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Simple Summary

The ataxia-telangiectasia mutated and Rad3-related (ATR) kinase plays a crucial role in
sensing and responding to DNA damage and replication stress by coordinating cell cycle
arrest, promoting DNA repair, and stabilizing replication forks. Previous studies have
shown that ATR blockade can sensitize cancer cells to genotoxic agents by disrupting the
DNA damage response network and by inducing immunogenicity. In this study, we found
that the combination of the ATR inhibitor AZD6738 and genotoxic agents decreased the
viability of non-small cell lung cancer (NSCLC) cells in vitro and increased the antitumor
efficacy of an immune checkpoint inhibitor in a mouse NSCLC model. These preclinical
results suggest that combining ATR inhibitors, genotoxic drugs, and immune checkpoint
inhibitors may lead to the development of a new cancer treatment strategy for NSCLC.

Abstract

Background/Objectives: Non-small cell lung cancer (NSCLC) is the most frequent type
of lung cancer, and its main treatments include chemotherapy with genotoxic drugs and
immunotherapy. Central to the cellular response to genotoxic stress is the DNA damage re-
sponse (DDR) network, regulated by key kinases such as ataxia-telangiectasia mutated and
Rad3-related (ATR). Herein, we tested the hypothesis that inhibition of ATR enhances the cy-
totoxicity of genotoxic agents and the antitumor immune response. Methods: DDR-related
parameters and redox status, expressed as GSH/GSSG ratio, and apurinic/apyrimidinic
lesions, were evaluated in human (A549, H1299) and murine (LLC) NSCLC cell lines
after co-exposure to ATR inhibitor (AZD6738) and ultraviolet C (UVC) irradiation or cis-
platin. Using a syngeneic LLC model, treatments of AZD6738 alone or in combination
with cisplatin and/or anti-programmed cell death 1 antibody (anti-PD1) were examined.
Results: In all cell lines, combined treatment with AZD6738 and cisplatin or UVC irra-
diation markedly decreased cell viability, DNA repair efficiency, and GSH/GSSG ratios;
increased drug-induced DNA damage; and augmented apurinic/apyrimidinic lesions.
In vivo, following treatment with AZD6738 and cisplatin, flow cytometry analysis per-
formed in tumor cells revealed an increased infiltration of CD3" and CD8™" T cells, with the
triple combination of AZD6738, cisplatin, and anti-PD1 achieving the strongest antitumor
effect. The CD3*CD4~CD8~ double-negative (DN) T cell population in tumor samples also
emerged as a contributing factor in this context. Conclusions: These results demonstrate
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that ATR blockade concurrently enhances the efficacy of genotoxic agents and immune
checkpoint inhibitors, thus paving the way for combination therapies in NSCLC.

Keywords: non-small cell lung cancer (NSCLC); DNA damage response (DDR); ataxia
telangiectasia and Rad3-related kinase (ATR); ceralasertib (AZD6738); immune checkpoint
inhibitor; anti-PD1; cisplatin; redox status; nucleotide excision repair (NER); interstrand
cross-link repair (ICL/R)

1. Introduction

Non-small cell lung cancer (NSCLC) accounts for the majority of lung cancer cases
and remains a leading cause of cancer-related mortality worldwide [1]. Despite advances
in targeted therapies and immunotherapy, conventional genotoxic treatments, such as
platinum-based chemotherapy and radiation, remain central to NSCLC management [2].
However, their clinical efficacy is often limited by tumor resistance mechanisms and
systemic toxicity, highlighting the need for strategies that enhance tumor sensitivity while
minimizing adverse effects.

The DNA damage response (DDR) plays a critical role in tumor cell survival following
genotoxic stress [3]. Ataxia telangiectasia and Rad3-related kinase (ATR) is a key DDR
regulator that senses replication stress and coordinates cell cycle checkpoints and DNA
repair [4]. By protecting cancer cells from DNA-damaging agents, ATR contributes to
therapeutic resistance [5]. Preclinical studies have demonstrated that ATR inhibition can
sensitize tumor cells to chemotherapeutics and radiation, suggesting a potential strategy
to improve the efficacy of conventional genotoxic treatments [6-10]. ATR inhibition with
AZD6738 synergizes with cisplatin or radiation to enhance cytotoxicity, and co-treatment
with cisplatin promotes rapid regression of ataxia—telangiectasia mutated (ATM)-deficient
NSCLC xenografts [9]. Furthermore, anti-PD-1 therapy shows improved antitumor ac-
tivity when combined with genotoxic agents and ATR inhibition in various solid tumor
models [6,11]. Clinical development of DDR inhibitors has also emerged as a promising
strategy to sensitize tumors to these agents. Indeed, early-phase clinical data with the
orally bioavailable ATR inhibitor ceralasertib (AZD6738) have demonstrated tolerability
and signs of durable responses in patients with solid tumors characterized by genomic
instability and inflammation [12].

Beyond direct cytotoxicity, accumulating evidence indicates that DNA damage can
trigger antitumor immune responses through pathways such as cGAS-STING and type
I interferon signaling [6,13,14] and can synergize with immune checkpoint blockade by
reshaping the tumor immune microenvironment [15,16]. ATR inhibitors contribute to
cytosolic DNA accumulation and micronuclei formation, triggering innate immune cGAS-
STING signaling and pro-inflammatory chemokine expression, thereby recruiting immune
effector cells. ATR targeting also increases major histocompatibility complex class I (MHC-I)
expression, thereby enhancing antigen presentation and promoting recognition by cyto-
toxic T lymphocytes strengthening antitumor immunity, particularly when combined with
PD-1/PD-L1 blockade [6,11,14]. ATR inhibitors can also reduce DNA damage-induced
PD-L1 expression, destabilizing PD-L1 via proteasomal degradation, thus restoring the
susceptibility of tumor cells to T-cell-mediated killing [17]. Indeed, further findings support
this synergy demonstrating that ATR inhibitors induce CD8" cytotoxic T-cell-mediated
antitumor responses, while CD8" depletion abolishes this effect [11,14]. These mechanis-
tic and preclinical data underscore the immunomodulatory role of ATR inhibition and
have spurred significant interest in combining ATR inhibitors with PD-1/PD-L1 blockade.
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Indeed, this dual blockade represents a promising therapeutic strategy, but important
challenges remain—including identifying predictive biomarkers for patients most likely to
benefit [18].

Several clinical trials are now evaluating the combination of ATR inhibitors and
immune checkpoint blockade in NSCLC and other lung malignancies [19]. One notable
study is the Phase Il “THUDSON” umbrella trial (NCT03334617), which tested durvalumab
(anti-PD-L1) together with ceralasertib in patients with immunotherapy-resistant lung
cancer. While this early-phase study suggested enhanced responses in patients with
ATM-altered tumors, these findings are preliminary and hypothesis-generating, given the
small cohort size, heterogeneous patient population, and exploratory biomarker analyses.
These results primarily support the biological rationale for ATR inhibition to re-sensitize
immunotherapy-resistant NSCLC through immune modulation and highlight the need for
ongoing and planned Phase III trials to formally evaluate clinical efficacy [20].

Oxidative stress and defective processing of DNA lesions further contribute to the
vulnerability of tumor cells exposed to ATR blockade. Perturbations in the cellular redox
state, commonly assessed by the glutathione ratio, that is the ratio of reduced (GSH) to
oxidized glutathione (GSSG), influence nucleotide excision repair (NER) capacity: glu-
tathione depletion has been shown to modulate expression of key NER genes such as
ERCCI1 and to impair functional NER in oxidative-stress conditions [21]. Moreover, ATR
deficiency or pharmacological inhibition has been shown to drive reactive oxygen species
(ROS) hyperproduction, particularly in mitochondria, suggesting that ATR plays a protec-
tive role against oxidative stress [22]. Oxidative conditions also increase the formation of
apurinic/apyrimidinic (abasic; AP) sites—major cytotoxic intermediates generated during
base excision repair (BER)—and excessive accumulation of AP sites can impede replication
fork progression [23,24]. While BER is the canonical pathway for AP site removal, some
AP lesions require NER for resolution [25]. Emerging evidence further highlights that
persistent AP sites may lead to more complex damage such as interstrand crosslinks (ICLs),
amplifying replication stress [24]. ATR normally stabilizes stressed forks and facilitates
the repair of bulky lesions and ICLs by coordinating repair factors at sites of damage [26].
Therefore, ATR inhibition is expected to exacerbate oxidative DNA damage, elevate AP
site burden, and impair NER and ICL repair capacity. Moreover, ATR inhibition directly
contributes to the generation of AP sites, inducing origin firing that depletes replication
protein A (RPA) and leads to uracil DNA glycosylase (UNG2)-mediated base excision [27].
Combined, these insights underscore how redox imbalance and AP site accumulation can
compromise lesion repair, and how ATR inhibition—by augmenting these stresses—could
impair both NER and ICL repair capacity potentiating the effects of genotoxic agents.

