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ABSTRACT
Background  Mutations in genes encoding DNA repair 
factors, which facilitate mismatch repair, homologous 
recombination, or DNA polymerase functions, are known 
to enhance tumor immunogenicity. Ataxia telangiectasia 
mutated (ATM) is a central regulator of DNA double-strand 
break repair and is frequently affected by somatic or 
germline mutations in various cancer types, including 
breast, prostate, pancreatic, and lung cancer. However, the 
consequences of ATM loss on tumor immunogenicity are 
poorly understood.
Methods  We generated isogenic ATM-null models 
using CRISPR in murine triple-negative breast (4T1) 
and colorectal (CT26) cancer cell lines. ATM inactivation 
was confirmed by PCR and western blot. Immune 
cell infiltrates were assessed by flow cytometry and 
immunohistochemistry in both murine tumors and 
human samples from breast and lung cancers (via The 
Cancer Genome Atlas and institutional cohorts). In vivo, 
the impact of ATM loss on tumor growth and response 
to immune checkpoint blockade (anti-programmed cell 
death protein-1 (PD-1)) was evaluated. Furthermore, 
we compared the effects of different DNA-damaging 
agents—including an ATR inhibitor (RP-3500), a PARP 
inhibitor (olaparib), and the topoisomerase II inhibitor 
etoposide—on interferon-stimulated gene (ISG) expression 
and immune modulation.
Results  We find that—in contrast to other DNA repair 
defects—ATM deficiency (1) fails to encourage immune 
effector cell infiltration into tumors, and (2) does not enable 
immune cell recruitment via synthetic lethality strategies 
in clinical trials, such as with ATR inhibition. Assessing 
various DNA-damaging agents in Atm null tumors revealed 
a differential activation of type I interferon (IFN) signaling, 
with etoposide, a topoisomerase II inhibitor, emerging as 
the strongest activator of ISG under these conditions. Yet, 
PD-1-targeted immune checkpoint blockade does not 
bolster the therapeutic activity of etoposide in Atm-null 
syngeneic tumor models, nor does it modify the tumor 
microenvironment, suggesting that type I IFN signaling 
alone is insufficient to overcome immunosuppression in 
immunologically cold ATM null neoplasms.
Conclusions  ATM deficiency, while compromising 
DNA repair and enhancing sensitivity to radiation and 
ATR inhibition, does not increase tumor antigenicity or 
immunogenicity. Altogether, our results have important 

implications for the design of novel combination therapies 
for ATM null tumors and highlight the importance of 
antigenicity in the immunological consequences of 
defective DNA repair.

INTRODUCTION
The DNA damage response (DDR) encom-
passes a complex network of proteins, which 
can be broadly organized into three catego-
ries: (1) sensors of DNA damage, (2) proteins 
that integrate the DDR with other cellular 
activities (eg, the cell cycle), and (3) effector 
proteins that repair specific DNA lesions.1 2 
Deficiency in the DDR is an enabling hall-
mark of cancer and manifests across many 
cancer types.3 4 The most common DDR 
deficiencies in cancer include aberrations in 
specific repair pathways, including mismatch 
repair (MMR), homologous recombina-
tion (HR), nucleotide excision repair, and 
DNA synthesis by polymerases (eg, poly-
merase epsilon, POLE). These deficiencies 
are often caused by either hereditary muta-
tions in the germline or somatic mutations 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Genetic mutations in many DNA repair genes en-
hance tumor immunogenicity; however, whether 
mutations in ataxia telangiectasia mutated (ATM) 
influence tumor immunogenicity is unknown.

WHAT THIS STUDY ADDS
	⇒ This study finds that ATM-mutated tumors have a 
distinct behavior from other DNA repair defective 
cancers, and suggests an important role for anti-
genicity in mediating immunogenic effects of DNA 
repair defects.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ Novel approaches are necessary to enhance the im-
munogenicity of ATM-mutated cancers.
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that accumulate during oncogenesis, both of which are 
thought to enable acquisition of other alterations to 
facilitate disease progression.

Intriguingly, specific DDR deficiencies such as those 
found in mismatch repair deficiency (MMRd), homolo-
gous recombination deficiency (HRD), and POLE alter-
ations are well known to promote cancer immunogenicity 
and increase immune cell infiltration.5–7 MMR and POLE 
deficient cancers exhibit a substantial mutational burden 
(10–100-fold higher than histologically matched control 
tumors), leading to an increase in neoantigen burden, 
a factor believed to drive their heightened immuno-
genicity.8 Tumors with MMRd are indeed so immuno-
genic that the Food and Drug Administration approved 
immune checkpoint blockade with anti-programmed cell 
death protein-1 (PD-1) agents in the metastatic setting 
regardless of histology and anti-PD-1 is further being 
considered for curative treatment in lieu of surgery in 
this context.9 In contrast, HRD tumors exhibit a modest 
increase in mutational burden (twofold higher than 
their HR-proficient counterparts), but they have a brisk 
immune infiltrate and distinct responses to anti-PD-1 
therapy.10 Interestingly, HRD tumors may also stimulate 
immune responses by activating intracellular sensors 
of cytosolic nucleic acids,11 12 resulting in the abundant 
secretion of pro-inflammatory cytokines including type I 
interferon (IFN).13

