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KEY WORDS Abstract  Genomic instability remains an enabling feature of cancer and promotes malignant transfor-
mation. Alterations of DNA damage response (DDR) pathways allow genomic instability, generate
neoantigens, upregulate the expression of programmed death ligand 1 (PD-L1) and interact with signaling
such as cyclic GMP—AMP synthase-stimulator of interferon genes (cGAS—STING) signaling. Here, we
review the basic knowledge of DDR pathways, mechanisms of genomic instability induced by DDR
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alterations, impacts of DDR alterations on immune system, and the potential applications of DDR alter-
ations as biomarkers and therapeutic targets in cancer immunotherapy.
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1. Introduction

Cancer is a main public health problem in the world with a high
incidence of estimated 18.1 million new-diagnosed cases, and a
mortality of 9.6 million deaths reported in 2018 global cancer
statistics'. With the continuous improvement of early diagnosis
and treatments, the rate of cancer related death decreased
continuously since 1991, leading to a 29% overall decline through
2017%. Great success has been achieved in immune checkpoint
inhibitor (ICI)-based immunotherapies™*. Two programmed death
1 (PD-1) blockades, nivolumab and pembrolizumab, were
approved in 2014 by the United State Food and Drug Adminis-
tration (U.S. FDA) for treating patients with metastatic melanoma
who progressed after receiving ipilimumab, and patients with v-
RAF murine sarcoma viral oncogene homologue B (BRAF)-
mutated melanoma. In the combination of these PD-1 blockades,
objective response was observed in 30%—40% of patients, and
major responses were durable’. Besides, in patients with advanced
solid tumors, an elegant study of Marabelle and colleagues® found
that objective response rate was 29% in the tissue tumor muta-
tional burden (TMB)-high group when treated with pem-
brolizumab monotherapy. However, there were also some non-
responders reported, and potential adverse events as well as
increased cost were seen during immunotherapy’. These findings
suggest a great need for exploring biomarkers and therapeutic
strategies to treat cancers.

Genomic instability remains an enabling feature of cancer
and promotes malignant transformation’. Hereditary cancer
predisposition syndromes (such as Lynch syndrome) associated
with genetic mutations of the core DNA repair genes are the
initial evidence suggesting the importance of genome stability
in tumorigenesis®. DNA damage response (DDR) pathways aim
to protect cells against some acquired genome changes and
monitor exogenous or endogenous DNA damage’. Cytotoxic
agents targeting DDR pathways have been used as anti-cancer
therapies. Many mechanisms of tumor cells’ resistance and
sensitivity to cytotoxic radiotherapy and chemotherapy are
controlled by DDR pathways. Herein, we review the basic
knowledge of DDR pathways, mechanisms of genomic insta-
bility induced by DDR alterations, impacts of DDR alterations
on immune system, and the potential applications of DDR al-
terations as biomarkers and therapeutic targets in cancer
immunotherapy.

2. Basis of DDR pathway

DNA integrity affects the transmission of genetic information.
DNA damage may occur from either endogenous or exogenous
sources, and DNA repair are required for maintaining genomic
integrity'™!'. Beyond direct repair (DR), multiple pathways
compose the DDR system: base excision repair (BER), mismatch
repair (MMR), nucleotide excision repair (NER), homologous

recombination repair (HRR) and nonhomologous end-joining
(NHEJ, Fig. 1)'%.

Although some damages can be repaired by direct reversal
mediated via proteins such as O°-methylguanine methyltransfer-
ase (MGMT), most are subject to DNA repairs mediated by a
series of protein-mediated catalytic events. In the BER pathway,
DNA glycosylase can recognize a damage base, which mediates
base removal, while polymerase, nuclease, and ligase proteins
repair the lesion'®. The MMR system mainly detects mismatches
as well as insertion or deletion loops, which induces a single-
strand incision, followed by DNA repair through polymerase,
nuclease, and ligase enzymes'*. In the NER pathway, recognition
of the helix-distorting lesions is mediated by two different
mechanisms: one is transcription-coupled NER (specifically tar-
geting transcription-blocked lesions), the other is global-genome
NER. The NER system often excises a oligonucleotide with
2230 bases to remove damage, which triggers a single-stranded
DNA (ssDNA) production'”. DNA polymerases as well as related
factors would act upon it before ligase completes the repair'”.

HRR and NHEJ are mechanisms used in double-strand breaks
(DSBs). In HRR, sister-chromatid sequences are used as the
template for DNA repair, which restricts HRR to S and G2.
Several sub-pathways are involved in HRR'C. Nevertheless, its
initiation is always mediated by ssDNA generation, promoted by
proteins such as MRE11A—RADS5S0—NBN (MRN) complex. Then
the ssDNA executes strand invasion of an undamaged partner
chromosome, before DNA synthesis ensues'®. As for NHEJ, DSBs
are detected by KU70/80 proteins. This complex then binds to
DNA-dependent protein kinase catalytic subunit (DNA-PKcs) to
activate it, which results in recruitment as well as activation of the
end-processing enzymes, polymerases and ligase'”'®.

