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Abstract

Purpose: A7M is the most commonly mutated DNA damage and repair gene in non-small cell
lung cancer (NSCLC); however, limited characterization has been pursued.

Experimental Design: Clinicopathologic, genomic, and treatment data were collected for 5,172
patients with NSCLC tumors which underwent genomic profiling. ATM IHC was performed on
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fact, this article is hereby marked “advertisement” in accordance with 18 USC section 1734.
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182 NSCLCs with ATM mutations. Multiplexed immunofluorescence was performed on a subset
of 535 samples to examine tumor-infiltrating immune cell subsets.

Results: A total of 562 deleterious ATM mutations were identified in 9.7% of NSCLC samples.
ATM-mutant (ATAMMUYUT) NSCLC was significantly associated with female sex (P =0.02), ever
smoking status (P < 0.001), non-squamous histology (# =0.004), and higher tumor mutational
burden (DFCI, A< 0.0001; MSK, P< 0.0001) compared with ATM-wild-type (ATAMT) cases.
Among 3,687 NSCLCs with comprehensive genomic profiling, co-occurring KRAS, STK11, and
ARIDZ2 oncogenic mutations were significantly enriched among ATAMUYT NSCLCs (Q < 0.05),
while 7P53and EGFR mutations were enriched in ATAMT NSCLCs. Among 182 ATAMUT
samples with ATM IHC, tumors with nonsense, insertions/deletions, or splice site mutations were
significantly more likely to display ATM loss by IHC (71.4% vs. 28.6%; £< 0.0001) compared
with tumors with only predicted pathogenic missense mutations. Clinical outcomes to PD-(L)1
monotherapy (N =1,522) and chemo-immunotherapy (A =951) were similar between A7TAMUT
and ATMWT NSCLCs. Patients with concurrent A7AM/TP53 mutations had significantly improved
response rate and progression-free survival with PD-(L)1 monotherapy.

Conclusions: Deleterious A7M mutations defined a subset of NSCLC with unique
clinicopathologic, genomic, and immunophenotypic features. Our data may serve as resource to
guide interpretation of specific ATM mutations in NSCLC.

Introduction

Clinical care for patients with non—small cell lung cancer (NSCLC) is increasingly defined
by precision oncology; however, current standard treatment strategies in this disease do

not include targeted therapy approaches involving DNA damage and repair (DDR) (1).
Defective DDR machinery is a hallmark of cancer (2, 3) and aberrations involving the ataxia
telangiectasia mutated (ATM) kinase are among the most commonly observed DDR defects
across cancer types (2). The ATM gene encodes a member of the phosphatidylinositol-3
kinase-like (PIKK) family of serine/threonine kinases which senses and mediates the
response to DNA double-strand breaks (4-7).

In NSCLC, ATM is mutated in up to ~10% of cases, representing the most commonly
mutated DDR gene (7-9). Furthermore, ATM protein expression loss in prior studies has
been reported in up to 41% of tumors (10-12), though subsequent studies have proposed
the potential for overestimation related to challenges with IHC protocol optimization and
the inability to detect low expressors which retain full ATM function (13). ATM deficiency
has been shown to be synthetic lethal with ataxia telangiectasia and Rad3-related (ATR)
inhibition and a number of ATR inhibitors are in early clinical development (14-20).

A phase | study of BAY 1895344 monotherapy in advanced solid tumors demonstrated
four partial responses with a median duration of response of 315.5 days, all in patients
with tumors demonstrating ATM protein loss and/or deleterious mutations in A7M (tumor
types included appendix, breast, endometrial, and urothelial duct cancers; ref. 18). A
phase | study of M6620 in advanced solid tumors included 1 patient with metastatic
colorectal cancer which demonstrated ATM IHC loss (alongside an AR/D1A mutation)
who achieved a complete response to M6620 monotherapy, with progression-free survival
(PFS) ongoing for 29+ months (17). A phase | study of berzosertib in combination with
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cytotoxic chemotherapy in advanced solid tumors includes a partial response in a lung
adenocarcinoma patient (ATM status not reported) who received berzosertib + gemcitabine
(20). A single arm expansion cohort of berzosertib + gemcitabine in advanced NSCLC
demonstrated a modest objective response rate (ORR) of 10.5%. However, the trial
population included only single digit cases harboring A7M mutations and planned ATM
IHC was not possible due to exhaustion of tissue (19). Separately, emerging data from

our group and others suggest that deleterious DDR mutations may predict for improved
outcomes to PD-(L)1 immune checkpoint blockade in NSCLC (21, 22); however, ATM-
specific analyses have not been pursued.

ATM s a notably large gene, and mutations occur throughout the gene with no clear
hotspots, with very limited functional characterization of specific variants. Comprehensive
analyses integrating genomic as well as IHC and other biomarker data with patient
outcomes have not yet been pursued, and it is unknown which A7M variants may represent
actionable biomarkers in NSCLC. Here, we characterize the clinicopathologic, genomic,
and immunophenotypic landscape of A7M mutations in a large multi-institutional cohort
of patients with NSCLC with the goal of informing future DDR-based targeted therapy
strategies as well as precision oncology approaches involving other systemic therapies,
including PD-(L)1 immune checkpoint blockade.