Based on recent comprehensive meta-analyses and clinical trial reviews (up to Septem-
ber 2025), ATR inhibitor monotherapy has shown specialized, though not universal, efficacy
in NSCLC. While general pooled analyses of all tumor types showed no significant improve-
ment in response rates compared to standard therapies, stratified analysis revealed marked
benefits in specific NSCLC subgroups, notably those with high replication stress, such as
KRAS mutations or STK11 (serine/threonine kinase 11) /KEAP1 (Kelch-like ECH-associated
protein 1) loss [28]. Interestingly, the efficacy in NSCLC is driven by ATR dependency.
Tumors with high oncogene-induced replication stress [e.g., KRAS-mutant, STK11/LKB1
(liver kinase B1) loss, or KEAP1 loss] depend on the ATR-CHK1 pathway to prevent replica-
tion fork collapse. Preclinical and early-phase clinical data suggest that in these high-stress
contexts, ATR inhibitors can trigger mitotic catastrophe as single agents. While monother-
apy shows potential, ATR inhibitors (e.g., ceralasertib/AZD6738, berzosertib/M6620) have
shown stronger, synergistic activity in combination with platinum-based chemotherapy or
immune checkpoint inhibitors in NSCLC [29,30].
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Collectively, ATR blockade may enhance tumor cell killing and increase tumor
immunogenicity, providing a rationale for combining ATR inhibitors with chemo-
immunotherapy. Nevertheless, the simultaneous impact of ATR inhibition on both geno-
toxic sensitivity and anti-tumor immunity in NSCLC remains poorly characterized. Here,
we tested the hypothesis that ATR blockade both potentiates the effects of genotoxic agents
in NSCLC cell lines and enhances anti-tumor immunity in a NSCLC mouse model, sup-
porting a dual mechanism of therapeutic benefit. Combining two of the most widely used
human NSCLC cell lines in pre-clinical oncology research (A549 and H1299 cells) with a
syngeneic, immunocompetent mouse model of NSCLC [LLC-Ova (Lewis lung carcinoma
cells expressing ovalbumin) into C57BL/6 mice] provides a robust, two-tiered preclinical
platform that allows assessment of both tumor-intrinsic effects (DDR disruption, geno-
toxic sensitization) and tumor—immune interactions. Finally, the integration of cell line
screening data with responses observed in mouse models may facilitate the identification
of biomarkers of drug sensitivity or resistance, thereby supporting patient stratification for
clinical trials.

2. Materials and Methods
2.1. Cell Lines

Human NSCLC A549 cells (generously offered by Dr. Panagiotis Georgiadis, Na-
tional Hellenic Research Foundation, Athens, Greece) were cultured in a 1:1 mixture of
DMEM and Ham's F12 medium, supplemented with 10% fetal bovine serum (FBS) and
1% penicillin-streptomycin. Human epithelial-like NSCLC H1299 cells (donated by Prof.
Athanassios Kotsinas, National and Kapodistrian University of Athens, Athens, Greece)
were maintained in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% FBS
and 1% penicillin—streptomycin. Mouse LLC-Ova cells (Lewis lung carcinoma expressing
ovalbumin—kindly provided by Prof. Athanassios Kotsinas, National and Kapodistrian
University of Athens, Athens, Greece), classified as NSCLC [31], were grown in DMEM sup-
plemented with 10% FBS, 1% non-essential amino acids, and 1% penicillin-streptomycin.
The partner laboratories perform routine cell line authentication and mycoplasma testing
prior to distribution.

2.2. Drugs

For all experiments, cisplatin was purchased from Hospira (Pfizer, New York, NY, USA).
For in vitro studies, ceralasertib (AZD6738) was purchased from Selleckchem (Houston, TX, USA,
#57693) and diluted in DMSO, according to the company’s instructions. Final drug concen-
tration in culture was 1pM, corresponding to a DMSO concentration of 0.01%, which is far
below levels reported to affect cell viability or function. Therefore, a separate DMSO-only
control was not included. For the in vivo studies, AZD6738 powder was generously do-
nated by AstraZeneca (Cambridge, UK) and was prepared according to manufacturer’s
guidelines. Specifically, the drug was first dissolved in DMSO to 10% the final volume, son-
icated until complete solubilization, and then added 40% of the final volume in propylene
glycol, and 50% of the final volume with sterile deionized water. Anti-mouse PD1 antibody
[RMP1-14] was purchased from Assay Genie (Dublin, Ireland, #1lVMB0037).

2.3. Viability Assay

Drug-induced cytotoxicity and cell proliferation were assessed using the sulforho-
damine B (SRB) assay [32]. Cells were subjected to the appropriate treatment, followed
by fixation with 10% trichloroacetic acid and staining with 0.4% SRB in 1% acetic acid.
Absorbance was measured using a microplate reader (TECAN, Ménnedorf, Switzerland) to
estimate cell viability.
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2.4. Measurement of Nucleotide Excision Repair (NER)-Alkaline Comet Assay

To evaluate NER capacity, cells were exposed to UVC irradiation (100 J/m?), allowed
to recover in culture medium for 0-6 h at 37 °C, then collected and preserved in freezing
medium at —80 °C for up to 1 month prior to analysis. Alkaline comet assay was performed
to measure DNA damage as thoroughly described in our prior study [33]. In short, 10* cells
were put onto glass slides after being suspended in PBS (phosphate-buffered saline, pH 7.4)
and 1% low-melting-point agarose. After allowing the slides to solidify for 30 min at 4 °C,
they were incubated in an alkaline lysis buffer (0.01 M Tris, pH 10, 0.1 M EDTA, 2.5 M Na(l,
containing 1% Triton X-100) for two hours at 4 °C before being electrophoresed for thirty
minutes at 25 V and 225 mA. SYBR™ Gold nucleic acid gel stain (Thermo Fisher Scientific,
Waltham, MA, USA, #511494) was then applied to the slides, and a 10x microscopy lens
was used to image them under UV light. Comet assay parameters (Olive Tail Moment,
OTM) were quantified using Image]J (version 1.46r) with the OpenComet plugin v1.3.1
(https:/ /cometbio.org/ (accessed on 21 January 2024)). For each sample, 2 gels were scored,
and the average OTM value of 150 cells was calculated.

2.5. Measurement of Gene-Specific Repair of the Interstrand Cross-Links (ICL)

Cells were treated with cisplatin (5 uM) for 3 h at 37 °C, followed by incubation in
drug-free medium for 0-24 h, then harvested and stored in freezing medium at —80 °C for
up to 1 month prior to analysis. Gene-specific ICL repair was assessed by Southern blot,
as previously described [34], and N-ras alkylation analysis was performed following the
protocol outlined in our recent study [33]. Briefly, following the isolation of DNA, genomic
DNA was completely digested with the restriction enzyme EcoRI, and DNA was denatured
before gel electrophoresis and Southern blotting. In order to detect alkylations in the N-ras
gene, hybridizations were carried out as previously mentioned [35]. A 112 bp fragment of
the human N-ras gene served as the N-ras-specific probe, which was amplified using earlier
instructions [36]. The primer pair utilized was as follows: forward, 5'-GTT-ATA-GATGGT-
GAA-ACC-TG-3'; reverse, 5'-ATA-CAC-AGA-GGAAGC-CTT-CG-3'. Gene fragments
with DNA interstrand crosslinks re-anneal in the gel and move as double-stranded DNA
under the conditions used. Uncrosslinked material moves as single-stranded DNA and
stays denatured. The interstrand cross-link frequency was calculated directly from the
denatured samples.

2.6. GSH/GSSG Ratio and Apurinic/Apyrimidinic Lesions (Abasic; AP-Sites)

The ratio of reduced to oxidized glutathione (GSH/GSSG) was measured using the
luminescence-based GSH/GSSG-Glo Assay from Promega (Madison, WI, USA, V6612),
following the manufacturer’s instructions, allowing quantification of total glutathione
(GSH + GSSG), GSSG, and the GSH/GSSG ratio. In short, 10* cells were plated in a 96-well
tissue culture plate (Corning Costar) that was compatible with a luminometer. The Luciferin
Generation Reagent was then added in 50 uL/well, shaken briefly, and incubated at room
temperature for 30 min. Following the addition of 100 puL/well of Luciferin Detection
Reagent, the luminescence signal was measured in a Spectramax M3 microplate reader
after 15 min of incubation (Molecular Devices LLC, San Jose, CA, USA).

Abasic sites were quantified using the OxiSelect Oxidative DNA Damage Quantita-
tion Kit (Cell Biolabs, San Diego, CA, USA; #5TA-324) according to the manufacturer’s
protocol. This assay kit employs an Aldehyde Reactive Probe to specifically react with
an aldehyde group on the open ring form of the apurinic/apyrimidinic sites. By doing
this, the apurinic/apyrimidinic sites can be marked with biotin, which is later detected
with the streptavidin—enzyme conjugate. By comparing the absorbance of the unknown
DNA sample with a standard curve created from the provided DNA standard containing
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predetermined apurinic/apyrimidinic sites, the number of these lesions in the sample
is ascertained.

2.7. In Vivo Experiments

LLC-Ova cells (5 x 10°) were suspended in PBS:Matrigel (3:1, BD Biosciences, Franklin
Lakes, NJ, USA, #356234) and injected subcutaneously into the right flank of 6-8-week-old
C57BL/6 mice. Tumor growth was measured with calipers (Mitutoyo Corporation,
Kawasaki, Japan), and volume was calculated as V = (W? x L)/2, where W is width
and L is length. When tumors reached 150 mm3, mice were randomized into groups of
six and treatments commenced. Mice were assigned to treatment groups using a ran-
domization procedure designed to balance sex distribution and baseline tumor volumes
across groups. One group received no treatment and served as the control. Body weight
and tumor growth were monitored, with euthanasia performed if tumors reached 2 cm?.
To ensure blinding, all tumor measurements were performed by a colleague uninvolved
in group assignment. Cisplatin was administered intraperitoneally (5 mg/kg, weekly,
two doses), AZD6738 orally (50 mg/kg, daily, for 3 or 14 days), and anti-PD1 intraperi-
toneally (10 mg/kg, every other day, one or two cycles). For the first experiment, the groups
were treated as shown in Table 1.

Table 1. AZD6738 combined with cisplatin experiment groups.

Treatment
Control group untreated
AZD6738 only 50 mg/kg AZD6738, oral gavage, daily for 14 days (Day 1-Day 14)
Cisplatin only 5 mg/kg cisplatin, IP, qw, twice (Day 1 and Day 8)

AZD6738 + cisplatin combination

50 mg/kg AZD6738, oral gavage, daily (Day 1-Day 14) and 5 mg/kg
cisplatin IP, qw, (Day 1 and Day 8)

An a priori power analysis with G*Power software (version 3.1.9.4) [37], as noted in
Algorithm 1, indicated a required total sample size of 36 animals (n = 9 per group across
four groups).

