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Abstract: DNA damage is the cause of numerous human pathologies including cancer, premature
aging, and chronic inflammatory conditions. The DNA damage response (DDR), in turn, coordinates
DNA damage checkpoint activation and promotes the removal of DNA lesions. In recent years,
several studies have shown how the DDR and the immune system are tightly connected, revealing
an important crosstalk between the two of them. This interesting interplay has opened up new
perspectives in clinical studies for immunological diseases as well as for cancer treatment. In this
review, we provide an overview, from cellular to molecular pathways, on how DDR and the immune
system communicate and share the crucial commitment of maintaining the genomic fitness.

Keywords: DNA damage response; DNA repair; immune defense; immune signalling; innate
immunity; cancer

1. Introduction

Genomic integrity and stability are the center upon which cellular survival and homeostasis stand.
In dividing human cells, the entire genome is replicated every few hours [1]. Findings in the first half
of the 20th century demonstrated that DNA could be altered as well as damaged. However, the notion
of DNA repair did not become a common term in the field of molecular and cellular biology until the
1960s [2]. Every cell in the body employs distinct but interrelated systems to detect and eliminate DNA
damage so that deleterious errors can be avoided by accurate replication [3]. The awareness of how
DNA repair pathways could be targeted to kill cancer cells came many steps and many discoveries
later [2,4,5]. However, we know that the relationship between DNA damage and several pathologies,
in primis cancer, is undeniable.

In fact, human DNA is exposed daily to a variety of exogenous and endogenous genotoxic insults,
which can result in DNA damage. During DNA synthesis, the replication machinery must overcome
numerous obstacles, such as lesions that interfere with fork progression, tightly bound DNA-protein
complexes, and non-B form DNA structures (cruciforms, slipped structures, triplexes, G-quadruplexes,
Z-DNA, and R loop) [6]. These events can ultimately lead to replication stress by stalling of the
replication fork, followed by collapse or breakage [7,8]. At the origin of replication stress, multiple
mechanisms are involved, including nucleotide pool imbalance, conflict between replication and
transcription, and oncogene activation [7,8]. Nonetheless, these distinct systems can be connected.
Moreover, DNA can be exposed to external insults such as ultraviolet light, ionizing radiation and a
large variety of chemical compounds [9,10] that also include a wide class of chemotherapeutic drugs.
In addition, lesions in the DNA can also arise from the activation of the immune system and the
following inflammation signals which can additionally lead to the release of reactive oxygen species
(ROS) altering biomolecules and genetic materials [11].

Furthermore, it is important to highlight that DNA is still the main pharmacological target for the
therapy of many hematological and solid malignancies. Most anticancer drugs are either inhibitors of
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nucleic acid synthesis (e.g., antimetabolites) or inducers of DNA damage impairing DNA function
(i.e., alkylating agents, platinum drugs, topoisomerase I or II inhibitors), thus their selectivity being
related to a defective DDR. While the existence of a strong connection with the immune system
is becoming more evident, the effect of chemotherapy upon the immunological responses is still
poorly understood.

Last but not least, the concept of “immune-therapy” has recently expanded based on the general
knowledge that neoplastic cells express several neo-antigens that (at least in the initial phases of
malignant transformation and tumour progression) constitute modified variants of the self that are not
subject to central and peripheral tolerance [12]. Thus, either boosting the cancer immunogenicity and
the ability of endogenous T cells to recognize neoantigens to destroy cancer cells either blocking the
inhibitory signalling (immune checkpoint inhibitors, ICIs) that sedate T cells activation, both represent
current strategies in cancer treatment employing the immune system. Interestingly, human malignancies
with a high mutational load show a superior response to immunotherapy with checkpoint blockers
than tumours with a relatively low number of somatic mutations, depending on the adaptive immunity
response corroborated by the innate [12–14].

In this review we aim to mainly focus on mechanisms, either belonging to the classic DDR and
to the innate immune system, that crosstalk and are activated when a DNA damage and aberrant
DNA localization (in cytosol or endosomal compartments) occurs, indicating an infection or issues
with nuclear integrity. We provide an overview of the agents that cause DNA damage, from solar
radiation to DNA-interacting drugs whose effects are likely related to immunological mechanisms.
Finally, we attempted to merge the complexity of different strategies currently employed in the clinic
and that stand at the intersection between DDR and immunity.

2. DNA Damage and DNA Damage Response

DNA lesions such as nucleotide alterations (substitution, deletion, and insertion), bulky adducts,
single-strand breaks (SSBs) and double-strand breaks (DSBs) can be induced by both endogenous
and exogenous agents. The most common endogenous challenges are represented by transcription-
replication conflicts (TRCs) due to the placement of transcription complexes within the replication
forks, leading to their stalling, to DNA recombination, breaks and mutations [15–17]. For instance,
the R-loop represents a typical transcription-association replication fork barrier, as nascent transcripts
re-anneal to their template DNA and a RNA-DNA hybrid is then formed, displacing the non-template
strand as single-stranded DNA (ssDNA) [18]. The loss of RNA processing and regulatory factors
increases the R-loops, causing DNA damage and genome instability in eukaryotic cells [19–22].

DSB is a dangerous lesion that can be mutagenic due to chromosomal rearrangements or loss of
genetic information as result of erroneous DNA repair. In response to DNA damage, a network of events
becomes collectively activated to induce the DDR. It includes the DNA damage recognition through a
set of sensing molecules, the activation of checkpoint proteins, and finally of repair systems that operate
upon damage such as nucleases, helicases, polymerases, and ligases [23]. The molecular components
of the induced DDR are typically classified into three major groups: “sensors”, “transducers” and
“effectors”, which mediate eventual outcomes that cannot be taken for granted as repair, apoptosis and
immune clearance. The DDR leading from DSBs activates a network of related pathways including
Homologous Recombination (HR), Non-Homologous End Joining (NHEJ), Microhomology Mediated
End Joining (MMEJ) and the Fanconi Anaemia (FA) repair complex or Interstrand crosslink repair
(ICL) [24,25]. Beside DBSs, the most common type of lesion in cells are SSBs, which affect only one strand
of the DNA and are usually associated with the loss of a single nucleotide [26]. In humans, the DDR
has evolved to cope with SSBs through specific DNA damage response/repair pathways including
Mismatch Repair (MMR) for mismatched bases, Base Excision Repair (BER) for base modifications,
Single Strand Annealing (SSA) for single strand breaks and Nucleotide Excision Repair (NER) for
intra-strand cross-links and thymidine dimers, which can be further classified as Global Genomic
Repair (GG-NER) and Transcription-Coupled Repair (TC-NER) [24,27]. Finally, another simple but
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efficient system, named Direct Repair (DR), is able to reverse a damaged base to its native state by
highly conserved specific enzymes [28,29]. All pathways are described in Table 1.

Table 1. Representative causes of DNA damage and related DDR mechanisms.

Type of DNA
Damage Causes DNA Repair

Mechanisms Mechanism Involved

Stalled
replication forks,
DSBs

Exposure to ionizing
irradiation, UV, ROS
or errors during
DNA replication and
replication-fork
collapse

Homologous
recombination (HR)

HR is largely restricted to S phase and G2 phase
of the cell cycle, relies on the MRN complex,
and repairs via double-strand break repair
(DSBR) or synthesis-dependent strand annealing
repair (SDSA). After incision, the 3′-end ssDNA
coated with Replication Protein A (RPA) and
Rad51 invades into a homologous DNA duplex.
During DSBR, two Holliday junctions are formed,
each between four strands of DNA that are then
converted into recombination products.
SDSA gives rise to non-crossover products.
DNA polymerases fill in the gaps at the end of
the invading DNA strand [30,31].

DSBs

Exposure to ionizing
irrradiation,
ultraviolet radiations
(UV), ROS or errors
during DNA
replication and
replication-fork
collapse

Nonhomologous end
joining (NHEJ)

NHEJ is initiated by the heterodimer of
Ku70-Ku80 complex that recognizes and binds
the broken DNA ends. The Ku70-Ku80 is an
abundant nuclear complex and has high affinity
for DNA ends that are either blunt or possess
short ssDNA overhangs. To generate the two
DNA blunt ends, this complex aligns the DNA
ends, followed by (i) the activity of the DNA
polymerases that fill in and (ii) the nucleases that
trim off the DNA single-stranded overhangs.
Then, the XRCC4/DNA ligase IV ligation
complex is recruited to join the DNA ends
together and promote end joining [30,32].

