PD-L1 expression and a gene expression signature
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including high CD8A expression in archival melanoma sam-
ples (57), we found that the 4-gene inflammatory signature only
weakly correlated with PD-L1 expression. This observation might
be explained by mechanisms regulating the mRNA stability of the
CD274 transcript and/or post-translational mechanisms.

Gene expression signatures of inflammation and T-cell populations
are associated with response to I-O therapy in patients with melano-
ma (32, 61, 62). We showed that the 4-gene inflammatory signature
correlated with published gene expression signatures predictive for
response to pembrolizumab in patients with metastatic melano-
ma (14, 30). Consistent with exploratory analyses in metastatic
gastroesophageal cancer and advanced hepatocellular carcino-
ma (33, 35), our results suggest that high inflammatory signature
scores may associate with improved efficacy in patients across treat-
ment arms of CheckMate 067. These observations suggest that inflam-
mation assessed by GEP may be a valid marker of tumor inflammation
and may be assessed as a predictive biomarker in clinical trials
evaluating novel therapy combinations (e.g., NCT04133948) for
patients less likely to respond to standard therapy.

In our study, correlation analyses and concurrent assessment of
TMB and the inflammatory signature within the same patient
subgroups suggested that they are independent markers of response
in all treatment arms. This supports data from previous studies
showing that TMB and gene expression underlying inflammation
appear to be independent biomarkers in patients with melanoma
and other malignancies (32, 63). These results highlight that
neoantigens and inflammation could serve distinct roles as bio-
markers. Combined evaluation of TMB and gene expression sig-
natures also suggests that efficacy of I-O therapy is improved in
patients with both high TMB and signature scores compared with
patients with either high TMB or high signature scores (32). On the
basis of these encouraging results, the development of a clinical
assay combining PD-L1, TMB, and the inflammatory gene expres-
sion signature could be considered.

This study was limited by the exploratory and retrospective
nature of the biomarker analyses as well as by baseline sample
availability, lack of consent for select biomarker analyses, and
sample degradation. In addition, there are many other variables
that can ultimately influence response. Neither study was statisti-
cally powered to compare treatment arms in patient subgroups;
therefore, P values are not reported. The 95% CIs were unadjusted
for multiple comparisons, and their interpretation should be limited
to the exploratory context.

In conclusion, our analyses highlight the potential predictive
value of TMB and suggest that a combined approach to evaluating
TMB and the inflammatory signature may differentiate response to
I-O therapy in patients with advanced melanoma. These hypotheses
need to be validated in prospective studies using predefined cutoffs
for TMB and inflammatory signature score assessment to better
understand the predictive value of these biomarkers in the context
of I-O therapy.
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