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Purpose: Programmed cell death protein 1 (PD-1) blockade
can mediate objective responses in advanced sarcomas, but their
durability has not been established and it is unclear if hyperpro-
gressive disease (HPD) occurs in sarcomas treated with PD-1
inhibitors.

Experimental Design: We pooled patients who were treated
prospectively with nivolumab or pembrolizumab as monotherapy
or with bempegaldesleukin, epacadostat, ipilimumab, or talimogene
laherparepvec. We did a new independent assessment for HPD and
analyzed clinical, pathologic, and genomic data from baseline tumor
biopsies. Our primary endpoint was the incidence of HPD; sec-
ondary endpoints were clinical or genomic correlates of response or
HPD.

Results: We treated 134 patients with advanced sarcoma from
2015 to 2019. Twenty-one patients (16%) had a complete or partial

Introduction

Sarcomas are a heterogeneous group of mesenchymal neoplasms of
bone and soft tissue origin and include more than 70 distinct subtypes.
Approximately 15,000 cases of soft tissue and bone sarcomas are
diagnosed annually in the United States. Despite primary combined
modality therapy, 25% to 50% of patients develop recurrent and/or
metastatic disease (1, 2). For patients with unresectable advanced
disease, chemotherapy remains the standard of care. However, com-
plete responses (CR) are rare, and the median overall survival (OS) in
the metastatic setting is 15 to 20 months (3-6).
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response (CR/PR), and 30% of responses were durable for over
2 years. Forty-eight (36%) patients had stable disease (SD), 45 (34%)
had progressive disease without HPD (PD), and 15 (11%) had HPD.
Five patients (4%) were not evaluable for HPD. The sarcoma
subtypes, sites of metastasis, clinical course, and genomic alterations
in patients with PD and HPD were similar, except HPD tumors were
smaller at baseline.

Conclusions: In patients with advanced sarcoma, PD-1 blockade
can mediate durable responses. HPD occurs in sarcoma at an
incidence that is similar to what has been reported in other solid
tumors, but patients with HPD were clinically and biologically
similar to those who had PD. Further research is required to
establish whether HPD is a biologically distinct phenomenon and
whether a theoretical risk of HPD should influence patient
management.

Standard cytotoxic chemotherapy agents such as doxorubicin alone
or gemcitabine with docetaxel lead to responses in about 20% of
patients in the front line setting (4, 5). In the second line, chemotherapy
response rates are even lower (7, 8). With pazopanib, despite improved
progression-free survival (PES) over placebo, the median was 4 months
without an improvement in OS (9). For most patients, with cytotoxic
chemotherapy the duration of benefit is short-lived without any
potential for cure. Therefore, novel and effective systemic therapies
are desperately needed for patients with unresectable and metastatic
sarcomas.

Early trials evaluating anti-programmed cell death protein 1
(anti-PD-1) monotherapy in sarcoma reported low objective response
rates (ORR) and brief PFS in an unselected sarcoma population. In
SARCO028, the ORR to pembrolizumab in the entire population was
11% (10). A study of pembrolizumab plus metronomic cyclophos-
phamide reported an ORR of 2% (11). A study of pembrolizumab plus
axitinib reported an ORR of 10% in sarcomas other than alveolar soft-
part sarcoma (ASPS), which can be uniquely responsive (12).

The literature to date is limited by the rarity of individual subtypes
of sarcomas, lack of controls in clinical trials, and short follow-up.
Consequently, it is not clear whether responses to immune checkpoint
inhibitors (ICI) are durable, and heterogeneity among sarcoma sub-
types has diluted the perceived response rate of “sarcomas” as a group.
For example, the ORR for Ewing’s sarcoma, osteosarcoma, gastroin-
testinal stromal tumors (GIST), and leiomyosarcoma has been below
10% (13). In contrast, the ORR for angiosarcoma and undifferentiated
pleomorphic sarcoma (UPS) may exceed 20%, and in ASPS it could
be closer to 50%.

