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Fresh Tissue Multi-omics Profiling Reveals Immune
Classification and Suggests Immunotherapy Candidates
for Conventional Chondrosarcoma
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Purpose: There is still no standard nonsurgical regimen for
conventional chondrosarcoma (CHS). We aimed to identify wheth-
er any CHSs have a favored microenvironment for immunotherapy
via multidimensional evaluation of the immunologic characteristics
of this tumor.

Experimental Design: We obtained 98 newly-diagnosed CHS
fresh tumors from several institutions and performed comprehen-
sive analysis of data from CyTOF, whole-exome sequencing, and
flow cytometry in 22 cases. Clinical data from immunotherapy
responders and nonresponders were compared to explore possible
biomarkers of immunotherapy response. Mechanism studies were
conducted to interpret the biomarker phenotype.

Results: Based on the integrated data of single-cell CyTOF and
flow cytometry, the CHS immune-microenvironment phenotypes
were classified into three groups: subtype I, the “granulocytic—
myeloid-derived suppressor cell (G-MDSC) dominant” cluster,
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with high number of HLA-DR™ CD14™~ myeloid cells; subtype II,
the “immune exhausted” cluster, with high exhausted T-cell and
dendritic-cell infiltration; and subtype III, the “immune desert”
cluster, with few immune cells. Immune cell-rich subtypes (subtype
I and II) were characterized by IDH mutation, pathologic high
grade, and peritumoral edema, while subtype I cases were exclu-
sively featured by myxoid transformation. In clinical practice
involving 12 individuals who received PD-1 antibody immuno-
therapy, all of the 3 cases with controlled diseases were retrospec-
tively classified as subtype II. In mechanism, IDH mutation signif-
icantly elevated chemokine levels and immune-cell infiltration in
immune-inactivated tumors.

Conclusions: This study is the first to provide immune charac-
terization of CHS, representing a major step to precise immuno-
therapy against this malignancy. Immunotherapy is promising for
the “immune exhausted” subtype of patients with CHS.

Introduction

Conventional chondrosarcoma (CHS), representing about 90% of
all chondrosarcomas, is a rare malignancy that is notoriously difficult
to treat with nonsurgical regimens (1, 2). It may arise from a benign
osteochondroma or enchondroma, although represents the minority
of cases. In addition, in recurrent cases, the tumor cells often exhibit
transformation to a higher histologic grade (3). The only treatment
with efficacy is wide en bloc surgical resection for favorable cases.
Although numerous efforts have been made, there are still no effective
chemotherapy options for CHS, and tumors are also poorly responsive
to radiotherapy. There is a great need for nonsurgical therapeutics to be
developed, particular for patients with unresectable, metastatic, or
recurrent disease.

Immunotherapy has achieved success in several types of
malignancies (4-6). Regarding musculoskeletal sarcomas, immuno-
therapy is still in its infancy. The approval of an immune stimulator,
mifamurtide, by the European Medicine Agency against osteosarcoma
and the use of T-cell adoptive transfer against synovial sarcoma (7)
represent two early, encouraging attempts at developing immuno-
therapy against sarcomas. However, there is not yet a sound basis for
employing immunotherapy in the treatment of CHS. It remains to be
determined whether immunotherapy will be ideally suited to some
particular subtypes of this malignancy.

There is an ongoing effort at this time to define predictors and
biomarkers for the effectiveness of immunotherapy in cancer. Most
recently, these efforts have focused on evaluating the expression of
programmed death-ligand 1 (PD-L1; refs. 8, 9), tumor mutational
burden (TMB; ref. 10), microsatellite instability (MSI; ref. 11), and
Epstein-Barr virus infection (12), etc. To date, information pertaining
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Translational Relevance

This study provides an immune classification system based on
multi-dimensional evaluation in fresh chondrosarcoma (CHS)
tumor tissues. Clinical treatment by immunotherapy may be
promising in certain immune subtypes of conventional CHS.

to the immune-related features of CHS is quite sparse. Although
previous studies have provided some evidence on some commonly
evaluated immune factors such as PD-L1 expression and TMB in
CHS (13, 14), integrated multidimensional analyses involving genetic
factors, cytology, pathology, and clinical parameters are lacking.
Comprehensive elucidation of the immunologic characteristics of the
tumor and microenvironment could improve the identification of
patients who would benefit most from immunotherapeutics. Thus,
adequate immunotherapy can be developed and applied for this
refractory malignancy.

This study aimed to identify immune microenvironment pheno-
types of CHS at the single-cell level, and also to determine genetic
events that drive the phenotypes. Based on multi-omics data of 98 CHS
cases from multiple institutions, we classified the samples into three
immune-microenvironment subtypes with different genetic events
and clinical features. Response to checkpoint-inhibitor immunother-
apy of CHS was observed in the “immune exhausted” subtypes. The
potential mechanism was investigated and an association between
genetic variation and chemokines was established.

Materials and Methods

Ethics approval

The protocol for use of human subjects was approved by the
Institutional Review Board, and written informed consents were
obtained from the patients or their legal guardians. The studies were
conducted in accordance with the Declaration of Helsinki.

Patients with cartilaginous tumors and fresh tumor tissues
processing

Patients diagnosed with cartilaginous tumor by radiological eval-
uation between February 2017 and June 2019 from three of the partner
members of Hangzhou Sarcoma MDT Network were recruited in the
study. In total, 98 conventional CHS cases, 4 enchondromas of
phalanges with pathologic or incomplete fracture, and 4 individuals
with chondroblastoma diagnosed by further pathologic examination
were included for further analyses. Final validation of the histologic
diagnosis and grading was performed by the pathologist (Y. Fu) of The
Second Affiliated Hospital of Zhejiang University School of Medicine,
Hangzhou. Regarding the tissue processing, fresh tumor tissues were
harvested in 15 minutes from curettage or en bloc resection, washed
with saline, and soaked in cold PBS. All surgeries were performed by
experienced specialists. Samples were collected from multiple sites of
bulk tumor, cut into small pieces by razors, and mixed. To prepare for
fresh tissue CyTOF assay, mixed samples were temporally preserved in
tissue storage solution (#130-100-008, Miltenyi Biotec) and shipped
by cold chain to PLTTECH institution (Hangzhou, China) on the same
day for CyTOF assay, to whom the information of the patient was
blinded. Some tissues were frozen in liquid nitrogen for further whole-
exome sequencing (WES), qRT-PCR, and ELISA. Normal muscle
tissue from en bloc-resected tumor was harvested for paired WES
evaluation.
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MRI image reading