Materials and Methods

Study design and patients

Clinicopathologic and genomic data were collected from patients with NSCLC who had
provided written informed consent to institutional review board—approved correlative
research studies at the Dana-Farber Cancer Institute [DFCI; Dana-Farber/Harvard Cancer
Center (DF/HCC) protocols #02-180, #11-104, #13-364, and/or #17-000], and Memorial
Sloan Kettering Cancer Center (MSK; protocol #12-245), and whose tumors underwent
comprehensive tumor genomic profiling at each of the participating institution. This study
was conducted in accordance with the Declaration of Helsinki.

Tumor genomic profiling

NSCLCs at DFCI were sequenced by targeted next-generation sequencing (NGS) using
OncoPanel (23), which interrogates for 277 (v1, 4/2013-07/2014), 302 (v2, 07/2014—
09/2016), and 447 (v3, 09/2016-ongoing) cancer-associated genes. DNA was isolated from
tumor samples with a tumor purity = 20% and analyzed by massively parallel sequencing
using a solution-phase Agilent SureSelect hybrid capture kit and an Illumina HiSeq 2500
sequencer (23, 24). Common single nucleotide polymorphisms present in public and
internal non-cancer populations were filtered out algorithmically using an internal informatic
pipeline, as previously described (23, 24). NSCLC samples at MSK were sequenced using
the MSK-IMPACT platform, detecting single-nucleotide variants, copy-number variations,
gene fusions, and insertion/deletions (ins/del) from 341 (v1), 410 (v2), and 468 (v3) unique
cancer-associated genes (25).

Clin Cancer Res. Author manuscript; available in PMC 2024 April 20.
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Programmed death-ligand 1 expression and tumor mutational burden assessment

Programmed death-ligand 1 (PD-L1) expression was reported as a percentage of tumor cells
with positive membranous staining in a slide containing at least 100 tumor viable cells
using validated anti—-PD-L1 antibodies: ELIL3N (Cell Signaling Technology, Danvers, MA),
22C3 (Dako North America Inc, Carpinteria, CA), 28-8 (Epitomics Inc, Burlingame, CA),
according to local institutional practice. Tumor mutational burden (TMB), defined as the
number of somatic, coding, base substitution and ins/del mutations per megabase (Mb) of
genome examined was calculated from the DFCI OncoPanel NGS.

Determination of ATM mutation status

All loss-of-function mutations in the A7M gene, including nonsense, ins/del, or splice site
were classified as deleterious. Missense mutations were considered deleterious if deemed to
be pathogenic using Polymorphism Phenotyping v2 (PolyPhen-2), a tool which determines
the impact of amino acid substitutions on the stability and function of human proteins using
structural and comparative evolutionary considerations. PolyPhen-2 performs functional
annotation of SNPs, maps coding SNPs to gene transcripts, extracts protein sequence
annotations and structural attributes, and builds conservation profiles. It then estimates

the probability of the missense mutation being damaging based on a combination of all
these properties. Missense mutations not deemed to be pathogenic by PolyPhen-2 were
considered benign. Cases harboring at least one deleterious A7TM mutation were defined
ATM-mutant (ATAMMUT) while cases without A7M mutations or harboring only ATM
mutations considered benign were defined A7AZwild-type (ATAMVT). A putative loss of
heterozygosity (LOH) of A7TM was defined by the concomitant presence of a deleterious
ATM mutation and A7M deletion, suggesting biallelic inactivation. The DFCI OncoPanel
and the MSK-IMPACT NGS platforms have full exonic coverage of the A7M gene, and also
interrogate approximately 100 base pairs into the introns flanking each exon.

Determination of ATM expression by IHC

NSCLC samples harboring A7M mutations and sufficient tissue available for additional
studies underwent ATM IHC. Four- to 5-pum thick formalin-fixed, paraffin embedded (FFPE)
tissue specimens were prepared from a representative clinical tissue block. Slides were
baked at 37°C. Heat-induced epitope retrieval was performed in EDTA for 20 minutes
(Leica H2, Leica, Buffalo Grove, IL). ATM clone Y170 (Abcam, Waltham, MA) was used
at 1:300 dilution with a 60-minute incubation on the Leica Bond 11 platform. Staining was
evaluated by a board-certified anatomic pathologist (L.M. Sholl) and assigned a score of
complete loss when all the tumor cells showed absent nuclear staining, heterogeneous loss
when at least 10% of tumor cells showed absent nuclear staining, or intact when all tumor
cells showed nuclear expression. Samples with ATM expression loss for which internal
control staining in benign stromal/inflammatory cells could not be confirmed were excluded
from analysis.