Other than histology, there are no reliable clinical, biochemical, or
genomic predictors of response in sarcoma. In melanoma, there is a
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Translational Relevance

Programmed cell death protein 1 (PD-1) blockade is an effective
treatment for some patients with advanced sarcomas, but there are
few known predictors of response and it is unclear if hyperpro-
gressive disease (HPD) occurs in this setting. We did a pooled
analysis of patients who were enrolled on prospective trials eval-
uating PD-1 inhibitors, did whole-exome and RNA sequencing of
baseline tumor biopsies, and performed a new radiographic assess-
ment for HPD. Response to PD-1 blockade was associated with
sarcoma subtype, disease burden, and patterns of metastatic
spread, but not with tumor mutational burden or any specific
genomic alterations. HPD occurred in 11% of patients, but patients
with HPD were clinically and genotypically comparable with those
with non-HPD progressive disease. Moreover, while these two
groups had similar outcomes after treatment, we unexpectedly
found their disease burden at baseline was unevenly distributed.
Further research will be required to determine if HPD is biolog-
ically distinct and clinically meaningful.

correlation between disease burden at baseline and outcomes after
checkpoint inhibitors, although no proof of a causal relation-
ship (14, 15). Also, while sarcomas classically metastasize to lungs,
some like leiomyosarcoma have a predilection for liver metastases and
others including angiosarcoma and epithelioid sarcoma metastasize to
lymph nodes (16). The experience in other solid tumors is that liver
metastases tend to be less responsive to immunotherapy, while
lymph node metastases are particularly responsive (17, 18). Whether
any of these factors correlate with response in sarcoma has not been
evaluated.

Furthermore, there is increasing awareness that some patients
experience hyperprogressive disease (HPD) after treatment with
PD-1 inhibitors. HPD is a response pattern in which tumor growth
is accelerated by treatment with checkpoint inhibitors (19, 20). The
incidence of HPD in other solid tumors treated with immunotherapy is
reported to range from 4% to 29%. In diverse cancers, HPD was
reported to be associated with alterations in MDM2, MDM4, and
EGEFR (21). To our knowledge there has never been an evaluation of
HPD in a controlled trial, but HPD was not reported to occur in prior
chemotherapy trials. It has not been explored if HPD occurs in an
exclusive sarcoma population after PD-1 blockade.

Given these outstanding questions we undertook to evaluate
patients with advanced sarcoma who were treated with PD-1 blockade
at our institution under the auspices of clinical trials (22-25). All
patients had prospective response evaluation, and for this study we did
anew independent assessment for HPD. We evaluated the clinical and
biological characteristics of patients who experienced HPD to better
understand the significance of this response pattern.

Materials and Methods

Treatment with anti-PD-1

All patients had unresectable or metastatic sarcoma and were
treated prospectively on trial at Memorial Sloan Kettering Cancer
Center (MSKCC) with antibodies against PD-1, with or without
other immunomodulatory agents. Patients who were enrolled on
more than one trial at MSKCC were only included in this study once
and were analyzed with the first trial for which they were enrolled.
The results of these four prospective clinical trials have been
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reported elsewhere: (i) nivolumab with or without ipilimumab (22),
(ii) pembrolizumab with talimogene laherparepvec (T-VEC; ref. 23),
(iii) nivolumab with bempegaldesleukin (24), and (iv) pembro-
lizumab with epacadostat (25).

Study investigators obtained written informed consent from all
patients enrolled. These studies were conducted in accordance with
recognized ethical guidelines (e.g., Declaration of Helsinki, CIOMS,
Belmont Report, and US Common Rule) and were approved by the
MSKCC Institutional Review Board.

Data collection

Patient demographic information including age, tumor histology,
and lines of prior systemic treatment before PD-1 blockade were
prospectively recorded. Disease burden refers to the sum of target
lesions at baseline in millimeters, taken from prospectively recorded
RECIST measurements. Site(s) of metastatic involvement were
determined retrospectively by clinical, radiographic, and/or path-
ologic review. Equivocal lymph node findings required pathologic
confirmation.

Outcomes

Time to treatment refers to the interval between the diagnosis of
metastatic or unresectable sarcoma and the first dose of the study
drug(s). PFS was prospectively recorded and measured after the first
dose of the study drug(s). We counted death without disease as a
progression event. OS was also measured after the first dose of the
study drug.

