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Background: Nowadays, immunotherapy targeting immune checkpoint
receptors is one of the cornerstones of systemic treatment in melanoma.
Homologous recombination repair (HRR) is one of the DNA damage response
(DDR) pathways, which has been proved to correlate with the efficacy of
platinum-based chemotherapy, PARP inhibitor therapy, and immunotherapy
in a variety of cancers. However, their predictive value of HRR remained
unknown in patients with advanced melanoma.

Methods: Data of advanced melanoma patients from an independent cohort
(Samstein2018) were used to analyze the correlation with immunogenic
markers and the prognostic effect of HRR on immunotherapy, and another
four cohorts (pooled cohort: Miao2018, Allen 2015, Hugo2016, and
Synder2014) were used for validation. Immune infiltration cell scores
analyzed by TCGA-SKCM cohort were used to explore potential mechanisms
related to the immune microenvironment.

Results: Compared to patients with an HRR wild type (HRRwt), those with HRR
mutations (HRRmut) in anti-CTLA-4-treated patients of the Samstein2018
cohort had higher tumor mutation burden (TMB; P = 0.0041) and longer
median overall survival (mOS; P = 0.0094). In terms of results validation, it
was also confirmed that the mOS (P = 0.0014) of HRRmut patients receiving
anti-CTLA-4 therapy was significantly better than that of HRRwt patients in the
pooled cohort, and objective response rates (ORR; P = 0.0053) were also found
to be significant. However, there was no significant difference in mOS between
HRRmut patients who received anti-PD-1/L1 therapy and HRRwt patients in
either the discovery (Samstein2018 cohort, P = 0.94) or validation (pooled
cohort, P = 0.96) set. Exploratory analysis found that although HRRmut patients
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showed no significant difference in mMOS between anti-CTLA-4 and anti-PD-1/L1
therapy (P = 0.79), the mOS value of the anti-CTLA-4 therapy group (31.7 months) in
HRRmut patients was numerically superior to the anti-PD-1/L1 therapy group (27.5
months). In contrast, the mOS of the anti-CTLA-4 therapy group was significantly
lower than that of the anti-PD-1/L1 therapy group (12.4 vs. 32.0 months) in HRRwt
patients. In addition, transcriptome profiling analysis revealed that the 29 (65.9%)-
gene mutation of the HRR pathway associated with reshaping of the immunological
microenvironment in melanoma.

Conclusions: HRR mutations were associated with a higher TMB level, and better
anti-CTLA-4 therapy outcomes. HRR may serve as an independent predictor of anti-
CTLA-4 therapy efficacy in patients with advanced melanoma and their clinical value

warrants further investigation.
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HRR, anti-CTLA-4 therapy, TMB, DDR, immune microenvironment

Introduction

The emergence of immune checkpoint inhibitors (ICIs) has
changed the therapeutic paradigm of melanoma (1). Targeting
either PD-1/PD-L1 or CTLA-4, the ICIs can improve overall
survival (OS) and progression-free survival (PES) and increase
the long-term survival rate in patients with advanced melanoma
(2-4). Therefore, ICIs are currently the standard of care in the
systemic treatment of advanced melanoma (5).

Although ICIs significantly increased the survival of
advanced melanoma, there are still more than 40% of patients
who have no significant response and there is a considerable
proportion of responder experience tumor relapse within 2 years
(6). Therefore, identifying biomarkers to select patients who are
more likely to benefit from ICIs is vitally important. Several
genomic characteristics including high neoantigen load, high
mutational load, and tumor clonality have been revealed to be
predictive of a favorable response to anti-CTLA-4 therapy in
melanoma (7, 8). As for anti-PD-1 blockade, high PD-L1
expression and tumor mutation burden have been recognized
as predictors in melanoma and other solid tumors (9).

