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Alterations of DNA damage response genes correlate with
response and overall survival in anti-PD-1/PD-L1-treated
advanced urothelial cancer
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(40% vs. 29%, p = 0.6), but also with significantly shorter OS (HR = 5.7, 95% CI
1.65-19.74, p = 0.006). Patients with > 3 DDR alterations (including ATM) had sub-
stantially higher TMB (p = 0.01) and higher ORR (80%) with PD-1/PD-L1 blockade
versus 24% ORR in patients with <3 DDR alterations. In summary, DDR alterations
were associated with non-significantly higher ORR and longer OS for patients with
advanced UC receiving anti-PD-1/PD-L1 agents. ATM alterations were associated
with shorter OS.
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1 | INTRODUCTION

In spite of recent advances in early diagnosis and treatment,
nearly 20% of those afflicted with bladder cancer will die of
their disease,' including the vast majority of those presenting
with advanced urothelial cancer (UC) involving the regional
lymph nodes and distant areas (N+ or M+). The 5-year mor-
tality remains dismal at 5% for those with distant metastases
and 36% for patients that have involved lymph nodes. Median
overall survival (OS) for metastatic UC is approximately
15 months.” The advent of newer therapies, such as immune
checkpoint inhibitors, targeted therapies, and antibody drug
conjugates, has improved the response rates, but there is still
urgent need for significant advances and optimal patient selec-
tion. There is ongoing research evaluating the role of PD-L1
expression, tumor mutational burden (TMB), molecular sub-
typing and DNA damage response (DDR) gene alterations,
among other biomarkers, as potential predictors of response to
anti-PD-1/PD-L1 agents, but no consensus or clinical utility
that impacts clinical decision making has yet been reached for
the vast majority.3’4

Defects in DDR genes lead to genomic instability, one
of the hallmarks of carcinogenesis, and contribute to ma-
lignant progression.” DDR gene alterations, in addition to
APOBEC mutagenesis, may also contribute to higher TMB.
There is a growing body of literature suggesting that DDR
alterations may have prognostic value in UC. Mutations in
DDR genes, such as ERCC2, ATM, RB1, FANCC, have been
correlated with an improved response to cisplatin-based neo-
adjuvant chemotherapyé'7 perhaps due to the reduced capac-
ity of DDR-damaged genes to repair cisplatin-induced DNA
strand breaks. More recently, studies suggest that DDR alter-
ations are associated with improved response to PD-1/PD-L1
blockade in advanced UC;8 however, these findings have not
been validated in independent cohorts. Interestingly, we pre-
viously reported that Ataxia-telangiectasia mutated (ATM)
defects correlated with shorter OS in advanced UC.”? In this
retrospective study, we aimed to expand on earlier findings8
and further explore the prognostic role of ATM mutations
in advanced UC treated with anti-PD-1/PD-L1 agents. We
hypothesized that ATM mutations would be associated with
shorter OS, while other DDR alterations would be associated
with longer OS in patients with advanced UC treated with
anti-PD-1/PD-L1 agents.

2 | SUBJECTS, MATERIALS AND
METHODS
2.1 | Study population

We collected data from 53 patients from three institutions:
(a) Penn State Cancer Institute (b) The Ohio State University

Comprehensive Cancer Center (c) Cleveland Clinic Taussig
Cancer Institute. The study was approved independently by the
institutional review board at all three institutions. Key eligibil-
ity criteria include: presence of advanced UC defined as either
de novo metastatic disease (N, ; or M) based on the American
Joint Committee on Cancer 7™ edition or relapsed disease after
treatment for localized disease, comprehensive somatic genomic
analyses of tumor tissue by FoundationOne, and received anti-
PD-1/PD-L1 therapy with palliative intent. We extracted data
for disease status, baseline and clinicopathological features,
treatment response and outcomes, as well as genomic analyses.
Additionally, we collected 38 patients with metastatic UC who
did not receive anti-PD-1/PD-L1 treatment as a nonrandomized
control population.