HPD assessment

We evaluated patients for HPD as previously described (19).
Briefly, this required new tumor response evaluations (performed
using RECIST v1.1) starting with a pre-baseline set of images with
at least two subsequent time points (immediately before PD-1
blockade and at least one time point after). These new response
evaluations were performed in a blinded fashion by a single
radiologist (S. Hwang, 15 years of experience) using an independent
software application dedicated for the RECIST v1.1 assessment.
Using these measurements we calculated tumor growth rate (TGR)
before and after PD-1 blockade. HPD was defined as an increase in
TGR of 50% or more in target lesions. Patients without adequate
pre-baseline imaging, or at least one follow-up imaging study, were
not eligible for HPD assessment.

Statistics

Continuous variables are reported as median and range, discrete
variables as frequency. We compared demographic data using a x> or
Fisher exact test. We calculated median follow-up from surviving
patients. Time to event and survival curves are shown using the
Kaplan-Meier method with univariate comparisons by the log-rank
test. Disease burden, tumor mutational burden (TMB), and fraction
genome altered (FGA) were compared using an unpaired Mann-
Whitney test. We used GraphPad Prism to perform statistics and
generate figures.

Whole-exome and RNA sequencing

Details on nucleic acid extraction, whole-exome sequencing (WES),
and RNA sequencing (RNA-seq) are provided in the Supplementary
Methods document. WES was performed on 96 samples [17 complete
or partial response (CR/PR), 32 stable disease (SD), 33 progressive
disease without HPD (PD) and 14 HPD]. DNA was extracted from the
tumor and matched normal DNA samples and was aligned to GRCh37
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using the TEMPO pipeline (https://ccstempo.netlify.app/). The same
pipeline was used to determine somatic mutations (substitutions,
small insertions, and deletions) and gene-level focal copy-number
alterations. Detected variants were annotated for truncating and
nontruncating driver mutations using OncoKB annotation api
(https://api.oncokb.org/oncokb-website/api). See the Supplementa-
ry Methods document for further details regarding RNA library
preparation and sequencing.

Differential expression analysis

We used Kallisto (v.0.46.1) to align paired-end FASTQ raw
sequencing reads to GRCh37.75 human reference, and to quantify
transcript abundances from baseline tumor samples (26). A total of 71
samples were transcriptionally profiled including 12 CR/PR, 21 SD, 28
PD, and 10 HPD. To define sequencing and alignment quality we used
CollectRnaSeqMetrics from Picard tools (http://broadinstitute.github.
io/picard/), and MultiQC v.1.9 (27).

Transcript level abundances obtained by Kallisto were further
aggregated to gene-level expression using sleuth v0.30 R package (28),
and we obtained transcript to gene mapping using biomaRt (v.3.12)
package in R, and gene symbols defined by Ensembl GRCh37.75 (29).
Sleuth R package was also used to normalize gene counts across
samples and for linear models to determine differential expression
analysis. Models were corrected for batch effects due to sequencing and
for sarcoma subtypes.

Gene set enrichment analysis (GSEA) of pathways associated with
response (HPD vs. PD) was performed using the clusterProfiler
package and GSEA function in R (30, 31). We used 50 hallmark
pathways with well-defined biological processes, downloaded from
MSigDB (https://www.gsea-msigdb.org/gsea/msigdb/). P value based
on comparison between two conditions (HPD and PD) was multiplied
with the sign of log-fold change and used for the ranking of the genes.
Weighted enrichment statistics and 100,000 gene set permutations
were then calculated and used for detection of significantly enriched
pathways.

Immune cell deconvolution

Immune cell proportion estimation for 10 cell types was computed
from normalized gene expression using the quanTIseq deconvolution
method in immunedeconv R package v.2.0.2-1 (32, 33). To allow for
enhanced visualization of cellular fraction across all samples we
calculated z-score (z = (x-W)/G) of each cell type, where x is the raw
cell fraction, [ is the all samples mean, and G is the standard deviation
for all samples. We then used the hierarchical clustering method (i.e.,
maximum clustering distance) in complex heatmap package v.3.4in R
to group and visualize samples (34).

Availability of data and material

The sequencing data generated in this study are not yet publicly
available due to patient privacy requirements that are pending approv-
al but will be available upon request from the corresponding author.

Results

We treated 134 patients with advanced sarcoma from 2015 to 2019
(Fig. 1A). For the entire cohort, median follow-up was 33 months
[95% confidence interval (CI), 31.3-35.1 months], median PFS was
2 months (95% CI, 1.9-3.4 months), and median OS was 16 months
(95% CI, 10.8-19.6 months). The number of patients that received
each regimen included: 20 (15%) nivolumab =+ ipilimumab, 18 (13%)
pembrolizumab plus T-VEC, 68 (51%) nivolumab plus bempegalde-
sleukin, and 28 (21%) pembrolizumab plus epacadostat.
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Figure 1.

