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Purpose Even though pazopanib, a multitargeted tyrosine kinase inhibitor, has been approved for refractory soft tissue sarcoma
(STS), little is known about the molecular determinants of the response to pazopanib. We performed integrative molecular characteri-
zation to identify potential predictors of pazopanib efficacy.

Materials and Methods We obtained fresh pre-treatment tumor tissue from 35 patients with advanced STS receiving pazopanib-
based treatment. Among those, 18 (51.4%) received pazopanib monotherapy, and the remaining 17 (48.6%) received pazopanib in
combination with durvalumab, programmed death-ligand 1 blockade. Whole-exome and transcriptome sequencing were performed
for each tumor and patient germline DNA.

Results Of the 35 patients receiving pazopanib-based treatment, nine achieved a partial response (PR), resulting in an objective
response rate (ORR) of 27.3%, and the median progression-free survival (PFS) was 6.0 months. Patients with CDK4 amplification
(copy ratio tumor to normal > 2) exhibited shorter PFS (3.7 vs. 7.9 months, p=2.09x10-%) and a poorer response (ORR; 0% vs. 33.3%)
compared to those without a gene amplification (copy ratio < 2). Moreover, non-responders demonstrated transcriptional activation of
CDK4 via DNA amplification, resulting in cell cycle activation. In the durvalumab combination cohort, seven of the 17 patients (41.2%)
achieved a PR, and gene expression analysis revealed that durvalumab responders exhibited high immune/stromal cell infiltration,
mainly comprising natural Killer cells, compared to non-responders as well as increased expression of CD19, a B-cell marker.

Conclusion Despite the limitation of heterogeneity in the study population and treatment, we identified possible molecular predictors
of pazopanib efficacy that can be employed in future clinical trials aimed at evaluating therapeutic strategies.

Key words Soft tissue sarcoma, Pazopanib, Immune checkpoint inhibitors, Whole exome sequencings, Whole transcriptome
sequencing
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Introduction

Soft tissue sarcoma (STS) comprises diverse histological
subtypes with distinct clinical and molecular features. Des-
pite the heterogeneity, patients with advanced STS are gener-
ally treated in the same manner, mainly using doxorubicin-
or ifosfamide-based regimens [1,2]. Gemcitabine, docetaxel,
as well as taxane are the available treatment options after
failure of the fist-line treatment. However, despite several
treatment possibilities, the prognosis of STS remains poor
with a median overall survival (OS) of 12 months [3].

Pazopanib is multitargeted tyrosine kinase inhibitor active

against vascular endothelial growth factors, platelet-derived
growth factors, fibroblast growth factor receptors, and c-Kit.
Given the histological heterogeneity of STS, pazopanib
has exhibited therapeutic activity against various subtypes
except for liposarcoma in a stratified phase II trial [4]. A
subsequent phase III PALETTE trial was designed for pati-
ents with non-adipocytic STS who had not benefited from
standard chemotherapy. Progression-free survival (PFS) was
improved by 3 months relative to placebo [5]. Beside tyrosine
kinase inhibitors, immune checkpoint inhibitors have also
demonstrated promising efficacy with respect to various STS
subtypes. For advanced bone and soft tissue sarcomas, mono-
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therapy with pembrolizumab, an anti-programmed death-1
(PD-1) antibody, was associated with clinically meaningful
efficacy. However, the observed efficacy was mostly limited
to specific tumor subtypes, including undifferentiated pleo-
morphic sarcoma (UPS), dedifferentiated liposarcoma, and
synovial sarcoma (SS) [6]. Nivolumab—another anti-PD-1
monoclonal antibody—in combination with cytotoxic T lym-
phocyte antigen-4 inhibitor ipilimumab has also exhibited
therapeutic activity in advanced STS [6]. These results led to
the regulatory approval of pazopanib and immune check-
point inhibitors as standard treatments for refractory STS.

The Cancer Genome Atlas (TCGA) Research Network has
provided molecular insights into the major subtypes of STS
[7]. The multi-platform genomic profiles revealed a high fre-
quency of copy number alterations and low mutational bur-
dens for sarcoma, as well as other subtype-specific genomic
features. However, even though pazopanib is the only
approved targeted agent for this disease, little is known
about the genetic feature for response discrimination in STS.

