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ABSTRACT
◥

Myofibroblastic cancer-associated fibroblast (myoCAF)–rich
tumors generally contain few T cells and respond poorly to
immune-checkpoint blockade. Although myoCAFs are associated
with poor outcome inmost solid tumors, themolecularmechanisms
regulating myoCAF accumulation remain unclear, limiting the
potential for therapeutic intervention. Here, we identify ataxia-
telangiectasia mutated (ATM) as a central regulator of themyoCAF
phenotype. Differentiating myofibroblasts in vitro and myoCAFs
cultured ex vivo display activated ATM signaling, and targeting
ATM genetically or pharmacologically could suppress and reverse
differentiation. ATM activation was regulated by the reactive
oxygen species–producing enzyme NOX4, both through DNA
damage and increased oxidative stress. Targeting fibroblast ATM
in vivo suppressed myoCAF-rich tumor growth, promoted intra-
tumoral CD8 T-cell infiltration, and potentiated the response to
anti–PD-1 blockade and antitumor vaccination. This work identi-
fies a novel pathway regulating myoCAF differentiation and pro-
vides a rationale for using ATM inhibitors to overcome CAF-
mediated immunotherapy resistance.

Significance: ATM signaling supports the differentiation of
myoCAFs to suppress T-cell infiltration and antitumor immunity,
supporting the potential clinical use of ATM inhibitors in combi-
nation with checkpoint inhibition in myoCAF-rich, immune-cold
tumors.

Chk2ATM

Introduction
Immune-checkpoint blockade elicits durable antitumor clinical

responses in an increasing number of malignancies. However, its
success is limited to a fraction of cancer patients, highlighting the
need to identify targetable resistance mechanisms to widen its clinical

effectiveness (1). Analysis of human cancers and mouse models has
shown that nonresponsiveness to immune-checkpoint blockade can
result from limited T-cell infiltration, mediated by the cells of the
tumor microenvironment (1).

Among the heterogeneous CAF population, a distinct myofibro-
blastic phenotype has been found in most types of solid tumors (2).
Myofibroblastic CAF (myoCAF) are analogous to myofibroblasts
found in wound-healing and tissue fibrosis. These contractile, secre-
tory cells are regulated through TGFb1 signaling, express a-smooth
muscle actin (SMA), and secrete collagen-rich extracellular matrix
(ECM; refs. 2, 3). Studies in multiple cancer types have shown that
tumors with an SMA-positive, myoCAF-rich stroma are associated
with poor prognosis (4–6) and that myoCAF contribute to many
hallmarks of malignancy (7). Transcriptomic analyses of tumors that
fail to respond to anti–PD-1/PD-L1 have identified upregulation of
myoCAF genes (8–13), suggesting that myoCAFmediate resistance to
checkpoint blockade. Consistent with this, myoCAF-rich cancers
contain low levels of infiltrating T cells (8, 10, 14) and functional
studies in murine models have confirmed that myoCAF promote
resistance to different types of immunotherapy (8, 13, 14), in part by
promotingT-cell exclusion from tumors. This has led to the emergence
of myoCAF as potential therapeutic targets (15). However, a limited
understanding of CAF heterogeneity and of the mechanisms regulat-
ing the accumulation of different CAF phenotypes has resulted in
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unsuccessful clinical trials, illustrating challenges to effectively target
these cells (16–19).

TGFb/SMAD signaling is recognized as the central pathway reg-
ulating myofibroblast/myoCAF differentiation, although other path-
ways also influence the myoCAF phenotype (3). We found previously
that during TGFb1-induced differentiation,myofibroblasts upregulate
a number of genes associated with DNA repair, suggesting that the
DNA damage response (DDR) pathway may be triggered during the
process (20). The DDR is a complex cellular network of coordinated
pathways that maintain genome integrity by detecting and repairing
DNA lesions (21), orchestrated by DNA damage-sensing kinases
ataxia-telangiectasia mutated (ATM), ataxia-telangiectasia mutated
and Rad3-related (ATR), or DNA-dependent protein kinase (DNA-
PKc; ref. 22). TGFb/SMAD signaling has been reported to con-
tribute to the cellular DDR induced by genotoxic insults (23, 24) or
by radiation/stress-driven bystander effects (25–27). However, it
remains to be determined if and how the TGFb/SMAD pathway
affects DNA repair during the acquisition of the myofibroblast/
myoCAF phenotype.

The myofibroblast differentiation process is associated with the
generation of intracellular reactive oxygen species (ROS), and we
have previously described a role for the ROS-generating enzyme
NADPH oxidase 4 (NOX4) in promoting and maintaining the
myoCAF phenotype (28). Notably, the inactive noncovalent ATM
homodimer is typically activated by the Mre11–Rad50–Nbs1
(MRN) complex in response to DNA double-strand breaks (DSB;
refs. 29, 30) becoming a monomer through autophosphorylation.
However, ATM can also be activated as a covalent dimer through
oxidation and independent of DNA damage (31), suggesting
a possible link between NOX4-generated oxidative stress, ATM
activation, and myofibroblast differentiation.

Here we sought to investigate the role of the DDR signaling in
regulating myoCAF phenotype and function using in vitro/ex vivo
culture of myofibroblasts/myoCAF, analysis of human tumors, and
CAF-rich murine tumor models that recapitulate the stromal mor-
phology, immune microenvironment, and immunotherapy resistance
found in CAF-rich human tumors (14).

Materials and Methods
Analysis of human tumors

Written informed consent was obtained from each patient (Rec
No. 10/H0504/32, 09/H0504/66, and 14/SC/0186), and the National
Research Ethics Service Committee South Central - Hampshire B
approved the study protocol that followed the ethical guidelines of the
1975 Declaration of Helsinki. All tissue collection and storage were
carried out by a human tissue authority (HTA)-licensed tissue bank.
Automated immunostaining of full tissue sections was performed in a
UKAS-accredited Cellular Pathology Laboratory in University Hos-
pital Southampton. FFPE sections (4 mm) were mounted on Super-
frostþ (Thermo Fisher Scientific) slides and preheated at 60�C for 30
minutes. All subsequent steps were completed using commercially
available visualization systems [Envision FLEX (Dako)] and automat-
ed platforms [Dako PT Link (Dako); Autostainer Link48 (Dako)]
optimized for use within a clinical diagnostic pathology laboratory.
Deparaffinization, rehydration, and antigen retrieval were performed
using Dako PT links as previously shown (14). The order of the
primary antibody incubations was: (i) CD31 (1:5; DAB-Brown;
IR61061-2 Dako); (ii) SMA (ready-to-use; AEC-RED; IR61161-2
Dako); (iii) pATM-ser1981 (1:200low AEC_RED; ab36810 Abcam);
and (iv) CK (1:5; AE1/AE3; AEC_RED; IR05361-2, Dako).

Multiplex images were generated using a stain clearing–based
method: nuclear counterstain (hematoxylin) and registration markers
(CD31 usingDAB) remain permanent, followed by sequential staining
and clearing of a transient stain (SMA, pATM, and CK using AEC), as
previously described (14).

SMA IHC (Sigma-Aldrich; A2547) on FFPE tissues was performed
as previously described (14). Quantification of SMA staining in mouse
tumors was carried out using color thresholding and deconvolution in
Fiji (Supplementary File S1 for the macro in Fiji). At least three
independent fields of view (FoV) of at least three tumors were
randomly selected by a consultant pathologist (GJT) to generate a
mean value per tumor representing the SMA-positive area percentage,
which was compared between treatment groups.

