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Abstract

When cells proliferate, stress on DNA replication or exposure to endogenous or external insults frequently results in DNA
damage. DNA-Damage Response (DDR) networks are complex signaling pathways used by multicellular organisms to
prevent DNA damage. Depending on the type of broken DNA, the various pathways, Base-Excision Repair (BER), Nucleotide
Excision Repair (NER), Mismatch Repair (MMR), Homologous Recombination (HR), Non-Homologous End-Joining
(NHE)), Interstrand Crosslink (ICL) repair, and other direct repair pathways, can be activated separately or in combination
to repair DNA damage. To preserve homeostasis, innate and adaptive immune responses are effective defenses against
endogenous mutation or invasion by external pathogens. It is interesting to note that new research keeps showing how closely
DDR components and the immune system are related. DDR and immunological response are linked by immune effectors such
as the cyclic GMP-AMP synthase (cGAS)-Stimulator of Interferon Genes (STING) pathway. These effectors act as sensors of
DNA damage-caused immune response. Furthermore, DDR components themselves function in immune responses to trigger
the generation of inflammatory cytokines in a cascade or even trigger programmed cell death. Defective DDR components
are known to disrupt genomic stability and compromise immunological responses, aggravating immune imbalance and
leading to serious diseases such as cancer and autoimmune disorders. This study examines the most recent developments in
the interaction between DDR elements and immunological responses. The DDR network’s immune modulators’ dual roles
may offer new perspectives on treating infectious disorders linked to DNA damage, including cancer, and on the development
of target immunotherapy.
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Introduction

A board interest in immune response defects caused by DNA
damage has emerged. An intimate relationship between
DNA damage and immune response provides novel insights
into understanding the progress of DNA damage-induced
diseases. The occurrence of DNA damage frequently causes
genomic instability and subsequent severe diseases [1, 2].
Notably, evidence showed that endogenous DNA damage
in steady-state occurs at a frequency of ~10'-10% per cell
per day [3, 4]. Nevertheless, the data may rise to 10*-10° per
cell per day following the exposure of genotoxic stress [5].
Therefore, the intricate pathways have been characterized
for identifying and repairing DNA damage, summarized
as the DNA-damage response (DDR) [6, 7]. Following
the rupture or mismatch of genomic DNA, the methylated
or oxidized bases, intra- and interstrand DNA crosslinks,
double-strand breaks, and protein-DNA adducts will occur
and then systematically elicit the DDR network. Overall,
at least seven distinct pathways may be activated solely or
combinedly to repair DNA damage depending on the types
of broken DNA, which are base-excision repair (BER)
[8], nucleotide excision repair (NER) [9], mismatch repair
(MMR) [10], homologous recombination (HR) [11], non-
homologous end-joining (NHEJ) [12], interstrand crosslink
(ICL) repair and other direct repair pathways [13]. Although
numerous genes are involved in the multiple complex
processes of DDR, some common programs are shared
among diverse repair pathways [14]. Firstly, the specific
DNA sensor proteins such as MRE11-RADS50-NBS1
(MRN) complex recognize the aberrant DNA and signal to
cell cycle checkpoint and DNA-damage checkpoint kinases.
These kinases are activated to induce cell-cycle arrest and
recruit other DNA-binding proteins to form the DNA repair
complex. The local context of the DNA repair complex
then facilitates the activating of endogenous DNA ligase,
including DNA polymerase 3 (POLf), DNA ligase II, and
DNA ligase IV, to fix the damaged DNA [14].

The innate immune responses are the first defense against
cellular abnormality in mammalian cells [15]. Cellular
innate immune responses are commonly initiated by sensing
aberrant cytosolic DNA. Following the sensing step, the
cytoplasmic receptors/adaptors are activated to induce the
downstream signaling transduction. Various kinases are
subsequently recruited and promote the transcription of
cytokines, including the multifunctional interferons (IFNs)
and pro-inflammatory cytokines [16]. These cytokines then
induce the expression of immune effector genes or directly
activate intrinsic immune cells to eliminate the insults [17].
The adaptive immune response resists foreign pathogens
and tumorigenesis in a long-lasting way. The accumulation
of tumor-associated DNA damage activates certain innate
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immune effectors, participating in DDR and thus regulating
adaptive antitumor response [18, 19].

This review focuses on the crosstalk between DNA
damage and immune response. Identification of the
intimate relationship between DDR and immune response
will enlighten the potential therapeutic manners for severe
diseases, including tumors and infectious diseases.

Overview of DNA-damage responses

DNA damage originating from endogenous toxic factors
occurs through several mechanisms. Abortive DNA
topoisomerase I and II activity and random DNA mismatches
produced during DNA replication are two physiological
mechanisms that may lead to DNA aberrations and DNA
strand breaks [14]. DNA-base lesions, another frequent
kind of DNA damage, are produced during hydrolytic
and non-enzymatic methylations. Byproducts of oxidative
respiration, redox-cycling processes, and Fenton reactions
generate reactive oxygen molecules that may cause DNA
damage [5]. Macrophages and neutrophils in the context of
inflammation and infection also create reactive oxygen and
nitrogen compounds, assaulting DNA base-pairing, causing
base loss and single-strand breaks (SSBs) [20]. Double-
strand breaks (DSBs) are also generated when two SSBs
emerge in proximity or the DNA-replication machinery
comes across an SSB or other lesions [2]. Although DSBs
are not as common as other DNA lesions, all types of DNA
damage are exceedingly toxic and difficult to heal. Notably,
viral or bacterial infections also unexpectedly caused DNA
damage by hijacking pivotal cellular signaling pathways.

Ultraviolet light (UV) is the most significant exogenous
factor that induces DNA damage [21]. UV-A and UV-B
in bright sunshine cause up to 100,000 DNA lesions in
an exposed cell in just one hour [14]. Similarly, ionizing
radiation (IR), like uranium decay, induces severe DNA
damage, including DSBs. Aside from natural radiation, the
artificial radioisotopes original from cancer radiotherapies,
such as iodine-131 or technetium-99m, provoke DNA
damage even in noncancerous tissue [22]. Moreover,
genotoxic DNA-damaging chemicals derived from
contaminated foods or drinking water byproducts, such as
aflatoxins and heterocyclic amines, also threaten genomic
DNA integrity.

Therefore, the timely and effective repair of broken DNA
is indispensable in maintaining genome stability. Cells have
evolved DDR networks to identify and repair DNA lesions
(Fig. 1). The BER and NER pathways participate in the
repair of single-strand DNA damage. The HR, NHEJ, and
FA pathways function in both single-strand and double-
strand DNA repair. Despite the powerful and sophisticated
DDR network, abnormalities in DDR systems occur
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Fig.1 Schematic diagram of DNA-damage response pathways.
The integrity of the genome is constantly challenged by genotoxic
factors (e.g., inheritance, endogenous reactive oxygen species, DNA
replication stresses, or topoisomerase poisons) or exogenous insults
(e.g., genotoxic drugs, irradiation, environmental pollutions, or
pathogens invasion) that inducing DNA-damage. Accumulation
of damaged DNA consequently induces genomic instability. The
intricate pathways have been characterized for identifying and
repairing DNA damage, summarized as the DNA-damage response
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(DDR). Overall, at least six distinct pathways may be activated
solely or combinedly to repair DNA damage depending on the types
of broken DNA, which are base-excision repair (BER), nucleotide
excision repair (NER), mismatch repair (MMR), double-strand breaks
(DSBs) repair including homologous recombination (HR) and non-
homologous end-joining (NHEJ), interstrand crosslink (ICL) repair
and direct repair pathways. Intriguingly, although numerous genes are
involved in the multiple complex processes of DDR, some common
schedules are shared among diverse repair pathways
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occasionally and lead to many severe diseases. Here, the
known details of DDR pathways are briefly described below.

