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Genomic Profiling of Radiation-Induced Sarcomas

Reveals the Immunologic Characteristics and Its

Check for
updates

Response to Immune Checkpoint Blockade
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and Xing Zhang'

Purpose: Radiation-induced sarcomas (RIS) have a poor prog-
nosis and lack effective treatments. Its genome and tumor
microenvironment are not well characterized and need further
exploration.

Experimental Design: Here, we performed whole-exome
sequencing (WES) and mRNA sequencing (mnRNA-seq) on patients
with RIS and primary sarcomas (WES samples 46 vs. 48, nRNA-seq
samples 16 vs. 8, mainly in head and neck), investigated the
antitumor effect of programmed cell death protein 1 (PD-1) block-
ade in RIS patient-derived xenograft models, and analyzed clinical
data of patients with RIS treated with chemotherapy alone or
combined with an anti-PD-1 antibody.

Results: Compared with primary sarcomas, RIS manifested
different patterns of copy-number variations, a significantly higher

Introduction

Radiotherapy is one of the major therapeutic approaches for cancer
treatment beyond surgery and chemotherapy (1, 2). For head and neck
malignancies, radiotherapy is a cornerstone of treatments and
improves the long-term survival rate of patients (3). However, the
longer survival brought by radiotherapy is accompanied with an
increased risk of secondary malignancies, mainly radiation-induced
carcinomas and radiation-induced sarcomas (RIS; refs. 4-7). In recent
decades, increased cases of RIS have been reported with different
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number of predicted strong MHC-binding neoantigens, and sig-
nificantly increased immune cell infiltration. Clinical data showed
that the combinatorial use of chemotherapy and PD-1 blockade
achieved a higher objective response rate (36.67% vs. 8.00%;
P = 0.003), longer overall survival (31.9 months vs. 14.8 months;
P = 0.014), and longer progression-free survival (4.7 months vs.
9.5 months; P = 0.032) in patients with RIS compared with single
chemotherapy.

Conclusions: Elevated genomic instability and higher immune
cell infiltrations were found in RIS than in primary sarcomas.
Moreover, higher efficacy of chemotherapy plus PD-1 blockade
was observed in animal experiments and clinical practice. This
evidence indicated the promising application of immune check-
point inhibitors in the treatment of RIS.

histologic subtypes including angiosarcoma, fibrosarcoma, osteosar-
coma, etc. (7, 8). The incidence of RIS ranges from 0.04% to 0.78%
among radiation-treated patients, and up to 0.3% among those
received head and neck radiotherapy (9, 10). RIS account for up to
5% of all sarcoma cases (5). The most commonly used diagnostic
criteria for RIS include: (i) the tumor develops within the previously
irradiated area, (ii) the tumor differs histologically from the primary
tumors, (iii) no evidence of any secondary tumor at the time of
radiotherapy, and (iv) the tumor often develops 3 years or more after
radiotherapy (11, 12).

RIS are highly aggressive and have poorer prognosis compared with
primary sarcomas (13), and the main reasons include delayed diag-
nosis, surgical limit due to tumor size and location, reduced benefit
from radiotherapy, and low sensitivity to chemotherapy (14). More-
over, studies have revealed that RIS show a higher local recurrence
rate and shorter disease-specific survival than primary sarcomas
(15-17). Considering the aggressiveness and poor prognosis of RIS,
genomic and transcriptomic features of RIS, which greatly facilitate
novel treatment development, need to be characterized.

Radiation has been reported to induce double-stranded DNA
damage, cause genomic instability, and further influence the tran-
scriptome of affected cells. The frequent amplification of gene MYC
(MYC proto-oncogene) and FLT4 (fms-related receptor tyrosine
kinase 4) in radiation-induced angiosarcoma after breast cancer has
been reported (18, 19). Whole-exome sequencing (WES) has revealed
TP53 mutations in pediatric cancer survivors who developed RIS
(20). The gene RBI (tumor suppressor retinoblastoma 1) and a panel
of proteins related to senescence-associated secretory phenotypes
have been found to influence the tumorigenesis of radiation-
induced osteosarcomas (RIOS) in the Rb +/— mouse model (21). A
transcriptomic analysis of limited samples of RIS and primary sarco-
mas identifies a signature of 135 genes clustered in chronic oxidative
stress pathway that discriminates RIS from primary sarcomas (22).
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Translational Relevance

In this study, a comprehensive and integrative analysis for the
genomic, transcriptomic, and immunologic profile of radiation-
induced sarcomas (RIS) was performed, revealing that this tumor
type harbored a heterogenous genomic variation in comparison
with primary sarcomas. It is first proposed that immune check-
point blockade is a promising therapeutic approach for RIS espe-
cially in the head and neck, and the combination of traditional
chemotherapy could even enhance the clinical efficacy. Our find-
ings may help to identify diagnostic and prognostic markers as well
as molecular targets for the diagnosis and treatment of RIS and
provide strong evidence for the application of programmed cell
death protein 1 blockade in clinical practice of RIS treatment.

However, comprehensive knowledge about genomic features and
immune characteristics of RIS is yet to be achieved, and investiga-
tions with larger sample numbers of RIS are urgently needed. In
clinical practice, previous studies reported that immune checkpoint
inhibitors (ICI) showed potential clinical benefit for radiation-
induced angiosarcomas in two individual cases as early insight for
our research (23, 24). Most studies on RIS have focused on certain
aspects, and there is yet to be a study that extensively connects
genomic landscape and clinical outcomes to provide in-depth view
in how they differentiate RIS from primary sarcomas and in how
these factors impact the oncogenesis, tumor microenvironment,
and treatment responses of RIS.

Nasopharyngeal carcinoma (NPC) is a common malignancy in
southern China, and radiotherapy is one of the most important
standard treatments for NPC (25). Patients with NPC receiving
radiotherapy are at a risk of developing RIS. In this study, we
integratively perform WES and mRNA sequencing (mRNA-seq) to
investigate the genomic features, transcriptomic landscape, and tumor
microenvironment characteristics of RIS developed in patients
with NPC after radiotherapy, and provided clinical data of the largest
current cohort for antiprogrammed cell death protein 1 (anti-PD-1)
treatment in RIS. We provide new insights into the molecular basis of
RIS and show that RIS are distinguished from primary sarcomas,
which may help to identify diagnostic and prognostic markers as well
as molecular targets for the treatment, especially anti-PD-1 treatment,
of RIS.

Materials and Methods

Study population and tumor specimens

A total of 144 patients diagnosed with RIS and 123 patients
diagnosed with primary sarcomas at the Sun Yat-sen University
Cancer Center (SYSUCC) from January 2000 to October 2022 were
identified. The inclusion criteria were listed in Supplementary
Fig. S1. All the patients were followed up every 3 months until
October 1, 2022. This study was approved by the Institutional
Review Board (IRB) of the SYSUCC. Ethical consent was obtained
from the Ethics Committee of the SYSUCC. The clinicopathologic
characteristics of patients were collected and analyzed by specialists
to reconfirm the clinical diagnosis.