After MMR and HR, genetic alterations in ataxia telan-
giectasia mutated (ATM) are the third most common 
DDR defect in cancer, with somatic and/or germline 
mutations occurring in 1–5% of all cancers.14 ATM 
belongs to the PIKK superfamily and is a central regulator 
of the cellular response to DNA double-strand breaks.15 
Homozygous loss of ATM in the germline causes a rare 
inherited autosomal recessive disorder known as ataxia 
telangiectasia, which is characterized by a syndrome of 
immunodeficiency, cerebellar ataxia, radiation sensitivity, 
and increased risk of cancer.16 17 Similar to MMR and HR, 
heterozygous loss of ATM in the germline is associated 
with increased cancer risk,18 and somatic alterations occur 
during oncogenesis in a number of cancer types.14 19

Here, we sought to elucidate the impact of ATM alter-
ations on tumor-targeting immunity using patient samples 
and isogenic mouse models of breast and colorectal 
cancer. We found that, unlike cancers with other DDR 
defects, ATM null mouse and human tumors are not 
immunogenic and that synthetic lethality strategies 
currently tested in the clinic, notably ataxia telangiectasia 
and rad3-related protein (ATR) inhibitors, do not facili-
tate immunity for ATM null cancers. Finally, we demon-
strate that abundant type I IFN secretion, as driven by the 
topoisomerase II inhibitor etoposide in these tumors, is 
insufficient to restore immune infiltration and sensitivity 
to PD-1 blockers. Altogether, our findings indicate that 
ATM-deficient tumors have a distinct immunological 
profile from other DDR-defective tumors and emphasize 
the critical role of antigenicity in the immune sequelae of 
compromised DNA repair.

RESULTS
ATM null cancer models are sensitive to radiation but not 
immunogenic and do not respond to immune checkpoint 
blockade
We assessed the impact of ATM deficiency on tumor immu-
nogenicity using the GenCRISPR system (GenScript) to 
create isogenic mouse models of triple-negative breast 
cancer (4T1 cells) and colorectal cancer (CT26 cells), 
as we have previously done.10 20 21 PCR identified inser-
tion/deletion events in Atm leading to truncation, and 
western blot confirmed knockout of Atm (online supple-
mental figure 1A–C). Importantly, in knockout models, 
ATM signaling post-ionizing radiation was abolished, 
as evidenced by a marked reduction in the phosphory-
lation of canonical ATM target KAP1, compared with 
wild-type controls (figure 1A).22 As anticipated, Atm null 
models were more sensitive to radiation as indicated by 
decreased cell viability compared with isogenic controls 
(figure 1B). Lastly, we observed elevated nuclear γ-H2AX 
foci, indicating persistent DNA damage, in Atm null cells 
24 hours after recovery from exposure to 10 Gy of radi-
ation (figure 1C). Altogether, these results indicate that 
our Atm null 4T1 and CT26 tumor models recapitulate 
classical DNA repair defects of ATM-deficient tumors.

We next sought to evaluate the impact of Atm deficiency 
on the immune landscape of tumors using these models. In 
contrast to other DNA repair defects,10 20 21 flow cytometry 
of both 4T1 and CT26 tumors did not reveal any difference 
in bulk CD3+ T cells, bulk CD8+ T cells or their activated 
(GZMB+) or proliferating (KI67+) subsets compared with 
isogenic controls (figure 1D, online supplemental figure 
1D). Consistent with this finding, immunohistochemistry 
(IHC)-based on the pan-T cell marker CD3 (figure 1E) 
also did not illustrate an increase in T-cell infiltration. We 
subsequently sought to evaluate whether Atm null tumors 
may still be responsive to immune checkpoint blockade 
(ICB). However, in both 4T1 and CT26 models, anti-PD-1 
therapy was not more effective in Atm null tumors than 
in their isogenic controls (figure 1F, online supplemental 
figure 1E). Not surprisingly, Atm null tumors grew slower 
than wild-type (WT) models, consistent with prior find-
ings showing reduced proliferation.23–26 In summary, 
while our Atm null models replicate classic DNA repair 
deficiencies, they suggest that loss of Atm does not change 
the immunological tumor microenvironment (TME) or 
increase sensitivity to ICB.

ATM loss does not increase T-cell infiltration in human cancer
We subsequently aimed to assess the impact of ATM defi-
ciency on the immunological TME of breast and lung 
cancer in humans. We first explored the influence of 
pathogenic mutations in ATM in breast cancer by exam-
ining immune de-convolution data from TCGA as well 
as IHC data from patients at our institution. In contrast 
to patients with other DNA repair defects,6 10 27 patients 
with breast cancer harboring pathogenic ATM mutations 
showed no difference in intratumoral T-cell abundance 
compared with patients with wild-type tumors (figure 2A). 
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Similarly, the IHC-based analysis of ATM-mutated patients 
with estrogen receptor-positive breast cancer, matched by 
age and grade to controls (online supplemental figure 
2A), revealed no increase in CD4+, CD8+, or total T-cell 
counts within the stroma or tumor (figure  2B,C). To 
determine if cancer histology could explain this effect, 
we evaluated T-cell infiltrate in patients with lung cancer 
from the TCGA, as lung cancer has a high frequency of 
pathogenic mutations in ATM. Similar to breast cancer, 

ATM-mutated lung cancers did not have an increase in 
T-cell infiltrate compared with wild-type tumors either 
(figure 2D). Similarly, colorectal cancers also illustrated 
that ATM mutated tumors did not have an increase in CD8 
T cells, whereas those that were MSI or POLE altered did 
(online supplemental figure 2B). Furthermore, measure-
ments of tumor mutation burden illustrated comparable 
levels between ATM mutated and wild-type breast or lung 
cancer tumors in patients (figure 2E). Altogether, these 

