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ABSTRACT
Combining immunogenic cell death-inducing chemotherapies and PD-1 blockade can generate remark
able tumor responses. It is now well established that TGF-β1 signaling is a major component of treatment 
resistance and contributes to the cancer-related immunosuppressive microenvironment. However, 
whether TGF-β1 remains an obstacle to immune checkpoint inhibitor efficacy when immunotherapy is 
combined with chemotherapy is still to be determined. Several syngeneic murine models were used to 
investigate the role of TGF-β1 neutralization on the combinations of immunogenic chemotherapy 
(FOLFOX: 5-fluorouracil and oxaliplatin) and anti-PD-1. Cancer-associated fibroblasts (CAF) and immune 
cells were isolated from CT26 and PancOH7 tumor-bearing mice treated with FOLFOX, anti-PD-1 ± anti- 
TGF-β1 for bulk and single cell RNA sequencing and characterization. We showed that TGF-β1 neutraliza
tion promotes the therapeutic efficacy of FOLFOX and anti-PD-1 combination and induces the recruitment 
of antigen-specific CD8+ T cells into the tumor. TGF-β1 neutralization is required in addition to chemo- 
immunotherapy to promote inflammatory CAF infiltration, a chemokine production switch in CAF leading 
to decreased CXCL14 and increased CXCL9/10 production and subsequent antigen-specific T cell recruit
ment. The immune-suppressive effect of TGF-β1 involves an epigenetic mechanism with chromatin 
remodeling of CXCL9 and CXCL10 promoters within CAF DNA in a G9a and EZH2-dependent fashion. 
Our results strengthen the role of TGF-β1 in the organization of a tumor microenvironment enriched in 
myofibroblasts where chromatin remodeling prevents CXCL9/10 production and limits the efficacy of 
chemo-immunotherapy.
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Introduction

Combining immunogenic cell death (ICD)-inducing che
motherapies with inhibitory immune checkpoint blockade is 
a promising therapeutic approach developed in several malig
nancies. If a growing number of patients will be treated by 
chemo-immunotherapy in a near future, the cellular and mole
cular determinants limiting the efficacy of this combination 
need to be fully explored. Transforming growth factor-β1 
(TGF-β1) contributes to avoiding tumor infiltration by T cells 
and decreases the efficacy of anti-programmed cell death 
(ligand) 1 (PD-1/L1) treatments.1–3 However, TGF-β1 and PD- 
L1 dual blockade provide moderate clinical efficacy in early 
clinical research.4,5 In cancer models with low tumor infiltra
tion and barely sensitive to immunotherapy, immune check
point inhibitors (ICI) efficacy may be enhanced by the 
potential immunogenic effects of cytotoxic chemotherapy.6–9 

The implication of TGF-β1 in the resistance mechanisms limit
ing the activity of chemo-immunotherapy remains to be fully 
investigated.

Several molecular classifications of colorectal cancers (CRC) 
have consistently shown that TGF-β1 transcriptional activity 
and infiltration by cancer-associated fibroblasts (CAF) coop
erate to dictate poor clinical outcomes.10,11 Pan-cancer ana
lyses also established the presence of a TGF-β1-associated 
stromal signature correlated with immunotherapy failure and 
independent of tumor types.12 Bulk RNA-sequencing (RNA- 
seq) analyses contributed to deciphering molecular pathways 
involved in TGF-β1 mediated immunosuppression. 
A signature related to TGF-β1 and stroma expression was 
associated with CD8+ T cell exclusion and the lack of response 
in urothelial cancer patients treated with ICI targeting PD-L1.1

CAF constitute a heterogeneous tumor microenvironment 
(TME) cell type consisting of various subpopulations, includ
ing myofibroblastic CAF (myCAF) and a population of CAF 
secreting inflammatory cytokines such as IL-6 (iCAF).13 

myCAF differentiate in the presence of TGF-β1 and are char
acterized by αSMA expression.13–17 While myCAF and iCAF 
coexist as two reversible subtypes, both CAF subsets exert 
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tumor-promoting and tumor-restraining functions.13,18 

Production of Th1-type chemokines (CXCL9 and CXCL10) 
determines effector T cell tumor infiltration, in response to 
interferon-γ (IFNγ) induced by ICI.19 It has been previously 
described that TGF-β1 neutralization combined with anti-PD 
-1 immunotherapy correlates in vivo with the presence of 
a subset of CAF an optimal biological level of IFN response.20 

The role of TGF-β1 in remodeling CAF subsets and functions 
has not been investigated when ICD-inducing chemotherapy is 
combined with immunotherapy.

Here, we conducted a research program, using several syn
geneic murine models of colon and pancreatic cancers, to 
explore how TGF-β1 modulates chemokine production within 
CAF subpopulations during chemo-immunotherapy. We first 
demonstrated that TGF-β1 represses tumor-reactive CD8+ cell 
infiltration and CXCL9/10 expression in CAF. Using single-cell 
RNA-seq (scRNA-seq), we revealed that TGF-β1 controls the 
diversity of CAF subsets during chemo-immunotherapy. TGF- 
β1 signaling restrains tumor infiltration by iCAF while pro
moting the presence of the myCAF subset. TGF-β1 mediated 
chromatin remodeling prevents CXCL9/CXCL10 expression 
by fibroblasts in a G9a and EZH2-dependent fashion.

Materials and methods

Cell lines

CT26 colon cancer cells, 4T1 mammary breast cancer cells, and 
NIH/3T3 fibroblasts were purchased from ATCC (CRL-2638, 
CRL-2539, and CRL-1658, respectively; ATCC American Type 
Culture Collection, Manassas, VA). MC-38 colon cancer cells 
were purchased from Kerafast (ENH204-FP). PancOH7 pan
creatic cancer cells were kindly provided by Pr. Panigrahy 
D. (Beth Israel Deaconess Medical Center, Boston, USA). 
CT26 and 4T1 cell lines were cultured in Roswell Park 
Memorial Institute medium (RPMI 1640) supplemented with 
10% heat inactivated fetal calf serum and 1% of penicillin- 
streptomycin (Gibco). NIH/3T3, PancOH7, and MC-38 cell 
lines were cultured in Dulbecco’s Modified Eagle Medium 
(DMEM; Gibco) supplemented with 10% heat inactivated 
fetal calf serum and 1% of penicillin-streptomycin (Gibco). 
All cell lines were routinely tested for Mycoplasma by PCR 
assays.