CD8 and CD4 IHC was performed on frozen tissue embedded in
OCT using [YTS169 (CD8; in house) and RM4-5 (CD4; BD; Fig. 6C
and Supplementary Fig. S6E). Sections (8 mm) were fixed in 100%
acetone for 10 minutes and stained as previously shown (14). CD8
and CD4 IHC on FFPE was performed using 98941S and 25229S,
respectively (Cell Signaling Technology; Fig. 6A, G, K, O and
Supplementary Figs. S6A–S6C, G and 7M and O) using the Leica
Bond system according to the manufacturer’s instructions (Protocol
F mouse 4; HIER 20 MINUTES ER1; Temperature-Ambient; 1:100
dilution; 20 minutes of NGS blocking incubation). CD8 and CD4 T
cells were counted from 10 randomly selected FoV from the tumor
by a consultant pathologist (GJT).

Cell culture
AhumanNSCLC cell lineH441,HNSCCSCC25,murine cancer cell

line TC-1 (lung), MC38 (colon), and human fetal foreskin fibroblasts
HFFF2 were purchased from European Collection of Cell Cultures
(PublicHealth England) orATCC;HNSCC5PT (32) were provided by
I. Mackenzie (Queen Mary University of London, London, United
Kingdom). HEK293T cells and IMR90 lung fibroblasts were provided
by Jesus Gil (Imperial College, London, United Kingdom). SCC25
were grown in Ham’s F12:DMEM (1:1 ratio) medium with 10% FBS
(Calbiochem) and 292 mg/mL L-glutamine. 5PT were cultured in a
keratinocyte growth medium (28). HEK293T, H441, MC38, HFFF2,
IMR90, and primary fibroblasts were grown in DMEM supplemented
with 10% FBS and 292 mg/mL L-glutamine. Primary fibroblasts were
isolated as previously (20, 28) used at early passage (p1–10). Primary
fibroblasts are listed in Supplementary File S2. C57BL/6 murine
normal lung and colon fibroblasts (MLF and MCF, respectively) were
grown at 3% oxygen (15). TC-1 were cultured in RPMI supplemented
with 10% FBS and 292 mg/mL L-glutamine. All cell cultures were
routinely tested for Mycoplasma contamination using Megamix-Blue
according to the manufacturer’s instructions (Clent Life Science—
Microzone). All cells were cultured using standard cell culture plates/
flasks (Corning). HFFF2 or IMR90 cells were transfectedwith 25nmol/
L On-Target pool siRNA (Thermo Scientific/Dharmacon) using
Oligofectamine reagent (Life Technologies) as described (28). Stable
knockdown was performed using retro/lentiviral mediated trans-
duction of shRNA plasmids, as previously described (28) followed
by cell selection using 1 mg/mL puromycin for 5 to 7 days. NOX4-
inducible HEK293 cells (kindly provided by Vincent Jaquet) were
treated with 1 mg/mL doxycycline (33). Wild-type and mutant
(C2991L) ATM overexpression was carried out by transfecting
HFFF2 with Viafect (Promega) according to the manufacturer’s
instructions and selected for 10 days with 4 mg/mL G418. p-Retro-
super-shATM (ATM#1:912) and pCDNA3.1-Flag-mut-ATM
(C2991L; pTP1625 clone) were kindly provided by Yosef Shiloh
and Tanya Paull (31), respectively. pLKO.1 murine shATM
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(TRCN0000012643) and pCDNA3.1-Flag-wt-ATM (31985) were
purchased from Sigma and Addgene, respectively. 2 ng/mL TGFb
(TGFb1; R&D Systems; for 3 days) was used to induce myofibro-
blast differentiation. 10 ng/mL IL1b (R&D Systems) for 72 hours
was used to induce iCAF differentiation. Unless otherwise stated,
40 mmol/L GKT137831 (kindly provided by Genkyotex), 13.3
mmol/L KU55933 (ATM inhibitor), 2.5 mmol/L or 0.5 mmol/L
KU60019 (ATM inhibitor), 1.5 mmol/L CCT241533 (CHK2 inhib-
itor), 40 mmol/L Mirin (Mre11 inhibitor), 0.5 or 2.5 mmol/L VE-821
(ATR inhibitor), 2 or 10 mmol/L NU-7441 (DNAPK inhibitor; all
from Selleckchem), 1 mmol/L TGFb-receptor I inhibitor (Calbio-
chem) and 0.5 mmol/L AZD0156 (ATM inhibitor provided by
AstraZeneca) were added to the cells 1 hour prior to TGFb1
treatment. All the inhibitors were resuspended in DMSO. To trigger
DDR activation and/or cell stress, HFFF2 were either irradiated
with 2 to 100 Gy using 350 Kv X-ray Irradiation System (Faxitron),
or treated with 100 ng/mL neocarzinostatin for 2 hours (NCS;
Sigma), with 2–10 mmol/L H2O2 (Fisher Scientific) or with 5 mg/
mL cisplatin (Sandoz) for 30 minutes.

Comet assay
HFFF2 cells (10� 103) were treated with TGFb1 for 24 hours or x-

irradiated (2 Gy) 30 minutes before harvesting, resuspended in 0.6%
low melting point agarose (UltraPure LMP Agarose from Life Tech-
nologies), placed onto precoated slides with 1% normal melting point
agarose, and coverslipped. Slides were placed on ice for 30 minutes to
allow gels to solidify, coverslips were removed, and slides were placed
in ice-cold lysis buffer (2.5MNaCl, 0.1MEDTA, 10mmol/L Tris-HCl,
1% TritonX-100 at pH 10) in the dark, overnight. Next (with light
protection), slides were washed for 10 minutes with ice-cold ddH2O
and placed in ice-cold alkaline buffer (300 mmol/L NaOH, 1 mmol/L
disodium EDTA pH > 13) for 20 minutes, and electrophoresed for
20 minutes at 30 v/300 mA protected from light. Following electro-
phoresis, slides were incubated with neutralization buffer (0.4M Tris-
HCl, pH 7.5) for 20minutes, washed twice for 10minutes with ddH2O,
and placed at 37�C overnight to dry. Slides were rehydrated with
ddH2O for 30 minutes at room temperature, stained with propidium
iodide (PI, 2.5 mg/mL) for a further 20 minutes, washed with fresh
ddH2O for 20 minutes and placed at 37�C to dry before the comet
scoring using an Olympus BH-2-RFL-T2 fluorescence microscope
(Komet Analysis software version 5.5; Andor Technology). The per-
centage of DNA in the tail of the comet resulting from total DNA
breaks (single- and double-strand breaks) was calculated for each cell.
Six independent experiments were carried out with 50 cells/comets
analyzed per replicate.

Invasion assays
CAF, HFFF2, or shCTR/shATM HFFF2 populations were treated

with 13.3 mmol/L KU55933�TGFb1 for 7 days (treated days 1 and 4).
Cells were washed twice with PBS, and serum-free DMEM was added
for 72 hours. Fibroblast-conditioned medium was collected, centri-
fuged, filtered (0.2 mm), normalized according to cell number, and
used as a chemoattractant in the lower chamber of Transwell invasion
assays as previously (4, 20). Two-way ANOVA was used for statistical
analysis.

Fluorescence microscopy
5 � 103 HFFF2 were plated on permanox chamber slides (Thermo

Scientific) and treated as described in the figure legends. Immunos-
taining was performed as previously (28). DAPI was used as a nuclear
counterstain, and coverslips weremounted using a fluorescentmount-

ing solution (Dako). Images were taken using an Olympus IX81
fluorescence microscope and the Xcellence program. DNA-damage
foci were quantified from at least 8 nonoverlapping FoV with
�300 cells in total per condition. Kruskal–Wallis statistical test was
used to indicate the presence of a different distribution per time point
in each group of foci. For collagen 1A1 deposition, 5 � 103 HFFF2 or
MLF were seeded into chamber slides and treated with TGFb1 �
inhibitors for a week (treated days 1 and 4). Decellularization was
performed using 0.25M NH4OH in 50 mmol/L Tris at 37�C for 30
minutes and slides fixed with ice-cold 100% methanol at �20�C
followed by a blocking step. The remainder was performed as previ-
ously described (28). Antibodies used for immunofluorescence are
listed in Supplementary File 2. SMA and collagen 1A1 quantification
was performed using Fiji (macro to calculate the image mean can be
found in Supplementary File S1). High-resolution imaging of mouse
tumors was carried out using an Axioscan.Z1 scanner (Zeiss). Immu-
nocytochemistry for NOX4 was performed using antibodies from
Novus Biologicals and Abcam with similar results (see Supplementary
File S2 for antibody details).