Figure 1  Atm−/− models recapitulate canonical features of Atm deficiency and are non-immunogenic. (A) After 10 Gy IR, 
the Atm−/− 4T1 (Clone T3-23) or CT26 (Clone 5) cells do not demonstrate phospho-Kap1 (Serine 824) signaling compared 
with wild-type controls. (B) In vitro cellular viability identifies Atm−/− 4T1 and CT26 models as significantly more sensitive to 
IR than parental controls (n=3 biologic replicates, mean±SD, ordinary two-way analysis of variance). (C) Results of γ-H2AX 
immunofluorescence analysis performed in 4T1 cells 24 hours after irradiation. Cell nuclei with >15 foci were scored as positive. 
Inset showing representative images of γ-H2AX immunofluorescence (green). Nuclei were counterstained with 6-diamino-2-
phenylindole (blue). (D) In vivo assessment of immune infiltrate in 4T1 models by flow cytometry demonstrates similar T-cell 
populations as the WT from tumors sacrificed at 16 days (n=5 tumors per group; data represented as mean±SEM, two-tailed 
unpaired Student’s t-test). (E) In vivo assessment of immune infiltrate by immunohistochemistry from 4T1 models (n=5 mice 
per group, data represented as mean±SD; two-tailed unpaired Student’s t-test). (F) Parental 4T1 and Atm−/− tumors show no 
response to anti-PD-1 suggesting lack of immunogenicity in a 4T1 model. ATM, ataxia telangiectasia mutated; KO, knock out; 
IR, ionizing radiation; PD-1, programmed cell death protein-1; WT, wild-type.
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data are consistent with our findings in syngeneic murine 
models and suggest that pathogenic ATM mutations do 
not markedly alter the immune TME of human breast 
and lung cancer.

Targeted therapy with ATR inhibition does not modulate the 
immunological TME in Atm null tumors
Some therapies targeting DNA repair partly function 
by eliciting an immunological response. For instance, 
poly ADP-ribose polymerase (PARP) inhibitors in HRD 

cancers have been shown to involve a reconfiguration 
of the immunological TME coupled with the activation 
of immune effector mechanisms.28 29 Hence, we posited 
that DNA repair-directed therapeutics currently being 
investigated in the clinic for ATM null tumors may 
also modulate the TME. ATR inhibitors are syntheti-
cally lethal in ATM null tumors, with several distinct 
compounds in early phase clinical trials.30 We tested 
a best-in-class ATR inhibitor, RP-3500 (camonsertib) 

Figure 2  ATM mutations do not increase T-cell infiltrate in human tumors. (A) TCGA analysis of Atm–/– tumors in patients with 
breast cancer (data are represented as mean±SD, Mann-Whitney U test). (B) Immunohistochemistry of T-cell markers CD3, CD4 
and CD8 does not show any difference in infiltration in the stromal environment in tumors of the patients with breast cancer 
(mean±SD, two-tailed unpaired Student’s t-test). (C) Intratumoral T-cell infiltration was not found in the patients with breast 
cancer. (Mean±SD, two-tailed unpaired Student’s t-test). (D) TCGA analysis of Atm–/– tumors in patients with lung cancer (data 
are represented as mean±SD, Mann-Whitney U test). (E) Tumor mutation burden of ATM mutated tumors in patients with breast 
or lung cancer (data are represented as mean±SD, Mann-Whitney U test). ATM, ataxia telangiectasia mutated; TCGA, the 
cancer genome atlas; WT, wild-type.
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and, as anticipated, identified a preferential decrease 
in cell viability in Atm−/− 4T1 cells over their wild-type 
counterparts (figure 3A). We next evaluated the effect 
of ATR inhibition in vivo by implanting 4T1 cells orthot-
opically in the mammary fat pad of syngeneic BALB/c 
mice and treating them with RP-3500 (15–30 mg/kg of 
body weight) or vehicle. In line with in vitro findings, 
we documented a significant dose response with a 60% 
remission rate at the previously established MTD for 
RP-3500 (figure 3B). In contrast, parental (Atm compe-
tent) 4T1 tumors developing in immunocompetent 
syngeneic hosts were not sensitive to ATR inhibition 
(online supplemental figure 3A).

Although there was significant growth delay in Atm 
null tumors receiving RP-3500, IHC revealed no increase 
in intratumoral T cells relative to vehicle-treated Atm-
deficient tumors (figure 3C; online supplemental figure 
3B). Similarly, flow cytometry of dissociated tumor cells 
did not reveal a change in T-cell frequency but identified 
a significant decrease in the activation and proliferation 
of the intratumoral CD8 T cells post RP-3500 treatment 
as compared with vehicle (figure  3D). These findings 
align with recent work demonstrating that ATR inhibitors 
selectively impair CD8 T-cell proliferation31 likely due to 
their more rapid proliferative kinetics following cytotoxic 
therapies.32

To further evaluate the role of the immune system 
in response to ATR inhibition in ATM null models, we 
assessed efficacy in immunodeficient NSG mice and 
immune-competent mice with CD8 T cells depleted. We 
first injected NSG mice with the 4T1 Atm null cells and 
found that RP-3500 showed similar efficacy in the absence 
of the immune cells (figure 3E). To further assess the role 
of CD8 T cells in the efficacy of RP-3500, we compared the 
treatment of RP-3500 with and without depletion of CD8+ 
T cells in Balb/c mice injected with 4T1 Atm null cells. As 
anticipated, treatment with anti-CD8 Ab led to a specific 
decrease in the CD8+ T-cell subset when compared with 
the IgG treated group (online supplemental figure 3C). 
Yet, the efficacy of RP-3500 was similar with or without 
CD8 T-cell depletion (figure 3F). Together, these results 
indicate that inhibition of tumor growth by RP-3500 is 
independent of the T cells in this genotype.