HPD in sarcoma. A, CONSORT diagram for comparison. Five patients were not
evaluable. B, Incidence of HPD in each protocol (P = 0.03 by X2 test). The
number of patients with HPD (n, %) and the total number treated on protocol (N)
are indicated. Patients who were enrolled on multiple trials were only included
once, on the first study. *Five patients in the nivolumab plus bempegaldesleukin
trial were not evaluable.

Enrollment in the four protocols was not randomized, leading
to unequal distributions of patient demographic variables, sarcoma
subtypes and pretreatment characteristics (Supplementary Fig. SI).
For example, the median time to treatment in the nivolumab plus
bempegaldesleukin trial was 12 months but it was 29 months in the
pembrolizumab plus T-VEC trial (P = 0.01; Supplementary Fig. S2).
These baseline differences preclude meaningful between-studies com-
parisons, but there were nonetheless no significant differences in PES
or OS between studies (Supplementary Fig. S3).

Twenty-one (16%) of 134 patients had a CR/PR, 48 (36%) had SD,
45 (34%) had PD, and 15 (11%) had HPD (Fig. 1A). Five patients were
not evaluable due to inadequate imaging (all were in the nivolumab
plus bempegaldesleukin trial). Eleven instances of HPD occurred in
the nivolumab plus bempegaldesleukin trial and 4 occurred in the
pembrolizumab plus epacadostat trial. No cases of HPD were iden-
tified in the nivolumab =+ ipilimumab or pembrolizumab plus T-VEC
trials (P = 0.03; Fig. 1B).

The median PFS of patients with a CR/PR, SD, PD, and HPD
was 15.0 months (95% CI, 11.8-not reached months), 5.5 months (95%
CI, 4.1-7.3 months), 1.6 months (95% CI, 1.5-1.8 months), and
1.6 months (95% CI, 1.0-1.8 months) respectively (Fig. 2A). For
patients with a CR/PR, 2-year PES was 30.4% (95% CI, 50.6%-12.0%).
Also, PES was the same for the PD and HPD groups because these
patients all progressed at early time points. Median OS for patients
with a CR/PR, SD, PD, and HPD was not reached (95% CI, not
reached-20.6 months), 18.0 months (95% CI, 10.9-26.6 months),
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7.7 months (95% CI, 5.0-13.8 months), and 5.9 months (95% CI, 3.1-
9.9 months) respectively (PD vs. HPD, P = 0.34; Fig. 2B). For patients

with a CR/PR, 2-year OS was 73.7% (95% CI, 87.9%-47.4%).

Demographic characteristics

Patients with a CR/PR, as compared with those who had SD, had
asimilar age and gender distribution (Table 1). Their mean number

Table 1. Patient demographics.

of prior systemic therapies was 2.0 and 2.9, respectively (P = 0.12),
and median time to treatment was 12 months and 25 months (P =

0.019; Supplementary Fig. S4A). Patients with PD and HPD also
had comparable age and gender distributions (Table 1). They were
pretreated with a mean of 2.7 and 2.3 lines of systemic therapy (P =