3. Mechanisms of DDR pathway defects

Methods including genetic and epigenetic inactivation mediate
deficiencies of DDR pathways. Germline or somatic mutations
are important mechanisms in genetic inactivation at the level of
DNA sequence. Germline alterations in DDR pathways associate
with incidence of some hereditary syndromes prone to form
cancer, such as hereditary nonpolyposis colorectal cancer
(Lynch syndrome) caused by MMR-deficiency, as well as he-
reditary breast and ovarian cancer caused by defective HRR.
Several less common syndromes including ataxia-telangiectasia,
fanconi anemia, xeroderma pigmentosum and MutY homolog
(MUTYH)-associated polyposis need biallelic germline muta-
tions to form full predisposition phenotype of cancer'® >'.
Beyond these hereditary syndromes, in some sporadic cancers,
DDR-related germline mutations were also detected in
population-based studies. DDR-associated genes can also un-
dergo somatic mutations at high frequency. A pan-cancer anal-
ysis in 17 tumor types identified somatic mutations among 72
key DDR genes, which were mutated in at least 1% samples in a
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Figure 1

The components and mechanisms of DDR pathway. DNA damage may occur from either endogenous or exogenous sources, which

can impair genomic instability. Therefore, DNA repair is crucial for maintaining genome stability. Multiple mechanisms involve DNA damage
response (DDR) system: direct repair (DR), base excision repair (BER), mismatch repair (MMR), nucleotide excision repair (NER), homologous

recombination repair (HRR) and nonhomologous end-joining (NHEJ).

given tumor and were presented in more than one type of can-
cer’”. Another study on biliary tract cancer demonstrated 63.5%
patients with germline or somatic inactivation in DDR genes
such as ataxia-telangiectasia mutated (ATM ), ataxia telangiec-
tasia and Rad3 related (ATR), breast cancer susceptibility gene
1/72 (BRCA 1/2), mismatch repair genes MutL homolog 1
(MLH1I) and MutS protein homologue-2/6 (MSH2/6), cell-cycle
checkpoint kinase (CHEK), and BRCA1-associated protein 1
(BAPD)*.

The most-characteristic epigenetic mechanism involved in
the regulation of DDR pathways is DNA methylation. An
analysis of DNA methylation identified 5%—10% of the pro-
moter CpG islands (normally un-methylated) were methylated
abnormally in human cancers®, which led to the silencing of
related genes at the transcriptional level. Promoter methylation
causes loss of somatic function in DNA repair genes such as
MGMT of the DR pathway, MLHI of the MMR pathway, BRCA1
and RADS51 homolog C (RADS5IC) of the HRR pathway. Pro-
moter methylations of MGMT and MLHI have been shown as the
early events in the multistep tumorigenesis, as they were
observed in premalignant polyps and the normal epithelium of
colon that was adjacent to the tumor. Studies on breast, as well
as ovarian cancers, demonstrated hypermethylation of BRCAI
and RAD51C was associated with HRR deficiency, resulting in
tumor predisposition>*°. However, impact of epigenetic inac-
tivation of genes BRCAI and RAD5IC remains debated, since
not all gene methylation appears marked effects at the expres-
sion level. In addition, epigenetic mechanisms involved in the
regulation of DNA repair include histone modification, RNA-
mediated targeting, and nucleosome remodeling. For example,
depletion of TRRAP can impair the hyperacetylation of

DNA-damage related histone H4 as well as the accumulation of
repair molecules at DSB sites, which leads to defective HRR?’.

4. Defective/downregulated DDR pathway allows genomic
instability

Absence of specific DDR pathway may lead to consequences such
as mutations or chromosomal rearrangements, promoting genomic
instability and tumor progression. Multiple cellular processes may
impair genetic stability. For example, the stalled, reversed and
folded replication forks can cause deregulation of DNA replica-
tion, which may result in replication stress and trigger chromo-
somal rearrangements and the formation of DNA DSB®.
Telomere maintenance contributes to the prevention of genome
instability, and chromosomal instability may be produced due to
upcapping or erosion of telomere””*’. Beyond DNA replication
stress and telomere maintenance, processes including chromo-
some segregation, RNA processing and epigenetic mechanisms
also relate to genome instability. The defects of RNA processing
destabilize genomes mediated by forming mutagenic R-loop
structure and altering gene expressions that are crucial in main-
taining genome stability”".