DDR of single-strand DNA break
Base-excision repair (BER)

Single-strand DNA damage from mismatch and insertion/
deletion loops activate exquisite single-strand repair. The
BER fixes the single-strand DNA damage with none or
a slightly distorted DNA helix [23-25]. BER pathway
mainly responds to oxidized and alkylated DNA bases
[26]. Although the extent of damage that triggers BER
remains debated, several “common steps” of BER have been
described. Briefly, a damage-specific glycosylase scanning
and removing the corrupted base initiate the BER pathway.
Following the cutting step, the apurinic—apyrimidinic (AP)
site occurs in the damaged strand, giving rise to the binding
of AP endonuclease and a phosphoribosyl-lase [8]. These
enzymes catalyze removing the damaged nucleotide to
generate suitable ends for a DNA polymerase.

Consequently, the DNA polymerase enables the addition
of the correct nucleotide to the incision under the guidance
of the opposite strand before the DNA ligase finally seals the
entire backbone. Notably, the BER contains two distinct sub-
pathways: short-patch and long-patch [27]. The activation
of the short-patch pathway induces rapid fixation of single-
base DNA damage during the G1 phase, and the long-
patch pathway performs to install two to eight nucleotides
surrounding the AP-site during S or G2, which is more time-
consuming than short-patch [28].

Five major components are involved in the BER
pathway according to the types of damaged DNA: the DNA
glycosylase, the AP endonuclease, the DNA polymerase,
the DNA ligase, and the other functional partner proteins.
DNA glycosylase is the leading part of the BER pathway
that initiates the repair process [29, 30]. At least 11 distinct
DNA glycosylases are recognized [31]. The known DNA
glycosylase varies in recognizing and consequent handling
process of oxidative stress products like 7,8-dihydro-8-
oxo-2'-deoxyguanosine (OG). For example, human mutT
homolog 1 (MTH1) restrains OG incorporation into the
DNA strand by hydrolyzing dOGTP and wiping it out
from the nucleotide pool [32]. The mutY DNA glycosylase
(MUTYH) and the human 8-oxoguanine DNA N-glycosylase
1 (hOGG1) excise inappropriate A in OG:A base-pairs and
OG in OG:C base-pairs, respectively [8]. More details of
DNA glycosylase are well-demonstrated in previous reviews
[8, 31, 33, 34]. Following the scanning and exciting step,
the AP endonuclease (for example, the APE1) replaces the
DNA glycosylase in the incision and recruits the specific
DNA polymerase 3 (pol p) to fill the gap with the correct
nucleotides according to the complementary strand in the
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damaged sites. The pol p then attracts DNA ligase III (LIG
3) with the help of the X-ray repair cross-complementary
gene 1 (XRCC1) scaffold protein to promote the polymerase-
ligase interaction. The LIG3 seals the fractured DNA strand
and disassociates from the working area afterward. The
schematic of the BER pathway and the major components
in mammalian cells are shown in Fig. 1.

Nucleotide excision repair (NER)

As another strong strategy to repair single-strand DNA
damage, the nucleotide excision repair (NER) pathway
activates to deal with helix-distorting DNA lesions. Two
NER pathways have been identified in mammalian cells:
global genomic repair (GGR) and transcription-coupled
repair (TCR) [35]. As shown in Fig. 1, GGR and TCR
distinctly activate the NER pathway in transcribed or non-
transcribed genomic regions, respectively. The partner
protein Cockayne syndrome A (CSA, also known as
ERCCS) and CSB (also known as ERCC6) ubiquitylation the
C-terminal domain of RNA polymerase II, which arrested
in the damaged coding region and initiated the normal
NER through GGR signaling [36, 37]. On the other hand,
DNA damage-binding 1 (DDB1) and DDB2 are recruited
in the non-transcribed region to be detected by xeroderma
pigmentosum (XP) group E (XPE) in a TCR manner.

The functional components presenting in the normal
NER pathway include six core factors. The recognizing and
incision process is realized by heterocomplex consisting
of the XPA protein, the single-strand DNA binding
heterocomplex replication protein A (RPA) [38], the XPC-
human Rad23 proteins B(hHR23B) complex [39], the 6-9
subunit TFIIH complex [40], and two nucleases, the XPG
and the heterodimeric excision repair cross-complementing
gene 1 (ERCC1)-XPF [41]. Afterward, XPB and XPD
unwind the DNA helix and allow the XPG and ERCCI-
XPF to access the damage site to cut off a 24- to 32-residue
oligonucleotide. After that, the DNA polymerase d or €
(POL®&/¢e) and a DNA ligase (LIG1) come across to pad
the gap and seal the strand [42]. Although the precise
mechanisms of NER recognizing patterns remain vague,
accumulating evidence has shown that NER pathways’
components are associated with other cellular signaling
pathways, such as the innate immune response pathways.
The details of related insights will be further discussed
below.

DDR of double-strand breaks
Homologous recombination (HR)

Homologous recombination (HR) is one of the primary
DDR pathways for repairing DSBs in DNA. The HR
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pathway generally works during the S and G2 phases due
to the specific template donor for repairing the sister-
chromatid sequences. Therefore, the HR repair of DSBs is
highly reliable compared to other DDR pathways commonly
described as error-free repairing.

Unlike single-strand DNA faulty, repairing DSBs begins
with flexible resection of the dsDNA into ssDNA with
3'-OH terminals. The nuclease heterocomplex MRE11-
RADS0-NBS1(MRN) facilitates the incision and recruits the
ataxia telangiectasia-mutated (ATM) to facilitate it separate
from homo-dimers to monomers [43]. ATM belongs to the
phosphatidylinositol 3-kinase (PI3K)-like kinase (PIKK)
family and activates various downstream cascades. Several
intermediate proteins also form repair foci during the initial
step through diverse mechanisms. Among them, RADS51
binds to the ssDNA to create right-handed helical filaments,
which serve as nucleoprotein scaffolds for the subsequent
repair [44]. RADS51 mediates the scanning of the homology
template donor and strand invasion of a homologous duplex
to form a displacement loop (D-loop) [45].

In contrast, the ssDNA-binding protein RPA competes
with RADS1 against the forming filaments. Besides, breast
cancer susceptibility proteins (BRCA) 1/2 and some other
nuclease may also participate in the resection step [46].
After the ssDNA filaments generation and ATM activation,
a cascade of downstream effectors, including DNA helicase
RecQ Like Helicase (RECQL) 1/4/5, DNA nuclease bloom
helicase (BLM)/Werner protein (WRN) [47], and DNA
ligase are activated to execute the strand invasion, DNA
ligation, and substrate resolution in a relatively slow rate.
Especially, the checkpoint kinase 1/2 (CHK1/2) and histone
2A (H2A) phosphorylation (termed as yYH2AX) are also
regulated by ATM during the HR process, which inhibited
the activation of cyclin-dependent kinase 1 (CDK1) to arrest
the cell cycle by regulating S/M phase and blocking G2/M
transition [48].