MRI was performed on a 1.5T system. The status of peritumoral
edema was recognized on T2-weighted as infiltrating high-signal
intensity change in the marrow outside the tumor margins seen on
T1-weighted images. One radiologist (X. Zhu) and another experi-
enced orthopaedic surgeon (P. Lin) analyzed the images separately and
were blinded to other information. For categorizing cases, the exten-
sive peritumoral edema signal in the images of chondroblastoma was
set as the reference for positive cases. Thus, individuals with de facto
mild edema signal were also categorized as negative cases.

Conventional multicolor flow cytometry and tumor-infiltrated
immune-cell sorting

Mixed disaggregated pieces of tumor were enzymatically digested at
37°C in RPMI 1640 with collagenase IV (2 mg/mL, Sigma), DNase
(0.1 mg/mL, Sigma), and hyaluronidase (0.1 mg/mL, Sigma). Cell
suspensions were passed through 100-pum filters to remove aggregates.
Cells were washed with staining buffer (#420201, Biolegend) and
stained with conjugated antibodies. Live cells were identified using
LIVE/DEAD staining (#L23105, ThermoFisher). Flow cytometry
analyses were performed using BD LSRFortessa. Conjugated antibo-
dies were purchased from Biolegend: CD45 (clone 2D1), CD19 (clone
4G7), CD56 (clone 5.1H11), CD11b (clone ICRF44), CD16 (clone
3G8), CD66b (clone G10F5), HLA-DR (clone L243), CD14 (clone
63D3), and CD15 (clone HI98). Five x 10° total events were collected
from each tumor sample to analyze a sufficient number of intracellular
lymphocytes. Flow data were analyzed by FlowJo V10. Gating strat-
egies were determined by fluorescence minus one (FMO). Tumor-
infiltrated dendritic cells (TIDC) were sorted and cultured in complete
1640 medium without further expansion.

CyTOF sample preparation

Cell suspensions were collected as described above. Antibodies were
either purchased preconjugated from Fluidigm (DVS Sciences) or
purchased purified and conjugated in-house using MaxPar X8 Poly-
mer Kits (Fluidigm) according to the manufacturer’s instructions.
Mass cytometry antibodies used are shown in Supplementary Table S2.
Three x 10° cells for each sample were washed with protein-free PBS,
stained with 1 umol/L cisplatin for 5 minutes at room temperature,
then stained for cell-surface markers in staining media (PBS contain-
ing 0.5% BSA and 0.02% NaNj;) for 30 minutes at 4°C. Cells were fixed
and stained with DNA Intercalator-Ir overnight. Intracellular staining
was done using fixation/permeabilization reagents from eBioscience
(#00-5521-00).

CyTOF data acquisition and analysis

CyTOF data acquisition and analyses were performed by PLTTECH
Institution. In brief, cells were washed twice with deionized water prior
to adding EQ normalization beads containing Ce140, Eul51, Eul53,
Ho165, and Lul75 (Fluidigm) and acquiring on a Helios instrument.
After normalizing and randomizing values near 0 using the Helios
software, FCS files were downloaded for further biological information
analysis.

Mass cytometry data has been firstly debarcoded using a doublet
filtering scheme with mass-tagged barcodes, and then manually
gated to retain live, singlet, valid-immune cells. Data generated
from different batches have been normalized through bead nor-
malization method. In order to get the accurate immune-subset
information, we have run phenograph algorithm to all samples. All
cell events in each individual sample have been pooled and included
in this analysis.
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WES

DNA was extracted from liquid nitrogen-preserved tissues using
the extraction Kit (Qiagen) following the manufacturer’s instructions.
Sequencing and library construction were performed using the Agilent
SureSelect Human All Exon Kit (Agilent Technologies). After cluster
generation, the DNA libraries were sequenced on an Illumina Hiseq
platform (Illumina) by OrigiMed, Shanghai. TMB was calculated
based on the number of mutated genes.

ELISA

Tumor tissues were homogenized by liquid nitrogen for RIPA
protein extraction. Bicinchoninic acid (BCA) assay was utilized to
evaluate the concentration of total protein. For tissue cytokine quan-
tification, 60 g total protein from each sample was added to each well
in the 96-well plates. Cell-culture supernatants were also used for
cytokine quantification if needed. Cytokine levels were evaluated by
Duoset ELISA (#DY206, #DY210, #DY217B, #DY1164, #DY350,
#DY350, #DY279, #DY208, #DY266, #DY392, #DY317, #DY278,
#DY281, and #DY365; R&D Systems) following the manufacturer’s
instructions.

D-2-Hydroxyglutarate concentration evaluation

D-2-Hydroxyglutarate Assay Kit (#ab211070, Abcam) was utilized
to evaluate the concentration of D-2-Hydroxyglutarate (D-2-HG) in
tissue lysates. The levels of D-2-HG were recorded following the
manufacturer’s instruction.

Hematoxylin and eosin, and IHC staining

Samples were fixed in 10% buffered methanol and embedded in
paraffin for hematoxylin and eosin (H&E) staining or IHC. H&E
staining was performed following conventional protocols. In IHC
assays, DAKO autostainer (DAKO) and DAB chromogen was used
for all antigen staining. Antibodies used include anti-CD8a (1:400,
Jingiao Biotech), anti-PD-L1 (clone 28-8, 1:500, #ab205921; Abcam),
anti-CD69 (clone EPR21814, 1/250, #ab233396; Abcam), and anti-
CD11c (1:200, #ab52632; Abcam).