Multiplexed immunofluorescence (ImmunoProfile)

Multiplexed immunofluorescence (mIF) was performed on samples from the DFCI by
staining 5-micron FFPE whole tissue sections with standard, primary antibodies sequentially

Clin Cancer Res. Author manuscript; available in PMC 2024 April 20.
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and paired with a unique fluorochrome followed by staining with nuclear counterstain/4’,6-
diamidino-2-phenylindole (DAPI). All samples were stained for PD-L1 (clone E1L3N),
PD-1 [clone EPR4877 (2)], CD8 (clone 4B11), FOXP3 (clone D608R), Cytokeratin (clone
AE1/AE3), and DAPI (nuclear counterstain). Each sample had a single slide stained and
scanned at 20x resolution by a Vectra Polaris imaging platform. Regions of Interest (ROI)
were defined for each image, and only these regions were used for quantitative image
analysis. Within each ROI, InForm Image Analysis software (PerkinEImer/Akoya) was run
to phenotype and score cells based on biomarker expression. A custom script quantified

the number/percentage of cells which are positive for relevant biomarkers in specific tissue
regions. Each ROI was divided into one or more of these defined regions: intra-tumoral (IT),
which was defined as the region of the slide consisting of tumor beyond the tumor-stroma
interface (TSI); TSI, which was defined as the region within 40 pm to either side of the
defined border between tumor and stroma; and total (1T + TSI). Cell count was calculated
per ROI and averaged (unweighted) across ROIs, reported as count per millimeter squared
+ standard error. Statistical significance of differential cell type enrichment between groups
was estimated with Wilcox Rank Sum test.

Immune cell subset estimation from The Cancer Genome Atlas

The association between A7M mutation status and immune infiltrates were evaluated in

The Cancer Genome Atlas (TCGA) Program. Immune cell infiltration levels of each patient
with lung adenocarcinoma and lung squamous cell carcinoma were estimated using multiple
well-established tumor immune estimation resources, including TIMER, CIBERSORT, and
XCell based on the bulk RNA sequencing (RNA-seq) data, as previously described (26—
28). The association between estimated immune infiltrates and A7M/ mutation status were
evaluated by Wilcoxon rank sum test.

Digital pathology assessment of tumor-infiltrating lymphocytes

Hematoxylin and eosin (H&E) slides were digitalized using Aperio ScanScope AT (0.49
microns/pixel, Leica Biosystems, Germany). Supervised machine learning algorithms
(QuPath v.0.2.3) were employed to build an automated tumor-infiltrating lymphocytes
scoring model, as previously described by our group (29).

Statistical analysis

Categorical and continuous variables were summarized using descriptive statistics. The
Wilcoxon rank sum test and Kruskal-Wallis test were used to test for differences between
continuous variables, and Fisher’s exact test was used to test for associations between
categorical variables. The Kaplan—-Meier methodology was used to estimate event-time
distributions, and the Greenwood formula was used to estimate the standard errors of the
estimates. Log-rank tests were used to test for differences in event—time distributions, and
Cox proportional hazards models were fitted to obtain estimates of HRs in univariate and
multivariable models. Given the low prevalence of ATM mutations we looked at all lines
and adjusted for the line of immunotherapy in multivariable Cox regression analysis. The
adjusted HR (aHR) reported reflects this adjustment. Mutation enrichment and co-mutation
or mutually exclusive set of genes in each group were detected by pairwise Fisher’s exact
test, after FDR correction, as previously described (30). Activating mutations in oncogenes,
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and loss-of-function mutations in oncosuppressors as per OncoKB (31) were included in the
gene mutation enrichment analysis. All Pvalues are two-sided and confidence intervals are
at the 95% level, with statistical significance defined as A< 0.05. All statistical analyses
were performed using R version 3.6.1

Data availability statement

Results

The data that support the findings of this study are available from the corresponding author
upon reasonable request.

Patient characteristics

A total of 5,172 patients with NSCLC whose tumors underwent tumor genomic profiling at
DFCI and MSK were identified (DFCI, N/ =3,800; MSK, N =1,372). The median age of
patients in the entire cohort was 66 years (range, 18-99), the majority had non-squamous
histology (89.2%), history of tobacco use (81.0%), were female (57.1%), and had stage IV
disease at the time of tumor profiling (60.2%). Baseline clinicopathologic features of these
patients are reported in Supplementary Table S1.

ATM mutation and baseline clinicopathologic and genomic characteristics

A total of 714 ATM mutations were identified in 12.5% (648/5,172) of NSCLC samples
which underwent genomic profiling (Supplementary Fig. S1A). Of these, 562 mutations
were considered to be deleterious, including loss-of-function mutations and missense
mutations predicted to be pathogenic, and occurred in 9.7% (503/5,172) of samples (Fig.
1A), which were considered ATAMMYT, 209 (37.2%) mutations were nonsense, ins/del,
and splice site mutations (which we designated as class | mutations), while the remaining
353 (62.8%) were predicted pathogenic missense mutations (which we designated as class
Il mutations; Fig. 1B). Among cases with ATM copy-number alteration data available,
ATM putative LOH was considered present in 14.1% (65/461) of ATAMUT cases, based
on concomitant A7M copy deletion. Samples without A7M mutations or with only

ATM missense mutations predicted to be benign were considered ATAMT. Benign ATM
mutations are shown in Supplementary Fig. S1B. Among the 3,800 patients with full
genomic data available at the DFCI, we identified 226 potential germline ATM variants
(including both pathogenic and benign alterations) among 192 (5%) unique patients, based
on tumor DNA sequencing data. The full list of potential A7/ germline variants is shown in
Supplementary Table S2.