DSBs UV, chemotherapy,
ROS

Microhomology
Mediated End
Joining (MMEJ)

MMEJ includes three discrete steps,
pre-annealing, annealing, and post-annealing of
the microhomology (MH) flanking a DSB. PARP1
binds to DSB ends and facilitates the recruitment
of resection factors [CtIP and Mre11 complex
(Mre11/Rad50/Nbs1)] to expose MHs flanking
DSBs. Those MHs that are placed far from the
break usually require extensive resection by
BLM/EXO1 to facilitate MMEJ. Annealing of
MHs, which is inhibited by single strand binding
RPA complex, induces the formation of
non-homologous tails/flaps. These latter are then
removed by XPF/ERCC1 nuclease before filling-in
synthesis by Polθ and ligation by LigI/III [33].

Two nucleotide
residues from
opposite strands
are covalently
connected

Exogenous alkylating
agents, cisplatin,
mitomycin C or
endogenous
aldehydes, nitrous
acid

Interstrand crosslink
repair (ICL) or
Fanconi Anemia (FA)
repair complex

FA complementation group M protein detects
DNA ICLs and induces the recruitment of the
core FA complex at sites of damage. After the
initial incision event, translesion DNA
polymerases resume DNA replication in one
strand and the resulting DNA DSB is processed
by HR. In the G1 phase of the cell cycle, incision
by ERCC1-XPF is followed by translesion DNA
synthesis and the DNA ICL is looped out [34,35].

Nucleotide
misincorporation

ROS and reactive
nitrogen species
(RNS) or endogenous
problems during
DNA replication
leading to nucleotide
misincorporation
that creates base-base
mismatches

Mismatch repair
(MMR)

AG or TC mismatches are recognized by two
heterodimers, MUTSa or MUTSb, that
discriminate between the old and the newly
synthesized strand, remove the mismatched
nucleotide, and allow the replication machinery
to use the original DNA template to restore the
damaged DNA strand to its native form [36–38].
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Table 1. Cont.

Type of DNA
Damage Causes DNA Repair

Mechanisms Mechanism Involved

DSBs Single Strand
Annealing (SSA)

SSA involves annealing of homologous repeat
sequences that flank a DSB, which causes a
deletion rearrangement between the repeats. It is
distinct from other HR pathways as it is
independent from Rad51 recombinase and,
instead, depends on Rad59 (which is
indispensable to SSA when strand annealing is
mediated by shorter (>30 bp) repeats).
The successful annealing of repeat sequences
forms unique recombination intermediates that
contain one or two 3′ flaps; their cleavage is a key
step in SSA as it produces DNA ends with the 3′

OH, suitable for repair synthesis by DNA
polymerases. An endonuclease complex,
XPF/ERCC1, catalyses the 3′ flap removal.
Additionally, SSA requires proteins to stabilize
the annealed intermediate and confer
cleavage specificity [39].

Helix-distorting
DNA lesions,
base
modifications,
bulky adducts,
intra-strand
cross-links and
thymidine dimers

UV, chemotherapy,
ROS

Nucleotide excision
repair (NER)

NER is divided into global genome NER
(GG-NER) and TC-NER. In GG-NER, damage
detection involves the XPC– RAD23B–Centrin2
complex. XPA, RPA, XPB, and XPD stabilize the
damaged DNA and XPG and ERCC1-XPF
structure-specific endonucleases cleave the 3′

and 5′ sides of the nucleotide fragment
containing the damaged DNA. The single-strand
gap is then filled by DNA polymerases and the
nascent DNA fragment is sealed by DNA ligase
III-XRCC1 and DNA ligase I [40]. Damage
recognition in TC-NER involves the stalling of
RNA polymerase II on the actively transcribed
strand of a gene. RNA polymerase II is stabilized
by the interaction with UVSSA, USP7 and CSB
protein, which together recruit other factors like
CSA. Once the remodeling of RNA polymerase II
is completed, the TFIIH complex with XPA and
RPA are recruited and that is where GG-NER and
TC-NER converge [27,41].

Non-helix-
distorting lesions.
Base excision that
leads to an AP
site (apurinic/
apyrimidinic site)
when deoxyribose
is cleaved from its
nitrogenous base

Modification due to
enzymatic activity,
oxidation,
deamination and
alkylation; exposure
to hydroxyl radicals
that attack that
weaken the
glycosyl bond

Base excision
repair (BER)

BER is a two-step process initiated by DNA
glycosylases that detect and remove non-helix
distorting DNA lesions through hydrolysis.
The resulting abasic sites are cleaved by an
apurinic/apyrimidinic endonuclease, exposing
DNA SSBs that are repaired by either a short- or a
long-patch repair mechanism depending on the
number of replaced nucleotides.
DNA ligase III and X-ray repair cross
complementing protein 1 catalyses the
nick-sealing step in short-patch BER, while DNA
ligase I ligates the DNA SSB in long-patch BER.
DNA polymerase b is typically involved during
the DNA synthesis step [42].
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Table 1. Cont.

Type of DNA
Damage Causes DNA Repair

Mechanisms Mechanism Involved

Damaged base

Chemotherapeutic
agents like
dacarbazine and
temozolomide

Direct repair (DR)

DR is the direct reversal of a damaged base to its
native state without excision and de novo DNA
synthesis. The DNA damage repaired in such
way are of three types: photoreactivation by
photolysases, O-methylation (in O6-Guanine,
O4-Thymine and phosphates) by
O6-methylguanine DNA methyltransferase
(MGMT) and oxidative demethylation of
N-methyl groups by AlkB family proteins.
The self-methylated DNA methyltransferases are
referred to as suicidal DNA repair proteins,
as they are irreversibly inactivated during this
stoichiometric repair reaction [28].

Overall, the DDR protects genome stability, coordinating a network of pathways ensuring the
correct transmission of genetic material at any stage of DNA replication, repair and recombination,
cell cycle checkpoint and chromosome segregation. DDR pathways do not play independently in the
DNA repair machinery, but they rather cooperate, so that the impairment of one pathway is efficiently
overtaken by the recruitment of other DDR networks. For this reason, when these pathways are
perfectly functioning, the damage is successfully detected and accurately repaired, thus the cell is
restored to normal functioning; otherwise, many outcomes are possible for DNA-damaged human cells.
Under the circumstance of a persisted DNA damage, programmed cell death or apoptosis is activated
eliminate cells with genome instability. Nonetheless, if the damaged DNA is mis-repaired, the cell
can gain the function to evade senescence and death, resulting in a pool of cells bearing chromosomal
aberrations or deleterious mutations with high oncogenic potential. The associated repair mechanisms
obviously play a crucial role in carcinogenesis, since most oncogenic alterations in humans (mutations,
translocations, amplifications, deletions, and epigenetic modifications) are caused by the inefficient
repair of damaged DNA. In fact, DNA repair, DNA damage tolerance and DDR pathways are disrupted
or deregulated in many cancers, thus the increases of mutagenesis and genomic instability is often
addressed as the cause of cancer progression [19,20,43]. In the same way, aging is attributed to the wear
and tear of chromosomal ends and failing capacities of a combination of these pathways to prove the
errors [44,45]. Furthermore, neurodegenerative disorders also seem to be the result of a combinatorial
failure of more than one of these processes [46,47].

DDR is not the only knight defending DNA integrity, but a concert of mechanisms is involved to
ensure cell homeostasis, from the regulation of the redox balance to the activation of physiological
pathways involved in the detoxification from toxic compounds or carcinogens. Additionally, it is
fundamental to hold a delicate balance with different stimuli coming from inside as well as outside,
where the microenvironment plays a crucial role in the activation of the immune system. The initial
inflammatory response that is provoked by innate immunity can be beneficial or harmful depending
on the type, strength and duration of the stimuli. While a weak activation results in the susceptibility
to infections or tumor development, an excessive or self-antigen response can lead to autoimmune
diseases or allergies [48,49].

3. At the Intersection of DNA Damage and Innate Immunity

Inflammation is a universal cell-intrinsic response to infections or tissue damage. For instance,
when the innate immune system detects infection agents, it eliminates the initial cause of cell injury,
and clears out necrotic cells and damaged tissues, and finally initiates tissue repair. The innate
response is mainly mediated by the activation of phagocytic cells, such as non-professional immune
cells (like epithelial cells, endothelial cells and fibroblasts) and professional APCs (like neutrophils,
macrophages, and dendritic cells) [50]. At the very beginning, innate immunity was considered
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to be a nonspecific response, but researchers have shown that the innate response has a certain
specificity, with the ability to discriminate between self and non-self molecules [50,51]. The initial step
in immunity is indeed in the recognition of the foreign infectious agents by the host cells. To do so,
sensor germline-encoded pattern recognition receptors (PRRs) are used to detect microbial products,
such as microbial nucleic acids, lipoproteins, and carbohydrates, named pathogen-associated molecular
patterns (PAMPs) or damage-associated molecular patterns (DAMPs) released from injured cells [52].
In the setting of microbial infection, PAMPs, highly conserved in diverse organisms but are absent
in the host, activate PRRs that oligomerize and assemble large multi-subunit complexes that initiate
signaling cascades. Innate DNA sensors can be functionally divided into DNA sensors mediating type
I interferon (IFN) response and those mediating the inflammasome activation.

