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Background: Undifferentiated pleomorphic sarcoma (UPS) is the most frequent, aggressive and less-charac-
terized sarcoma subtype. This study aims to assess UPS molecular characteristics and identify specific thera-
peutic targets.
Methods: High-throughput technologies encompassing immunohistochemistry, RNA-sequencing, whole exome-
sequencing, mass spectrometry, as well as radiomics were used to characterize three independent cohorts of 110,
25 and 41 UPS selected after histological review performed by an expert pathologist. Correlations were made
with clinical outcome. Cell lines and xenografts were derived from human samples for functional experiments.
Findings: CD8 positive cell density was independently associated with metastatic behavior and prognosis.
RNA-sequencing identified two main groups: the group A, enriched in genes involved in development and
stemness, including FGFR2, and the group B, strongly enriched in genes involved in immunity. Inmune infil-
trate patterns on tumor samples were highly predictive of gene expression classification, leading to call the
group B ‘immune-high’ and the group A ‘immune-low’. This molecular classification and its prognostic impact
were confirmed on an independent cohort of UPS from TCGA. Copy numbers alterations were significantly
more frequent in immune-low UPS. Proteomic analysis identified two main proteomic groups that highly
correlated with the two main transcriptomic groups. A set of nine radiomic features from conventional MRI
sequences provided the basis for a radiomics signature that could select immune-high UPS on their pre-ther-
apeutic imaging. Finally, in vitro and in vivo anti-tumor activity of FGFR inhibitor JNJ-42756493 was selec-
tively shown in cell lines and patient-derived xenograft models derived from immune-low UPS.
Interpretation: Two main disease entities of UPS, with distinct immune phenotypes, prognosis, molecular fea-
tures and MRI textures, as well as differential sensitivity to specific anticancer agents were identified.
Immune-high UPS may be the best candidates for immune checkpoint inhibitors, whereas this study pro-
vides rational for assessing FGFR inhibition in immune-low UPS.
Funding: This work was partly founded by a grant from La Ligue.
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Research in context

Evidence before this study

Undifferentiated pleomorphic sarcoma (UPS) is one of the most
aggressive and least characterized sarcoma subtypes. We
searched PubMed with the terms “undifferentiated pleomor-
phic sarcomas (UPS)” OR “malignant fibrous histiocytoma” OR
“pleomorphic sarcoma” AND “molecular profiling” OR “next
generation sequencing” AND “proteomics” NOT “review” for
translational studies in humans published in English up to
March 31, 2020. Apart from the genomic characterization of
sarcomas from the TCGA study, studies investigating molecular
features of UPS were essentially based on array gene-expres-
sion analysis and comparative-genomic-hybridization. None of
them aimed to integrate genomic, immunological and radiomic
features to decipher the biological landscape of the specific
group of UPS.

Added value of this study

By using a multi-omics platform, we identified and confirmed
in three independent cohorts of UPS patients two main disease
entities with distinct immune phenotypes, prognosis, molecu-
lar features, and MRI textures, as well as differential sensitivity
to specific anticancer agents, in vitro and in vivo. The first group
was enriched in stemness pathways and oncogenes such as
FGFR2, the other one characterized by a specific highly-inflam-
matory micro-environment.

Implications of all the available evidence

We report a study integrating genomic, proteomic and radiomic
data to characterize a rare and devastating disease with an
unmet medical need. This comprehensive classification
improves our understanding of UPS and helps building new
selection strategies in patient care, with direct therapeutics
potential.

1. Introduction

Since its first description in 1964 [1] malignant fibrous histiocy-
toma (MFH) has been considered the most common soft tissue sar-
coma (STS) of adults. Main distinctive features of MFH are an
apparent lack of specific differentiation and predominant pleomor-
phic patterns [2]. MFH has been considered as a heterogeneous group
of tumors made up ‘by default’, including non-mesenchymatous and
other mesenchymatous subtypes, and 'true’ undifferentiated pleo-
morphic sarcoma after careful expert review [3]. In 2002, the WHO
reclassified the group under undifferentiated pleomorphic sarcoma
(UPS) [4]. Currently, UPS represents a diagnosis of exclusion based on
the absence of a specific line of differentiation after careful histologi-
cal examination and judicious use of ancillary techniques, including
immuno-histo-chemistry (IHC) and molecular biology to exclude any
differential diagnosis [5,6].

Despite adequate loco-regional treatment, up to 40% of patients
will develop metastatic disease, with the worse progression-free sur-
vival in palliative stage among all histological sarcoma subtypes [7].

Existing omics studies have essentially assessed MFH/UPS among
other sarcoma subtypes and were based on array gene-expression
analysis and comparative-genomic-hybridization [8-10]. More
recently, the TCGA study gave an integrated genomic landscape of
sarcomas, including UPS and myxofibrosarcoma (MFS), and identified
a subgroup associated with immune infiltrates [11]. Altogether, these
studies have allowed preliminary characterization of UPS, including

genomic instability and lack of commitment into mesenchymal dif-
ferentiation pathways, but failed to identify pathways and targets
with therapeutic potential. We report here the results of a multi-
omics analysis dedicated to centrally-reviewed, high-grade, non-pre-
treated primary UPS, with the aims to deeply assess their molecular
characteristics, better classify these entities, and identify specific
therapeutic targets.