Algorithm 1. G*Power analysis output for experiment in Table 1

F tests-ANOVA: Fixed effects, omnibus, one-way
Analysis: A priori: Compute required sample size
Input: Effect size f = 0.6

o err prob = 0.05

Power (13 err prob) = 0.8

Number of groups = 4

Output: Noncentrality parameter A = 12.9600000
Critical F =2.9011196

Numerator df =3

Denominator df = 32

Total sample size = 36

Actual power = 0.8214243

Due to ethical and practical constraints, six animals were ultimately included per

group.
For the second experiment, the groups were treated as shown in Table 2 and power
analysis is shown in Algorithm 2.
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Algorithm 2. G*Power analysis output for experiment in Table 2

F tests-~ANOVA: Fixed effects, omnibus, one-way
Analysis: A priori: Compute required sample size
Input: Effect size f = 0.6

o err prob = 0.05

Power (1-f3 err prob) = 0.9

Number of groups = 12

Output: Noncentrality parameter A = 25.9200000
Critical F = 1.9522119

Numerator df = 11

Denominator df = 60

Total sample size = 72

Actual power = 0.91496532

Table 2. AZD6738 combined with cisplatin and immunotherapy experiment groups.

Group Treatment
Control group untreated
AZD6738 only 50 mg/kg, oral gavage, Days 1, 2, 3
Cisplatin only 5mg/kg, IP, Days 1 and 7
Anti-PD1 only 10 mg/kg, IP, Days 7, 9, 11
Anti-PD1 (x2) only 10 mg/kg, IP, Days 7, 9, 11 and Days 14, 16, 18

50 mg/kg AZD6738, oral gavage, Days 1,2, 3
5 mg/kg cisplatin IP, Days 1 and 7

50 mg/kg AZD6738, oral gavage, Days 1,2, 3
10 mg/kg anti-PD1, IP, Days 7, 9, 11

AZD6738 + Cisplatin combination

AZD6738 + anti-PD1 combination

5 mg/kg cisplatin IP, Days 1 and 7
10 mg/kg anti-PD1, IP, Days 7, 9, 11

50 mg/kg AZD6738, oral gavage, Days 1, 2, 3
AZD6738 + Cisplatin + anti-PD1 combination 5 mg/kg cisplatin IP, Days 1 and 7
10 mg/kg cisplatin, IP, Days 7, 9, 11

50 mg/kg AZD6738, oral gavage, Days 1, 2, 3
10 mg/kg anti-PD1, IP, Days 7, 9, 11 and Days 14, 16, 18

Cisplatin + anti-PD1 combination

AZD6738 + anti-PD1 (x2) combination

5 mg/kg cisplatin IP, Days 1 and 7
10 mg/kg anti-PD1, IP, Days 7, 9, 11 and Days 14, 16, 18

50 mg/kg AZD6738, oral gavage, Days 1, 2, 3
AZD6738 + Cisplatin + anti-PD1 (x2) combination 5 mg/kg cisplatin IP, Days 1 and 7
10 mg/kg anti-PD1, IP, Days 7, 9, 11 and Days 14, 16, 18

Cisplatin + anti-PD1 (x2) combination

2.8. Tissue Dissociation

Tumors were excised from euthanized mice and dissociated using the gentleMACS Dis-
sociator with the Mouse Tumor Dissociation Kit from Miltenyi Biotec (Bergisch Gladbach,
Rhineland, Germany, #130-096-730,) according to the manufacturer’s instructions. Spleens
were harvested and mechanically homogenized on a 70 pum cell strainer.

2.9. Flow Cytometry

Single-cell suspensions from tumors and spleens were centrifuged at 1200 rpm for
8 min at 4 °C and resuspended in PBS. Cells were stained with Fixable Viability Stain 780
(BD Biosciences, #565388) for 15 min at room temperature in the dark. After a wash with
FACS buffer (1% FBS, 1% EDTA 0.3 M, pH 7.4 in PBS), pellets were resuspended in 100 pL.
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of antibody cocktail. Conjugated antibodies were from BioLegend (San Diego, CA, USA,
USA-PE anti-CD4, #100408BD) and BD Biosciences (FITC anti-CD45, #553080; PE-Cy5
anti-CD3e, #555276; APC anti-CD8a, #553035; PE-CF594 anti-CD44, #562464) and diluted
1:100 in FACS bulffer. Cells were incubated for 30 min at room temperature in the dark,
fixed with 2% PFA (100 pL, 15 min at 4 °C), washed twice, and stored overnight at 4 °C.
Prior to analysis, suspensions were filtered through 70 um strainers and processed on a BD
FACSAria™ II Cell Sorter (BD Biosciences, Franklin Lakes, NJ, USA). Data were analyzed
using Beckman Coulter Kaluza Analysis v2.3.1 (Brea, CA, USA). The gating strategy for
identifying T cell populations from single cell suspensions from tumors is presented in
Figure S1. Flow cytometry analyses were conducted in a blinded manner by a colleague
who was not involved in group assignment.

2.10. Statistical Analysis

Planned pairwise comparisons were conducted using unpaired two-tailed t-tests with
Welch'’s correction for multiple testing, with significance defined as p < 0.05. Data are pre-
sented as mean + standard deviation (SD), and all analyses and graphical representations
were conducted using GraphPad Prism v8.0.1.

3. Results
3.1. Impact of ATR Blockade on DDR-Associated Parameters in Lung Cancer Cell Lines

To investigate the effect of the combined treatment of the ATRi and cisplatin on DDR,
we used two human NSCLC cell lines (A549, H1299) and the murine cell line LLC, which is
classified as NSCLC [31]. Firstly, we selected the optimal concentrations of AZD6738 and
cisplatin that, when administered alone, showed minimal decrease in cell viability. Using
the SRB assay, we found that, after treatment with several doses of the AZD6738 (0.1, 0.5, 1,
2,5 uM) for 72 h, or cisplatin (1, 5, 15 uM) for 3 h, the optimal concentrations were: 1 uM
AZD6738 and 5 uM cisplatin (Figure S2A,B). Moreover, in all cell lines examined, combined
treatment of 1 uM AZD6738 and 5 uM cisplatin had a greater effect on cell viability than
administration of either compound alone (all p < 0.05; Figure S2C).

Next, cisplatin-induced DDR signals were evaluated following ATR inhibition. To
assess the effect of ATR blockade on the ICL repair capacity, cells were treated with cer-
alasertib and cisplatin, either alone or in concurrent combination, and the ICL adducts
were quantified. In all cell lines examined, ceralasertib alone did not substantially affect
the ICL adduct levels (Figure 1A). Interestingly, in A549 and H1299 cells, combined treat-
ment induced a significant increase in the ICL burden, compared with cisplatin-alone
treatment (p < 0.05 and p < 0.01 respectively). In LLC cells, combination therapy also
caused an increase in adduct levels, even though the increase was not significant. More-
over, in all cell lines, combination treatment resulted in a more robust reduction of the
GSH/GSSG ratio, compared with the one caused by cisplatin alone (Figure 1B). In line
with the GSH/GSSG ratio results, A549 cells showed a significant increase in the abasic
lesions (p < 0.01; Figure 1C). Although H1299 and LLC cells also showed elevated abasic
lesions after combined treatment, the increase was not significant. Importantly, AZD6738
treatment alone did not provoke any alterations in redox status or abasic site formation at
any of the cell lines examined (Figure 1B,C). Together, combined treatment of ATRi with
cisplatin decreased cell viability; reduced ICL repair efficiency; and increased drug-induced
DNA damage, oxidative stress, and abasic lesions.
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Figure 1. DDR parameters in lung cancer cell lines after treatment with cisplatin and/or AZD6738.
(A) Induction of DNA ICL lesions, (B) redox status, and (C) AP-sites formation at baseline and after
treatment. Error bars represent SD; * p < 0.05, ** p < 0.01, *** p < 0.001.

Next, the effect of ATR blockade on the efficiency of NER was estimated. To that
end, A549, H1299, and LLC cell lines were pretreated with 1 uM AZD6738 for 72 h, then
exposed to 100 J/m? UVC, and cell viability was measured using the SRB assay. We
found that combined treatment of UVC and AZD6738 had a higher impact on cell viability
than administration of either agent alone (all p < 0.05; Figure S2D). Then, DNA lesions
were measured up to 6 h post-irradiation via alkaline comet assay. In H1299 cells, ATR
blockade showed a pronounced effect in DNA damage levels at all time-points analyzed,
resulting in significantly higher UVC-induced DNA damage burden, expressed as the
area under the curve (AUC) for DNA damage (p < 0.001; Figure 2A,B). On the other
hand, in A549 and LLC cells, combined treatment did not differentiate the levels of UVC-
induced lesions at all time-points examined (Figures S3A,B and 2B). In addition, ATR
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inhibition followed by UVC exposure significantly reduced GSH/GSSG ratio and increased
abasic sites in H1299 cells (p < 0.01; Figure 2C-E). In A549 and LLC cell lines, combined
treatment had no significant effect on the GSH/GSSG ratio or the number of abasic sites
(Figures S3C-F and 2E). Together, ATR inhibition followed by UVC exposure decreased
the viability of all tested NSCLC cell lines and markedly affected DDR-related parameters
only in the p53-deficient H1299 cells.
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Figure 2. DNA damage following treatment with UVC and/or AZD6738. (A) The kinetics of DNA
damage formation/repair in H1299 cells measured with alkaline comet assay, and (B) total amounts
of DNA lesions expressed as AUC for DNA damage in all cell lines analyzed. The kinetics of
(C) redox status and (D) AP-sites in H1299, as well as (E) total amounts of AP-sites expressed as AUC
in all cell lines are presented. Error bars represent SD; * p < 0.05, ** p < 0.01, *** p < 0.001.