Generation of mice tumor models

Female C57BL/6JRj and BALB/cByJRj mice were purchased 
from Center d’élevage Janvier (Le Genest St Isle, France). For 
in vivo animal studies, mice were 6–8 weeks old. All experi
mental studies were approved by the local ethics committee 
following the European Union’s Directive 2010/63. Only ani
mals that appeared to be healthy and free of obvious abnorm
alities were used for studies. Mice were inoculated 
subcutaneously in the right flank with 2.105 CT26, 5.105 

PancOH7, 2.105 MC-38, or 2.105 4T1 cells in 100 μl of 
phosphate-buffered saline (PBS, Gibco). Tumor growth was 
monitored twice a week with a caliper. Mice were randomized 
and treated in five groups when tumor size reached 50– 
60 mm3.

C57BL/6J FAP−/− mice (Stock No: 024288 B6;129P2- 
Faptm2Schn/J) were obtained from Jackson Laboratory, USA. 
BALB/cByJ FAP−/− were generated by crossing C57BL/6J 
FAP−/− with BALB/cByJ wild-type mice for more than eight 
generations. The genotype of BALB/c FAP−/− mice generated 
was validated by PCR assays.

37–44 days after tumor implantation or when tumors 
exceeded 1500 mm3 (due to ethical reasons), mice were eutha
nized. Survival curves were plotted, and tumors were collected 
for either flow cytometry analysis, enzyme-linked immunosor
bent assay (ELISA), RT-qPCR, bulk or single-cell RNA-seq.

Treatments

All chemotherapy procedures were conducted in the 
Department of Pharmacy, University Hospital of Besançon 
(France). FOLFOX regimen was administered with an intra
peritoneal (IP) single dose of 5-fluorouracil (50 mg/kg) and 
oxaliplatin (6 mg/kg). The control group received the solvent 
used to dilute the drug and the appropriate isotype antibodies 
anti-rat IgG2a (2A3, Euromedex) and anti-mouse IgG1 
(MOPC-21, Euromedex). Anti-PD-1 (RMP1-14, Euromedex) 
and anti-TGF-β1 (1D11, Euromedex) mouse antibodies IP 
injections were started concomitantly with the chemotherapy 
treatment: 200 µg per mouse twice a week for two weeks.

Tumor re-challenge, Treg and T cell depletion experiments

For tumor re-challenge experiments, naïve and tumor-free 
mice were inoculated subcutaneously with 2.105 4T1 cells in 
the left flank and with 2.105 CT26 cells in the right flank. 
FOXP3-DTR-GFP mice were injected subcutaneously with 
5.105 PancOH7 cells in 100 μl of PBS. Mice were randomized 
and treated in four groups when tumor size reached 50– 
60 mm3. For Treg depletion, diphtheria toxin (DT; Sigma- 
Aldrich, France) was administered with an IP dose at 50 µg/ 
kg, diluted in PBS, per week for two weeks. The first injection 
of DT was performed one day before all other treatments, when 
the tumor size of mice reached 50–60 mm3. For CD8+ T cells 
depletion experiments, an anti-CD8 antibody (YTS 169.4, 
Euromedex) was administered IP once at 500 µg per mouse.

Tumor digestion and cell isolation

For the preparation of cell suspensions, subcutaneous tumors 
were collected and finely minced with sterile scissors. Tumor 
fragments were enzymatically and mechanically digested using 
Tumor dissociation kit mouse (Miltenyi) with gentleMACS 
dissociator for 45 minutes at 37°C. Following tumor digestion, 
cells were passed through a 70-μm nylon cell strainer and 
resuspended in flow cytometry buffer (PBS, 2% FBS with 
2 mM EDTA). Cells were separated using magnetic microbeads 
for immune cells (CD45 MicroBeads, Miltenyi) CD4+ T cells 
(CD4 MicroBeads mouse, Miltenyi), macrophages (CD11b 
MicroBeads mouse, Miltenyi), endothelial cells (CD31 
MicroBeads mouse, Miltenyi), and fibroblasts (Tumor 
Associated Fibroblast Isolation kit mouse, Miltenyi) popula
tions. The quality of magnetic cell sorting was evaluated by 
FACS with fluorophore-conjugated antibodies purchased from 
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Sony Biotechnology (UK): CD45 (30-F11), CD4 (GK1.5), 
CD8a (53–6.7), CD11b (M1/70), CD31 (390), CD90.2 (30- 
H12).

Cell culture and epigenetic treatment

Fibroblasts were isolated from the skin derived from ears of 
C57BL/6JRj naïve mice after digestion by collagenase P for 
60 minutes at 37°C. After tissue digestion, cells were filtered 
and cultured in a petri dish in DMEM with FBS 10%. For TGF- 
β1 treatment, fibroblasts were incubated with 10 ng/mL TGF- 
β1 (Peprotech) for 48 hours before treatment with 20 ng/mL 
IFNγ (Peprotech) for 24 hours. Fibroblasts were pretreated 
with 5 µM EZH2 inhibitor (GSK343; Sigma Aldrich), 0.5 µM 
G9a inhibitor (UNC0638; Sigma Aldrich), or 5 µM JMJD3/ 
KDM6B and UTX/KDM6A inhibitor (GSKJ4; Sigma Aldrich) 
for three days before TGF-β1 treatment with or without resti
mulation by IFNγ. Fibroblasts were used between passages 3–6 
for all experiments: ELISA, RT-qPCR, chromatin immune- 
precipitation (ChIP), and bulk RNA-seq.

Small interfering RNA (siRNA) transfection

Naive fibroblasts were transfected with siRNA against mouse 
EZH2 (5’-CAGACGAGCTGATGAAGTAAA-3’) or mouse 
G9a (5’-CACCATGAACATCGACCGCAA-3’) (Genecust) 
using TransIT-X2 Transfection Reagent (Mirus) according to 
the manufacturer’s instructions. After 72 hours of transfection, 
cells were exposed to TGF-β1 treatment (10 ng/mL for 
48 hours) with or without restimulation by IFN-γ (20 ng/mL 
for 24 hours).