Out of the total 144 patients diagnosed with RIS, 46 patients had both
tumor samples and matched blood specimens available for WES, while
16 patients had cryopreserved tumor tissue available for mRNA-seq
(transcriptome sequencing). Of the 123 primary sarcoma samples,
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48 were for WES, and eight for mRNA-seq. The cryopreserved tumor
tissue was from the SYSUCC Bio-bank. All tumor specimens were
examined with hematoxylin and eosin staining and then reviewed by
an expert pathologist to ensure that tumor content within the specimen
was above 20%. Representative formalin-fixed, paraffin-embedded
(FFPE) sections from each sample were retrieved for DNA extraction,
and the matched blood samples were also retrieved to extract DNA
as control.

Whole transcriptome analysis
Sample processing and sequencing

Total RNA was extracted from cryopreserved tissues using
OMEGA DNA/RNA/Protein extraction kit, and the quality assess-
ment of RNA was carried out by Mingma Technologies Co., Ltd. An
aliquot of 250 ng of purified RNA was used with DV200 scores >30%
based on Illumina’s TruSeq Stranded mRNA protocol. The normal-
ized, pooled libraries were loaded onto the Novaseq 6000 platforms
for a goal of 6G data per sample (HiSeq2500). To filter the raw data,
fastp (https://github.com/OpenGene/fastp) was used to process the
raw pair-end fastq files, after which subread (version 2.0.1) was used
for alignment to reference genome hgl9 and gene expression quanti-
fication. We used RSEM (version 1.3.0) to estimate gene and gene
isoform expression levels by aligning individual samples back to the
transcriptome using Bowtie (version 1.2.1.1) (26).

Differentially expressed genes analysis

The gene expression matrices rendered were further filtered to
remove low expression genes (zero count among less than two-
thirds of all samples). About one-third of the genes in each qualified
expression matrix had 10 or more counts and was prepared for
differential gene expression analysis. The samples were grouped
into the RIS group (patients with RIS) and the SARC group
(patients with primary sarcomas). The analysis was carried out
using the DESeq2 package (version 1.12.3) in the R programming
environment (version 4.0.3). The differentially expressed genes
(DEG) were determined by two conditions: P,g;. value < 0.05 and
absolute value of log, (fold change) > 2. To further investigate the
enrichment of DEG in a certain clustering pattern, enrichment
analysis was performed using the R package ClusterProfiler (https://
bioconductor.org/packages/release/bioc/html/clusterProfiler.html)
in gene ontology (GO), Reactome, and Kyoto Encyclopedia of
Genes and Genomes (KEGG) database. The packages pheatmap
1.0.1 and ggplot2 3.3.2 were used for visualization.

Principal component analysis

Principal component analysis (PCA) was performed to verify the
differences of clustering characteristics between the two groups. The
top 5,000 genes with the most significant difference in expression were
selected to analyze with the R software. The R packages FactoMineR
2.4 and factoextra were used for visualization. The overview of PCA
was plotted in figures.

Immune profile analysis

To quantify the relative infiltration of immune cells in the tumor
microenvironment, we selected 28 immune cell types whose feature
gene panels were described in previous publications (27, 28). The
single-sample gene set enrichment analysis (ssGSEA) was introduced
to calculate an enrichment score for the relative abundance of each
immune cell type (29). One-sided Wilcox rank-sum test was used, and
a P value < 0.05 indicated significant difference. The antitumor
immunity score was calculated using a previous reported model
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including 12 cell types [ActCD4, ActCD8, TcmCD4, TcmCD8,
TemCD4, TemCD8, Thl, Th17, ActDC, CD56briNK, natural killer
(NK), and NKT; ref. 30]. The proliferation module score was calculated
involving eight cell types [regulatory T (Treg), Th2, CD56dimNK,
imDC, TAM, myeloid-derived suppressor cell (MDSC), neutrophil,
and pDC]. The relationships between antitumor immunity score, pro-
liferation module score, and the expression levels of some immune-
related genes [programmed death-ligand 1 (PD-L1), PD-1, CTLA-4,
IDO1, TDO2] were analyzed using Student ¢ test and Pearson’s
correlation analysis. P < 0.05 indicated a significant correlation.

Whole-exome analysis
Sample processing and sequencing

Tumor DNA of FFPE samples was extracted with the Maxwell 16
FFPE Plus LEV DNA Purification Kit (Promega-AS1135), and blood
DNA was purified using the OMEGA Blood DNA Kit following the
manufacturer’s instructions. The quality assessment of DNA was
performed by Mingma Technologies Co., Ltd. Briefly, samples were
sequenced using the Agilent exome enrichment kit (Sure Select V5;
with > 50% of baits above 100 x coverage). Base calls and intensities
from the Illumina NovaSeq 6000 were processed into fastq files.

Mutational analysis

After using Fastp to filter the paired sequencing data, Sentieon 201711
TNscope standard pipeline was applied to call somatic single-
nucleotide variants (SNV) and insertion-deletions (INS/DELs) in the
reference of University of California Santa Cruz’'s hgl9 GRCh37
human genome. On the basis of paired alignment files (tumor samples
and matched blood samples), somatic SNV and small INS/DELs with
default parameters were identified. Mutations were progressively
selected for further investigation. Somatic SNV were further filtered
to remove potential false positives based on the parameters recom-
mended by the standard protocol of Sentieon; only high confidence
variants with an allele fraction greater than 0.05 or a coverage at least
5x were remained. Then, rare variants with frequencies less than
0.005 were selected from all databases (EXAC, ESP6500, DBSNP, and
1000G). The Annovar was used for mutation annotation; only muta-
tions within the gene coding sequence regions of the genes were remain-
ed (31). Besides, we rearranged mutated genes by signaling pathways.
Then, R package maftools 2.10.0 was applied to visualize the data.

Tumor mutation burden analysis

Tumor mutation burden (TMB) was calculated on the basis of the
number of somatic mutations, coding mutations, base substitution
mutations, and indel mutations per megabase of genome exam-
ined (32). To reduce noise, synonymous mutations in the exon region
were included in calculation, while mutations in regions of rearrange-
ments, fusions, copy-number variations (CNV) and noncoding altera-
tions were excluded.

CNV analysis

The CNV identification was performed using CNVKit (33).
Matched bam (tumor-normal) files from samples served as the input
for this analysis using default parameters. The results of CNVkit
analysis were exported to the standard SEG format and were analyzed
using GISTIC 2.0 for visualization. We then filtered these CNV using
genes listed in the Catalogue of Somatic Mutations in Cancer (COSMIC)
Cancer Gene Census. The copy-number gain and amplification are
respectively defined as an increase in the number of gene copies of
one (gain) or more (amplification) sections of the DNA. The copy-
number loss and deletion are respectively defined as the decrease in
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the number of gene copies of one (loss) or more (deletion) sections
of the DNA.

