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ABSTRACT

Background Some sarcomas respond to immune
checkpoint inhibition, but predictive biomarkers are
unknown. We analyzed tumor DNA methylation profiles

in relation to immunological parameters and response

to anti-programmed cell death 1 (anti-PD-1) immune
checkpoint inhibitor (ICl) therapy in patients with sarcoma.
Patients and methods We retrospectively identified
adult patients who had received anti-PD-1 ICl therapy

for recurrent sarcoma in two independent centers. We
performed (1) blinded radiological response evaluation
according to immune response evaluation criteria in solid
tumors (iRECIST) ; (2) tumor DNA methylation profiling

of >850,000 probes using Infinium MethylationEPIC
microarrays; (3) analysis of tumor-infiltrating immune cell
subsets (CD3, CD8, CD45R0, FOXP3) and intratumoral
expression of immune checkpoint molecules (PD-L1,
PD-1, LAG-3) using immunohistochemistry; and (4)
evaluation of blood-based systemic inflammation scores
(neutrophil-to-lymphocyte ratio, leucocyte-to-lymphocyte
ratio, monocyte-to-lymphocyte ratio, platelet-to-
lymphocyte ratio). Response to anti-PD-1 ICI therapy was
bioinformatically and statistically correlated with DNA
methylation profiles and immunological data.

Results 35 patients (median age of 50 (23-81) years;

18 females, 17 males; 27 soft tissue sarcomas; 8
osteosarcomas) were included in this study. The objective
response rate to anti-PD-1 ICI therapy was 22.9% with
complete responses in 3 out of 35 and partial responses in
5 out of 35 patients. Adjustment of DNA methylation data
for tumor-infiltrating immune cells resulted in identification
of methylation differences between responders and non-
responders to anti-PD-1 ICI. 2453 differentially methylated
CpG sites (DMPs; 2043 with decreased and 410 with
increased methylation) were identified. Clustering of
sarcoma samples based on these DMPs revealed two main
clusters: methylation cluster 1 (MC1) consisted of 73%
responders and methylation cluster 2 (MC2) contained only
non-responders to anti-PD-1 ICl. Median progression-free
survival from anti-PD-1 therapy start of MC1 and MC2
patients was 16.5 and 1.9 months, respectively (p=0.001).
Median overall survival of these patients was 34.4 and

8.0 months, respectively (p=0.029). The most prominent
DNA methylation differences were found in pathways
implicated in Rap1 signaling, focal adhesion, adherens
junction Phosphoinositide 3-kinase (PI3K)-Akt signaling
and extracellular matrix (ECM)-receptor interaction.
Conclusions Our data demonstrate that tumor DNA
methylation profiles may serve as a predictive marker for
response to anti-PD-1 ICI therapy in sarcoma.

INTRODUCTION
Sarcomas are a heterogeneous group of rare
mesenchymal cancer entities comprising
more than hundred histological and molec-
ular subtypes.! The treatment of patients
with sarcoma necessitates a multidisciplinary
approach, involving surgery, radiation
and systemic therapy, preferably at expert
centers.” > In the recurrent setting, therapy
options are limited with modest response
rates and survival times." > More effective
new treatment options are crucially needed;
however, due to the rarity of sarcomas, the
conduct of clinical trials and efficacy evalua-
tion of new systemic therapies is challenging.
Inhibition of immune checkpoint mole-
cules such as cytotoxic T-lymphocyte antigen
4 (CTLA4), programmed cell death 1 (PD-1)
and programmed death ligand 1 (PD-LI)
has shown remarkable efficacy in a variety
of cancer types. In sarcoma, immune check-
point inhibitors (ICIs) including the PD-1
inhibitors pembrolizumab and nivolumab
have shown evidence of antitumor activity
in small studies with response rates ranging
from 5% to 40%.°"" Similar to the situation
in other solid cancers, robust biomarkers to
predict response to ICI have not been iden-
tified in sarcoma so far.® ' ' Sarcomas are
generally characterized as immunologically
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rather ‘cold’ tumors with limited immune cell infiltra-
tion, restricted PD-L1 expression and low tumor muta-
tional burden.' ¥ However, the immune composition of
the tumor microenvironment in sarcomas is highly vari-
able and has been described to potentially influence the
clinical course of patients with sarcoma.'*>*