Despite the lack of overt signs of immunogenicity, we 
decided to evaluate whether ATR inhibition could still be 
synergistic with ICB with a PD-1-targeting agent. Unfor-
tunately, the addition of a PD-1 blocker failed to improve 
the efficacy of RP-3500 against Atm−/− 4T1 lesions growing 
orthotopically in immunocompetent syngeneic mice 
(figure 3G). Similar results were obtained with an alter-
native Atm−/− 4T1 single cell clone (online supplemental 
figure 3D). Flow cytometric analysis showed that co-ad-
ministration of an anti-PD-1 antibody did not restore 
the diminished activity and proliferation of CD8+T cells 
induced by RP-3500 in the TME of Atm-deficient 4T1 
tumors (figure  3H). That said, therapy was well toler-
ated with a maximum of 10% drop in body weight post-
treatment (data not shown).

We subsequently sought to evaluate the impact of ATR 
inhibition on the TME of patients with cancer treated 
with RP-3500 in the context of a phase 1 clinical trial 
(NCT04497116), profiling the TME both before treat-
ment and 5–6 weeks after treatment initiation (figure 4A). 
Focusing on patients with pathogenic ATM mutations, we 
failed to observe significant changes in T-cell infiltration 
during therapy (figure 4B). Similarly, the cytolytic score 
(a transcriptional signature of T-cell activation) did not 
significantly increase during therapy (figure 4C), nor did 
intratumoral macrophages (figure 4D). Altogether, these 
data suggest that the loss of ATM markedly increases 
the sensitivity of cancer cells to ATR inhibition via non-
immunological mechanisms that cannot be significantly 
potentiated with ICB.

DNA-damaging agents differ in their ability to elicit IFN 
signaling in Atm null tumors
As ATR inhibition failed to modulate the immunological 
TME of Atm null tumors, we sought to understand how 
ATR inhibition and other DNA damaging therapeutics 
modulated immune activation by focusing on the expres-
sion of canonical interferon-stimulated genes (ISGs) such 
as C-X-C motif chemokine ligand 10 (Cxcl10), IFN beta 1 
(Ifnb) and IFN-induced 15 KDa protein (Isg15). Alongside 
RP-3500, we assessed ISG responses to a topoisomerase 
II inhibitor, etoposide, and a PARP inhibitor, olaparib. 
Etoposide is known to produce double-stranded DNA 
breaks and is active against Atm null tumors. We observed 
robust induction of ISG expression in Atm−/− 4T1 cells 
exposed to etoposide for 24 hours (figure 5A). Conversely, 
olaparib resembled RP-3500 in its inability to elicit the 
expression of ISGs in this genotype (figure 5A). Incuba-
tions from 2 to 48 hours also did not result in increased 
ISG expression following RP-3500 treatment (online 
supplemental figure 4A–E). Importantly, differences in 
ISG responses between treatments were not due to differ-
ences in cell viability, as 24 hours post-treatment viability 
was comparable for all agents (60–70%, online supple-
mental figure 4F). In contrast, combination treatment 
with RP-3500 and olaparib resulted in significant ISG 
upregulation in Atm-null 4T1 cells (figure 5B), although 
less pronounced than with etoposide (figure 5A).

Together, these results indicate that IFN signaling 
in Atm null cells depends on the precise type of DNA 
damage and cell death elicited by the initiating stimulus, 
with a strong dependence on the class of agent.