Chromatin immunoprecipitation (ChIP)

Chromatin was prepared with the truChIP™ Chromatin Shearing 
Kit (Covaris) according to the manufacturer’s instructions. Each 
sample was sonicated for 15 min using Covaris E220 sonicator. 
ChIP were performed using the IP-Star Compact Automated 
System (Diagenode). One µg of isolated chromatin was immuno
precipitated with 1.6 µg of anti-Histone H3 lysine 9 trimethylation 
(H3K9me3) (ab8898, Abcam), 1.6 µg of anti-H3K9/K14ac 
(C15410200, Diagenode), 1.6 µg of anti-H3K27me3 (C15410069, 
Diagenode) or 1.6 µg of IgG (PP64B, Millipore) in dilution buffer 
(0.01% SDS; 1.1% Triton X 100; 2 mM EDTA; 16.7 mM Tris-Cl 
pH 8.0; 167 mM NaCl; 1× protease inhibitor cocktail, Sigma 
Aldrich). The DNA/protein complexes were washed two times 
in IP Wash buffer 1 (20 mM Tris-HCl pH 8.0; 0.1% SDS; 1% 
Triton X-100; 2 mM EDTA; 150 mM NaCl) and two times in IP 
Wash buffer 2 (20 mM Tris-HCl pH8; 0.1% SDS; 1% Triton 
X-100; 2 mM EDTA, 450 mM NaCl). After reversal of cross
linking, the immunoprecipitated DNA was purified using 
Chromatin IP DNA Purification kit (Active Motif) and analyzed 
employing RT-qPCR with the SYBR-Green Takara (Ozyme) and 
step one plus applied Real-Time PCR system. For CXCL9 and 
CXCL10 promoters amplification, the following primers were 
used: CXCL9 forward (5′-TGGAAAAGGTAGCAGGGAAC 
−3′), reverse (5’-CGACTCAAACTGCCTTTCCT−3′), and 
CXCL10 forward (5’-GGCTAAATTTGGCGTGTGAT−3′), 
reverse (5′-TGCAGTGCCTTGCAGAATAA−3′). PCR was 

performed with initial denaturation of 10 minutes at 95°C, fol
lowed by 45 cycles of 10 seconds at 95°C, 30 seconds at 60°C, and 
30 seconds at 72°C.

Single-cell RNA-sequencing

For scRNA-seq, C57BL6 mice with PancOH7 tumors treated 
with FOLFOX, anti-PD-1 ± anti-TGF-β1 (four in each condi
tion) were sacrificed two days after the last antibodies injection. 
Single-cell suspensions were isolated as described above from 
tumor-bearing mice. Cells were separated by magnetic cell 
sorting for immune cells and fibroblasts populations, and up 
to 12,000 cells (4,000 CD45+ and 8,000 CAF) from each sample 
were loaded per lane on 10X Genomics Chromium microflui
dic chips. Single-cell capture, barcoding, and library prepara
tion were performed using the 10X Genomics ChromiumTM 

version 3 chemistry, according to the manufacturer’s protocol 
(10X Genomics). cDNA and final libraries were checked using 
the Bioanalyzer High Sensitivity DNA Kit (Agilent 
Technologies). Each scRNA-seq library was sequenced on an 
Illumina HiSeq 4000 using paired-end 2×100 bp lanes 
sequencing.

Statistical analyses

Median value (interquartile range) and frequency (percentage) 
were provided for the description of continuous and categori
cal variables, respectively. Medians were compared using 
Wilcoxon-Mann-Whitney or Kruskal-Wallis, and proportions 
were compared using chi-square tests (or Fisher’s exact test, if 
appropriate). Pearson’s test was applied to determine the cor
relation between gene or signature expressions. Overall survi
val (OS) was estimated using the Kaplan-Meier method and 
described using median or rate at specific time points with 95% 
confidence intervals (CI), and compared using the log-rank 
test. All analyses were performed using GraphPad version 
8.1.2 (GraphPad software, USA) and R software version 3.5.3 
(R Development Core Team, Austria; http://www.r-project. 
org). All tests were two-sided and p-values of less than .05 
were considered statistically significant.

Data Availability

All data generated or analyzed during this study are available 
within the article and its supplementary information files and 
from the corresponding author upon reasonable request. More 
detailed information is available in the online supplemental 
material section.

Results

TGF-β1 neutralization promotes therapeutic efficacy of 
FOLFOX and anti-PD-1 combination

In order to better understand the potential obstacle to ICD- 
inducing chemotherapy and anti-PD-1 combination, we 
selected preclinical models where immunotherapies targeting 
anti-PD-1 ± anti-TGF-β1 were not effective in monotherapy or 
in combination (Figure S1A). Although, addition of FOLFOX 
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to anti-PD-1 decreased the growth kinetics of CT26 and 
PancOH7 tumors, the combination did not generate complete 
tumor regression (Figure S1A).

We first sought to quantify by flow cytometry the proportion of 
tumor-infiltrating lymphocytes (TIL) in CT26 tumor-bearing 
mice exposed to immunogenic chemotherapy (FOLFOX) and 
anti-PD-1. Similar experiments were reproduced in the pancreatic 
model PancOH7 cell line which is endowed with the capacity to 
recruit fibroblasts and displaying a high metastatic potential. 
Treatment with FOLFOX failed to increase the intra-tumoral 
number of CD3+ T cells in both models. Addition of anti-PD-1 
barely increased percentages of intra-tumoral CD8+ and regula
tory T cells (Treg) in CT26 (p = .06) but not in PancOH7-bearing 
mice (Figure 1a). Nevertheless, the absolute number of CD8+ 

T cells was not enhanced when PD-1 blockade was added to 
chemotherapy. Since TGF-β1 production is a possible mechanism 
accounting for tumor immune evasion, TGF-β1 levels were mea
sured in tumor lysate from CT26 and PancOH7 tumor-bearing 
mice exposed to FOLFOX ± anti-PD-1. Even if chemo- 
immunotherapy decreased significantly TGF-β1 protein expres
sion in both CT26 and PancOH7 whole tumor lysate (p < .0001), 
TGF-β1 levels remained high (>200 pg/mL; Figure 1b).21,22