Tumor DNA methylation events are pathophysiologi-
cally highly relevant in tumorigenesis and are emerging
as novel relevant biomarkers in oncology.*>*® Profiling
of these events is increasingly considered for improved
classification and differential diagnosis of carcinomas,
especially brain tumors and sarcomas.”** Moreover,
emerging data from several cancer types indicate that
tumor DNA methylation profiling may serve as a prog-
nosticator or predictive biomarker of response to specific
therapies including chemotherapy, targeted thera
and immunotherapy in several tumor types.23 80 3537
sarcoma, the utility of DNA methylation profiling as a
predictive marker for response to ICI therapy is so far
unknown.

In this study, we performed broad tumor DNA methyl-
ation profiling of >850,000 CpG sites in a relatively large
multi-institutional series of adult patients with sarcoma
treated with anti-PD-1 ICI therapy. We correlated our
findings to a comprehensive set of blood-based and
tissue-based immunological parameters and therapeutic
outcome in order to identify potential biomarkers for
selecting patients with sarcoma eligible for anti-PD-1
immunotherapy.

MATERIALS AND METHODS

Patient selection and clinical data collection

We retrospectively identified patients from our hospital
record (center 1) and from an independent sarcoma
center in Essen, Germany (center 2) according to the
following inclusion criteria: age =18 years, histological
diagnosis of sarcoma, treatment with anti-PD-1 ICI therapy
(pembrolizumab or nivolumab) for sarcoma recurrence,
measurable disease (atleast 10x10 mm) on baseline radio-
logical image prior to initiation of anti-PD-1 ICI therapy,
availability of at least one radiological restaging investi-
gation under ICI therapy, availability of tumor tissue
for biomarker analyses (online supplemental figure S1,
table S1 and S2). Clinical data, including patients’ char-
acteristics, systemic inflammation scores (neutrophil-to-
lymphocyte ratio (NLR), leucocyte-to-lymphocyte ratio
(LLR), monocyte-to-lymphocyte ratio (MLR), platelet-to-
lymphocyte ratio (PLR)) and survival data were collected
via retrospective chart review. Response to anti-PD-1
ICI therapy was radiologically assessed by independent
radiologists from the institutions according to iRECIST
criteria.”® Objective response was defined as complete
response (CR) or partial response (PR) as best achieved
response to anti-PD-1 ICI therapy. Disease control was
defined as CR, PR or stable disease (SD) as best achieved
response. The patient cohort was independently treated

by multidisciplinary teams according to good clinical
practice guidelines.

Determination of tumorous immune cell infiltration and
immune checkpoint expression by immunohistochemistry
(IHC)

Immune cell subsets and immune checkpoint molecules
were immunohistochemically stained using the Ventana
BenchMark Special Stains System (Ventana Medical
Systems, Roche, Oro Valley, Arizona, USA) and semiau-
tomatically analyzed with the Definiens Tissue Studio
software (Definiens, Carlsbad, California, USA). Used
antibodies and dilution protocols are summarized in
online supplemental table S3. Density of immune cell
subsets was specified by absolute numbers of positively
stained cells per square millimeter (mm®) tumor.

DNA extraction and sodium bisulfite treatment

Genomic DNA (gDNA) was extracted from 3 to 5x10
pm slices of formalin-fixed, paraffin-embedded (FFPE)
sarcoma specimens that were collected before ICI therapy
start and contained at least 70% tumor cells using the
Maxwell FFPE Plus Kit (Promega, Madison, Wisconsin,
USA). Five hundred nanograms of isolated gDNA was
first sodium bisulfite converted using the EZ DNA Meth-
ylation Kit (Zymo Research, Irvine, California, USA) and
then repaired using the Infinium HD FFPE DNA Restore
Kit (Illumina, San Diego, California, USA) according to
the manufacturer’s recommendations.