IFN signaling is not sufficient to alter the TME in poorly 
immunogenic Atm null tumors
Finally, we evaluated the effect of IFN signaling as elicited 
by etoposide in cultured Atm−/− 4T1 cells on immunolog-
ical parameters in vivo. As anticipated, both wild-type and 
Atm null 4T1 lesions established orthotopically in immu-
nocompetent syngeneic hosts responded to etoposide, 
with the latter exhibiting superior sensitivity (figure 6A,B). 
Surprisingly though, the addition of a PD-1 blocker failed 
to improve the therapeutic activity of etoposide in Atm 
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Figure 3  ATR inhibition in Atm−/− tumors is non-immunogenic. (A) Atm−/− 4T1 cells are sensitive to RP-3500 in vitro with an 
IC50 of 8.6 nm (n=3 biologic replicates). (B) In vivo growth inhibition identifies a dose-response effect between RP-3500 and 
growth delay in Atm−/− tumors (data from three independent replicates, data are represented as mean±SEM, two-way ANOVA, 
Sidak’s multiple comparisons test). (C) Immunohistochemistry of treated tumors at day 16 identifies no significant increase of T 
cells (n=5 tumors per group; mean±SD, two-tailed unpaired Student’s t-test). (D) Flow cytometry--based immunophenotyping 
identifies depletion of proliferation and activation in CD8 T cells (n=10 mice per group; data are represented as mean±SEM; 
two-tailed unpaired Student’s t-test). (E) 4T1 Atm−/− tumors show significant response to RP-3500 in the immunodeficient NSG 
mice. (F) Efficacy of RP-3500 does not alter post CD8+T cells. Results are expressed as the mean value of three independent 
experiments. (n=10 mice per group, data are represented as mean±SEM, two-way ANOVA, Sidak’s multiple comparisons 
test). (G) Combination therapy with RP-3500 and anti-PD-1 does not lead to further growth delay (n=10 mice per group, 
data are represented as mean±SEM, two-way ANOVA, Sidak’s multiple comparisons test). (H) Immunophenotyping by flow 
cytometry shows a decrease in proliferation and cytotoxic activity of CD8 T cells (n=10 mice per group, data are represented as 
mean±SEM, two-way ANOVA). ATR, ataxia telangiectasia and rad3-related protein; ANOVA, analysis of variance; ATM, ataxia 
telangiectasia mutated; PD-1, programmed cell death protein-1.
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null 4T1 and CT26 tumors (figure 6B,C). In line with this 
notion, etoposide failed to alter the immunological TME 
of Atm null 4T1 tumors growing in the mammary fat pad 
of BALB/c mice, a defect that could not be reverted with 
PD-1 blockade (figure 6D), despite (at least partial) signs 
of ongoing type I IFN signaling 3 and 7 days after treat-
ment initiation (figure 6E). These data suggest that DNA 
repair-directed therapies that increase IFN signaling may 
not be sufficient to enable ICB activity in poorly immuno-
genic tumors.

DISCUSSION
Here, we used syngeneic mouse models of breast and 
colorectal cancer and data from patients with breast 
and lung carcinoma to elucidate the impact of ATM, a 
commonly inactivated tumor suppressor, on anticancer 
immunity. In both model systems and human cancers, we 
failed to observe signs of immune activation or superior 
ICB sensitivity as a consequence of ATM loss. We evalu-
ated several different classes of therapeutics currently 

investigated for ATM null tumors, including ATR inhib-
itors, PARP inhibitors, and cytotoxic chemotherapy, 
finding class-dependent activation of IFN signaling that—
however—was insufficient to restore ICB activity in our 
models.

Surprisingly, unlike other common DNA repair defects 
in cancer such as deficiencies in HR, MMR and POLE, 
which are known to increase cancer cell antigenicity and 
drive IFN signaling downstream of the accumulation of 
nucleic acid in the cytosol,6 7 33 ATM loss failed to drive 
anticancer immune responses. Hereditary defects in 
ATM have been previously shown to activate nucleic acid 
sensors and lead to chronic inflammation.34 However, 
our data, as well as data from others, suggest that the 
loss of ATM does not substantially increase tumor muta-
tional burden.35 Further, in both human tumors and our 
isogenic models, we did not observe evidence of increased 
T-cell infiltrate on ATM loss. These results suggest that 
although innate IFN signaling is likely to be important for 
anticancer immunity,36 37 it may not be sufficient by itself 

Figure 4  Immunologic activity of ATR inhibition in human patients. (A) Clinical trial schematic of RP-3500 monotherapy. 
(B) Immune deconvolution results of pre-therapy and post-therapy biopsies identify no significant increase in overall T cells or 
CD8 T cells (data are represented as mean±SEM; two-tailed unpaired Student’s t-test). (C) Evaluation of T-cell activation does 
not identify a significant increase in cytolytic score with ATR inhibition (data are represented as mean±SEM; two-tailed unpaired 
Student’s t-test). (D) Macrophage cell infiltration does not increase in the tumors with ATR inhibition (data are represented as 
mean±SEM; two-tailed unpaired Student’s t-test). ATM, ataxia telangiectasia mutated; ATR, ataxia telangiectasia and rad3-
related protein.
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to explain the immunogenicity of DDR-defective tumors, 
and likely a combination of both antigenicity and innate 
signaling is required.

Interestingly, we observed marked differences between 
different DNA repair-directed therapies on activation of 
IFN signaling. Although both ATR inhibition and etopo-
side similarly decreased cellular viability in vitro, they had 
markedly different effects on ISG induction, highlighting 
the importance of mechanisms of cell death on activa-
tion of immunologic signaling.38–40 Etoposide produces 
significant DNA damage and cytosolic DNA accumulation 
whereas synthetic lethality from ATR inhibition in Atm 
null cells is thought to emerge, at least in part, from abro-
gation of cell cycle checkpoints. Prior work has shown 
that ATR inhibition may potentiate anticancer immunity 
if combined with other DNA-damaging agents.41 Concor-
dant with this, we also observed a significant increase 

in ISGs when combining ATR and PARP inhibitors. 
However, despite some of the DNA repair-directed thera-
pies that we tested robustly activating IFN signaling, none 
synergized with ICB in vivo. These data suggest that novel 
approaches are needed to activate the immune system 
against ATM null tumors.