Mammals have several distinct classes of PRRs including toll-like receptors (TLRs), retinoic
acid-inducible gene-I (RIG-I)-like receptors (RLRs), Nod-like receptors (NLRs), absent in melanoma
2 (AIM2)-like receptors (ALRs), C-type lectin receptors (CLRs), and intracellular DNA sensors such
as cyclic GMP-AMP synthase (cGAS) [48,53–55] and each distinguish a specific class of PAMPs
that univocally lead to innate immunity activation, inflammation and recruitment of leukocytes to
the region.

Pioneering works have revealed the strong crosstalk between immune responses and DDR for
the recognition of misplaced self-DNA. It has been proved that DNA damage can trigger innate
immune responses through the accumulation of nuclear DNA in the cytoplasm [56,57]. Furthermore,
a common feature of tumors and cancer cell lines is the accumulation of cytoplasmic ssDNA and
double-stranded (dsDNA) DNA [57,58]. Many human tumors display chromosome instability (CIN)
phenotype, a condition as a result of which chromosome missegregation happens at increased frequency,
and often coincides with cytosolic DNA that activate the cGAS- sensor protein stimulator of IFN genes
(STING) pathway, forming an essential node between cancer cells and the immune microenvironment.
In fact, STING is considered a novel player with pleiotropic effects in the field of the immune system.
Currently, the STING-targeted treatment is a candidate for anti-tumor immunotherapy and agents
such as ADU-S100 (MIW815) (ClinicalTrials.gov, Identifier: NCT02675439), MK-1454 (NCT03010176),
and E7766 (NCT04144140) have been approved for clinical trials to test their role in cancer progression in
humans. Accordingly, an excitingly promising direction for cancer immunotherapy is the modulation of
the STING pathway for increasing immune surveillance. This innovative strategy would necessarily act
through the tumor microenvironment (TME) stimulation by IFN secretion and lymphocyte infiltration,
which is reviewed elsewhere [59,60].

Innate DNA Sensors and Signaling

The detection of aberrant nucleic acids has evolved as a crucial mechanism of host defense as
nucleic acids are central to the replication of most pathogens. The accumulation of endogenous
DNA by-products in the cytosol, such as those generated during DNA replication or derived from
endogenous retroviruses [61] and the abnormal occurrence of bacterial or viral dsDNA in endosomes
triggers immune activation [62,63]. An intriguing question is how sequence-independent DNA sensors
are able to distinguish between foreign and host DNA, given that nucleic acids are not only unique to
pathogens. Mammalian cells overcome this issue by recognizing differences in the physicochemical
structure of microbial DNA and self-DNA, such as the high frequency of immunostimulatory CpG
motifs that can be easily spotted in bacterial DNA, as well as the secondary structure of AT-rich DNA
in Plasmodium falciparum genome, both critical to stimulate immunity [64–66]. In detail, human TLR9
is the only known receptor expressed in plasmacytoid dendritic cells and B cells (whereas mouse TLR9
is expressed in plasmacytoid, myeloid, B cells and macrophage) that recognizes bacterial DNA rich in
unmethylated CpG motifs [48,52,53,64]. Before activation, the receptor is found in the endoplasmic
reticulum but on exposure to CpG DNA, TLR9 rapidly translocates to endosomes. Subsequently,
it transmits the signal through the TLR adaptor myeloid differentiation primary response gene 88
(MyD88), which, in turn, activates the transcription factors nuclear factor kappa B (NF-kB) and
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IFN-regulatory factor (IRF) 7. Those are key factors for the induction of inflammatory genes such
as the tumor necrosis factor (TNF), interleukin (IL)-1 or IL-6, and type I IFNs [67]. In the absence of
TLR9, other mechanisms are capable to trigger the immune response [68]. Indeed, nucleic acids can
also be sensed in other cell compartments such as endosomes and detected by other specific TLRs
like TLR3, TLR7, TLR8 and TLR13 leading to the same type I IFN gene transcription mediated by the
same or different adaptor and effector proteins [54,69,70]. The first discovered cytoplasmic sensor
was the DNA-dependent activator of IFN regulatory factor (DAI) that binds synthetic dsDNA and
engages the TANK-binding kinase 1 (TBK1)–IRF3 cytosolic DNA-sensing pathway to regulate the type
I IFN response [71,72]. Earlier, the expression of DAI was shown to be greatly up-regulated in the
peritoneal lining tissue of tumor-bearing mice due to INF-γ or lipopolysaccharide (LPS) activation
in macrophages, suggesting that this protein plays a role in host defense [73]. Cytosolic DNA can
also be detected by the interferon gamma-inducible protein 16 (IFI16). This latter functions as a
DNA sensor in both the nucleus and the cytoplasm [74], and as a nuclear pathogen sensor upon
infection with Kaposi Sarcoma-associated herpesvirus, which maintains its latency and repression of
lytic transcripts via IF116 [75,76]. However, the AIM2 protein detects cytosolic DNA activating the
inflammasome pathway, instead of type I IFN gene transcription as the previous, promoting pyroptosis
and the caspase 1-mediated maturation of inflammatory cytokines such as interleukin-1β (IL-1β)
and IL-18 [77]. Additionally, aberrant cytosolic RNA activates the family of RIG-I-like receptors that
recognizes double-stranded RNAs (dsRNAs) that have a 5′-triphosphate and are either viral in origin
or generated by RNA polymerase III from microbial DNA templates and that lead to type I interferons
production along with other pro-inflammatory cytokines [53]. Furthermore, RNA polymerase III,
which is typically known to transcribe small RNAs, including 5S rRNA and tRNAs, also functions as a
DNA sensor through its binding to AT-rich dsDNA in the cytosol [78]. Once it engages its ligands,
it transduces the signal to the nucleus for the production of proinflammatory cytokines.

A major cytosolic ssDNA and dsDNA sensor is known as cGAS-STING. The receptor protein
GMP-AMP synthase is able to sense cytosolic dsDNA, and as response, synthesizes secondary
messenger 2′,3′-cyclic GMP-AMP (cGAMP). This latter is detected by the downstream sensor protein
STING, triggering IRF3 activation for the production of type I IFN. The NF-κB signaling can also be
activated by STING. In detail, the activation of cGAS is regulated by dsDNA in a length-dependent
manner, since long DNA fragments (kilobase range) activate more efficiently cGAS than shorter ones.
Moreover, cGAS also guides the downstream production of IFN with longer portion of DNA being
more immunostimulatory [79]. Several excellent reviews have speculated about the overlapping roles
of cyclic GMP-AMP synthase (cGAS)-STING between pathways of the innate immunity as well as of
the DNA damage repair [80,81].

Another factor that recognizes cytosolic self-DNA and viral DNA is DExD/H-box helicase 41
(DDX41). Originally, it was found in the cytosol of myeloid dendritic cells (mDCs), together with STING.
When it was silenced by shRNA, mDCs failed to mount type I interferon and cytokine responses,
and moreover, the subsequent TBK1, NF-kB and IRF3 activation were completely inhibited [82].
Considering it all together, the activation of various cytosolic sensors is essential to guarantee a
proper response to misplaced or damaged DNA. The detection of nucleic acids, if not controlled but
exacerbated, can be harmful and dangerous for the host, leading to tissue damage, energy consumption,
and the promotion of autoimmune diseases. Thus, fast and effective mechanisms for degrading DNA
have evolved in parallel, such as DNases. Specifically, DNase II is known to be a potent lysosomal
defense barrier that rapidly degrades DNA derived from pathogens or apoptotic cells. In fact, it is
used under homeostatic conditions or when the apoptotic enzyme caspase-activated DNase (CAD)
fails to digest the chromosomal DNA of apoptotic cells engulfed by macrophages and the cells need to
quickly degrade DNA molecules avoiding immune sensors activation. Another DNase, three prime
repair exonuclease (TREX) 1, was discovered to be a function primarily in the replication and DNA
repair, degrading DNA products derived from endogenous retroviruses or DNA replication [61,83].
Defects in TREX1 leads to the accumulation of foreign and self-DNA products that are thought to
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be the cause of autoimmune disorders [84]; indeed, for example, a loss of function mutation in the
human Trex1 gene causes Aicardi–Goutieres syndrome (AGS) [85]. Most of the cited sensors have
been described in Figure 1.
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Figure 1. DNA sensing and activation of immune signaling.