We next examined differences in clinicopathologic and genomic factors between ATAMUT
and ATMWVT cases. The baseline clinicopathologic features of patients with A7TAMUT and
ATMVT NSCLC are shown in Supplementary Table S3. Patients with ATAMUT NSCLC
were more likely to be women (62.2% vs. 56.5%; £= 0.02), to have non-squamous
histology (93.0% vs. 88.7%; £=0.004), and more likely to be ever smokers (89.2% vs.
80.1%; P< 0.001). Median TMB, as assessed by the DFCI OncoPanel and MSK-IMPACT
NGS platforms was significantly higher among ATAMUT NSCLC compared with ATAMT
cases in both cohorts [DFCI: 9.1 vs. 11.0 mutations/megabase (mut/Mb), < 0.0001; MSK:

Clin Cancer Res. Author manuscript; available in PMC 2024 April 20.
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6.7 vs. 9.7 mut/Mb, £< 0.0001; Fig. 1C]. Similarly, median PD-L1 tumor proportion
score was also significantly higher among ATAMMVT (10% vs. 3%; P =0.02; Fig. 1D).
ATMMUT cases had a higher proportion of PD-L1 positivity (PD-L1 TPS = 1%) compared
with ATAMMVT cases (72.8% vs. 64.4%, P =0.01). The proportion of samples with PD-L1
expression levels =50% (31.5% vs. 28.9%; P =0.34) and = 90% (15.1% vs. 11.6%;

P =0.08) was also numerically higher in the ATAMUT group compared with ATAMNT
(Supplementary Fig. S2).

Among 340 ATAMMUT NSCLCs with complete sequencing data available at the DFCI,

the most common co-mutated genes included KRAS (52%), TP53(32%), STK11 (23%),
KMT2D (15%), and KEAPI (13%; Fig. 2). In comparing ATAMUT versus ATAMNT
NSCLCs, we identified that KRAS, STK11, and AR/DZ2oncogenic mutations were
significantly enriched among ATAMUT NSCLCs (Q < 0.05), while 7P53and EGFR
mutations were enriched in ATAMMVT NSCLCs (Fig. 1E). We also interrogated all NSCLCs
with KRAS allele data available at the DFCI, and confirmed that the most common KRAS
mutation that occurred in ATAMUT NSCLC included KRAS G12C (42.7%), followed by
G12V (19.0%), G12A (9.5%, G12F/R/S/I (5.1%), codon 61 mutations (6.2%), and lastly
codon 13 mutations (4.3%). When we analyzed co-occurring mutations of other genes
among ATAMMUT tumors, we found a significant co-occurrence of mutations in KRAS/
STK11, STK11/KEAP1, SMARCA4/KEAPI, and TP53/CDKNZA in this cohort of NSCLC
samples (Supplementary Fig. S3A). These patterns appeared similar to those observed
among ATMVT NSCLCs (Supplementary Fig. S3B). However, given the larger sample size
of ATMWT NSCLCs, additional co-mutation associations were observed in this cohort. Of
note, there were no oncogenic gene mutations enriched among NSCLCs harboring A7TM
missense mutations that were predicted to be benign when compared with NSCLCs without
any ATM mutation (Supplementary Fig. S4A). To validate our findings in an independent
cohort, we analyzed the genomic profiles of ATAMUT and ATAMWT NSCLCs in the TCGA
dataset. We confirmed that A7TAMUT samples were significantly enriched in KRAS and
STK11mutations, while 7P53 alterations were in ATAMVT cases (Q < 0.05; Supplementary
Fig. S4B).

ATM mutation classes correlates with ATM expression by IHC in NSCLC

Among 648 NSCLCs harboring at least one A7TM mutation, 182 samples (28.1%) from the
DFCI cohort underwent ATM IHC. Among these, 143 samples had deleterious mutations
[including loss-of-function mutations (class I) and missense mutations predicted to be
pathogenic (class I1)], while 39 had missense mutations predicted to be benign. 41.8%
(76/182) of samples exhibited complete ATM loss by IHC, while the remaining 58.2%
(106/182) retained complete (A= 84/106) or heterogenous (V= 22/106) ATM expression.

We noted that tumors with a class | mutation were significantly more likely to display
complete ATM loss by IHC compared with tumors with class 1l A7TM mutations only
(71.4% vs. 28.6%; P < 0.0001; Fig. 3A). Consistently, when we examined the impact of
individual ATM mutation subtypes and ATM expression by IHC, we identified that ATM
expression was retained in 71.4% of samples harboring any missense mutation (including
predicted pathogenic and predicted benign mutations), 60.0% of splice site mutations, and
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in only 20.7% and 8.3% of tumors with nonsense and ins/del mutations, respectively (P <
0.0001; Fig. 3B). Because missense mutations were highly heterogeneous in term of ATM
expression by IHC, we next examined whether those mutations resulting in complete ATM
loss were closer to splicing sites. Therefore, we calculated the genomic distance in base
pairs between each missense mutation and the closest splicing site and found no correlation
between ATM expression by IHC and the relative distance of each of these mutations from
the nearest splicing site (Supplementary Fig. S5A and B). As a fraction of these samples
had concurrent A7M mutation and copy loss, suggesting biallelic inactivation, we next asked
whether these NSCLCs where LOH was considered present were more likely to lose ATM
expression. As expected, we found that cases considered to have LOH had a significantly
higher rate of complete ATM loss by IHC, compared with those without LOH (65.2% vs.
38.4%; P =0.02; Supplementary Fig. S5C).