3.2. Therapeutic Potential of ATR Inhibition in Lung Cancer
3.2.1. Combined ATR Inhibition and Cisplatin Chemotherapy In Vivo

We next evaluated the impact of ATR inhibition in vivo using a syngeneic heterotopic
lung cancer model, generated by subcutaneous injection of LLC cells into C57BL/6 mice.
This model was used to assess the antitumor efficacy of combined treatment with the
ATR inhibitor AZD6738 and cisplatin, administered as shown in Figure 3A. No significant
differences in tumor growth were observed among the experimental groups (Figure 3B,C).
AZD6738 monotherapy had no effect compared to controls, while cisplatin moderately
reduced tumor volume. Importantly, the combination of AZD6738 and cisplatin did not
outperform cisplatin alone, yielding only a slight additional reduction in tumor growth
(Figure 3B,C).

After treatment completion, tumors and spleens were collected, and single-cell sus-
pensions were prepared for flow cytometry to evaluate T cell infiltration across treatment
groups. CD3* T cells increased with combination therapy compared to cisplatin alone
(Figure 3D). CD4" helper T cells were significantly elevated only in cisplatin-treated mice
versus controls (Figure 3E). CD8" cytotoxic T cells showed a significant increase with the
combination therapy relative to either monotherapy, though not compared with controls
(Figure 3F).
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Figure 3. ATR inhibition combined with chemotherapy treatment of lung cancer in vivo. (A) Treat-
ment scheme: a syngeneic mouse tumor model was treated with cisplatin (5 mg/kg, IP, qw, twice),
AZD6738 (50 mg/kg, OG, qd, 14 days), and their combination. (B) Average tumor growth curve
per group and (C) tumor growth AUC per mouse presented no significant differences between
treatment groups. (D) CD3* cells representing the total T cell population in tumors isolated from
mice. (E) CD4* T helper cells and (F) CD8* T cytotoxic cells within the total T cell population. Groups
were treated as indicated. Error bars represent SD; * p < 0.05.

Flow cytometry of spleens showed elevated T cell levels, with cisplatin monotherapy
producing the highest CD3* counts and combination therapy the lowest (Figure S4A),
consistent with tumor infiltration patterns (Figure 3D) and suggesting T cell redistribution
toward tumors in the combination group. No significant changes were observed in CD4*
helper and CD8" cytotoxic T cells (Figure S4B,C). Notably, CD8* cells comprised ~37%
of CD3* populations in all spleen samples (Figure S4C), whereas only the combination-
treated tumors achieved comparable CD8" levels, indicating enhanced tumor infiltration
of cytotoxic T cells with this regimen.

Overall, T lymphocytes represented a small fraction of immune cells within tumors,
reaching a maximum of ~6% of CD45" cells in the combination therapy group, whereas
spleen T cells ranged from 5 to 17%, indicating peripheral activation but limited tumor
infiltration. Within tumors, CD8* T cells were less abundant than CD4* T helper cells, and
only a subset of cytotoxic CD8* cells expressed the activation marker CD44. Given that
the antitumor activity of ceralasertib is CD8* T-cell-dependent [8,38,39] and short-course
AZD6738 schedules enhance effector CD8" induction [8], we next adjusted the inhibitor
administration schedule in subsequent experiments.

3.2.2. In Vivo Evaluation of ATR Inhibition Combined with Chemotherapy and Immunotherapy

Subsequently, we evaluated whether ATR inhibition could enhance the efficacy of
immune checkpoint blockade (ICB) in vivo. Utilizing the same murine lung cancer model,
we tested the combination of AZD6738, cisplatin, and an anti-PD1 antibody, following
the administration protocol shown in Figure 4A. No significant changes in body weight
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were observed, and overall growth remained normal. Tumor growth was tracked for
27 days (Figure 4B). Notably, on day 11, tumor progression temporarily halted in all groups
receiving anti-PD1, including cisplatin + anti-PD1, AZD6738 + anti-PD1, and the triple
combination (Figure 4B, red arrow). However, neither treatment cessation nor a second
cycle of anti-PD1 maintained this effect, and tumors resumed growth after a brief arrest. The
lowest tumor burden, as measured by the AUC [40] was observed in the group receiving
the triple combination of cisplatin, AZD6738, and anti-PD1 (p < 0.05; Figure 4C).
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Figure 4. Combination of ATR inhibitor with chemotherapy and immunotherapy treatment of lung
cancer in vivo. (A) Treatment scheme: a syngeneic heterotopic mouse tumor model was treated with
cisplatin (5 mg/kg, IP), AZD6738 (50 mg/kg, OG), anti-PD1 (10 mg/kg, IP) and their combinations.
(B) Average tumor growth per group presented no significant differences between treatment groups.
Arrow indicates day 11. (C) Tumor growth AUC per mouse revealed significantly lower total tumor
burden in triple combination treatment (cisplatin + AZD6738 + anti-PD1). Groups were treated as
indicated. Error bars represent SD; * p < 0.05.

Following treatment completion, tumors and spleens were collected, dissociated into
single-cell suspensions, and analyzed by flow cytometry. CD3* T cell distribution differed
markedly between tumors and spleens (Figure 5A). Unexpectedly, the triple combination
(cisplatin + AZD6738 + anti-PD1) showed reduced intratumoral T cell levels (Figure 5A).
However, a second anti-PD1 cycle decreased splenic T cells, suggesting enhanced traffick-
ing to the tumor (Figure S5A). Notably, the AZD6738 + cisplatin + anti-PD1 (x2) group
exhibited the highest intratumoral CD3™" T cell infiltration, supporting synergistic immune
activation (Figure 5A). Given the increased T cell infiltration in these groups, higher levels
of CD4" helper and/or CD8* cytotoxic T cells were anticipated. However, analysis of
these major T cell subsets revealed decreased proportions in tumor samples (Figure 5B,C).
In tumors, the highest CD4* T cell levels were detected in groups treated with anti-PD1,
AZD6738 + anti-PD1, and cisplatin + AZD6738 + anti-PD1 (Figure 5B). A second anti-PD1
cycle significantly reduced CD4" T cells compared to a single dose in both monotherapy
(p <0.01) and triple treatment (p < 0.05). Similar declines were observed between combi-
nation regimens with one or two immunotherapy cycles. In spleens, CD4" T cell levels
remained relatively stable (~45-60%) across groups, with a modest increase following the
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second anti-PD1 dose (p < 0.01), opposite to the tumor trend (Figure S5B). Combination
treatments did not significantly elevate CD4" T cell levels relative to either monotherapy.
Cytotoxic CD8" T cells were generally less abundant in tumors than in spleens, suggesting
that although some treatments enhanced peripheral activation, barriers to intratumoral infil-
tration or persistence remained (Figure 5C). Anti-PD1 monotherapy significantly increased
CD8* T cell levels compared to untreated controls, with cisplatin and its combinations show-
ing similar but weaker effects. AZD6738 alone yielded the lowest CD8" levels. A second
anti-PD1 cycle reduced CD8* frequencies in some combination groups, while all anti-PD1
(x2)-treated spleens showed significantly decreased CD8* lymphocytes (Figure S5C).
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Figure 5. Flow cytometry analysis for T cell populations isolated from single cell suspensions from
tumors. (A) CD3" cells accounting for the total T cell population in tumors. (B) CD4" T helper cells,
(C) CD8* T cytotoxic cells, and (D) double-negative (CD4~CD8™) T cells quantified as subsets of
total CD3" T cells. Error bars represent SD; * p < 0.05, ** p < 0.01.

Collectively, the data suggested the emergence of an unconventional double-negative
(DN) T cell subset (CD3*CD4~CD8™), prompting further investigation. Flow cytometry
revealed that DN T cells comprised ~30-80% of CD3* T cells in tumors (Figure 5D), but only
~5-12% in spleens (Figure S5D). In tumors, AZD6738 and anti-PD1 (x2) induced the highest
DN T cell levels (~60-80%). Combination treatments, including AZD6738 + cisplatin or the
triple therapy, showed variable yet sometimes elevated DN T cell proportions. The marked
tumor-spleen discrepancy suggests that DN T cell expansion is tumor-specific, potentially
driven by AZD6738 and/or anti-PD1-mediated immune modulation.

4. Discussion

The ATR kinase pathway is essential for responding to DNA damage and replication
stress, regulating cell-cycle arrest, stabilizing stalled replication forks, and maintaining
genome integrity [41]. ATR activation by single-stranded DNA (ssDNA) leads to Chk1
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phosphorylation and coordination of repair and cell-cycle progression. Inhibition of ATR
induces DNA damage, genomic instability, and cell death, particularly in cancer cells with
existing repair defects [42], and it enhances sensitivity to chemotherapy and radiation.
Herein, DDR-related parameters and oxidative stress were evaluated in human (A549,
H1299) and murine (LLC) NSCLC cell lines following combined treatment with the ATR
inhibitor AZD6738 and genotoxic agents (cisplatin, UVC irradiation). The combination of
AZD6738, cisplatin, and anti-PD1 was also analyzed in a murine NSCLC model.

Across all cell lines, co-treatment of AZD6738 and genotoxic agents markedly impaired
DNA repair efficiencies of both ICL repair and NER mechanisms, increased DNA damage,
elevated oxidative stress and AP-site formation, and reduced cell viability. These findings
align with previous evidence that ATR is essential for ICL repair, as ICL-induced replication
fork stalling activates ATR and downstream Fanconi anemia (FA) proteins [43-45]. ATR in-
hibition disrupts checkpoint activation and replication fork stability, leading to unresolved
DNA lesions, genomic instability, and cancer cell death—particularly in cells carrying
defects in complementary repair pathways, such as ARID1A-mutant backgrounds [46,47].
Moreover, it is widely accepted that the ATR pathway and NER machinery cooperate to
preserve genomic stability by coordinating DNA repair and cell-cycle checkpoint activation.
NER sensors such as DDB2 and XPC can recruit ATR/ATM to UV-induced lesions, where
ATR subsequently phosphorylates factors like XPA to stabilize and enhance NER activity,
particularly in G1 phase [48]. ATR inhibition disrupts these early steps by impairing the
recruitment and activation of checkpoint components, including TopBP1 and the RAD9-
RAD1-HUS1 (9-1-1) complex [49,50], thereby reducing NER efficiency and compromising
the overall repair response.