2. Methods
2.1. Patients and tumor samples

Patients inclusion criteria included 1) diagnosis of undifferenti-
ated pleomorphic sarcoma after histological review performed by a
soft tissue sarcoma referral pathologist of the French Sarcoma Group;
2) high grade defined as grade 2—3 according to the FNLCC grading
system; 3) no treatment done before sampling; 4) informed consent
obtained for the analysis. A Tissue Micro Array (TMA) was produced
from Formalin-Fixed Paraffin-Embedded (FFPE) tumor blocks of 110
patients with non-pretreated surgically resected primary high-grade
UPS that constitute the prognostic cohort. Three spots for each tumor
sample were assessed. FFPE tumor blocks, frozen tumor and matched
normal tissue samples of 25 patients with non-pretreated, surgically
resected, primary, high grade UPS treated at Institut Bergonié were
collected for the omic cohort.

2.2. Statistics

Quantitative variables were described using the median and
range, and qualitative variables were described using frequency and
percentage. Metastasis-free survival (MFS) and overall survival (OS)
were defined from date of diagnosis to time of first metastasis or
death (from any cause) and to death (from any cause), respectively.

Patients alive and progression-free were censored at the date of
last follow-up. Survival endpoints were analyzed using the Kaplan-
Meier method. Prognostic factors for MFS were identified by univari-
ate and multivariate analyses using a Cox regression model. Variables
tested in univariate analysis included: age, gender, tumor size, FLNCC
grade, and CD8+ cell density. Variables associated with a p-value <
0.05 in the univariate analysis were planned to be included in the
multivariate analysis. Statistical analyses were performed using SPSS
software (SPSS Version 21.0, IMB Corp., Armonk, USA) for clinical
data and R for biological data [12], P < 0.05 indicated statistical signif-
icance.

2.3. Immunohistochemistry

[HC was performed on FFPE tumor samples using automated pro-
tocols on a Ventana BenchMark Ultra platform (Roche, Bale, Switzer-
land). Monoclonal primary antibodies for CD8 (Spring Bioscience
Cat# M3164, RRID: AB_1660846), PD-1 (Abcam Cat# ab52587, RRID:
AB_881954), IDO1 (Cell Signaling Technology Cat# 86630, RRID:
AB_2636818), CD68 (Agilent Cat# MO0876, RRID: AB_2074844),
CD163 (Leica Biosystems Cat# NCL-L-CD163, RRID: AB_2756375) and
FGFR2 (Cell Signaling Technology Cat# 23328, RRID: AB_2798862)
were used. Amplification and detection steps were performed with
an Ultraview kit and 3,3’-diaminobenzidine was used as a chromo-
gen. CD68/CD163 double staining was performed on a Ventana Dis-
covery Ultra platform (Roche, Bale, Switzerland) and image analysis
as described previously [13]. Image analysis was performed under
the supervision of a pathologist (JA) to detect the density of CD8 and
PD-1 positive cells in the tumor areas and the proportion of IDO1,
CD68 and CD163 stained surface of tumor slides or spots, as previ-
ously described [14]. IDO1 staining on TMA slides was evaluated
semi-quantitatively by a trained pathologist (JA) including percent-
age (0—100) and intensity (0 = null, 1 = low, 2 = moderate, 3 = strong)
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of staining on tumor spots, and a H-score (0—100) was defined by
percentage x intensity of staining. FGFR2 staining on tumor slides
was evaluated semi-quantitatively by a trained pathologist (RP), and
included percentage (0—100) and intensity (0 = null, 1 = low, 2 = mod-
erate, 3 = strong) of staining on tumor cells. M1 macrophages were
defined as CD68+ CD163- cells and M2 macrophages as CD163+ cells.