We next determined whether those with complete ATM loss by IHC were associated with
different clinicopathologic and genomic characteristics compared with those who retained
ATM protein expression. We found that patients whose tumors exhibited complete loss

of ATM expression were significantly more likely to be ever smokers (94.7% vs. 81.1%;

P =0.007) compared with those whose tumors retained ATM expression (Supplementary
Table S4). There was no difference in TMB and PD-L1 distribution between the two
groups (Supplementary Fig. S6A and B). We then compared the co-mutation profiles of
ATMMUT NSCLCs with or without complete loss of ATM expression by IHC. Importantly,
we identified that tumors with complete ATM loss had a higher proportion of KRAS
mutations (68% vs. 38%; Q < 0.05), while those that retained ATM expression by IHC were
significantly enriched in 7P53 mutations (47% vs. 17%; Q < 0.05), ARID2 (10% vs. 0%; P
< 0.05), and SETD2 mutations (10% vs. 0%; P < 0.05; Fig. 4A and B).

We next focused exclusively on deleterious A7M mutations. Among the 143 NSCLCs

with deleterious A7TM mutations, we confirmed that class | mutations (nonsense, insertions/
deletions, splice site) were significantly more likely to result in ATM loss by IHC, compared
with class Il mutations (pathogenic missense mutations; 58.8% vs. 21.3%; P < 0.0001;
Supplementary Fig. S7A and B). Between missense mutations predicted to be benign and
missense mutations predicted to be pathogenic, we did not identify significant differences in
the rate of ATM loss by IHC (20.5% vs. 32.2%; P =0.20; Supplementary Fig. S7C).

A full list of the specific A7M variants with intact and lost ATM expression by IHC is
reported in Supplementary Table S5. Lollipop plots showing A7M mutations resulting in
complete ATM loss or intact expression by IHC are represented in Fig. 3C and D.

Importantly, among NSCLC samples with any degree of ATM expression we noted that a
subset of cases had heterogenous loss (22/106), as highlighted in a representative case in
Fig. 3E and F. Therefore, we lastly sought to dissect the characteristics of these tumors.

We noted that patients with ATM heterogenous loss had more similar clinicopathologic and
genomic features compared with those with completely intact ATM expression. Similar to
cases with intact ATM expression, patients with heterogenous loss were more likely be
never smokers compared with those with complete ATM loss, and had lower frequency of
concurrent KRAS and STK11 mutations and higher rates of 7253 mutations compared with
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NSCLC with complete ATM loss by IHC (Supplementary Table S6; Supplementary Fig.
S8).

Impact of ATM mutation and ATM loss by IHC on clinical outcomes in NSCLC

We next aimed to determine whether A7\ mutation status was associated with clinical
outcomes in patients with NSCLC. There was no difference in disease-free survival (DFS)
and overall survival (OS) among patients with stage | andstage IINSCLC (Supplementary
Fig. S9A and B). Similarly, among all comers with stage 111 NSCLC there was no impact
of ATM mutation status on DFS and OS (Supplementary Fig. S10A and B). When

we restricted our analysis to patients with unresectable stage 111 NSCLC who received
concurrent chemo-radiotherapy followed by durvalumab maintenance we did not observe
differences in DFS and OS according to A7M mutation status (Supplementary Fig. S10C
and D). When we analyzed the impact of AT mutations on OS in all comers with stage
IV NSCLC, we again did not find differences between ATAMUT and ATAMWT NSCLCs
(Supplementary Fig. S11). We also examined whether among ATAMUT tumors those with
complete ATM loss had different clinical outcomes compared with those that retained ATM
expression. Similarly, we did not observe differences in DFS and OS instage I, stage I,
and stage 111 NSCLC, and in OS in all comers with stage IV NSCLC according to ATM
expression by IHC (Supplementary Fig. S12A~-C; Supplementary Fig. S13).

In a subset of patients treated with PD-(L)1 immune checkpoint blockade monotherapy

(N =1,522), primarily in the second- or subsequent-line setting (63.8%, because this is a
historical cohort), we found no difference between ATAMYT and ATAMT cases in terms of
ORR (25.2% vs. 22.7%; P =0.55), PFS (2.7 vs. 3.2 months; aHR, 1.03; £ =0.77) and OS
(14.3 vs. 13.6 months; aHR, 1.06; £ =0.60; Fig. 5A-C).

In a subset of patients treated with PD-(L)1 immune checkpoint blockade in combination
with platinum doublet chemotherapy (N =951), primarily in the first-line setting (88.6%),
we did not observe statistically significant differences in ORR, PFS, and OS by A7TM
mutation status. The ORR was numerically greater in the ATAMUT group versus the
ATMWVT group (45.1% vs. 36.9%; P =0.15; Fig. 5D-F).