Notably, ATR inhibitors have been shown to promote oxidative stress, particularly
in combination with genotoxic agents [49]. Elevated reactive oxygen species generate
additional DNA damage that normally activates ATR signaling, and inhibiting this pathway
enhances genomic instability and decreases cancer cell survival. As cancer cells depend
heavily on ATR to manage replication stress, this synergy is being actively explored as a
therapeutic strategy [51]. In addition, ATR inhibition can lead to abasic site accumulation,
particularly in cancer cells overexpressing APOBEC3A (apolipoprotein B mRNA editing
enzyme, catalytic polypeptide-like 3A) and APOBEC3B, enzymes that convert cytosine to
uracil in ssDNA [52]. Unrepaired ssDNA stalls replication forks, and uracil excision by
uracil-DNA glycosylase (UNG2) generates abasic sites, whose accumulation can trigger
replication catastrophe and cell death.

Interestingly, ATR inhibitors reduce cell viability in cancer cells by disrupting DDR
pathways and inducing oxidative stress, effects that are enhanced when combined with
genotoxic agents or in cells with specific genetic deficiencies [53,54]. Consistently, com-
bination treatment with AZD6738 and cisplatin or UVC irradiation in NSCLC cell lines
caused greater reductions in viability, increased DNA damage, decreased GSH/GSSG ratio,
and elevated abasic sites compared with monotherapies. Remarkably, UVC plus AZD6738
significantly affected all DDR parameters only in p53-null H1299 cells, highlighting the
influence of p53 status on AZD6738 efficacy. P53 functions as the “guardian of the genome”,
halting the cell cycle to permit DNA repair or triggering apoptosis in cells with irreparable
damage [55]. Loss or mutation of p53 increases reliance on ATR-mediated checkpoints,
rendering cells more susceptible to ATR inhibitors and promoting cell death [56]. The
differential magnitude of response observed among cell lines, particularly in p53-deficient
H1299 cells, underscores the context-dependent nature of treatment efficacy. Given the
well-established role of p53 in regulating DNA damage responses and redox homeostasis,
these findings are biologically plausible. However, it should be noted that, given the limited
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number of cell lines analyzed in this study, this observation should be interpreted with
caution and not extrapolated beyond the specific models examined.

Following our in vitro findings, we assessed the impact of ATR inhibition in hetero-
topic lung cancer mouse models. Initially, we evaluated the combination of AZD6738 with
cisplatin, a widely used genotoxic chemotherapeutic agent in both clinical and preclinical
settings [57-59]. As anticipated, cisplatin monotherapy modestly reduced tumor growth,
while AZD6738 alone had no effect, consistent with previous reports [11,60]. Interestingly,
although the combination of AZD6738 and cisplatin demonstrated synergy in vitro, this
effect did not translate into improved outcomes in vivo in the syngeneic LLC mouse model
compared with cisplatin alone. This discrepancy may be explained by several factors. Flow
cytometry revealed increased total T cells (CD3*) and specifically CD8" cytotoxic T cells
in tumors following combination therapy, but T cells remained a small fraction of the
immune infiltrate (~6% of CD45" cells), whereas spleens showed 5-17% T cells, indicating
peripheral activation. Within tumors, CD8* cells were less abundant than CD4* helper
T cells. As previously noted, the antitumor effects of ceralasertib are largely mediated by
CD8" T cells [38]. Short-course AZD6738 combined with radiotherapy more effectively
promotes effector CD8" responses than prolonged treatment [8], and intermittent dosing
can improve tolerability [39]. Collectively, these observations suggest that CD8* T cell
exhaustion likely limited tumor growth inhibition in our initial experiments. Additionally,
complex tumor-immune interactions within the tumor microenvironment (TME) may
dampen the therapeutic synergy observed in vitro. Furthermore, pharmacodynamic con-
straints, including inadequate drug exposure, suboptimal tissue distribution, or rapid
metabolic clearance, may hinder the attainment of therapeutically effective intratumoral
concentrations. The dosing schedule is also crucial, as suboptimal timing or sequencing
of AZD6738 and cisplatin could impair combination efficacy. Moreover, the suppressive
tumor microenvironment, characterized by regulatory T cells, myeloid-derived suppressor
cells, and other inhibitory factors, may limit immune-mediated anti-tumor effects, while
the overall immune exhaustion induced by the combined effects of tumor and treatment
can further compromise systemic anti-tumor responses. Together, these factors highlight
why in vitro DDR sensitization does not always translate into in vivo efficacy, underscoring
the importance of considering pharmacology, immune context, and microenvironmental
suppression in preclinical combination strategies.

One strategy to improve therapy outcome is leveraging the crosstalk between the
immune system and the DDR. Using our murine lung cancer model, we evaluated the
antitumor efficacy of combined AZD6738, cisplatin, and anti-PD1 therapy. We hypothe-
sized that the synergy of platinum-based genotoxic treatment, ATR inhibition, and immune
checkpoint blockade would enhance tumor immunogenicity and cytotoxicity and elicit a ro-
bust antitumor immune response. Mice were treated with various combinations of cisplatin,
a brief AZD6738 regimen, and anti-PD1, administered in either one or two dosing cycles.
The triple combination produced the greatest reduction in tumor growth and burden,
followed by the same regimen with repeated anti-PD1 dosing, indicating synergistic effects.
Notably, temporary tumor growth arrest was observed on day 11 in all anti-PD1-containing
groups, but tumors resumed growth after treatment cessation or a second anti-PD1 cycle,
suggesting that the initial immunogenic stimulus from DNA damage was not sustained.
This may reflect reduced neoantigen exposure, diminished cGAS-STING activation, or
suboptimal T cell activation leading to exhaustion. Future studies should evaluate exhaus-
tion markers such as TIM-3 (T cell immunoglobulin and mucin domain-3) and LAG-3
(lymphocyte activation gene-3), to assess T cell functional status [61].

A key observation was that a second cycle of anti-PD1 reduced splenic T cells while
increasing their tumor infiltration, indicating immune cell redistribution from peripheral
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lymphoid organs into the tumor microenvironment. These findings suggest that repeated
anti-PD1 dosing facilitates CD3* T cell migration and infiltration, potentially enhancing
the overall antitumor immune response. The triple combination of AZD6738, cisplatin,
and two anti-PD1 cycles produced the highest intratumoral T cell infiltration, suggesting
a synergistic effect of DNA damage, ATR inhibition, and immune checkpoint blockade
in enhancing T-cell-mediated antitumor responses. The pronounced CD3* T cell infil-
tration underscores the potential of this regimen as an effective therapeutic strategy and
highlights the critical role of treatment scheduling and dosing frequency in sustaining an
immunostimulatory tumor microenvironment for durable tumor control.

Although total T cell infiltration increased, CD4* helper and CD8* cytotoxic subsets
were reduced, suggesting complex or transient immune modulation within the tumor
microenvironment. Intriguingly, the data indicated the emergence of an unconventional
double-negative (DN) T cell subset (CD3*CD4~CD8™), comprising 30-80% of CD3* T cells
within the tumor microenvironment but only a minor fraction in the spleen, suggesting
tumor-specific expansion. DN T cell enrichment was highest in mice receiving AZD6738
with dual anti-PD1 dosing, implying local expansion driven by therapy and a potential
role in the antitumor immune response under specific therapeutic conditions. DN T cells
remain poorly characterized, but emerging evidence across multiple tumor types indicates
that they can exert either pro- or antitumor effects, depending on the tumor context [62].
Although they represent only a small fraction (1-2%) of peripheral blood in NSCLC pa-
tients [63], they have been shown to infiltrate solid tumors [64] and, in xenograft models,
their adoptive transfer suppresses tumor growth and prolongs survival [64]. Thus, harness-
ing DN T cells for adoptive cell therapy (ACT), either alone or in combination with immune
checkpoint blockade, has emerged as a promising strategy [64,65]. Notably, in nasopharyn-
geal carcinoma intratumoral DN T cells interact with CD4* and CD8"* tumor-infiltrating
lymphocytes (TILs) through TGF-f3, IL-10, and Fas/FasL signaling, thereby restricting their
expansion [66]. Further studies will be needed to elucidate the mechanisms underlying
these differential responses.

5. Conclusions

In this preclinical study, we evaluated the effectiveness of the ATR inhibitor AZD6738
in NSCLC both in vitro and in vivo. We demonstrated that ATR blockade in human NSCLC
cell lines potentiates the cytotoxicity of genotoxic agents by disrupting the DDR network,
with this effect being most pronounced in cells that lack the tumor suppressor protein
p53. Notably, ATR inhibition enhanced the immunogenic effects of genotoxic drugs in
our NSCLC mouse model, with the triple combination of AZD6738, cisplatin, and anti-
PD1 achieving the strongest antitumor effect. Although these findings are preclinical and
require cautious interpretation—since toxicity and optimal dosing were not assessed—they
highlight a potential therapeutic opportunity. Future studies leveraging biomarker-driven
patient selection will be critical to translate these results into meaningful clinical benefit.
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Figure S3: DDR parameters following treatment with UVC and/or AZD6738. Figure S4: ATR
inhibition combined with chemotherapy treatment of lung cancer in vivo. Figure S5: Flow cytometry
analysis for T cell populations isolated from single cell suspensions from spleens.