Cell lines

Mouse liver cancer Hepa 1-6 cells were newly purchased from the
Cell Collection of Chinese Academy of Sciences. Cell line was authen-
ticated by the Cell Collection via DNA short tandem repeat (STR)
genotyping. Mouse mesothelioma cell line AE17 was a kind gift from
Dr. Agnes Kane from Brown University, and cells were authenticated
by its unique morphology under microscope as indicated in previous
works (15).

Animal studies and in vivo imaging

Immunodeficient nonobese diabetic (NOD)-Prkdc*1i2rg™"/
Smoc M-NSG mice (Shanghai Model Organisms), OT-I transgenic
mice (Model Animal Center of Nanjing University), and C57BL/6
mice were handled in a gnotobiotic animal-maintaining facility.
Animal studies were approved by the Institutional Animal Care and
Use Committee. Mouse homogenous tumors were initiated with 5 x
10° Hepa 1-6 cells or 1 x 10° AE17 cells per mouse administered
intraperitoneally. For animals receiving adoptive immune-cell thera-
py, mice received cyclophosphamide (200 ug) and fludarabine (100 ug)
before immune-cell transfusion. OT-I T cells were isolated from
splenocytes and delivered intravenously in PBS. Administrations of
recombinant IL2 (45,000 IU) were given subcutaneously at the same
time as the T cells were injected, during the next 2 consecutive days. In
mice receiving CXCL12 or CXCL9/10 blockade, intraperitoneally-
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implanted osmotic minipumps (Alzet Co.) containing AMD3100 or
AMG487 were utilized for continuous blockade as previously
described (16). IVIS Spectrum Animal Imaging System (PerkinElmer)
was utilized to evaluate the progression of tumor with presence of
luciferin (#1-360222, Regis Technologies) for tumor cells transfected
with luciferase. For untransfected tumors, the volumes were measured
by caliper and calculated using the formula V= a x b%/2, where a is the
maximal diameter of the tumor, and b is the minimal diameter.

Statistical analysis and data visualization

GraphPad Prism 7, and R program 3.5.2 with relevant packages
were applied for statistical analysis and visualization. R package tidyr
0.8.3, data.table 1.12.0, and plyr 1.8.4 were employed for data cleaning.
Oncoplot was depicted using ComplexHeatmap 1.20.0. CyTOF heat-
map was visualized using pheatmap 1.0.12.

Unless otherwise specifically indicated in the figure legends, Student
t test and Wilcoxon test were applied to compare continuous variables
and ordered categorical variables between groups, and the bar plots
were created using ggplot2 3.1.0 and ggpubr 0.2 packages. Correlation
matrices were constructed with Pearson correlation test, where the
clinical status and single-nucleotide variant (SNV)/copy-number var-
iation (CNV) events were converted into binomial distribution, such as
SNV/CNV events were classified as 0 for no SNV and CNV, and 1 for
SNV or CNV or both, and tumor stage was classified as 0 for stage I,
and 1 for stage IT or stage III. Data were visualized using corrplot 0.8.4.
In the presented study, all the tests were two-sided, and P < 0.05 was
regarded as statistical significance.

Results

CyTOF and multicolor flow cytometry revealed three immune
subtypes of CHS

A multi-omics scheme was performed to establish the immune
subtypes of CHS and to find out possible biomarkers for the subtypes
(Fig. 1A). To clarify the phenotypes of immune cells in chondrosar-
comas, we performed mass cytometry (i.e., CyTOF) and multicolor
flow cytometry analyses of 22 fresh tumor samples from patients with
WHO gradeI (n = 7), grade II (n = 14), and grade III (n = 1) tumors.
One case of grade I tumor was not included for further evaluation
because of extremely low number of disaggregated live cells. Eleven
CD45™" leukocyte subgroups (Cluster 7-9, 24-31) were identified
including T cells, CD11c" conventional dendritic cells (cDC), and
some other myeloid cells (Fig. 1B and C). However, macrophages,
which were recognized by CD11b" CD68™ HLA-DR' CD11¢™"°
phenotype, and monocytes were not detectable, indicating that there
were very few macrophages and monocytes in the CHS
microenvironment (17, 18).

A multicolor flow cytometry panel provided additional data on
other immune cells, including B cells, natural killer (NK) cells, NK
T cells, neutrophils, monocytic myeloid-derived suppressor cells
(M-MDSC), and granulocytic MDSCs (G-MDSC; Supplementary
Fig. S1B). B cells, NK cells, NK T cells, neutrophils, and M-MDSCs
were scarcely found in CHS. However, there were numerous G-
MDSCs in 3 samples (Fig. 1E). These cells were also seen in the
CyTOF panel as HLA-DR™ CD14™ myeloid cells (Fig. 1D, cluster 7—
9). To be more specific, these 3 samples shared the same clinical
patterns (see below).

According to the phenotyping of immune cells, the 21 included
cases could be classified into 3 groups by hierarchical k-means
clustering algorithm (Fig. 1F). There were 3, 6, and 12 individuals
in subtypes I, II, and III, respectively. Further analyses revealed the
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Figure 1.

In-depth CyTOF and multicolor flow cytometry identification and quantification of immune-cell subgroups classified CHSs into 3 immunophenotypic subgroups.
A, Research scheme. B, t-SNE map illustrating each identified cell subgroup in color by cluster. A total of 42 frequent cell subgroups including both immune cells and
nonimmune cells (CD45 negative) were identified. C, Heatmap showing normalized expression of selected markers for the 42 identified cell phenotypes. Clusters
were grouped by expression profile. D and E, Column figures showing the frequencies of 11 dominant immune-cell subtypes illustrated by CyTOF (D) and 6 other
immune-cell subgroups identified by multicolor flow cytometry (E) in total live cells. Dots represent data from each case (n = 21). F, Hierarchical k-means clustering by
the immune-cell signatures of each patient with CHS. G, Scheme showing the classification of CHS according to the immune-cell composition.
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characteristics of each subtype. Subtype III cases were “cold” tumors.
They were poorly infiltrated by immune cells, featured by an “immune
desert” status. For immune cell-rich subtypes I and II, a substantial
number of G-MDSCs were discovered in subtype I, while dendritic
cells and T cells were dominant in subtype II (Fig. 1G). Further
analyses in subtype II cases revealed that in the CD8" T cells, the
majority belonged to cluster 26, i.e.,, CD86" CD39" CTLA-4" TIM-3"
PD-1" “deeply exhausted” or “post-activated” Te cells (Fig. 1C and D;
refs. 19-22), indicating an exhausted immune microenvironment.