We next addressed if TGF-β1 could be a limiting factor for 
FOLFOX+anti-PD-1 efficacy. For this purpose, previous experi
ments were reproduced in syngeneic models. Mice were treated 
with FOLFOX, anti-PD-1, and TGF-β1 inhibitor (Figure 1c). 
TGF-β1 inhibition did not improve FOLFOX efficacy 
(Figure 1d-e). However, the addition of neutralizing anti-TGF 
-β1 to chemo-immunotherapy led to significant tumor shrinkage 
compared to all other groups. These results were confirmed in 
MC-38 and 4T1 models (Figure S2). Overall, the objective 
response rate (ORR) observed across all experiments was over 
85% in both models where TGF-β1 blockade was added to chemo- 
immunotherapy (56.7% vs 86.7%, p < .01 in CT26 model; 52.9% vs 
88.2%, p = .02 in PancOH7 model). In addition, TGF-β1 blockade 
enabled durable complete responses (16.7% vs 46.7%; 23.5% vs 
41.2% in CT26 and PancOH7 tumor-bearing mice treated with 
FOLFOX+anti-PD-1 with or without anti-TGF-β1; Figures 1d-e & 
S1B). Since Treg activation in tumors exposed to FOLFOX + PD-1 
blockade might contribute to TGF-β1 suppressive functions, 
PancOH7 model treated with FOLFOX ± anti-PD-1 ± anti-TGF 
-β1 was reproduced in FOXP3-DTR (diphtheria toxin receptor) 
mice. TGF-β1 neutralization improved the efficacy of FOLFOX 
+anti-PD-1 even in Treg-depleted mice suggesting that the impact 
of TGF-β1 neutralization does not only rely on Treg inhibition 
(Figures 1f & S1C).

Altogether, these experiments support the role of TGF-β1 
signaling as a resistance mechanism when ICD-inducing che
motherapy is combined with PD-1 blockade. The addition of 
TGF-β1 neutralization to chemo-immunotherapy is pivotal to 
achieving sustained complete remissions in these models.

TGF-β1 prevents the ability of chemo-immunotherapy to 
induce the recruitment of antigen-specific CD8+ T cells into 
the tumor

The role of CD8+ T cells in the complete remission observed 
when FOLFOX was combined with TGF-β1 and PD-1 dual 
blockade was investigated in CD8+ lymphocytes depleted mice. 

CD8+ T cell depletion prevented the impact of TGF-β1 inhibi
tion in mice treated with FOLFOX+anti-PD-1 (Figure 2a). 
These results confirmed that the anti-tumor response poten
tiated by TGF-β1 neutralization requires CD8+ T cells. To 
better understand how TGF-β1 signaling influences the cancer 
immune contexture during chemo-immunotherapy, TIL phe
notype in the CT26 model was explored. Intra-tumoral CD8+ 

T cell counts were significantly increased only in tumors trea
ted with chemo-immunotherapy and TGF-β1 inhibitor 
(p < .0001). The effector functions of these lymphocytes were 
also enhanced as characterized by high levels of IFNγ and 
GzmB (Figure 2b). Similar observations were highlighted in 
PancOH7 and MC-38 models (Figure S3).

The murine endogenous tumor antigen gp70 allows the 
recognition of CT26-specific lymphocytes.23 TGF-β1 neutrali
zation promoted an enrichment of antigen-specific CD8+ 

T cells in CT26 tumors as shown by gp70 tetramer staining 
(Figure 2c). Besides, gp70+IFNγ+GzmB+CD8+ T cells were 
only identified in tumors treated by chemo-immunotherapy 
and TGF-β1 inhibition (Figure 2d). Thus, TGF-β1 exerts an 
important suppressive activity to control specific CD8+ lym
phocyte infiltration and activation in cancer models when 
ICD-inducing chemotherapies are combined with anti-PD-1.

Moreover, CT26 tumor-bearing mice exposed to chemo- 
immunotherapy in previous experiments and achieving 
a complete remission were re-challenged with CT26 or an 
unrelated breast cancer cell line (4T1). All mice previously 
treated with FOLFOX, anti-PD-1, and anti-TGF-β1 combina
tion rejected CT26 but not 4T1 suggesting that immunological 
memory against prior antigens can persist (Figure 2e).

TGF-β1 controls a CXCL9/10 and CXCL14 production 
switch in CAF exposed to chemo-immunotherapy

Chemokines guide the migration of immune cells and play 
a major role in the TME regulation. The production of Th1- 
type chemokines is associated with a T-cell-inflamed pheno
type and CXCL9/10 are biomarkers of clinical response to anti- 
PD-1.19,24 In contrast, CXCL14 is a chemoattractant for imma
ture dendritic cells, monocytes, macrophages, and NK cells, but 
not T cells.25 Chemokine levels were measured in whole tumor 
lysates by ELISA. Interestingly, while immunotherapy target
ing PD-1 and TGF-β1 did not modulate CXCL9/10, TGF-β1 
neutralization promoted the production of these two chemo
kines by the CT26 microenvironment following treatment with 
chemo-immunotherapy. Conversely, the CXCL14 level 
decreased after chemo-immunotherapy and anti-TGF-β1 
(Figure 3a). Of note, we observed that FOLFOX induced 
CXCL14 production. The regulation of CXCL9/10/14 expres
sion by TGF-β1 signaling in tumors was also confirmed by 
reverse transcription quantitative polymerase chain reaction 
(RT-qPCR; Figure S4A).

Tumor as well as TME cells (CD4+ T cells, macrophages, 
endothelial cells, or CAF) can produce chemokines in response 
to cytokine stimulation. After tumor dissociation from the 
CT26 model, TME cells were isolated before bulk RNA-seq of 
each cell subtype exposed to chemo-immunotherapy ± anti- 
TGF-β1 (Figure S4B). TGF-β1 blockade led to an enhanced 
gene transcription modulation in fibroblasts compared to other 
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Figure 1. Adding TGF-β1 blockade to chemo-immunotherapy promotes complete tumor regression in CT26 and PancOH7 models. (a) Proportion of CD3+, Treg, and CD8+ T cells 
measured by flow cytometry in total CD45+ intra-tumoral cells isolated from CT26 and PancOH7-bearing BALB/c and C57BL/6 mice, respectively. For this purpose, tumors were 
collected two days following the last treatment injection. (b) TGF-β1 levels determined in whole tumor lysate derived from CT26 and PancOH7-bearing mice after FOLFOX ± anti- 
PD-1 and measured by ELISA. Pooled results from two independent experiments are presented. Red line shows the threshold at 200 pg/mL. (c) Experimental scheme: BALB/c and 
C57BL/6 mice were injected subcutaneously with PancOH7 pancreatic tumor cells and CT26 colon tumor cells, respectively (five experiments in the CT26 model and three 
experiments in the PancOH7 model). Mice were randomized and treated in five groups (n = 5–10 per group) when tumor size reached 50–60 mm3: Control, FOLFOX, FOLFOX 
+anti-TGF-β1, FOLFOX+anti-PD-1, and FOLFOX+anti-PD-1+ anti-TGF-β1. (d) Tumor growth and responses according to treatment groups for CT26 tumor-bearing mice. Tumor 
growths are indicated for one of a representative experiment, each line represents an individual mouse tumor size. Objective responses are shown for pooled mice (n = 30 per 
group). (e) Objective responses are shown in PancOH7 models for pooled C57BL/6 mice (n = 17 per group). (f) Objective responses are shown in PancOH7 models for pooled 
C57BL/6 FOXP3 DTR (diphtheria toxin receptor) mice (n = 10 in FPT group, n = 9 in other groups) for the depletion of regulatory T cells. *p ≤ .05 **p ≤ .01 ***p ≤ .001 
****p ≤ .0001. Abbreviations: Ab: antibody; Ctrl: control; F: FOLFOX; FP: FOLFOX+anti-PD-1.
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Figure 2. Adding TGF-β1 blockade to chemo-immunotherapy increases effector and specific T cell infiltration in the CT26 model. (a) Tumor growth in mice treated with 
FOLFOX, anti-PD-1 ± anti-TGF-β1, according to depletion of CD8+ T lymphocytes. One representative experiments is shown (n = 3) (b) Numbers per mm3 of total CD8+ 