When we examined clinical outcomes to both PD-(L)1 immune checkpoint blockade
monotherapy and PD-(L)1 immune checkpoint blockade in combination with platinum
doublet chemotherapy within each clinically relevant PD-L1 expression subset of < 1%, 1%
to 49%, and = 50%, we did not observe statistically significant differences in ORR, PFS,
and OS by A7M mutation status (Supplementary Fig. S14; Supplementary Fig. S15). For
patients who received PD-(L)1 immune checkpoint blockade, ORR was numerically greater
in the ATAMMUT group versus the ATAMVT group within the 1% to 49% (50.0% vs. 36.9%; P
=0.21) and = 50% (64.3% vs. 50.5%; P =0.49) PD-L1 expression subsets, but not the < 1%
PD-L1 expression subset (32.1% vs. 33.4%; P =1.0).

As concurrent ATMI TP53 mutations have been previously reported to correlate with
improved immunotherapy efficacy in NSCLC (32), we also explored whether in our cohort
there was a similar effect. Among patients treated with PD-(L)1 immune checkpoint
blockade monotherapy, we noted that ORR was highest among patients with concurrent

Clin Cancer Res. Author manuscript; available in PMC 2024 April 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ricciuti et al.

Page 11

ATM/TP53 mutation (35.7%), as compared with patients with ATAMUT] TP5WT (20.0%),
ATMNT TPEMUT (24.2%), ATMWVTI TP53NT (20.3%: P =0.037; Supplementary Fig.
S16A). Median PFS was also significantly longer among patients with A7TAMUT/ 7p53MUT
NSCLCs, compared with patients with ATAMUT 7p53MUT and ATAMWT/ TP5INVT
genotype (P =0.02; Supplementary Fig. S16B). There was no statistically significant
difference in OS across these 4 groups (Supplementary Fig. S16C). Similarly, we observed
numerically greater ORR in the ATAMUT/ 7p53MUT group [ORR 55.6% vs. 40.0%
(ATMMUT Tp5WTY 40.1% (ATMVTI TP5MUT) and 34.3% (ATAMWVT TP53NTY: p =
0.06] among patients who received PD-(L)1 immune checkpoint blockade plus doublet
chemotherapy, with no statistically significant difference in PFS and OS (Supplementary
Fig. S16D-F). In the subset of patients with any A7M mutation which underwent ATM
IHC and received treatment with PD-(L)1 immune checkpoint blockade monotherapy, we
did not observe differences in ORR (7.7% vs. 14.8%; P =1.0), PFS (2.0 vs. 2.9 months;
HR, 0.83; P =0.61), and OS (4.9 vs. 8.4 months; HR, 0.86; £ =0.68), according to ATM
expression (Supplementary Fig. S17A-C). The same analysis was not deemed to be feasible
for patients treated with PD-(L)1 immune checkpoint blockade plus doublet chemotherapy
due to limited sample size.

Our group has recently reported that S7TKZZ and KEAPI mutations are associated with
primary resistance to PD-(L)1 monotherapy (33) and chemoimmunotherapy (34) in patients
with advanced NSCLC. Because we noted a significant enrichment in STKZZ mutations
among ATAMMUTcancers in this study, we next interrogated whether concurrent STKZ1 or
KEAPI mutation was associated with clinical outcomes to PD-(L)1 immune checkpoint
blockade in patients with ATAMUT Importantly we noted no statistically significant
difference in ORR, PFS, and OS to PD-(L)1 immune checkpoint blockade with or without
platinum doublet chemotherapy between STKZ1 mutant and S7TKZ1 wild-type NSCLCs,
among ATAMMUT patients (Supplementary Fig. SI8A-F). Similarly, among ATAMUT
NSCLCs, we did not observe statistically significant differences in ORR, PFS, and OS

to PD-(L1) immune checkpoint blockade between KEAPI-mutant and KEAPI-wild-type
cases (Supplementary Fig. SI9A-F). Together, these data suggest that STKZZ and KEAPI
co-mutations may not necessarily impact clinical outcomes to PD-(L)1 immune checkpoint
blockade among ATAMUT NSCLC, possibly because of the higher TMB and PD-L1
expression that characterize ATMMUYT NSCLC, compared with ATMWT cases.

Impact of ATM mutation on tumor infiltrating immune cells in NSCLC

To determine whether A7M mutations also impacted tumor associated immune cells, we
next examined the immunophenotype in a subset of NSCLC samples (77 =535) which
underwent mlF at the DFCI. The baseline clinicopathologic features of patients whose
tumors underwent mIF are summarized in Supplementary Table S7. We found no difference
in intratumoral, TSI and total CD8*, PD1*, CD8"PD1*, and Foxp3* T cells between
ATMMUT and ATAMVT NSCLCs (Supplementary Fig. S20; Supplementary Fig. S21).
Similarly, we did not observe differences in the proportion of tumor, non-tumor, and total
PD-L17 cells between ATAMUT ang ATAMNT tumors (Supplementary Fig. S22). Among
ATMMUT NSCLC, there was significant positive correlation between intratumoral and TSI
CD8*, PD1*, CD8*PD1"*, and Foxp3™ T cells, as well as between tumoral and non-tumoral
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PD-L1* cells (Supplementary Fig. S23), indicating similar density of tumor associated
immune cells at the stroma interface and intratumorally.