In the current study, we performed integrated molecular
profiling of advanced STS in response to pazopanib-based
treatment. All patients were subjected to tissue biopsies
followed by whole-exome and transcriptome sequencing.
We also conducted integrative analysis to explore specific
genomic markers correlated with response to pazopanib-
based treatment in an attempt to identify biomarkers that
could aid the therapeutic strategies.

Materials and Methods

1. Patient and study procedure

We reviewed and included patients with histologically
confirmed metastatic and / or recurrent STS as per the follow-
ing inclusion criteria: (1) eligible for pazopanib treatment,
and (2) willingness to undergo a procedure for fresh-frozen
tissue collection for clinical sequencing. Clinical information
including age, sex, etiology, Eastern Cooperative Oncology
Group performance status, Fédération Nationale des Cen-
tres de Lutte Contre le Cancer (FNCLCC) system, staging,
and previous treatment data were extracted from hospital
records. The trial protocol was approved by the Institutional
Review Board of each center, and all patients provided writ-
ten informed consent before enrollment in accordance with
the Declaration of Helsinki and the Guidelines for Good
Clinical Practice.

2. Tumor sample collection for whole-exome and transcrip-
tome sequencing

Biopsies were performed prior to initiation of pazopanib-
based treatment. If tumor content was estimated to be > 40%
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after pathological review, tumor DNA and RNA were
extracted from freshly obtained tissues using a QIAamp
Mini Kit (Qiagen, Hilden, Germany) according to the manu-
facturer’s instructions. For DNA isolation, we used RNaseA
(cat. #19101, Qiagen). We determined the concentrations and
absorbance ratios, OD260/0D280 and OD260/0D230, on an
ND1000 spectrophotometer (NanoDrop Technologies, Ther-
mo-Fisher Scientific, Waltham, MA) and quantified DNA/
RNA using a Qubit fluorometer (Life Technologies, Carlsbad,
CA). Analysis pipeline details for sequencing are available
online in the Supplementary Methods.

3. Statistical analysis

PFS was defined as the time from the start of pazopanib-
based treatment until the date of disease progression or
death resulting from any cause. OS was measured from the
start of treatment to the date of death due to any cause. Sur-
vival difference was assessed using the log-rank test. Objec-
tive response rate (ORR) was calculated as the percentage
of patients experiencing a confirmed complete response or
partial response (PR) as per the Response Evaluation Criteria
in Solid Tumors 1.1 guidelines. The significance of multiple
predictors of survival was assessed by Cox regression analy-
sis. p < 0.05 was considered to indicate a significant differ-
ence. All statistical analyses were performed using R3.5.3
and RStudio v1.2 (R Foundation for Statistical Computing,
Vienna, Austria).

Results

1. Clinical and pathological characteristics of sarcoma pati-
ents

Between September 2014 and December 2019, patients with
unresectable or metastatic STS (n=199) received pazopanib-
based treatment. Among those, fresh tumor and peripheral
blood samples were obtained from a total of 35 patients and
were subjected to whole-exome and transcriptome sequenc-
ing (CONSORT) (S1 Fig.). Samples were obtained in patients
with primary tumors (n=16) and metastases (n=19). Of these
patients, 18 (51.4%) received pazopanib monotherapy, and
the remaining 17 (48.6%) received pazopanib in combina-
tion with durvalumab after the biopsies had been collected
for sequencing. Commonly observed histologies included
leiomyosarcoma, (n=8), UPS (n=7), malignant peripheral
nerve sheath tumors (MPNST; n=5), and dedifferentiated
liposarcoma (DDLPS; n=5) as shown in Table 1. The major-
ity were of high pathological grade (FNCLCC grade 3, n=23,
65.7%), and 45.7% had developed in the upper or lower
abdomen. All patients had previously received at least one
line of chemotherapy, mainly doxorubicin- and/or ifosfa-
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Table 1. Patient characteristics