Abbreviations: ICIs, Immune checkpoint inhibitors; DDR, DNA damage
response; HRR, Homologous recombination repair; MMR, Mismatch repair;
BER, Base excision repair; FA, Fanconi anemia; NER, Nucleotide excision
repair; NEJ, Non-homologous end-joining; TLS, DNA translesion synthesis;
SNVs, Single nucleotide variants; HRRwt, HRR pathway gene wild-type;
HRRmut, Somatic HRR pathway gene mutation; PARP, Polyadenosine
diphosphate-ribose polymerase; PD-L1, Programmed Cell Death-Ligand 1;
PD-1, Programmed Cell Death 1; CTLA-4, Cytotoxic T lymphocyte-
associated antigen-4; TMB, Tumor mutation burden; ORR, Objective

response rate; OS, Overall survival; STING, Stimulator of interferon genes.
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As a collective term, DNA damage response (DDR) refers to
the induction and detection of DNA damage that affects a
plethora of intracellular and intercellular signal transduction
events and enzyme activity (10). Previous studies have shown
that the DDR pathway is associated with chemotherapy,
targeting, and immunotherapy for multiple cancer types (11-
13). For immunotherapy, DDR deficiency has been an important
determinant of tumor immunogenicity in recent studies, which
may promote antigenicity through increased mutability and
genomic instability (14). The DDR system comprises eight
pathways, namely, mismatch repair (MMR) base excision
repair (BER), checkpoint factors, Fanconi anemia (FA),
homologous recombination repair (HRR), nucleotide excision
repair (NER), non-homologous end-joining (NEJ), and DNA
translesion synthesis (TLS) (15). Existing research shows that the
role of each pathway in the immune system is different. For
example, mutations in the genes of the MMR pathway can
predict the immunotherapy benefit of patients with colorectal
cancer (16) and HRR defects may be a potential predictive
biomarker of response to the PD-1 inhibitor in metastatic
castration-resistant prostate cancer (17).

The HRR pathway is one of the most important parts of
DDR, which has a guiding significance in the treatment of solid
tumor (18). The exploration of the relationship between HRR
gene and the therapies of solid tumors originated from the
emergence of PARP inhibitors, and the HRR correlation with the
efficacy of PARP inhibitors has also been reported in melanoma
(19). In addition, gene mutations in the HRR pathway have been
reported associated with immunotherapy efficacy in pancreatic,
gastric, colon, breast, ovarian, and lung cancers, but none has
been reported in melanoma (20-25). Therefore, it is significant
to analyze the relationship between HRR pathway and
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immunotherapy in melanoma. In this study, we used five public
cohorts of melanoma to explore the association between HRR
pathway gene mutations and response to immunotherapy,
including anti-CLTA-4 and anti-PD-1/L1 therapy.

Materials and methods
Clinical cohorts and study design

We searched literatures and found five advanced melanoma
cohorts (Table 1) treated with anti-CTLA4/anti-PD-(L)1, which
were Samstein2018 (PMID: 30643254), Miao2018 (PMID:
29301960), Allen 2015 (PMID: 26359337), Hugo2016 (PMID:
26997480), and Synder2014 (PMID: 25409260), with a total of
452 advanced melanoma patients with gene sequencing and
clinical data. We downloaded whole exon sequencing (WES),
gene expression data, and clinicopathologic information of the
Miao cohort, Allen cohort, Hugo cohort, Synder cohort, and
targeted-sequencing data and overall survival data of the

10.3389/fimmu.2022.871756

Samstein cohort from the cBioPortal database (https://www.
cbioportal.org/ ). Data of the Miao cohort were obtained from
the previous published research (26).

As shown in Figure 1, data of 205 patients with advanced
melanoma from an independent cohort (Samstein2018) (27)
were used to analyze the correlation with immunogenic markers
and the prognostic effect of HRR on immunotherapy. Data of
355 patients of another four cohorts (pooled cohort: Mia02018,
Allen 2015, Hugo2016, and Synder2014) (7, 8, 26, 28) were used
for the results validation. In order to distinguish between HRR
mutations’ prognostic role, data from 287 untreated advanced
melanoma patients in The Cancer Genome Atlas (TCGA)
database were analyzed. TCGA dataset was accessed via
cBioPortal (www.cbioportal.org/). In addition, the fragments
per kilobase million mapped reads (FPKM) from TCGA-
SKCM cohort (including 471 advanced melanoma patients)
were transformed into transcripts per kilobase million (TPM)
values. Estimation of immune infiltration cell scores was
conducted via TIMER2.0 (http://timer.cistrome.org/) using
TPM data.

TABLE 1 Statistical results of the number of patients in four cohorts that make up the pooled cohort.