0.79) and their time to treatment was 18 and 16 months (P = 0.67;
Supplementary Fig. S4B).
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Evaluable CR/PR SD PD HPD
Patients 129 (96%)? 21 (16%) 48 (36%) 45 (34%) 15 (11%)
Median age (IQR) 57 (44-66) 65 (54-75) 60 (53-67) 47 (38-62) 56 (44-59)
Gender (n female, %) 66 (51%) 10 (48%) 25 (52%) 22 (49%) 9 (60%)
Prior systemic Rx (% of each response)
None 16 (12%) 4 (19%) 6 (13%) 5 (7%) 1(12%)
One line 27 (21%) 6 (29%) 12 (25%) 6 (20%) 3(21%)
Two lines 28 (22%) 4 (19%) 6 (13%) 14 (27%) 4 (22%)
Three or more lines 58 (45%) 7 (33%) 24 (50%) 20 (47%) 7 (45%)
Time to PD-1(95% ClI), months 18 (14-22) 12 (3-14) 25 (16-33) 18 (10-20) 16 (6-23)
Histology (% of each subtype)
ASPS 3 1(33%) 2 (67%) 0 (0%) 0 (0%)
Angiosarcoma 12 5 (42%) 4 (33%) 2 (17%) 1(8%)
Chondrosarcoma 10 1 (10%) 2 (20%) 6 (60%) 1 (10%)
EHE 5 0 (0%) 4 (80%) 0 (0%) 1(20%)
Epithelioid sarcoma 5 2 (40%) 0 (0%) 3 (60%) 0 (0%)
Leiomyosarcoma 26 2 (8%) 13 (50%) 7 (27%) 4 (15%)
LPS, dedifferentiated 10 0 (0%) 8 (80%) 2 (20%) 0 (0%)
LPS, myxoid/round cell 4 1(25%) 1(25%) 0 (0%) 2 (50%)
Myxofibrosarcoma 5 2 (40%) 2 (40%) 1(20%) 0 (0%)
Osteosarcoma 7 0 (0%) 0 (0%) 6 (86%) 1(14%)
Small blue round cell 7 0 (0%) 0 (0%) 5¢ (71%) 24 (29%)
Spindle cell HG NOS 5 1(20%) 2 (40%) 1(20%) 1(20%)
UPS 16 5 (31%) 3 (19%) 6 (38%) 2 (13%)
Other 14 1 (7%) 7¢ (50%) 6" (43%) 0 (0%)

Note: The characteristics of each response group are shown. Time to ICl refers to time in months between the diagnosis of stage IV or unresectable disease and the
first dose of PD-1 blockade.

Abbreviations: IQR, interquartile range; LPS, liposarcoma; spindle cell HG NOS, spindle cell sarcoma high grade not otherwise specified.

@Five patients were not evaluable for response.

®Pleomorphic LPS.

“One follicular dendritic cell sarcoma, 2 GIST, 2 malignant solitary fibrous tumor, 1 pecoma, 1 rhabdomyosarcoma.

90ne Ewing’s and 1 synovial sarcoma.

€One Ewing’s, 2 synovial, and 2 dermoplastic small round cell sarcomas.

fTwo GIST and 1 each of epithelioid sclerosing fibrosarcoma, malignant peripheral nerve sheath tumor, phyllodes tumor, and pleomorphic LPS.
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Sarcoma subtypes

The ORR for each sarcoma subtype ranged from 0% to 42%
(Table 1; Supplementary Fig. S5). Five histologies had an ORR that
exceeded 30%. These immune-sensitive subtypes were angiosar-
coma (2 CR and 3 PR in 12 patients), myxofibrosarcoma (1 CR and
1 PR in 5 patients), epithelioid sarcoma (2 PR in 5 patients), and
UPS (5 PR in 16 patients). Also, 1 of 3 patients with ASPS had a
response, consistent with other series showing exceptionally high
ORR in ASPS (12, 35).

None of the 10 patients with dedifferentiated liposarcoma
responded. However, a response was observed in 1 of 4 patients with
myxoid liposarcoma, 1 of 2 patients with pleomorphic liposarcoma,
and 1 of 5 with high-grade spindle cell sarcoma. Responses were rare or
absent in other histologies including chondrosarcoma, leiomyosar-
coma, osteosarcoma, and small blue round cell tumors (SBRCT).
Finally, while none of the 5 patients with epithelioid hemangioen-
dothelioma (EHE) had a response, 2 had prolonged SD (patients 109
and 94 on Supplementary Table S1).

The subtypes of the 15 patients with HPD were as follows: 1
angiosarcoma, 1 chondrosarcoma, 1 EHE, 4 leiomyosarcoma, 2 myx-
oid liposarcoma, 1 osteosarcoma, 1 Ewing’s sarcoma, 1 synovial
sarcoma, 1 high-grade spindle cell sarcoma, and 2 UPS (Table 1).
There was no obvious difference in the distribution of sarcoma
subtypes between patients with PD and HPD (Table 1). For example,
“immune-sensitive” sarcoma subtypes (i.e., angiosarcoma, ASPS, epi-
thelioid, myxofibrosarcoma, or UPS) were present in 12 (27%) of 45
patients with PD and 3 (20%) of 12 with HPD. Moreover, PD-L1
expression was similar in patients with PD and HPD (Supplementary
Fig. S6).