The possible correlations among different immune-cell populations
were estimated by gating CD45 " cells. In addition to the 11 dominant
phenotypes indicated above, 11 less frequent kinds of leukocytes were
further identified (Supplementary Fig. S2A-S2C). Five CD3™ CD11b™
populations with minimal frequencies (clusters 1, 5, 6, 9, and 10,
recognized as neither T-lymphoid nor myeloid cells) were excluded
from further analyses. The correlations among populations were tested
by linear regression analysis and illustrated (Supplementary Fig. S2E
and S2F).

Comparison of immune-cell atlas among cartilaginous tumors
revealed unique immune-cell clusters in CHS

To compare and contrast the immune characteristics of CHS
with benign cartilaginous tumors, we performed a similar analysis
for enchondroma and chondroblastoma (n = 4 of each). Enchon-
dromas, in general, were poorly infiltrated by immune cells, similar
to immunophenotypic subtype IIT CHSs. While all of the immune-
cell subtypes in enchondromas were found in CHSs, the latter had
more T cells and G-MDSCs (Fig. 2A). The comparison of CHS and
chondroblastoma revealed different immune-cell profiles (Fig. 2B).
Both tumors were infiltrated by T cells, but there were notable
differences in the proportion of various myeloid cells in the 2
tumors.

A total of 25 kinds of CD45" immune cells in the 3 cartilaginous
tumors were identified (Fig. 2C and D). In HLA-DR™ myeloid cells
(clusters 6-10 and 13; Fig. 2D), M1 macrophages (clusters 6 and
10), and M2 macrophages (cluster 8) appeared only in chondro-
blastomas (Fig. 2B, 2Ed, 2Ef, 2Eh). G-MDSCs (clusters 2-4),
however, were only seen in CHSs (Fig. 2B, Ea—c). Regarding CD8*
T-lymphocytes, the activated subtype (cluster 17) were significantly
more in chondroblastomas (Fig. 2Eo), while the majority subtype of
CD8" T cells in CHSs were exhausted phenotypes cluster 19
(Fig. 2Ep). Collectively, the “G-MDSC dominant” subtype I and
“immune exhausted” subtype II were exclusively seen in CHSs
among cartilaginous tumors.

Isocitrate dehydrogenase mutation was associated with
immune response and chemokine levels in CHS

To find out possible biomarkers for the immune subtypes of CHS,
WES was performed in the 22 CyTOF-evaluated CHS samples. The
patient demographics were listed in Supplementary Table S1. The
oncoplot of the mutation status of the frequently altered genes in 18
patients is shown in Fig. 3A. The data of 4 patients were not included in
the figure as they carried altered genes that only occurred once in the
cohort. A mutation in the isocitrate dehydrogenase (IDH) genes IDH1
and IDH2 was detected in 8 and 3 cases, respectively; IDH1/2 muta-
tions had the highest frequency (50.0%) in the series of 22 CHS cases
compared with other mutations (Fig. 3A). Reactome enrichment
analysis for the top 13 mutated genes and the network of enriched
terms in different signaling pathways showed no association
between IDH1/2 mutation and signaling pathways (Supplementary
Fig. $3).
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Since certain genetic aberrations could affect the function of
immune cells, we explored the potential association between muta-
tions and the immune-cell subgroups identified by CyTOF for the 21
CHS cases that underwent both CyTOF/multicolor flow cytometry
and WES (Supplementary Fig. $4). Cell clusters were defined as shown
in Figs. 1B-D. Strong correlations between IDH1/2 mutation and
immune-cell subpopulations were discovered. IDHI/2 mutation was
associated with a higher number of multiple immune-cell subtypes
including clusters 24-27 and 29 (Fig. 3B). Integrated evaluation also
revealed positive associations among IDH1/2 mutation, T cells, and
antigen-presenting ¢cDCs (Fig. 3C). By comparing the number of
intratumoral immune cells between CHS cases carrying mutated or
wild-type (WT) IDH1/2, significant differences were found in clusters
24-27 (T cells), cluster 29 [dendritic cells (DC)], and G-MDSCs
(Fig. 3D and E). These data indicated that IDHI/2-mutated chon-
drosarcomas had significantly more immune cells than chondrosar-
comas with wild-type IDHI1/2.

We tried to determine why tumors with mutated IDH1/2 had larger
number of intratumoral immune cells. Evaluation of chemokines
revealed a more inflamed microenvironment in IDHI/2-mutated
cases, with a significantly higher level of CXCL9 and CXCL12, which
might account for the attraction of CXCR3" and CXCR4" immune
cells in these cases (Supplementary Fig. S5). We also tried to find some
clues from the function of mutated IDH1/2. Gain-of-function IDHI/2
mutation has been reported to induce the accumulation of an onco-
metabolite, D-2-HG, which drives malignant transformation via
epigenetic mechanisms (23-25). We evaluated the level of tumor
D-2-HG in CHS using an enzymatic method and found high D-2-HG
concentrations exclusively in IDHI1/2-mutated cases (Fig. 3F). We
further evaluated the association of the D-2-HG level with immune-
cell subgroups identified by CyTOF. The number of CD8"* T cells,
including both clusters 26 and 27, was not directly associated with the
level of D-2-HG (Fig. 3G). However, cDCs, which play vital roles in
antigen presentation for immune recognition, were positively corre-
lated with the level of D-2-HG (Fig. 3H). In addition, a positive
correlation between D-2-HG concentration and chemokine CXCL12
level was also revealed (Fig. 3I).

Biomarkers from genetic events and clinical features were
established to identify CHS immune phenotypes

Clinical features of cases were also collected to see if any of them
could help predict the immune status of CHS. Three characteristics,
tumor grade, peritumoral edema in MRI, and myxoid transformation,
were statistically associated with higher immune-cell infiltration
(Fig. 4A and B).