2.2 | Genomic profiling

The methodology for FoundationOne sequencing has
been described.'® We included both pathogenic variants
and variants of unknown significance in our analyses.
Tumor mutation burden (TMB) is defined as the total
number of nonsynonymous mutations per coding area of
a tumor genome [mutations per Megabase Mb)]."' TMB
for each patient was provided by FoundationOne and the
calculation was based on a targeted panel, as previously
described."?

2.3 | Statistical analysis

Chi-square test was used to test difference in objective
response rate (ORR), which was defined as complete or
partial response. Cochran-Armitage trend test was used to
determine whether ORR increases along with the number
of DDR alterations. Nonparametric test (Kruskal-Wallis
Test for three-group comparison and Mann-Whitney U
test for two-group comparison) was used to compare mu-
tation counts between groups because of presence of out-
liers (extreme TMB values). Pearson correlation test was
performed to assess the correlation between number of
DDR alterations and TMB. OS was measured from time of
initial UC diagnosis to death of any cause or last follow-
up. Both univariable and multivariable Cox proportional
hazard regression analysis were performed to calculate
the hazard ratio (HR) and 95% confidence interval (CI),
with adjustment of age, gender, race, extirpative surgery
of primary tumor, smoking history, relapsed or de novo
metastasis, and platinum-based chemotherapy. Kaplan-
Meier curve was used for cumulative probabilities. A
number of 28 DDR genes selected from FoundationOne
gene panel were used for analyses (Table S1). Since ATM
mutation was a negative prognostic factor in our prior
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study, we also explored ATM and other DDR gene altera-
tions separately.

3 | RESULTS

3.1 | Patient characteristics

Our cohort of 53 patients had a median age of 66 (range
21-81 years) and a median follow-up time of 21 months
(range: 4.4-138.5 months); 64% of patients had received
platinum-based chemotherapy. As shown in Table 1, there
was a predominance of men (66%), white (81%), relapsed
(vs. de novo) UC (66%), and ever smokers (70%). DDR al-
terations were present in 49% (26/53) patients in our cohort.
There was no difference in the proportion of patients receiv-
ing prior platinum-based chemotherapy based on the presence
or absence of DDR alterations (74% vs. 57%, respectively,
p = 0.19). We noted that patients who received PD-1/PD-L1
treatment had longer OS when compared with 38 patients
with metastatic UC (Table S2) who did not receive such
therapy (collected separately and used as a nonrandomized
control) (HR = 0.43, 95% CI 0.23-0.82, p = 0.01; adjusted
HR =0.35, 95% C1 0.17-0.70, p = 0.003).

TABLE 1 Patient characteristics

1/0O Patients

Parameters (m = 53) (%)
Median Age (years, range) 67 (21-81)
Gender

Male 35 (66)

Female 18 (34)
Race

Non-white 10 (19)

White 43 (81)
Status of cancer

De novo Metastatic 18 (34)

Relapsed 35 (66)
Smoking

Never 16 (30)

Ever 37 (70)
Surgery of Primary Tumor

Yes 32 (60)

No 21 (40)
Platinum-based Therapy

Yes 34 (64)°"

No 19 (36)

25 had neoadjuvant or adjuvant chemotherapy.
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3.2 | Association of DDR alterations with
ORR to PD-1/PD-L1 directed therapy

Among the 50 patients with available ORR information (as-
sessed by the investigator), we observed a nonsignificantly
higher ORR to PD-1/PD-L1 blockade in patients who had
DDR alterations with or without ATM (ATM included: 38%
vs. 23%, p = 0.266; ATM excluded: 41% vs. 21%, p = 0.136)
(Figure 1). In addition, patients who had >3 DDR alterations
(including ATM) showed substantially higher tumor mutation
burden [TMB] [mean 32.5 mutations/Mb (range 14-72) ver-
sus mean 12.4 mutations/Mb (range 0.9-78), p = 0.01]. Most
importantly, these patients experienced a higher ORR to
PD-1/PD-L1 blockade compared with patients with <3 DDR
alterations (80% vs. 24.4%; p = 0.024). Overall, there was a
trend for higher ORR with the presence of higher number of
DDR alterations (including ATM) to PD-1/PD-L1 inhibitors

(Pirena = 0.02).