Baseline disease burden

Patients with a CR/PR, as compared with those with SD, had a
significantly lower baseline disease burden (62 mm vs. 109 mm,
P = 0.011; Fig. 3). The disease burden of the 3 patients who had a
CR was 14 mm, 29 mm, and 38 mm. Only 1 patient with a PR had a
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Figure 3.
Response and tumor burden at baseline. Tumor burden is represented by the
sum of prospectively recorded target lesions at baseline per RECIST. The 3
patients with complete responses are indicated by red dots. The patient
indicated by the arrow had a pleomorphic liposarcoma in the mediastinum.
*, P<0.05; **, P<0.01.
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disease burden that was substantially higher than 100 mm; this was an
individual with pleomorphic liposarcoma in the mediastinum who had
a baseline burden of 202 mm. Unexpectedly, we found the baseline
disease burden of patients with PD and HPD were not evenly
distributed (104 mm vs. 59 mm, P = 0.035).

Site of metastasis

The most common site of metastasis was lung in 80 evaluable
patients, followed by liver in 31, bone in 24, and lymph nodes in 18. In
addition, 28 patients had “other” nonvisceral metastases in skin, soft
tissue, peritoneum, or retroperitoneum (Fig. 4A). Some patients had
metastases in multiple different organ systems. ORR of patients with
metastases in lung, bone, and ‘other’ metastases was 14%, 13%, and
14% respectively.

The ORR in patients with liver metastases was 3%, with a single PR
occurring in a patient with angiosarcoma (patient 134 on Supplemen-
tary Table S1). Four patients with liver metastases had prolonged SD
(patients 77, 109,47, and 94 on Supplementary Table S1). Involvement
of the liver varied by sarcoma subtype; for example, 11 (42%) of 26
patients with leiomyosarcoma and 5 (100%) of 5 with EHE had hepatic
involvement. Of note, only 4 (13%) of 31 patients with liver metastases
had an ‘immune-sensitive’ sarcoma subtype (1 had UPS and 3 had
angiosarcoma).

Lymph node metastases were present in 18 (14%) of 129 evaluable
patients with the following subtypes: 3 angiosarcoma, 3 epithelioid
sarcoma, 3 UPS, 3 SBRCT, 2 chondrosarcoma, 2 leiomyosarcoma,
1 ASPS, and 1 EHE. Eight (44%) of 18 patients with nodal metastases
had an objective response (Fig. 4A). Interestingly, all 8 nodal
responders also had immune-sensitive sarcoma subtypes (Fig. 4B).
Conversely, none of the patients who had nodal metastases with
other subtypes (SBRCT, chondrosarcoma, leiomyosarcoma, EHE)
had a response.

Patients with PD and HPD had similar patterns of metastatic spread
(Fig. 4C). For example, 32 (71%) of 45 patients with PD had lung
metastases, as did 11 (73%) of 15 patients with HPD. Metastases to the
liver and lymph nodes were also comparably distributed between
patients with PD and HPD.

Genomic analyses

WES of baseline tumor specimens was performed in 113 of 129
evaluable patients (Supplementary Fig. S7). As expected, individual
alterations were rare, with TP53 being by far the most common, and
there was considerable heterogeneity among sarcoma subtypes. No
patient with HPD had alterations in MDM2, MDM4, and EGFR,
which were previously reported to be associated with HPD in other
cancer types (21).

In order to determine genomics make-up of the faster tumor growth
observed in HPD, we calculated tumor mutational burden (TMB)
which is associated with response to PD-1 blockade across a wide
variety of solid tumors (36). TMB was higher in patients with CR/PR
compared with those with SD, with a median of 1.5 and 0.9 mutations
per megabase (Mt/MB), respectively (P = 0.04; Fig. 5A). There was no
difference in TMB between patients with PD and HPD (1.2 and 1.1
Mt/MB, respectively). Within the subtypes of UPS and angiosarcoma,
TMB was not different between responders from nonresponders
(Fig. 5B).