High-grade (WHO grade II and IIT) tumors were associated with a
larger number of intratumoral T cells and cDCs compared with low-
grade (WHO grade I) tumors (Fig. 4A and B). High-grade CHS had
significantly more multiple immune-cell subtypes, especially CD8* T
cells and cDCs (Fig. 4C and D). Similar results were revealed when
radiological events were included. In cases with extensive peritumoral
edema by MRI evaluation, there were a significantly larger number of
CD8™ T cells (clusters 26 and 27), CD4 ™ T cells (cluster 25), and cDCs
(cluster 29; Fig. 4E and F).

Focal myxoid change is not rare in CHS, but what this signifies is
unclear. The solid part and myxoid part of a tumor could be quite
different in histological examination (Supplementary Fig. S6A).
CyTOF revealed that there were barely any immune cells in the
myxoid part except for a minor group of myeloid cells, while T cells
and most of the other myeloid cells were exclusively located in the solid
part of the tumor (Supplementary Fig. S6B and S6C). We further
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Figure 2.

Comparison of intratumoral immune cells among chondrosarcoma, enchondroma, and chondroblastoma. A, t-SNE map showing identified immune-cell subgroups in
21 cases of CHS and 4 cases of enchondromas. The number of intratumoral CD45" immune cells in enchondromas was very small compared with chondrosarcoma.
B, t-SNE map displaying immune-cell phenotypes in CHS and 4 cases of chondroblastomas. Macrophages were almost exclusively seen in chondroblastomas. C and
D, Normalized expression of markers for 25 identified immune-cell subgroups from 3 kinds of cartilaginous neoplasms. E, Comparison of clusters among the 3 types
of cartilaginous tumors by Bonferroni multiple comparison test. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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Figure 3.

Genetic mutation atlas of CHS and its association with immune cells. t-SNE plots from Fig. 1A were referenced by the data in this figure. A, Oncoplot of mutation status
of frequently altered genes in 18 of 22 CHS specimens available for WES. The bar chart on the top indicated the total mutation count per patient; the bar chart to the
right indicated the total mutation count per gene. Blue, red, green, and yellow squares represent deletion, amplification, SNV, and rearrangement, respectively. B and
C, Pearson correlation evaluation for associations between genetic mutations and immune-cell subgroups. Red figures indicated positive correlation, while blue
figures represented negative correlation. Numbers indicated correlation coefficient. D and E, Comparisons of immune-cell proportions between /DH1/2 mutated and
WT cases. Immune-cell subgroups were identified by CyTOF (D) and multicolor flow cytometry (E). Wilcoxon signed rank test was used to evaluate potential
statistical significance between groups. F, Comparison of D-2-HG concentration in /DHI/2 wildtype (wt) or mutated (mut) CHS tissues. Student ¢ test was utilized to
evaluate the statistical difference. G-I, The correlations between the concentration of D-2-HG and immune-cell proportions or CXCL12 were examined by
linear regression. R? was calculated by goodness of fit measurement. P < 0.05 was determined as significantly correlated. Dotted lines indicated 95% confidence
interval (Cl) of the best-fit line. *, P < 0.05; **, P < 0.01; ***, P < 0.001. ns, no statistical significance.
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compared the immune status of the solid parts of myxoid-transformed
tumors with myxoid-free cases (Fig. 4G and H). A substantial number
of HLA-DR™ CD14  myeloid cells (clusters 7-9), identified as
G-MDSCs, were seen in the 3 cases with myxoid transformation but
rarely elsewhere.

Given the preliminary finding that tumor grade, peritumoral ede-
ma, and myxoid change may predict immune status in a small CHS
cohort, we asked whether these three factors might correctly predict
the immune status for a larger cohort. We therefore performed
additional multicolor cytometry on 77 CHS cases and assessed whether
the three clinical factors correlated with immune-cell infiltration. As
shown in Fig. 4I-L, cases with higher grade, peritumoral edema, or
myxoid transformation had more T cells and PD-1" TIM-3" T, cells.
We divided the 98-case cohort into 8 groups according to their clinical
features, and discovered that cases with all three features had the largest
number of intratumoral immune cells (Fig. 4L).

A representative clinical case was shown in Fig. 5A. Case number
CHS91 was diagnosed with Ollier’s disease and suffered from IDH2-
mutated CHS with two parts. The acetabular part was identified as
WHO grade II (high-grade) CHS with extensive peritumoral edema,
while the femoral part was WHO grade I (low-grade) CHS without
myxoid transformation or edema (Fig. 5A). Evaluation by IHC
(Fig. 5Ac-j) and flow cytometry (Fig. 5B) in both parts indicated
that even in the same individual, the high-grade tumor with edema had
over 10-fold the number of intratumoral immune cells.

We matched the three immune subtypes of CHS cases (Fig. 1F) to
the three clinical features above and genetic events (Fig. 5C). In
general, all of the immune-cell-infiltrated subtype cases (subtypes I
and II) were high-grade tumors. Extensive peritumoral edema was
exclusively seen in immune-reactive individuals. The subtype I
G-MDSC-dominant cases was featured by myxoid transformation.
In addition, in myxoid-free cases, IDH mutation together with edema
in high-grade cases indicated possibility of immune-exhausted micro-
environment (subtype II). A flow chart to help determine the immune
subtypes of CHS based on genetic events and clinical features was
shown (Fig. 5D).

Disease control by PD-1 immunotherapy was revealed
exclusively in patients with subtype Il

To investigate if the immune classification system can help predict
response to immunotherapy in patients, we reviewed the medical
records of patients with CHS receiving PD-1 immunotherapy in our
institutions. Twelve patients suffering from unresectable CHS had
received PD-1 antibody-based immunotherapy (Fig. 6A). As there was
no standard systemic therapy for inoperable CHS, off-label use of anti-
PD-1 antibody with sufficient informed consent was administrated
according to the results of recent clinical studies (26, 27). After a
thorough collection of pathologic, radiological, and genomic infor-

Immune Classification of Conventional Chondrosarcoma

mation, the immune subtypes of the included patients were deter-
mined according to the flow chart in Fig. 5D. There were 1, 4, and 7
cases in subtype I, subtype II, and subtype III, respectively. All of the
enrolled individuals were PD-L1 negative and not MSI-high (MSI-H)/
deficient mismatch repair (IMMR). As the diseases were refractory,
off-label administration of PD-1 antibodies were performed with
informed consents. The patients received at least 4 cycles of PD-1
antibody (pembrolizumab or sintilimab) at 200 mg, for 3 weeks, and
underwent at least one response evaluation (Fig. 6B).