Genome-wide DNA methylation analysis

DNA methylation profiling of more than 850,000 CpG
sites was performed using Infinium MethylationEPIC
BeadChip microarrays (Illumina, San Diego, California,
USA). In brief, sodium bisulfite-treated gDNA was
amplified, enzymatically fragmented and hybridized to
a microarray as recommended by the manufacturers.
After washing and staining, microarrays were analyzed on
an iScan device (Illumina, San Diego, California, USA).
Raw .idat files were imported into R (V.R 3.6.1, R Foun-
dation for Statistical Computing, Vienna, Austria) using
the ChAMP package for initial quality control, beta-value
extraction and calculation of differential DNA methyl-
ation.”® ** Probes with a detection p value >0.01 in one
or more samples, with a bead count <3 in at least 5% of
samples, non-CpG probes, probes with single nucleotide
polymorphisms (SNPs) and, probes that align to multiple
locations and sex chromosome-specific probes were
removed from subsequent analyses. Beta values represent
the percentage of methylation for each CpG site on the
MethylationEPIC BeadChip. These values range from 0
(completely unmethylated) to 1 (completely methylated)
and are calculated as: intensity of the methylated signal
(M) / (intensity of the unmethylated signal (U)+inten-
sity of the methylated signal (M)+100). Data normaliza-
tion was performed by the SWAN*! algorithm. Singular
value decomposition (SVD) was used to determine vari-
ation within our dataset associated with center of sample
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origin, sex, microarray batch, sarcoma type and immune
cell subsets determined by IHC. Significant variation
was adjusted using ComBat. Differential methylation
between groups was defined as Ibeta value differencel
>0.1 and adjusted p value (Benjamini-Hochberg method,
FDR)<0.1. Gene ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway enrichment
analyses were performed using the WebGestalt tool.*
Raw data were deposited at ArrayExpress database.

Assessment of copy number variations (CNVs)

CNVs were analyzed using the .idat files from EPIC
microarrays and the R package conumee. In brief,
multiple linear regression was used to normalize data
from each tumor sample to a normal control sample
cohort yielding the linear combination of controls which
most closely fits the intensities of the tumor sample. In a
next step, the log2 ratio of probe intensities of the tumor
sample versus the combination of control samples was
calculated. Then, probes were merged within predefined
genomic bins and intensity values were shifted to mini-
mize the median absolute deviation of all bins to zero to
determine the copy number neutral state. The genome
is segmented into regions of the same copy number state
using the circular binary segmentation algorithm.*

Statistical analysis

Progression-free survival (PFS) and overall survival (OS)
from anti-PD-1 ICI therapy start were calculated from
first application of therapy until disease progression or
death. Patients who neither progressed nor died by the
data cut-off were censored at their last follow-up in the
hospital. Differences between groups were calculated
using the Mann-Whitney U test and the Kruskal-Wallis
test. A two-tailed p value <0.05 was considered to indicate
statistical significance. Correction for multiple testing
was performed using the Bonferroni correction method.
Statistical analysis was performed with Statistical Package
for the Social Sciences (SPSS) V.23.0 software (SPSS) and
standard R functions (V.R 3.6.1, R Foundation for Statis-
tical Computing, Vienna, Austria).

RESULTS

Patients’ characteristics

Thirty-five patients (median age of 50 (23-81) vyears;
18 females, 17 males; 27 (77.1%) soft tissue sarcomas;
8 (22.9%) osteosarcomas) were included in our study.
Median number of prior systemic therapies was 3 (0-9).
Thirty patients (85.7%) were treated with pembrolizumab
and five patients (14.3%) were treated with nivolumab.
Median number of anti-PD-1 ICI therapy applications was
4.5 (1-42). Three out of 35 (8.6%) patients achieved a
complete response and 5 out of 35 (14.3%) patients a
PR during anti-PD-1 therapy, resulting in an objective
response rate of 22.9%. Eight out of 35 (22.9%) patients
achieved an SD as best response, resulting in a clinical
benefit rate of 45.7% (figure 1A,B). Median PFS and

OS from anti-PD-1 ICI start were 3.0 (0.3-32.6) and 16.5
(0.3-44.2) months, respectively (figure 1C,D). Patients’
characteristics are summarized in table 1 and online
supplemental tables S1 and S2.