Viability, proliferation, and toxicity assays
To assess cell viability and proliferation, HFFF2s were plated in 96-

well plates (5 � 103 cells/well) and treated the following day with
inhibitors �TGFb1. After 3 days, [H3]-thymidine was added to the
medium for 16 hours, and radioactivity wasmeasured using TopCount
NXT (Packard Bioscience). MTT assay was carried out using CellTiter
96 AQueous Nonradioactive Cell Proliferation Assay (Promega)
according to the manufacturer’s instructions. The absorbance was
read at 490 nm using a Victor plate reader (Perkin Elmer). Tomonitor
cell death, HFFF2s were plated in 6-well plates (200 � 103 cells/well)
and treated the following day with inhibitors � TGFb1. After 3 days,
cells were detached, resuspended in 300 mL of FACs buffer containing
1.7 ng/mL PI (Thermo Fisher) and analyzed using a Bd FACSCanto
Flow Cytometer (BD Biosciences). Cells were less than 90% confluent
at the end of each experiment. Cells were treated in the final 30minutes
with 10 mmol/L H2O2 (for PI and thymidine assay) or 5 mg/mL
cisplatin (for MTT assay) as positive controls.

Senescence and ROS assay
HFFF2s were plated in 24-well plates (1� 103 or 5� 103 cells/well)

and treated with TGFb1 the following day (and then every 3 days).
Senescence was quantified at days 5 and 12 from TGFb1 treatment
determining the percentage of SA-b-Gal-positive cells (Sigma) of the
total number of cells counterstained with Dapi (Sigma) as previously
described (20). At least 200 cells/well in at least three independent
experiments were counted per sample using a CKX41 Olympus
fluorescent microscope. Cells were less than 50% confluent at the end
of the experiment to avoid SA-b-Gal false-positive cells due to cell
contact. ROS assay was performed as previously (28).

Western blotting
Cells were lysed in ice-cold RIPA buffer [1% NP40, 150 mmol/L

NaCl, 25 mmol/L Tris-HCl pH 7.5, 0.1% SDS, 1% Na-deoxycholate,
1 mmol/L EGTA, 1 mmol/L EDTA, 1 mmol/L Na-orthovanadate,
10 mmol/L Na-fluoride, 2.5 mmol/L Na-pyrophosphate, 1 mmol/L b
glycerophosphate þ freshly added 1 mmol/L PMSF, 20 mmol/L
N-ethylmaleimide (NEM), 10 ng/mL Microcystin-LR, 0.12 mmol/L
okadaic acid and phosphatase and protease inhibitor cocktails; all
from Sigma]. Protein extracts were then centrifuged, and supernatants
were quantified using the Dc-Bio-Rad protein assay kit (Bio-Rad
Laboratories) as previously described (28). For nuclear-cytoplasmic
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protein extraction, we used NE-PER Reagents according to the man-
ufacturer’s instructions (Thermo Fisher). Equal amounts of protein
were electrophoresed either in reducing (þDithiothreitol, DTT) or in
nonreducing conditions in 3% to 8%or 4% to 12% SDS-PAGE gels and
electro blotted as previously (28). To detect the ATM dimer, cells were
detached, washed once with PBS, and then kept moving at room
temperature for 10 minutes with PBS þ 100 mmol/L NEM before
nuclear extraction. HSC70 was used as a loading control. Bound
antibodies were detected using a chemiluminescence system (Pierce),
visualized at the Fluor-SMulti-imager (Bio-Rad), quantified using Fiji,
and were plotted as ratios between a given protein and HSC70 unless
otherwise stated. Antibodies are described in Supplementary File S2.

Quantitative real-time PCR
For quantitative real-time PCR (qRT-PCR), RNAwas extracted and

retrotranscribed as described previously (14), and qRT-PCR was
performed as previously (28). The mRNA expression levels were
analyzed using the DDCt relative quantitation method. GAPDH or
HPRTwere used as human ormouse housekeeping genes, respectively.
Gene-specific primers were designed using http://www.ncbi.nlm.nih.
gov/tools/primer-blast/. Primer sequences are given in Supplementary
File S2.

Collagen gel contraction assays
Fibroblasts (5� 105) were added to 1 mL of ice-cold 3 mg/mL type

1 collagen (Millipore) gels containing 10% FBS DMEM as described
previously (21). Gels were incubated at 37C for 1 hour to polymerize.
After adding 1 mL of 10% FBS DMEM, gels were detached using a
spatula and photographed after 24-hour incubation. The gel area was
measured using Fiji.

In vivo mouse experiments
All mouse experiments were performed according to national

guidelines and were approved by the authors’ institutional review
board and the UK Home Office. Xenograft model: 6.7� 105 5PT cells
� 2� 106 HFFF2 cells were resuspended in 100 mL PBS and injected s.
c. in the flank of partially immunocompromised, male RAG1�/�

C57BL/6 mice (3–5 months old). Isograft models: 0.5 � 105 TC-1
cells� 3� 105 TGFb1-treatedMLF (myoMLF) or 1� 105MC38 cells
� 5 � 105 TGFb1-treated murine colon fibroblasts (myoMCF) were
resuspended in 100 mL PBS and injected s.c. in the flank of C57/BL6
female mice (6–8 weeks old). Five to eight animals for both models
were used per group. Tumor size was measured over time using an
electronic caliper and calculated using the formula 4p/3 � r3 [radius
(r) was calculated from the average diameter, measured as the tumor
width and length]. AZD0156 (ATMin; provided by AstraZeneca) was
tested only onTC-1 andMC38models (5PT cells were generated using
prolonged cisplatin treatment and potentially have an altered DDR
pathway (32)). Vaccination with DNA vaccine encoding tetanus
fragment C domain 1 (Dom) fused to the immunodominant CD8
epitope of HPV E7 RAHYNIVTF (RAH, E749-57) p.Dom-RAH (34)
was administered once via intramuscular injection (i.m.) when tumors
were palpable (days 8–13; 20 mg of DNA in 100 mL PBS). P.Dom
without the epitope served as a control.aPD-1 antibody (300 mg; Bio X
Cell; RMP1-14) or IgG2a isotype control was given via intraperitoneal
(i.p.) injection when tumors were palpable every other day, totaling 3
doses starting from days 9 to 14 from the tumor challenge. When
tumors were palpable (at days 8–21 for TC-1model and at days 8–9 for
theMC38model), mice were treated with oral gavage daily with either
vehicle or 20 mg/Kg AZD0156 (ATMin) until the end of the exper-
iment (as per the manufacturer’s instructions).

For TC-1 survival analysis, mice were injected with RAH/CTR
vaccines on day 14; AZD0156 was administered daily from days 15 to
47 and then twice a week until the end of the experiment (day 82). For
MC38 survival analysis, aPD-1 was administered on days 14, 16, and
18; AZD0156 was given daily from days 9 to 28 and then twice weekly
until the end of the experiment (day 47).