Variable Total Pazopanib Pazopanib/Durvalumab p-value?
No. of patients 35 18 (51.4) 17 (48.6)
Age (y1) 48 51 (38-73) 45 (22-72)
Sex
Male 16 8 (50.0) 8 (50.0) 0.78
Female 19 10 (52.6) 9 (47.4)
ECOG PS
0 10 3(30.0) 7 (70.0) 0.14*
1 25 15 (60.0) 10 (40.0)
Histologic variant
LMS 8 6 (75.0) 2 (25.0) 0.23*
urs 7 5(71.4) 2(28.6)
MPNST 5 1 (20.0) 4 (80.0)
DDLPS 5 3 (60.0) 2 (40.0)
Synovial sarcoma 4 1(25.0) 3 (75.0)
Others® 6 2 (33.3) 4(66.7)
Primary site
Upper abdomen/Retroperitoneum 11 8(72.7) 3(27.3) 0.10*
Extremity 6 0 6 (100)
Gynecologic organ 6 3(50.0) 3(50.0)
Lower abdomen 5 4 (80.0) 1 (20.0)
Head /Neck 5 2 (40.0) 3 (60.0)
Thorax 2 1 (50.0) 1 (50.0)
Stage at diagnosis”
11 15 6 (40.0) 9 (60.0) 0.42*
11 14 9 (64.3) 5(35.7)
v 6 3(50.0) 3 (50.0)
FNCLCC grade
I 4 4 (100) 0 0.10*
11 8 3(37.5) 5 (62.5)
11 23 11 (47.8) 12 (52.2)
No. of previous chemotherapy regimens
1 17 6 (35.3) 11 (64.7) 0.21*
2 12 7 (58.3) 5(41.7)
>3 6 5(83.3) 1(16.7)
Sequencing samples
Primary tumor 16 6 (37.5) 10 (62.5) 0.13
Metastatic sites 19 12 (63.2) 7 (36.8)
Type of previous chemotherapy received
Doxorubicin monotherapy 9 8(72.8) 1(11.1) NA
Gemcitabine / Docetaxel 11 6 (54.5) 5 (45.5)
Eribulin 1 1(100) 0
Doxorubicin/Ifosfamide 3(33.3) 6 (66.6)
Doxorubicin/Olaratumab 13 6 (46.2) 7 (53.8)
Ifosfamide combination 15 11 (73.3) 4 (26.7)

Values are presented as number (%) or median (range). DDLPS, dedifferentiated liposarcoma; ECOG PS, Eastern Cooperative Oncology
Group performance status; FNCLCC, Fédération Nationale des Centres de Lutte Contre le Cancer; LMS, leiomyosarcoma; MPNST, malig-
nant peripheral nerve sheath tumor; NA, not available; UPS, undifferentiated pleomomorphic sarcoma. ?Others: desmoplastic small round
cell tumor, myxoid fibrosarcoma, high grade endometrial stromal cell sarcoma, clear cell sarcoma, low grade myofibroblastic sarcoma, and
solitary fibrous tumor, ®8th edition of the American Joint Committee on Cancer guideline of tumor, node, and metastasis (TNM) classifica-
tion, 9The associations were analyzed by the chi-square test or Fisher exact test (*).
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Fig. 1. Molecular landscape and response to pazopanib-based treatment. Integrated plot of clinical and molecular features. From top to
bottom, panels indicate: Waterfall plot represents percentage of maximum tumor reduction as assessed according to Response Evalu-
ation Criteria in Solid Tumor 1.1 criteria; the number of mutations; clinical characteristics including primary site, histological subtype,
best response, treatment (pazopanib vs. pazopanib and durvalumab combination), and percentage of alterations (fusions, mutations, and
somatic copy number alterations). Patient identity number is provided in S2 Table. CN, copy number; DDLPS, dedifferentiated liposar-
coma; DSRCT, desmoplastic small round cell tumor; G-LMS, gynecological leiomyosarcomas; MPNST, malignant peripheral nerve sheath
tumors; NA, not available; SS, synovial sarcoma; ST-LMS, soft tissue leiomyosarcomas; TMB, tumor mutation burden; UPS, undifferenti-
ated pleomorphic sarcoma.
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Fig. 2. Response to pazopanib or pazopanib and durvalumab combination. (A) Waterfall plot represents percentage of maximum tumor
reduction after treatment, as assessed according to Response Evaluation Criteria in Solid Tumor 1.1 criteria. (Continued to the next page)

mide-based treatment.