Microsatellite instability and mismatch repair genes

To assess the microsatellite instability (MSI) status computationally,
the bam file obtained from the WES analysis pipeline was retrieved as
input for MSI analysis using MANTIS (https://github.com/OSU-
SRLab/MANTIS), following the recommended parameters for WES
data (34). The reference microsatellite region was called using the
compiled RepeatFinder within the MANTIS based on hgl9 genome,
and was further filtered according to the Bethesda panel (35). The MSI
status was calculated using the Step-Wise Difference (DIF) method.
Samples with a DIF score over 0.4 were considered instable. IHC was
performed to detect the expression levels of mismatch repair (MMR)
family proteins (MLH1, PMS2, MSH2, and MSH6).

Mutational signatures identification and clustering

The R packages nonnegative matrix factorization and Mutational-
Patterns were used to discover the mutational patterns of RIS (36-38).
The resulting signature contribution proportions were further used to
cluster samples by using all known COSMIC signatures (https://
cancer.sanger.ac.uk/cosmic/signatures).

Neoantigen analysis

Tumor neoantigen analysis was performed using the NeoPredPipe
neoantigen discovery pipeline (https://github.com/MathOnco/Neo
PredPipe) as described in previous studies (39, 40). Briefly, the bam
files from WES were used as input for HLA typing by Polysolver
(http://software.broadinstitute.org/cancer/cga/polysolver; refs. 39,41).
Then, the filtered VCF files and HLA types of samples served as input
for neoantigen calling using default parameters, after which the output
neoantigen file was used as the source file for neoantigen recognition
potential calculation to predict the possibility of recognition of each
neoantigen peptide (40).

Multiplex immunofluorescence staining

We performed multiplex immunofluorescence (mIF) staining by
the seven-color Fluorescence Kit (Panovue, Beijing, China) according
to the manufacturer’s protocol. Manual mIF staining was performed at
4-umol/L sequential histologic tumor sections from representative
FFPE samples. The stained slides were scanned with a Vectra Polaris
multispectral imaging platform and analyzed by HALO digital path-
ologic platform. The immunofluorescence markers used consisted of
PD-L1 (clone E1L3N, dilution 1:100; #13684, Cell Signaling Technol-
ogy), PD-1 (clone D4W2]J, dilution 1:250; #86163, CST), CD3 (ZM-
0417, dilution 1:100; ZSJQB Co., Ltd.) and CD8 (ZA-0508, dilution
1:100; ZSJQB Co., Ltd.), Foxp3 (clone D2W8E; dilution 1:100; #98377,
CST), CD56 (clone E7X9M, dilution 1:250; #99746, CST), CD68 (ZM-
0060, dilution 1:100; ZSJQB Co., Ltd.), CD11c (clone D3V 1E, dilution
1:250; #45581, CST), and Ki67 (ZM-0167, dilution 1:200; ZSJQB Co.,
Ltd.). The results were calculated using positively stained cells and
tissue area ratio (cells/mm?) based on  test.

IHC staining

MMR status was assessed by THC staining with the antibodies for
MLH1 (dilution 1:250; ab92312, Abcam), PMS2 (dilution 1:200;
ab110638, Abcam), MSH2 (dilution 1:200; abs135777, Absin), and
MSH6 (dilution 1:500; #12988, CST) as previously described (42).
Normal colonic epithelium was used as external control. Quality check
was done using confirmative positive and negative samples. The
interpretation of IHC was carried out independently by two
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pathologists. Lymphocytes, stromal cells, and blood vessels showed
positive nuclear staining (internal control). In the presence of retained
internal control, negative staining in tumor cells indicated MMR
deficiency.

Establishment of patient-derived xenograft model and animal
experiments

All protocols for animal experiments were approved by the Insti-
tutional Animal Care and Use Committee of Sun Yat-Sen University,
China. Female 5-week-old NOD/SCID gamma (NSG) mice #T001475
purchased from GuangDong GemPharmatech Co., Ltd. (Guangdong,
China) were used for the establishment of patient-derived xenograft
(PDX) models for human RIS. All human tumor samples were
obtained from the donor patients of the SYSUCC from 2018 to
2022. Informed written consent was acquired from the patients.
Tissues used in this study and the protocols for experiments were
approved by the IRBs of SYSUCC.

Fresh tumor tissues were sliced into fragments (diameter: ~3 mm)
under sterile conditions. Under inhalation anesthesia, fragments were
subcutaneously transplanted into the right flanks of mice. The first
transplantation directly from a donor patient to a host mouse is termed
GO, and subsequent generations were numbered consecutively (GI,
G2, and G3, etc.). Tumors were harvested when they reached a volume
of 1,000 to 1,500 mm>, sliced and regrafted into new host mice. All
experiments on the PDX were performed on G3-5 generations.

The third-generation xenograft of a radiation-induced fibrosarco-
ma (RIFS) was individually transplanted subcutaneously into the right
flanks of 24 mice. The mice would not be ready for subsequent
experiments until the tumors reached about 50 to 100 mm®. Human
peripheral blood mononuclear cells (PBMC) were isolated from the
corresponding patient via Ficoll Hypaque centrifugation, stimulated
with precoated anti-CD3 antibody (1 pg/mL, clone OKT; catalog
No. 317302, BioLegend) for 1 day under standard culture conditions,
and then injected into the PDX-bearing mice intravenous (i.v., 5 x 10°
PBMCs per mouse). Subsequently, the mice were randomized into
four groups and treated with PBS (vehicle control), anti-PD-1 anti-
body (anti-human PD-1 Ab, Clone J116, catalog No. BE0188, BioXcell,
10 mg/kg, i.v., every 3 days), doxorubicin (doxorubicin hydrochloride
liposome, CSPC Pharmaceutical Group Co., Ltd., 2 mg/kg, i.p., every
3 days), or anti-PD-1 antibody plus doxorubicin. Body weight and
tumor size were measured every 3 days. Tumor volume was calculated
using the formula length x width?/2. At the end of the experiment,
the mice were sacrificed, and the subcutaneous tumors were dissected
and stained with Ki67.

Drug treatment and survival analysis for patients

All the cases in survival analysis were defined as advanced sarcomas.
Advanced sarcomas included those that were unresectable by surgery
or locally advanced, or sarcomas with metastases. All the patients
received standard doxorubicin-based chemotherapy every 3 weeks
(mainly CAV/IE, Al and MAID; refs. 43, 44). CAV/IE refers to the
regimen of cyclophosphamide, doxorubicin (adriamycin, ADM), and
vincristine (CAV), and ifosfamide and etoposide (IE), with alternating
cycles of CAV and IE every 3 weeks (45). The anti-PD-1 antibody was
named toripalimab (Shanghai Junshi Biosciences Co., Ltd.) and
administered at a dosage of 240 mg every 3 weeks (46). The retro-
spective analysis was approved by the IRB of the SYSUCC. The overall
survival of advanced patients was defined as the time interval between
the date of the start of chemotherapy and the date of death. The
progression-free survival (PFS) was defined as the time interval
between the date of commencement of chemotherapy and the date
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of progression or death. Adverse events (AE) were graded according to
the Common Terminology Criteria for Adverse Events Version 5.0.