To test the effect of retreatment following relapse (Supplemen-
tary Fig. S7E–S7O), mice were injected with MC38 þmyoMCF and
treated when tumors were palpable with aPD-1 (at day 12, 14, and
16) �AZD0156 (20 mg/kg; days 6–16; daily; first treatment). At
relapse (tumor size ≥ 500 mm3), a second treatment with aPD-1 (2
doses; spaced at 48 hours when tumor size ≥ 700/800 mm3)
�AZD0156 (tumor size ≥ 500 mm3; 20 mg/kg; daily treatment for
10 days) was administered. Tumors were collected for IHC after the
first treatment, at relapse, and when they reached the tumor size
limit (1750 mm3). Mice whose tumors were used for IHC, whose
size was ≥700/800 mm3, or had regressed completely after the first
treatment (2/17 after ATMin þ aPD-1 and 0/10 after aPD-1) were
not included in the second treatment.

For tumor growth curves, statistical testing was performed on the
mean area under the curve (AUC) using a two-way ANOVA. Fol-
lowing euthanasia, tumors were excised and either fixed in 10%
formalin and embedded in paraffin or directly embedded in OCT
matrix (Thermo Scientific) for IHC processing or disaggregated for
FACS staining as previously (EF506 viability dyewas used for live/dead
cell staining; see Supplementary File S2 for antibodies; ref. 14).

Bioinformatic analysis
Laser capture microdissected (LCMD) stroma from Gene Expres-

sion Omnibus (GEO) data sets [GSE45001 (liver), GSE35602 (colon),
GSE19632 (esophagus), and GSE40595 (ovary)] were confirmed to be
median normalized, preranked based on fold change (Padj ≤ 0.05)
between tumor versus normal stroma, and gene set enrichment
analysis (GSEA) was run against DDR/ATM, TGFb, and myoCAF
(myCAF) genesets (https://www.gsea-msigdb.org/gsea/msigdb/; Sup-
plementary File 3; refs.12, 20, 28). Normalized enrichment score (NES)
≥ 0 indicates a positive correlation and B&H Padj (FDR q) ≤0.05 was
considered significant. The DDR_TGFB_signature gene set was cre-
ated using the Leading-Edge tool in GSEA from a previously published
data set (TGF_UP_MELLONE_AGING; ref. 20). Briefly, TGFbDEGs
were ranked based on fold change, and GSEA was performed on
genesets containing reference to DNA damage repair in their descrip-
tion and also on H_G2M_checkpoint and H_DNA_repair genesets.
Genesets with significant enrichment (FDR q ≤ 0.25, according to
GSEA guidelines) were selected manually excluding the ones not
strictly correlated with DNA damage and repair (the full list is
provided in Supplementary File S4). The list of the leading-edge genes
in these genesets was made nonredundant (Supplementary File S5)
and used to analyze the DDR enrichment in the GEO data sets
mentioned above.

Data availability
The data generated in this study are available within the article and

its supplementary data files. Expression profile data analyzed in this
study were obtained from GEO at GSE45001, GSE35602, GSE19632,
and GSE40595

Statistical analysis
All experiments were performed at least twice and data are

expressed as the mean � standard error unless otherwise stated (SD
¼ standard deviation). Data are presented as a group with the number
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of biological replicates shown in the figure and the number of technical
replicates described in the figure legends (nbr or ntr, respectively) and
summarized by mean � 95% confidence intervals in all figures. The
appropriate use of parametric versus nonparametric tests was deter-
mined using the D’Agostino and Pearson omnibus normality test, and
where sample sizes were too small for this test, a normal distribution
was assumed. TheGrubbs test was used to identify outliers.Where data
did not follow a normal distribution pattern, Kruskal–Wallis, Mantel–
Cox (log-rank) or Spearman tests were used. For normal distributions,
two-way ANOVA, or homo/paired/heteroscedastic Student t test were
used as described in the figure legends. Statistical tests were carried out
using GraphPad Prism v. 6-8, and were two-sided; a P ≤ 0.05 was
considered significant (ns, nonsignificant; �, P≤ 0.05; ��, P ≤ 0.01; ���,
P ≤ 0.001; ����, P ≤ 0.0001).

Results
ATM activation during myofibroblast differentiation

To investigate the DDR pathway during myofibroblast differenti-
ation, we treated fibroblasts with TGFb1 and examined the activation
of DDR kinases over time alongside myofibroblast markers [SMA,
fibronectin EDA (FnEDA)]. We found activation of ATM (but not
ATR or DNA-PKcs) during differentiation (Fig. 1A and Supplemen-
tary Fig. S1A–S1E), whereas some ATM targets (H2AX and CHK2)
were activated following TGFb1 treatment, others (p53 and KAP1)
were not (Fig. 1B and Supplementary Fig. S1E), indicating that only a
subset of ATM targets typically phosphorylated during genotoxic
stress are activated during myofibroblast differentiation. We also
found that TGFb1 treatment resulted in increased (albeit low) levels
of pATM/pH2AX-positive nuclear foci and DNA breaks (Fig. 1C–E).
This low level of DNA damage was associated with nonsignificant
trends for reduced DNA replication and increased cell death; there
were no changes in cell viability (monitored 3 days after TGFb1
treatment) or senescence (5 days; Fig. 1F and G). However, as
previously shown (35), continuous TGFb1 administration resulted in
increased senescence levels over time (% range SA-b-Gal–positive cells
at 12 days¼ 15.8–23.3; Fig. 1g), suggesting overall that accumulation
of DNA damage induced by TGFb1 may ultimately promote cell
senescence in a proportion of myofibroblasts.

We next examined CAF cultured ex vivo and human tumors
in vivo for evidence of ATM activation. CAF from non–small cell
lung cancer (NSCLC) and head and neck (HNSCC) showed
ATM activation in vitro, which correlated with SMA expression
(Spearman correlation ¼ 0.96, P ¼ 0.0028; Fig. 1H). GSEAs of
microdissected tumor stroma data sets showed that myoCAF

stroma of esophageal, ovarian, colorectal, and liver cancers are
enriched for genes associated with the ATM/DDR pathway (Fig. 1I
and Supplementary File 3). Multiplex immunochemistry (MxIHC)
confirmed that the majority of SMA-positive CAF in NSCLC and
HNSCC express pATM (Fig. 1J–N and Supplementary Fig. S1F–
S1I), indicating, overall, that myoCAF in vitro and in vivo display
activated ATM signaling.

Targeting ATM inhibits myofibroblast differentiation
To determine if ATM plays a functional role in myofibroblast

differentiation, we cotreated fibroblasts with TGFb1 and an ATM
inhibitor (KU55933). ATM inhibition suppressed differentiation,
inhibiting expression of SMA (Fig. 2A–C and Supplementary
Fig. S2A–S2H), contraction of collagen gels, SMA-positive stress fiber
formation, and collagen1 deposition (Fig. 2D and E; Supplementary
Fig. S2I). We validated these findings using a second ATM inhibitor
(KU60019) and ATM si/shRNA knockdown, which resulted in a
similar reduction of SMA (ACTA2; Fig. 2B, F, and G; Supplementary
Fig. S2J–S2L) and expression of ECM genes (COL1A1 and CTGF
genes; Fig. 2G). Overexpression of a dominant-negative Mut-ATM
(C2991L; refs. 31, 36) also suppressed expression of SMA and ECM
genes (Supplementary Fig. S2M–S2O). Targeting ATR or DNAPK
did not reduce SMA expression (Fig. 2H–K), consistent with their lack
of activation during myofibroblast differentiation (Supplementary
Fig. S1E).

Recent single-cell transcriptomic studies have identified an inflam-
matory CAF (iCAF) subpopulation in several cancer types and
described CAF plasticity, whereby cells in culture can be skewed
between myoCAF and iCAF phenotypes by modulating TGFb1 and
IL1 signaling, respectively (12, 37). We, therefore, compared the effect
of ATM inhibition on the expression of myoCAF and iCAF genes.
KU55933 suppressed TGFb1 induction of myoCAF genes (COL11A1,
ASPN, and ELN) and significantly upregulated IL1b induction of most
iCAF genes (CCL2, LIF, IL6, and CXCL1; Supplementary Fig. S2P–
S2S). This hints at a dual role for ATM in determining fibroblast
phenotype: as promoter of myofibroblast differentiation and as inhib-
itor of inflammatory CAF phenotype.