2.4. Cell culture and reagents

The UPS cell lines used in this study were derived from human
UPS surgical specimens after obtaining written, informed patient
consent and Institut Bergonié Institutional Review Board approval.
Briefly, following surgical resection, fresh tumor tissue was minced
with scissors and then digested with 200 IU/ml type II collagenase
(Roche) in serum-free RPMI medium overnight. After digestion, iso-
lated cells and pieces were washed and seeded in a 25cm2 plastic
flask. Four UPS cell lines were successfully established from tumor
samples with different profiles: IB106 and JR588, KN473 and IB119.
Each cell line was characterized by array comparative genomic
hybridization every 10 passages until p50 to verify that its genomic
profile was still representative of the originating tumor sample. No
drift in the cell line maintenance or genetic imbalances were shown
along passages. Cells were grown in RPMI medium 1640 GlutaMAX™
Supplement (Life Technologies, Carlsbad USA) in the presence of 10%
(v/v) fetal bovine serum and Penicillin/Streptomycin 1% (Dutscher,
Merignac, France), in flasks. Cells were maintained at 37 °C in a
humidified atmosphere containing 5% CO2. Cells were routinely pas-
saged every 2 or 3 days and all the experiments were performed with
cell lines between passages 25 and 60. JNJ-42756493, a pan-FGFR
inhibitor, was provided by Johnson&Johnson (New Brunswick, USA),
AZD4547 and BGJ398, two other pan-FGFR inhibitors, were pur-
chased from Selleck Chemicals (Houston, USA), prepared as a
10 mmol/L stock solution in DMSO and stored at —20 °C for in vitro
studies. Cultured cells were treated with medium changes without
antibiotics and fresh drug additions as indicated in the figure legends.
Two lentiviral vectors containing FGFR2 shRNA were purchased from
Sigma-Aldrich (Saint-Louis, USA) (TRCN0000218493 shFGFR2—1 —5'-
AGCCCTGTTTGATAGAGTATA-3' and TRCN0000231051 shFGFR2-2
—5’- TTAGTTGAGGATACCACATTA-3'). Viral particles were produced
by calcium phosphate transfection of 293T cells. Briefly, three plas-
mids encoding the viral envelope (pCMV-VSV-G, RRID: Addg-
ene_8454), a packaging vector (psPAX2, RRID: Addgene_12,260)) and
pLKO-shRNA FGFR2 were co-transfected in 293T cells (ATCC Cat#
CRL-3216, RRID: CVCL_0063). After 6 h, medium was replaced by
OptiMEM medium and supernatant containing lentiviral particles
was collected after 40 h, filtered and stored at —150 °C. Functional
titer was determined by transduction of cells with serial dilutions of
virus and subsequent evaluation of viability after 3 days of puromycin
selection (1 wg/ml). UPS cell lines were then infected overnight at a
multiplicity of 1 or 5 infectious units per cell in presence of polybrene
8 ng/ml. Apoptotic cells were then analyzed by flow cytometry after
Annexin V/Propidium lodide incorporation 72 h after infection.

2.5. RNA isolation and RT-qPCR

Total RNA from UPS patients and cell lines were isolated using the
RNeasy Mini Kit (Qiagen, Hilden, Germany) according to the suppli-
er’s instructions. The purity and concentration of isolated RNA were
determined by spectrophotometer NanoDropTM and capillary elec-
trophoresis using Bioanalyser 2100 (Agilent Technologies Inc.,Santa
Clara, USA) was carried out to determine the RNA integrity number
(RIN). For RTqPCR, cDNA was prepared from 500 ng total RNA using
the High Capacity cDNA Reverse Transcription Kit (Life Technologies,
Carlsbad, USA). To analyze the FGFRs expression, the following
human TagMan Gene Expression Assays were used: RPLPO
Hs999999_m1, FGFR1 Hs00241111_m1, FGFR2 Hs01552918_ml,

FGFR3 Hs00179829_m1, FGFR4 Hs00242558_ m1. Each gene was ana-
lyzed in duplicate with 2.5 ng cDNA in three independent experi-
ments with an ABI PRISM 7500 Fast Detection System instrument
(Applied Biosystems, Thermo Fisher Scientific, Waltham, USA). RPLPO
was used as a reference gene. Reaction conditions are the following:
pre-incubation of 50 °C for 2 min, initial denaturation at 95 °C for
10 min and 40 cycles of: 95 °C/15 s, 60 °C/1 min. The relative compar-
ative method was used to analyze RT-qPCR data and fold change are
calculated using the Universal Human Reference RNA (Agilent Tech-
nologies Inc., Santa Clara, USA).

2.6. Western blot

Treated and control cells were harvested in 60 wl of radio-
immuno-precipitation assay (RIPA) lysis buffer. The lysate was centri-
fuged (13 000 rpm, 15 min, 4 °C), and the supernatant was stored at
—80 °C. Equal amounts of total protein (30 ug) were electrophoresed
on 12% or 10% sodium dodecyl sulfate polyacrylamide gels and trans-
ferred onto polyvinylidene difluoride membranes. The blots were
probed overnight at 4 °C with an anti- FGFR2 (Cell Signaling Technol-
ogy Cat# 23,328, RRID: AB_2,798,862), anti-actin (Sigma-Aldrich
Cat# A3853, RRID: AB_262,137), anti-phospho-FGFR2 (ser 782)
(Thermo Fisher Scientific Cat# PA5-64,796, RRID: AB_2,662,677),
anti-phospho-Erk (Thr202/Tyr204) (Cell Signaling Technology Cat#
4370, RRID: AB_2,315,112) and anti-Erk (Abcam Cat# ab17942, RRID:
AB_2,297,336) primary antibody diluted in PBST (DPBS 10X (Gib-
coTM) after 1X dilution; 0.1% Tween-20) with 5% bovine serum albu-
min. The horseradish peroxidase-conjugated secondary antibody
(Santa Cruz Biotechnology Inc. Dallas, USA) was diluted 1:10,000.
Bound antibodies were visualized on Fusion Fx7 imaging system
(Fisher Bioblock Scientific, Waltham, USA) using the ImmobilonTM
Western enhanced chemiluminescence detection kit (Millipore Cor-
poration, Billerica, USA). The resulting bands were analyzed and
quantified using Image] 1.48v software (RRID: SCR_003070, National
Institutes of Health, Bethesda, USA).