T cells (top left), IFNγ (Top right), GzmB (bottom left), and IFNγ/GzmB (Bottom right) expressing CD8+ tumor-infiltrating lymphocytes (TIL), according to the five groups 
of treatment. One representative experiment out of 5 is depicted. (c) Representative flow cytometry dot plot graphs on AH1 specific CD8+ TIL with gp70 tetramer 
staining. (d) Numbers per mm3 of gp70+IFNγ+GzmB+ expressing CD8+ TIL. (e) Tumor growth of untreated or FOLFOX + anti-TGF-β1/PD-1-treated cured mice re- 
challenged with 4T1 (Top) and CT26 (Bottom) tumor cells, two months after previous treatment. Each experiment was repeated independently a minimum of three 
times in the same conditions.

e2144669-6 A. VIENOT ET AL.



TME cells (Figure 3b & Table S1). High CXCL9/10 and 
CXCL14 expression were observed in CAF, but low levels 
and modulation were observed in CD4+ lymphocytes, macro
phages, and endothelial cells (Figure 3c). Furthermore, 
a chemokine switch was only highlighted in CAF: CXCL9/10 
were overexpressed following TGF-β1 inhibition, while 
CXCL14 was downregulated (Figure 3c). Of note, up- 
regulated genes in the context of TGF-β1 blockade were 
strongly enriched for chemokine signaling (p-adjusted = .017, 
NES = 2.3; Figure S3C). The regulation of CXCL9/10/14 
expression by TGF-β1 signaling in CAF was also confirmed 
by RT-qPCR in all models (CT26, PancOH7, MC-38, and 4T1; 
Figures 3d & S5). These results demonstrated that TGF-β1 
drives a selective mechanism controlling CXCR3 ligand 
expression in CAF. The predominant role of CAF was high
lighted since previous results were not reproduced in FAP 
knockout mice. TGF-β1 was not required for the anti-tumor 
efficacy of ICD-inducing chemotherapy and anti-PD-1 in 
FAP−/− mice (Figure S6). These results suggest that TGF-β1 
might be a limiting factor for chemo-immunotherapy effi
ciency in desmoplasic tumors where CAF exert tumor- 
promoting functions.

TGF-β1 modulation reshapes cellular content in the 
microenvironment of tumors treated by chemo- 
immunotherapy

In previous studies, several CAF subsets were identified in 
human breast cancer or pancreatic ductal adenocarcinoma 
(PDAC) and were associated with immunosuppressive 
microenvironment or immunotherapy resistance.15,26 To 
explore the influence of TGF-β1 neutralization on CAF het
erogeneity, scRNA-seq analyses were conducted on CAF and 
CD45+ hematopoietic cells from tumor-bearing mice treated 
with chemo-immunotherapy ± anti-TGF-β1. Four animals 
were pooled per condition and executed in two biological 
replicates. We first analyzed 11,975 viable cells with 
a median of expressed genes per cell of 1,962 (Figure S7A). 
t-distributed stochastic neighbor embedding (tSNE) projec
tion allowed to distinguish 13 clusters, among which two 
clusters of contaminating cells: endothelial cells (cluster 9: 
Plvap, Pecam1, and Cdh5) and tumor cells undergoing 
epithelial-to-mesenchymal transition (EMT; cluster 10: Krt8, 
Krt18, Sox9, and loss of Epcam). In addition, cluster 8 was 
identified as stellate cells (Rgs5, Col18a1) (Figure 4a & 
Table S2).

Clusters 5, 7, 11, and 12 were identified as immune popula
tions. As previously described, we confirmed that TGF- 
β1-blockade and chemo-immunotherapy induced enrichment 
in CD8+ T cells, whereas Treg proportion was similar regard
less of the TGF-β1 modulation (Figure 4b). Moreover, TGF-β1 
could induce the M1/M2 polarization and the M1 macrophage 
cluster was only represented in samples with TGF-β1-blockade 
and chemo-immunotherapy (Figure 4c).

Within the remaining cells, different subpopulations of CAF 
were identified showing a heterogeneous distribution of this 
cell type (Clusters 0–4 and 6). Clusters 0, 3, and 4, were most 
abundant in samples treated by FOLFOX and PD-1/TGF-β1 

dual inhibition (Figure 4a), suggesting that the CAF hetero
geneity could be modulated by TGF-β1.