Author Contributions: Conceptualization, D.M., KN.S. and V.L.S,; Data curation, D.M. and V.L.S,;
Formal analysis, D.M. and V.L.S.; Funding acquisition, D.M. and K.N.S.; Investigation, D.M., C.P,,

https:/ /doi.org/10.3390/ cancers18050820


https://www.mdpi.com/article/10.3390/cancers18050820/s1
https://www.mdpi.com/article/10.3390/cancers18050820/s1
https://doi.org/10.3390/cancers18050820

Cancers 2026, 18, 820 17 of 20

E.D.,PM. and V.L.S.; Methodology, D.M. and P.S.; Project administration, V.L.S.; Resources, V.L.S.;
Supervision, K.N.S. and V.L.S; Validation, D.M. and V.L.S.; Visualization, D.M. and V.L.S.; Writing—
original draft, D.M. and V.L.S.; Writing—review and editing, D.M., C.P,, E.D., PM. and V.L.S. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Hellenic Society of Medical Oncology (HeSMO) (9597 /19-
6-2024 research grants).

Institutional Review Board Statement: The study was carried out in accordance with the EU
Directive 2010/63/EU for animal experiments and was approved by the Directory of Agricultural
and Veterinary Policy of the Region of Attica and the Bioethics Committee of the National Hellenic
Research Foundation (Protocol 356686/23 March 2023).

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Materials. Further inquiries can be directed to the corresponding author.

Acknowledgments: We thank AstraZeneca (Cambridge, UK) for the generous donation of AZD6738.
We acknowledge the National Hellenic Research Foundation Flow Cytometry Facility for the essential
support with cell sorting and data acquisition.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

Thai, A.A.; Solomon, B.J.; Sequist, L.V.; Gainor, ].E; Heist, R.S. Lung Cancer. Lancet 2021, 398, 535-554. [CrossRef]

Sears, C.R.; Mazzone, PJ. Biomarkers in Lung Cancer. Clin. Chest Med. 2020, 41, 115-127. [CrossRef] [PubMed]

Jackson, S.P.; Bartek, J]. The DNA-Damage Response in Human Biology and Disease. Nature 2009, 461, 1071-1078. [CrossRef]
[PubMed]

Smith, H.L.; Southgate, H.; Tweddle, D.A.; Curtin, N.J. DNA Damage Checkpoint Kinases in Cancer. Expert. Rev. Mol. Med. 2020,
22, e2. [CrossRef] [PubMed]

Yano, K.; Shiotani, B. Emerging Strategies for Cancer Therapy by ATR Inhibitors. Cancer Sci. 2023, 114, 2709-2721. [CrossRef]
Liu, C; Wang, X.; Qin, W,; Tu, J.; Li, C.; Zhao, W.; Ma, L.; Liu, B.; Qiu, H.; Yuan, X. Combining Radiation and the ATR Inhibitor
Berzosertib Activates STING Signaling and Enhances Immunotherapy via Inhibiting SHP1 Function in Colorectal Cancer. Cancer
Commun. 2023, 43, 435-454. [CrossRef]

Sheng, H.; Huang, Y.; Xiao, Y.; Zhu, Z.; Shen, M.; Zhou, P.; Guo, Z.; Wang, J.; Wang, H.; Dai, W.; et al. ATR Inhibitor AZD6738
Enhances the Antitumor Activity of Radiotherapy and Immune Checkpoint Inhibitors by Potentiating the Tumor Immune
Microenvironment in Hepatocellular Carcinoma. J. Immunother. Cancer 2020, 8, €000340. [CrossRef]

Vendetti, EP; Pandya, P.; Clump, D.A.; Schamus-Haynes, S.; Tavakoli, M.; diMayorca, M.; Islam, N.M.; Chang, J.; Delgoffe, G.M.;
Beumer, ].H.; etal. The Schedule of ATR Inhibitor AZD6738 Can Potentiate or Abolish Antitumor Immune Responses to
Radiotherapy. JCI Insight 2023, 8, €165615. [CrossRef]

Vendetti, EP; Lau, A.; Schamus, S.; Conrads, T.P.; O’Connor, M.J.; Bakkenist, C.J. The Orally Active and Bioavailable ATR Kinase
Inhibitor AZD6738 Potentiates the Anti-Tumor Effects of Cisplatin to Resolve ATM-Deficient Non-Small Cell Lung Cancer in
Vivo. Oncotarget 2015, 6, 44289-44305. [CrossRef]

Chabanon, R.M.; Rouanne, M.; Lord, C.J.; Soria, J.-C.; Pasero, P.; Postel-Vinay, S. Targeting the DNA Damage Response in
Immuno-Oncology: Developments and Opportunities. Nat. Rev. Cancer 2021, 21, 701-717. [CrossRef]

Vendetti, F.P.; Karukonda, P.; Clump, D.A; Teo, T.; Lalonde, R.; Nugent, K.; Ballew, M.; Kiesel, B.F.; Beumer, ].H.; Sarkar, S.N.; et al.
ATR Kinase Inhibitor AZD6738 Potentiates CD8+ T Cell-Dependent Antitumor Activity Following Radiation. J. Clin. Investig.
2018, 128, 3926-3940. [CrossRef] [PubMed]

Dillon, M.T.; Guevara, J.; Mohammed, K.; Patin, E.C.; Smith, S.A.; Dean, E.; Jones, G.N.; Willis, S.E.; Petrone, M.; Silva, C.; et al.
Durable Responses to ATR Inhibition with Ceralasertib in Tumors with Genomic Defects and High Inflammation. . Clin. Investig.
2024, 134, €175369. [CrossRef] [PubMed]

Van Campen, N.; Mekers, VE.; Looman, M.\W.,; Van Den Bogaard, L.; Kers-Rebel, E.D.; Peeters, WJ.M.; Merino, E.E;
Schuurmans, F.; Smeenk, R.J.; Verheij, M.; et al. ATM and ATR Inhibition Increases Radiosensitivity and cGAS-STING Ac-
tivation in Prostate Cancer. Cytokine 2025, 193, 156980. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/ cancers18050820


https://doi.org/10.1016/S0140-6736(21)00312-3
https://doi.org/10.1016/j.ccm.2019.10.004
https://www.ncbi.nlm.nih.gov/pubmed/32008624
https://doi.org/10.1038/nature08467
https://www.ncbi.nlm.nih.gov/pubmed/19847258
https://doi.org/10.1017/erm.2020.3
https://www.ncbi.nlm.nih.gov/pubmed/32508294
https://doi.org/10.1111/cas.15845
https://doi.org/10.1002/cac2.12412
https://doi.org/10.1136/jitc-2019-000340
https://doi.org/10.1172/jci.insight.165615
https://doi.org/10.18632/oncotarget.6247
https://doi.org/10.1038/s41568-021-00386-6
https://doi.org/10.1172/JCI96519
https://www.ncbi.nlm.nih.gov/pubmed/29952768
https://doi.org/10.1172/JCI175369
https://www.ncbi.nlm.nih.gov/pubmed/37934611
https://doi.org/10.1016/j.cyto.2025.156980
https://www.ncbi.nlm.nih.gov/pubmed/40532290
https://doi.org/10.3390/cancers18050820

Cancers 2026, 18, 820 18 of 20

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Taniguchi, H.; Chakraborty, S.; Takahashi, N.; Banerjee, A.; Caeser, R.; Zhan, Y.A.; Tischfield, S.E.; Chow, A.; Nguyen, EM.;
Villalonga, A.Q.; et al. ATR Inhibition Activates Cancer Cell cGAS/STING-Interferon Signaling and Promotes Antitumor
Immunity in Small-Cell Lung Cancer. Sci. Adv. 2024, 10, eado4618. [CrossRef]

Xie, D.; Jiang, B.; Wang, S.; Wang, Q.; Wu, G. The Mechanism and Clinical Application of DNA Damage Repair Inhibitors
Combined with Immune Checkpoint Inhibitors in the Treatment of Urologic Cancer. Front. Cell Dev. Biol. 2023, 11, 1200466.
[CrossRef]

Shi, C.; Qin, K; Lin, A; Jiang, A.; Cheng, Q.; Liu, Z.; Zhang, J.; Luo, P. The Role of DNA Damage Repair (DDR) System in
Response to Immune Checkpoint Inhibitor (ICI) Therapy. . Exp. Clin. Cancer Res. 2022, 41, 268. [CrossRef]

Sun, L.-L.; Yang, R.-Y,; Li, C.-W,; Chen, M.-K,; Shao, B.; Hsu, ].-M.; Chan, L.-C.; Yang, Y.; Hsu, J.L.; Lai, Y.-J.; et al. Inhibition of
ATR Downregulates PD-L1 and Sensitizes Tumor Cells to T Cell-Mediated Killing. Am. J. Cancer Res. 2018, 8, 1307-1316.