We also assessed the fraction of genome altered (FGA) by copy-
number gains or losses. FGA trended higher in patients with a CR/PR
(median 72%) than SD (median 47%; P = 0.14; Fig. 5C). This might
reflect the uneven distribution of subtypes in the different response
groups because FGA varies considerably between sarcomas with
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Patterns of metastatic spread and response rate. Bars indicate the percentage of patients with metastases in the indicated site that had an objective response.
The numbers above each bar show patients with a response over patients evaluable. Some patients had metastases in multiple sites. “Other” metastases
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the presence or absence of LN metastases and whether the sarcoma subtype was considered immune-sensitive or not. Sensitive subtypes were ASPS,
epithelioid sarcoma, myxofibrosarcoma, UPS, and angiosarcoma. C, Distribution of metastases in patients with PD and HPD. LN, lymph node; ns, not

statistically significant; Sens, sensitive. *, P < 0.05; **, P < 0.01.

simple and complex genotypes (37). Moreover, between patients with
PD and HPD we observed similar FGA.

We used transcriptome data from baseline tumor biopsies to
evaluate 50 hallmark pathways through GSEA and compared tumors
exhibiting HPD with PD (Fig. 6; Supplementary Table S2). Several
metabolic pathways were upregulated in HPD tumors relative to PD
tumors including glycolysis, hypoxia, and oxidative phosphoryla-
tion. Also, HPD tumors had elevation of IFNo and IFNYy response
pathways compared with PD tumors. In contrast, PD tumors had
elevation of angiogenesis, epithelial-mesenchymal transition, and
cell cycle pathways including E2F targets, G2M checkpoint, and
mitotic spindle.

Finally, we used quanTIseq analysis to perform deconvolution
of the tumor immune microenvironment using RNA-seq data
(Supplementary Fig. S8). However, between PD and HPD tumors

A = B

we observed no difference in B cells, M1 or M2 macrophages, CD4,
CDS8, or T-regulatory cells.

Discussion

Sarcomas are a heterogeneous group of solid tumors that, as a class,
have been less responsive to immunotherapy than many other solid
tumors. To our knowledge, this is the largest series to date evaluating
patients with advanced sarcoma treated with PD-1 inhibitors and it has
the longest follow-up. In several sarcoma subtypes, the response rate
exceeded 30%, and some responses have been durable for years.
However, we observed that HPD occurred in 15 (11%) patients. This
is similar to what has been reported in other solid tumors (38). Of note,
this was a pooled analysis of four prospective studies and between them
the incidence of HPD was 0% to 16%. This difference was significant, but
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Figure 5.

Association between response and genomic alterations. Bars show median with 95% confidence intervals. A, TMB is shown for each patient with the given response.
The median for CR/PR was 1.5 while for SD it was 0.93 (P = 0.04). Two patients with SD and PD had a TMB of 14.6 and 8.7, respectively. B, TMB is shown between
responders (CR/PR) and nonresponders (NR) for UPS and angiosarcoma. The TMB for patients with epithelioid sarcoma, myxofibrosarcoma (MXFS), and myxoid LPS
are also shown, with red circles indicating responders. C, FGA is shown as a percentage for each patient. LPS, liposarcoma; MXFS, myxofibrosarcoma.
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Figure 6.

GSEA of pathways associated with HPD as compared with PD. RNA-seq was
performed on baseline tumor biopsies. Bars are a summary of results from GSEA
plots with the gene set names from Hallmark pathways and the normalized
enrichment score. Positive enrichment score represents pathways that were
correlated with HPD while negative enrichment score represents those that were
correlated with PD. All gene sets shown had an adjusted P value < 0.05. IFN,
interferon.

we doubt that bempegaldesleukin or epacadostat was the cause of HPD,
because HPD occurred in the absence of these drugs in other series (38).

Animportant and unexpected finding is that patients with HPD had
a significantly smaller disease burden at baseline than patients who had
abest response of PD (but not HPD). This is problematic because HPD
is defined radiographically. Because radiographically determined
tumor size was not equal before treatment, it is difficult to interpret
the significance of differential growth kinetics after treatment. It is
unclear whether this was also the case in other series (19).

It has been suggested that HPD may simply reflect the natural
history of disease in some patients (38). There was little that distin-
guished patients with PD and HPD other than baseline tumor size.
Moreover, there were no genomic alterations that were associated with
HPD. Others found that alterations in MDM2, MDM4, and EGFR
were associated with HPD but we did not see this in our series (21).
Two potential explanations for our findings is that HPD is a conse-
quence of tumor growth kinetics and/or is an artifact of radiographic
tumor measurements. Larger tumors, which were less likely to exhibit
HPD, might be growth-constrained by lack of blood supply, an
explanation supported by the fact that PD patients had upregulated
angiogenesis pathways relative to HPD patients. Also, radiographic
tumor measurements can be variable on CT scans. In absolute terms
that variance should be constant, but in relative terms it would be of
greater magnitude in small tumors (39). This might explain why HPD
was more likely to be called in patients with a small disease burden—
there are more outliers as variance increases.