Apparently at odds with our results, mouse pancreatic 
cancer mT4 and KPC2 cells subjected to ATM depletion 
with shRNA and established subcutaneously in immuno-
competent syngeneic hosts exhibited improved responses 
to PD-1 therapy combined with radiotherapy.42 This may 
reflect lineage-specific effects (pancreas vs breast and 
colon), marked differences in growth kinetics (faster 
growth in the models used here), or the method employed 
for ATM depletion (with a potential immunogenicity for 
shRNA constructs).43 Our results are also in contrast with 
previous work harnessing 4T1 cells and CRISPR/Cas9 as 

Figure 5  Atm-targeted therapeutics have distinct interferon activation profiles. (A) Induction of interferon-stimulated genes in 
4T1 cells treated with RP-3500, olaparib or etoposide (data are represented as mean±SD, two-way ANOVA, Dunnett’s multiple 
comparisons test). (B) Increased induction of interferon response with combination treatment of RP-3500 and olaparib in Atm−/− 
cells. (Data are represented as mean±SD, two-way ANOVA, Dunnett’s multiple comparisons test). ANOVA, analysis of variance; 
ATM, ataxia telangiectasia mutated.

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies. 
.

E
rasm

u
sh

o
g

esch
o

o
l

at D
ep

artm
en

t G
E

Z
-L

T
A

 
o

n
 M

ay 20, 2025
 

h
ttp

://jitc.b
m

j.co
m

/
D

o
w

n
lo

ad
ed

 fro
m

 
11 M

ay 2025. 
10.1136/jitc-2024-010548 o

n
 

J Im
m

u
n

o
th

er C
an

cer: first p
u

b
lish

ed
 as 

http://jitc.bmj.com/


9Sinha S, et al. J Immunother Cancer 2025;13:e010548. doi:10.1136/jitc-2024-010548

Open access

a strategy for Atm inactivation, which ultimately resulted 
in robust immunogenicity coupled with tumor rejection 
shortly after implantation.44 We hypothesize that these 
differences may be due to persistent expression of Cas9, 
which has been shown to be highly immunogenic.45

Despite these and other unsolved questions, here we 
demonstrate that unlike cancers with other defects in DNA 
repair, ATM null tumors are not immunogenic, both in mice 
and humans. Moreover, we show that clinically used DNA 
repair-directed therapies differ in their capacity to elicit IFN 

signaling in Atm null tumors, and that even those with superior 
ISG activity (such as etoposide) may be insufficient to convert 
immunologically cold ATM null lesions into hot tumors that 
respond to ICB. In conclusion, our data suggest that unique 
strategies will be necessary to activate the immune system in 
patients with ATM-null tumors.

Figure 6  Activation of interferon signaling is not sufficient to synergize with anti-PD-1. (A) Tumor growth curve exhibits 
significant delayed growth in the Atm−/− in comparison to the parental tumors with the etoposide drug treatment (n=8 mice per 
group; data represented as mean±SEM, two-way ANOVA). (B) The treated mice did not benefit from the addition of anti-PD-1 
with the etoposide in the 4T1 model (n=8 mice per group; data represented as mean±SEM, two-way ANOVA). (C) Etoposide 
combination with anti-PD-1 did not increase the treatment efficacy of the etoposide monotherapy in the CT26 model similar 
to the 4T1 model (n=8 mice per group; data represented as mean±SEM, two-way ANOVA). (D) Immuno-phenotyping by flow 
cytometry shows no significant alterations in the T-cell population or proliferation and activation with etoposide or combination 
treatment in the Atm−/− 4T1 mouse tumors (n=7 mice per group; data represented as mean±SEM, ordinary one-way ANOVA 
with Tukey’s multiple comparisons test). (E) Significant increase in the induction of interferon response genes was detected 
with etoposide or combination therapy in Atm−/− mouse tumors (data are represented as median, two-way ANOVA, Dunnett’s 
multiple comparisons test). ANOVA, analysis of variance; ATM, ataxia telangiectasia mutated; Cxcl10, C-X-C motif chemokine 
ligand 10; Ifnb, interferon beta 1; ISG, interferon stimulated gene; PD-1, programmed cell death 1.
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METHODS
Test compounds
RP-3500 (Repare Therapeutics) was prepared as described 
in Roulston et al, 2022, olaparib and etoposide (MedChem 
Express, #HY-10162, #HY-13629) were purchased.46

Generation of mouse isogenic cell lines
4T1 and CT26 cell lines were purchased from American 
Type Culture Collection (ATCC) before manipulation. 
CRISPR knockout cell lines were developed by using 
GenCRISPR gene editing technology (GenScript). Based 
on the genomic sequence of Atm, target sites were located 
according to the rules of designing a targeting guidance 
RNA for the GenCRISPR system. By transient transfection 
of RNP (GenScript CRISPR single-guide RNAs: Cas9), 
the endogenous target gene was targeted and mutated, 
resulting in consequential reduction (or removal) of the 
expression of the encoded protein. Isogenic knockout 
cell clones were generated by cultivating diluted trans-
fected cells in 96-well plates and were identified by Sanger 
sequencing screening. For the 4T1 cell line, we have used 
two full-allelic knockouts Clone T3-23 and Clone T3-29. 
For the CT26 line, two full-allelic knockouts Clone 5 and 
Clone 35 was used. Cells were cultured in Roswell Park 
Memorial Institute (RPMI) 1640 media with 10% fetal 
bovine serum (FBS) and were used at passages of less 
than 20 from the initial source vial.

Cellular viability assays
4T1 or CT26 cells were seeded in triplicates in opaque 
96-well plates at a concentration of 200 cells per well in 
a 96-well plate and subsequently irradiated at a dose of 
1 or 2 Gy. Control non-radiated plate of cells was also 
included in the experiments. Cell viability was assessed 
4–5 days after seeding, using a luminescent cell viability 
assay (CellTiter-Glo, Promega). 4T1 cells were treated 
with different concentrations of RP-3500 to measure cell 
viability and IC50 by CellTiter-Glo assay post 4–5 days. 4T1 
Atm kock out (KO) cells were treated with different doses 
of olaparib, etoposide or RP-3500 to assess the viability of 
cells post 24 hours treatment. Cell viability assessed for 
each experiment was repeated at least three times.