2. Molecular characterization and response to pazopanib-
based treatment

Data collection proceeded until April 31, 2020 with a
median follow-up of 40.9 months (95% confidence interval
[CI], 38.2 to 55.9). Of the 33 evaluable patients, nine achieved
a PR, 17 had stable disease, and seven had progressive dis-
ease, resulting in an ORR of 27.3 % (Fig. 1). In the monother-
apy group, two of the 16 evaluable patients (12.5%) achieved
a PR, 2.0 and 3.6 months after initiating treatment, and this
lasted for 18.1 and 15.9 months for soft tissue leiomyosar-
coma and SS, respectively (Fig. 2A and B). In the combination
group, seven out of the 17 patients (41.2%) achieved a PR,
including patients with UPS (n=2), SS (n=2), MPNST (n=1), a
desmoplastic small round cell tumor (n=1), and endometrial
stromal cell sarcoma (n=1). Response was first detected 1.1-
2.7 months after treatment initiation and lasted for a median
of 7.8 months (range, 2.5 to 17.1 months) (Fig. 2B and C).

Twenty-nine patients (75.0%) had progressive disease, and
the median PFS was 5.9 months (95% CI, 3.3 to 8.6) in the
monotherapy group and 6.9 months (95% CI, 3.5 to 10.3) in

the combination group. Median OS was 19.5 months (95%
Cl, 16.7 to 22.3) in the monotherapy group, and was not
reached in the combination group.

3. Genomic landscape and correlates of pazopanib efficacy

We first evaluated the genomic alterations in the somat-
ic mutation spectrum, somatic copy number alterations
(SCNAs), and fusion transcripts in all 35 patients (Fig. 1, S3
Table). Mutations in genes involved in telomere stabilization
and double-strand repair, including TP53 (34%), NF1 (9%),
ATRX (6%), and PRKDC (6%) were most prevalent in leio-
myosarcomas (LMS), UPS, and MPNST. The overall somatic
mutational burden was similar to that of the TCGA sarcoma
(SARC) dataset with a relatively low tumor mutational bur-
den compared to other cancer types (median, 40.5 non-syn-
onymous mutations) (54 Fig.). However, there was one case
of clear cell sarcoma (YCC#18) that was hypermutated (856
non-synonymous mutations), including an MLH1 splice site
mutation (Fig. 1). Mutational signature analysis revealed that
DNA mismatch repair deficiency with microsatellite instabil-
ity contributed to genomic instability in the YCC#18 sample
(S5A and S5B Fig.).
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Fig. 3. CDK4, FRS2, and HDLBP copy number alterations are genomic determinants of pazopanib resistance. (A) Prevalence of tumors
harboring CDK#4 gains (red) and amplifications (bule) in responders and non-responders. PD, progressive disease; PR, partial response;
SD, stable disease. (B) Univariate Cox regression analysis with genetic variables. Error bars represent the 95% confidence interval. X-axis
indicates log10-transformed hazard ratio. AMF, amplification/gain; DEL, deletion/loss. “p < 0.05, ***p < 0.001. (C) Kaplan-Meier curve of
progression-free survival (months) based on CDK4 amplification. (D) Univariate Cox regression analysis among histologic variants. Error
bars represent the 95% confidence intervals. X-axis indicates hazard ratio (log10-scaled). AIC, Akaike information criterion; DDLPS, dedif-
ferentiated liposarcoma; LMS, leiomyosarcomas; MPNST, malignant peripheral nerve sheath tumors; Others, other sarcoma subtypes; SS,
synovial sarcoma; UPS, undifferentiated pleomorphic sarcoma. *p < 0.05.

Frequently observed SCNAs included 12q13-15 copy as DDLPS (n=4) based on molecular results with CDK4 and
number gains or amplifications of genes CDK4, MDM?2, MDM2 co-amplification. Patients with CDK4 amplification
FRS2, as well as HMIGA? (Fig. 1). Interestingly, four cases ini- exhibited a poor response to pazopanib treatment, in which
tially diagnosed as SS (n=1, YCC#4), MPNST (n=1, SMC#6), none of the nine partial responders had CDK4 amplification
UPS (n=1, SMC#14), and LMS (n=1, YCC#9) were revised (Fig. 3A). A univariate Cox regression analysis revealed that
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CDK4 amplifications was predictive factors of poor PFS (haz-
ard ratio [HR], 0.35; 95% CI, 0.14 to 0.86) (Fig. 3B). Cases with
CDK4 amplification (n=6, copy ratio tumor to normal > 2.0)
had significantly shorter PFS when compared to non-ampli-
fied (n=9, copy ratio tumor to normal < 2.0) cases (CDK4: 3.7
vs. 7.9 months, p=2.09x10"*) (Fig. 3C). Among the six cases
with CDK4 amplifications, five (83.3%) were DDLPS, and
those showed poorer PFS than any other subtypes (Fig. 3D).
The other UPS with CDK4 amplification (SMC#15) showed
2.3 months of PFS, suggesting that CDK4 may play a role as
a poor predictor for pazopanib treatment.