Cohort No. of Pts No. of Mut
Miao2018.Pancancer.249.WES 147 75
Melanoma.Allen2015.WES.110 110 37
Melanoma.Hugo2016.WES.38 37 17
Melanoma.Synder2014.WES.64 61 31
Total 355 160
Advanced Melanoma of Advanced Melanoma of pooled
samstein cohort (n=203) cohort (n=333)
—— 1
| HRRmut (n=52) | | HRRmwt (n=153) ‘ ‘ HRRmut (1=160) | ‘ HRRmwt (n=195) |
the prognostic effect of HRR on anti- validation o 216
CLTA-4 therapy (75) 05, ORE, TV prognostic effect confirmation (316)
PD-1/L1 therapy (130: 05, ORR, TVB
l More exploration
comparison of the efficacy of CTLA-4 and PD-
1/L1 under the influence of HRR mutation
the prognostic effect of HRR combined with
other DDR pathway on anti-CLTA-4 therapy
J Supplementary analysis
i 1
TCGA cohort (n=287) TCGA-SKCM cohort (a=471)
HRRmut and
HRRmut and prognosis immune "
FIGURE 1

Research design roadmap.
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Forty-four genes were identified as HRR pathway genes
(Supplementary Table 1) and other DDR pathway genes
(Supplementary Table 2) based on searches of the PubMed,
NCBI Gene, and Biosystems databases.

Determination of deleterious HRR and
other DDR mutation status

Non-synonymous mutations including TRUNC (frameshift
del, frameshift ins, nonsense, nonstop, splice region, and splice
site), INFRAME (inframe del and inframe ins), and MISSENSE
mutations of HRR or other DDR pathways were defined as
mutations in this study. Mutations were performed only in the
therapeutic-, prognostic-, or diagnostic-related regions
according to standards and guidelines for the interpretation
and reporting of sequence variants in cancer by the American
College of Medical Genetics and Genomics (ACMG).

Statistical analysis

Overall survival (OS) was plotted to obtain and compare
survival through the Kaplan-Meier curve (log-rank test).
Univariate and multivariate Cox proportional hazard
regression analyses were used to quantify the hazard ratio of
various characteristics. The differences between the two groups
used by Student’s t-test and Mann-Whitney U test for normally
distributed continuous variables were determined. The
correlation of two categorical variables through Fisher’s exact
test or the chi-square test was identified. According to all reports,
P values were two-tailed and P < 0.05 was considered significant

10.3389/fimmu.2022.871756

unless otherwise specified. All analyses and graphs in this study
were processed through R 3.6.0.

Results

HRR pathway gene mutations may be a
biomarker to predict the efficacy of anti-
CTLA-4 therapy in melanoma

Data analysis was performed using the Samstein2018 cohort
with 75 advanced melanoma patients who received anti-CTLA-4
therapy, and the results showed that 17 patients (22.7%)
harbored HRR mutations (HRRmut). Tumor mutation burden
(TMB) levels in HRRmut patients were significantly higher than
those in HRR wild-type (HRRwt) patients (35.69 vs. 5.90 Muts/
Mb, P = 0.0041, Figure 2B). Patients receiving anti-CTLA4
therapy with HRRmut had significantly better median overall
survival (mOS) than those with the HRRwt (NR versus 42
months, hazard ratio (HR) =4.24, 95% CI 1.30-13.88, P =
0.0094, Figure 2A).

In order to validate the predictive value of HRR pathway
mutation for the efficacy of anti-CTLA4 therapy in melanoma, it
was also performed using a pooled cohort receiving anti-CTLA-
4 therapy for the data analysis. According to the results, 143
(45.3%) patients of the pooled cohort harbored HRRmut.
Similar to the Samstein2018 cohort, the HRRmut group was
significantly correlated with longer mOS (27.0 versus 10.4
months, HR = 1.58, 95% CI 1.19-2.11, P = 0.0014)
(Figure 3A). Moreover, the objective response rate (ORR) of
anti-CTLA-4 therapy was 31.9% for the patients with HRRmut
and 18.1% for the HRRwt group (P = 0.0053) (Figure 3B).