Interestingly, when we examined the impact of A7TM/TP53 co-mutation status on NSCLC
immunophenotype, we noted that ATAMUT/7p53MUT tumors had the highest proportion of
TSI CD8* (P<0.001) T cells, as well as tumor (2 =0.001), non-tumor (2 =0.003), and total
(P =0.002) PD-L1" cells (Supplementary Fig. S24; Supplementary Fig. S25; Supplementary
Fig. S26), when compared with the ATAMUT/TP5INT  ATAMNT /TP5MUT | angd ATMNT/
7P53NT groups. This finding may reflect the higher TMB levels of ATM/TP53 co-mutated
tumors observed in this cohort (Supplementary Fig. S27), which has been associated with
increased immune cell subset infiltration and higher PD-L1 expression levels (35). To further
corroborate these findings, we also used computational pathology analysis to quantify
tumor-infiltrating lymphocytes on H&E slides, as previously described by our group (29).
Again, we did not observe differences in TILs count between ATAMUT and ATAMNT
NSCLC (Supplementary Fig. S28A). When we interrogated the impact of ATM/TP53 co-
mutations on TILs distribution, we identified that tumors with A7M/TP53 co-mutations had
the numerically highest TILs count, compared with ATAMUT/TP5INT  ATAMNT /TP5MUT
and ATAMWT/TP53NT NSCLCs, though this difference was not statistically significant, likely
due to the small sample size of these subsets (Supplementary Fig. S28B). To expand our
analysis on the immunophenotypic correlates of ATM mutations in NSCLC, we lastly
deconvoluted bulk RNA-seq data from the NSCLC-TCGA into immune cell subsets and
analyzed the enrichment in immune cells according to A7M mutation status. We noted that
ATMMUT NSCLCs had lower enrichment scores in myeloid dendritic cells, neutrophils and
CD4+ effector memory cells (P< 0.05; Supplementary Fig. S29), compared with ATAMVT
cases. By contrast, ATMMUYT NSCLCs had significantly higher enrichment scores in CD4*
Th1 cells.

Discussion

We identified that A7TAMUT tumors harbor distinct clinicopathologic, genomic, and
immunophenotypic features including being significantly associated with female sex, ever
smoking status, non-squamous histology, PD-L1 expression, higher TMB, and enrichment
for co-occurring KRAS and STK11 mutations compared with ATAMVT tumors (which, in
contrast, were enriched for 7P53and EGFR mutations).

To explore the functional consequences of specific A7M variants, we integrated genomic
data (including /n silico prediction of missense mutation pathogenicity) with matched ATM
IHC data. We identified that loss-of-function mutations were significantly more likely to be
associated with complete ATM loss than missense mutations (though of note, the proportion
of complete ATM loss for splice site mutations was similar to that of missense mutations).
Tumors with putative LOH were also significantly associated with complete ATM loss.
However, the substantial heterogeneity of ATM IHC status among missense mutations
highlights the real-world challenges in assessing pathogenicity based on knowledge of the
variant alone (for example, based on reports from NGS assays available in standard care
today), as well as the likely limitations of current /n silico prediction tools. Supplementary
Table S5, which lists the ATM IHC status for 182 tumors harboring 198 A7TM mutations
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in our study may serve as an initial resource to guide interpretation of ATM variants in
NSCLC, and potentially help prioritize patients for ATR inhibitor or other DDR targeted
therapy trials. However, substantially broader functional characterization of AT\ variants
in preclinical models and in correlative works using clinical samples is needed. Further
investigation of heterogenous ATM IHC loss is also needed (13). Optimal assessment

of ATM variants in the clinic may require integration of multiple datapoints [including
co-mutations (e.g., KRAS, STK11, TP53, etc.), LOH, ATM IHC, other DDR biomarkers,
etc.] to identify those patients that may benefit from DDR-based targeted therapy strategies,
or even individualization of standard systemic therapy approaches, as discussed below. In
addition, given that KRAS mutations are enriched among ATAMUYT tumors, an intriguing
question is whether co-occurring A7M mutations may impact KRAS-directed targeted
therapy strategies.

While ATM mutation status overall was not associated with statistically significant
differences in outcomes to PD-(L)1 immune checkpoint blockade, it should be noted that
ATMMUT tumors were significantly enriched in STKZZ mutations, which are important
mediators of primary resistance to ICI in NSCLC, particularly in the setting of concurrent
KRAS mutation (also enriched in ATAMUYT tumors). Therefore, our results should be
interpreted in the context of the complex and heterogenous genomic profile of ATAMUT
NSCLC.

Importantly, in this study we also confirmed that patients with ATAMYT) 7P5MUT NSCLC
had improved clinical outcomes with PD-(L)1 based therapies, which may be attributable
to a higher TMB in patients harboring both deleterious A7M and 7P53 mutations.
Furthermore, TSI CD8*, cells were higher in ATAMUT) 7P5MUT tumors, as were tumor,
immune, and total PD-L1* cells, which can also contribute to the enhanced sensitivity to
ICI among patients with concurrent A7TM/TP53 mutations. Finally, given that DNA damage
and repair genes play a role in radiation repair, loss-of-function mutations in these genes,
including A7M, can potentially lead to radiation sensitivity and improved locoregional
outcomes (36). In our study however, we did not observe differences in clinical outcomes
to concurrent chemoradiotherapy followed by durvalumab consolidation, which currently
represent the new standard of care for patients with unresectable stage 111 NSCLC (37).