3.3 | Association of individual pathways with
ORR to PD-1/PD-L1 directed therapy

We grouped available DDR gene alterations into five differ-
ent pathways, including: homologous recombination (HR)
(altered in 10 patients), Fanconi anemia (FA) (9), mismatch
repair (MMR) (4), checkpoint (4) and “all others” (10).
Alterations in all five DDR pathways seemed to correlate
with higher ORR, which was most pronounced in MMR,
checkpoint and “all others” pathways (Figure 2).

3.4 | Association of DDR alterations
with overall survival to PD-1/PD-L1
directed therapy

Patients with DDR alterations (including ATM) showed
similar OS with those without DDR alterations (HR = 0.93,
95% CI1 0.37-2.34, p = 0.88). After multivariable analysis
with adjustment of age, gender, race, surgery, smoking
history, relapsed or de novo metastasis and platinum treat-
ment, the conclusion was not changed (adjusted HR = 0.88,
95% CI1 0.34-2.27, p = 0.79). However, patients with DDR
alterations (excluding ATM) seemed to have longer OS, al-
though significance was not reached (HR = 0.53, 95% CI
0.20-1.38, p = 0.19; adjusted HR = 0.49, 95% CI 0.18-
1.38, p = 0.18) (Figure 3A and Table 2). In addition, we
also observed a trend towards longer OS with increasing
number of DDR alterations (Figure 3B); median OS: 41.5
for 0 DDR versus 65.8 for 1-2 DDR versus 78.8 months
for >3 DDR), but statistical significance was not reached
(p =0.33).
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FIGURE 2 Objective response rate by alteration of DDR pathways

3.5 | Association of ATM alterations =9.3, 95% CI 1.99-43.2, p = 0.005) in the overall co-

with clinical outcomes to PD-1/PD-L1-
directed therapy

In our present cohort we observed 11% (6/53) of patients
harboring ATM alterations in the tumor. We were unable
to demonstrate the difference between deleterious mu-
tations and variants of unknown significance given the
small number of patients. Patients with ATM alterations
seemed to favor higher ORR to PD-1/PD-L1 blockade
(ORR, 40% vs. 28.9%, p = 0.6), but the difference was
not significant (Figure 1). Additionally, similar to our
previous findings we noted that the presence of ATM
alterations was associated with significantly shorter OS
(HR =5.7, 95% CI 1.65-19.74, p = 0.006; adjusted HR

hort (Figure 3C and Table 2), as well as in the subgroups
with and without platinum-based chemotherapy (plati-
num group: HR = 5.27, 95% CI 0.95-29.36, p = 0.058;
adjusted HR = 16.6, 95% CI 1.66-165.7, p = 0.017,;
nonplatinum group: HR = 6.46, 95% CI 1.05-39.76,
p = 0.044; adjusted HR = NA).

3.6 | Association of DDR gene alterations
with TMB

TMB data were available for 34 patients. We found that ATM
alterations were associated with higher TMB, although the
large variability in TMB precluded detecting a statistically
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FIGURE 3 Association of clinical outcome with DDR among patients who received PD-1/PD-L1 inhibitors. 3A: OS based on presence or
absence of DDR alterations; 3B: OS based on number of DDR alterations; 3C: OS based on presence or absence of ATM alterations; 3D: Tumor
mutational burden based on DDR status

TABLE 2 Associations between ATM/

other DDR (0DDR) alterations and OS Univariable LRI
N HR 95% CI )4 HR 95% CI P

ATM Alterations

No 47 1 1

Yes 6 5.7 1.65-19.7 0.006 9.3 1.99-43.2 0.005
oDDR Alterations

No 30 1 1

Yes 23 0.53 0.2-1.38 0.19 0.49 0.18-1.38 0.18
oDDR Alteration Number

0 30 1 1

1-2 18 0.49 0.17-1.42 .19 0.45 0.15-1.37 0.16

>3 5 0.67 0.15-3.1 .61 0.49 0.18-1.38 0.72

“Adjustment by age, gender, race, surgery, smoking history, relapsed or de novo metastasis and platinum
treatment.