Quantification of cytokines in patient blood samples by ELISA

Peripheral blood samples from patients with RIS with chemother-
apy plus immunotherapy were collected pretreatment and four to six
cycles posttreatment. The quantification of eight cytokines (IFNY,
IFNB, TNFo, TNFB, IL2, IL6, IL16 and IL10) was detected in blood
plasma using ELISA. Samples were analyzed as individual values for
each patient. In brief, ELISA plates were coated with capture antibody
overnight at 4°C. The plates were then washed with wash buffer
(0.05% tween-20 diluted in 1x PBS) and blocked with 1% BSA-PBS)
for 1 hour at room temperature. The plates were then washed, and
samples and standards were added for a further 2 hours of incubation
at room temperature. Secondary antibodies, followed by streptavidin-
horseradish peroxidase and substrate solution (1x TMB) were then
used, and the reaction was terminated by the addition of 2N H2S0O4.
The results were analyzed with a spectrophotometer (ELISA reader)
at 450-nm and 570-nm wavelength. The final data were calculated
by subtracting 570 nm from 450 nm.

Detection of PBMCs in patient blood samples by flow cytometry
The PBMCs were collected from patient blood using human
lymphocyte separation medium. A total of 0.5x10° to 1x10° PBMCs
were washed by 1x PBS and incubated with the indicated antibodies for
30 minutes at 4°C. For intracellular staining, cells were washed, fixed
and permeabilized using the transcription factor staining buffer set
(eBiosciences, #00-5523-00). Antibodies for intracellular staining
were incubated with cells for 20 minutes at 4°C. Cells were washed,
resuspended in 1x PBS, and acquired on the cytoFLEX LX Flow
Cytometer. Data were analyzed using FlowJo V.10. The antibodies
that were used are listed as follows: CD3 (PerCP/Cyanine5.5, clone
UCHT]1, catalog No. 300430, BioLegend), CD4 (APC/Cyanine7, clone
SK3, catalog No. 317418, BioLegend), CD56 (PE-Cy7, catalog No.
985912, BD Biosciences), PD-1 (Brilliant Violet 421, catalog No.
367421, BioLegend), PD-L1 (APC, catalog No. 329707, BioLegend),
CD68 (APC, catalog No. 333809, BioLegend), CD86 (FITC, catalog
No. 555657, BD Biosciences) and Foxp3 (Brilliant Violet 421, catalog
No. 320123, BioLegend), CD163 (APC/Cyanine7, catalog No. 333621,
BioLegend), HLA-DR (Brilliant Violet 650, catalog No. 307649, Bio-
Legend), CD11c (PerCP/Cyanine5.5, catalog No. 980610, BioLegend),
and Fixable Viability Dye eFluor 506 (eBiosciences, #65-0866-18).

Statistical analysis

We used R software (version 4.0.3, http://www.R-project.org),
GraphPad Prism (V.6.0) software, and SPSS (V.19.0) software to
analyze and visualize the data. Nonparametric tests such as the
Wilcoxon rank-sum test (comparison between two groups) and the
Kruskal-Wallis test (comparison between more than two groups) were
used for continuous variables unless otherwise noted 7 test was used
for categorical variables. Statistical significance was defined as P < 0.05.

Data availability statement

The raw sequence data have been deposited in the Genome
Sequence Archive (Genomics, Proteomics & Bioinformatics 2021) in
National Genomics Data Center (Nucleic Acids Res 2022), China
National Center for Bioinformation/Beijing Institute of Genomics,
Chinese Academy of Sciences (GSA-Human: HRA004110). The gen-
eral information of data are publicly accessible at https://ngdc.cncb.ac.
cn/gsa-human, and the data files are available upon reasonable aca-
demic request.
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Ethics approval and consent to participate

This study has been performed in accordance with the research
protocol approved by IRB of the SYSUCC (reference No. B2022-071-
01). All patients provided written informed consent to participate in
this study. The research activities in this study conformed to the
principles of the Declaration of Helsinki.

Results

Clinical characteristics of the subjects

A total of 144 patients diagnosed with RIS at the SYSUCC were
identified (Supplementary Fig. S1). Most of these patients (118/144,
81.9%) had a disease history of NPCs. Major histologic subtypes of RIS
in head and neck were fibrosarcomas and osteosarcomas, followed by
undifferentiated pleomorphic sarcomas (UPS) or malignant fibrous
histiocytoma (MFH). Twenty-four of 144 (16.7%) samples were
defined as RIS without specific subtypes (Supplementary Table S1).
All patients received radiotherapy before the diagnosis of RIS, with
radiation doses ranging from 36 Gy to 80 Gy. The latency between the
initial radiotherapy and the diagnosis of RIS ranged from 2 to 37 years
(mean, 9.87 years). These RIS mainly had the French Federation
Natinale des centres de Lutte Cotre le Cancer (FNCLCC) grade of
G2 and G3.

We also identified 123 patients with primary sarcomas that mainly
included fibrosarcoma, osteosarcoma, UPS/MFH as control, named
the SARC group. Most fibrosarcomas (36/45, 80.0%) and osteosarco-
mas (21/29, 72.4%) in this group were located in head and neck. As
shown in Supplementary Table S1, compared with the SARC group,
the mean age of patients at diagnosis in the RIS group was older
(49.0 vs. 38.9; P <0.001). There was a significant difference in the
FNCLCC grade between RIS and SARC groups (P < 0.001).

RIS and primary sarcomas have different gene expression
profiles

WES and mRNA-seq were performed on available tumor samples
and matched blood samples. In total, 46 WES and 16 mRNA-seq were
obtained from the RIS cohort and 48 WES and eight mRNA-seq were
obtained from the SARC group. The clinical information for samples
with sequencing was shown in Supplementary Table S1. Most of the
tumor samples for WES and all the samples for mRNA-seq in two
groups were from the head and neck area. The RIS group for mRNA-
seq contained 10 RIFSs and six RIOS, and the SARC group contained
three fibrosarcomas and five osteosarcomas.