Correlation of immune cell density and systemic inflammation
with response to anti-PD-1 ICI therapy

PD-L1 staining was available in 20 out of 35 patients.
Three out of 20 (15%) patients had programmed cell
death ligand 1 (PD-L1) expressing tumor cells (>1%
PD-L1 expression). Density of tumor-infiltrating immune
cell subsets (CD3+tumor-infiltrating lymphocytes (TILs),
CD8+TILs, CD45RO+TILs, FOXP3+TILs, PD-1+TILs,
LAG3+TILs) and systemic inflammation scores (NLR,
LLR, PLR, MLR) are summarized in table 2. There was no
correlation of PD-L1 expression, density of investigated
immune cell subsets or systemic inflammation scores with
response to anti-PD-1 ICI therapy (Mann-Whitney U test,
p>0.05; online supplemental figure S2).

DNA methylation profiling and correlation with response to
anti-PD-1 ICI therapy

To determine if the methylome of primary tumors from
patients with sarcoma who had an objective response
to anti-PD-1 ICI (n=8) differs from the methylome of
patients with sarcoma who did not achieve an objective
response to anti-PD-1 ICI (n=27), we performed Illumina
methylation EPIC microarray analyses. Overall, 704,003
probes remained for further statistical evaluation after
quality and sex chromosome filtering. SVD analysis indi-
cated that a significant variation of DNA methylation
within the whole study cohort was associated with CD3+/
CD8+ immune cell content, center of sample origin
and sex (online supplemental figure S3A). In addition,
although data were normalized, a strong variation within
our dataset was seen in beta value density (online supple-
mental figure S3B). This variation was reduced after
adjusting methylation data for the factors mentioned
above (online supplemental figure S3C). Unsupervised
hierarchical clustering of the whole study population
based on 704,003 adjusted beta values was performed to
test for DNA methylation heterogeneity within the cohort.
Two subclusters were identified: one cluster containing
only 1 responder and 19 non-responders and one clusters
containing 7 responders and 8 non-responders to anti-
PD-1 ICI (p=0.011; figure 2A). This clustering was inde-
pendent of sample origin (center 1 or 2) and sarcoma
type (osteosarcoma or soft tissue sarcoma).

Differential methylation analysis

In a next step, we performed an in-depth differential
methylation analysis between responders and non-
responders to anti-PD-1 therapy. In total, 2453 CpG sites
(DMP; 0.3% of the CpG sites analyzed) were differentially
methylated between the two patient groups. While meth-
ylation of 2043 DMPs was decreased, methylation of 410
DMPs was increased (figure 2B). A detailed description
of these DMPs is shown in online supplemental table S4.

Starzer AM, et al. J Immunother Cancer 2021;9:e001458. doi:10.1136/jitc-2020-001458

3

"yBuAdoo Aq paloalold 1sanb Aq TZ0zZ ‘6 Jaquiadad uo /wod g anl/:dny wouy papeojumod "TZ0Z YdIeW 2 U0 854T00-0202-0M/9STT 0T Se paysiiand 1s1y :18oued Jayjounwiw) ¢


https://dx.doi.org/10.1136/jitc-2020-001458
https://dx.doi.org/10.1136/jitc-2020-001458
https://dx.doi.org/10.1136/jitc-2020-001458
https://dx.doi.org/10.1136/jitc-2020-001458
https://dx.doi.org/10.1136/jitc-2020-001458
https://dx.doi.org/10.1136/jitc-2020-001458
https://dx.doi.org/10.1136/jitc-2020-001458
https://dx.doi.org/10.1136/jitc-2020-001458
http://jitc.bmj.com/

A

200

Center 1:
M cr

PR

SD

% change from baseline to best response

-100 —
B 100 _ Centers 1 +2 C PFS, Centers 1 + 2 D OS, Centers 1 + 2
1.0 1.0
80 OR ® I
® n CB g 0.8 g 0.8
é 60 _| 2 06 Median PFS: 2 0.6 Median OS:
© ) 3 months ) 16.5 months
o > 2
s 404 W) T 04 T 04
X E S
20 | A § 0.2 E 0.2
(&) (&)
0] 0.0 0.0
Py o 0 10 20 30 40 0 10 20 30 40 50
OQ- (,Q’ Time (months) Time (months)
Figure 1.