TGF-β1 inhibition dictates a chemokine switch in CAF 
subpopulations exposed to chemo-immunotherapy

To further assess the TGF-β1-mediated chemokine switch 
across this CAF heterogeneity, we compared the gene expres
sion profiles modulated by TGF-β1 to the previously published 
CAF subtypes.13,16 We reproduced myCAF and iCAF signa
tures using publicly available scRNA-seq data derived from 
KPC mice.16 We applied these signatures to our dataset using 
the AUCell algorithm. myCAF population was highly repre
sented in cluster 2, while clusters 0, 1, and 3 were strongly 
enriched by the iCAF signature (Figure 5a). Of note, the 
remaining CAF clusters (clusters 4 and 6) expressed both 
CAF signatures. Proliferating CAF (cluster 6) were character
ized by the expression of mitotic markers such as Mki67 and 
Top2a and a high number of detected genes (Figures 4a & 
S7A). Interestingly, the myCAF population from cluster 2 
was restricted to cells of treated mice with chemo- 
immunotherapy; conversely, tumors exposed to anti-TGF-β1 
therapy included mostly iCAF in clusters 0 and 3. Besides, 
cluster 1 included CAF derived from both treatment condi
tions (Figures 4a & 5a). All differentially expressed genes 
between cluster 2 (named myCAF) and cluster 0 (including 
mostly iCAF and cells derived from samples exposed to anti- 
TGF-β1) were summarized in Figure S7B and Table S3. The 
distribution of existing CAF markers16,26,27 is depicted in 
Figure 5b. As previously described, myCAF/cluster 2 expressed 
high levels of Acta2 [αSMA], Postn and Lrrc1516,26 (Figure 5b). 
In contrast, Pdgfra, Fap, and Pdpn were predominantly 
expressed in iCAF clusters (Figure 5b). Albeit Pdgfra is asso
ciated with the iCAF signature,16 these three genes are also 
described as pan-CAF markers. Here, all CAF clusters 
expressed pan-CAF markers including Thy1 and Col1a1 (data 
not shown). This first set of analyses indicated that TGF-β1 
signaling promotes the organization of a myCAF-related TME, 
even when anti-PD-1 is combined with ICD-inducing 
chemotherapy.

The iCAF signature displayed enrichment in the cellular 
response to IFN-β/γ (FDR < .0001, NES = 30.3; and 
FDR = .004, NES = 10.3, respectively) including numerous 
cytokines (e.g., Ifi203, Irf1, Ifi27l2a), and expression of genes 
involved in antigen processing and presentation on MHC class 
I (Table S3 & Figure S7C). Also, the iCAF signature included 
inflammatory mediators, such as Ly6c1, as well as 
a plasminogen-kringle-4-binding protein, Clec3b, known to 
be secreted by CAF and promotes CRC28 (Table S3). The 
myCAF signature was characterized by a strong enrichment 
in molecules regulating angiogenesis (FDR < .0001, 
NES = 11.3; including Serpine1), response to hypoxia (FDR < 
.0001, NES = 7.7; including Cxcl12, Reg1) and tumor necrosis 
factor (FDR = .0017, NES = 9.6; including Il6, Sfrp1), as well as 
cell chemotaxis (FDR < .0001, NES = 12.1; including Cxcl14, 
Cxcl5, and Saa3) (Table S3 & Figure S7C).

We next sought to explore the expression of chemokines 
within the different CAF subsets after therapy. As previously 
reported, iCAF were characterized by high enrichment of 
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Figure 3. Anti-TGF-β1 combined with chemo-immunotherapy induces a chemokine switch in cancer-associated fibroblasts. (a) CXCL9, CXCL10, and CXCL14 levels 
determined in whole tumor lysate derived from the CT26 model and measured by ELISA. (b) Venn diagram showing overlaps between the transcriptomic signatures of 
CD4+ T cells, macrophages, endothelial cells, and CAF isolated from CT26 tumor-bearing mice. Number of genes overexpressed with FP (Left) and FPT (Right) are 
represented. (c) Heatmap showing chemokine expression (z score) of cell sorted populations. (d) mRNA levels of CXCL9, CXCL10, and CXCL14 were determined by RT- 
qPCR in CAF from PancOH7 tumor-bearing mice. Housekeeping gene Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) was uses for the normalization of data in 
RT-qPCR experiments. Abbreviations: CTRL: control; FP: FOLFOX+anti-PD-1; FPT: FOLFOX+anti-PD-1+ anti-TGF-β1.
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Figure 4. Cancer-associated fibroblast and immune cell heterogeneity after anti-TGF-β1 and chemo-immunotherapy combination at single-cell resolution. (a) 
t-distributed stochastic neighbor embedding (tSNE) embedding of 11,975 all single cells sorted from PancOH7 tumor-bearing C57BL/6 mice. Clusters identified 
through graph-clustering are indicated by color (Top left). Clusters across the two conditions of treatment (FOLFOX anti-PD-1 ± anti-TGF-β1; Bottom left). Heatmap 
showing the relative average expression of the most strongly enriched genes for each cluster; Top bars indicate clusters (Right). (b) tSNE embedding of T cells from 
cluster 7 in (A) (Left). Heatmap showing the relative average expression of the most strongly enriched genes for clusters from T cells. Three clusters of T cells were 
shown: t0, t1, and t2. High expression of genes associated with memory CD8+ T cells in the t0 population (Ccl5, Ly6c2, and Gzma), while the t1 subset was characterized 
by markers of effector CD8+ T cells (Cd8a, Lag3, Pdcd1, and Prf1). The transcriptional profile of the t2 population showed enrichment of regulatory CD4+ T cell markers 
(Tnfrsf4, Foxp3, and Cd4). Proportion of T cells in each cluster according to treatment conditions (Right). (c) tSNE embedding of macrophages from cluster 5 in (A) (Left). 
Heatmap showing the relative average expression of the most strongly enriched genes for clusters from macrophages. Proportion of macrophages in each cluster 
according to treatment conditions (Right). Abbreviations: EMT: epithelial-to-mesenchymal transition.
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immune chemoattractants.16 Regarding Th1-type chemokines, 
we validated that Cxcl10 was strongly expressed in the iCAF 
cluster. This observation was not confirmed for Cxcl9 with 
a lower expression in cluster 0. In contrast, myCAF that clus
tered with our cluster 2, showed a low expression level for both 

CXCR3 ligands (Figure 5c). These modulations were also high
lighted across treatment conditions, with a Cxcl9/10 upregula
tion in cells exposed to chemo-immunotherapy and anti-TGF 
-β1, compared to cells in the absence of TGF-β1 inhibition 
(Figure 5c). As previously observed using bulk RNA-seq 

Figure 5. Chemokine switch across CAF subpopulations using single-cell RNA-sequencing. (a) AUCell-based tSNE representation coloring cells based on the gene set 
activities (AUC) of myCAF and iCAF signatures. (b) tSNEs illustrating the expression of the genes indicated in each panel. (c) Violin plots of expression of the indicated 
chemokines in myCAF and iCAF clusters (left). tSNEs illustrating the expression of the chemokines indicated in each panel split by treatment conditions (right).
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(Figure 3), Cxcl14 expression was decreased in CAF derived 
from PancOH7 and treated with chemo-immunotherapy and 
anti-TGF-β1 at the single-cell level (Figure 5c) supporting that 
TGF-β1-mediated activity on CAF contributes to the regula
tion of the chemokine switch required for chemo- 
immunotherapy efficacy. Similar results were observed and 
these signatures were validated in a second scRNA-seq exe
cuted with more mice (Figure S8).