Transcriptome analysis between the RIS group and the SARC group
revealed 977 differentially expressed genes (DEG; 756 upregulated and
221 downregulated; P,g;. value < 0.05; Supplementary Table S2).
Unsupervised hierarchical clustering in the heat map distinguished
the RIS group from the SARC group by their gene expression profile
(Fig. 1A) and also distinguished RIFS samples from fibrosarcoma
samples and RIOS samples from osteosarcoma samples (Fig. 1B
and C) in subtype comparison. Compared with the SARC group,
expression levels of TDO2 (tryptophan 2,3-dioxygenase), FPRI (for-
myl peptide receptor 1), CSF3 (colony-stimulating factor 3), IL6, IL24,
CCL4 (C-C motif chemokine ligand 4), BCL2A1 (BCL2 related protein
Al), and CCLI8 (C-C motif chemokine ligand 18) were higher, while
expression levels of IHH (indian hedgehog), LINC01140 (long non-
coding RNA 01140), SCARA5 (scavenger receptor class A member 5),
RASSFI10 (Ras association domain family member 10), and GRIP2
(glutamate receptor-interacting protein 2) were lower in the RIS group
(Fig. 1D). In comparison with primary sarcomas (fibrosarcomas
and osteosarcomas), certain genes were significantly upregulated/
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downregulated in RIFS or RIOS samples shown in the volcano plots.
A relatively small set of 18 genes was found coexistent in the DEG list
for RIS versus SARC, RIFS versus fibrosarcoma, and RIOS versus
osteosarcoma, including HRH2, CCL18, TDO2, CXCL3, LRG1,IL6, etc.
(Supplementary Fig. S2A). In addition, the two subtypes of the RIS
group, RIFS and RIOS, show certain differences in gene expression.
The RIOS subgroup showed a transitional pattern between the RIFS
subgroup and the SARC group (Fig. 1A). The RIFS samples had a
higher expression level of genes LINC00221 (long intergenic nonpro-
tein coding RNA 221), PTGER3 (prostaglandin E receptor 3), CALB2
(calbindin 2), etc. (Supplementary Fig. S2B). The PCAs showed the
correlations among all RNA samples in Fig. 1E.

To investigate the functions of DEG, functional enrichment based
on the Reactome pathway database was analyzed. Twenty significantly
upregulated pathways in RIS were found (Fig. 1F), including neutro-
phil degranulation, signaling by interleukins, G protein—coupled
receptor ligand binding, class A/1 (rhodopsin-like receptors), immu-
noregulatory interactions between lymphoid/nonlymphoid cells, G
alpha (i) signaling events, IL4 signaling, IL13 signaling, IL10 signaling
and peptide ligand—binding receptors. We also performed GO enrich-
ment analyses of DEG and found a set of upregulated GO terms in
RIS, including chemotaxis of various kinds of immune cells and
cytokine activity (Supplementary Fig. S2C).

These results demonstrated that the gene expression patterns of RIS
and primary sarcomas were different, especially in the identical
subtypes between two groups. A few gene fusion and alternative
splicing events were also identified in both groups (Supplementary
Table S2). In summary, expression profiling results suggested that RIS
might harbor some special transcriptomic alterations important for
their tumorigenesis. Notably, expressions of immune-related genes
and pathways were upregulated in RIS relative to primary sarcomas.

Immune infiltration and PD-1 expression level are higher in RIS
than in primary sarcomas

Because the expressions of immune-related genes were higher in
RIS than in primary sarcomas, we then investigated the differences
in the tumor immune microenvironment between these two groups.
The signaling pathway activation and relative immune cell infil-
tration were quantitatively measured by ssGSEA and CIBER-
SORTXx (47). The results showed that NK T cells, activated CD8"
T cells, activated dendritic cells (DC), macrophages, effector mem-
ory CD8 T cells, Treg cells, MDSC, mast cells, and type 1/2 T helper
cells were significantly more abundant in RIS than in primary
sarcomas (Fig. 1G). In subtype comparison, CD56 bright NK cells
and Tregs were significantly more abundant in RIFS than in fibro-
sarcomas, and mast cells were significantly more abundant in RIOS
than in osteosarcoma (Supplementary Fig. S2D). Overall, most of
the 28 types of immune cells were at higher levels in RIS than in
primary sarcomas. These tumor-infiltrating immune cells might
have important roles in the antitumor response.

We subsequently calculated the antitumor immunity score and
the proliferation module score of the two groups (Supplementary
Table S2) and found that RIS had significantly higher antitumor
immunity scores than primary sarcomas (P = 0.01422) but had similar
proliferation module scores as primary sarcomas (P > 0.05; Fig. 2A).
To understand the immune escape mechanisms of RIS, we analyzed
expression levels of some immune checkpoints and immune-related
genes, including PD-L1, PD-1, CTLA-4, IDO1, and TDO2. We
observed that RIS expressed significantly higher levels of PD-1 and
TDO2 (P < 0.003) and a slightly higher PD-L1 level (Fig. 2B). There
was no difference in expression levels of CTLA-4 and IDO1 between
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Figure 1.

Gene expression profiles of RIS and primary sarcomas. A, The unsupervised hierarchical clustering separating the RIS group and the SARC group according to their
gene expression profiles. B and C, Heat maps showing differences in gene expression profiles between RIFS and fibrosarcoma subtypes (B) and between RIOS
and osteosarcoma subtypes (C). D, Volcano plot showing upregulated and downregulated genes in the RIS group versus the SARC group, the RIFS group versus
the fibrosarcoma group, and the RIOS group versus the osteosarcoma group. E, PCA separating samples of the RIS group and the SARC group. F, Twenty
significantly upregulated pathways in the RIS group compared with the SARC group identified by functional annotations of DEG to the Reactome database. GPCR,
G protein-coupled receptor; FCGR, Fc fragment of IgG receptor. *, immune-related pathways. G, Relative abundances of activated immune cells and

immunosuppression-related cells in RIS and in primary sarcomas. A, P < 0.05 (RIS vs. SARC). FS, fibrosarcoma; OS, osteosarcoma; RIFS, radiation-induced
fibrosarcoma; RIOS, radiation-induced osteosarcoma; RIS, radiation-induced sarcoma; SARC, primary sarcoma.
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The antitumor immunity of RIS. A, The antitumor immunity score (top) and the proliferation module score (bottom) of the RIS group and the SARC group. Box plot:
the line inside the box indicates median, the top and the bottom borders of the box indicate upper and lower quartile. B, Expression levels of PD-1, PD-L1, and
TDO2 in the RIS group and the SARC group in box plots. C, Correlations between expression levels of PD-1, PD-L1, and TDO2 and the antitumor immunity score in
RIS. D, The summary of the density of tumor-infiltrating immune cells (cells/mm?) by mIF in the RIS group and the SARC group (15 specimens in each group).
Solid lines indicate median and dotted lines indicate quartiles. E, Representative images of mlF staining showing immune infiltration in an RIS and a primary sarcoma.
***, P<0.001; **, P< 0.01; *, P < 0.05.
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the two groups (Supplementary Fig. S3A). The correlation analysis
showed that PD-1 and PD-L1 expression levels were both positively
correlated with antitumor immunity scores among RIS samples
(Fig. 2C). Samples with higher antitumor immunity scores expressed
higher mRNA levels of PD-L1. These results suggested that although
RIS had a higher degree of immune infiltration, tumor cells might
enhance immune evasion by increasing expressions of immune
checkpoints PD-1 and PD-L1.