Non-homologous end-joining (NHEJ)

Compared to the HR, NHEJ repairs DNA-DSBs more
efficiently but imprecisely during the entire cell cycle
phase. Complex regulatory mechanisms control the decision
between the NHEJ and HR pathways, influenced by the
conflict between p53-binding protein 1 (53BP1), which
favors NHEJ [49], and BRCA1, which supports HR [50].
The methylation of histone H4 in the DSB site recruits
53BPI1, thus preventing the MRN complex, C-terminal
binding protein 1 interacting protein (CtIP), and BRCA
1 from cutting DNA ends. The Tip60, on the other hand,
prevents 53BP1 recruitment and encourages BRCAI
occupancy to perform HR after histone H4 acetylation [51].
BRCAL1 and other proteins that control the cell cycle, such

as cyclin-dependent kinases (CDK), are also crucial for
determining the best pathway for repairing DNA damage
[52].

Although several sub-pathways have been elucidated
during the NHEJ process, the common steps are briefly
divided into two manners. In the canonical NHEJ (cNHE)),
the collapsed DNA strands are firstly detected by lupus
Ku autoantigen protein (Ku) protein (mainly ku70-ku80
heterodimer), which recruits DNA protein kinase C (DNA-
PKcs) to form a DNA-PK complex with DNA [53].
DNA PKcs then recruit and activate nuclease Artemis,
polynucleotide kinase phosphorylase, and other DNA
polymerases to further generate the repairing foci. Then,
the XRCC4/DNA ligase IV is stimulated to re-connect the
break [54, 55]. The other type of NHEJ is designated as
alternative NHEJ (aNHEJ), independently initiating aside
from the Ku complex. In addition, the alternative NHEJ
pathway takes advantage of the DNA polymerase 6 (Pol
0 or POLQ), DNA ligase III, XRCC1, and PNK to deal
with chromosome abnormalities, including translocations,
deletions, and inversions [56].

DDR of inter-strand crosslinks (ICLs)

Repairing interstrand crosslinks (ICLs) involves another
DDR pathway, such as NER and HR. At least twenty-
two “FANC” proteins in the Fanconi anemia (FA) family,
including BRCA1, regularly start and facilitate the ICL
repairing process [57]. The WRN protein may also play a
role in stabilizing the structure of DNA replication forks,
which is then cleaved by Mus81-EME] to produce a one-
ended double-strand break [58]. DNA opposite is further
created by trans-lesion synthesis. The consequent unhooking
of the covalently bound crosslink requires NER [59]. During
the mitosis of mammalian cells, HR components stabilize
and reset the collapsing fork, enabling the DNA replication
to continue.

DDR of mismatch and other types of abnormal DNA

In addition to severe breaks, other faulty DNAs occur due
to error-prone DNA polymerases, unstable replication forks,
and other endogenous and exogenous assaults. The base pair
mismatch, including insertion and deletion during the DNA
replication, is generally fixed by the mismatch repair (MMR)
pathway, which mainly depends on DNA mismatch repair
proteins. Briefly, the heterodimer Mutator So (MUTSa,
consisting of Mutator S homolog 2 and Mutator S homolog
6) and Mutator SP (consisting of Mutator S homolog 2 and
Mutator S homolog 3) sense the deletion, insertion, and
mismatch site on the DNA strand. Afterward, the Mutator
L (MutLa) [MLH1/postmeiotic segregation increased 2
(PMS2)] or MutLp (MLH1/MLH3) cleave the lesion site.

@ Springer



185 Page 6 of 22

J.Tong et al.

Then, exonuclease 1 (Exol) decays the mistake nucleotides
before the DNA ligase I joins the single-stranded DNA gap
[10]. Furthermore, mammalian cells utilize a single-step
repair to avoid thymine or guanine alkylation induced by G:C
to A:T transitions or strand breaks. The O®-methylguanine-
DNA methyltransferase (MGMT) only cut the alkyl groups
from the aberrant nucleotides [60].

Overview of DDR components: ATM, ATR
and DNA-PK

ATM, ATR, and DNA-PK recruitment and activation at the
DNA-damage site are the core roles in DDR [61]. Precise
regulation of ATM, ATR, and DNA-PKcs is necessary
to avoid toxic DNA repair, cell-cycle arrest, aging, and
apoptosis due to inappropriate activation. Protein co-factors
are essential for the steady recruitment of these three
kinases to DNA damage sites; for example, DNA-PKcs
need Ku70/80, ATR needs ATRIP, and ATM needs NBS1.
Interestingly, NBS1, ATRIP, and Ku80 all share a similar
C-terminal motif required for PIKK binding via interactions
with the PIKK HEAT repeat. Therefore, a common rule may
exist for their recruitment, even if each kinase requires a
distinct component.

Remarkedly, the depletion of these three kinases results
in the over-activation of immune responses, indicating their
modulatory role in the immune signaling pathway. For
example, ATM inhibition or depletion commonly results
in higher sensitivity to cGAS—-STING-mediated IFN-I
production in inflammatory disease and tumorigenesis [62,
63]. In line with ATM alone, inhibitors’ attenuation of the
ATM/CHK?2 axis stimulates STING-dependent immune
response in ARID1A-deficient tumors [64]. Additionally,
ATR may also play multifaced roles in IFN signaling
pathways, either positively regulating the expression of IFN
[65] or abolishing the signaling transduction of IFN pathway
[66, 67]. Combining ATR and PARP inhibitors potentiates
the cell death of ATM-deficient cancer cells, which may
benefit immunotherapy treatment [61, 68]. Therefore, the
auto-phosphorylase in the DDR network may be the target
of antitumor immunotherapy.

The regulation of innate immune sensors

by DDR components

The cytosolic DNA sensors

cGAS

cGAS catalyzes the formation of cGAMP and comprises a

heterocomplex with cGAMP to signal the cytosolic adaptor
STING activation, which subsequently initiates IFN-1
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production, inflammation response, or programmed cell
death pathways [69, 70]. cGAS responds to endo-/exogenous
stress-induced mtDNA or genomic DNA fragments leakage
from nucleic and pathogens-derived dsDNA, ssDNA,
and RNA-DNA hybrids [71, 72]. Remarkedly, cGAS
translocation into the nucleus and response to dsDNA
arrested in cytoplasmic micronuclei facilitates its possible
crosstalk with DDR components (Fig. 2).

Previous studies indicated that cGAS normally closely
couples with histones 2A and 2B to prevent the catalyzing
of nucleosomal DNA during cell mitosis [73-75].
Nevertheless, cGAS has been found to directly suppress
DNA repair [76, 77], mechanistically in tumorigenesis
by directly binding cGAS to DDR components inside the
cell nucleus. Following DNA damage, cGAS binds to
and forms a complex with Poly-ADP-ribose polymerase 1
(PARP1) [78]. Further research indicated that cGAS enables
interaction with another complex composed of the long non-
coding RNA NEATI, the hexamethylene bis-acetamide-
inducible protein 1 (HEXIM1), DNA-PK, and paraspeckle
factors, which are termed HDP-RNP, inside the nucleus. The
interaction between DDR components and cGAS activates
the downstream signal of cGAS. Additionally, the activation
of cGAS/STING during tumorigenic transformation has
also been associated with another fork-processing nuclease,
Mus81, in the therapeutic of CINII-stage prostate tumors,
suggesting a causal relationship between cGAS sensing
and DNA repair [79]. Whereas, as a cytosolic residence,
more evidence of intra-nuclear cGAS interacting with DDR
components remains to be elucidated.