We next investigated whether CHK2, a downstream target of ATM,
is also involved in myofibroblast differentiation. For this, we used a
CHK2-specific inhibitor CCT241533 (38) and found, similar to ATM
inhibition, that it suppresses TGFb1-dependent SMA and FnEDA
expression, SMA-positive stress fiber formation and collagen deposi-
tion (Fig. 2L and M and Supplementary Fig. S2T and S2U). siRNA
targeting CHK2 produced a similar effect, decreasing the expression of
SMA (ACTA2), COL1A1, and CTGF (Fig. 2N and O). Overall, these

Figure 1.
ATM activation in myofibroblasts. A and B, Western blotting of HFFF2 treated with TGFb1 over time. C and D, Representative immunofluorescence staining
of pATM- (C) and pH2AX-positive (D) foci, and quantification of HFFF2 treated over time with TGFb1 or NCS (positive control); nuclei are outlined by
dotted white lines based on DAPI nuclear counterstaining (not shown). Scale bar, 10 mm. Foci counts are expressed as percentage of total cell number per FoV
(FoV ¼ ntr ≥ 8); SD and Kruskal–Wallis test are shown. E, Alkaline comet assay of HFFF2 treated with TGFb1 for 24 hours or irradiated with 2 Gy (as positive
control; ntr ¼ 50; homoscedastic). Student t test refers to the control. F, Analysis of viability, proliferation, and cell death monitored by MTT, thymidine
incorporation, and PI staining, respectively. HFFF2 were treated for 3 days with TGFb1 or with H2O2 or cisplatin as positive controls (ntr ¼ 2–3). G, Senescence
assay of HFFF2 treated with TGFb1 over time. The percentage of SA-b-Gal–positive cells is expressed as fold induction compared with untreated control;
FoV ¼ ntr ¼ 10. H, Western blotting of NSCLC and HNSCC CAF. I, Volcano plots with FDR q (significance) and NES (correlation) of GSEA performed on the
indicated data sets from LCMD tumor versus normal stroma. The dotted line drawn at 1.3 of �log10 FDR q axis indicates FDR q ¼ 0.05. J–N, Representative
image of HNSCC MxIHC; brightfield image of cytokeratin staining. Scale bar, 5 mm (J); scale bar, pseudocoloered images, 100 mm (K); scale bar, 20 mm
(L and M). Single-stained and merged pseudocolored images with the cell regions used for the quantification are highlighted in red or green for pATM or
SMA positivity, respectively (subtracted CD31 staining is shown in brown); quantification of pATM positivity in SMAþ cells (negative for CD31 and CK) in
10 HNSCC and 10 NSCLC cases (N) with significance calculated comparing pATMþ/SMAþ vs. pATM�/SMAþ CAFs. Paired Student t test is used in the figure and
refers to control unless otherwise stated. ns, nonsignificant; � , P ≤ 0.05; ��, P ≤ 0.01; ���� , P ≤ 0.0001.
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data indicate that ATM and its downstream signaling are central to the
development of the myofibroblast phenotype.

ATM maintains the established myoCAF phenotype
Continued ATM activation in differentiated myoCAF in vitro

and in vivo (Fig. 1H–N) suggests that it may play a role in
maintaining the established myoCAF phenotype. We, therefore,
examined the effect of ATM targeting on HNSCC and NSCLC

CAF cultured ex vivo. We found that inhibiting ATM using
KU55933 or shRNA knockdown, reverted CAF to a more quiescent
phenotype, downregulating the expression of myofibroblast mar-
kers (SMA, collagen I, fibronectin; Fig. 3A–D), suppressing con-
tractility (Fig. 3E) and inhibiting myoCAF-dependent cancer cell
invasion (Fig. 3F and G). Similarly, ATM inhibition or knockdown
suppressed the invasion-promoting effects of myofibroblasts gen-
erated through TGFb1 treatment (Supplementary Fig. S3A–S3C).

Figure 2.

ATM inhibition suppresses myofibroblast differentiation.A and B,Western blotting and its quantification of HFFF2 treated for 72 hours with TGFb1�ATM inhibitors
(13.3mmol/LKU55933,A; 2.5mmol/LKU60019,B).C,Western blotting quantification of SMAexpression in primary fibroblasts isolated ex vivo from colon (n¼ 2), skin
(n ¼ 1), and oral (n ¼ 2) tissues from healthy donors. Fibroblasts were treated as in A (see also Supplementary Fig. S2C–G). D, Collagen gel contraction assay and
measurement of gel area. HFFF2 or normal primary oral fibroblasts were treated as in A. Left, representative gel images (ntr ¼ 2). E, Representative
immunofluorescence staining of SMA-positive stress fibers or collagen 1 deposition in HFFF2 treated with TGFb1 � ATM inhibitor as above for 3 (SMA) or 7
(collagen 1) days; relative quantification of themean (FoV for both SMA and collagen 1¼ 10). Scale bars for SMA, 100 mmand for collagen 1, 500 mm. F andG,Western
blotting andquantification (F) and qRT-PCR (ntr¼ 3;G) of HFFF2 transfected as indicated and treatedwith TGFb1 for 72 hours (ACTA2¼SMAgene).H and I,Western
blotting and quantification of HFFF2 fibroblast treated for 72 hours with TGFb1 � ATR inhibitor (VE891; 0.5 mmol/L and 2.5 mmol/L; H) or � DNA-PKcs inhibitor (2
mmol/L and 10 mmol/L; I) for 72 hours. J and K, qRT-PCR of HFFF2 transfected as indicated and treated with TGFb1 for 72 hours (ntr ¼ 3; PRKDC, DNA-PKcs). L,
Western blotting and quantification of HFFF2 treated for 72 hours with TGFb1 � CHK2 inhibitor (1.5 mmol/L CCT241533). M, Representative immunofluorescence
staining of SMAand collagen 1 in HFFF2 treatedwith TGFb1�CHK2 inhibitor (quantified as inE).N andO,Western blotting andquantification (N) and qRT-PCR (ntr¼
3; O) of HFFF2 transfected as indicated and treated with TGFb1 for 72 hours. Heteroscedastic Student t test is used throughout the figure and is relative to TGFb1-
treated samples unless otherwise highlighted. � , P ≤ 0.05; ��, P ≤ 0.01; ��� , P ≤ 0.001; ���� , P ≤ 0.0001.
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Together, these data highlight that ATM can be targeted to both
inhibit myoCAF differentiation and also “normalize” established
myoCAF.

TGFb1 activates ATM via NOX4
We next investigated the molecular mechanisms underlying

TGFb1-dependent activation of ATM. First, we inhibited TGFb-
receptor I phosphorylation of SMAD2/3 and confirmed that this
abolished ATM activation in TGFb1-treated fibroblasts (Fig. 4A).
NOX4 is a SMAD downstream target (39), which we have shown
previously regulates myoCAF differentiation (28); it has been
reported that the ROS generated by this enzyme can cause DNA
damage, suggesting a possible nuclear localization for NOX4 (27).
We found that ATM phosphorylation and NOX4 expression
increased with similar kinetics during the myofibroblast differen-
tiation process (Fig. 1A and Supplementary Fig. S1A–S1C) and
both localized to the cell nucleus (Fig. 4B and Supplementary
Fig. S4A–C) but did not specifically colocalize (Fig. 4C). Targeting
NOX4 using siRNA or a NOX4 inhibitor (GKT137831; ref. 28)
suppressed ROS production (Supplementary Fig. S4D) and inhib-
ited ATM phosphorylation, as well as its downstream kinase activity
(Fig. 4D and E). DNA damage monitored by pH2AX protein
expression was also decreased (Supplementary Fig. S4E and S4F).
Because ATM is classically activated through DNA damage recog-
nition by the MRN complex (29, 30), we examined whether Mre11
was directly involved in TGFb1-dependent activation of ATM.
Targeting Mre11 using siRNA or using a specific Mre11 inhibitor
(Mirin) inhibited TGFb1-driven ATM activation/activity similar to
NOX4 inhibition (Fig. 4D and E). Consistent with this, Mre11
inhibition suppressed myofibroblast differentiation (Fig. 4F–J and
Supplementary Fig. S4G and S4H).