Similary, cases with FRS2 gain or amplification (n=9, copy
ratio tumor to normal > 1.5) had significantly shorter PFS
when compared to non-amplified (n=26, copy ratio tumor to
normal < 1.5) cases (3.7 vs. 7.9 months, p=0.038) (S6A Fig.).
On the other hand, patients with copy loss or deletion of
the HDLBP gene (n=8, copy ratio tumor to normal < 0.75),
located on chromosome 2q37.3, exhibited poor PFS (p=0.036)
in both univariate and multivariate Cox regression survival
analysis, suggesting that HDLBP may play a role as a tumor
suppressor in STS (HR, 0.39; 95% CI, 0.16 to 0.99) (S6B and
S6C Fig.). However, tumor response to treatment was not
significantly different (ORR, 12.5% vs. 32.0%, p=0.39 by chi-
square test). However, in covariate Cox regression analysis
with the histologic variants, CDK4 and FRS2 amplifications
were not associated with PFS (S6C Fig.).

We further analyze the clinical outcomes of all patients
and pazopanib monotherapy patients according to the TP53
mutational status. However, tumor response to treatment
was not significantly different between mutant and wild-
type in all patients (ORR, 16.7% vs. 33.3%, p=0.43 by Fisher
exact test) and pazopanib monotherapy patients (ORR, 12.5%
vs. 12.5%, p > 0.99 by Fisher exact test). We could not find
significant differences in PFS in all patients and pazopanib
monotherapy patients (S7 Fig.). We also investigated the vas-
cular endothelial growth factor (VEGF) expression according
to TP53 mutational status but could not find a statistically
significant difference in the VEGF expression (S8 Fig).

4. Identification of transcriptional determinants dictating
clinical response to pazopanib-based treatment

To assess distinct transcriptional features that dictate the
clinical response to pazopanib, we analyzed the transcrip-
tomic profiles of STS patients depending on their response
to pazopanib. Gene Set Enrichment Analysis (GSEA) was
performed to identify significantly enriched molecular path-
ways between responders and non-responders. GSEA revea-
led that gene sets associated with cell proliferation/cell
cycle, hypoxia, and glycolysis were upregulated in non-
responders while immune-associated gene sets were enri-
ched in responders (Fig. 4A). Enrichment of cell cycle gene
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sets was observed in non-responders, which was in line with
the observation that CDK4 was significantly amplified in
non-responders, especially as it plays a major role in the cell
cycle (Fig. 4B) [8]. Additionally, we performed genome-wide
analysis of differentially expressed genes (DEGs) between
pazopanib-based treatment responders and non-responders
in order to identify genes that correlate with a response to
pazopanib in STS. As a result, the expression of 123 and 106
genes was significantly up/downregulated (q-value < 0.05
and absolute log2 fold change > 1) in responders (responder
DEGs) and non-responders (non-responder DEGs), respec-
tively (S9 Table). CDK4 was among non-responder DEGs,
concordant with the results of genomic and pathway analy-
ses, which indicated that non-responders exhibited upregu-
lation of CDK4 via DNA amplification, particular in DDLPS,
resulting in cell cycle activation. We investigated the asso-
ciation between gene copy number variations and mRNA
expression and found that CDK4 gene expression levels of
CDK4-amplified tumors were significantly higher than those
of tumors with non-amplified (Wilcoxon rank sum, p=1.5x
10) (Fig. 4C). The FRS2 amplification also showed con-
sistent results (Wilcoxon rank sum, p=0.0018) but HDLBP-
deletion was not significant (Wilcoxon rank sum, p=1.1x10-)
(510 Fig.).

5. Predictors of treatment response to pazopanib and pro-
grammed death-ligand 1 blockade combination

Next, we sought to determine the potential correlates of
programmed death-ligand 1 (PD-L1) blockade response
using pre-treatment STS biopsies from 17 patients enrolled in
the clinical trial (ClinicalTrials.gov Identifier: NCT03798106),
which evaluated the efficacy of durvalumab in combination
with pazopanib. Treatment consisted of pazopanib 800 mg
orally, once a day, continuously, and durvalumab 1,500 mg
via 60-minute intravenous infusion once every 3 weeks.