5. Tumor microenvironment (TME) regulates genomic
stability via DDR pathways

TME is characterized by vascular abnormalities, hypoxia, as
well as acidic pH, and the major components of it include tumor
cells, many non-malignant cells (such as T cells, dendritic cells
and tumor associated fibroblasts), extracellular matrix, and
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blood vessels’”. Through TME, tumor can affect pathways of 6. Impacts of DDR alterations on immune system in cancers
DNA damage and repair correspondingly”. Tumor progression
is accompanied with multiple complex interactions between
cancer cells and TME, and TME functions in malignant trans-
formation via inhibiting DDR pathways®**>. For example,
hypoxia was observed to downregulate c-MYC, a proliferation-
promoting transcription factor that bound to promoters of MMR
genes MIhl and MIh2, leading to decrease of MIhl and MIh2 at Before the recognition of adaptive immunity, innate immune

6.1. DDR deficiencies activate innate immune system through
cyclic GMP—AMP synthase (cGAS)-stimulator of interferon genes
(STING) pathway

the transcriptional level’®. Besides, hypoxia also increased the system plays an important part in recruiting immune cells to tu-
binding of inhibitory transcription factors (MAX network tran- mors. Recent studies indicate the STING pathway as an important
scriptional repressor (MNT) and mitotic arrest deficient-like 1 player in host innate immune system against cancer, which drives
(MAD1)) to promoters of MIhl and Mih2 genes. Therefore, the interferon (IFN) production and arouses T-cell responses’
expression of MMR genes was downregulated. In addition, (Fig. 2A*"*"). When exposed to DNA-damaging agents such as

MMR proteins also relate to apoptosis, indicating that TME can clinical chemotherapy (etoposide and camptothecin), STING
promote the survival of tumor cells indirectly mediated by  pathway can be activated*>**. On the other hand, DDR deficiency
inhibiting some DDR pathways. Moreover, BRCAI and RAD51 can also upregulate the activation of STING pathway. Emerging

37,38

genes in the HRR pathway are also associated with hypoxia”™™",  evidence suggests micronuclei produced by BRCA2-inactivation

which may link to the increase of genomic instability. Thus, can initiate a cGAS/STING-mediated interferon response™.

TME can negatively regulate genomic stability by repressing Enhanced IFN-related gene expression and higher abundance of

DDR pathways. tumor-infiltrating lymphocytes (TILs) were observed in DDR-
A.
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Figure2 Impacts of DDR alterations on immune system in cancers. (A) Correlations of DNA damage and repair with STING pathway in tumor
microenvironment. The STING pathway can be activated by DNA damaging agents or DDR alterations. Cytosolic DNA sensor cGAS can activate
innate immune responses by catalyzing cGAMP synthesis, which roles as a second messenger in the activation of STING pathway'’. The
activation of STING pathway makes a conformation change of STING, which leads to an endoplasmic reticulum to perinuclear endosome
shuttling. TBK1 can phosphorylate STING as well as IRF3, therefore, promoting the production of type I IFNs. Besides, expression of RAE1 can
activate NK cells. A hypothesis regarding the mechanisms of STING in spontaneous anti-tumor immunity has been put forward: dying tumor cells
are engulfed by DCs, while free tumor DNA is recognized by cGAS, leading to the secretion of IFN o/ to improve DCs’ cross-presentation to
enhance T cell activation*'. DNA damage in tumor cells can also cause the activation of natural-killer cells mediated by the expression of retinoic
acid early transcript 1 (RAE1) through STING pathway. (B) DDR deficiencies improve tumor recognition through generating neoantigens. The
neoantigen hypothesis is that a non-synonymous mutation leads to the change of an amino acid, which produces a new peptide. Therefore, cancer
cells with DDR-deficiency can be recognized as the foreign by immune system. (C) DNA damage signaling and DDR deficiencies role as
important regulators in upregulating PD-L1 expression. Abbreviations: ATP, adenosine-triphosphate; cGAMP, cyclic GMP—AMP; cGAS, cyclic
GMP—AMP synthase; DDR, DNA damage response; DC, dendritic cell; ds DNA, double-stranded DNA; ER, endoplasmic reticulum; GTP,
guanosine triohosphte; IRF3, interferon regulatory factor 3, IFN, interferon; NF-«B, nuclear factor kappa-B; NKG2D, natural killer group 2
member D; NK, natural killer; RAE]1, retinoic acid early transcript 1; STING, stimulator of interferon genes; TBK1, TANK-binding kinase 1.
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Figure 3

deficient breast cancers compared with DDR-proficient tumors.
Upregulated TANK-binding kinase 1 (TBK1) and interferon reg-
ulatory factor 3 (IRF3) phosphorylation was also observed in
BRCA1/2-deficient cancers™.

6.2. DDR deficiencies improve tumor recognition of adaptive
immune system

In adaptive immune responses, activation of specific T cells is
essential in the interaction among MHC molecules displayed on
the surface of antigen presenting cells, T cell receptor and cos-
timulatory molecules expressed on the surface of naive T cells'".
Accumulation of intratumoral T cells necessitates recognition of
antigens (such as cancer testis-antigens, antigens from overex-
pressed oncogenes, and neoantigens). The quantity of tumor
neoantigen is positively correlated with the number of non-
synonymous mutations in a tumor, which varies in different
development of cancer or across diverse cancers'®. Neoantigen
hypothesis is that a non-synonymous mutation leads to the change
of an amino acid, which produces a new peptide. Therefore,
cancer cells with DDR-deficiency can be recognized as foreign
cells by immune system (Fig. 2B)*’. DDR deficiencies may in-
crease the number of non-synonymous mutations. MMR-defected
tumors have been reported capable of inducing strong inflamma-
tory responses, in which a markedly increased number of non-
synonymous mutations and large numbers of small insertions or
deletions play important roles, with high production of novel
proteins*®. BRCA1/2 are genes of HRR pathway. Given that high
somatic mutation rate and chromosome copy number alterations
have been reported in BRCA 1/2 mutative tumors, it is possible that
mutations in BRCA1/2 may also promote neoepitope formation'”.