Human TCGA analysis
We downloaded immunogenomic data from previous 
pan-cancer analysis of the TCGA data set.47 We extracted 
ATM and BRCA1/2 mutation profiles from our previous 
work.48 Cases with both immunogenomic data and muta-
tion profiles were used in the further analysis. Given that 
the frequency of ATM and BRCA1/2 mutations varies 
by cancer type, we used data from breast cancer, lung 
adenocarcinoma and lung squamous cell carcinoma as 
TCGA cancer types for analysis. We compared immune 
cell fractions and non-silent mutation rates in tumors 
with ATM pathogenic mutation and wild type. Tumors 
with BRCA1/2 mutations were excluded from the anal-
ysis. Immune cell fractions were estimated using CIBER-
SORT.49 Cell types of lymphocytes and CD4 T cells were 

combined as follows. Lymphocytes: “B cells naive”, “B 
cells memory”, “T cells CD4 naive”, “T cells CD4 memory 
resting”, “T cells CD4 memory activated”, “T cells follic-
ular helper”, “T cells regulatory Tregs”, “T cells gamma 
delta”, “T cells CD8”, “NK cells resting”, “NK cells acti-
vated”, “Plasma cells” ; CD4 T cells: “T cells CD4 naive”, 
“T cells CD4 memory resting”, “T cells CD4 memory 
activated”.

In vivo tumor growth studies
All animal experiments were performed in accordance 
with the Institutional Animal Care and Use Committee at 
Memorial Sloan Kettering Cancer Center (MSKCC). For 
the breast cancer model, female 6–8-week-old BALB/c or 
NSG mice (Jackson Laboratories) under isoflurane anes-
thesia were injected with cells in 100 µL of 50% Matrigel 
(Growth Factor Reduced, Corning) in phosphate-
buffered saline (PBS). Cells were either 4T1 WT or Atm−/− 
cells (3×105) injected into the inguinal mammary fat pad. 
For the colorectal cancer model, CT26 cells (5×105) WT 
or Atm−/− were injected subcutaneously into the poste-
rior flank. Mice with clinically palpable tumors (4 mm 
in diameter) were randomized into indicated treatment 
arms. RP-3500 or vehicle by oral gavage on a 3 days-on/4 
days-off schedule at a previously established MTD30 of 
30 mg/kg. RP-3500 was administered in 0.5% methylcel-
lulose/0.02% SDS vehicle. Etoposide was administered 
at 50 mg/kg single dose by intraperitoneal injection. IgG 
(2A3, Bio X Cell, 100 µg) or anti-PD-1 (RMP1-14, Bio 
X Cell 100 µg) antibodies were administered intraperi-
toneally in 100 µL of PBS twice weekly (every 3–4 days). 
For CD8+ T-cell depletion, anti-mouse CD8a antibody 
(2.43, Bio X Cell, 250 µg) was injected intraperitoneally 
at days 0, 3, 10 and 17 after the injection of 4T1 cells to 
the mammary fat pad. Mice were monitored by recording 
the body weights bi-weekly and tumor volumes were 
measured using calipers and calculated by the formula 
(length)×(width)2/2. At the endpoint of the experi-
ments, the mice were sacrificed to harvest the tumors 
and processed according to the assays. For IHC analysis, 
tumors were fixed in 10% buffered formalin, sectioned, 
and stained with CD3 antibody.

Microscopy
For immunofluorescence analyses, 1×104 cells were seeded 
in 4-well tissue culture slides (Lab-Tek II). After 18 hours, 
cells were irradiated at 10 Gy and 24 hours later cells were 
fixed in fixing solution (2% wt/vol paraformaldehyde, 
0.1% Triton X-100 in PBS) for 10 min at room tempera-
ture, followed by permeabilization for 10 min in 0.5% vol/
vol Triton X-100 in PBS. Fixed cells were blocked with 
blocking solution (10% vol/vol bovine calf serum in PBS) 
for 1 hour at room temperature and then incubated with 
γ-H2AX primary antibody (1:5,000 dilution in blocking 
solution; JBW301, Millipore) overnight at 4°C, washed 
three times with PBS and then incubated with Alexa Fluor 
680-conjugated anti-mouse secondary antibodies (1:500 
dilution in blocking solution; Invitrogen) for 1 hour. Cells 
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were then washed three times with PBS, counterstained, 
mounted in Vectashield Plus 6-diamidine-2-phenylindole 
dihydrochloride (Vector Laboratories), and visualized 
using a Nikon Ti2. At least 300 cells were counted for each 
sample. Cells with >5 foci were scored as γ-H2AX positive. 
The experiment was repeated at least three times.