To verify these findings, we performed mIF staining in 15 RIS
samples and 15 primary sarcoma samples from exome/mRNA-seq
specimens and calculated the cell density (cellsymm?) using
the HALO platform. Consistent with the literature, primary sarco-
mas exhibited minimal infiltration of immune cells (48). Compared
with primary sarcomas, RIS had a higher density of CD3"CD8" T
cells and higher immunofluorescence staining intensities of PD-1
and PD-L1 (Fig. 2D and E). Above all, the overview of the
intratumoral immune landscape demonstrated that RIS had a
higher level of tumor-infiltrating lymphocytes, especially CD8*
T cells, and can be categorized as inflamed tumors (49). Subgroup
analysis revealed that the antitumor immunity score was slightly
higher in RIFS and RIOS than in fibrosarcomas and osteosarcomas.
However, neither the antitumor immunity score nor the prolifer-
ation module score was statistically different between RIOS and
RIESs, or RIFSs and fibrosarcomas, or RIOS and osteosarcomas
(Supplementary Fig. S3B and S3C), which might be due to the
limited sample size in subgroup analysis.

RIS and primary sarcomas have different gene mutations

Most nonsilent somatic mutations identified in both RIS
and SARC groups were single-nucleotide missense mutations; the
majority were the C > T transition (Supplementary Fig. S3D).
Figure 3A summarizes mutated genes in important pathways in
RIS and SARC groups. The top 10 mutated genes in RIS were mucin
families (MUC4, MUC3A, MUCI16, MUC6), TP53, ODF1, PABPC3,
AHNAK2, MUCI17, and CDC27. TP53 was mutated in 13 of 46
analyzed RIS (28.3%), ranked only after genes in the mucin family.
Mutation rates of FATI (10.9% vs. 0%; P = 0.025), FCGBP (15.2%
vs. 0%; P = 0.005), and KCNSI (15.2% vs. 0%; P = 0.005) were
significantly higher in the RIS group than in the SARC group, while
the mutation rates of TP53 (28.3% vs. 12.5%; P = 0.074) did not
show statistical differences. In subtype analysis, the RIS group had
26 RIFS samples and 12 RIOS samples, while the SARC group had
14 fibrosarcoma samples and six osteosarcoma samples. The muta-
tion rates of genes BCLAF1 (7.7% vs. 50.0%; P = 0.004), TRPM6 (0%
vs. 21.4%; P = 0.037), LILRBI (0% vs. 21.4%; P = 0.037), and
CCDC30 (0% vs. 21.4%; P = 0.037) were significantly lower in RIFSs
than fibrosarcomas, and the mutation rates of genes TMEM63A (0%
vs. 21.4%; P = 0.037) and BCL11B (0% vs. 21.4%; P = 0.037) were
significantly lower in RIOS than in osteosarcomas (Supplementary
Fig. S3E).

We then analyzed mutational signatures in RIS and SARCs
based on COSMIC mutational signatures and discovered signa-
tures similar to COSMIC signatures 1 and 5 in both groups, but RIS
showed a unique COSMIC signature 3 (Fig. 3B and C). Signature 1
is considered to be related to increased rate of spontaneous
deamination of 5-methylcytosine and signature 3 is closely asso-
ciated with DNA double-strand break (DSB) repair by homologous
recombination (HR). These findings indicated potential mechan-
isms for the genome mutations in RIS and might provide clues for
future investigations.
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RIS have a higher burden of predicted strong MHC-binding
neoantigens

TMB has been demonstrated to be an indicator of response to ICI
treatment (50). We therefore analyzed the TMB of RIS and primary
sarcomas of our cohorts. There was no significant difference in TMB
between the RIS group and the SARC group (3.097 muts/MB vs. 2.737
muts/MB; P = 0.358). The TMB was slightly higher in RIS samples
than SARC samples and slightly higher in RIFSs than fibrosarcomas,
but the subtype comparison did not show significant differences
(Fig. 3D). This finding could be ascribed to the relatively small sample
size of different subtypes.

Results of tumor neoantigen inferred from the WES data showed
that the number of total neoantigens of the RIS group was slightly, but
not significantly, higher than that of the SARC group (mean, 255 vs.
241; P = 0.701; Fig. 3E). However, the mean count of neoantigens
predicted to have a strong binding capability with MHC molecules
was significantly higher in RIS than in primary sarcomas (mean,
185 vs. 96; P < 0.001). These results indicated a greater potential for
tumor cells in RIS being recognized by activated immune cells during
immunotherapy.

RIS have a different pattern of CNV and a higher frequency of
being MSI-high than primary sarcomas

Patterns of CNV were also different between the RIS group and the
SARC group (Fig. 4A). The frequency of copy-number loss was higher
than that of copy-number gain in RIS samples, indicating that radi-
ation could potentially induce more deletions in the tumor genome,
consistent with previous reports (51). Among 57 chromosomal frag-
ments with somatic CNV in RIS, 34 (59.6%) were loss or deletion, and
the most frequent events were the loss of chromosome regions 9q21.3,
10q26.3, 11q11, 1q44, and 11p15.5 and the amplification of 10q11.23,
8q24.21, 4q12, 12p13.31, and 7p11.23. After filtered by genes listed in
the COSMIC Cancer Gene Census for drug target discovery, the top
five genes in RIS all had more frequent copy-number gains than SARCs
including HEY1 (65.2% vs. 41.7%; P = 0.022), NCOA2 (65.2% vs.
43.8%; P = 0.037), PREX2 (63.0% vs. 43.8%; P = 0.038), ARHGAP5
(50.0% vs. 25.0%; P = 0.012), and BAZI1A (52.2% vs. 29.2%; P = 0.023;
Supplementary Fig. S4A). In addition, we found more frequent copy-
number gains of gene MYC (65.2% vs. 31.3%; P = 0.001), PDGFA
(54.3% vs. 18.8%; P = 0.0003), PDGFRA (56.5% vs. 16.7%; P < 0.0001),
and KIT (56.5% vs. 18.8%; P = 0.0002) in RIS. The top genes in RIS
with copy-number losses more than SARCs included TET1 (60.9% vs.
27.1%; P = 0.001), CDKN2A (71.7% vs. 27.1%; P = 0.0001), CDKN2B
(71.7% vs. 27.1%; P = 0.0001), and FLT3 (69.6% vs. 27.1%; P = 0.0001;
Fig. 4A). The SARC group had a CNV pattern of different segments,
with amplification of 8q24.3, 16p13.11, 1q21.2, 11q13.1, and 22q11.21
and loss of 15q11.2, 11q11, 11p15.5, 22q11.23, and 9p21.3. Subtype
analysis also revealed different top genes with CNV between RIFSs
and fibrosarcomas, RIOS, and osteosarcomas (Supplementary Fig. S4B
and S4C).