2.7. Cell viability assay

Cells were seeded in triplicate at 4000 cells/well into 96-well
plates, cultured with fresh growth medium for at least 24 h and
treated with a range of increasing concentrations of drugs for 72 h.
Cell viability was assessed by MTT (2-deoxyglucose (2-DG) and
3—4,5-dimethylthiazol-2-yl)—-2,5-diphenyltetrazolium bromide)
assay (Sigma-Aldrich, St. Quentin Fallavier, France) at a final concen-
tration of 0.5 mg/mL and 3 h of incubation. Then, supernatant was
discarded, 100 L of dimethyl sulfoxide (DMSO) was added and the
absorbance at 570 nm was monitored using a Flexstation 3 Plate
reader (Molecular Devices, Sunnyvale, USA), using 630 nm as a refer-
ence. The half maximal inhibitory concentration (IC50) was calcu-
lated with GraphPad Prism software version 5.0 for Windows
(GraphPad Software, RRID: SCR_002798, La Jolla, USA). Each experi-
ment was repeated at least 3 times.

2.8. Cell cycle analysis

The cell cycle distribution was studied by examining DNA content
using fluorescence-activated cell sorting (FACS) and analyzed using
Cell Quest Pro-software (BD Biosciences, San Jose, USA). About
3 x 105 cells were seeded in complete medium in 6-well plates. After
6 h, cells were washed once with PBS and medium without FBS were
added to synchronize cells overnight. Then, the cells were treated for
24 h in medium with FBS and JNJ-42,756,493 at the IC50 concentra-
tion, centrifuged at 1500 g for 5 min, and washed with PBS. The cells
were then fixed with 70% ethanol at —20 °C overnight. Following eth-
anol removal, the cells were washed with PBS. Next, 300 w1 of a Pro-
pidium lodide (PI) and ribonuclease-containing solution were added
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to the cells and then analyzed by FACS. The data were analyzed with
FlowJo v.7.6.3 software (RRID: SCR_008520), and the results were
expressed in terms of percentage of cells in a given phase of the cell
cycle based on 3 independent experiments.

2.9. Animal studies

Induction of tumor patient derived xenograft (PDX) was per-
formed by subcutaneous implantation of fragments of fresh surgically
resected UPS tumor of approximately 3 mm3 into the right flanks of
Ragy2C-/- mice (MGI Cat# 3829712, RRID: MGI:3829712). PDX are
maintained by successive animal to animal passages, the seventh and
tenth generation for JR588 and KN473 respectively were used for this
experiment. After successful engraftment of previously established
PDX (with a mean of 18 and 30 days for engraftment of JR588 and
KN473, respectively), mice were randomized according to tumor vol-
ume to either vehicle alone (10% hydroxypropyl-B-cyclodextrin) or
vehicle containing JNJ-42756493, administered by oral gavage daily
at 30 mg/kg for 3 weeks for PDX JR588 and 4 weeks for PDX KN473.
Tumors were measured regularily until first tumors reached
2000 mm>. At the end of the experiments, mice were euthanized,
and tumors were excised. Tumor progression was analyzed with
GraphPad Prism software. Experiments have been performed in
agreement with Bioethics Law No 2004—-800 and the Ethics Charter
from the National Institute of Cancer (INCa).

2.10. Sequencing protocols, bioinformatics analysis, proteomics and
radiomics

See Supplementary Material.

2.11. Study ethic approval

Institutional ethic review board approval and patient informed
consent have been obtained for this study. Animal care and proce-
dures were approved by the Institutional Animal Care and Use Com-
mittee Office of Bordeaux University, France (APAFIS #8415).

2.12. Role of the funding source

The funder has no role in study design, data collection, analyses,
interpretation or writing of the report.

3. Results
3.1. Tcellinfiltration has a prognostic value in UPS

We have previously shown that UPS are characterized by variable
levels of CD8+ T Lymphocyte (TL) infiltrates [14]. We then aimed to
assess the prognostic impact of CD8+ cell density by IHC in a series of
110 primary non-pretreated UPS (Fig. S1, Table S1). Median follow up
was 115.2 months (95%Cl: 77.8—152.5). There was a significant better
MES and a trend for better OS in patients with high CD8+ cell density
in tumor (Fig. S2A and S2B). On multivariate analysis, high CD8+ cell
density in tumor remained an independent prognostic factor associ-
ated with MFS (Cox proportional-hazards model, p = 0.02) (Table S2).
These data suggest that analysis of tumor immune infiltrates could
allow sub-classifying UPS patients into groups with distinct meta-
static behavior and prognosis. This led us to hypothesize that these
tumor immune infiltrates are associated with distinct underlying
genomic events.