Given that ATM can also be activated as a covalent dimer by
oxidative stress (31), we next examined whether NOX4-driven ROS
promotes ATM dimerization. First, we confirmed ATM dimer (ATM-

D) formation by oxidation (H2O2; Supplementary Fig. S4I), before
examining the effect of NOX4 inhibition. We found that NOX4
targeting resulted in a marked reduction in basal and TGFb1-induced
levels of the ATM dimer (Fig. 4K and Supplementary Fig. S4L).
Targeting Mre11 did not affect ATM dimerization (Supplementary
Fig. S4J and S4K), consistent with theMRN complex being involved in
TGFb1 activation of the monomer. Targeting NOX4 using GKT also
inhibited ATM activation and dimerization in HNSCC and NSCLC
CAF (Supplementary Fig. S4M–S4Q). To confirm the role of NOX4 in
ATM activation, we overexpressed NOX4 in HEK293 cells (33). This
induced ATM activation, dimerization, and activity (the latter mon-
itored by CHK2 phosphorylation) without the requirement for TGFb1
stimulation (Fig. 4L and M), suggesting that NOX4 activation and
oxidation of ATM are not cell type specific. These data, summarized in
the schematic in Fig. 4N, show that activation of ATM during
myofibroblast differentiation is modulated by NOX4 both through
DNA damage/MRN complex and by direct oxidation of ATM.

ATM targeting in myofibroblasts reduces tumor growth
Next, we testedwhether ATM targeting affects tumor growth in vivo

using different murine tumor models (14, 28). First, we coinjected
immunocompromised mice with 5PT cancer cells, a cell line that
promotes myoCAF differentiation (28), with either control HFFF2
fibroblasts or HFFF2 with ATM shRNA knockdown (Fig. 5A). Stro-
mal ATM targeting attenuatedmyoCAF accumulation and suppressed
tumor growth (Fig. 5B–E). To investigate the role of fibroblast ATM
targeting in immunocompetent mouse models, and to overcome the
issue of lowCAF content in commonly used syngeneicmurine tumors,
we used a syngeneic isograft lung cancer model as described previ-
ously (14), coinjecting TC-1 cancer cells with TGFb1-treated MLF,
which recapitulates the myoCAF-rich stroma of human tumors
(Supplementary Fig. S5A–S5C). We found that myofibroblast ATM
shRNA knockdown similarly suppressed intratumoral myoCAF accu-
mulation and reduced tumor size in this model (Fig. 5F–J).

Figure 3.

ATM inhibition reverses the myofibroblast CAF phenotype and inhibits function. A–C,Western blotting of HNSCC (A) and NSCLC (B) CAF treated with KU55933 for
7 days and their quantification (C). D, qRT-PCR of CAF (NSCLC, n¼ 1; HNSCC, n¼ 2) stably expressing either shCTR or shATM (ntr¼ 3). E, Collagen gel contraction
assay and measurement of gel area of shCTR or shATM HNSCC and NSCLC CAF (left, representative gel images; ntr¼ 2). F and G, Transwell invasion assays of H441
(F) or 5PT (G) cells toward CAF-conditionedmedia generated from NSCLC (nbr¼ 3; ntr¼ 3–5; F) and HNSCC (nbr¼ 8; ntr¼ 2–4;G) treated as inA (means are shown
and two-way ANOVA is used and refers to the control). Heteroscedastic Student t test is shown throughout the figure and refers to the control unless otherwise
stated. � , P ≤ 0.05; �� , P ≤ 0.01.
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Figure 4.

TGFb activates ATM via NOX4-driven DNA damage/MRN complex and oxidation. A–E, HFFF2 were treated with TGFb1 for 24 hours. A, Western blotting/
quantification of HFFF2 treatedwith TGFbR1 inhibitor.B, Western blotting/quantification of nucleus/cytoplasm extracts using HSP90 and 53BP1 as cytoplasmic and
nuclear marker, respectively. C, Representative immunofluorescence staining for NOX4 and pATM. Scale bar, 5 mm. D, Western blotting/quantification of HFFF2
transfected as indicated. E, Western blotting/quantification of HFFF2 treated with inhibitors of MRE complex inhibitor (Mirin, 40 mmol/L) or NOX4 (GKT137831;
40mmol/L). F andG, qRT-PCR (ntr¼ 3; F) andWestern blotting/quantification (G) of HFFF2-treated TGFb1 for 72 hours� 40 mmol/LMirin.H and I, qRT-PCR (ntr¼ 3;
H) andWestern blotting/quantification (I) of IMR90 fibroblasts transfected as indicated and treated with TGFb1 for 72 hours. J, Representative immunofluorescent
staining of SMA-positive stress fibers and relative quantification of the mean in HFFF2 treated with TGFb1 for 72 hours�Mirin (40 mmol/L; scale bar, 100 mm; FoV¼
10).K,Western blotting/quantification of HFFF2 transfected as indicated and treatedwith TGFb1 for 48 hours; gel run in nonreducing -dithiothreitol (DTT) conditions
for ATM dimer (ATM-D). L, Western blotting/quantification (�DTT) of NOX4-inducible HEK293 cells treated with doxycycline over time. M, Western blotting/
quantification of NOX4-inducible HEK293 cells treated with doxycycline � KU55933 for 22 hours. N, Schematic diagram of the main findings in the figure.
Heteroscedastic Student t test is used in the figure and refers to the TGFb1-treated samples unless otherwise highlighted. �, P ≤ 0.05; ��� , P ≤ 0.001.
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We then evaluated the effect of AZD0156, a clinically tested ATM-
specific inhibitor (NCT02588105). We confirmed that AZD0156
suppressed myofibroblast differentiation in vitro (Supplementary
Fig. S5D–G) and also reversed myoCAF differentiation; notably, this
latter effect was maintained when AZD0156 treatment was discon-

tinued (Supplementary Fig. S5H). A broad analysis of myoCAF, iCAF,
and other immune genes showed that most myoCAF genes were
significantly downregulated by ATM inhibition, whereas the effect on
iCAF genes was gene specific and generally nonsignificant (Supple-
mentary Fig. S5I and S5J). We next tested the effect of the inhibitor on

Figure 5.