Any event that could potentially activate DDR can stimulate the innate immune pathways, even
in the absence of DNA damage; thus, when tolerable DNA damage levels occur, the modulation
or suppression of DDR signaling can mitigate some pathological consequences of DNA damage-
driven inflammation.

Nuclear DNA damage is recognized by a set of several sensors, including: RPA (Replication Protein
A) detecting single-strand breaks, the MRN complex (Mre11-Rad50-Nbs1) sensing double-strand breaks,
and the MutS proteins recognizing mismatched bases. Additionally, DNA-PK (DNA-dependent protein
kinase) and Ku70/80 are able to bind DNA to trigger the DDR, depending on the lesion; nonetheless,
they can also be found in the cytosol activating the IFN response, mediated by IRFs (IFN-regulatory
factors). Other DDR proteins such as ATM (ataxia telangiectasia mutated), once phosphorylated, shuttle
to the cytoplasm and activate the NF-kB (nuclear factor kappa B) mediated response. The nuclear
complex ATR (ATM- and Rad3-Related), together with ATR interacting proteins (ATRIP), are also
ready to respond to a broad spectrum of DNA damage, including DSBs and a variety of DNA lesions
that interfere with replication. Additionally, the protein Rad50, in a complex with CARD9 (Caspase
Recruitment Domain Family Member 9), promote the NF-kB response. Likewise, RNA pol III acting
like a sensor induces the same. In the endosomes, the presence of dsRNA, ssRNA, and CpG DNA
stimulate and activate, respectively, the toll-like receptors: TLR3, TLR7/8, and TLR9. TLR9 and TLR7/8
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recruit the MyD88 (myeloid differentiation marker 88) inducing the transcription of NF-kB, while also
triggering the IFN response via IRF7. TLR3 instead activate STING (cGAS- sensor protein stimulator
of IFN genes) via TBK1 (TANK-binding kinase 1), promoting the IFN response. Many are also the
sensors for dsDNA in the cytoplasm. AIM2 (absent in melanoma 2) binds dsDNA and activates the
inflammasome for the release of interleukin (IL)-1β. DAI (DNA-dependent activator of IFN regulatory
factor), cGMP- dependent cGAS (Cyclic GMP-AMP synthase), DDX41 (DExD/H-box helicase 41),
or IFI16 (Interferon gamma-inducible protein 16) may bind the cytosolic DNA and activate the type I
IFN response, through TBK1/STING, as well for the MRE11/Rad50 complex and DNA-PK. This figure
was created with BioRender.

4. DNA Damage Inducers

4.1. From Carcinogens to Radiation and Chemotherapy

Endogenous processes, as well as environmental and/or lifestyle factors, can provoke DNA
damage, thus leading a pivotal role in cancer etiology. Many of the wide range of DNA-damaging
agents, to which we are continuously exposed, are classified as carcinogens and are associated
with various forms of DNA damage such as SSB, DSB, covalently bound chemical DNA adducts,
oxidative-induced lesions and DNA–DNA or DNA–protein cross-links.

Carcinogens are categorized as chemical or physical agents causing DNA damage attributable to
their properties. They span from the polycyclic aromatic hydrocarbons, heterocyclic aromatic amines,
to mycotoxins, to the ultraviolet radiation (UVR), ionizing radiation (IR), aristolochic acid, nitrosamines,
asbestos and nanoparticles [86–89].

Generally, chemical agents directly interface with DNA and other cellular components through their
electrophilic groups, which allow for the interaction with negatively charged cellular macromolecules,
thus leading to molecular alterations [87,90–92]. However, the physical presence of silicate minerals
(named asbestos), which are composed of long and thin fibrous crystals, were found to be highly
carcinogenic; indeed, the continuous use in industry and household applications was directly linked to
asbestosis, pleural plaques and mesothelioma. The related damage occurs through oxidative stress
leading to DNA strand breaks, fibrosis and interaction with the mitotic apparatus of dividing cells and
a low grade of chronic inflammation [93–95].

Carcinogens like aristolochic acid (AA), heterocyclic aromatic amines (HAAs), polycyclic aromatic
hydrocarbons (PAHs), N-nitrosamines, and mycotoxins are relatively unreactive compounds, since they
require bioactivation to exert genotoxic effects [96–98]. While these indirect carcinogens are reliant on
activation, a few can enhance bioactivation through the modulation of gene expression. For example,
PAHs increase the expression of CYP450 family by acting as exogenous ligands of the cytosolic aryl
hydrocarbon receptor (AhR)–aromatic receptor nuclear translocator complex, which mediates toxic
responses to dioxin-like environmental contaminants, and nonetheless, regulates of the development
and function of both innate and adaptive immune cells [96,99,100]. Furthermore, AhR is a transcription
factor that, once ligand-activated, translocates to the nucleus, and regulates the expression of target
genes, depending on the cell type, expression level, tissue microenvironment or concurrent events such
as inflammation. Notably, it is abundant in all skin cells and is highly expressed in T helper 17 (Th17) cells,
modulating their expression of IL-22; additionally, it is crucial for the balance between inflammatory
and regulatory T (Treg) cells [101,102]. In epidermal cells, UVBR exposure can activate AhR signaling
in response to the formation of tryptophan photoproducts, in particular 6-formylindolo[3,2-b]carbazole
(FICZ), which binds with high affinity to the receptor and activate downstream signaling pathways.
AhR antagonists and Ahr- knockout mice are resistant to UVR- induced local immunosuppression,
which indicates that AhR is essential for some of the UVR- mediated immunosuppressive mechanisms,
such as the production of cytokines, changes to the induction of Treg cells or antigen- presenting cells
(APCs) basal activity [103,104].



Int. J. Mol. Sci. 2020, 21, 7504 10 of 28

Moreover, physical agents such as UVR and IR are considered to be damaging agents. UVR has
traditionally been viewed as harmful due to its mutagenic properties and is dangerous to proteins
and lipids chemistry, thus promoting carcinogenesis and contributing to aging. The sun, which emits
radiation in the UVA (320–400 nm), UVB (280–320 nm) and UVC (<280 nm) wavelengths, is the primary
source for UVR. Overall, UVR is important for normal physiology, mediating melanogenesis, vitamin
D production, cell growth and differentiation; however, at large doses, UVR can cause sunburn and
hyperplasia, and chronic exposure can cause skin aging and increases the risk for melanoma and basal
cell carcinoma [10].

Molecular and cellular damage pathways, which are induced when UVR is absorbed by
chromophores present in the skin, cause damage in target cells and tissues. Indeed, UVR induces the
formation and release of DAMPs from necrotic keratinocytes that activate TLR signaling, which leads
to the inflammatory response in neighboring healthy keratinocytes and the production of antimicrobial
peptides (AMPs) as response, indicating that a sort of insult has occurred nearby [10,105]. As result of
the UVR-induced epidermal damage, keratinocytes produce and release immunomodulators, including
cis- urocanic acid (cis- UCA), platelet-activating factors (PAFs) and PAF- like ligands, IL-10, FICZ,
epidermal- derived receptor activator of nuclear factor-κB ligand (RANKL) and TNF [10,106,107].
Consequently, more soluble mediators are produced and multiple signaling pathways and cells
get activated.

Collectively, the signaling pathways induced by UVR exposure lead to an immunosuppressive
environment, and this property is at least partially responsible for skin carcinogenesis in both animal
models and humans [108]. The immunosuppressive phenotype is featured by high levels of TNF,
IL-4 and IL-10 and is associated with Langerhans cell migration to the lymph node and neutrophil
recruitment to the skin [109,110], the induction of a T helper 2 (Th2) cell response [111], as well as
IL-4-producing natural killer T (NKT) cells, Treg cells and regulatory B (B reg) cells. These latter
secrete IL-10 and suppress dendritic cells (DCs) function, promoting cell- mediated and humoral
immunosuppression [112–114].