DDR components mediating cytosolic dsDNA
accumulation will inevitably affect the sensing of self- and
non-self-DNA by cGAS. For instance, the abrogation of
BRCA1-PALB?2 interaction in hepatocellular carcinoma
(HCC) cells potently induced mtDNA leakage into the
cytoplasm to be sensed by cGAS [80]. Therefore, many
DDR components are supposed to play negative roles in
regulating cGAS-associated innate immune response.
In some cases, the negative role of DDR components in
regulating cGAS sensing might protect the cells from
unfavorable activating of inflammatory responses to self-
DNA. For example, the ER-anchored three prime repair
exonuclease 1 (TREX1) degrades ssDNA, thereby protecting
the cGAS hyperactivation in sensing self-DNA [81].
TREX1 deficiency contributes to autoimmune diseases like
Aicardi—Goutieres syndrome (AGS) [82].

On the contrary, some DDR components capable of
cutting DNA may positively regulate the cGAS sensing
process [83]. Aside from dsDNA, the short single-
stranded DNA (ssDNA) or RNA-DNA hybrids occurring
in cytoplasm induced by RPA-RADS51 knockdown
or FANCD2 abrogation also causes IFN-I expression
depending on cGAS activation [84, 85]. In HEK293T
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universal dsDNA sensor that catalyzes the formation of cGAMP
and comprises a heterocomplex with cGAMP to signal the cytosolic
adaptor STING activation, which subsequently initiates IFN-1
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cells, the sterile alpha motif and HD domain-containing
protein 1 (SAMHDI1) activate the MREI11 to exert the
ATR-CHKI1 restarting DNA replication forks, thereby
inhibiting the ssDNA fragment from being released from
nucleic and sensed by cGAS [86, 87]. RNA-DNA hybrids
also act as the substrates of cGAS. Deleting endonuclease
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pathways. Several DDR components also participate in the STING
and its downstream signaling pathways. Except for cGAS, other
cytosolic DNA sensors like the DDX family, DAL, or IFI16 have
also been found to associate with DDR components. Moreover,
considering the nuclear location of cGAS, certain DDR components
may interact with cGAS inside the cell nucleus, which indicates a
potential role of cGAS in regulating the DNA-damage repairing
process

XPG and XPF increases the accumulation of R-loop-
originated cytoplasmic RNA-DNA hybrids, which
ulteriorly stimulate the cGAS activation [88]. BRCA1
plays a similar role in activating the cGAS dependent-
IRF3 pathway by regulating the amounts of cytoplasmic
RNA-DNA hybrids in HeLa cells [89].
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In severe cases of genotoxic virus infection, DDR
networks are induced to maintain genomic stability.
Therefore, cGAS communicates the DDR to antiviral innate
immune response via sensing of virus-derived DNA [90].
Some DNA viruses elicit DDR to arrest the cell cycles to
facilitate viral genome synthesis [91]. In other cases, the
virus interferes with DDR pathways to induce programmed
cell death. The dead cells provide high efficiency of the
offspring virus’ release [92-96]. Many other RNA viruses
have also been found to impose cytosolic DNA leakage
and activate the cGAS-STING pathway afterward. For
example, in norovirus-infected cells, host genomic DNA or
mtDNA was accumulated in the cytoplasm, which ensures
the activation of the cGAS—STING pathway to induce the
IFN-pB expression [97]. DDR may be the intermediator of
virus-induced innate immune responses in these contexts.

Micronuclei maintain cytosolic DNA and serve as the
immuno-stimulator of the cGAS/STING pathway under the
control of cell-cycle progression [98, 99]. Previous studies
implied that the DDR components regulate cGAS activation
through micronuclei intermediating. For example, inhibition
of ATR by M6620 significantly induces lung cancer cells
harboring more than two micronuclei, eliciting cGAS-
micronuclei interacting to activate immune responses and
partially enhance the responses to immunotherapy [100].
Depletion of ATR [101] or BLM-RECQL also strengthens
the cGAS-containing cytoplasmic micronuclei forming,
indicating these DDR components might obstruct the cGAS
sensing pathway [102]. BRCA2 deficiency induces a high
frequency of stalled DNA replication forks that enhance
the number of cGAS-positive micronuclei, consequently
provoking a cascade of inflammatory cytokine expression
[103]. Similar results have been found in DNA polymerase
0 (POLQ) knockdown BRCA2-deficient pancreatic ductal
adenocarcinoma cells [104]. However, the latest solid
research has indicated that the chromatin bridges serve
as the direct and strong stimulators of cGAS rather than
micronuclei [105]. Therefore, there may exist multiple sub-
cellular structures in communicating DDR network to cGAS
activation.

STING

STING is the cornerstone of cGAS-induced immune
signaling pathways [106]. Canonically, cGAS catalyzed
the formation of cGAMP and facilitated cGAMP binding
to STING. The interaction of cGAMP and STING
liberates the carboxyl terminus of STING to recruit and
phosphorylate TBK1 and IFN regulatory factor 3 (IRF3).
Nuclear input of phosphorylated (pIRF3) enables it to act
as the transcriptional activator of IFNs through binding to
IFN promoter and induces the expression of IFNs and the
subsequent IFN stimulated genes (ISGs) [107]. DDR factors
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intersect with STING to induce innate immune responses
in various cells (Fig. 2). For example, ATM depletion
makes cancer cells more sensitive to ATR inhibitors or
DNA damage, which ensures high levels of IFN expression
dependent on the cGAS—STING signaling pathway. In
preclinical models, STING signaling in DCs was triggered
by oxidized mtDNA generated from radioactively treated
cancer cells employed as vaccines and was essential for
inducing antitumor immune responses [108]. Furthermore,
cGAS-STING signaling was imperative in immune response
activation following ionizing radiation-induced mtDNA
leakages [108—111].

In other cases, STING may respond to cytosolic DNA
sensors other than cGAS (Fig. 2). For example, the
PARP-ATM-IFI16 axis could activate STING to induce
IFNs production [112]. Likewise, Mus81 interacts with
STING and boosts the expression of IFNs independent of
cGAS [79, 113]. Moreover, Manganese chloride induces
oxidative DNA damage in neurons and other human
cells [114, 115]. STING-dependent IFN-I expression in
manganese (Mn) treated HEK cells strongly depends on
the interaction between DDR kinase ATM instead of cGAS
[116]. Other DDR components that interact with STING
include DNA-PK and Ku70 [117, 118]. These evidences
imply STING is a crucial mediator in the DDR network.

Toll-like receptors (TLRs)

Another group of cytosolic DNA sensors participating in
intrinsic immune response has been known as Toll-like
receptors (TLRs). TLRs recognize dsDNA and generally
activate to elevate inflammation response and programmed
cell death, including autophagy against cellular insults.
When DNA damage occurs due to oxidative stress, certain
components of the DNA damage response (DDR) may
influence the expression of TLRs, hence regulating cellular
inflammatory responses (Fig. 4). TLR2 stimulates the
signaling transduction of myeloid differentiation primary
response protein 88 (MyD88) to activate the NF-xB
pathway. In breast cancer cells, TLR2 has been found to be
associated with the high-mobility group box 1 (HGMB1) to
facilitate anti-tumor immune responses [119, 120]. TLR9
is often responsible for detecting dsDNA that is found in
endosomes [121]. TLR9 also responds to other specific
types of DNA, such as mitochondrial DNA, including
damage-associated molecular patterns (DAMPs), leading
to the release of IL-8 in human neutrophils. Blocking of
OGG1 also enhances the ability of TLR9 to detect mtDNA
[122]. Deficiencies in TLR2 and TLR4 also can hinder the
efficacy of DDR by decreasing the expression of OGG1 in
chondrocytes, suggesting that OGG1 may also play a role
in the TLR2/TLR4 signaling pathway [123]. Additionally,
PARP-1 functions as the regulatory factor that promotes
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the activation of TLR4 via restraining the activity of sirtuin
1 (SIRT1) [124-127]. Moreover, knocking down DNA-
PKcs impairs the expression of TLR1, TLR3, and TLR8
in RAW264.7 cells via modulating the activity of their
promoters [128], indicating an intimate interaction between
TLRs and the DDR network.