Targeting ATM inmyofibroblasts reduces their intratumoral accumulation and slows tumor growth.A and F, qRT-PCR showing shRNAATMknockdown in HFFF2 (A)
or TGFb1-treated MLF (myoMLF; F) prior to injection in mice (ntr ¼ 3; SD shown). B, G, C, and H, Tumor growth curves (B and G) and AUC histograms (C and H)
following coinjection of tumor cells with shCTR or shATM fibroblasts (5PT cellsþ HFFF2, B and C; TC-1 cellsþmyoMLF, G and H). Data from single experiments are
presented; mouse numbers¼ 3–8 (B andG). Two-wayANOVA is used for AUC analysis of three individual experiments for both 5PT (C) and TC-1models (H).D and I,
Representative SMA IHC from the experiments shown inB andG, respectively. E and J, Quantification of SMA staining (ntr¼ FoV¼ 3) from the experiments shown in
B (E) andG (J).K, L, P, andQ, Mice injected with either TC-1�myoMLF (K and L) or MC38� TGFb1-treatedMCF (myoMCF; P andQ) were treated with ATM inhibitor
AZD0156 for the duration of the experiment (mouse number¼ 5–8); tumor growth curves (K andP); AUCanalysis of twoexperiments relative toK (two-wayANOVA;
L); AUC analysis of the single experiment shown inP (homoscedastic Student t test;Q).M,N, R, and S,Representative images andquantification of SMA IHCofmouse
tumors inK and P, respectively (ntr¼ FoV¼ 3).O,Overall survival of TC-1þmyoMLFmice treated daily with AZD0156 at days 15–28 (mouse number¼ 11–12; Mantel–
Cox log-rank test is shown; see also Supplementary Fig. S5K and S5L). Homoscedastic Student t test is shown in the figure and refers to the control unless otherwise
highlighted. Scale bars, 200 mm. ns, nonsignificant; �, P ≤ 0.05; �� , P ≤ 0.01; ���� , P ≤ 0.0001.
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Figure 6.

Targeting myofibroblast ATM promotes tumor CD8 T-cell infiltration and potentiates immunotherapy. A and B, Representative IHC staining (A) and relative
quantification (B) of CD8 T cells in the core and periphery of TC-1 myo-rich tumors (described in Fig. 5F–J; ntr ¼ FoV ¼ 10; dotted lines, tumor margins). C and D,
Representative IHC staining (C) and relative quantification (D) of CD8 T cells in the core and periphery of tumors described in Fig. 5K (ntr¼ FoV¼ 10). E and F, Flow
cytometry analysis from TC-1 þ myo-rich tumors described in Fig. 5K (E shows two experiments; two-way ANOVA was used). (Continued on the following page.)
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mice injected with TC-1 cells �TGFb1-treated MLF (myoMLF). In
mice bearing myoCAF-rich TC-1 tumors, AZD0156 suppressed myo-
fibroblast accumulation, slowed tumor growth, and improved overall
survival (Fig. 5K–O and Supplementary Fig. S5K–S5L). However,
AZD0156 hadminimal effect on the growth of control (myoCAF-low)
tumors, showing that the effect of AZD0156 is specific to myoCAF in
this model (Fig. 5K and L). Similar results were obtained using an
isogenic colorectal cancermousemodel, coinjectingMC38 cancer cells
with TGFb-treated mouse colorectal fibroblasts (myoMCF; Fig. 5P–
S). Together, these data show that ATM can be targeted to suppress
intratumoral myoCAF accumulation, resulting in reduced tumor
growth.

ATM myoCAF targeting increases intratumoral CD8 T-cell
infiltration and potentiates immunotherapy

We have shown previously that myoCAF confer immunotherapy
resistance by excluding CD8 T cells from tumors (14). Therefore, we
tested whether ATM inhibition could reverse this effect. Analysis of
myoCAF-rich TC-1 and MC38 tumors by IHC showed that ATM
inhibition (fibroblast shRNA knockdown and AZD0156) resulted in
a significant relocation of CD8 T cells from the tumor periphery
to the tumor core (Fig. 6A–D, G, and H; Supplementary Fig. S6A
and S6B). CD4 T-cell infiltration was unaffected (Supplementary
Fig. S6C–H). Flow cytometry analysis showed that ATM inhibition
did not affect CD8 T-cell phenotype/function in myoCAF-rich
tumors (Fig. 6E and F).

We next investigated whether the effect of ATM inhibition on
intratumoral CD8 T cells could potentiate the response to immuno-
therapy. First, we tested a vaccine model using HPV E6/E7-expressing
TC-1 cells, combining AZD0156 with a DNA vaccine directed against
E7 (RAH; ref. 34); we have shown previously that myoCAF-rich TC-1
tumors are resistant to the vaccine response (14). Mice bearing CAF-
rich TC-1 tumors were treated with AZD0156 or vaccine monother-
apy, vaccine/drug combination, or control. While AZD0156 mono-
therapy was effective in reducing intratumoral myoCAF accumulation
(Supplementary Fig. S6I and S6J), the drug/vaccine combination
significantly increased CD8 T-cell infiltration and reduced tumor
volume compared with the single treatments (Fig. 6I–L and Supple-
mentary Fig. S7A). AZD0156 was also tested in combination with
aPD-1 in mice bearing myoCAF-rich MC38 tumors, a model where,
similarly, myoCAF confer resistance to anti–PD-1 therapy (14). We
found again that the combination of aPD-1 with AZD0156 produced
the most significant CD8 T-cell influx and reduction in tumor growth
(Fig. 6M–P and Supplementary Figs. S6K, S6L, and S7B). Survival
experiments performed over a longer time period showed that com-
bining ATM inhibition with immunotherapy increased the overall
survival compared with single treatments alone in both tumor models
(Fig. 6Q and R; Supplementary Fig. S7C and D). When tumors
relapsed upon aPD1 � AZD0156, a second treatment with the
combination was administered, resulting in significantly fewer myo-

CAF and increased CD8 T cells (Supplementary Fig. S7E–S7G).
Notably, despite the high levels of CD8 T cells in these tumors, mice
showed only a nonsignificant trend for increased survival (Supple-
mentary Fig. S7H–S7O). Overall, these data suggest that ATM inhi-
bition is effective at promoting the infiltration of CD8 T cells into
myoCAF-rich tumors and can be used to potentiate the early response
to immunotherapy.

Discussion
MyoCAF are associated with poor prognosis in many cancers and

have been shown to promote tumor immune evasion. However,
effective targeting of this cell population has not yet been accom-
plished (16, 19), in part confounded by the fact that CAF remain a
poorly defined, heterogeneous cell population (7, 17). Recent single-
cell transcriptomic analyses have identified novel CAF phenotypes,
including iCAF and antigen-presenting CAF (apCAF), although it is
not yet clear how widely these CAF subgroups are found in different
cancers or how they function (40). Most research has focused on
myoCAF. These are present to a greater or lesser extent inmost types of
solid tumors, usually abutting tumor cells, and depositing a desmo-
plastic stroma rich in collagens, fibronectin, and proteoglycans that has
been shown to “trap” T cells and limit T-cell access to the tumor
core (14, 41, 42). Notably, expression of TGFb-associated myoCAF
ECM genes is one of the strongest predictors of immunotherapy
failure, highlighting the ability of myoCAF to create an immunosup-
pressive tumor microenvironment (8–12). Here, we show that the
activation of ATM plays a central role in promoting and maintaining
the myoCAF phenotype and that ATM can be effectively targeted
to “normalize” myoCAF, overcome myoCAF-mediated immune
evasion, and potentiate response to immunotherapy.

ATM, along with ATR and DNA-PKcs, is principally known for
its role as an apical kinase in the DDR pathway. However, ATM
signaling has been shown to also regulate other cell functions,
including glucose metabolism (43), cell homeostasis (44), and
multiple differentiation processes (45). We found that TGFb1-
induced myofibroblast differentiation results in the activation of
ATM and CHK2 in the presence of significantly increased (albeit
low) DNA breaks. The localized pattern of pH2AX and pATM
staining in the nuclei of cells treated with TGFb1 confirmed the
presence of DNA damage in the form of DSBs (30), consistent with
TGFb/SMAD signaling, promoting ATM activation and down-
stream signaling as a result of direct DNA damage (25–27, 46). In
keeping with this, we found that inhibiting MRN complex/DNA
damage activation of ATM by targeting Mre11 inhibits TGFb1
induction of the kinase.