Figure 1

Efficacy of anti-programmed cell death 1 (anti-PD-1) immune checkpoint inhibitor (ICl) therapy in patients with

sarcoma. (A) Waterfall plot of % change of tumor burden from anti-PD-1 ICI therapy start until best response from center 1
patients. The dashed lines indicate the margins for PD (+20% change of tumor burden) and PR (-30% change of tumor burden).
(B) Objective response rate (ORR) and clinical benefit rate (CBR) as % of patients (both centers). (C) Progression-free survival
(PFS) and (D) overall survival (OS) of patients with sarcoma from anti-PD-1 ICI therapy start in months (both centers). Vertical
lines indicate censored patients at last follow-up. CB, clinical benefit; OR, objective response; PD, progressive disease; PD-1,

programmed cell death 1.

When we mapped the DMPs to their genomic location
within, around or between CpG islands, we found an over-
representation of hypomethylated non-CpG island DMPs
(71.6%). The frequency of hypermethylated non-CpG
island DMPs was only slightly lower (66.3%, figure 2B). In
addition, the frequencies of hypomethylated and hyper-
methylated CpG island-associated DMPs were 7.2% and
7.3% for CGls, 14.4% and 16.8% for shore regions (2 kb
regions flanking CpG islands), and 6.9% and 9.5% for
shelve regions (2 kb regions of flanking shore regions),
respectively. The locations of hypomethylated DMPs in
the context of gene-associated regions were 49.9% in
gene bodies, 23.7% in intergenic regions (IGR), 11.4%
in transcriptional start sites, 10.9% in 5" UTRs, 2.4% in 3’
UTRs, 1.4% in first exons and 0.4% in exon boundaries.
Again, these values are very similar for hypermethylated
DMPs with the exception of a higher IGR frequency and
a lower gene body frequency. Chromosomal distribution

of hypomethylated and hypermethylated DMPs was rela-
tively even, as shown in online supplemental figure S4.
Clustering of sarcoma samples based on the 2453 DMPs
revealed two main clusters, of which one consisted of 73%
responders to anti-PD-1 ICI (MC1) and the other one
contained only non-responders (MC2, figure 3A). This
clustering was only associated with response to anti-PD-1
ICI and no association with sarcoma subtype or immune
cell infiltration was seen. Median PFS from anti-PD-1
therapy start of patients included in MCI1 and MC2 was
16.5 and 1.9 months, respectively (figure 3B, p=0.001).
Median OS from anti-PD-1 therapy start of these patients
was 34.4 and 8.0 months, respectively (figure 3C, p=0.029).

Functional implication of differentially methylated genes

To investigate the potential biological relevance of
differential methylation between responders and non-
responders to anti-PD-1 therapy, the 2453 DMPs were
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Table 1 Patients’ characteristics

Patients’ characteristics N=35 %
Center 1 20 57.1
Center 2 15 42.9
Sarcoma type
Soft tissue sarcoma 27 771
Osteosarcoma 8 22.9
Gender
Female 18 51.4
Male 17 48.6
Anti-PD-1 ICl agent
Pembrolizumab 30 85.7
Nivolumab 5 14.3
Age at anti-PD-1 therapy
start
Median (range) 50 (23-81)
ECOG at anti-PD-1 therapy
start
0 14 40
1 7 20
2 6 171
3 3 8.6
4 2 5.7
Missing 3 8.6
Time to metastases in
months
Median (range) 18.9 (0-108.3)
Therapy lines prior to anti-
PD-1 therapy
Median (range) 3 (0-9)
No of metastatic organ
sites at anti-PD-1 therapy
start
Median (range) 2 (0-5)
No of received cycles of
anti-PD-1 therapy
Median (range) 4.5 (1-42)
Anti-PD-1 ICI therapy
stopped due to AE
Yes 3 8.6
No 32 91.4
PFS (from anti-PD-1 ICI
therapy start), months
Median (range) 3 (0.3-32.6)
OS (from anti-PD-1 ICI
therapy start), months
Median (range) 16.5 (0.3-44.2)
OS (from diagnosis of
primary tumor), months
Median (range) 89.6 (9.4-228.6)
Deceased
Continued