When we examined PD-1/PD-L1 gene expression via
whole transcriptome sequencing, no association between
pazopanib/durvalumab response and PD-1/PD-L1 expres-
sion was observed (S11 Fig.). Therefore, in order to charac-
terize STS samples responding to the pazopanib and dur-
valumab combination using immunological features other
than PD1/PD-L1 expression, we evaluated immune cell
profiles in STS samples in silico by applying the Microenvi-
ronment Cell Populations-counter (MCPcounter) method
to gene expression profiles in STS (Fig. 5A) [9]. For each cell
type, the Student’s t test between responders and non-res-
ponders were performed and revealed that the MCPcounter
scores for NK cells were higher in the responders (p=0.047
by Fig. 5B, p-value was not adjusted for multiple testing). In
agreement with the results of tumor microenvironment cell
count estimation, GSEA revealed that gene sets associated
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Fig. 5. Transcriptomic correlates of clinical response to the pazopanib-durvalumab combination. (A) Heat map and unsupervised hier-
archical clustering describing tumor microenvironment cell infiltration. Color scale indicates Z-normalized MCP scores of each type of
microenvironment cell across samples. Color bar above the heatmap indicates responders (blue) and non-responders (red) to the pazo-
panib-durvalumab combination. (B) Immune cell fraction analysis of responding and non-responding patients receiving the pazopanib-
durvalumab combination. Immune cell fractions were estimated using MCPcounter scores. “p < 0.05. p-value is from Student’s t test and

not adjusted for multiple tests. (Continued to the next page)

with the immune response were upregulated in responders,
and, in particular, NK cell pathway enrichment was con-
firmed (Fig. 5C-E). DEG analysis between responders and
non-responders revealed that CD19 was overexpressed in
responders (Fig. 5F, S12 Table). Importantly, CD19 expres-
sion levels were not different between pazopanib-responders
and non-responders (log2 fold change=0.18, false discovery
rate=0.95), indicating that the differential CD19 expression
between responders and non-responders may be the result
of durvalumab treatment.

Discussion

Using whole-exome and transcriptome sequencing, we
performed integrative molecular characterization of STS in
patients receiving pazopanib-based treatment. To our knowl-
edge, this is the first study to characterize molecular determi-
nants of the response to pazopanib in STS.

Despite the improved PFS in the phase III trial, the res-
ponse was modest, and OS was not significant, implying
that only a minority of the patients benefit form pazopanib
treatment. The lack of understanding of the molecular back-
ground underlying the pazopanib response represents a ma-
jor challenge in STS. While previous studies have indicated
clinicopathological parameters, including circulating angio-

680 CANCER RESEARCH AND TREATMENT

genic factors or neutrophil to lymphocyte ratio, their predic-
tive role remains elusive [10,11]. Furthermore, the biological
basis for any association with pazopanib response is still
very limited. In order to identify predictive markers of the
response to pazopanib, we performed integrative genomic
and transcriptomic analysis of STS patients who received
pazopanib-based treatment in hopes of improving the treat-
ment choices within the clinical framework.

To date, our genome-wide analysis provided the most
comprehensive dataset of STS with pazopanib-based treat-
ment. Concordant with TCGA SARC data [12], copy num-
ber alterations and gene fusions were more prominent than
activating point mutations and alow mutational burden. Fur-
thermore, we observed that tumors with CDK4 amplification
were less responsive to pazopanib. In a phase II trial, liposar-
coma was identified as a non-sensitive histological subtype.
The subsequent phase III PALETTE trial was conducted to
investigate responses in non-adipocytic STS [4]. Consistent
with our results, both well differentiated and dedifferentiat-
ed liposarcomas were characterized by chromosome 12q13-
15 amplifications of oncogenes MDM2, CDK4, and HMGA?2
[13] and were relatively insensitive to pazopanib [14]. Fur-
thermore, in parallel to CDK4 overexpression, hypoxia- and
glycolysis-associated genes were enriched in non-respond-
ers in our study. Importantly, these genes are known to be
related to tumor cell proliferation, apoptosis inhibition, and
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Fig. 5. (Continued from the previous page) (C) Gene Set Enrichment Analysis (GSEA) between sensitive and resistant patients to the pazo-
panib-durvalumab combination. Significantly enriched gene sets (FDR < 0.05) were clustered based on their similarity. (D, E) GSEA plot
showing BIOCARTA natural killer (NK) cell pathway and Kyoto Encyclopedia of Genes and Genomes (KEGG) NK cell-mediated cytotox-
icity pathway enrichment in the responder group. FDR, false discovery rate; NES, normalized enriched score. (F) Volcano plot representa-
tion of differentially expressed gene analysis between responders and non-responders to the pazopanib-durvalumab combination. Genes
with > 1 log?2 fold change and an adjusted p < 0.05 are colored in red, and those with < -1 log2 fold change and an adjusted p < 0.05 are

colored in blue.