A Samstein cohort B
T™MB
Strata<= HRRmut = HRRwt
150 «
1.00 =

— +

S -

£ 075 ulwib

E = ]

= 050 ——----*% : "’f.q,,_ 100

5 N

L
S 0250 p=0.0004 e g p=0.0041
HR 4.24 (1.3-13.88) |
0.004 ! 50 T
0 20 42 60 80 35.69
Time(months)
Number at risk T

HRR=mut{ 17 17 10 3 2

HRR=wt | 58 35 21 7 0 U

0 20 40 60 80 HRRmut (n=17) HRRwt (n=58)

Time(months)

FIGURE 2

Analysis of immune indices and prognosis of the Samstein2018 cohort in anti-CTLA-4 therapy. (A) Kaplan—Meier survival curves of OS in the
immunotherapy-treated patients with or without HRR mutations. (B) TMB levels between the HRR-mutant and HRR wild-type groups.
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Strata§ HRRmut [ HRRwt Fishertest: 0.0053
1.00 1.00 =
P=0.0014
5 07 HR 1.58 (1.19-2.11)
.E 075 =
2 0507 -
£ | Y ORR
g 0 ' ! £ o0s0- B crer
| | 8 .
0.00 | | : ;“n,‘ . SDPD
0 104 27 50 100
Time(months) 0251
Number at risk
HRR=mut{ 143 61 21 1 0
HRR=wt { 173 49 9 4 0 0.00 =
0 25 50 75 100 ot (= t (=
Time(months) HRRmut (n=141)  HRRwt (n=166)
FIGURE 3

Analysis of prognosis of the pooled cohort in anti-CTLA-4 therapy. (A) Kaplan—Meier survival curves of OS in immunotherapy-treated patients
with or without HRR mutations. (B) Efficacy of immunotherapy between the HRR mutant and HRR wild-type groups. Some patients were not

included in efficacy analysis due to lack of response information.

HRR pathway gene mutations were not
associated with the efficacy of anti-PD-
1/L1 therapy in melanoma

Anti-PD-1 therapy can lengthen both PFS and OS in
advanced melanoma patients as a first-line drug recommended
by the NCCN guidelines, whose clinical performance is superior
to anti-CTLA-4 therapy (29). In order to explore whether
HRRmut is also associated with the benefit of anti-PD-1/L1
therapy, we performed data analysis on the Samstein2018 cohort
with 130 advanced melanoma patients who received anti-PD-1/
L1 therapy, of which 35 patients (26.9%) harbored HRRmut.
Moreover, HRRmut (35.99 Muts/Mb) was associated with
higher tumor mutation burden (TMB) (P < 0.0001) than

HRRwt (5.90 Muts/Mb) (Figure 4B), similar with the patients
with anti-CTLA-4 therapy. However, in terms of prognosis in
anti-PD-1/L1 therapy, the HRRmut patients had no significantly
improved mOS than the HRRwt group (41 versus 31 months,
HR = 0.98, 95% CI 0.52-1.84, P = 0.94) (Figure 4A).

To further validate the results, we performed data analysis
using a pooled cohort of 39 melanoma patients who received
anti-PD-1/L1 therapy. As a result, 17 patients (43.6%) harbored
HRRmut in this pooled cohort, and there was also no significant
difference in mOS between the HRRmut and HRRwt groups
(20.75 vs. 32.0 months; HR = 1.03; 95% CI, 0.41-2.56; P = 0.96;
Figure 5A). Moreover, the ORR also had no significant difference
between HRRmut and HRRwt groups (P = 1.0) (Figure 5B). This
suggests that there is no correlation between HRR pathway genes

A B
Samstein cohort TMB
Strata<+ HRR=mut = HRR=wt 1504
1.00

_ P=0.9400

E 075 HR 0.98 (0.52—1.84) p = 0.00003

z 0.