The capability to alter or inducing DNA damage has been exploited in the last decades and
is currently used in cancer treatments. Indeed, together with surgery, chemotherapy and radiation
represent the major treatments in oncology. The reason lays in a simple rationale: proliferating cancer
cells are usually more sensitive to chemotherapy or radiation than normal cells as they gain DNA
mutations and defects in DDR mechanisms, thus being unable to correct the errors and proceed in the
cell cycle. If a high level of DNA damage occurs, cell-cycle checkpoint proteins become activated and
arrest the cell-cycle, thus preventing the transmission of damaged DNA during mitosis. When DNA
lesions occur during the S phase of the cell cycle, replication fork progression is blocked because it can
be responsible for the replication-associated DNA DSBs, which are among the most toxic of all DNA
lesions. If the damaged DNA cannot be properly repaired, cell death may result [115]. Historically,
the development of numerous anticancer compounds, such as cisplatin, methotrexate, doxorubicin,
5-fluorouracil, etoposide, anthracyclines, and gemcitabine have followed the concept of aiming at
DNA as a target for anticancer drugs, directly or indirectly inducing DNA modifications [116].

In line with chemotherapy, the use of high-dose IR is currently one of the most common modalities
in the treatment of many types of cancer. High precision techniques have made treatment delivery
more effective and safer for adjacent normal tissue. Human exposure to IR is classified according to
the doses, below 0.1Gy are classified as “low”, while doses normally used in medical procedures, such
as Radiation Therapy (RT) (2-3Gy), are classified as “high”. Overall, photon beams in the form of
low Linear Energy Transfer (LET) radiation (X-rays, Gamma-rays) are the main therapeutic modality
employed in RT, although high LET radiation (protons, alpha particles, and other heavy ions) are
sometimes considered thanks to their precise dose localization. Obviously, radiation-induced cell
death is modulated by several factors, such as dose and irradiation schedules, which can trigger
the formation of free radicals damaging the DNA, in turn promoting cellular stress with the final
outcome of cellular senescence or death. While the effect of radiotherapy on the immune system has
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not been largely studied, such as chemotherapy, luckily there is growing interest in research about the
anticancer immune response activated by ionizing radiation that is trying to fill the gap. In fact, it seems
reasonable to explore a combination of different treatment strategies in this promising field [117,118].

4.2. DDR Induced Oxidative Stress: Meaning for the Host Immune Response

In homeostatic conditions, ROS are physiologically produced and act as signaling molecules
within the cells. To avoid toxic oxidative stress, the balance of oxidants and antioxidants must be in
place. For this purpose, healthy cells use enzymatic or non-enzymatic antioxidants such as tocopherols,
vitamin E, glutathione (GSH), ascorbic acid (AA) and vitamin C (vit C) to compensate for the activity
of oxidative agents. Among them all, the AA and the reduced form of GSH play the primary role in
fighting against ROS as well as maintaining a normal oxidative balance.

In chemistry, the reaction of water radiolysis involves the formation of intermediates, partially
reduced oxygen species, which give rise to hydroxyl radicals (OH·), singlet oxygen or reactive nitrogen
species, which are collectively termed ROS. They can be produced endogenously by several organelles
such as mitochondria (where O2 acts as a terminal electron acceptor for electron transport chain),
peroxisomes (which contain enzymes that produce H2O2 e.g., polyamine oxidase), endoplasmic
reticulum (produce H2O2 as a byproduct during protein folding) and by the cell membrane bound
enzyme nicotinamide adenine dinucleotide phosphate (NADPH) oxidase.

While they show physiologic important cellular roles, they can trigger a number of adverse
biological reactions by attacking structural and functional molecules, causing defects in DNA synthesis
and repair mechanisms, as well as inactivating various key proteins and repair enzymes. In detail,
hydroxyl radicals can indirectly produce SSBs and modify both the bases and sugars in the DNA
molecules, as well as crosslinks between two complementary DNA strands, which can be cytotoxic or
mutagenic. Indeed, the addition of OH· at position C8 within the guanine ring generates the oxidative
product 8-oxo-7,8-dihydro-20-deoxyguanosine (8-oxodG), and the addition of OH· at position C8 of
deoxyadenosine generates the oxidative product 8-oxo-7,8-dihydro-20-deoxyadenosine (8-oxodA),
both capable of further oxidation forming 8-oxoG and 8-oxoA, non-coding mutagenic DNA bases [119].
Other oxidative products are thymine glycol and cytosine glycol, which, upon deamination, also lead
to the formation of uracil glycol; thymine glycol induces conformational alterations that modify
telomeres, with 8-oxodG also playing an additional role [120]. These modified bases are removed by
DNA glycosylase enzyme through BER but their accumulation over time enhances genomic structure
defects and instability. Chemotherapeutics such as alkylating agents (e.g., cisplatin, cyclophosphamide,
and trabectedin) or antibiotics (e.g., doxorubicin) or antimetabolites (e.g., methotrexate and 5-fluoroacil)
exploit this effect upon cancer cells, increasing ROS levels that contributes to their genotoxicity [121].

Within the cell, stress-induced ROS operates as a powerful alarm signal for the activation of
defense mechanisms, where secondary messengers modulate the activation of the NFE2-related factor 2
(NRF2)-mediated antioxidant response. A versatile antioxidant system rigorously controls ROS activity
modulating their intracellular concentration; although, when stress is prolonged, ROS concentrations
overcome the scavenging action of the antioxidant system, resulting in extensive cellular damage
and necrosis [122].

Additionally, the extent of DNA damage is not limited to the nucleus but easily reaches the
mitochondrial DNA (mtDNA) that is more susceptible to damage than the nuclear because of the
lack of repair proteins and other higher order structures, and because of the proximity to sites that
generate reactive species. Their accumulation induces mitochondrial DNA lesions, strand breaks
and degradation of mitochondrial DNA; in fact, ROS represents an important cause of the mtDNA
mutations, which accumulate with aging and in diseased states. It also seems that the inhibition of
BER enhances mtDNA degradation in response to both oxidative and alkylating damage [123,124].

Rather than the hazardous byproduct of mitochondrial respiration, the functional roles for ROS in
cells has been elucidated as acting as signaling molecules (e.g., H2O2 regulating NFκB, MAPK pathways)
to aiding immunity (e.g., oxidative bursts in phagocytes to eliminate pathogens) in References [125,126].
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Mitochondria-derived ROS and released mtDNA directly induces the activation of innate immune
responses such as sGAS-STING, and NF-kB signaling pathways. Injury-induced stress molecules
ROS, ATP, mtDNA, and harmful environmental substances such as silica and asbestos, K+ efflux,
and lysosomal destabilization, as well as DNA or RNA, are inducers of the NLRP3 (NOD-, LRR- and
pyrin domain-containing protein 3) inflammasome (NLR family, pyrin domain-containing 3), a large
multimolecular complex that exerts cytosolic surveillance and intensifies the inflammation.

Activation of the inflammasome NLRP3 requires two signals: (a) priming with either TLR or NLR
ligands to enhance NF-κB-driven transcription of NLRP3, and (b) the exposure to microbial toxins,
ionophores or endogenous alarmins to trigger the inflammasome assembly [122]. When activated,
the inflammasome modulates the proteolytic enzyme caspase-1, resulting in the maturation of
proinflammatory cytokines, such as IL-1β and IL-18, and their secretion [127] (as in Figure 1). It is
believed that the NLRP3 inflammasome is able to recognize cytosolic nucleic acids and other endogenous
danger signals indirectly. Indeed, it has been suggested that NLRP3 activation might also be triggered
by perturbed cell membranes [128]. Given the diverse types of stimuli converging to NLRP3, it has been
hypothesized that ROS might be the direct mediator that triggers NLRP3 activation [129]. It has also
been confirmed when the inhibition of NADPH oxidase, induced by ROS, inhibited NLRP3 activation
in macrophages treated with ATP [130]. Further, the absence of the p22phox subunit within NADPH
oxidase substantially attenuated IL-1β production when macrophages are exposed to asbestos [131].

In addition to immune cells, mitochondrial dysfunctions can also extensively influence the
function of non-immune cells. Indeed, as a result of mitochondrial dysfunction, endothelial cells secrete
multiple pro-inflammatory cytokines such as IL-1, IL-6, and tumor necrosis factor-alpha (TNF-α),
and upregulate intercellular adhesion molecule-1 (ICAM-1) expression, which attracts monocyte
activation and adhesion, leading to a sterile inflammation called senescence associated secretory
phenotype (SASP) [132,133].