We further analyzed the WES data to determine the microsatellite
stability status. Figure 4B summarizes alterations in the main MMR
genes MLHI, PMS2, MSH2, MSH6, and EPCAM, POLE, and POLD1 in
the RIS and SARC groups. The majority of the 46 analyzed RIS were
microsatellite stable (MSS); there were some copy-number alterations
but no singe-nucleotide changes in MMR genes. Four RIS samples had
higher MSI scores and were identified as MSI-high (MSI-H, 4/46,
8.70%) in the RIS group, and two samples were identified as MSI-H
(2/48, 4.17%) in the SARC group (P = 0.430). Consistently, two RIS
samples with the MSI-H status showed loss of nuclear staining for
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Genome instability and mutational signatures of RIS and primary sarcomas. A, Copy-number analysis of the RIS group and the SARC group. B, Bars showing
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protein MSH2 and MSHS, respectively, whereas an MSS RIS sample
showed positive nuclear staining for all MMR proteins (Fig. 4C).

PD-1 inhibition shows promising antitumor effects in RIS PDX
mouse model

On the basis of the findings previously described, we hypothesized
that combining ICIs with standard chemotherapy might achieve better
controls of RIS than chemotherapy alone. To verify this hypothesis, we
first established a PDX model of RIS in NSG mice using a primary RIS
sample obtained from a patient diagnosed with fibrosarcoma after
radiotherapy for NPC. Twenty-four NSG mice were transplanted with
the third-generation PDX, transfused with lymphocytes obtained from
the corresponding patient, and divided into four treatment groups: the
control group (PBS), the doxorubicin (ADM) group, the anti-PD-1
antibody (oPD-1 Ab) group, and the doxorubicin plus anti-PD-1
antibody group (Fig. 5A). As shown in Fig. 5B-D, tumors in the
control group mice grew gradually, whereas those in mice of any other
groups grew slower. Notably, mice in the ADM plus aPD-1 Ab group
had the lowest tumor volume, which was significantly lower (P < 0.03)
than that in the control group. There was an insignificant decrease in
mouse weight observed in the ADM group and the combination group
compared with the control group (P > 0.05; Fig. 5B and D). Tumor
samples from these mice were collected and stained for Ki67, and the
IHC score (H-score) was calculated using the HALO platform. Among
these four groups, the combination group had the lowest H-score
of Ki67, which was significantly lower than that of the control group
(P = 0.030), whereas the anti-PD-1 group had a slightly lower, but
without statistical significance, H-score than the control group
(Fig. 5E and F).

These findings suggested that the combination of anti-PD-1 ther-
apy with chemotherapy potentially had better efficacy compared with
the chemotherapy alone.

Patients with RIS have good response to anti-PD-1 antibody
combined with chemotherapy

We then investigated the efficacy of the combination of an
anti-PD-1 antibody with standard chemotherapy in patients with
RIS in retrospective analysis. From January 2015 to October 2022,
30 patients diagnosed with advanced RIS were treated with toripali-
mab, an anti-PD-1 antibody, and doxorubicin-based chemotherapy
every 3 weeks at our hospital (SYSUCC). In addition, we collected
25 patients with RIS treated with doxorubicin-based chemotherapy
alone during this time period at our hospital and assessed the drug
efficacy and patient outcome. All patients had evaluable imaging
for efficacy. The overall objective response rate was 36.67% (11/30)
for patients treated with the combination and was 8.00% (2/25)
among patients treated with chemotherapy alone (P = 0.024;
Supplementary Table S3; Fig. 6A). The addition of anti-PD-1
antibody improved the disease control rate from 64.00% (16/25),

Genome and Immunotherapy in Radiation-Induced Sarcomas

the median overall survival (mOS) from 14.8 months, and the
median PFS (mPFS) from 4.7 months in the chemotherapy group
to 96.67% (29/30; P = 0.003), 31.9 months (P = 0.014) and
9.5 months (P = 0.032), respectively, in the combination treatment
group (Fig. 6B). Typical CT imaging in Fig. 6C showed tumor
shrinkage in representative patients.

Most of the AEs observed in the chemotherapy plus immunother-
apy group were grade 1 or 2 (Supplementary Table S4). The most
common treatment-related AEs were anemia (26, 86.7%), leukopenia
(16, 53.3%), and hypoalbuminemia (9, 30.0%). No patients had any
AEs of grade 4 or 5 and no treatment-related deaths occurred. The
potential immune-related AEs were hypothyroidism (7, 23.3%).

Pre- and posttreatment blood samples from 18 patients with RIS
treated with chemotherapy plus anti-PD-1 antibody were collected.
Flow cytometry analysis of the PBMC showed that the percentage of
CD3*CD8" T cells was significantly higher, whereas the expression
level of PD-1 in CD3" cells decreased after anti-PD-1 treatment.
Representative dot plots were shown (Fig. 6D and E). However,
percentages of macrophages (total, M1, M2, or M1/M2 macrophage),
NK cells, NKT cells, DC cells, and Treg cells were not significantly
different (Supplementary Fig. S4D). Also, we detected the plasma
level of cytokines (IFNy, IFNfB, TNFo, TNEf, IL2, IL6, etc.) from
peripheral blood by ELISA. The results showed that after four to six
cycles of anti-PD-1 treatment, the level of IFNy was significantly
upregulated, whereas levels of IL6 and IL16 were downregulated
(Fig. 6F). Levels of other cytokines and ratios of IFNY/IL10, TNFa/
IL10, and IL6/IL10 were similar in pre- and posttreatment plasmas
(Supplementary Fig. S4E).

Discussion

Our results together show that RIS have significantly higher
immune cell infiltration, higher mRNA level of PD-1, higher predicted
strong MHC-binding neoantigen load level, higher MSI-H rate, and
slightly higher TMB than primary sarcomas and indicate that PD-1
blockade is a promising treatment approach for RIS.

Radiotherapy is an important cancer therapeutic approach;
however, it poses a potential risk of causing secondary tumors.
It is generally believed that ionizing radiation induces DNA
damage of cells directly and affects the microenvironment of
normal tissues to promote the cytokine production and transfor-
mation (52, 53). RIS is one of the most common secondary tumors
after radiotherapy. It has been reported that RIS have distinct
clinical characteristics from primary sarcomas and are more
aggressive than primary sarcomas (54). However, the comprehen-
sive information about transcriptomic and genomic characteristics
and tumor microenvironment features of RIS remain largely
unknown, which limits our understanding of this important
clinical entity. In this study, we performed WES and mRNA-seq

Figure 6.