6.3.  Regulation of programmed death ligand 1 (PD-LI)
responds to DNA damaging and repair signaling in tumor cells

DNA damage has been studied capable of inducing the expression
of PD-L] mRNA, thereby increasing the expression of PD-L1 in
cell surface (Fig. 2C)* ', This regulation depends on the activity

Breast BRCA1/2 Pembrolizumab | NCT03025035
mutations
BRCA mutations | Nivolumab NCT02393794
Colorectal alterations in Durvalumab NCT04053322
HRR pathway

Status Intervention Clinical trial ID

MSI +/- Pembrolizumab NCT01876511
MSI-H JS001 NCT04118933
MSI-H Nivolumab NCT04008030
dMMR/MSI-H | Toripalimab NCT03926338
dMMR Avelumab NCT03186326
POLE mutation | Avelumab NCT03150706
POLE mutation = Durvalumab NCT03435107

Clinical trials of the efficacy of ICIs in tumors with DDR pathway alterations.

of the transduction of ATM-ATR/checkpoint kinase 1 (CHK1)
signaling, and defective DDR may link to greater PD-L1 upre-
gulation induced by DSB. Defective BRCA or KU70/80 could
significantly upregulate PD-L1 expression after radiation’”. HRR
pathway requires BRCA2 to function in promoting the switch of
RADS5]1 from replication protein A (RPA) on the ssDNA regions.
Thus, BRCA2 deficiency would impair this switch ability, result-
ing in RPA accumulation at the DSB ends and continuous acti-
vation of ATR/CHKI signal. Thus, upregulation of PD-L1 is
increased in cells with BRCA2 deficiency, which can be inhibited
when suppressing ATR/CHK1 signaling™. Deficiency of KU70/80
complex are also correlated with increased activation of ATR/
CHK1 and upregulation of PD-L1 expression compared with
control group. Under oxidative stress, deficiency of NTHI (a key
BER component) can also enhance PD-L1 upregulation, which
indicates that oxidative stress may induce DNA damage signaling
to upregulate PD-L1 expression™.

The downstream component of ATR/CHKI signaling, signal
transducer and activator of transcription 1/3 (STAT1/3)-interferon
regulatory factor (IRF), is crucial for producing signal that can
activate the generation of PD-LI mRNA at the transcriptional level
(Fig. 2C)*°. In case of immune response, interferon gamma (IFNy)
binds to its receptor, followed by the phosphorylation of Janus ki-
nase 1/2 (JAK1/2) and STAT1/3, which can increase the expression
of interferon gamma inducible genes such as /RFI. Phosphorylation
of STAT1/3 as well as the expression of IRF1 control the expression
of PD-L1°%. IRFI can bind to PD-LI promoter to upregulate PD-L]I
transcription”>. DNA damage was reported to contribute to STAT1/3
phosphorylation and IRF1 expression™. Therefore, DNA damage
signaling and DDR deficiencies play important roles in upregulating
the expression of PD-L1.

6.4. Excessive DNA damage arouses immune responses by cell
death signals

Apoptosis or mitotic catastrophe-induced cell death may occur
mediated by excessive DNA damage in cancer cells. High
mobility group box-1 (HMGBI1) is released from dying cells, to
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Association of the main DDR alterations with patients’ response to ICI immunotherapy.

Table 1

Clinical ICI response

Immune characteristics

Tumor type

Genomic biomarker

DDR pathway

DR

Temozolomide and ICIs (Nivolumab)®”

Not reported

Glioblastoma multiforme

Colorectal cancer

MGMT promoter methylation

MUTYH mutations

Immune cell infiltration (NK cells,

BER

CD3", CD8" T cells)

Nivolumab® (NSCLC with ERCC mutations),

ERCC mutations (ERCC1 SNPs), mutations ERCC mutations in NSCLC, XP-

NER

Pembrolizumab, nivolumab64-66 (XP-associated skin

cancers)
Several clinical trials regarding response of patients with

associated skin cancers

of xeroderma pigmentosum (XP)-related

genes
Mutations of MMR genes (MSH2, MSHG6,

Immune cell infiltration, increased

Colon, gastric, endometrial,

MMR

MMR mutations to ICIs are underway or planned

staining of PD-1, PD-L1

ovarian, prostate, glioma, breast

cancers, etc.

Mutations of HRR genes (BRCAI, BRCA2, Breast, ovarian, prostate, etc.