The influence of TGF-β1 on CXCL9 and CXCL10 production 
by CAF is regulated by an epigenetic mechanism

We next decided to explore how TGF-β1 modulates the epige
netic regulation of CXCL9/10 in CAF. Normal fibroblasts, 
derived from naive mice, were exposed to TGF-β1 and/or 
IFNγ which triggers CXCL9/10 transcription. CXCL9/10 levels 
were significantly increased with IFNγ, but not with TGF-β1 
alone. IFNγ-mediated chemokines expression was abrogated in 
the presence of TGF-β1 (Figures 6A-b).

G9a and EZH2 are two chromatin remodeling enzymes 
previously involved in the regulation of chemokine expres
sion in cancer cells.29,30 To elucidate if TGF-β1 also con
trols CXCL9/10 expression in CAF by epigenetic 
mechanisms, several epigenetic modulators were added in 
naive fibroblast cultures pretreated with TGF-β1. Normal 
fibroblasts were exposed for 72 hours to epigenetic thera
pies (UNC0638, GSKJ4, and GSK343) before treatment with 
IFNγ and chemokine production assessment. UNC0638 and 
GSK343 (inhibitors of histone methyltransferase: G9a and 
EZH2 inhibitors, respectively) were able to restore expres
sion of CXCL9/10 in fibroblasts previously treated by TGF- 
β1, by contrast no modulation was shown after pre- 
treatment with GSKJ4 (inhibitor of H3K27me3- 
demethylases JMJD3/KDM6B and UTX/KDM6A: negative 
control; Figure 6b). This epigenetic therapy screening raised 
the hypothesis that G9a and EZH2 enzymes, targeted by 
UNC0638 and GSK343, control CXCR3 ligand expression. 
Inhibition of G9a or EZH2 leads to the removal of repres
sive H3K9me3 or H3K27me3, resulting in chromatin mod
ification and CXCL9/10 gene re-expression in 
fibroblasts.29,30 G9a and EZH2 inhibition, using chemical 
inhibitors or siRNA, restored CXCL9/10 expressions, pre
venting the effect of TGF-β1 on the epigenetic silencing of 
these chemokines (Figures 6c-d).

Although we could evidence an increased presence of 
permissive histone H3 acetylation at the CXCL10 promo
ter in fibroblast treated with TGF-β1 (Figure 6e), the 
repressive histone mark H3K9me3 was also enhanced at 
this promoter after treatment. Moreover, we profiled the 
chromatin accessibility landscape for CRC from TCGA 
database. A negative correlation between CXCL9 promo
ter ATAC-sequencing and a signature of genes induced by 
TGF-β1 (myCAF signature)13,16 was observed (R = −0.43, 
p = .0084; figure 6f). Overall, these experiments revealed 
the role of G9a and EZH2 in the epigenetic regulation of 
TGF-β1-mediated chemokine expression in fibroblasts.

Discussion

Whether TGF-β1 remains an obstacle to ICI efficacy when 
immunotherapy is combined with chemotherapy is still elu
sive. Previous studies showed that TGF-β1 blockade enables 
cytotoxic lymphocyte homing in the tumor of mice treated 
with anti-PD-1.1,2 Here, we first observed that TGF-β1 produc
tion remained detectable in tumors treated with ICD-inducing 
chemotherapy ± ICI. While TGF-β1 inhibition did not signifi
cantly potentiate the impact of FOLFOX chemotherapy, it was 
mandatory to achieve a high level of lymphocyte infiltration, as 
well as complete and durable remission in mice treated with 
FOLFOX+anti-PD-1. Therefore, TGF-β1 remains a potent 
immune-suppressive signaling impeding antigen-specific lym
phocyte homing when ICD-inducing chemotherapy is com
bined with ICI.

Treg are widely reported to be a main source of TGF-β1 in 
the TME. Depleting Treg has previously been suggested as 
a possible strategy to enhance immune responses mediated 
by ICD.3,31 Here, we observed that the level of Treg infiltration 
was further increased following chemo-immunotherapy treat
ment. However, the direct role of Treg in the modulation of 
ICD efficacy was ruled out since TGF-β1 neutralization was 
still effective in Treg-depleted mice. The precise role of Treg in 
TGF-β1-mediated resistance was previously interrogated in 
mouse tumors resistant to anti-PD-1. Treatment by anti-TGF 
-β1,2,3 or GARP:TGF-β1 neutralizing antibodies overcame 
resistance to PD-1/PD-L1 blockade. In these experiments, 
blocking TGF-β1 promoted antigen-specific CD8+ T cell func
tions but did not increase the number of intra-tumoral specific 
T cells.3 Conversely, we reported that adding TGF-β1 neutra
lizing agents to ICD-inducing chemotherapy enables the 
recruitment of CD8+ T cells into the tumor.

Combining chemotherapy with ICI leveraged the produc
tion of CXCR3 ligands but also CXCL14 (Figure 3a). While 
TGF-β1 neutralization improved CXCL9/10 expression, it cur
tails the production of CXCL14 in responding tumors. 
Therefore, our results evidenced that the addition of TGF-β1 
inhibitors to chemo-immunotherapy enabled a chemokine 
switch in the TME.

Using cell sorting, we also observed that CAF isolated from 
tumors exposed to chemo-immunotherapy ± TGF-β1 inhibi
tors produced more CXCL9/10/14 chemokines than endothe
lial cells, CD4+ T lymphocytes, or macrophages. The potential 
role of CAF in this process was emphasized by the fact that 
TGF-β1 neutralization was not required for chemo- 
immunotherapy efficacy in FAP−/− mice (Figure S6). These 
results suggested that TGF-β1 suppression of ICD required 
the presence of CAF.

Several studies unraveled the presence of different CAF 
subsets in the cancer-associated stroma.15,16 Notably, the pre
sence of the myCAF subset was reported in tumors resistant to 
chemotherapy or immunotherapy.26 The overall stromal com
position of the cancer-related microenvironment was mostly 
described before treatment and the changes occurring in fibro
blast heterogeneity exposed to chemo-immunotherapy were 
not thoroughly investigated. Our results showed that che
motherapy ± anti-PD-1 failed to decrease myCAF infiltration. 
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Similarly, only TGF-β1 neutralization allowed recruitment and 
differentiation of iCAF after chemo-immunotherapy.