Yet neither of these explanations fully accounts for why HPD may
occur more frequently after PD-1 blockade than after chemotherapy in
non-small cell lung cancer (NSCLC), though this has never been
evaluated in sarcoma (19). We did observe that HPD tumors had
upregulated IFNo and IFNY responses at baseline relative to PD
tumors, although our RNA-seq data was limited by small sample size
and batch effects. But in colorectal cancer it was recently shown that
ICI can induce tumor inflammation even in the absence of an effective
antitumor immune response (40). It is possible that something similar
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occurs in sarcomas, leading to tumor swelling from inflammation
which manifests radiographically as HPD.

In this series we identified several correlates of response although
surprisingly TMB was not one of them. Responders had a slight elevation
in TMB compared with those with SD, but not compared with those with
PD or HPD. Thus, alow TMB in sarcoma does not necessarily predict a
lack of response to immunotherapy. And the 2 patients with the highest
TMB (14.6 and 8.7 Mt/MB) did not have an objective response. The
limited utility of TMB as a biomarker in sarcoma is best illustrated by
ASPS, which despite being a fusion-driven sarcoma with an extremely
low TMB remains quite sensitive to PD-1 blockade (13).

In studies of patients with melanoma and NSCLC treated with PD-1
blocking antibodies, it was reported that the liver represents one of the
least responsive sites of metastasis (17, 18). In the current series, the ORR
for patients with liver metastases was indeed low, but sarcomas that
metastasized to the liver tended to be subtypes that are not responsive
even in the absence of hepatic involvement (i.e., leiomyosarcoma). Of the
4 patients with ‘immune-sensitive’ sarcoma subtypes who had liver
metastases, 2 have done exceptionally well (Supplementary Table S1).

Lymph node metastases from other solid tumors are among the
most responsive sites to PD-1 blockade (18). In our series, the presence
of nodal metastases was associated with response, but only among
‘immune-sensitive’ sarcoma subtypes. Since response assessment
includes nonnodal sites, this raises the possibility that tropism for
lymph nodes in certain sarcomas is a favorable prognostic marker in
the context of immunotherapy. This clinical observation would be
consistent with recent data showing the importance of B cells for
immunotherapy response and survival in sarcoma (41).

We also observed that disease burden at baseline was associated with
response to PD-1 blockade, an observation that has been reported in
other solid tumors but to our knowledge not in sarcoma (14). In fact,
with a single exception there were no responders who had a baseline
target lesion sum that was substantially more than 100 mm. Respon-
ders also tended to be more lightly pretreated and were earlier in their
disease course.

It remains to be determined if the association between disease
burden and response to PD-1 blockade is causal. After all, patients
with immunogenic tumors and those with indolent biology might be
expected to have smaller tumors and would be more likely to respond
to immunotherapy. However, it is at least possible that tumor pro-
gression directly causes an immunosuppressive effect in the tumor
microenvironment. The hypoxic and necrotic microenvironment of
large tumors contain high concentrations of immunosuppressive
metabolites (42-44). This possibility provides some rationale for
attempting IO strategies earlier in the disease course. Differences in
disease burden could explain some of the discordant response rates to
anti-PD-1 observed between the SARC028 and Alliance trials.

Relatively small numbers of patients with each sarcoma subtype,
short follow-up, and lack of control groups limits this study. This series
includes data from four nonrandomized trials evaluating PD-1 block-
ade either alone or in combination with other agents that could have
altered the efficacy of the treatment. Response and progression data
were prospectively recorded but patterns of metastatic spread were
recorded retrospectively. Also, the association between response and a
tropism for lymph nodes was a retrospective observation made in a
small number of patients. Independent validation is necessary before
any conclusions can be drawn about the significance of lymph node
metastases for immunotherapy in sarcoma. Finally, the power of gene
expression data to evaluate the biology of HPD was greatly limited by
small numbers of patients, batch effects, and heterogeneity from
multiple sarcoma subtypes.
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