MLHI, PMS2)

Immune cell infiltration (CD3", CD8" T Several clinical trials regarding response of patients with

HRR

HRR mutations to ICIs are underway or planned

(Fig. 3)

cells), increased staining of PD-1, PD-

L1
Immune cell infiltration (CD3%, CD8" T Several clinical trials are ongoing or planed (Fig. 3)

PALB?2, etc.)

Endometrial, colon, etc.

POLDI1/POLE POLDI/POLE mutations

cells), increased staining of PD-1, PD-

L1

proofreading

activate Toll-like receptor 4 (TLR4) pathway and increase
myeloid differentiation factor 88 (MyD88)/Toll-interleukin 1
receptor domain-containing adaptor inducing INF-g (TRIF)
signaling®®, which can stimulate immune activity. Multiple types
of DNA damage can be caused by chemotherapy or radiotherapy,
and DSBs are associated closely with cell death. Tumors with
deficiency of NHEJ or HRR, may show higher sensitivity to
chemotherapy or radiotherapy’*>, and promote greater release
of damage-associated molecular patterns (DAMPs) into TME
after these treatments. For example, tumors with low expression
of X-ray repair cross complementing protein 4 (XRCC4, a main
component of the NHEJ pathway), might release more DAMPs
after radiotherapy, with better therapeutic benefits’>. Although
great immune activity is stimulated by DAMPs, the TLR4/
MyD8S8/TRIF signaling mediated by HMGB1 could also upre-
gulate PD-L1 expression in the neighboring surviving tumor
cells”®. This process may inhibit immune activity to some extent
after tumor receiving chemotherapy or radiotherapy.

6.5.  Tumor aneuploidy and immune evasion

Genomic instability manifests as increased point mutation and
chromosome instability. DDR pathway can also take a role in
maintaining chromosome instability. For example, mitotic pro-
tein kinases, such as never-in-mitosis A (NIMA) in fungi, have
been regarded to maintain genomic integrity. A component of
DDR pathway named NIMA-related kinase 1 (NEK1) can
maintain genomic integrity in mammalian ortholog. Research in
NEKI1-deficient cells showed faulty mitotic chromosome segre-
gation, leading to aneuploidy. Inactivation of NEK1 could result
in tumor formation without anchorage dependence’’. Besides,
somatic copy number alterations (SCNAs) are also correlated
with immune evasion, including reduced adaptive immune
signaling, cytotoxic T cell activity and cytokine signaling’®. For
example, based on TCGA dataset, a study identified more than
5000 tumors across 12 tumor types, and revealed high levels of
SCNAs were correlated with decreased expression of cytotoxic
immune cell markers®. In a trial on metastatic melanoma pa-
tients, high burden of SCNAs in non-responders to PD-1 and
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Figure 4 Therapeutic strategy of DDR alterations in cancer
immunotherapy. Combination strategy: cancer cells treated with
PARP inhibitors are sensitive to immune checkpoint inhibitors. PARP
inhibitors increase genomic instability, activate immune pathway and
upregulate the expression of PD-L1 on cancer cells, making the
combination of PARP inhibitor with ICIs a promising strategy against
cancer.
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CTLA-4 blockade was identified associated with reduced
expression of immune-related genes®.

Point mutations of DDR pathways may also correlate with
tumor immune-evasion. BAP1 protein, a tumor suppressor
mentioned before, is closely associated with DDR through in-
teractions with BRCAI. Figueiredo and colleagues®' suggested
BAPI loss in uveal melanomas could cause upregulation of reg-
ulatory T cells, which could inhibit the cytotoxicity of effector T
cells. They further found regulatory immune markers CD74 and
CD38 were upregulated in tumors with BAPI loss. Thus, com-
pounds inhibiting CD38 and/or CD74 may potentially become
adjuvant therapies for immunotherapy. Thus, how to elicit
immune-evasion of DDR alterations in cancer immunotherapy
should be considered carefully.

7. Application of DDR alterations in cancer immunotherapy

7.1.  Potential of DDR pathway alterations in predicting ICI
response

Much attention has been drawn to the association between DDR
alterations and response to ICI immunotherapy in various cancer
types (Table 1°°7°® and Fig. 3).

Defects of MMR genes characterized by microsatellite
instability-high (MSI-H) status result in the accumulation of
mutations as well as the production of neoantigens, which can
enhance anti-cancer immune response. Bardelli’s group®’ pre-
sented an elegant research to knock out Mlhl in the mouse model
by transient Cas9 editing. When the Mihi-deficient cells

developed tumors in immunocompromised mice, these tumors
were transplanted into immunocompetent mice. Under the treat-
ment of ICIs, inactivation of MIhl in the transplanted tumors was
observed to inhibit tumor growth, with higher levels of CD8* T
cells, higher clonal neoantigens and mutational load®”. Besides, a
phase 2 study from Le et al.®® evaluated the clinical efficacy of
pembrolizumab in 41 patients with progressive metastatic carci-
noma. In this study, MMR-deficient colorectal cancers showed
40% immune-associated objective response rate (ORR) and 78%
20-week immune-associated progression-free survival (PFS) rate,
which were higher than MMR-proficient colorectal tumors (0%
ORR and 11% PFS rate respectively).