significant impact (mean TMB: 25.4 for ATM alteration vs. 3.7 | Association of TMB with clinical

13.6 for ATM wild type, p = 0.62). We observed a trend of  outcomes of PD-1/PD-L1 treatment

higher TMB with increasing number of DDR gene alterations

(mean TMB: 8.6 for 0 DDR vs. 16.4 for 1-2 DDR vs. 32.5 To determine whether TMB may play a role in mediating
for >3 DDR) (Figure 3D); this difference was significant by treatment response and outcomes, we split patients into 3-tiers
non-parametric testing (p = 0.02). (low, intermediate and high) based on TMB and found that
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ORR was 0% versus 33.3% versus 54.6% in the three groups,
respectively (p = 0.04). There was a moderate but signifi-
cant correlation between the number of DDR alterations and
tiers of TMB (correlation coefficient = 0.39, p = 0.023). The
Kaplan-Meier curve showed that the 3rd-tier patients (with
high TMB) seemed to have the longest OS (Figure 4), while
patients of 1st and 2nd tiers did not have significantly differ-
ent OS. Statistical significance was not reached in the com-
parison between the 3rd-tier and the other two tiers by Cox
regression analyses (HR = 0.44, 95% CI 0.1-1.98, p = 0.28;
adjusted HR = 0.4, 95% CI1 0.07-2.29, p = 0.31).

4 | DISCUSSION

There is an imperative need to identify prognostic and pre-
dictive biomarkers in the era of personalized medicine.
Alterations in DDR pathways may play an important role
in urothelial carcinogenesis.”’14 DDR pathways are critical
for maintenance of genomic integrity and alterations in these
genes can enhance the carcinogenesis cascade. Several DDR
pathway inhibitors have shown promising efficacy in mul-
tiple tumor types and are currently under development.'>!”
There are multiple DDR pathways, such as HR, FA, MMR,
and NER, which play important roles in the development of
cancer and are being targeted for therapeutic development.
An earlier report suggested that the presence of any DDR
alteration was associated with higher ORR to checkpoint in-
hibitor therapy (67.9% vs. 18.8%; p < 0.001).® Even though
our sample size is modest, we were able to confirm prior
findings. We demonstrated that in patients with advanced
UC treated with PD-1/PD-L1-agents the presence of DDR
alterations was associated with a trend towards longer OS.
Moreover, there was a trend for higher ORR with increased
number of DDR alterations (p = 0.02), while patients with

A

60

40

Survival Probability

Tier1 Tier2 Tier3

>3 DDR alterations (including ATM) benefited the most
from PD-1/PD-L1 blockade. Furthermore, we were able to
show a favorable ORR for alterations in each of the five
DDR pathways, particularly in MMR, checkpoint and “all
others” pathways. We observed that patients’ tumors with >3
DDR alterations tended to have substantially higher TMB,
while those patients appeared to benefit the most from PD-1/
PD-L1 blockade compared with patients with tumors having
<3 DDR alterations.

ATM is a well-recognized tumor suppressing gene lo-
cated on chromosome 11q 22-23, in the family of PIKK
genes and is activated with double DNA strand breaks.
Activation of ATM results in phosphorylation of p53 and
cell cycle checkpoint arrest (CHK2), resulting in G1/S
cell cycle arrest via CDC25A and Cyclin-CDK (Cyclin-
dependent kinase) complexes.20
and deletions in ATM are common across multiple cancer
types, and the presence of ATM alterations in metastatic/
advanced UC is a poor prognostic biomarker, irrespective
of platinum-based treatment.”! Similar to those results, we
were also able to show these findings in this PD-1/PD-L1-
treated UC cohort. However, it is intriguing to note that
the presence of ATM alterations was associated with a non-
significant trend for higher ORR to PD-1/PD-L1 blockade.
Thus, with OS seemingly poor in multiple cancer types
with ATM alterations regardless of immunotherapy or
platinum-based treatment,” one could assume that patients
with tumors harboring ATM alterations would need a novel
therapeutic approach for improving outcomes. Perhaps
treating this subset of patients with ATM, ATR or PARP
pathway-directed targeted therapy, with or without immu-
notherapy, could be a potential therapeutic approach to be
explored in clinical trials.”>?