Flow cytometry
Mice were sacrificed on day 16 after injecting the tumor 
cells and tumors were subsequently harvested. For the 
evaluation of CD8+ T-cell depletion, mice were sacrificed 
21 days post-injection of the 4T1 cells and the spleen 
was dissected to isolate splenic lymphocytes. Tumor cells 
were dissociated with the Tumor Dissociation Kit (mouse; 
Miltenyi Biotec) with a gentleMACS Dissociator (Miltenyi 
Biotec) into suspension. Tumor cells then underwent 
processing in the following order: viability staining (Aqua 
L/D, Tonbo Biosciences), cell surface marker staining, 
fixation and permeabilization (Foxp3/Transcription 
Factor Staining Buffer Kit, Tonbo Biosciences), and intra-
cellular staining. Data was acquired on a Cytek Aurora 
flow cytometer and analyzed using FlowJo software (Tree-
Star). Antibodies obtained from BD Biosciences: CD45 
(30-F11) BUV395, CD4 (RM4-5) BUV496, CD8 (53–6.7) 
BV650, Ki-67 (B56) BV605, and PD-1 (RMP1-30) BB515. 
Antibodies obtained from BioLegend: TCRβ (H57-597) 
PE and B220 (RA3-6B2) AF700. Antibodies obtained 
from Invitrogen: GzmB (GB11) APC.

Immunohistochemistry
Mouse tumors were fixed in 10% buffered formalin 
overnight at room temperature. The fixed tumors were 
processed and embedded in paraffin. IHC staining was 
performed by the Molecular Cytology Core Facility at 
MSKCC using CD3-Alexa 647. Tumor samples from 
patients with breast cancer with ATM biallelic muta-
tions were stained with CD3, CD4 and CD8 antibodies 
performed on Ventana (Discovery XT platform) by the 
Laboratory of Comparative Pathology at MSKCC.

RNA sequencing
Tumor biopsy samples were collected from 35 patients 
out of which 58 samples (pre and on-Tx) could be used 
for RNA sequencing. RNA sequencing reads were aligned 
to the GRCh37 human genome using the STAR RNA 
sequencing aligner,50 and then reads from transcripts 
were counted using the Genomic Alignments package 
in Bioconductor.51 52 Raw counts were transformed into 
Reads Per Kilobase per Million (RPKM) values by normal-
izing to sequencing depth and length of genes. Immune 
cell composition was predicted using CIBERSORTx in 
the absolute mode with batch corrected to minimize the 
impact of cross-platform variation.53 Cell types of macro-
phages and T cells were combined for the further analysis. 
Macrophages: “M0”, “M1”, and “M2”; T cells: “T cells CD4 
memory activated”, “T cells CD4 memory resting”, “T cells 
CD4 naïve”, “T cells CD8”, “T cells follicular helper”, “T 
cells gamma delta”, and “T cells regulatory (Tregs)”. The 

cytolytic activity (CYT) score for each case was calculated 
according to the geometric mean of GZMA and PRF1 
gene RPKM values. Mann-Whitney U test was used for cell 
fraction and CYT score comparisons.

Immunoblotting
Cells were irradiated at a dose of 10 Gy and after 4 hours 
non-radiated and radiated cells were lysed in an radio-
immunoprecipitation assay buffer (RIPA) buffer with 
protease and phosphatase inhibitors (Thermo Fisher 
Scientific). Lysates were separated by SDS-PAGE (Bio-Rad, 
#5678085); then transferred to polyvinylidene fluoride 
membranes. Membranes were incubated with primary 
antibodies: anti-pKAP1 (S824; Abcam; ab133440), 
anti-KAP1 (Abcam; catalog no.10484), anti-ATM (Abcam; 
ab201022) and B-actin (Sigma; MAB1501R). Signal detec-
tion was carried out with secondary anti-rabbit (Jackson 
Immuno Research, #711–035–152) or anti-mouse 
(Jackson Immuno Research, #115–035–174) horse-
radish peroxidase antibody and SuperSignal West Dura 
Extended Duration Substrate (Thermo Fisher Scien-
tific) using a Bio-Rad ChemiDoc Touch Imaging System 
(Bio-Rad).

Reverse transcription and quantitative real-time PCR
Total RNA was extracted from cells or tissues using 
RNeasy Plus Mini Kit (Qiagen). Reverse transcription was 
performed with SuperScript IV VILO Master Mix (Thermo 
Fisher Scientific). Quantitative PCR was performed with 
SYBR green master mix (Thermo Fisher Scientific) in 
duplicates using the gene-specific primers on the Quant-
Studio 6 Pro Real-Time PCR System (Applied Biosys-
tems). Data were normalized against β-Actin. Primers for 
qRT-PCR are listed in online supplemental table 1.

Statistical analysis
Data were analyzed using GraphPad Prism. When 
comparing two groups for cell viability, messenger RNA 
expression, total blood count and tumor volume changes, 
statistical significance was calculated using unpaired two-
tailed Student’s t-tests. Two-way analysis of variance was 
used when comparing three or more groups for tumor 
growth. The statistical tests used are indicated in the 
figure legends. All statistical analyses were generated 
using GraphPad Prism V.9 software. Data were presented 
as mean±SD or mean±SEM with p<0.05 considered statis-
tically significant. Statistical significance was denoted 
as *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. The 
number of independent experiments, samples or events 
was indicated in the figure legends. No data were excluded 
from the analyses. No statistical method was used to 
predetermine sample size. For all the in vivo experiments, 
animals were randomly assigned to experimental groups. 
The tumor size by volume in the treatment and control 
groups was similar before drug treatments.

Study approvals
Murine studies were conducted on protocol #21-02-002 
and approved by the MSKCC Institutional Animal Care 
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and Use Committee (IACUC). Translational analysis from 
human specimens was approved on MSKCC IRB 22–222.
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