3.2. RNA-sequencing allows reproducible classification of UPS with
distinct immune infiltrates and prognostic significance

We selected 25 additional UPS samples for full exome and RNA-
sequencing based on the availability of frozen material (Fig. S1, Table
S1). Unsupervised consensus and hierarchical clustering of RNA-
sequencing data identified three groups of patients with associated
gene-clusters (Fig. 1A, Fig. S3A and S3B). The analyses of differential
gene expression between the two main groups A and B identified
1405 genes (Table S3). We observed that group A was mainly
enriched in genes that play a crucial role in normal development,
stemness and oncogenesis (Table S3). Such genes include LHXS,
which encodes an important mediator of stem cell fate [15], LRRN1,
implicated in pluripotency maintenance of stem cells [16], LGR5,
which encodes a seven transmembrane spanning receptor that has
recently been found to be a stem cell marker [17], and BMP5, a mem-
ber of the TGF-beta family involved in development and differentia-
tion [18]. Interestingly, FGFR2 was one of the top genes up-regulated
in group A (fold-change: 23.5). Group B was strongly enriched in
genes and gene-sets belonging to inflammatory response and IFN-
gamma response immune pathways, CD8+ TL and monocyte, but also
Natural Killer, CD4+ helper TL, activated dendritic cell, memory BL, as
well as regulatory TL immune cell signatures, indicating a complete
immune representation in situ. Most up-regulated genes included
MARCO, TIMD4, TIGIT, CD27, IFNG, CD8B, PDCD1, CD3D, IDO1 and
numerous cytokines, together with DKK1, a key inhibitor of Wnt/
beta-catenine pathway (Tables S3 and S4).

We then assessed immune infiltrates on related tumor samples by
[HC and found a significantly higher proportion of tumor-infiltrating
CD8+ TL in UPS from group B than group A and C. The most significant
predictors of group B were CD8 and IDO1 (Fig. 1B, Fig. S4A, S4B, S4C,
S4D, and S4E). This led us to call group B “immune-high”, group A
“immune-low” and group C, less well characterized, “other”. Because
group C was too small to have enough statistical robustness, we fur-
ther focused on the two main groups of immune-high and immune-
low UPS.

In order to test the robustness of our model, we then assed differ-
ential gene-expression of an independent cohort of 41 UPS from
TCGA consortium (Fig. S1) [11]. We also identified three groups with
associated gene-clusters (Fig. 1C, Fig. S5, Table S5). Analysis of AGree-
ment between Differential Expression (AGDEX) of the 25 UPS from
our cohort and the 41 UPS from TCGA cohort revealed a very high
correlation between clusters (Spearman = 0.83, Pearson = 0.73)
(Fig. 1D). Group A from TCGA cohort was enriched in genes involved
in stemness, notably LHX8, LRRN1 and transcription factors found in
group A from our cohort, and demonstrated a differential expression
of FGFR2. Furthermore, group B from TCGA cohort was enriched in
immune clusters and genes including IDO1, IFNG, TIMD4, PDCD1,
CD3D, CD8B as well as TIGIT and CTLA4, together with DKK1.

We finally assessed the prognostic role of our gene expression
classification on clinical follow-up data from TCGA cohort and
showed that immune-low UPS had a significantly worst overall sur-
vival than immune-high UPS (log rank, p = 0.03) (Fig. 1E).

3.3. Opposing immune phenotypes are characterized by different gene
copy number alteration patterns in UPS

There is growing evidence that underlying genomic alterations
may drive the composition of the tumor micro-environment in solid
tumors [19,20]. We then assessed the relationship of somatic muta-
tion and gene copy number alteration (CNA) rates with immune-high
and immune-low gene expression profiles in our UPS cohort. Overall,
mutation burden in the whole series was low (median: 4.3 muta-
tions/Mb). However, all UPS samples with mutation burden > 5 muta-
tions/Mb belonged to the immune-high group (Fig. 2A), with no
relevant recurrent mutation in either of each group (Table S6). The



M. Toulmonde et al. / EBioMedicine 62 (2020) 103131 5
a
WWW b
ﬁ IE880 1D447
e M Group A il 1377
M Group B
Group C cDs8
Immunity
IDO1
FGFR2 s
Development
Stemcellness
O ~
= 0 [s2]
AN (=2} d
ago o
TN 4
Dark green < —1.7 (q0.05) Black =0 Dark red 2 1.5 (q0.95) i
S 100
< 50
Qo
3
= 0
4
o 501
o
g -100
O]
M Group A -150 .
M Group B -150-100 -50 0 50 100 150
Group C Group B vs group A from TCGA
Immunity
e
1 + ]
0.8
© ¢
e
506
=3
@
®
5 0.4
FGFR2 3 »
0.2
Development
Stemcellness — A:Bevents (n=16) N=:32 Events x Strata p.val =: 0.14
0 — B:3events (n=16) KM p.val =:0.03