resistance to angiogenesis inhibitors [15,16]. Aside from the
initial diagnosis, four cases with non-adipocytic sarcoma
revised as DDLPS based on molecular pathology in our
study. Therefore, we hypothesize that alterations in CDK4
leading to its overexpression are associated with pazopanib
resistance, and additional analyses are required to confirm
and identify the underlying molecular mechanism. CDK4
amplification is present in 1.95% of the cases of American
Association for Cancer Research Project Genomics Evidence
Neoplasia Information Exchange Consortium, with lung
adenocarcinoma, dedifferentiated liposarcoma, conventional
glioblastoma multiforme, glioblastoma, and well differen-
tiated liposarcoma having the greatest prevalence [17]. So,
further studies are needed which investigate CDK4 amplifi-
cation as a predictive biomarker for anti-VEGF treatment in

other cancer types.

Recently, TP53 alterations have been suggested as a bio-
marker of response to anti-VEGF treatment [18,19]. Howev-
er, we could not find significant differences in the outcomes
(both response and progression survival) according to TP53
mutational status (S7 Fig.). Moreover, there was no statisti-
cally significant difference in the VEGF expression according
to TP53 mutational status (S8 Fig.). These results may be due
to the small number of patients and the heterogeneity of the
study population.

Previous integrated analyses have described the follow-
ing immune phenotype classification based on the compo-
sition of the tumor microenvironment in STS: immune-low,
immune-high, and vascularized groups [20]. In this study,
the immune-high group exhibited the highest levels of ter-
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tiary lymphoid structure (TLS), including T cells, B cells,
and NK cells. Among those, B cell infiltration was a key
discriminative factor for longer survival and a favorable
response to PD-1 blockade through pembrolizumab. Like-
wise, in our study, high expression of CD19, a B cell marker,
and the NK cell pathway were enriched in responders to the
durvalumab combination, but not in those receiving pazo-
panib monotherapy. Therefore, high infiltration of B cell and
TLS-rich features are a hallmark of better efficacy of anti-PD-
L1 therapy in STS.

Based on the central role played by the vascular endothe-
lial growth factor receptor (VEGFR) in immunosuppression,
combination treatment strategies have been widely studied
in various solid tumors. Addition of anti-angiogenic therapy
to anti-PD-L1 regimens was found to induce high endothe-
lial venules (HEVs) surrounding the tumor, resulting in
enhanced cytolytic activity by recruiting active lymphocytes
into the tumor [21]. Induction of HEVs by combination with
a VEGEFR inhibitor may transform immune-low tumors to
immune-high tumors. Given the remarkable clinical res-
ponse in renal cell carcinoma [22], the combination of axi-
tinib and pembrolizumab has also demonstrated promising
therapeutic activity (26.7% of ORR) in STS, particularly with
respect to alveolar soft-part sarcoma [23]. Although these
preliminary data and cross-study comparisons are specula-
tive, we believe that high response rate in the combination of
pazopanib and PD-L1 blockade is promising activity. Further
investigation with ongoing clinical trial will help to elucidate
these findings.

Our study has some limitations. This study included
patients with heterogeneous subtypes of sarcoma and heter-
ogeneous tumor samples (primary tumors and metastases).
The study population also received heterogeneous treatment
(pazopanib monotherapy and pazopanib+durvalumab).

While pazopanib is currently approved for STS treatment,
a subset of patients does not experience a clinical benefit
from treatment, highlighting the need for a more personal-
ized approach through refined patient stratification. Based
on our study, stratification should be actively considered in
order to identify patients who will benefit from pazopanib
or immunotherapies. Our findings lay the basis for patient
stratifications with respect to therapeutic strategies for STS,
which may be useful in future clinical trials investigating the
effects of novel agents.
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