Our clinical outcomes analyses may be impacted by relatively small sample sizes in the
respective treatment groups, and further studies are needed to explore our findings further in
larger datasets, including those that include a larger number of patients treated with PD-(L)1
immune checkpoint blockade monotherapy in the first-line setting. Given the limitations of
PD-L1 and TMB, as well as the increase in first-line systemic therapy options in advanced/
metastatic NSCLC, including those only involving PD-(L)1 immune checkpoint blockade
alone (or along with CTLA-4 inhibition) without platinum doublet chemotherapy, additional
biomarkers are needed to optimally guide clinical decision-making. In the future, this may
also be important in the neoadjuvant and adjuvant settings as well (38-40).

The limitations of this study include its retrospective design, population reflecting only
two academic cancer centers both located in the Northeastern United States, relatively
small sample sizes for ATM IHC as well as treatment outcome analyses, and lack of other

Clin Cancer Res. Author manuscript; available in PMC 2024 April 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ricciuti et al.

Page 14

DDR biomarker data. In addition, the pathogenicity of missense mutations of unknown
significance was determined using /7 sificotools. Nonetheless, to our knowledge, our study
represents the most comprehensive analysis of A7M mutations in NSCLC to date, and
creates key insights towards advancing potential future precision oncology strategies in
ATMMUT NSCLC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

In this study, we identified that A7A/-mutant tumors harbor distinct clinicopathologic,
genomic, and immunophenotypic features including being significantly associated with
female sex, ever smoking status, non-squamous histology, programmed death-ligand 1
expression, higher tumor mutational burden, and enrichment for co-occurring KRAS
and S7TK11 mutations compared with A7M~wild-type tumors. To explore the functional
consequences of specific A7M variants, we integrated genomic data with matched ATM
IHC data and found that loss-of-function mutations are significantly more likely to be
associated with complete ATM loss than missense mutations highlighting the real-world
challenges in assessing pathogenicity based on knowledge of the variant alone. These
results can guide interpretation of A7M variants in non—-small cell lung cancer, and
potentially help prioritize patients for ataxia telangiectasia and Rad3-related inhibitor
or other DNA damage and repair targeted therapy trials, as well as precision immune
checkpoint blockade treatment approaches.
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Figurel.

A, Lollipop plot showing 485 deleterious A7M mutations identified in the DFCI/MSK
cohort. B, Pie chart showing the frequency of deleterious missense, nonsense, insertions/
deletions, and splice site mutation in the combined DFCI/MSK cohort (C) TMB
distributions in ATAMVT and ATAMUYT NSCLCs in the DFCI and MSK cohorts. D,
Distribution of PD-L1 tumor proportion score in ATAMVT and ATAMMUYUT NSCLCs. E,
Volcano plot showing oncogenic gene mutations enriched in ATAMWT and ATAMUT

NSCLCs.
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Figure 2.
Oncoprint plot showing the genomic profiles of ATAMUYT NSCLCs in the DFCI genomic

cohort. The most frequent 20 genes that are mutated are shown.
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Figure 3.
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A, Histograms showing the distribution of class | and class Il A7 mutations with lost or
intact ATM protein expression by IHC. B, Histograms showing the distribution of missense,

nonsense, splice site, and ins/del mutations with lost or intact ATM protein expression

by IHC. C, Lollipop plot of ATM mutations resulting in complete ATM loss by IHC. D,
Lollipop plot of A7M mutations with intact (including heterogeneous loss) ATM expression
by IHC. E, H&E low power view of a lung adenocarcinoma (@) that shows heterogeneous
expression or ATM (b) including strong expression in a micropapillary component (c) and
complete absence in the acinar component with mucinous differentiation (d). F, H&E high
power view of a lung adenocarcinoma (@) with multiple intermingled subclones visualized
with differing levels of ATM including strong (top left), intermediate/weak (top right), and
complete loss (bottom right) (b). Background stromal and inflammatory cells show strong
nuclear expression of ATM, as expected.
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Figure 4.
A, Oncoprint plot showing the most commonly mutated genes in A7M mutated NSCLCs

according to ATM expression by IHC (lost vs. intact). B, Volcano plot showing gene
mutations significantly enriched in ATAMUYT NSCLCs with versus without complete ATM
loss by IHC.
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Figure5.
A, ORR, (B) PFS, and (C) OS to PD-(L)1 immune checkpoint blockade monotherapy,

primarily in the second- or subsequent line setting, among patients with advanced NSCLC,
according to A7M mutation status. D, ORR, (E) PFS, and (F) OS to PD-(L)1 immune
checkpoint blockade plus platinum doublet chemotherapy, primarily in the first-line setting,
among patients with advanced/metastatic NSCLC, according to A7M mutation status.
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