DEAD-box (DDX) RNA helicase family

In mammalian cells, members of the DEAD-box (DDX)
RNA helicase family have bound to DNA through their
DEAD domain and induce IFNs production via the
STING-TBKI1-IRF3 pathway [129, 130]. Meanwhile, some
DDX proteins also function in preserving genomic DNA
integrity and DDR signaling pathways [130, 131]. Although
no evidence has shown the direct activation of DDX family
proteins in the context of DDR, as crucial cytosolic DNA
sensors, DDX41 and DDX1may bind to the micronuclei
DNA or DNA: RNA hybrids upon the defective DDR,
therefore activate the IFN responses [132—137].

Other cytoplasmic DNA sensors

A great deal of work has gone into trying to figure out
how DNA damage triggers signaling cascades. One of the
possible cytosolic DDR sensors was identified as a DNA-
dependent activator of IRFs (DAI, sometimes referred to
as Z-DNA binding protein, ZBP-1). DAI binds to several
types of cytoplasmic DNA to activate IFNs production via
the TBK1-IRF3 axis, which makes it necessary for the
response of endogenous aberrant DNA [138]. Significantly,
a recent study showed that ZBP-1-RIPK3 signaling that
caused T cell necroptosis is stimulated by knocking
down RPAI, suggesting that ZBP-1 may function as a
positive sensor for DNA damage [139]. Retinal pigment
epithelial cells consistently expressed significant levels
of ZBP-1 in response to oxidative stress-induced mtDNA
accumulation [140]. The ZBP1-MLKL necroptotic cascade
in radiation-damaged tumor cells caused cytoplasmic DNA
to accumulate, which in turn stimulated the cGAS-STING
signaling pathway, creating a positive feedback loop that
perpetuates inflammation [141]. Numerous studies have
suggested that various cytosolic DNA sensors convey DNA
damage information to immune responses that rely on
complex mechanisms.

The nuclear DNA sensors

DNA damage and the ensuing DDR in the nucleus
may increase the likelihood that DDR components will
encounter nuclear-resident immune sensors. Nonetheless,
a small body of work has shown that nuclear DNA sensors
react to damage to genomic DNA. cGAS is one of the

important immunological sensors found in the cell nucleus.
Histones 2A and 2B can be bound by cGAS during cell
mitosis, as previously mentioned. On the other hand,
cGAS will be triggered and cause signal transduction
of the STING-IRF3-IFN pathway if the histone DNA is
fragmented or damaged. The cGAS activation in this scene
has been found to be regulated by PARP, HDP-RNP, and
Mus81.

Absent in melanoma 2-like receptors (ALRs)

By detecting dsDNA in the cytoplasm of cells, the pyrin
and HIN domain-containing missing in melanoma 2 (AIM2)
protein functions as a potent activator of the inflammasome
to trigger IL-1f and IL-18 secretions. It has been discovered
that AIM?2 directly detects DSBs within the nucleus to cause
intestinal epithelial cells and bone marrow cells to die in a
caspase-1-dependent manner [142, 143]. Because of their
structural similarities, several proteins in the AIM2-like
receptor (ALR) family are assumed to serve as frequent
intracellular DNA sensors that initiate the innate immune
response. Due to the better effectiveness of DNA-damage
response, mice and cells lacking ALRs are more resistant to
the genotoxic effects of chemotherapy and ionizing radiation
[142, 144]. Nuclear ALRs attach to chromatin, preventing
DNA repair machinery from reaching the damaged location
and encouraging self-oligomerization, which compacts
the chromatin [144]. ALRs may be a therapeutic target
for illnesses caused by DNA damage because they may
interact more directly than other DNA sensors with DDR
components, particularly in the nucleus [145]. Additionally,
by activating caspase 1 and cleaving pro-IL-1p and
pro-IL-18 to generate IL-1f and IL-18, respectively, ATM
and DNA-PKcs support AIM2 inflammasome activation
[146, 147]. In fact, because ATM dysfunction causes
improper inflammasome production, it compromises innate
immune responses [ 148].

Interferon inducible protein 16 (IFI16)

IFI16 is another nuclear DNA sensor that reacts to damage
to DNA. IF116 is a member of the PYHIN family, which
includes other members that are involved in DDR pathways
and cell-cycle regulation. IFI16 is largely recognized as
an immune stimulator by nuclei sequence-independently
inducing the inflammasome pathways by recognizing virally
generated dsDNA [149]. DNA-PK directly phosphorylates
IFI16 at T149 in HSV-1-infected fibroblasts, and both
phosphorylation events combined trigger the production of
IFN-B [150, 151]. However, it is yet unclear if DNA-PK
influences IFI16’s ability to detect viral DNA. It is
noteworthy that IFI16 is thought to respond to genomic
DNA damage by downregulating DDR components and
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triggering the production of IFNs or cytokines. With IFI16,
both ATM and PARP-1 are connected. Following etoposide
therapy, ATM stimulates the binding of IFI16 to p53 and
additionally encourages the heterodimer translocation into
the cytoplasm, hence inducing the production of STING-
dependent cytokines [112]. It was demonstrated that PARP-1
improves the IFI16-p53 interaction [152]. Additionally,
as the downstream signal of ATM-dependent cell-cycle
regulation, the IFI16-p53 complex interacts with BRCA-1
[153]. As with IF116, affinity purification-mass spectrometry
analysis links IFIX to DDR components [154]. After being
exposed to ionizing radiation, IFIX is exported from cell
nuclei and may help to activate immune responses [155].
Consequently, by directly controlling DDR components,
IFI16 or IFIX may act as a mediator between immunological
responses and DDR signaling pathways.

DDR components directly sensing DNA

The initial stage in DDR is typically to recognize and bind to
the DNA damage site. Sequence-independent mechanisms
allow DNA-damage sensors to directly initiate innate
immune signaling pathways either inside or outside of
nuclei.

MRN

MREI1 can function as a sensor to trigger innate immune
responses in addition to sensing DSBs. Together with
RADS50 and NBS11, MRE11 forms an MRN complex that
binds to cytosolic dsDNA and triggers STING-dependent
IFN-I expression [156]. Notably, RADS50 directly interacts
with CARD9 to promote pro-IL-1p production and NF-kB
activation in DCs, highlighting RADS50’s function in
immune responses [157]. Furthermore, MRE11 was solely
shown to sense mtDNA [158] and viral genomic DNA, such
as mice’s autonomous parvovirus minute virus [159].