5. DNA Damage and Inflammation: A Strong Interplay

Inflammation is the first reaction of tissues in response to harmful stimuli, such as pathogens,
damaged cells, or other stressors. Inflammation induces the alarm, production of several factors, that in
synch and in synergy modulate blood vessels permeability, recruit leukocytes, and create the context
for the activation of innate first and adaptive immune responses after. The initial phase is usually
named acute and it can be seen as a protective process that normally results in the removal of the initial
damaging cause, pathogens and dead cells, and finally leading to its resolution and tissue healing.
In contrast, when pathogens or stress factors are not removed, the resolution phase of inflammation
does not occur and unnecessary tissue damage further fuels inflammatory processes. Indeed, chronic
inflammation is thought to generate an excess of ROS and nitrogen species (RNS) triggering DNA
damage and diseases. To date, chronic inflammation is associated with the onset and/or worsening of
several diseases, including cancer, arthritis, colitis, diabetes, atherosclerosis, age-related degeneration
and neurodegenerative diseases. Chronic inflammation, that can either be induced by environmental
agents or due to autoimmune/inflammatory diseases and chronic infections, is involved in both
cancer development and progression, as demonstrated by experimental and clinical studies [134–136].
As proof of the tight interplay between DDR and immunity, the evidence has shown that a prolonged
or elevated inflammation can be the result of a dysregulated DDR or of an accumulation of unrepaired
DNA damages. For example, cell lines from patients with systemic lupus erythematosus (SLE) have a
defective DSB repair, and thus the DNA damage promotes the autoimmune disease [137]. Furthermore,
persistent DNA damage signaling in murine models carrying a defective NER, only in the adipose
tissue, has been shown to trigger a chronic autoinflammatory response followed by fat depletion and
metabolic abnormality [138].

The DDR leads to different types of fate such as apoptosis, transient cell cycle arrest or cellular
senescence. Transient cell cycle arrest has a protective effect against tumorigenesis as it allows cells to
accurately repair DNA damage before cell cycle progression; instead, persistent senescence can induce
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a secretory phenotype that can be ambivalent in inducing the proliferation of tumor cells and promoting
the activation of the innate immunity. The activated innate immune system, in turn, can suppress
tumorigenesis by clearing senescent cells with oncogene activation or chronic DNA damage via
the production of ROS and RNS that, if persistent in the microenvironment, can promote chronic
inflammation. This latter has recently emerged as an important modulator of mutation susceptibility
and is also known to drive aging and age-associated pathologies. The new term “inflammaging” was
indeed conceived to better describe a chronic, low-grade inflammation, carrying a highly significant
risk factor for both morbidity and mortality in the elderly people, given that most age-related diseases
share an inflammatory pathogenesis [135,139].

As a matter of fact, DNA damage driven inflammation can also promote tumorigenesis.
The connection between inflammation and cancer, was first perceived in the nineteenth century
and is now accepted as an enabling characteristic of cancer [134]. Indeed, it is generally known that
up to 25% of human malignancies are related to chronic inflammation and to viral and bacterial
infections. Cancer-related inflammation represents the seventh hallmark in the development of cancer
as the well-described cancer-related chronic inflammation fosters unlimited replicative potential,
independence of growth factors, resistance to growth inhibition, escape of programmed cell death,
enhanced angiogenesis, tumor extravasation, and metastasis [140]. The connection between chronic
inflammation and tumorigenesis is further supported by findings that mark the inflammatory mediators
as a cause of genetic instability in cancer cells. Nonetheless, non-resolving inflammation is one of
the consistent features of the tumor microenvironment; in fact, tumors that are not epidemiologically
related to inflammation at least are also characterized by the presence of inflammatory cells and
mediators [134,141,142]. Examples of key players of cancer-related inflammation (CRI) include
tumor-infiltrating lymphocytes, tumor-associated macrophages (TAMs), the secretion of cytokines
such as TNF, IL-1, IL-6, and chemokines, such as CCL2 (C-C Motif Chemokine Ligand 2) and
CXCL8 (C-X-C Motif Chemokine Ligand 8), in addition to the occurrence of tissue remodeling and
angiogenesis [140]. The secretion of cytokines activates the oncogenic transcription factor NF-kB and
Signal Transducer And Activator Of Transcription 3 (STAT3), both inducing the expression of target
genes crucial for tumorigenesis such as anti-apoptotic genes, stress-response genes and pro-angiogenic
molecules [141]. Usually, chronic inflammation is followed by the generation of ROS/RNS that, in turn,
provoke oxidative DNA damage and the impairment of DNA repair pathways, thus promoting cell
transformation. For instance, patients with Crohn’s disease (CD) and chronic intestinal inflammation
were reported to accumulate high levels of ROS/RSN in colonic mucosa, correlated with disease severity
and colorectal cancer [143,144]. In asbestosis, inflammatory condition triggered by the exposure to
asbestos, neutrophils and macrophages release ROS, increasing the level of oxidative DNA damage
and causing malignant mesothelioma (MM) in tumor arising from mesothelial cells [93–95,145].

6. Targeting DDR to Defeat Cancer

Frequently, cancer cells show high levels of DNA damage, loss of one or more DDR pathway
and increased DNA replication stress. These features can lead to specific DDR vulnerabilities that
can be exploited as potential therapeutic targets using different approaches, such as blocking DDR
and maximizing the DNA damage in cancer cells, exploiting DDR dependencies, and targeting DDR
proteins associated with replication stress response. Thus, targeting the DDR machinery is an attractive
strategy for designing novel chemotherapeutics and combinatorial approaches.

The efficacy of this strategy mainly relies on the concept of synthetic lethality, which refers
to the co-occurring gene mutations leading to cell death. This applies to DDR when an impaired
DNA-repairing gene causes the recruitment of other DNA damage networks. Thus far, HR has been
the most targeted pathway. Among its main actors, Breast Related Cancer Antigen 1/2 (BRCA1/2) play
a key role in fixing double strand defects by an error-free mechanism, thus functional impairment
due to mutations in these genes lead to the activation of alternative pathways with the consequent
accumulation of many genomic aberrations. BRCA1/2 are mainly mutated in gynecological cancers
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like ovarian and breast, however they have also been reported in peritoneal, prostate and pancreatic
cancer [146,147]. Tumor-bearing BRCA defects have shown high sensitivity to platinum-based
drugs [147,148] and to other DNA-interacting agents like trabectedin [149], and they have been
shown to guide the choice of using platinum-based therapy in non-small cell lung cancer [146].
Moreover, a defective function associated to these genes resorts to synthetic lethality through the
molecular mechanism associated to Poly-(ADP-ribose)-polymerase 1 (PARP1). In fact, when PARP1 is
inhibited and trapped in the DNA, base excision repair is inhibited with the consequent formation of
unrepaired ssDNA breaks that can lead to replication fork stalling and the formation of the dsDNA
breaks usually repaired with HR. Cancer cells that have deficiencies in HR, for example due to
mutations in the tumor suppressor genes BRCA1 or BRCA2, are unable to repair DNA damage when
PARP1 is inhibited. This results in the accumulation of errors, genomic instability and the final death
of the cancerous cells [150]. The strong interconnection between BRCA1/2 and PARP1 justifies the use
of PARP inhibitors (PARPi) in BRCA-defective tumors. PARPi like olaparib, niraparib and rucaparib
have received FDA approval for the treatment of ovarian and breast cancers [146], however they have
also been tested in gastrointestinal cancers carrying defects in BRCA1/2 or ATM [150]. Recent studies
also suggest high responses in non-BRCA mutated cells. This could be explained by mutations in other
genes belonging to HR, like ATM, ATR, RAD51, BARD1 [150], and by genomic instability like tumor
allelic imbalance (TAI) and loss of heterozygosity (LOH), indicative of homologous recombination
deficiency (HRD) [151–153]. A recent study by Mirza et al., analyzed four phase III clinical trials testing
PARPi as monotherapy or in combination, evaluating both BRCA and HRD-tumors [151]. Although
with heterogeneous results, all studies suggest the importance of the evaluation of the HRD status in
addition to BRCA1/2 for PARPi treatment [151]. The role of non-BRCA genes mutations and genomic
instability in PARPi response is also advised for a pharmacological application of these inhibitors
in other cancer types. A recent review investigated the role of DNA damage in malignant pleural
mesothelioma (MPM) [154] where MPM seems to exhibit mutations in DDR at both the germline and
somatic levels with frequent mutations in BRCA1 associated protein 1 (BAP1). Despite the lack of
solid evidence of the efficacy of PARPi in MPM, Fuso Nerini et al. suggest that further investigation
on the response to PARPi should be considered as preliminary results with rucaparib in a selective
cohort of patients with BRCA1/BAP1 inactivating mutations seem to be promising [154]. Another
application of PARPi to non-BRCA tumors concerns sarcomas: a clinical trial in phase Ib where olaparib
was administered in combination with trabectedin showed activity regardless of BRCA status, thus
widening the possibility of exploiting PARP1 potential (NCT02398058) [155].