Dark green < -1.4 (q0.05)

Black =0 Dark red = 1.6 (q0.95)

0 1 2 3 4 5 6 7 8 9 10
Time (years)

Fig. 1. Gene expression profiling allows reproducible classification of UPS with distinct immune infiltrates and prognostic significance (A) Unsupervised Hierarchical Clustering of
RNA-sequencing in UPS from Institut Bergonié (n = 25); 3 groups of patients are identified, with 3 associated gene-clusters. (B) Expression of CD8 (upper panel) and IDO1 (lower
panel) by IHC staining shows concordance with RNA profiling group. Left: a sample belonging to group A negative for CD8 and IDO1 on IHC (IE880), middle: a sample belonging to
group C negative for CD8 and IDO1 on IHC (IU366), right: 2 samples belonging to group B positive for CD8 and IDO1 on IHC (1Q427 and ID447) (magnification x 100). (C) Unsuper-
vised Hierarchical Clustering of RNA-sequencing in UPS from TCGA consortium (n = 41); 3 groups of patients are identified, with 3 associated gene-clusters. (D) Analysis of Agree-
ment between Differential EXpression of genes in group A vs B UPS from Institut Bergonié and group A vs B UPS from TCGA consortium reveals a very high correlation (1405 genes,
Spearman = 0.83, Pearson = 0.73). (E) Overall survival (OS) of UPS patients from TCGA consortium according to gene expression is significantly different in group A (immune-low)

versus group B (immune-high) (n =32) (p = 0.03).

UPS samples from the immune-low group were characterized by a
significantly higher rate of gene CNA (OR = 10.8 for homozygous dele-
tions, OR = 6.9 for amplifications) (Fig. S6A, S6B, and S6C, Table S7).
There was notably a significant enrichment in deletions of tumor sup-
pressor genes belonging to DNA repair, cell cycle, apoptosis, PI3K/
mTOR, and Wnt/beta-catenin pathways (Fig. 2B). We also retrieved a
significantly higher number of non-recurrent fusion genes in
immune-low UPS (OR = 1.96, p < 0.01) (Table S8).

3.4. Integrative analyses reveal high transcriptome-proteome
correlation in clustering of UPS

Proteins are the main effectors of most cellular reactions. We
therefore explored whether proteomics analysis could recapitulate

our UPS genetic classification. Unsupervised consensus clustering
and hierarchical clustering of protein expression identified three pro-
teomics groups, that we named PA (n = 9), PB (n = 10) and PC (n = 4).
We found a high agreement between Proteomics and RNA-sequenc-
ing clusterings (precision: 82%) (Fig. 3A), and good correlation
between protein/gene couples both differentially expressed in each
analysis (Fig. S7A and Table S9). Notably, the PB group was signifi-
cantly enriched in immune response pathways (Fig. S7B).

3.5. Nine IRM-based radiomic features can discriminate immune-high
UPS

Radiomics represents a promising non-invasive way to character-
ize tumor molecular features [21]. We therefore explored if radiomic
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Fig. 2. The UPS classification is consistent from tumor immune infiltration patterns to underlying genomic events (A) Frequency of mutations per Megabase (MB) in immune-low
and immune-high UPS from Institut Bergonié, ordered according to gene expression clustering (n = 21) (B) Gene focal somatic copy-number alterations, focusing on deletions in
tumor suppressor genes (TSG) in immune-low and immune-high UPS from Institut Bergonié, ordered according to gene expression clustering (n = 21). Enrichment in TSG deletions

is found in immune-low UPS.

features could recapitulate our UPS molecular classification. We ana-
lyzed imaging from 14 patients from our UPS cohort with available
pre-treatment MRI. After slice-by slice segmentation, signal intensi-
ties were discretized into a matrix of 64 radiomics features (Table
$10). We identified a 9-feature radiomic signature that could discrim-
inate the immune-high UPS from the others with a specificity of 100%
(7]7), a sensitivity of 86% (6/7) and an accuracy of 93% (13/14)
(Fig. 3B).