Beyond MMR genes, analyses of TCGA dataset in ovarian
tumors showed patients harboring higher neoantigens in BRCA2-
mutated types, with elevated PD-1/PD-L1 expression and TILs'?.
Increased neoantigens in tumors enhanced patients’ overall sur-
vival (OS). In addition, a preliminary phase II trial of PD-1 in-
hibitor pembrolizumab in 258 melanoma patients demonstrated
patients with enriched BRCAI/2 mutations showed higher
response to ICI therapy. The ORR was 5% in patients regardless of
PD-L1 expression, while 12% ORR was shown in patients with
BRCAI/2 mutations®”. Patients with DNA polymerase epsilon
(POLE)-mutated cancers also exhibit stronger response to ICIs. A
study identified the association between patients’ response to PD-1
inhibitor and POLE-mutation in endometrioid endometrial can-
cers. The result of a heat map demonstrated there were more
immune-related genes in POLE-mutated group than POLE-wild
type (WT) tumors. Interestingly, POLE-mutated tumors also
showed higher expression of immune checkpoint proteins (such as

Table 2  Combinations of DDR-targeted inhibitors with ICI immunotherapies.
Clinical trial ID Cancer type DDR-targeted inhibitor ICI Phase
NCT04209686 Advanced GAC Olaparib Pembrolizumab Phase II
NCT04052204 SCCHN, prostate cancer Talazoparib Avelumab Phase 1T
NCT04034927 Opvarian, fallopian tube and peritoneal cancer Olaparib Tremelimumab Phase II
NCTO03964532 Breast cancer Talazoparib Avelumab Phase I, phase II
NCT03958045 SCLC Rucaparib Nivolumab Phase II
NCTO03951415 Endometrial cancer Olaparib Durvalumab Phase IT
NCT03851614 Colorectal cancer, pancreatic adenocarcinoma, leiomyosarcoma Olaparib Durvalumab Phase II
NCTO03834519  Prostatic neoplasms Olaparib Pembrolizumab Phase IIT
NCT03824704  Solid tumors Rucaparib Nivolumab Phase II
NCT03810105 Prostate cancer Olaparib Durvalumab Phase II
NCT03642132 Ovarian cancer Talazoparib Avelumab Phase III
NCTO03639935 Biliary tract cancer Rucaparib Nivolumab Phase IT
NCT03602859 Ovarian cancer Niraparib Dostarlimab Phase III
NCT03572478 Prostate, endometrial cancer Rucaparib Nivolumab Phase IIb
NCT03544125 Metastatic triple negative breast cancer Olaparib Durvalumab Phase I
NCT03522246  Ovarian cancer Rucaparib Nivolumab Phase III
NCT03404960 Pancreatic adenocarcinoma Niraparib Nivolumab Phase I, phase II

Ipilimumab

NCT03330405 Solid tumors Talazoparib Avelumab Phase II
NCT03308942 Lung neoplasms Niraparib PD-1 Inhibitor Phase II
NCT03167619 Triple negative breast cancer Olaparib Durvalumab Phase II
NCTO03061188 Ecurrent or refractory stage IV solid tumors Veliparib Nivolumab Phase I
NCT02953457 Opvarian, fallopian tube or primary peritoneal cancer Olaparib Durvalumab Phase II
NCT02944396 NSCLC Veliparib Nivolumab Phase I
NCTO02849496  Breast cancer Olaparib Atezolizumab  Phase II
NCT02660034  Solid tumors Pamiparib Tislelizumab  Phase I
NCT02657889 Triple-negative breast cancer or ovarian cancer Niraparib Pembrolizumab Phase I, phase 11
NCT02571725 BRCA-deficient ovarian cancer Olaparib Tremelimumab Phase I, phase II

DDR, DNA damage repair; GAS, gastric adenocarcinoma; ICIs, immune checkpoint inhibitors; NSCLC, non-small cell lung cancer; PD-1, pro-
grammed death 1; SCCHN, squamous cell carcinoma of the head and neck; SCLC, small cell lung cancer.
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PD-L1) and T cell markers (such as PD-1) compared with POLE-
WT tumors. This study suggested POLE mutations might become
good biomarkers for ICI immunotherapy’®. Additionally, ICI
immunotherapy was suggested useful in MUTYH-associated
colorectal cancers as well, as increased lymphocyte infiltration
was observed’'.