DNA-PK

Similarly, when the DNA-PK complex, made up of
Ku70/80 and DNA-PKcs, binds to cytosolic dsDNA,
comprising self-DNA and DNA originating from microbes,
downstream STING-TBKI is activated to produce IFN-I
and inflammatory cytokines [160-162]. In particular,
Ku70 translocates into the cytoplasm, where it senses
DNA from cytosolic viruses to trigger the production of
IFN-A1, a Type-III IFN that IRF-1 and IRF-7 mediate
against viral infection [91, 117, 118]. It has been proposed
that STING functions as a downstream adaptor for the
Ku complex, which phosphorylates IRF3 to trigger IFN
transcription [117, 145]. Interestingly, DNA-PK stimulates
IFN-B production through the SIDSp pathway, which is
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independent of STING. DNA-PK detects the terminal of
transfected or virus-derived dsDNA, in contrast to the
patterns of cGAS sensing [161].

The cytosolic RNA sensors
RNA polymerase lli

It was previously established that RNA polymerase III, or
RNA pol I1I, is in charge of the transcription of short non-
coding RNA, such as U6 snRNA and tRNAs. According
to recent research, DNA: RNA hybrids are formed at the
DSB site during the HR process by RNA pol III synthesizing
the complementary RNA strand to the 3'-end redundancy
of broken DNA strands [163]. Interestingly, RNA pol III's
cytosolic version may function as RIG-I’s essential patterner
to trigger innate immune responses against viruses. RNA
pol Il initially identifies AT-rich ssDNA from DNA viruses
or bacteria mechanically. RNA pol III then initiates the
transcription process to synthesize 5'-pppRNA (Fig. 3).
RIG-I then seems to identify the 5'-pppRNA (AU-rich),
which causes the RIG-I-MAVS-TBK1-IRF3 pathway
to induce the production of IFN-p [164]. In several DNA
virus-infected cells, as well as possibly in RNA virus-
infected cells, RNA pol III has been shown to take part in
the antiviral innate immune response [165]. Thus, in the
context of viral infection, RNA pol III might serve as an
active mediator between DDR and the antiviral immune
response.

Retinoic acid-inducible gene | (RIG-I)-like receptors

Cytosolic dsSRNA or ssRNA is largely sensed by receptors
that resemble RIG-I (retinoic acid-inducible gene I).
Through the TRAF3-TBKI1-IRF3 signaling pathway,
RIG-I and MDAS signal to MAVS (also known as IPS-
1, VISA, and Cardif) to induce the production of IFN-I.
It has recently come to light that ionizing radiation and
chemotherapy damage mitochondrial DNA, leading to
double-strand breaks (mtDSBs) and herniations that result
in the release of mitochondrial RNA (mtRNA) into the
cytoplasm. Subsequent accumulation of mtRNA triggers
an immunological response that is dependent on RIG-I and
MAVS [166]. The most recent work has consistently shown
that the RIG-I-MAVS signaling pathway-driven mtRNA
leaking is caused by the chemotherapeutic medication
cisplatin [167]. These data imply that when DNA is
damaged, innate immune signaling is triggered via RNA
sensing pathways. As a result, the sensors of mtRNA and
cytosolic RNA are crucial mediators between the immune
system and DNA damage (Fig. 3).
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Fig.3 DDR components regulate cytosolic RNA sensors-dependent
IFNs and NF-xB signaling pathways. The cytosolic RNA sensors
(e.g., RIG-I and MDAS) signal to MAVS (also known as IPS-1,
VISA, and Cardif) and induce IFN-I production or NF-kB activation
through the TBK1-IRF3/7 signaling pathway. To date, The cellular
innate immune responses also have been implicated under the control
of DDR components via RNA sensors-dependent IFNs or NF-kB
signaling pathways. For example, the RIG-I or RNA polymerase 111
responds to mtRNA or viral-derived 5-pppRNA in the context of
DNA damage

The interactions between innate immune
signaling pathways and DDR network

Upon the DNA damage, diverse physiological responses
aside from DDR will be onset both in the nucleus and
cytoplasm, including immune signal transduction,
cell-cycle arrest, systematic inflammations, and even
programmed cell death. Among them, innate immune
responses are major effectors of DNA damage, which
also tightly connect to other physiological processes.
Demonstrating the sophisticated effectors of DNA-
damage-induced immune responses may deepen our
understanding of etiological factors in various diseases.

TBK1-IRF3 signaling axis

TBKI1 is a multifaced serine/threonine kinase protein
that is a member of the IKK family and is essential to the
pathway that produces IFN. TBKI1 can directly initiate
ATM autophosphorylation and trigger the subsequent DDR
activation in THP1 cells treated with cGAMP or primary
mouse embryonic fibroblasts without DSB formation [168].
Because pancreatic cells’ TBK1 activation is facilitated
by ATM inhibition, IFN production is increased [169].
Additionally, TBK1 activation mediated by Mn(2+) was
reduced by ATM inhibitors [170]. As a result, TBK1 may
play a significant role alongside ATM in the immunological
response linked to DDR (Fig. 2).

Intriguingly, a recent report indicated that cGAMP also
enables it to act as the stimulator of DDR depending on
STING-TBKI1 but not IFN-I expression. Mechanistically,
cGAS mediates the formation of cGAMP. After that, cGAMP
interacts with STING to activate TANK-binding kinase
1 (TBK1). Then TBKI1 elicits ATM autophosphorylation
and subsequent DDR signaling, which is absent of DSBs
formation in the entire process [168].

Tumor necrosis factor (TNF) receptor-associated
factor (TRAF)

When TLRs trigger TRIF activation, the tumor necrosis
factor (TNF) receptor-associated factor (TRAF) reacts
by escalating the NF-kB pathway and the release of
inflammatory cytokines. It has been discovered that upon
DNA damage, TRAF2, TRAF1, and TRAF3 all directly
identify and ubiquitylate the caspase-2 dimer to start
caspase-2-dependent cell death [171]. According to a
different study, ATM activated TRAF6 to attract cIAP1
and translocated to the cytoplasm in a calcium-dependent
way. In DSBs, NF-kB pathways were activated through the
phosphorylation of TAK1 through the ATM-TRAF6—IAP1
axis [172]. Furthermore, in a variety of cell types, TRAF4
directly binds to and stabilizes p53 in response to DNA
damage [173]. TRAFs may, therefore, play a key role in
how the NF-kB pathway reacts to DNA damage.
Furthermore, TRAFs play a complex role in DDR
regulation as a critical player in the TNF signaling pathway
and interact with numerous other proteins in varied signal
transduction. For example, when genotoxic stress-induced
DNA damage, TRAF2 and its partner TRAF-interacting
protein with forkhead-associated domain (TIFA) enhance
ubiquitination of NF-kB essential modulator (NEMO) to
activate the NF-xB pathway [174]. It has been discovered
that the TRAF interaction protein (TRAIP, often referred
to as TTRAP, TDP2) serves as a master regulator of DNA
ICL repair. The DNA replisome’s protein components
are mechanically ubiquitylated by TRAIP, enabling them
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to enlist NEIL3 in order to break the crosslink and carry
out the ensuing repair procedure. In this instance, TRAF’s
interaction with TRAIP may allow it to transmit the DDR to
the IFN signaling pathway [175]. Moreover, in chicken DT40
B lymphoma cells, TRAIP withstands DNA topoisomerase
II-induced chromosome breakage, suggesting that TRAIP
may be a therapeutic target for DNA damage-induced
cancer [176]. Furthermore, when genotoxic stress is applied,
TRAF family member-associated NF-kB activator (TANK)
facilitates the formation of a complex with MCPIP1-USP10
to reduce TRAF6 ubiquitination, hence suppressing IL-1R/
TLRs and NF-xB signaling cascade activation [177].