At the time of cut-off, disease control after immunotherapy was
observed in 3 cases. Among them, 1 patient achieved a partial response
(Fig. 6D), 1 patient had a pseudo-progression with consequent tumor
regression (Fig. 6C), and 1 patient had stable disease (Fig. 6B). In case
5# with partial response, the lung metastases were almost eradicated,
and the primary tumor in the femur also dramatically regressed at the
first but also the latest follow-up (Fig. 6D). Generalized maculopapular
erythema was developed 3 weeks after the first administration of
pembrolizumab in case 5#. No significant adverse events were reported
in the other patients.

Collectively, all of the 3 cases with controlled disease were subtype II
“immune exhausted” cases, while tumor control was observed in none
of the subtype I or III cases (P = 0.018, Fisher exact test)

Anti-PD-1-based immunotherapy delayed the progression of
immune-resistant tumor with transduced mutated IDH in mice

The unavailability of mouse CHS cell line made it impossible to
evaluate anti-PD-1-based immunotherapy in mouse models. We used
2 mouse cancer-cell lines Hepa 1-6 and AE17 to establish homogenous
model in immune-competent mice. Hepa 1-6 was mouse liver car-
cinoma with strong immune-cell infiltration, while AE17 was mouse
mesothelioma with few intratumoral immune cells. These 2 cell lines
were then transfected with normal or mutated human IDHI. In
immune-reactive Hepa 1-6-bearing mice, albeit no statistical differ-
ence, a trend in decreased number of CD8 " T cells but elevated number
of CD11c" cells was revealed (Supplementary Fig. S7A). In addition, a
significant elevation of CXCL12 concentration in the tumor tissue was
illustrated (Supplementary Fig. S7B). In therapeutic assays, we used
sorted tumor-infiltrated CD11c" cells because DCs were frequent in
high-grade CHSs. However, treatment by either tumor-infiltrated DC
infusion or PD-1 antibody did not delay tumor progression (Supple-
mentary Fig. S7C) or prolong mouse survival (Supplementary
Fig. S7D) in mice with WT or mutated IDH Hepa 1-6 tumors
(Supplementary Fig. S7E and S7F).

In mice bearing immune-tolerate AE17 mesothelioma, however,
there were significantly higher levels of intratumoral T cells, DCs, and
chemokines when IDHI was mutated (Fig. 7A and B). Although
treatment did not reveal benefit in mice with WT IDH1 tumor (Fig. 7C
and D), delayed tumor progression by PD-1-based therapy was

Figure 4.

The correlations between clinical features and immune cells. t-SNE plots from Fig. 1B were referenced by the data in this figure. A and B, Pearson correlation assays for
associations between clinical features and immune-cell subgroups. Figures in red background indicated positive correlation, while figures in purple background
represented negative correlation. Figures in brackets were P values. C and D, Comparisons of immune-cell proportions between high-grade and low-grade cases.
Immune-cell subgroups were identified by CyTOF (C) and multicolor flow cytometry (D). Wilcoxon signed rank test was used to evaluate potential statistical
difference between 2 groups. E and F, Comparisons of immune-cell proportions between cases with or without peritumoral edema. Wilcoxon signed rank test was
used to evaluate potential statistical difference between 2 groups. G and H, Comparisons of immune-cell proportions between cases with or without myxoid change.
High proportion of G-MDSCs were only found in myxoid-transformed cases. Wilcoxon signed rank test was utilized to assess potential statistical significance between
groups. I-K, Comparison of CD3™ T cells, CD8™ T cells, and T, cells between groups divided by tumor grade (l), peritumoral edema (J), and myxoid status (K). Tex
cells were defined as PD-1" TIM-3" T cells in multicolor flow cytometry from 77 cases. The Student ¢ test was used to compare the means of the groups. L, CHS cases
were divided into 8 groups according to tumor grade, peritumoral edema, and myxoid status. Comparison of immune-cell proportions between groups was
accomplished by one-way ANOVA with Holm-Sidak multiple comparisons test. E, edema condition; G, tumor grade; M, myxoid status; +, positive or high tumor
grade; -, negative or low tumor grade. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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“G-MDSC dominant”

Biomarkers from genetic events and clinical features were integrated to help immune classification of CHS. A and B, A CHS case with 2 distinct parts of the tumor, one
in the pelvis and one in the femur. The green area was high-grade tumor with significant peritumoral edema, while the red area was low-grade tumor without
peritumoral edema or myxoid change (A). Pathologic examination showing the cell morphology by H&E staining and immune-cell distribution by IHC. CD69 was used
as activation marker. Red arrow indicates positive cells. The number of intratumoral immune cells were quantified by flow cytometry (B). C, Biomarkers were
integrated to show their potential associations with the immune subtypes of tumor. D, Flow chart to help determine the immune subtypes of CHS.

demonstrated in mice with IDHI®** tumors (Fig. 7E and F). The
medium survival was 34.5 days in control group, while it was 38 days in
PD-1 solely-treated group and 45 days in combination treatment.
CXCL12 was then knocked down by short hairpin RNA (shRNA) to
investigate whether it played an important role in mutated IDH-
mediated immune response. As was shown in Fig. 7A and G, CXCL12
knockdown weakened the effects of IDH mutation in increasing
intratumoral immune cells. In addition, the elevation of levels of T-
cell chemotactic chemokines CXCL9 and CXCL10 was also impaired
(Fig. 7B and H). Neither PD-1 therapy nor combination treatment
with PD-1 antibody and TIDC prolonged mouse survival in CXCL12
knockdown models (Fig. 7I).