Ngoi, N.Y.L.; Peng, G.; Yap, T.A. A Tale of Two Checkpoints: ATR Inhibition and PD-(L)1 Blockade. Annu. Rev. Med. 2022, 73,
231-250. [CrossRef]

Mavroeidi, D.; Georganta, A.; Panagiotou, E.; Syrigos, K.; Souliotis, V.L. Targeting ATR Pathway in Solid Tumors: Evidence of
Improving Therapeutic Outcomes. Int. J. Mol. Sci. 2024, 25, 2767. [CrossRef]

Besse, B.; Pons-Tostivint, E.; Park, K.; Hartl, S.; Forde, PM.; Hochmair, ML.].; Awad, M.M.; Thomas, M.; Goss, G.; Wheatley-Price, P; et al.
Biomarker-Directed Targeted Therapy plus Durvalumab in Advanced Non-Small-Cell Lung Cancer: A Phase 2 Umbrella Trial.
Nat. Med. 2024, 30, 716-729. [CrossRef]

Langie, S.A.S.; Knaapen, A.M.; Houben, ].M.].; Van Kempen, EC.; De Hoon, ].P].; Gottschalk, RW.H.; Godschalk, RW.L;
Van Schooten, EJ. The Role of Glutathione in the Regulation of Nucleotide Excision Repair during Oxidative Stress. Toxicol. Lett.
2007, 168, 302-309. [CrossRef]

Marx, C.; Qing, X.; Gong, Y.; Kirkpatrick, J.; Siniuk, K.; Beznoussenko, G.V,; Kidiyoor, G.R.; Kirtay, M.; Buder, K.; Koch, P; et al.
DNA Damage Response Regulator ATR Licenses PINK1-Mediated Mitophagy. Nucleic Acids Res. 2025, 53, gkaf178. [CrossRef]
Greenberg, M.M. Abasic and Oxidized Abasic Site Reactivity in DNA: Enzyme Inhibition, Cross-Linking, and Nucleosome
Catalyzed Reactions. Acc. Chem. Res. 2014, 47, 646-655. [CrossRef]

Thompson, P.S.; Cortez, D. New Insights into Abasic Site Repair and Tolerance. DNA Repair 2020, 90, 102866. [CrossRef] [PubMed]
Kitsera, N.; Rodriguez-Alvarez, M.; Emmert, S.; Carell, T.; Khobta, A. Nucleotide Excision Repair of Abasic DNA Lesions. Nucleic
Acids Res. 2019, 47, 8537-8547. [CrossRef] [PubMed]

Mutreja, K.; Krietsch, J.; Hess, J.; Ursich, S.; Berti, M.; Roessler, EK.; Zellweger, R.; Patra, M.; Gasser, G.; Lopes, M. ATR-Mediated
Global Fork Slowing and Reversal Assist Fork Traverse and Prevent Chromosomal Breakage at DNA Interstrand Cross-Links.
Cell Rep. 2018, 24, 2629-2642.€5. [CrossRef] [PubMed]

Ortega, P.; Bournique, E.; Li, J.; Sanchez, A.; Santiago, G.; Harris, B.R.; Striepen, ].; Maciejowski, J.; Green, A.M.; Buisson, R.
Mechanism of DNA Replication Fork Breakage and PARP1 Hyperactivation during Replication Catastrophe. Sci. Adv. 2025, 11,
eadu0437. [CrossRef]

Su, Y.; Lu, X;; Bu, Z,; Yang, X; Liu, P. The Efficacy and Safety of ATR Inhibitors in the Treatment of Solid Tumors: A Systematic
Review and Meta-Analysis. Front. Oncol. 2025, 15, 1706837. [CrossRef]

Leibrandt, R.C.; Tu, M.-].; Yu, A.-M.; Lara, P.N.; Parikh, M. ATR Inhibition in Advanced Urothelial Carcinoma. Clin. Genitourin.
Cancer 2023, 21, 203-207. [CrossRef]

Hall, A.B.; Newsome, D.; Wang, Y.; Boucher, D.M.; Eustace, B.; Gu, Y.; Hare, B.; Johnson, M.A.; Li, H.; Milton, S.; et al. Potentiation
of Tumor Responses to DNA Damaging Therapy by the Selective ATR Inhibitor VX-970. Oncotarget 2014, 5, 5674-5685. [CrossRef]
He, Q.; Sun, C; Pan, Y. Whole-exome Sequencing Reveals Lewis Lung Carcinoma Is a Hypermutated Kras/Nras-Mutant Cancer
with Extensive Regional Mutation Clusters in Its Genome. Sci. Rep. 2024, 14, 100. [CrossRef] [PubMed]

Vichai, V.; Kirtikara, K. Sulforhodamine B Colorimetric Assay for Cytotoxicity Screening. Nat. Protoc. 2006, 1, 1112-1116.
[CrossRef] [PubMed]

Mavroeidi, D.; Georganta, A.; Stefanou, D.T.; Papanikolaou, C.; Syrigos, K.N.; Souliotis, V.L. DNA Damage Response Network
and Intracellular Redox Status in the Clinical Outcome of Patients with Lung Cancer. Cancers 2024, 16, 4218. [CrossRef] [PubMed]
Larminat, F.; Zhen, W.; Bohr, V.A. Gene-Specific DNA Repair of Interstrand Cross-Links Induced by Chemotherapeutic Agents
Can Be Preferential. |. Biol. Chem. 1993, 268, 2649-2654. [CrossRef]

Souliotis, V.L.; Dimopoulos, M.A.; Sfikakis, P.P. Gene-Specific Formation and Repair of DNA Monoadducts and Interstrand
Cross-Links after Therapeutic Exposure to Nitrogen Mustards. Clin. Cancer Res. 2003, 9, 4465-4474.

Bashey, A.; Gill, R.; Levi, S.; Farr, C.; Clutterbuck, R.; Millar, J.; Pragnell, I.; Marshall, C. Mutational Activation of the N-Ras
Oncogene Assessed in Primary Clonogenic Culture of Acute Myeloid Leukemia (AML): Implications for the Role of N-Ras
Mutation in AML Pathogenesis. Blood 1992, 79, 981-989. [CrossRef]

Faul, F; Erdfelder, E.; Lang, A.-G.; Buchner, A. G*Power 3: A Flexible Statistical Power Analysis Program for the Social, Behavioral,
and Biomedical Sciences. Behav. Res. Methods 2007, 39, 175-191. [CrossRef]

https:/ /doi.org/10.3390/ cancers18050820


https://doi.org/10.1126/sciadv.ado4618
https://doi.org/10.3389/fcell.2023.1200466
https://doi.org/10.1186/s13046-022-02469-0
https://doi.org/10.1146/annurev-med-042320-025136
https://doi.org/10.3390/ijms25052767
https://doi.org/10.1038/s41591-024-02808-y
https://doi.org/10.1016/j.toxlet.2006.10.027
https://doi.org/10.1093/nar/gkaf178
https://doi.org/10.1021/ar400229d
https://doi.org/10.1016/j.dnarep.2020.102866
https://www.ncbi.nlm.nih.gov/pubmed/32417669
https://doi.org/10.1093/nar/gkz558
https://www.ncbi.nlm.nih.gov/pubmed/31226203
https://doi.org/10.1016/j.celrep.2018.08.019
https://www.ncbi.nlm.nih.gov/pubmed/30184498
https://doi.org/10.1126/sciadv.adu0437
https://doi.org/10.3389/fonc.2025.1706837
https://doi.org/10.1016/j.clgc.2022.10.016
https://doi.org/10.18632/oncotarget.2158
https://doi.org/10.1038/s41598-023-50703-2
https://www.ncbi.nlm.nih.gov/pubmed/38167599
https://doi.org/10.1038/nprot.2006.179
https://www.ncbi.nlm.nih.gov/pubmed/17406391
https://doi.org/10.3390/cancers16244218
https://www.ncbi.nlm.nih.gov/pubmed/39766117
https://doi.org/10.1016/S0021-9258(18)53823-0
https://doi.org/10.1182/blood.V79.4.981.bloodjournal794981
https://doi.org/10.3758/BF03193146
https://doi.org/10.3390/cancers18050820

Cancers 2026, 18, 820 19 of 20

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.
59.

60.

61.

62.

Hardaker, E.L.; Sanseviero, E.; Karmokar, A.; Taylor, D.; Milo, M.; Michaloglou, C.; Hughes, A.; Mai, M.; King, M.; Solanki, A.; et al.
The ATR Inhibitor Ceralasertib Potentiates Cancer Checkpoint Immunotherapy by Regulating the Tumor Microenvironment. Nat.
Commun. 2024, 15, 1700. [CrossRef]

Wilson, Z.; Odedra, R.; Wallez, Y.; Wijnhoven, PW.G.; Hughes, A.M.; Gerrard, J.; Jones, G.N.; Bargh-Dawson, H.; Brown, E,;
Young, L.A ; et al. ATR Inhibitor AZD6738 (Ceralasertib) Exerts Antitumor Activity as a Monotherapy and in Combination with
Chemotherapy and the PARP Inhibitor Olaparib. Cancer Res. 2022, 82, 1140-1152. [CrossRef]

Duan, F; Simeone, S.; Wu, R.; Grady, J.; Mandoiu, I; Srivastava, PK. Area under the Curve as a Tool to Measure Kinetics of Tumor
Growth in Experimental Animals. ]. Immunol. Methods 2012, 382, 224-228. [CrossRef]

Menolfi, D.; Lee, B.J.; Zhang, H.; Jiang, W.; Bowen, N.E.; Wang, Y.; Zhao, J.; Holmes, A.; Gershik, S.; Rabadan, R.; et al. ATR
Kinase Supports Normal Proliferation in the Early S Phase by Preventing Replication Resource Exhaustion. Nat. Commun. 2023,
14, 3618. [CrossRef] [PubMed]

Fokas, E.; Prevo, R.; Hammond, E.M.; Brunner, T.B.; McKenna, W.G.; Muschel, R.J. Targeting ATR in DNA Damage Response and
Cancer Therapeutics. Cancer Treat. Rev. 2014, 40, 109-117. [CrossRef] [PubMed]

Shigechi, T.; Tomida, J.; Sato, K.; Kobayashi, M.; Eykelenboom, J.K.; Pessina, F.; Zhang, Y.; Uchida, E.; Ishiai, M.; Lowndes, N.E; et al.
ATR-ATRIP Kinase Complex Triggers Activation of the Fanconi Anemia DNA Repair Pathway. Cancer Res. 2012, 72, 1149-1156.
[CrossRef] [PubMed]

Tomida, J.; Itaya, A.; Shigechi, T.; Unno, J.; Uchida, E.; Ikura, M.; Masuda, Y.; Matsuda, S.; Adachi, J.; Kobayashi, M.; et al. A
Novel Interplay between the Fanconi Anemia Core Complex and ATR-ATRIP Kinase during DNA Cross-Link Repair. Nucleic
Acids Res. 2013, 41, 6930-6941. [CrossRef]