NF-kB signaling cascades

The transcriptional activator of serial inflammatory
cytokines, NF-kB, was engaged in a variety of cellular
biological operations [178]. Thus far, two distinct forms of
NF-xB signaling have been identified. Canonically, p5S0 (NF-
kB1)/p65 (RelA) translocates into the nucleus and binds to
the IFN or cytokine promoter sites. Nuclear translocation is
accomplished via p52/RelB but in a noncanonical manner.
The dimeric complex of NF-xB reacts to a range of stimuli,
such as TLRs, RLRs, and cGAS, and transmits signals
in response to the production of IFN-I and inflammatory
cytokines.

Notably, genotoxic stress is prevented by activating
NF-xB signaling through DNA damage, which protects
cells from genotoxic chemicals [179]. It has been shown
that DDR components control NF-kB signaling pathways
in relation to DNA damage. To cause the NEMO to go into
the cytoplasm, for instance, ATM phosphorylates it. The
cytosolic NEMO degrades the NF-kB inhibitor, IkBa, by
further activating the IKK complex. Thus, when DSBs
happen, the NF-kB complex is released to cause IFN-a and
IFN-A production in regulating ATM [180, 181].

However, the hyperactivation of the NF-xB pathway
could lead to the overexpression of inflammatory cytokines,
which would undermine hemostasis. DDR components may
modulate inflammatory responses to prevent local lesions.
Rat models of acute lung injury (ALI) have verified this.
By blocking the NF-kB pathway, PARP inhibitors shield
the ALI rat from inflammatory extravasation and prevent
cell malfunction and necrosis [182]. Therefore, through
interaction with the NF-xB pathway, DDR components
may function as immunological modulators in some immune
disorders (Fig. 4).

IFN-IFNR-JAK-STAT signaling pathway
The cytoplasmic domains of IFNAR1 and IFNAR2 allow

the trans-phosphorylation of JAK1 and tyrosine kinase 2
(Tyk2, one member of the JAK tyrosine kinases) following
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Fig.4 DDR components regulate NF-kB signaling pathways.
Although a few DDR components have been elucidated to be
involved in the NF-kB signaling pathway, the inflammation response
is extensively activated in the DNA-damage repairing process.
Therefore, the specific roles of DDR components in NF-kB signaling
pathway may be explored in the future

the attachment of IFNs to their cell membrane receptors,
IFNARI or IFNAR2. JAK1 and STAT1/STAT?2 function
as phosphorylases, allowing them to form a heterocomplex
with IRF9, the IFN-stimulated gene factor 3 (ISGF3)
complex. The IFN-stimulated response element (ISRE)
is then combined with ISGF3 upon translocation into the
nucleus to promote ISG production. It has been discovered
that JAK/STAT signaling pathways, which are the distinct
signaling route that reacts to IFN proteins, are involved in
a number of biological processes, including DDR pathways
(Fig. 5). The JAK/STAT axis primarily serves as an effector
of the immunological response generated by DNA damage,
in contrast to immune sensors. For instance, it has been
discovered that USP1-associated factor 1 (UAF1) and
ubiquitin-specific peptidase 1 (USP1) deubiquitinate the
proteins FANCD2, FANCI, and PCNA to control DDR.
The UAF1-USP1 association may be necessary for HCMV
UL138 to control pSTAT1 for virus genomic latency,
according to recent studies, raising the possibility that
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Fig.5 DDR components
regulate JAK-STAT signaling
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pSTAT may be an effector in virus infection-induced DNA
damage [183].

Interferon-stimulated genes (ISGs)

Many ISGs are actively expressed to participate in a variety
of biological processes, including DDR signaling pathways,
through the signal transduction of JAK—STAT. It has been
discovered that ISG15, a ubiquitin-like protein, interacts
with MRE11 inside the nucleus. Insufficient MRE11 causes
cytosolic dsDNA buildup, which is detected by cGAS and
causes the cGAS—STING signaling pathway to create
IFN-I. The released IFN-Is then trigger ISG15 expression.
Following that, ISG15 moves to the nuclei and becomes
concentrated around DNA replication forks. Replication fork
stalling, ATR activation, and genomic abnormalities are all
brought on by ISG15 depletion, suggesting that ISG15 may
be a regulator of the DDR process [184]. It has also been
discovered that BLM-RECQL restricts the synthesis of ISG

NUCLEUS

by targeting the cGAS—-STING-IRF3 signaling pathway
[102]. Interestingly, IFN-I also seems to reactivate cGAS
expression, indicating that it may function as an ISG and
complicating the relationship between DNA damage and the
innate immune response (Fig. 5).

The regulation of adaptive immune
responses by DDR

As a severe detrimental process, DNA damage also
systematically impacts immune cell function and
surveillance, further influencing the adaptive immune
response. The activation and maturation of antigen-
presenting cells, such as macrophages and dendritic cells
(DCs), initiate the systematic adaptive immune response.
Through the conjunction of major histocompatibility
complex (MHC) and T cell receptor (TCR), the naive T
or B lymphocytes are agitated to carry out cellular and
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humoral immunity. Compared with innate immune response,
adaptive immune actions beneficially provide long-lasting
protection against pathogens infection. Several investigators
have delineated that DNA damage is a versatile regulator
of T/B lymphocyte development and the APCs antigen-
presenting process. For example, ATM, ATR, and DNA-PK
are all involved in normal macrophage proliferation and
differentiation. Moreover, the noncanonical DDR induced
by recombination-activating gene 1 (RAG1) and RAG2-
mediated DSBs has also been reviewed to regulate B-cell
development and macrophage activation in various aspects
[185].

The roles of DDR in T and B cell development
and function

DDR is essential to the basic development of B and
T-lymphocytes. During the developing process,
programmed genome alterations such as chromosomal
V(D)J recombination, class-switch recombination (CSR),

and somatic hyper-mutation (SHM) appear to generate
diverse immunoglobulin (Ig) and T-cell receptor (TCR)
[186-190].

The V(D)J recombination mediating TCR genes
development and T cell maturation

Among them, chromosomal V, D, and J segments in
the coding regions combined to varying TCR genes
by inducing DSBs, eliciting NHEJ pathways [186,
190-192]. During the recombination process, the RAG1/
RAG?2 protein complex recognizes the V(D)J segments
and initiates the cNHEJ pathway to complete the
reprogramming [186, 191, 193, 194]. Moreover, ATM,
Ku complex, and XRCC/Lig 4 also functioned in the
V(D)J recombination process [192]. Therefore, the DDR
component mainly functions in V(D)J recombination
involved in T cell maturation via regulating the TCR gene
expression (Fig. 6).
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Fig.6 DDR participates in T/B cell development and the stimulation
of bone-marrow-derived cells. (1) DDR is essential to the basic
development of B and T-lymphocytes. During the developing
process, programmed genome alterations such as chromosomal V(D)
J recombination, class-switch recombination (CSR), and somatic
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hyper-mutation (SHM) appear to generate diverse immunoglobulin
(Ig) and T-cell receptor (TCR). (2) DDR may also be ignited in
activated macrophages due to the production of reactive oxygen
intermediates (ROIs) and reactive nitrogen intermediates (e.g., nitric
oxide, NO)
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DDR components regulate B cell maturation

The maturation of B cells is reported to require the V(D)J
recombination, CSR, and SHM. Although DNA-Pkcs may
have functional redundancy with other DDR apparatus in
DSBs repairing during lymphocyte development [192, 195,
196], a recent study showed that mutated DNA-PKcs (five
serine residues mutated to alanine residues in the S2056
cluster) in XI/f”~ mice hinder the lymphocyte development,
which may result from obstructive CSR efficiency
[195]. Another related study indicated that DNA-PKcs
phosphorylation at the T2609 cluster alters the cNHEJ to
aNHE]J during the CSR process [197].