3.6. Targeting the fibroblast growth factor receptor 2 is associated with
anti-tumor activity in immune-low UPS

We finally focused on potential for therapeutic targets in
immune-low UPS. Physiologically, precise regulation of FGFR expres-
sion is required in a wide range of processes in embryonic develop-
ment, stem cell maintenance, and differentiation [22]. Given a crucial
role in driving oncogenic growth in several cancers [23] and the
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Fig. 3. The UPS classification includes specific proteomic profiles and predictive radiomic features (A) Unsupervised Hierarchical Clustering of Protein Expression in UPS from Insti-
tut Bergonié (n = 23); 3 groups of patients are identified, PA, PB, PC, with 3 associated clusters of proteins and 565 proteins with differential expression (FC > 2, p = 0.01). Corre-
sponding color labels of samples according to RNA-sequencing profiling are shown. There is a high agreement on classification labels (precision: 82%) between proteomics and
RNA-sequencing clusterings. (B) Hierarchical Clustering of UPS patients according to the 9-feature radiomic signature allows discriminating immune-high UPS from non-immune-
high UPS (specificity: 100%, sensitivity: 86% and accuracy: 93%) (n = 14). Corresponding color labels of samples according to RNA-sequencing profiling are shown.
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Fig. 4. Expression of FGFR in UPS (A) mRNA expression of FGFR1,2,3,4 by RT-qPCR in UPS from Institut Bergonié; samples are ordered on axis by group A (blue), B (red) and C (yel-
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group A positive for FGFR2 on IHC; right: sample belonging to group B negative for FGFR2 on IHC (magnification x 100); (C) Left: mRNA expression of FGFR1,2,3,4 by RT-qPCR in 4
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current clinical development of several highly specific FGFR inhibi-
tors, we considered FGFR2 as an interesting therapeutic target. By
using quantitative RT-qPCR and IHC, we first confirmed FGFR2 over-
expression in immune-low UPS compared to others. Tumor samples
and respective associated cell lines had the same FGFR1, 2, 3, 4
expression profiles (Fig. 4A, 4B and 4C). We then investigated the
importance of FGFR2 signaling in vitro and in vivo. ShRNA to FGFR2
resulted in a strong induction of apoptosis in cells derived from
immune-low UPS but not in cells derived from immune-high UPS
(Fig. S8A and S8B).

We then assessed several specific FGFR inhibitors and demon-
strated that they all potently decreased in vitro viability, FGFR2 phos-
phorylation and downstream signaling, and induced GO-G1 arrest in
cells derived from immune-low UPS, specifically (Fig. 5A, 5B, 5C, and
Fig. S9). Finally, we showed that pharmacological FGFR inhibition sig-
nificantly impaired the growth of patient derived xenografts (PDX)
from immune-low UPS but had no effect on PDX from immune-high
UPS (Fig. 5D).

4. Discussion

This study is the first to use a multi-omics platform to characterize
UPS and identify potential therapeutic targets in this heterogeneous
and poorly understood disease.

One important result from this study is the reproducible identifi-
cation of an immune-high subgroup of UPS with a prognostic signifi-
cance. Early transcriptomic studies [8,10] have identified a subgroup
of inflammatory MFH/UPS, corroborated by most recent studies,
albeit non-specifically dedicated to UPS.[11,24] Together, these data
bring light to modest results obtained with checkpoint inhibitors in
unselected STS patients to date. The PEMBROSARC study assessing
pembrolizumab and metronomic cyclophosphamide has reported
negative results in unselected STS.[14] However, very low expression
of PD-L1, low and variable expression of CD8 and high M2 macro-
phage infiltrates on tumor samples from the study could explain this
primary resistance. In the other hand, four among 10 patients with
UPS included in the SARC028 study assessing pembrolizumab in spe-
cific subtypes of sarcoma had a partial response.[25] Unfortunately,
no assessment of tumor micro-environment was done at this time,
limiting interpretation of this heterogeneity.[26] Our UPS classifica-
tion echoes well a recent collaborative work that shed light on STS
immune infiltrates heterogeneity.[27] In this study, gene-expression
profiling of more than 600 sarcomas of different histologies, includ-
ing UPS, allowed establishing an immune-based classification of five
different phenotypes: immune-low (A and B), immune high (D and
E) and highly-vascularized (C). Samples from patients included in the
SARCO028 trial were then analyzed and classified accordingly. Very
interestingly, patients whose tumor sample belong to the class E -
which had the highest immune infiltrates - had the highest response
rate and improved survival.[27]| In this regards, patients with
immune-high UPS may certainly be the best candidates for immune
checkpoint inhibitors.

We report a strong correlation between high level of CNA and low
immune infiltrates in UPS. Our results echo recent work from Steele
et al. who reported significant enrichment for immune-related path-
ways in a subset of undifferentiated sarcomas (US) characterized by
higher mutational burden, as well as another subset of US character-
ized by a high rearrangement level.[24] Several studies have investi-
gated how underlying genomic alterations may drive the
composition of the tumor micro-environnement in solid tumors.
Recent publications in other diseases have showed correlation
between mutation burden and cytotoxic immune infiltrates, but also

association of high level of CNA with low immune infiltrates and
worse response to immune checkpoint blockade [19,20,28,29].

Interestingly, we found a reproducible representation of develop-
ment and stemness pathways activation in immune-low UPS. Previ-
ous studies suggest that transformation of mesenchymal stem cells
into UPS involves genomic instability together with loss of cell cycle
regulators,[30,[31] but also alterations of PI3K/Akt, Notch and Wnt/
beta-catenin pathways [32-34]. These pathways were up-regulated
in immune-low UPS, as a result of gene overexpression and CNA.
Importantly, PI3K/Akt and Wnt/beta-catenin pathways have been
associated with immune exclusion in several models, including sar-
comas. [34-37] These data advocate for further assessment of PI3K/
Akt and Wnt/beta-catenin pathway targeting in immune-low UPS.