6552 Clin Cancer Res; 27(23) December 1, 2021

IDH mutation-induced immune response was CXCL12
dependent in immune-tolerant tumor in vivo

As indicated above, CXCL12 level was associated with IDH muta-
tion status in patients with CHS (Fig. 3I; Supplementary Fig. S5) and
AE17 tumor-bearing mice (Fig. 7). To further investigate the role
CXCL12 played in IDH mutation-induced immune response, an
adoptive immunotherapy mouse model using ovalbumin (OVA) viral
vector and OVA-specific OT-I T cells was established. AE17-OVA
RIDHI®'32C cells were used for in vivo assays.

In cyclophosphamide and fludarabine-pretreated AE17-OVA
RIDHI®?*C tumor-bearing mice, transfused OVA-specific OT-I
T cells homed to the tumor area, which could be significantly impaired
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Figure 6.

Three conventional CHS cases benefited from immunotherapy. A, Clinical response and outcome of 12 included cases after PD-1 antibody immunotherapy. ab,
antibody; PD, progressive disease; PR, partial response; SD, stable disease. B, Spider plot of changes in the sum of unidimensional tumor measurements over time. C
and D, Therapeutic information and images of 2 of the cases benefited. Red arrows and blue arrows in D indicate massive peritumoral edema and lung metastases,
respectively. C, *, The tumor became refractory after recurrence. The cervical part of tumor was debulked. Clinical trial was suggested but the patient denied. 1, The
patient received radiotherapy elsewhere, but the detailed information was unclear. The tumor continued progressing afterward. i, Although the tumor volume
increased and was regarded as PD, it was finally considered to be pseudo-progression. ¥, Although PD-1inhibition was not recommended from physician’s advice, the
patient insisted on continuing anti-PD-1 therapy as a compassionate treatment. NGS, next-generation sequencing; TB, tuberculosis.
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Figure 7.

IDH mutation in immune inactive tumor elevated chemokine levels and facilitated response to PD-1 immunotherapy. A and B, Knock-in of hIDHIR™®?¢ in AE17
mesothelioma cells significantly elevate the level of CD8™ T cells, DCs (A), and chemokines (B) in vivo. C=F, Immunotherapy by PD-1antibody or sorted TIDCs showed
minimal effects in delaying the progression of tumor with WT IDH (C, D). However, in tumors with mutated IDH, PD-1-based treatment suppressed tumor proliferation
and prolonged mouse survival (E, F). G-I, Knockdown of CXCL12 by shRNA impaired the effects of mutated IDH1in immune-cell number (G) and chemokine levels (H).
The antitumor effect of immunotherapy was also significantly weakened when CXCL12 was knocked down (I). KD, knockdown. One-way ANOVA with Bonferroni
multiple comparison test was used for column data analyses. Two-way ANOVA was employed to evaluate tumor-signal progression. Data were presented as mean +
SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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Figure 8.

Immune response mediated by IDH mutation was chemokine dependent. A, Transduction of hIDHIX'*2¢ and ovalbumin in AE17 cells established optimal targets for
tumor-specific OT-I T cells. Adoptively transfused OT-I T cells infiltrated to the tumor, but blockade of CXCL12 or CXCL9/10 chemokine pathway could significantly
impair these procedures. B and C, Tumor tissue ELISA assay indicated that homed tumor-specific OT-I T cells secreted substantial amounts of antitumor cytokines
including IL6 (B) and IFNy (C) in a CXCL12-dependent manner. D, Adoptive therapy with tumor-specific cells in IDH-mutated tumor significantly prolonged mouse
survival, while blockade of CXCL12 or CXCL9/10 chemokine pathway partly abrogated the effects. E, Proposed mechanical model for /DH mutation-induced immune
response. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

by CXCL12-CXCR4 axis blockade via antagonist AMD3100 (Fig. 8A).  revealed significantly higher levels of IL6 (Fig. 8B) and IFNY (Fig. 8C)
Inhibition of CXCL9/10-CXCR3 axis also restricted OT-I T-cell in OT-I immunotherapy mice, while they were lower in CXCL12-
homing. Quantitative evaluation of tumor inflammatory cytokines  inhibited mice. Furthermore, adoptive-cell immunotherapy using
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OVA-specific OT-I cells significantly prolonged mouse survival
in vivo, but the administration of CXCL12 antagonist partly abrogated
the antitumor effects (Fig. 8D).

The proposed model was shown in Fig. 8E. The mutated IDH
induces an epigenetic oncometabolite D-2-HG, driving malignant
transformation. However, IDH mutation and D-2-HG level are asso-
ciated with higher level of CXCL12 and larger number of ¢<DCs. cDCs
home to the tumor site driven by CXCL12, and secrete CXCL9/10.
Consequently, CXCR3* or CXCR4™ CD8™ T cells were homed to the
tumor following the gradient of CXCL9/10/12. The inflammatory
cytokines secreted by CD8" T cells cause local inflammation, which
can be shown in MRI as peritumoral edema.

Discussion

The therapeutic strategy for CHS has remained unchanged for
decades. For patients with resectable disease, wide surgical excision is
the treatment of choice. Inoperable conventional CHS is fatal because
of its resistance to radiotherapy and chemotherapy. However, recent
case reports involving PD-1 antibody treatment for metastatic con-
ventional CHS reported a near complete response and tumor regres-
sion, highlighting the role that immunotherapy might play against this
refractory malignancy (26, 27). A comprehensive immunologic eval-
uation of the disease seems warranted in order to identify potential
candidates for treatment and consequently develop immunothera-
peutic regimens for specific profiles.