Additionally, during CSR and SHM, MMR or BER
pathways are harnessed to assist the rearranging of Ig-heavy
chains in the differentiation of antigen-stimulated B-cells.
The latest study indicated that depletion of GEN1 and Mus81
abrogates the development and maturation of B-lineage
cells or impedes the generation of robust germinal centers
in early B-cell precursors and mature B cells, respectively
[113]. Hence, the depletion or deficiency of DDR
components yields severe failure in B and T-lymphocyte
development, which further induces severe diseases such
as B cell lymphomas [198-200]. Of interest, evaluating
expression patterns of DDR components may prognosticate
the manifestations of some lymphocytic diseases, such as
chronic lymphocytic leukemia [201-203] (Fig. 6).

The roles of DDR in the immune-stimulatory
capacity of antigen-presenting cells

As professional antigen-presenting cells (APCs), dendritic
cells (DCs) have been reported to intermediate the
adaptive immune response induced by DNA damage.
Dying tumor cells that have been treated with antitumor
chemicals or irradiations might release damage-associated
molecular patterns (DAMPs), which can be recognized and
phagocytosis by immature DCs (iDCs) via TLRs (a process
called efferocytosis) [204—206]. The iDCs then conduct the
immunoproteasome activation to deliver the tumor antigens
on the major histocompatibility complex (MHC) displayed
on the cell surface. Pro-inflammatory cytokines, such as
IL-12 [207], promote the maturation of monocyte-derived
DCs (mMO-DCs) to eventually deliver the tumor antigens to
CD8™ T cells in tumor-draining lymph nodes, which prime
the formation of tumor-specific cytolytic T cells (CTLs)
and the subsequent antitumor adaptive immune responses
[208-210]. Additionally, depletion of IFNAR1 hindered
the UVB-induced CD4* T cells in mice [211]. Of interest,
extending beyond mere tumor antigens, DDR components
may also mediate the maturation of DCs in the context of
DNA damage [156, 171]. For example, irradiation promotes
the maturation of mMO-DCs through phosphorylation of

NEMO, which heavily depends on ATM activation [212].
In ATM-deficient tumor cells, DNA-damage agent PBD
SG-3199, resulting in IFN-I and the ISGs expression, is
responsible for the maturation of DCs [62]. The cross-
priming capacity of tumor-infiltrating dendritic cells (TIDC)
in irradiation-treated mice depends on IFN-f autocrine
[213]. Recent research demonstrated that photons, protons,
and carbon ions irradiation of CD14-positive DCs have
negligible effects on phenotypes, phagocytosis, migration,
and IL-12 secretion capacity of both iDCs and mMO-DCs
[214]. Therefore, combining irradiation and cytokines may
increase the DCs maturation through immune signaling
pathways in the background of DNA damage.

In addition, DDR may also be ignited in activated
macrophages due to the production of reactive oxygen
intermediates (ROIs) and reactive nitrogen intermediates
(e.g., nitric oxide, NO). In bone marrow-derived
macrophages (BMDMs), ROIs directly elicit DDR with
the help of functional ATM without DSBs formation. In
contrast, NO-induced DNA-PKcs-mediated DDR upon
DSBs relies on IFN-I expression. However, the exact
mechanisms remain unknown [146] (Fig. 6). Following the
DDR activation, the key DDR components ATM or DNA-
PKcs regulate a cascade of functional gene expression,
including MARCO, CD69, cytokines, and chemokines
(Cxcll, Cxcl10, Ccl2, Ccl3, and Ccl4) in BMDMs [146,
185]. Interestingly, irradiation of macrophages also leads
to ATM-dependent DDR [215, 216]. In this case, ATM
also appears to regulate immune gene expression in injured
macrophages. Other DDR components, such as NBS1
and ATR, also have been shown to play a necessary part
in normal macrophage proliferation and differentiation
[146, 217-220]. Furthermore, it has been demonstrated
that the IFN-STAT1 pathway functions as an effector
of DDR components in cancer cells by inhibiting flap
endonuclease-1 (FEN1), which affects human leukocyte
antigen (HLA-DR) and programmed death receptor ligand
1 (PD-L1) to suppress the tumorigenesis dependent on
the IFN-y—JAK-STAT1 pathway in oral squamous cell
carcinoma [221].

Concluding remarks

In recent years, the intricacy of the DNA damage response
has been rapidly understood. The intricate relationships
between DDR and immune response have come to light
through various approaches, providing surprising insight
into how functional DDR components operate immune
signaling pathways.

Except for the immune signaling pathways, specific
immune modulators may also participate in the DDR
network. For example, TRIM29 has been found to be
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involved in modulating innate immune signaling, including
IFNs [222-224], antifungal, pro-inflammatory NF-kB,
and inflammasome pathways [225]. TRIM29 promotes
DDR efficiency via interacting with BRCA1-associated
surveillance complex and DNA-PKCs [226]. Therefore,
TRM29 may also bridge the immune response to the
DDR network. Additionally, PARP9 and DTX3L have
recently been discovered to function as an antiviral factor
in cells infected with EMCYV, IAV (strain A/WS/33), or
Sindbis virus (SINV) [227, 228]. Previously, PARP9 and
DTX3L were identified as DDR components that form a
heterodimer in DNA repair [229]. Whether PARP9 employs
DDR components to regulate IFNs signaling pathways still
warrants further investigations.

By controlling immunological responses, inhibitors
of DDR components or deficient DDR components may
function as disease-targeting therapies. There is a correlation
between different types of cancer and damage to DNA.
Radiotherapy, chemotherapy, and other targeted therapies
are commonly utilized in clinical cancer treatments to
elicit an antitumor immune response because of their
ability to activate the cGAS—STING pathway by producing
DNA damage. Nevertheless, this treatment approach can
unintentionally cause para-carcinoma cells to sustain
DNA damage, endangering surrounding healthy tissue and
impeding the recovery of the patient. Furthermore, whether
or not a DNA-damage targeted therapy is effective enough
depends on how well it triggers the effective antitumor
immune response, which has become the standard treatment
for many cancers. Thus, understanding how immune
response and DDR components interact will be crucial for
improving anticancer immunotherapy.

In addition to cancer therapy, compromised DNA repair
caused chronic inflammations, which in turn controlled
autoimmune disease. For instance, in bone marrow-derived
macrophages, ATM and DNA-PKcs trigger caspase 1
activation as well as the production of IL-1p and IL-18
during the creation of AIM2 inflammasomes. AIM2
inflammasome formation fails when ATM is depleted,
leading to an ineffective innate immune response. Beyond
DNA nuclease, other DDR components may mechanically
catalyze immunological factors, which further trigger
the development of inflammasomes or the release of pro-
inflammatory cytokines. Therefore, targeting immune
responses triggered by DNA damage or restoring DNA
repair capability in autoimmune disorders could be
promising options for anti-inflammatory therapy.
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