Table 1 Continued

Patients’ characteristics N=35 %
Yes 19 54.3
No 16 45.7

AE, adverse events; ECOG, Eastern Cooperative Oncology
Group; ICI, immune checkpoint inhibitor; OS, overall survival;
PD-1, programmed cell death 1; PFS, progression-free survival.

annotated to 1360 genes, which were used for further
pathway enrichment analyses. Among KEGG annotated
pathways, the top five hits were focal adhesion (hsa04510,
FDR=0.0009), adherens junction (hsa4520, FDR=0.005),
Rapl signaling pathway (hsa04015, FDR=0.005), path-
ways in cancer (hsa05200, FDR=0.008) and ECM-
receptor interaction (hsa04512, 0.01) (figure 4A, online
supplemental table S5). The methylation pattern of
Rapl signaling pathway members in our sarcoma patient
cohort is shown in figure 4B. GO enrichment analysis
revealed a statistically significant over-representation of
genes mainly involved in developmental processes, cell
adhesion and cell migration (online supplemental table
S6). DMPs of another cancer-related pathway, PISK/AKT,
and its members affected by differential methylation are
illustrated in online supplemental figure S5.

Table 2 Inflammatory characteristics

Inflammatory
characteristics N=35 %

Tumor PD-L1 expression

Positive 3 8.6

Negative 17 48.6

Missing 15 42.9

Median Range

CD3+TILs/mm? tumor 188.51 5.4-1060.14
CD8+TILs/mm? tumor 96.0 4.12-944.88
CD45RO+TILs/mm? 39.47 1.3-531.41
tumor
FOXP3+TILs/mm? tumor  24.62 0.60-608.52
PD-1+TILs/mm? tumor 12.20 0.13-622.13
LAG3+TILs/mm? tumor 29.41 1.22-1083.54
NLR (missing n=4) 4.03 1.53-18.25
LLR (missing n=4) 6.07 2.94-23.63
PLR (missing n=4) 247.50 128.75-1516.95
MLR (missing n=4) 0.54 0.22-4.25

AEs, adverse events; CD, cluster of differentiation; FOXP3,
forkhead box protein P3; LAG3, lymphocyte-activation gene

3; LLR, leucocyte-to-lymphocyte ratio; MLR, monocyte-to-
lymphocyte ratio; NLR, neutrophil-to-lymphocyte ratio; PD-L1,
programmed death ligand 1; PLR, platelet-to-lymphocyte ratio;
TILs, tumor-infiltrating lymphocytes.
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Figure 2 Exploratory analysis of EPIC DNA methylation data of tumors from anti-programmed cell death 1 (anti-PD-1) immune
checkpoint inhibitor (ICl)-treated patients with sarcoma. (A) Unsupervised hierarchical clustering of 35 patients with sarcoma
based on beta values of 704,003 probes. The pink cluster is significantly enriched for responders (dark blue dots) to anti-PD-1
ICI, while the blue cluster contains only one responder to anti-PD-1 ICI. P values were calculated using Fisher’s exact tests; ns,
not significant. (B) The volcano plot (middle panel) illustrates differentially methylated CpG sites (DMPs; green, hypomethylated;
red, hypermethylated) between non-responders and responders to anti-PD-1 ICI. Each dot represents a unique DMP. The
location of these DMPs relative to CpG islands and genomic features are shown in the upper and lower pie charts, respectively.