Developing efficient therapeutic strategies to target stemness is
challenging. Physiologically, FGFR signaling is required for sustaining
self-renewal and pluripotency of human embryonic stem cells,[38]
and FGFR signaling has been implicated in a variety of tissue stem
cell activities, including bone marrow mesenchymal stem cells[39]
and hematopoietic stem cells.[40] FGFR2 is a tyrosine kinase receptor
that activates several oncogenic pathways such as MAPK or PI3K/Akt
pathways. Our preclinical findings support the hypothesis that
deregulated FGFR2 signaling is an important oncogenic pathway in
the initiation and/or maintenance of immune-low UPS, and support
recent clinical data showing significant activity of FGFR inhibitors in
FGFR mRNA-overexpressing solid tumors without apparent FGFR
gene fusion or mutation.[41]

Radiomics is a promising field for systematizing and predicting
tumor biology.[21] Radiomics approach could be particularly relevant
for soft tissue sarcomas, and especially UPS because of their marked
inter-individual but also intra-tumoral heterogeneity. Here we show
that nine radiomic features from basic conventional MRI sequences
provide the basis for a radiomic signature that could accurately select
patients with immune-high UPS on their pre-therapeutic imaging.
Reproducibility of contouring and standardization of algorithms are
key issues in dissemination of such promising technics. These explor-
atory data warrant further validation on a larger independent cohort
of UPS patients.

This study has several limits. It is mainly descriptive, with the
primary aim to give an integrated landscape of UPS. Only two of
the three groups have been characterized due to small numbers.
However, these two groups are robust and reproducible. Main
genomic events described are CNA and functional studies rely on
overexpression of target genes whereas proteomics analysis was
limited by available library, and did not include FGFR2, but altered
pathways were consistent among all different platforms used.

This UPS classification brings out several questions. The first is the
availability of genomics in routine, and the need of reproducible sur-
rogates to select immune-high from immune-low UPS patients for
therapeutic decision. Our study also shows that numerous other
brakes are expressed in immune-high UPS, such as LAG3, TIGIT,
TIMD4, IDO1, beside PD-L1, whereas other pathways may be of
importance in immune-low UPS, such as PI3K/Akt and Wnt/beta-cat-
enin pathways. Another question of interest is on the best immuno-
modulatory combinations to use in these different subgroups. Finally,
this classification relies on differential immune infiltrates and path-
way activations but underlying causal events of these differences
remain to be determined. Preclinical and clinical collaborations will
be key to address these questions.

This study provides the most comprehensive omics characteriza-
tion of true primary UPS to date, revealing two main subsets with dis-
tinct genomic, immunologic, proteomic and radiomic features, and
direct therapeutic potentials. This study improves the biological

UPS cell lines; IB106 is derived from patient HQ210 (group A/immune-low UPS); IB119 is derived from patient IC260 (group C/Other UPS);, KN473 from patient KN473 (group B/
immune-high UPS) and JR588 from a subsequent patient not included in the NGS analysis with a FGFR2-overexpressing immune-low UPS. Right: Protein expression of FGFR2 by
Western blot in the same 4 UPS cell lines shows concordance with mRNA expression by RT-qPCR.
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Fig. 5. Therapeutic potential of FGFR inhibition in a specific subgroup of UPS (A) Assessment of cell viability with pan-FGFR inhibitor JNJ-42756493 in 4 UPS cell lines; Growth
curves indicate growth inhibition and IC50 of the 4 UPS cell lines after JNJ-42756493 treatment for 72 h (n = 6) (****p < 0.0001, one-way ANOVA). (B) FGFR-inhibitor induces MAPK
pathway inhibition in FGFR2 overexpressing cell lines; Phospho-FGFR2/FGFR2 ratio and Phospho-Erk /Erk ratio decrease in FGFR2 overexpressing cell lines after 24 h of treatment
with JNJ-42756493 at 1 uM (n = 3) (*p < 0.05 and **p < 0.01, two-way ANOVA) (Western-blot). (C) Activity of pan-FGFR inhibitor (JNJ-42756493) on cell cycle of 4 UPS cell lines;
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understanding of UPS and brings to light the reasons for mixed
results obtained with checkpoint inhibitors in unselected STS to date.
[25,26] These data directly help building new strategies to improve
patient care. Since tumor infiltration by CD8+ TL correlates with bet-
ter response to immune checkpoint inhibitors and patient outcome,
[42] patients with immune-high UPS may certainly be the best candi-
dates for immune checkpoint inhibitors. Moreover, radiomics could
be a powerful tool to identify these patients from pre-therapeutic
MRI. Finally, our results provide rationale for assessing FGFR inhibi-
tion as single agents or in combination in immune-low UPS. In the
ongoing MULTISARC study, metastatic STS patients progressing after
standard first line doxorubicin are offered whole-exome and RNA-
sequencing (NCT03784014). Patients with immune-high UPS will be
proposed immune checkpoint-based therapy whereas patients with
FGFR2-overexpressing UPS will be proposed a specific FGFR inhibitor.
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