TMB has been considered a potential biomarker pre-
dictive of response to immune checkpoint inhibitors across
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FIGURE 4 Association of clinical outcome with tumor mutation burden (TMB). 4A: Objective response rate based on TMB groups; 4B: OS
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tumor types, including UC.** Cancer cells with hi gher TMB
may have more neoantigens, and therefore be more likely to
respond to immunotherapy. Defect in DDR genes can con-
tribute directly to higher TMB (along with the well-known
APOBEC mutagenesis).”> We showed a correlation between
DDR defects and TMB in advanced UC, which could re-
sult from increased genomic instability. TMB was higher in
patients with increased number of DDR alterations, which
correlated with ORR. These results were consistent with
findings from Teo et al.® ATM alterations seemed to be asso-
ciated with higher TMB, which may explain the numerically
(but not significantly) higher ORR to PD-1/PD-L1 therapy in
patients with ATM altered tumors. ATM alterations may have
harmful effects facilitating tumor progression due to func-
tional loss beyond its role in DNA repair. Indeed, ATM plays
multiple roles in cancer biology.26 Its functional loss has been
implicated in accelerated EMT and poor prognosis in other
m'cllignancies.27 We are currently performing further cellular
and animal experiments to understand possible underlying
mechanisms.

There are a number of limitations of our study. First, we
were only able to use OS, instead of cancer-specific survival
(CSS) or progression-free survival (PFS), for endpoint com-
parison because CSS/PFS information was not available in
our dataset; however, OS is still a meaningful and clinical rel-
evant endpoint. Secondly, due to the retrospective nature of
the study, patients may not have received uniform treatment
and may not have had the same type and interval of tumor
assessments. Although we tried to control confounding fac-
tors with multivariable analyses, a number of factors, such
as Bajorin or Bellmunt risk scores, were not collected and
adjusted for. Moreover, there may have been variability in the
timing and site of tumor sample collection. The captured ge-
nomic alterations may possibly reflect posttreatment changes,
and therefore cannot be used as predictive biomarkers, based
only on this study. Furthermore, we included any DDR alter-
ations in our analyses without differentiating alteration type,
mono- versus bi-allelic status, germline versus somatic, and
potential functional impact (e.g. deleterious mutations, vari-
ants of unknown significance). However, Teo et al. showed
that both DDR alterations of “unknown significance” and
of deleterious nature may have prognostic value in patients
with advanced UC treated with anti-PD1/PD-L1 agents.8
The small sample size, in conjunction with potential selec-
tion and confounding biases (including the nonrandomized
cohort), render our study results only hypothesis-generating.
Moreover, the 28 DDR genes contained in FoundationOne
test may not cover a complete list of genes critical in DNA
damage response, although they come close. This could be
considered an inherent study limitation. Lastly, PD-L1 sta-
tus assessment, alterations in other critical DDR genes, such
as NER pathway, genome-wide loss of heterozygosity, ho-
mologous recombination deficiency, molecular subtypes,
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microsatellite instability, and other putative biomarkers were
not evaluated in this study.

5 | CONCLUSIONS

DDR alterations are associated with higher ORR and non-
significantly prolonged OS in patients with advanced UC re-
ceiving PD-1/PD-L1 inhibitors. We observed higher TMB in
tumors with >3 DDR alterations and the higher ORR in these
patients to PD-1/PD-L1 inhibitors could possibly be also due
to higher TMB. However, in line with our previous findings,
presence of ATM alterations correlated with shorter OS, ir-
respective of a nonsignificant trend towards higher ORR to
anti-PD1/PD-L1 agents, suggesting the possibility that these
patients may require additional novel therapeutic approaches.
Further studies are needed to assess the clinical utility of
DDR alterations in directing therapies in UC.
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