CNV in sarcomas

Because sarcomas are characterized by high levels of
CNVs,” we were also interested if these genetic alter-
ations differ between responders and non-responders to
anti-PD-1 therapy. The data obtained from EPIC meth-
ylation microarrays of the 35 patients with sarcoma
described above were used for these analyses. As shown
in online supplemental figures S6 and S7, CNVs were
detected at various extent in the tumor samples. While
some tumors showed no or only a small number of CNVs,
others were affected by many CNVs. However, when

we compared the CNV pattern of responders and non-
responders to anti-PD-1 therapy, no distinct difference
between these two patient groups was seen indicating that
CNVs are not suitable to distinguish between responders
and non-responders to anti-PD-1 ICI therapy in patients
with sarcoma.

DISCUSSION
Anti-PD-1 ICI with pembrolizumab or nivolumab is a
promising treatment that seems to benefit some patients
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Impact of DNA methylation on progression-free survival (PFS) and overall survival (OS) of patients with sarcoma

treated with anti-programmed cell death 1 (anti-PD-1) immune checkpoint inhibitor (ICl). (A) Heatmap summarizing methylation
of 2453 DMPs in 35 sarcoma samples. Patients’ characteristics including response to anti-PD-1 ICl, sarcoma subtype as well
as expression of immune markers are displayed according to the color scheme shown at the right-hand side of the figure. Each
row represents a unique CpG site and each column represents a unique patient sample. Heatmap colors reflect beta values
representing the degree of methylation from low (blue) to high (red). No centering/scaling of beta values was performed. Immune
markers were divided into first, second, third and fourth quarter. (B) PFS and OS (C) of patients with sarcoma from anti-PD-1 ICI
therapy start in months. Blue and red lines indicate patients included in the methylation clusters MC1 and MC2, respectively.
Vertical lines indicate censored patients at last follow-up. P values were calculated using log-rank tests.

with advanced sarcomas. In our current multicenter series
of 35 adult patients with sarcoma treated with pembroli-
zumab or nivolumab monotherapy as salvage treatment
for recurrent disease we observed favorable outcome data
with an objective response rate of 22.9%, median PFS
of 3 months and median OS of 16.5 months. Anti-PD-1
therapy was well tolerated in our patients treated in the
real-world setting and no new safety concerns were identi-
fied. Thus, our experience is in line with prior reports and
provides further support for considering anti-PD-1 ICI

as treatment option in individual patients with sarcoma.
However, better biomarkers to select patients most likely
to derive a benefit from this therapy are urgently needed.

The results from the correlative studies in our cohort
introduce DNA methylation profiling as a novel candi-
date biomarker for selecting sarcoma patient potentially
benefiting from anti-PD-1 ICI therapy. Interestingly,
PD-L1 expression on tumor cells was not associated with
response to ICI treatment in the cohort from center 1. In
line, previous studies also failed to observe an association

Starzer AM, et al. J Immunother Cancer 2021;9:€001458. doi:10.1136/jitc-2020-001458

7

"ybuAdoo Aq paroslold 1senb Aq TZ0Z ‘6 Jagquiadaq uo jwod fwqg oul//:dny wolj papeojumoq ‘TZ0Z YdJeN v2 Uo 854 T00-0202-2UI/9€TT 0T St payslignd 1sii :1eoue) Jaylounww| ¢


http://jitc.bmj.com/

357 Rap1 signaling genes
B (T3 T (T T e o
3.0 1 I ERTINNNNNEE Response
_ -
PLCE1
RACT
PLCE1
PDGFRA
E PDGFRA
2.5 Rap1 signaling pathway RAA
. ' ey = i
Pathways in cancer Adherens junction |} i L . - /;ggzvg
3 g
- PARD3
=) 2.0 . PDGFRB
[y CAMP signaling pathway MicroRNAS in cancer Eé%ggli
= = .y
Regulation of actin .
8’ 1.5 cytoskeleton . Calcium signaling pathway I gipgzu
' HPVinfection - Gjycerophospholipid metabolism Phica
PIK3R1
\DCY
P
1.0 ANEFT2
SIPAT
FGFR4
CSF1IR
SIPATLT
RKCA
Ré?gEFS
051 @ P
SipAT
= e w e el
0 20 40 60 80 100 N E— o Catuls
. . . . . . . B B P
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 RALGDS
— —
Enrichment ratio (log2) Beta: 02 04 06 038