Two well-known damage sensors that reside at the basis of HR are ATM and ATR. While activated
by different type of damage, ATM by DSBs and ATR by SSBs, their role in DDR is strictly interconnected,
and thus they represent a prime target for inhibition. Pilié et al. revised novel inhibitors of ATR
like M6620, M4344 and AZD6738 and showed the high toxicity of these drugs when used in
combination [150]. However, M6620 and AZD6738 were also considered in a recent review in
which Mei et al. concluded that the use of these inhibitors could serve as a rescue therapy for patients
who have experienced tumor progression with PARPi [156]. The role ATM-inhibitors is otherwise
enhanced when used in combination with PARPi [157]. Indeed, despite the efficacy shown in vivo
and in vitro studies, a recent study associated to a phase I clinical trial (NCT02588105) assessed that
the use of ATM inhibitors as monotherapy had low antitumor effects [150], while pre-clinical studies
in cell lines showed that the combination of the novel ATM inhibitor AZD0156 in combination with
PARPi leads to an increase in DNA double-strand break signaling, cell-cycle arrest, and apoptosis [158].
Besides HR, DBSs are fixed by the NHEJ repair machinery, in particular those caused by radiation
therapy [150]. As it is known, DNA-PKcs is a key enzyme in NHEJ and mutations in this protein
causes high sensitivity to ionizing radiation. First generation DNA-PKcs have exhibited high toxicity,
thus not reaching final clinical evaluation [159]. Selective and more promising inhibitors like M9831,
medisertib and CG115 are under study as monotherapy or in combination with doxorubicin and
IR [150,159]. The DNA repair and the cell cycle pathways are strictly intertwined. The repair machinery
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is able to fix DNA damages if cells have been prevented from going through their cycle progression.
Thus, inhibition of cell cycle checkpoints like CHK1, CHK2 and WEE1 has been extensively studied
in recent years. The main issue with inhibitors of CHK1/2 is related to low selectivity and toxicity,
as described for UCN-01 and AZD7762 [150]. Additionally, a novel inhibitor named CCT245737
(SRA737) has been tested in non-small cell lung cancer and colorectal cell lines showing high sensitivity
in combination with B-family polymerase inhibitors [160]. This drug is currently under clinical testing
as monotherapy or in combination with gemcitabine (NCT02797977) [150]. However, the inhibition of
WEE1 has captured more attention, and in fact, in the first half of 2020, more than 50 studies have been
published investigating the role of WEE1 inhibitors in cancer. WEE1 inhibits CDK1/2 and controls
the activation of G2/M cell cycle checkpoint. Indeed, adanosertib (AZD1775) is currently under study
in clinical trials, both as monotherapy before surgery in high-grade ovarian, fallopian tube, and in
primary peritoneal cancer and SETD2-deficient tumors (NCT03284385).

In addition, molecular alterations in genes involved in DNA mismatch repair (MMR) promote
cancer initiation and foster tumour progression [43]; nevertheless, cancers deficient in MMR frequently
show favourable prognoses and indolent progression [161]. Indeed, when the MMR machinery is
defective, cancer cells display characteristic microsatellite instability (MSI) [162] that increases the
tumour mutational burden (TMB) and favours the response to ICIs therapy, in the case of melanoma,
bladder and lung cancers [163,164], but not in other hyper-mutated tumors as non–small cell lung
cancer [165]. In general, increasing the number of mutations and neoantigens per se might not
be sufficient to trigger tumour detection and immune surveillance as, in principle, cancer cells
should accumulate an enormously high number of de novo mutations to generate such a load of
neoantigens. Surprisingly, Germano et al. showed that it is possible to inactivate DNA repair in vivo to
improve immune surveillance and response to immune-checkpoint blockade, when restricted to a clonal
population. Accordingly, inactivation of MMR causes a hyper-mutation condition that increases tumour
neoantigens, which trigger long-lasting immune detection enhanced by immune modulators [166].

Innovations in immunotherapies have revolutionized the concept of cancer treatment. Cancer
immunotherapy is generally classified into two main classes, including active and passive approaches.
Active interventions improve the immune system response of the patient (for example, vaccination
or adjuvant therapy) promoting antitumor effector mechanisms with cancer elimination and
immune cell death (ICD) [12,13,167]. Passive interventions involve the administration of specific
monoclonal antibodies (mAbs) against different immune checkpoints as well as the adoptive transfer
of genetically modified specific T cells called Chimeric Antigen Receptor T cell therapies (CAR-T).
The latter are currently the most rapidly developing approaches for cancer targeted therapy [168,169].
Indeed, the mechanism of action of ICIs like anti-cytotoxic T lymphocyte antigen 4 (CTLA4) and
anti-programmed cell death protein 1/programmed cell death ligand 1 (PD-1/PD-L1) has been widely
explored. Recent works showed that PARP inhibition, in combination with ICIs, such anti-PD-1/PD-L1,
could be effective for BRCA1-deficient tumors by activating antigen presenting cells such as dendritic
cells via the cGAS-STING pathway [170–172]. Mechanistically, defining PARP-1 dependent DNA
processing functions is pivotal for the development of successful PARPi therapy and therapeutic
regimens in the treatment of several different cancers.

PARPs at the Intersection of DNA Damage and Immunity

PARPs have been studied as potential targets for drug development, with PARP1, and more
recently PARP14, attracting the most attention in the cancer field [173,174].

PARP-1 is a nuclear chromatin-associated protein functioning as DNA damage–sensor. It belongs
to evolutionary-conserved family of proteins named Poly(ADP-ribose)-polymerases (PARPs), or more
recently, ADP-ribosyl-transferase diphtheria toxin-like (ARTDs), involved in DNA repair, abiotic and
biotic stress responses, cell death, division, and differentiation, as well as in inflammation and immune
responses. [175,176]. It becomes catalytically activated when encountering free DNA ends, and starts
to generate high amounts of PARs, which function as the scaffold for the recruitment of DNA repair
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enzymes. Additionally, self-modifications are used to induce its own dissociation from the site of DNA
damage and localization of repair proteins to the lesion.

Genetic studies have originally described PARP-1 as part of the BER pathway, but more recent
results unveiled a wider role for PARP-1 and PARylation in all major DNA repair mechanisms (e.g., NER,
cNHEJ, aNHEJ, HR, MMR, and MMJ) and maintenance of replication fork stability [177–181]. By means
of poly-ADP-ribosylation (PARylation), PARP-1 negatively regulates its own enzymatic activity [182].
Nonetheless, PARP-1 (as other family members) is also sensitive to other kinds of post-transcriptional
modifications and can also be activated in response to signals independently of DNA damage.
For instance, the extracellular signal-activated kinase (Erk) phosphorylates PARP-1 modulating its
activity and consequently affecting NF-kB PARylation levels [183]. Nonetheless, PARP-1 is involved in
NF-kB activation triggering IKKγ (NEMO, NF-kB regulator) SUMOylation and mono-ubiquitination,
which allow for IKK and NF-kB activation [184,185].

Interestingly, PARPs are also involved in inflammatory processes, such as PARP inhibitors,
and display protective effects in non-oncological diseases such as acute and chronic inflammatory
diseases [173]. In effect, it is involved in modulating gene expression and activation of innate (neutrophils,
macrophages, dendritic cells, and microglia) and adaptive (T and B lymphocytes) immune cells.

In detail, PARP-1 sustains the expression of pro- inflammatory mediators such as TNF-α, IL-1, IL-6,
interferon-γ (IFN-γ), CCL3 and inducible nitric-oxide synthase (iNOS). Moreover, it is required for
yielding the expression of chemoattractant chemokines (IL-8, macrophage inflammatory proteins
1 and 2, monocyte chemoattractant protein 1), matrix metalloproteinase 9 and several adhesion
molecules (intercellular adhesion molecule 1, vascular cell adhesion molecule, P-selectin, E-selectin and
mucosal addressin cell adhesion molecule 1). Accordingly, PARP enzymatic inhibition or PARP-1 gene
knock causes the inhibition of cell migration to inflammatory sites [186]. Additionally, small molecule
inhibitors acting on PARP reduced proinflammatory responses or enhanced anti-inflammatory functions
of macrophages [187,188]. Nonetheless, it is involved in gene expression and the activation of
neutrophils, macrophages, dendritic cells, microglia and other cell types [189–191]. It also influences
the maturation and function of dendritic cells by regulating the production of IL-10 and IL-12 and the
expression of costimulatory molecules CD86 and CD83 is fundamental for proper T cell activation
and proliferation [192].