Some other DDR-related genes were also studied. Biallelic
mutations of genes of DDR pathways such as ATM, partner and
localizer of BRCA2 (PALB?2), retinoblastoma 1 (RBI), and tumor
protein P53 (TP53) were also correlated significantly with
increased tumor immunogenicity’>. Teo and colleagues’”
analyzed 34 DDR genes in several pathways. In patients with
metastatic urothelial carcinoma receiving atezolizumab (anti-PD-
L1 antibody) or nivolumab (anti-PD-1 antibody), deleterious DDR
alterations were related to longer survival. Recent studies sug-
gested BAPI might help to identify tumors that responded to
cancer immunotherapy. In malignant mesothelioma, tumors with
BAPI mutations were distinctly correlated with an inflammatory
TME, increased TILs and immune checkpoint activation’*">. To
date, ICI trials for mesothelioma do not consider status of genomic
biomarkers. Thus, BAPI mutations should be considered as po-
tential biomarkers to predict patients’ response to ICIs in meso-
thelioma. Although many DDR genes were studies, few studies
about genes in the NHEJ pathway were reported. Additional
studies are required to explore the role of these genes in cancer
immunotherapy.

Multiple defects in different DDR pathways may lead to higher
genomic instability’®. Recently, Wang and colleagues’’ prompted
that co-mutations in DDR pathways might become a helpful
biomarker in ICI immunotherapy. They mainly identified co-
mutations in the HRR and MMR pathways (HRR-MMR) as
well as HRR and BER pathways (HRR-BER). They collected data
of whole-exome sequencing and mRNA expression across 29 tu-
mors, with the observation of higher TMB and neoantigens in
DDR-comutated groups. However, this study suggested that a
single DDR pathway alteration could not predict higher TMB.
They further investigated the response of cancer patients with co-
mutations of DDR pathways to clinical ICIs, confirming the pre-
dictive role of co-mutations of DDR pathways in ICI
immunotherapy’’.

However, not all diagnosed DDR-deficient patients respond to
ICI immunotherapies’®. Interestingly, Touat and colleagues’’
recently analyzed the mutational signatures in 10,294 gliomas.
Although their results discovered MMR deficiency could be
triggered by temozolomide, MMR-defected gliomas showed poor
survival and low patients’ response to PD-1 inhibitors, with a lack
of TIL abundance. Therefore, it remains a challenge to choose
useful diagnostic assays of DDR deficiency. Take MMR testing as
an example. Emerging study demonstrated that tumors with MMR
deficiency determined by immunohistochemistry (IHC)- or poly-
merase chain reaction (PCR)-based MSI may not necessarily
responded to ICIs*’. In advanced prostate cancer, a study
compared the association of MMR status determined by different
assays. The results of MMR-mutated patients tested by IHC or
PCR assay showed decreased OS, which was discordant compared
with results based on next generation sequencing (NGS) testing.
This study regarded NGS-based testing as an improved assay of
MSI detection, but the challenge of cut-off definition was still
maintained’®.

Another challenge occurs because somatic mutations have time
heterogeneity, highlighting the limitation to define DDR status in

cancers. It would help a lot if a novel strategy can be designed to
detect DNA repair functions dynamically.

7.2. Combinations of DNA-damaging agents with ICls

The strategy to combine DNA-damaging agents with ICIs may
enhance genomic instability and immunotherapy activity. Tumor
immunogenicity may be increased by the standard care of DNA-
damaging chemotherapy as well as radiotherapy, mediated via
mechanisms such as DNA damage with cytosolic dsDNA pro-
duction and immunogenic induction of cell death with increased
antigen presentation. Therefore, several clinical trials were
developed to investigate the efficacy of combining chemotherapy
and ICIs, and a significantly longer survival has been observed in
non-small cell lung cancer (NSCLC) patients treated with pem-
brolizumab co-administrated with chemotherapy in the first line®'.
In addition, a phase I clinical trial in NSCLC patients showed a
marked clinical benefit when pembrolizumab combined with ra-
diation therapy®”.

A main limitation of DDR-targeted inhibitors is the development
of acquired resistance. The significant correlation between DDR al-
terations and immune system in cancers suggests that combining
DDR-targeted agents with ICIl-based immunotherapies is very
promising. Success of PD-1 inhibitor in tumors with MMR deficiency
proves that neoantigen generation mediated by defective DDR can
induce an immune response™. But unlike MMR-defective malig-
nancies, some tumors may not produce sufficient neoantigen burden
to arouse immune response, and inhibiting DDR proteins may also
generate insufficient neoantigens. In this case, interactions between
DDR proteins and some immunomodulators are potential to stimulate
immune activity against cancer™.