Figure 4 Functional implication of differentially methylated CpG sites (DMPs) between responders and non-responders to
anti-programmed cell death 1 (anti-PD-1) immune checkpoint inhibitor (ICl) therapy. (A) Results from Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analysis using WebGestalt software (left panel). Each dot represents a
unique pathway. (B) Heatmap summarizing methylation of Rap1 signaling genes in 35 sarcoma samples. Genes which appear
repeatedly in the heatmap were affected by multiple DMPs. Heatmap colors reflect beta values representing the degree of
methylation from low (blue) to high (red). No centering/scaling of beta values was performed.

of ICI response and PD-L1 expression.* Moreover, also
dense TIL infiltration as a marker of inflammatory tumor
microenvironment activation was not associated with
response. Therefore, ‘classic’ predictive biomarkers
might not be suitable in sarcoma. Indeed, PD-L1 and/
or TILs density are far away from perfect predictive
biomarkers as they fail to reliably predict ICI response
in various other solid cancer types like lung cancer and
head and neck cancer patients.” ** Here, we investigated
DNA methylation as a potential predictive biomarker for
ICI response. Differential DNA methylation analysis led
to a separation of patients achieving an objective radio-
logical response from patients not achieving an objec-
tive response to anti-PD-1 ICI. A similar predictive role
of microarray DNA methylation profiles for response to
PD-1 inhibition has recently been reported for stage IV
non-small cell lung cancer, thus underlining the poten-
tial value of this approach.47 Importantly, in our study on
sarcomas, the effect was detectable only after bioinformat-
ically adjusting the DNA methylation data for the content
of tumor-infiltrating immune cells. Thus, our findings
indicate that reliable response prediction in the clinical
setting may necessitate integrated multimodal biomarker
analysis to account for the heterogeneous composition of
the tumorous microenvironment in sarcoma and poten-
tially also other tumors.

Pathway enrichment analyses showed that the genes
most prominently affected by differential methylation
are involved in Rapl signaling, focal adhesion, adherens
junction, pathways in cancer and ECM-receptor inter-
action. These pathways have not been extensively inves-
tigated in sarcoma and further studies are needed to
elucidate the association with patient outcome observed

in our study. However, some of these factors have known
functions in immune response, and based on our find-
ings, aberrant DNA methylation may influence sensitivity
of immune checkpoint inhibition. Rapl is important for
a range of diverse cellular functions including control of
cell-matrix and cell-cell adhesion via activation of inte-
grins and other adhesion molecules.*”® It has also been
demonstrated to play crucial roles in immune response
during the formation of the immunological synapse and
to interact with immune checkpoint molecules such as
CTLA-4.** Our data indicate that functional investiga-
tions should focus on these pathways and their potential
role in determining immune response of sarcoma.

Several limitations of our study have to be acknowl-
edged for correct interpretation of our results. Owing
to the rarity of sarcomas, the sample size of our cohort
is limited, although it represents a comparatively large
multi-institutional series of homogeneously treated and
well-defined patients. In addition, the retrospective design
precludes definite conclusions. However, we introduced
clear and strict inclusion criteria, performed a compre-
hensive evaluation of clinical and tissue-based parameters
and performed blinded radiological review of all baseline
and restaging images in order to maximize the informa-
tion value and quality of data derived from this investiga-
tion. Still, it needs to be stressed that further studies with
more patients, prospective designs and adequate statis-
tical power are needed to substantiate our findings.

In conclusion, we demonstrate that tumor DNA meth-
ylation profiling may serve as a predictive marker for
response to anti-PD-1 ICI therapy in sarcoma, especially
when performed in conjunction with analysis of tumor-
infiltrating immune cell composition. Further studies are
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needed to validate our findings and elucidate the pathobi-
ological basis of our hypothesis-generating observations.
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