Wang, C.; Chen, Z.; Su, D.; Tang, M,; Nie, L.; Zhang, H.; Feng, X.; Wang, R.; Shen, X,; Srivastava, M.; et al. C170rf53 Is Identified
as a Novel Gene Involved in Inter-Strand Crosslink Repair. DNA Repair. 2020, 95, 102946. [CrossRef]

Concannon, K.; Morris, B.B.; Gay, C.M.; Byers, L.A. Combining Targeted DNA Repair Inhibition and Immune-Oncology
Approaches for Enhanced Tumor Control. Mol. Cell 2023, 83, 660—-680. [CrossRef]

Li, J.J.; Lee, C.S. The Role of the AT-Rich Interaction Domain 1A Gene (ARID1A) in Human Carcinogenesis. Genes 2023, 15, 5.
[CrossRef]

Ray, A.; Milum, K.; Battu, A.; Wani, G.; Wani, A.A. NER Initiation Factors, DDB2 and XPC, Regulate UV Radiation Response by
Recruiting ATR and ATM Kinases to DNA Damage Sites. DNA Repair 2013, 12, 273-283. [CrossRef]

Moreno, N.C.; Garcia, C.C.M.; Rocha, C.R.R.; Munford, V.; Menck, C.EM. ATR/Chk1 Pathway Is Activated by Oxidative Stress in
Response to UVA Light in Human Xeroderma Pigmentosum Variant Cells. Photochem. Photobiol. 2019, 95, 345-354. [CrossRef]
Saldivar, J.C.; Cortez, D.; Cimprich, K.A. The Essential Kinase ATR: Ensuring Faithful Duplication of a Challenging Genome. Nat.
Rev. Mol. Cell Biol. 2017, 18, 622-636. [CrossRef]

Zhang, S.; Zhao, Y.; Wang, X.; Qi, C; Tian, ].; Zou, Z. Synergistic Lethality between Auranofin-Induced Oxidative DNA Damage
and ATR Inhibition in Cancer Cells. Life Sci. 2023, 332, 122131. [CrossRef]

Buisson, R.; Lawrence, M.S.; Benes, C.H.; Zou, L. APOBEC3A and APOBEC3B Activities Render Cancer Cells Susceptible to ATR
Inhibition. Cancer Res. 2017, 77, 4567-4578. [CrossRef] [PubMed]

Elayapillai, S.P.; Dogra, S.; Lausen, J.; Parker, M.; Kennedy, A.; Benbrook, D.M.; Moxley, K.M.; Hannafon, B.N. ATR Inhibition
Increases Reliance on PARP-Mediated DNA Repair Revealing an Improved Therapeutic Strategy for Cervical Cancer. Gynecol.
Oncol. 2024, 191, 182-193. [CrossRef] [PubMed]

Cui, J.; Dean, D.; Hornicek, EJ.; Pollock, R.E.; Hoffman, R.M. ATR Inhibition Sensitizes Liposarcoma to Doxorubicin by Increasing
DNA Damage. Am. J. Cancer Res. 2022, 12, 1577-1592.

Liu, Y,; Su, Z; Tavana, O.; Gu, W. Understanding the Complexity of P53 in a New Era of Tumor Suppression. Cancer Cell 2024, 42,
946-967. [CrossRef] [PubMed]

Middleton, F; Pollard, J.; Curtin, N. The Impact of P53 Dysfunction in ATR Inhibitor Cytotoxicity and Chemo- and Radiosensiti-
sation. Cancers 2018, 10, 275. [CrossRef]

Minerva; Bhat, A.; Verma, S.; Chander, G.; Jamwal, R.S.; Sharma, B.; Bhat, A.; Katyal, T.; Kumar, R.; Shah, R. Cisplatin-Based
Combination Therapy for Cancer. J. Cancer Res. Ther. 2023, 19, 530. [CrossRef]

Romani, A.M.P. Cisplatin in Cancer Treatment. Biochem. Pharmacol. 2022, 206, 115323. [CrossRef]

Zhang, C.; Xu, C.; Gao, X.; Yao, Q. Platinum-Based Drugs for Cancer Therapy and Anti-Tumor Strategies. Theranostics 2022, 12,
2115-2132. [CrossRef]

Harata, S.; Suzuki, T.; Takahashi, H.; Hirokawa, T.; Kato, A.; Watanabe, K.; Yanagita, T.; Ushigome, H.; Shiga, K.; Ogawa, R.; et al.
AZD6738 Promotes the Tumor Suppressive Effects of Trifluridine in Colorectal Cancer Cells. Oncol. Rep. 2023, 49, 52. [CrossRef]
Cai, L.; Li, Y,; Tan, J.; Xu, L.; Li, Y. Targeting LAG-3, TIM-3, and TIGIT for Cancer Immunotherapy. J. Hematol. Oncol. 2023, 16, 101.
[CrossRef]

Wu, Z; Zheng, Y.; Sheng, J.; Han, Y.; Yang, Y.; Pan, H.; Yao, J]. CD3*CD4~CD8~ (Double-Negative) T Cells in Inflammation,
Immune Disorders and Cancer. Front. Immunol. 2022, 13, 816005. [CrossRef]

https:/ /doi.org/10.3390/ cancers18050820


https://doi.org/10.1038/s41467-024-45996-4
https://doi.org/10.1158/0008-5472.CAN-21-2997
https://doi.org/10.1016/j.jim.2012.06.005
https://doi.org/10.1038/s41467-023-39332-5
https://www.ncbi.nlm.nih.gov/pubmed/37336885
https://doi.org/10.1016/j.ctrv.2013.03.002
https://www.ncbi.nlm.nih.gov/pubmed/23583268
https://doi.org/10.1158/0008-5472.CAN-11-2904
https://www.ncbi.nlm.nih.gov/pubmed/22258451
https://doi.org/10.1093/nar/gkt467
https://doi.org/10.1016/j.dnarep.2020.102946
https://doi.org/10.1016/j.molcel.2022.12.031
https://doi.org/10.3390/genes15010005
https://doi.org/10.1016/j.dnarep.2013.01.003
https://doi.org/10.1111/php.13041
https://doi.org/10.1038/nrm.2017.67
https://doi.org/10.1016/j.lfs.2023.122131
https://doi.org/10.1158/0008-5472.CAN-16-3389
https://www.ncbi.nlm.nih.gov/pubmed/28698210
https://doi.org/10.1016/j.ygyno.2024.10.009
https://www.ncbi.nlm.nih.gov/pubmed/39427557
https://doi.org/10.1016/j.ccell.2024.04.009
https://www.ncbi.nlm.nih.gov/pubmed/38729160
https://doi.org/10.3390/cancers10080275
https://doi.org/10.4103/jcrt.jcrt_792_22
https://doi.org/10.1016/j.bcp.2022.115323
https://doi.org/10.7150/thno.69424
https://doi.org/10.3892/or.2023.8489
https://doi.org/10.1186/s13045-023-01499-1
https://doi.org/10.3389/fimmu.2022.816005
https://doi.org/10.3390/cancers18050820

Cancers 2026, 18, 820 20 of 20

63.

64.

65.

66.

Stankovic, B.; Bjerhovde, H.A K.; Skarshaug, R.; Aamodt, H.; Frafjord, A.; Miiller, E.; Hammarstrom, C.; Beraki, K.; Beekkevold, E.S.;
Woldbeek, P.R.; et al. Immune Cell Composition in Human Non-Small Cell Lung Cancer. Front. Immunol. 2019, 9, 3101. [CrossRef]
Fang, L.; Ly, D.; Wang, S.; Lee, ].B.; Kang, H.; Xu, H.; Yao, J.; Tsao, M.; Liu, W.; Zhang, L. Targeting Late-Stage Non-Small Cell
Lung Cancer with a Combination of DNT Cellular Therapy and PD-1 Checkpoint Blockade. J. Exp. Clin. Cancer Res. 2019, 38, 123.
[CrossRef]

Yao, J.; Ly, D.; Dervovic, D.; Fang, L.; Lee, ].B.; Kang, H.; Wang, Y.-H.; Pham, N.-A_; Pan, H.; Tsao, M.-S.; et al. Human Double
Negative T Cells Target Lung Cancer via Ligand-Dependent Mechanisms That Can Be Enhanced by IL-15. J. Immunother. Cancer
2019, 7, 17. [CrossRef]

Liu, X.-F; Song, B.; Sun, C.-B.; Zhu, Q.; Yue, ].-H.; Liang, Y.-].; He, J.; Zeng, X.-L.; Qin, Y.-C.; Chen, Q.-Y.; et al. Tumor-Infiltrated
Double-Negative Regulatory T Cells Predict Outcome of T Cell-Based Immunotherapy in Nasopharyngeal Carcinoma. Cell Rep.
Med. 2025, 6, 102096. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ cancers18050820


https://doi.org/10.3389/fimmu.2018.03101
https://doi.org/10.1186/s13046-019-1126-y
https://doi.org/10.1186/s40425-019-0507-2
https://doi.org/10.1016/j.xcrm.2025.102096
https://doi.org/10.3390/cancers18050820

	Introduction 
	Materials and Methods 
	Cell Lines 
	Drugs 
	Viability Assay 
	Measurement of Nucleotide Excision Repair (NER)-Alkaline Comet Assay 
	Measurement of Gene-Specific Repair of the Interstrand Cross-Links (ICL) 
	GSH/GSSG Ratio and Apurinic/Apyrimidinic Lesions (Abasic; AP-Sites) 
	In Vivo Experiments 
	Tissue Dissociation 
	Flow Cytometry 
	Statistical Analysis 

	Results 
	Impact of ATR Blockade on DDR-Associated Parameters in Lung Cancer Cell Lines 
	Therapeutic Potential of ATR Inhibition in Lung Cancer 
	Combined ATR Inhibition and Cisplatin Chemotherapy In Vivo 
	In Vivo Evaluation of ATR Inhibition Combined with Chemotherapy and Immunotherapy 


	Discussion 
	Conclusions 
	References