3 1001

?,3 0507 — == ——— === === -

g P>

S 025 : =

I I
0.00 ! | 504 599
0 20 31 41 60 :
Time(months)
Number at risk l 35
HRR=mut{ 35 10 1 0 0 .
HRR=wt{ 95 24 4 1 . .
0 20 ' 60 HRRmut (n=35) HRRwt (n=95)
Time(months)

FIGURE 4

Analysis of immune indices and prognosis of the Samstein2018 cohort in anti-PD-1/L1 therapy. (A) Kaplan—Meier survival curves of OS in the
immunotherapy-treated patients with or without HRR mutations. (B) TMB levels between the HRR-mutant and HRR wild-type groups.
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E 0.50
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0.00 I
0 2027532 40 80
Time(months)
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FIGURE 5

B
Fisher'test: 1.0000
1.00-
0.75-
& ORR
= 0.50- 0 crer
] H sorp
0.25-
0.00-

HRRmut (n=17)  HRRwt (n=22)

Analysis of prognosis of the pooled cohort in anti-PD-1/L1 therapy. (A) Kaplan—Meier survival curves of OS in immunotherapy-treated patients
with or without HRR mutations. (B) Efficacy of immunotherapy between the HRR mutant and HRR wild-type groups. Some patients were not

included in efficacy analysis due to lack of response information.

and the clinical benefits of anti-PD-1/L1 therapy in advanced
melanoma, which might have a specific relationship with anti-
CTLA-4 therapy.

The association of HRR pathway gene
mutation and different types of
ICI therapy

In order to better assist in the selection of therapy, we
compared the correlation between two different treatment
modalities and HRRmut. Comparing the efficacy of two
therapies in the total cohort formed by all the cohorts,
although there was no significant difference in the mOS
between the CTLA-4 and PD-1/L1 inhibitors in all patients
(HR = 0.79; 95% CI, 0.60-1.04; P = 0.095) and the HRRmut
group (HR = 1.07; 95% CI, 0.66-1.74; P = 0.79), the number of
mOS in the HRRmut group with CTLA-4 tended to be better
than in the PD-1/L1 group (mOS: 31.7 vs. 27.5 months)

(Figures 6A, B). However, the OS in the HRRwt group with
CTLA-4 was significantly worse than in the PD-1/L1 group
(mOS: 12.4 vs. 32.0 months, HR = 0.65; 95% CI, 0.47-0.91; P =
0.01) (Figure 6C). This suggests that anti-CTLA-4 therapy may
also be a first-line treatment option in patients with HRRmut as
well as anti-PD-1/L1 therapy.

The association of HRR pathway gene
mutation and immune microenvironment

To assess the impact of HRRmut on the transcription of
immune-related genes, we integrated gene expression data of
471 patients from TCGA-SKCM cohort. TIMER tools were
employed to analyze the gene expression data to evaluate
immune cells of tumor immune microenvironment infiltration
in immunotherapy-treated patients. Among 44 genes in the
HRR pathway analyzed in this study, 29 (65.9%) were
associated with the reshaping of the immunological

Strata = CTLA4 = PDI1/PDL1 Strata =~ CTLA4 = PDI/PDL1 Strata == CTLA4 = PDI/PDL1
1.00 1.00 1.00
P=0.0950 =0.7900 P=0.0110
E o5 HR 0.79 (0.6-1.04) 3 s HR 1.07 (0.6587-1.7376) = HR 0.65 (0.47-0.91)
20 £ 0 B "s,
5 5 A
= L = | = o
= 0.50. 3 0.50 E 0.50
g g 2
S 025 : : : S 025 “ : S 025
0.00 [ 0.00 L1 0.00
0 2401313 50 75 100 [ 20 275317 40 60 80 0 124 25320 50 75 100
Time(months)-all Time(months)-HRRmut Time(months)-HRRwt
Number at risk Number at risk Number at risk
CTLA4{39] 156 45 8 0 CTLA4 {160 96 37 14 3 CTLA44{231 79 21 5 0
PDI1/PDL1{169 34 3 0 0 PDI/PDL1{ 52 19 3 1 0 PD1/PDL14117 22 2 0 0
0 25 100 [ 80 0 %5 100
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Time(months)-all

FIGURE 6

20 40 60
Time(months)~HRRmut

50 75
Time(months)-HRRwt

Kaplan—Meier survival curves of OS of the (A) all-patient group, (B) HRR mutation group, and (C) HRR wild-type group between anti-CTLA-4

therapy and anti-PD1/L1 therapy.
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microenvironment, in which 22 (50.0%) gene mutations were
positively associated with better immune cell infiltration and six
(13.6%) were negatively associated with it. Moreover, mutations
of ERCCI1, POLDI1, RFC2, and TP53BP1 were significantly
correlated with five or more types of immune cells, in which
POLD1 and POLD3 have a positive or negative effect on
different immune cells (Supplementary Table 3).