Proteins of the poly-ADP ribose polymerase (PARP) family
play crucial roles in various cellular processes including DNA
repair, aspects of replication stress response (RSR), and chromatin
modulation®*®, As for DNA repair, PARP1 and PARP2 are
important in the repair of DNA strand break through diverse DDR
pathways, and cells with HRR defects are dependent on PARP
activity for survival®>*®. Application of PARP inhibitors may help
the formation of inflammatory TME (Fig. 4). For example, in
murine ovarian tumors with BRCAI deficiency, treatment of a
PARPI inhibitor talazoparib (BMN 673) can increase CD8*
lymphocyte infiltration as well as promote the production of IFNy
and tumor necrosis factor (TNF)-«. Its combination with ICIs
could further promote the establishment of immune system with
higher lymphocyte infiltration and IFNy production®”*. In
addition, PARP inhibitors can also inactivate glycogen synthase
kinase 38 (GSK38) and enhance PD-L1 upregulation in a dose-
dependent manner, therefore inhibiting T-cell activity (Fig. 4).
PD-L1 blockade was found capable of re-sensitizing these tumor
cells to T-cell killing®. In tumor models treated with alazaparib,
olparib, and rucaparib, combining PARP inhibitor with anti-PD-
L1 antibody resulted in greater antitumor activity than either
agent alone®”. The presence of cyto-plasmic DNA can also acti-
vate the cGAS—STING pathway to enhance innate immunity and
drive T-cell priming””’'. Emerging clinical trials have studied the
safety and clinical efficacy of the combination therapy of DDR-
targeted inhibitors and ICIs, and published clinical trials sug-
gested that these combinations could be used safely (Table 2).

However, there are also some challenges in this combination
including agent choice, dose of DNA damaging compounds,
combination schedule and toxicity’”. Different immunogenicity of
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DNA-damaging agents and dose-related myelosuppressive effects
suggest the combination scheme should be considered carefully.
Several successful anti-tumor studies have shown that treatment of
receiving chemotherapy for a period of time before its combina-
tion with ICIs is an optional method’™**. Besides, many single
arm trials suggest only a modest anti-cancer activity. Randomized
clinical trials are required to determine whether these combination
efficacies are superior to treatment of receiving ICI alone””°.
Besides, combination of DDR inhibition and radiation can
enhance inflammatory response. For example, inhibiting ATR in
mice could potentiate type I IFN response induced by radiation,
thereby increasing TILs”’. Combining WEEI inhibition and ra-
diation could increase the killing of malignant cells by cytotoxic T
lymphocytes in a granzyme B-dependent manner’®. When adding
anti-PD-L1 antibody to WEE1 inhibitor plus radiotherapy,
increased survival was shown in mice with head and neck squa-
mous cell carcinoma. Although preclinical studies about the
combination of DNA-PK inhibition, ICIs and radiotherapy are
lacking, clinical trials of this combination are already recruiting”.
The use of DDR inhibition can increase the immunogenicity of
radiation, and the use of ICIs can further negate immunosup-
pressive effects. Thus, this combination represents a promising
therapeutic method. The combination of three drugs may make the
interpretation of clinical findings more complicated; therefore, it is
urgently to conduct more preclinical and clinical studies.

8. Conclusions and perspectives

DNA damage repair response of tumor cells has a very profound
effect in creating inflammatory TME. Great progress has been
made in understanding the potential correlations of DDR and
immunity. Defective or downregulated DDR pathway allows
genomic instability in the existence of exogenous or endogenous
DNA damage, and tumor microenvironment also contributes to the
regulation of genomic instability through DDR pathways. Alter-
ations of DDR pathways can generate neoantigens promoted by
degradation of abnormal proteins due to mutations in the open
reading frames. MMR deficiency, defective DNA replication, as
well as endogenous oxidative DNA damage may contribute to
these mutations. When exposed to chemotherapy and/or radio-
therapy, DDR signaling is activated by DSBs. Activation of ATM-
ATR/CHKI1 can result in the upregulation of PD-L1 in tumor cells.
DNA fragments may also be generated from cells with DSBs,
which can be recognized by cGAS and activate the STING
pathway. Excessive DNA damage could make cancer cells die,
inducing DAMP release and arousing immune response. Thus,
DDR pathways and their alterations have strong application
prospects in cancer immunotherapy.

Some proteins with DDR deficiency represent potential bio-
markers for cancer immunotherapy in different types of cancers.
Besides, interactions between DDR pathway and TME make it
tempting to combine DDR-related therapies and immunotherapy
to treat cancer. Given that explaining the efficacy of the combined
strategy (DDR inhibitor/ICI immunotherapy) is complex, some
biomarkers are being explored to predict patients’ response. For
example, a NanoString-based method was developed as a pre-
dictive biomarker through detecting expression of interferon
genes'”’. In addition, preclinical immunocompetent models are
also needed to evaluate the efficacy of the combination between
DDR inhibitors and immunotherapies. Moreover, novel therapies
have also been developed. For example, the manganese-based

nanoactivator [doxorubicin (DOX)-loaded and phospholipid
(PL)-coated hybrid nanoparticles] can optimize cancer immuno-
therapy through inducing DNA damage and increasing innate
immunity'". Thus, developing novel therapeutic strategies based
on DNA damage and repair may be very potential for cancer
immunotherapy. Meanwhile, it is also challenging to seek ways of
potentiating the immune-promotive impacts of DDR pathways
while reducing immune-suppressive effects. Inhibiting immune-
suppressive effects through flexibly using adjuvant therapies for
immunotherapy in DDR-altered tumors, or enhancing immuno-
genicity through using DDR inhibitors may represent promising
therapeutic approaches against cancers.
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