In this study, based on single-cell mass cytometry, we developed an
immune-cell atlas of conventional CHS, dividing the cases into three
distinct immune subtypes. The subtype I “G-MDSC dominant” and
subtype II “immune exhausted” cases had high immune-cell infiltra-
tion, while the former was characteristic of dramatically large number
of G-MDSCs in the tumor microenvironment, indicating an immune-
suppressive environment mediated by G-MDSCs. This subtype was
exclusively seen in samples with focal myxoid transformation. In
subtype II, T cells and conventional DCs were more frequent. Among
the identified cytotoxic T cells, most of the CD8™ cells were exhausted
type Te, cells, expressing high levels of CD39, TIM-3, and PD-
1 (19, 28). CD11c"° CD68" macrophages were rarely seen in CHSs.
These data indicated that CHS was immunologically different from
osteosarcoma and chondroblastoma (29, 30). CHS appeared to be a
tumor with few tumor-associated macrophages (TAM), and immu-
notherapies targeting TAMs might not be the best strategy for this
tumor (17). However, the high frequency of cDCs implied that the
immune cells were theoretically competent for antigen presenting.
Thus, therapeutics targeting exhausted T cells, such as immune
checkpoint inhibitors (ICI), may be promising for this tumor, espe-
cially subtype II. Our experience in applying PD-1 antibody for
patients with subtype II revealed objective response. Further clinical
trials are urgently warranted.

In the biomarker study, an association of IDHI/2 mutation with
leukocyte infiltration was established. Although IDH mutation seemed
to have the potential to impair immune response in immune-reactive
tumor Hepa 1-6, which was consistent to previous reports (31, 32), this
mutation in immune-inactive tumor AE17 reinforced immune attack.
Of note, a notable finding in our study was that most of the CHSs with
WT IDH1/2 had a total “immune desert” status, instead of an inflamed
environment. In addition, although the number of CD8" T cells was
not directly associated with the concentration of D-2-HG, we did find a
positive correlation between D-2-HG concentration and ¢cDCs. The
high rate of IDH1/2 mutation in CHSs has been reported previous-
ly (33, 34). Interestingly, the only detailed reported conventional CHS
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case that exhibited a near complete response after using PD-1 antibody
also harbored a mutation in IDH and pathologic high grade (27). We
provided evidence herein that the mutation of IDH created a favorable
microenvironment for immune response by elevating the levels of
chemotactic chemokines for immune-cell homing.

It is widely accepted that certain genetic events can affect che-
mokine levels. For instance, PBRM1I, a frequently mutated gene in
renal cell carcinoma, is an important marker of ICI response (35, 36).
Mechanism study revealed that PBRMI-mutated tumor secreted
substantially larger amounts of chemokines, including CXCL9,
CXCL10, and CCL5—key chemokines for recruitment of effector
T cells (37, 38). In our study, we provided the evidence from both
clinical samples and animal studies that in immune-inactive tumors,
IDH mutation significantly elevated chemokine levels including
CXCL12, CXCL9, and CXCL10, which were critical for immune
response. IDH mutation is a potential marker for response to
immunotherapy in CHS. Additionally, we provided evidence on
the radiological and pathologic features of T-cell-infiltrated CHSs,
which may help identify immunotherapy candidates in addition to
IDH status.

As far as the authors’ knowledge, this is the first report on the
identification and quantification of multiple intratumoral immune-
cell subtypes in CHS. Unlike renal cell cancer and lung cancer (39, 40),
primary bone sarcomas are much more rare neoplasms, which severely
hamper fresh tissue-based studies. Recent osteoimmunology discov-
eries have demonstrated the affect of bone cells on immune regulation,
implying that bone tumors may have unique immune-cell subtypes
and microenvironments. Examples include multinucleated osteoclast-
like giant cells in giant cell tumors and osteosarcomas, and CXCL12-
dependent chemotaxis in these 2 tumors (16, 41-43). Similarly, our
study also emphasized the role CXCL12 played in the immune
response in CHS. Inhibition of CXCL12-mediated pathway signifi-
cantly impaired the immune-cell homing in vivo. CXCL12 is capable
of recruiting multiple CXCR4" immune cells including DCs and
T cells (16). Further study on CXCL12 may unveil the multifaced
role it plays in sarcomas.

There are still some limitations to our study. Although we
illustrated the immune-cell atlas of CHS by CyTOF, the chosen
markers may limit the identification of some unknown immune-cell
phenotypes. Further, we recruited 98 cases of fresh tumor tissues, but
we were not able to perform multi-omics study in all of the samples.
Only 22 cases were comprehensively analyzed, which may have
reduced the reliability of our conclusion. Additionally, we proposed
our immunologic classification of CHS contained information for
clinical decision making, and provided our clinical practice to
further prove this system. However, the cohort size was still rela-
tively small. The categorizing system involving MRI image reading
of peritumoral edema may be less objective. Although peritumoral
soft-tissue edema was used to help differentiate CHS from enchon-
droma in clinical practice (44-47), clinical features as a means of
categorizing were still less precise. Finally, in the current study, we
have not fully interpreted the mechanism how IDH mutation
affected chemokine levels. We only provided the data of statistical
associations and the evidence that chemokine concentrations ele-
vated by IDH mutation were critical for immune response. The use
of non-CHS mouse cell line was not an optimal way to investigate
IDH mutation in CHS. In solid tumors, IDH mutation can be
frequent among glioma, cholangiocarcinoma, and CHS. While IDH
mutation was reported to impair immune response in glioma (31, 32),
its role in cholangiocarcinoma and CHS was elusive. The lack of
homogenous murine-cell line for cholangiocarcinoma or CHS may
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have restricted the mechanism study in these two deadly diseases.
Our data in 2 mouse cell lines revealed different results, indicating
that IDH mutation played multifaceted roles in immune response in
varied tumors. The establishment of homogenous cartilaginous
tumor-cell line for animal study in the future should help clarify
the mechanism underlying how IDH mutation affects immune
response in CHS.

In conclusion, we provide a comprehensive and integrated immune
profile of conventional CHS based on evaluation by CyTOF, multi-
color cytometry, WES, radiology, and pathology. The novel immu-
nophenotypic classification can be recapitulated simply by testing the
mutation status of IDH and conventional clinical evaluation. This
classification may be used to predict the immune status and the
response to immunotherapy of CHS in the future. IDH mutation may
be the vital role in mediating immune response in CHS by facilitating
DC homing through the interaction with CXCLI12. This study repre-
sents a first step to unlocking the immune environment of CHS, and
the results could aid the development of immunotherapies against this
disease which has heretofore defied successful medical treatment. The
immune-cell profile illustrated herein also provides a valuable resource
to further study immune-cell subgroups in other sarcomas and
malignancies.
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