In addition, we also analyzed which gene mutations were
most strongly associated with each type of immune cell. The
infiltration of CD8" T cells had the most significant difference in
ERCCI mutation and wild type (P = 0.0035). Moreover, the
infiltration of CD4" T cells was in RBBP8 (P = 0.0048), Tregs in
POLD1 (P =0.001), B cells in MUS81 (P = 0.0096), macrophages
in BRCAL (P = 0.003), NK cells in RFC2 (P = 0.0047), and DC
cells in XRCC3 (P = 0.031) which had the most significant
difference between mutation and wild type (Supplementary
Figure 1, Supplementary Table 3).

Co-mutations of HRR with other DDR
pathway genes may not predict the
efficacy of anti-CTLA-4 therapy

in melanoma

The DDR pathway includes seven different pathways
(including HRR). To explore more possibilities for
immunotherapy-related biomarkers in advanced melanoma,
we also performed data analysis on the predictive efficacy of
HRR combined with other pathways. The results showed that
mutations of HRR combination with any other gene of the
DDR pathway cannot predict the efficacy for anti-CTLA-
4 therapy.

The prognostic role of HRR alterations

We evaluated whether HRR status was a prognostic factor using
the survival data and sequencing data of 287 previously untreated
advanced melanoma patients in TCGA database. The results
showed that HRR alteration status did not appear to correlate
with the OS (HR = 1.00; 95% CI, 0.70-1.43, P = 0.98;
Supplementary Figure 2). These results suggested that HRR
alteration status was not a prognostic factor for advanced

melanoma.

Discussion

In this study, we analyzed several public cohorts and found
that HRR mutation might be a potential predictor of clinical
benefit to anti-CTLA-4 therapy in advanced melanoma.
Although there have been some studies about THE HRR gene
in melanoma, to the best of our knowledge, this is the first
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systematic study to examine the association between HRR and
immunotherapy to date.

As early as 2018, Min et al. reported the correlation between
DDR gene and immunotherapy in advanced urethral carcinoma,
followed by similar reports in other cancers (13, 24). The
mechanism is that altered DNA damage responses mediated
by exposure to cytotoxic agents or loss of normal DNA repair
ability may contribute to antitumor immunity mediated by the
STING pathway (30). When cGAMP synthase (cGAS) interacts
with cell-soluble DNA and catalyzes the synthesis of cGAMP,
the STING pathway is activated. CGAMP is a circulating
dinucleotide. After being activated as a second messenger,
STING undergoes conformational change, which causes it to
cross from the endoplasmic retina to the peritoneal endocrine
body, where it is activated and undergoes phosphorescence by
TBK1. TBK1 also phosphates interferon regulatory factor 3
(IRF3), which is transferred to the nucleus to drive
transcription of type I interferon (IFN) genes. Finally, the
activation of STING pathways in antigen-presenting cells
(APCs) in the tumor microenvironment drives T cells to
stimulate tumor-associated antigens and promote the
occurrence of antitumor immunity (31-33). Although the
mechanism is not fully elucidated, in vivo studies also
demonstrated that this process is required for innate immune
sensing and T-cell initiation of antitumor activity, and CGAS-
STING is also required for the antitumor effects of ICI (14). In
2021, Kim et al. explored the correlation between DDR pathway
genes and immunity in melanoma and found that DDR pathway
genes may be a potential biomarker for predicting the efficacy of
immunotherapy in melanoma, but the study did not discuss the
different DDR pathway genes (34). The results of this study not
only are consistent with the results of previous studies but also
provide evidence for the prediction of HRR pathway gene for
immunotherapy of melanoma.