Assessing the heterogeneity of CAF subpopulations during 
treatment in humans is technically challenging. Therefore, we 
selected two reproducible mouse models allowing the early 

tumor sampling in satellite groups, to better evaluate the 
impact of chemo-immunotherapy on CAF recruitment. 
A limitation of these syngeneic murine models was linked to 
the analysis of small tumors more representative of the metas
tasis initiation stage. A validation with large tumors or 

Figure 6. TGF-β1-induced epigenetic repression of CXCL9 and CXCL10 in fibroblasts is mediated by an interdependent cross-talk between EZH2 and G9a. (a) mRNA 
levels of CXCL9 and CXCL10 determined by RT-qPCR in naïve mouse fibroblasts (Left). CXCL9 and CXCL10 concentration in the medium analyzed by ELISA in the same 
fibroblasts (Right). Data are shown for one out of three representative experiments (b) mRNA levels of CXCL9 and CXCL10 determined by RT-qPCR in fibroblast 
incubated with epidrugs: EZH2 inhibitor (GSK343), G9a inhibitor (UNC0638), and JMJD3/KDM6B and UTX/KDM6A inhibitor (GSKJ4: negative control) (Top). CXCL9 and 
CXCL10 concentration in the medium analyzed by ELISA in the same conditions (Bottom). (c) Schematic representation of the interplay between EZH2 and G9a in the 
regulation of CXCL9/10 gene repression in naïve fibroblasts. (d) Naive mouse fibroblasts cells were transfected with control siRNA, EZH2 siRNA, or G9a siRNA in culture 
medium for 72 hours before incubation with TGF-β1 for 48 hours before being treated with IFNγ for a further 24 h. (e) Chromatin immunoprecipitation was conducted 
with specific antibodies against H3ac, H3K9me3, and H3K27me3 in confluent NIH/3T3 cells treated with TGF-β for 3 days and then fixed with formaldehyde. CXCL9 and 
CXCL10 promoters were amplified by qRT-PCR. Data are expressed as mean ± SEM of 2 or 3 separate experiments. *p < .05. (f) Correlation between CXCL9 promoter 
opening and myCAF signature in TCGA-COAD samples.
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genetically engineered mouse models might be warranted. 
Besides, CAF subsets could vary between mice and humans. 
However, previous studies confirm the stability of myCAF and 
iCAF phenotypes through species.13,16

While myCAF produced high levels of CXCL14 in mice 
exposed to FOLFOX+anti-PD-1, iCAF produced increased 
levels of Th1-type chemokines and lower CXCL14 when 
TGF-β1 inhibitors were added to ICD-inducing chemotherapy.

Previous investigations have also evidenced the heterogene
ity of iCAF isolated from breast cancers. Interestingly, the 
CXCL9/10 CAF signature observed in CAF isolated from 
tumors exposed to chemo-immunotherapy and TGF-β1 inhi
bitors was similar to the gene expression profile of the “IFN- 
iCAF” cluster.17 Above CXCR3 ligand expression modulation, 
our results showed that TGF-β1 neutralization also prevents 
expression of CXCL14 in most iCAF, while high levels of this 
chemokine were still observed in tumors from mice treated 
with FOLFOX and anti-PD-1 combination (Figure 3a).

While paradoxical effects of CXCL14 overexpression are 
observed in cancer cells,32,33 high stromal CXCL14 expression 
was significantly associated with a poor prognosis.34 CXCL14- 
expressing fibroblasts could enhance the growth of prostate 
cancer xenografts, trigger tumor angiogenesis and macrophage 
recruitment, and enhance monocyte migration, through 
NOS1-derived nitric oxide signaling.35,36 Albeit no specific 
receptor has been identified, ACKR2 mediates CXCL14- 
induced downstream NOS1 activation to initiate EMT pro
grams and enhance the cancer-promoting functions of 
fibroblasts.37 Thus, CXCL14 might constitute a potential drug 
target for the management of cancer.

CXCL14, as well as CXCL12, promotes idiopathic pulmon
ary fibrosis through CXCR4.38 Of note, a CXCR4 antagonist 
(BL-8040) in combination with chemo-immunotherapy 
induced an ORR of 32% in patients with metastatic PDAC.39 

This association also increased CD8+ effector T cell tumor 
infiltration and decreased circulating Treg. CXCL9/10 are 
upregulated by cytokine stimulation in cancer cells, monocytes, 
endothelial cells, as well as in CAF.40–42 Reprogramming CAF 
gene expression in order to restore CXCL9/10 expression could 
also be an attractive approach to promote ICI efficacy. Recent 
data from preclinical studies support this strategy, particularly 
through NOX4 inhibition.43 An epigenetic reprogramming 
may predominantly target the expression of these 
chemokines30 and contribute to immunotherapy resistance. 
In our study, G9a and EZH2 were identified as the targeted 
enzymes by UNC0638 and GSK343, respectively, preventing 
the effect of TGF-β1 on the induction of CXCL9/10 in CAF. 
Other epigenetic factors than those associated with TGF-β1 
have been implicated in CXCL9 transcriptional regulation, 
such as LIF.14,44 In addition, hypomethylation-mediated acti
vation of IRX1 positively regulates CXCL14/NF-κB signaling 
to promote metastatic activities in osteosarcoma.45 However, 
ACKR2, NOX4, and IRX1 are not correlated with CXCL9/10/ 
14 expression in CAF from our experiments (data not shown).

Our results provide evidence that G9a and EZH2 contribute 
to the immune evasion mediated by CAF and that chemical 
targeting of these histone methyl-transferases might reprogram 
the chemokine production profile. Recent reports sustain the 
potential of G9a and EZH2 dual inhibition as an attractive 

approach to reinvigorate cancer immunity. Indeed, 
Spiliopoulou et al showed that dual G9a and EZH2 inhibition 
acts directly on tumor cells to modulate chemokine expression 
profile and to restore the expression of ERV-K endogenous 
retroviral elements as a source of tumor-associated antigens.46

Altogether, our results show that TGF-β1 remains an 
important immune suppressive pathway when ICD- 
chemotherapy is combined with ICI. TGF-β1 signaling drives 
the constitution of a myCAF-enriched tumor microenviron
ment in mice treated by chemo-immunotherapy and prevents 
accessibility of CXCL9/10 promoters in a G9a and EZH2- 
dependent fashion.
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