In breast CAF, ATM has also been shown to be activated by
oxidative stress in the absence of DNA damage, suggesting potential
activation of theATMdimer (47). Here, we found that ATMactivation
results from both oxidation and DNA damage and that both are

(Continued.) GandH,Representative IHC staining (G) and relative quantification (H) of CD8 T cells in the core and periphery of the tumors described in Fig. 5P
(ntr ¼ FoV ¼ 10). I–L, Mice were injected with TC-1 þ myoMLF and treated with RAH vaccine�AZD0156. Control plasmid with vehicle was used as control.
Tumor growth curves of a representative experiment (I; mouse number¼ 7–8; see also Supplementary Fig. S7A); two-way ANOVA is shown and refers to AUC
analysis of three experiments (J). Representative IHC staining (K) and relative quantification (L) of CD8 T cells in the tumor core (ntr ¼ FoV ¼ 10). M–P, Mice
were injected with MC38 and myoMCF and treated with aPD-1 and AZD0156, either alone or in combination. Control mice received isotype control antibody
and vehicle. Tumor growth curves of a single experiment (M; mouse number ¼ 5–8; see also Supplementary Fig. S7B) and relative AUC analysis (N).
Representative IHC staining (O) and relative quantification (P) of CD8 T cells in the tumor core (ntr ¼ FoV ¼ 10 in P). Q and R, Overall survival of mice injected
with TC-1 þmyoMLF (Q) or MC38þmyoMCF (R) and treated as indicated (mouse number¼ 7–8 for both experiments; Mantel–Cox log-rank test is shown; see
also Supplementary Fig. S7C and S7D). Scale bars, 200 mm. A homoscedastic Student t test is used throughout the figure and is relative to the control unless
otherwise highlighted. ns, nonsignificant; � , P ≤ 0.05; �� , P ≤ 0.01; ��� , P ≤ 0.001; ���� , P ≤ 0.0001.
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dependent on ROS generated by NOX4. We established that NOX4
(but not Mre11) activates ATM as a dimer, indicating a ROS-driven
oxidation of the kinase independent of monomer activation by
the MRN complex. Consistent with NOX4 being reported to promote
DDR activation in several cell types (25, 27), here we demonstrate
that NOX4 is the source of ROS promoting ATM dimer formation
during the myofibroblast/myoCAF differentiation process. This likely
explains the lack of KAP1 activation typically observed during oxi-
dative stress activation of ATM (31) and proposes a model whereby
there exists a parallel activation ofATMbyDNAdamage and oxidative
stress, both induced by NOX4.

We found that ATMwas activated inmyoCAF isolated ex vivo from
NSCLC and HNSCC, also detected by multiplexed immunochemistry
in the SMA-positive stroma of the same tumors. GSEA also showed
enrichment of ATM/DDR-related genes in themyofibroblastic stroma
of ovarian, esophageal, liver, and colorectal tumors, consistent with
proteomic analysis of esophageal and breast CAF performed else-
where (48, 49). In support of its role in myoCAF differentiation, ATM
activation has additionally been reported to contribute to various
fibrotic conditions, including systemic sclerosis (50), renal (51), and
hepatocellular fibrosis (52), all myofibroblast-dependent processes,
suggesting, overall, that the association of ATM signaling and myofi-
broblast/myoCAF phenotypes holds true across different tissues and
disease pathogenesis. Continued ATM activation in myoCAF isolated
ex vivo suggested that it also plays a role in maintaining the myoCAF
phenotype. We found that ATM inhibition normalized myoCAF,
downregulating SMA and other myoCAF markers while promoting
an iCAF phenotype, consistent with recent studies that have highlight-
ed plasticity in CAF populations, showing that CAF subgroups are not
fixed in the state of terminal differentiation (37, 53).

We also investigated whether DDR upstream or downstream
components of the ATM pathway can regulate myofibroblastic CAF
phenotype and found that Mre11 and CHK2 are also involved in
myofibroblast differentiation. This contrasts with previous work that
identified CHK2 as a repressor of breast myofibroblastic CAF phe-
notype (54), although it is consistent with the increased DDR gene
expression and ATM activation observed in breast CAF by several
other groups (47, 49)

ATM signaling involvement in myoCAF differentiation is in keep-
ing with our previous data showing that DNA damaging agents,
including irradiation, can induce a contractile, SMA-positive myofi-
broblastic-like phenotype through an ATM-dependent mecha-
nism (20). Additionally, we have shown that continuous TGFb1
treatment of fibroblasts over time promotes senescence (35), which
is commonly triggered by DNA damage. It appears therefore that
myofibroblast activation and senescence may be two linked stress
responses, perhaps with TGFb1 induction of ATM signaling and the
myofibroblast phenotype, followed by later senescence forming part of
the same differentiation program.

The recognition that myoCAF provide a major resistance mecha-
nism to immunotherapy has renewed interest in CAF targeting as an
immunotherapy adjunct, and different therapeutic approaches have
been suggested. TGFb signaling is the major pathway regulating
myoCAF differentiation, and different groups have shown that coad-
ministration of anti-TGFb with anti–PD-1/PD-L1 antibodies signif-
icantly improves response in preclinical tumor models (8, 13). TGFb
blockage has been shown to reduce the formation of myoCAF and
promote the formation of an “interferon-licensed”CAF subpopulation
with increased immunomodulatory properties, resulting in greater
anti–PD-1 efficacy (53). Inhibiting TGFb, however, can be problem-
atic; this pleiotropic cytokine has multiple roles in normal physiology

as well as tumor-suppressive effects, and its targeting has led to on-
target cardiac toxicities in preclinical studies, as well as the develop-
ment of cutaneous tumors in human trials (18, 55). Inhibiting the
mechanisms by which CAF exclude T cells from tumors is an alter-
native approach to overcome immunotherapy resistance and perhaps
the most attractive strategy to do that is to ‘normalize’ myoCAF,
particularly since studies have suggested that certain CAF/fibroblast
phenotypes may be tumor-suppressive (56). We previously identified
the ROS-producing enzyme NOX4 as a key regulator of the myoCAF
phenotype (14, 28). Inhibition of NOX4 using the small-molecule
inhibitor GKT137831/Setanaxib suppresses myoCAF differentiation
and overcomes myoCAF-mediated immunotherapy resistance (14).
Here, we found that ATM is activated byNOX4 and plays a similar role
in regulating and maintaining myoCAF differentiation.

Drugs inhibiting ATM and other components of the DDR are
generally effective in tumors with specific preexisting DNA-repair
defects or are used in combination with platinum compounds or
ionizing radiation where they are associated with significant toxici-
ty (57). As monotherapy, ATM inhibitors are well tolerated, with dose
escalation phase I clinical studies with the ATM inhibitors AZD0156
or AZD1390 not yet reporting to be associated with adverse effects.
However, ATM inhibitor monotherapy is generally therapeutically
ineffective in conventional preclinical tumor models (58, 59), where
the stromal component is typically absent (14). Nonetheless, recent
studies have shown that ATM inhibitors can promote response to
checkpoint immunotherapy through cGAS/STING signaling in tumor
cells, resulting in an enhanced interferon I response and increased
immunogenicity (58). Notably, we found that ATM inhibition did not
affect control (CAF-low) tumors comprising TC-1 and MC38 cells
alone, but its effect was limited to myoCAF-rich tumors, where it
reversed myoCAF differentiation and potentiated immunotherapy
response. Whether this latter effect is modulated through the down-
regulation of ECM proteins or altered expression of inflammatory
cytokines remains to be determined (41, 58), but our data suggest that
the use of ATM inhibitors can be expanded for stromal targeting.

In summary, we identify ATM activation as a novel, targetable
pathway regulating myoCAF differentiation. Most types of solid
tumors have a myoCAF-rich subgroup; given the major role of
myoCAF in suppressing response to anti–PD-1/PD-L1 checkpoint
inhibitors (8, 13), targeting this pathway as part of combination
immunotherapy could have significant therapeutic benefit.
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