In the immune microenvironment, previous studies have
shown that the DDR pathway can activate and upregulate most
immune cells including T cells, B cells, macrophages, and Tregs
through the activation of CGAS-STING, making these patients
more likely to benefit from immunity (35, 36). This is consistent
with the results of immunity analysis of most genes in the HRR
pathway in this study. However, there are still some genes in the
pathway that only have a negative regulation on immune cells,
and POLD family genes have different positive and negative
regulations on different immune cells. In fact, the immune
function of each gene in the HRR pathway is also different,
and a study of hepatocellular carcinoma showed that further
classification of patient subtype by genomic characteristics can
better distinguish and explain its influence on immune cell
infiltration (37, 38). In conclusion, the HRR gene in the DDR
pathway is not completely similar to the immune characteristics
of the DDR pathway, which is worth more research on it.

Previous studies have shown that deficiencies in a variety of
DDR pathways including HRR can result in increased TMB (24,
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39). In 2021, a study of immune-related biomarkers in pan-
cancer patients showed that HRR pathway mutations were
associated with high TMB levels in multiple tumor species,
and the combination of TMB and HR-DDR may be a
potential biomarker for predicting ICIs’ efficacy (40). A
retrospective review of the Checkmate 066 and Checkmate 067
studies found that melanoma patients with higher TMB had
better immunotherapy efficacy in both studies (41), which may
be one of the reasons for better immunotherapy efficacy in
patients with HRR in this study.

This study also explored the correlation between different
ICI treatment drugs and HRR pathway gene mutations. Results
showed that melanoma patients with HRRmut had better
curative effect in anti-CTLA-4 therapy than HRRwt, but there
was no significant difference in anti-PD-1/PD-L1 therapy. As
discussed above, the immune mechanisms affecting patients
with HRRmut are quite complex and unclear. In addition to
TMB, the infiltrating state of different immune cells, the quality
of antigen, and HLA-DR expression all affect the efficacy of
CTLA-4 inhibitors (42, 43). Therefore, TMB is not the only
predictor of immunotherapy efficacy. In this study, for patients
with HRRmut (P = 0.79) there was no significant difference in
mOS (Figure 6B), whether using the CTLA-4 inhibitor or the
PD-1/PD-L1 inhibitor. It is well known that in NCCN guideline
recommendations, PD-1/PD-L1 inhibitors are first-line
recommendations, while CTLA-4 inhibitors are not (29, 43),
which is similar to the result of OS in the HRRwt and all-patient
groups. In contrast, the mOS value of CTLA-4 inhibitors was
better than that of PD-1/L1 inhibitors in the HRRmut group
(31.7 vs. 27.5 months). With the above results, anti-CTLA-4
therapy may also be a first-line option for patients with
HRR mutations.

In order to find more predictive opportunities, we also
explored the combination of HRR and other DDR pathway
genes to predict the efficacy of anti-CTLA-4 therapy. A previous
study showed that the co-mutations of HRR/MMR and HRR/
BER can predict the immunotherapy efficacy in non-small cell
lung cancer (44). However, in our study, there was none who
had a predictive efficacy in the seven pathways of DDR. In
addition, in our study HRR mutation rates were not similar
between the pooled cohort and the Samstein cohort, which may
be related to the patient population. In fact, previous studies
have shown that the HRR mutation rate in Chinese melanoma is
40%, similar to that in the pooled cohort, and the mutation rate
of TCGA database is 26%, similar to the Samstein cohort (45).
However, due to the limitations of patient information
disclosure in the public cohort we included, further analysis
was not possible.

There are some limitations in our study. The ICI-treated
cohorts incorporated into the study were from multiple study
centers; thus, the pooled analysis might introduce biases
caused by the difference in ICI regimen, dose usage,
treatment cycle, etc., and the absence of specific limitations
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on the number of treatment lines and duration of treatment
for patients in these cohorts resulted in differences in survival
time among cohorts. Moreover, the difference in the number
of patients between the two therapies may affect the results of
efficacy comparison. As for the mechanism of HRR as an
independent gene on immunity, we can only preliminarily
explore its correlation with the immune microenvironment
through bioinformatics analysis; the level of evidence is
inadequate. Therefore, prospective studies are needed to
confirm our observations. In addition, the mechanism
underlying the clinical benefit of HRRmut melanoma
to anti-CTLA-4 needs to be further interpreted by
basic research.

HRR pathway gene mutation was associated with a higher
TMB level and immunotherapeutic effect. HRR may serve as an
independent predictor of anti-CTLA-4 therapy efficacy in
patients with advanced melanoma, and their clinical value
deserves further investigation.
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