Tumor and antitumor immunity response in patients with RIS treated with anti-PD-1antibody in combination with chemotherapy. A, The best percentage changes of
all the RIS volume in patients treated with chemotherapy alone or the combination of chemotherapy and anti-PD-1antibody. Dashed lines indicate RECIST criteria for
progressive disease (+20%) or partial response (-30%). B, OS and PFS of patients with RIS treated with the combination of chemotherapy and anti-PD-1antibody or
chemotherapy alone. C, CT imaging of representative patients with RIS treated with anti-PD-1 antibody combined with chemotherapy. Each row represents one
patient. Red arrows indicate the tumor lesions. D, Typical dot plots for flow cytometry detection of immune cells in patient blood pre- and posttreatment.
E, Percentages of CD3"CD8™ T cells and PD-1"CD3™ cells in pre- and posttreatment peripheral blood from 18 patients with RIS treated with the combination therapy.
F, Pre- and posttreatment plasma levels of IFNy, IL6, and IL16 in 18 patients in the combination treatment group. Paired ¢ test, ***, P< 0.001; **, P< 0.01; *, P< 0.05.

Error bars indicate mean + SD.
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of human RIS and primary sarcomas to comprehensively charac-
terize the mutational landscape and the expression profile of RIS,
focusing on RIS developed after radiotherapy of NPCs in the head
and neck area.

Our genomic analyses reveal that some genetic alterations occur
more frequently in RIS than in primary sarcomas. Exposure to ionizing
radiation involves activation of p53-dependent pathways (55). TP53,
known as “the guardian of the genome,” has been shown to be the most
commonly mutated gene in RIS, with a reported mutation rate of
58% (56). Consistent with the literature, our results show TP53 among
most frequently mutated genes in RIS (13/46, 28.3%). A previous study
reported that RIS and primary sarcomas share similar genomic
alterations, including gains of chromosomes 1, 9, 14 and losses of
chromosomes 10, 13, 16 at high frequencies. Our study shows more
copy-number losses than gains in RIS and the loss of chromosome 9q
as the most frequent event in RIS. The copy-number gain of MYC and
copy-number losses of CDKN2A and CDKN2B have been reported
(57-59). In addition, we find more frequent copy-number gains of
HEY1, NCOA2, PREX2, ARHGAP5, BAZ1A, PDGFA, PDGFRA, and
KIT, and copy-number losses of TET1 and FLT3 in RIS than SARCs.
Further studies are needed to understand functional impacts of these
CNV in RIS. Moreover, the number of predicted MHC-strong binding
neoantigens is significantly higher and the TMB is trended toward
higher in RIS than in primary sarcomas. TMB has been identified
as an indicator for ICI treatment (60), and the predicted neoantigens
also indicate a greater potential for tumor cell recognition by activated
immune cells during immunotherapy (40). Furthermore, the predicted
MSI-H rate among our RIS is 8.70%, which is higher than that of our
SARC group (4.17%) and higher than that reported for primary
sarcomas (2.8%; ref. 61). Also, we discovered a unique COSMIC
signature 3 related to DNA DSB repair by HR in RIS. These results
suggested that RIS exhibit a greater abundance of genomic alterations
and higher genomic instability compared to primary sarcomas, which
may be partly due to the DNA repair deficiency caused by radiation
and needs further exploration.

By mRNA-seq, we identified 977 genes that are differentially
expressed between RIS and primary sarcomas, found a small set of
18 genes coexistent in the DEG list for RIS versus SARC, RIFS
versus fibrosarcoma, and RIOS versus osteosarcoma, and revealed a
variety of pathways that are significantly upregulated in RIS.
Notably, most of these pathways are related to tumor immunology.
A previous study identified DEG between primary sarcomas and
RIS and determined that the main gene ontologies related to RIS
included response to oxygenated compounds and organic matter,
positive regulation of lipid storage, and inflammatory response (57).
DEG found in our study are different from those DEG; we speculate
that such difference may be partly due to different pathologic
subtypes and locations of RIS analyzed in these two studies. The
previous study (57) focuses on angiosarcomas, leiomyosarcomas,
and UPS, whereas most RIS in our study are fibrosarcomas,
osteosarcomas, and UPS/MFH.

Consistent with our DEG findings, our subsequent analysis of the
tumor immune microenvironment shows more abundant infiltration
of immune cells in RIS than in primary sarcomas. We further found
that RIS have significantly higher antitumor immunity scores than
primary sarcomas but have similar proliferation module scores as
primary sarcomas, suggesting that a major factor contributing to RIS
development and progression is their ability to evade the immune
surveillance. PD-1 and TDO?2 levels are significantly higher, and the
PD-L1 level is slightly higher in RIS than in primary sarcomas. The
antitumor immunity score in RIS positively correlates with the expres-
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sion levels of PD-1 and PD-L1. We thus can suggest that tumor cells
may enhance their immune evasion by increasing the expression of
PD-L1. These findings together with the abundance of intra-tumoral
CD8™ T cells suggest the potential benefit of inhibiting PD-1 in RIS
treatment.

Although ICIs exhibit poor efficacy in treating primary sarcomas,
our comprehensive characterizations of RIS provide molecular evi-
dence supporting the application of ICIs for RIS treatment. The
potential of ICIs in treating RIS is experimentally supported by our
preclinical and clinical studies. In the PDX model of RIS, the tumor
volumes in mice treated with an anti-PD-1 and with the combination
of an anti-PD-1 and chemotherapy are significantly lower than that of
mice in the control group. Importantly, in retrospective analysis, the
combination of chemotherapy and an anti-PD-1 antibody achieves
better OS, PFS, and overall response rate than chemotherapy alone in
patients with RIS. The plasma level of IFNY is significantly upregu-
lated, whereas plasma levels of IL6 and IL16 are downregulated
together with a significant increase in the percentage of CD3 CD8"
T cells in the peripheral blood in patients with RIS treated with the
combination.

However, the study still has some limitations. Due to the relatively
small sample size of each subtype, the differentially revealed mutation
or expression pattern may need further exploration in a larger size. The
rarity of the disease and the lack of abundant clinical cases with
sequencing samples limited our coherent sequencing-to-treatment
research, which would require a larger cohort to achieve this purpose
in the future.

In conclusion, we examined RIS by integrating WES and
mRNA-seq, and our results clearly distinguish RIS from primary
sarcomas and reveal multiple genetic alterations that may con-
tribute to the development and progression of RIS, which deserve
further investigation.

To our knowledge, this is the first study identifying higher levels of
immune cell infiltration by transcriptome sequencing in RIS than in
primary sarcomas. Furthermore, we reveal that inhibiting PD-1 may
demonstrate good efficacy against RIS in both PDX mouse models and
clinical patients. This is currently the largest cohort of the anti-PD-1
application in the treatment of patients with RIS. Our findings provide
new insights into the genomic basis of RIS and may help to identify
diagnostic and prognostic markers as well as molecular targets for the
treatment of RIS.
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