Accordingly, PARP1 seems to modulate T cells development and the differentiation of peripheral
T cells into effector T cells such as T helper 1 (Th1), Th2, and Tregs [193–195]. As well, recent data
showed a role in B cell development; mice with dual, but not individual, PARP-1 and PARP-2 deficiency
exhibit a reduced number of B cells in the bone marrow, probably related to unrepaired DNA damage
in proliferating B cells and not to an altered Ig V(D)J gene recombination [196].

Furthermore, PARP-1 can promote inflammation via PARylating of the high mobility group
box 1 protein (HMGB1), that translocates to the cytosol and leak out of necrotic cells; once in the
microenvironment, HMGB1 acts as a danger pro-inflammatory factor, reducing the clearance of
apoptotic cells and fueling inflammation [197,198]. All these data provide evidences that PARP-1 and
poly ADP-ribosylation can be important in regulating immunity and underscores the relevance of
PARP-1 inhibitor development for immune disorders.

7. Concluding Remarks and Perspectives

Genome integrity and safety from potential invaders or endogenous threats are the main
achievements of DNA repair systems and immune defences, respectively. However, these two
pillars are clearly intimately interconnected, revealing a sustained, and sometimes, close coordination.
The indefatigable work that has taken place over the years in both fields has unveiled important findings
that enlighten common features and links between DDR and the immune system, and nevertheless,
left many questions and unresolved riddles. Evidently, much work needs to be done to understand, at a
deeper and detailed level, the overlapping pathways, and not least, to consider those discoveries from a
further perspective than the cellular level, looking instead at the complexity of the organism as a whole.
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Indeed, the challenge remains as to what extent such mechanisms can be used to target cells with
aberrant genomes during cancer, senescence or other pathologies. Currently, the -omics approach that
is reasonably expanding in science makes us hope for an interdisciplinary and broader comprehension
of the entire human organism in health and in disease, although, in some cases, the unavailability
of the most proper animal model or the narrowness to explore the question in vitro or ex vivo is not
sufficient to achieve unequivocal answers.

In the light of the above, a greater collaboration between oncologists and immunologists and
between experimental and clinical research needs to be encouraged, in order to broaden knowledge
and improve treatment strategies.
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(LOH) Loss of heterozygosity
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(mDCs) Myeloid dendritic cells
(MGMT) O6-methylguanine DNA methyltransferase
(MH) Microhomology
(MM) Malignant Mesothelioma
(MMEJ) Microhomology Mediated End Joining
(MMR) Mismatch Repair
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(mtDNA) Mitochondrial DNA
(MyD88) Myeloid differentiation primary response gene 88
(NADPH) Nicotinamide adenine dinucleotide phosphate
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(NLRP3) NOD-, LRR- and pyrin domain-containing protein 3
(NLRs) NOD-like receptors
(NRF2) NFE2-related factor 2
(OH·) Hydroxyl radicals
(PAFs) Platelet- activating factors
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(PARP1) Poly-(ADP-ribose)-polymerase 1
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(PRRs) Pattern recognition receptors
(RANKL) Epidermal- derived receptor activator of nuclear factor-κB ligand
(RIG-I) Retinoic acid-inducible gene-I
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(RNS) Reactive nitrogen species
(ROS) Reactive oxygen species
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(SDSA) Synthesis-dependent strand annealing repair
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(SSA) Single Strand Annealing
(SSBs) Single-strand breaks
(ssDNA) Single-stranded DNA
(STING) cGAS- sensor protein stimulator of IFN genes
(STAT3) Signal Transducer And Activator Of Transcription 3
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(TAMs) Tumor-associated macrophages
(TBK1) TANK-binding kinase 1
(TC-NER) Transcription-Coupled Repair
(TCR) Transcription-Coupled Repair
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(TME) Tumor microenviroment
(TNF-α) Tumor necrosis factor alpha
(TRCs) Transcription-replication conflicts
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(TREX) 1 Three prime repair exonuclease
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References

1. de Lopez Saro, F.J. Regulation of Interactions with Sliding Clamps During DNA Replication and Repair.
Curr. Genom. 2009, 10, 206–215. [CrossRef] [PubMed]

2. Friedberg, E.C. A brief history of the DNA repair field. Cell Res. 2008, 18, 3–7. [CrossRef] [PubMed]
3. Khanna, A. DNA Damage in Cancer Therapeutics: A Boon or a Curse? Cancer Res. 2015, 75, 2133–2138.

[CrossRef] [PubMed]
4. Cleaver, J.E. Defective Repair Replication of DNA in Xeroderma Pigmentosum. Nature 1968, 218, 652–656.

[CrossRef] [PubMed]
5. Setlow, R.B.; Regan, J.D.; German, J.; Carrier, W.L. Evidence That Xeroderma Pigmentosum Cells do not

Perform the First Step in the Repair of Ultraviolet Damage to Their DNA. Proc. Natl. Acad. Sci. USA 1969, 64,
1035–1041. [CrossRef] [PubMed]

6. Mirkin, E.V.; Mirkin, S.M. Replication Fork Stalling at Natural Impediments. Microbiol. Mol. Biol. Rev. 2007,
71, 13–35. [CrossRef]

7. Zeman, M.K.; Cimprich, K.A. Causes and consequences of replication stress. Nat. Cell Biol. 2014, 16, 2–9.
[CrossRef]

8. Magdalou, I.; Lopez, B.S.; Pasero, P.; Lambert, S.A.E. The causes of replication stress and their consequences
on genome stability and cell fate. Semin. Cell Dev. Biol. 2014, 30, 154–164. [CrossRef]

9. Barnes, J.L.; Zubair, M.; John, K.; Poirier, M.C.; Martin, F.L. Carcinogens and DNA damage. Biochem. Soc. Trans.
2018, 46, 1213–1224. [CrossRef]

http://dx.doi.org/10.2174/138920209788185234
http://www.ncbi.nlm.nih.gov/pubmed/19881914
http://dx.doi.org/10.1038/cr.2007.113
http://www.ncbi.nlm.nih.gov/pubmed/18157159
http://dx.doi.org/10.1158/0008-5472.CAN-14-3247
http://www.ncbi.nlm.nih.gov/pubmed/25931285
http://dx.doi.org/10.1038/218652a0
http://www.ncbi.nlm.nih.gov/pubmed/5655953
http://dx.doi.org/10.1073/pnas.64.3.1035
http://www.ncbi.nlm.nih.gov/pubmed/5264135
http://dx.doi.org/10.1128/MMBR.00030-06
http://dx.doi.org/10.1038/ncb2897
http://dx.doi.org/10.1016/j.semcdb.2014.04.035
http://dx.doi.org/10.1042/BST20180519


Int. J. Mol. Sci. 2020, 21, 7504 20 of 28

10. Bernard, J.J.; Gallo, R.L.; Krutmann, J. Photoimmunology: How ultraviolet radiation affects the immune
system. Nat. Rev. Immunol. 2019, 19, 688–701. [CrossRef]

11. Valko, M.; Morris, H.M.; Cronin, M.T.D. Metals, Toxicity and Oxidative Stress. Curr. Med. Chem. 2005, 12,
1161–1208. [CrossRef] [PubMed]

12. Schumacher, T.N.; Schreiber, R.D. Neoantigens in cancer immunotherapy. Science 2015, 348, 69–74. [CrossRef]
[PubMed]

13. Galluzzi, L.; Buqué, A.; Kepp, O.; Zitvogel, L.; Kroemer, G. Immunogenic cell death in cancer and infectious
disease. Nat. Rev. Immunol. 2017, 17, 97–111. [CrossRef]

14. Kroemer, G.; Galluzzi, L.; Kepp, O.; Zitvogel, L. Immunogenic Cell Death in Cancer Therapy. Annu. Rev. Immunol.
2013, 31, 51–72. [CrossRef] [PubMed]

15. Dutta, D.; Shatalin, K.; Epshtein, V.; Gottesman, M.E.; Nudler, E. Linking RNA Polymerase Backtracking to
Genome Instability in E. coli. Cell 2011, 146, 533–543. [CrossRef]

16. Merrikh, H.; Machón, C.; Grainger, W.H.; Grossman, A.D.; Soultanas, P. Co-directional replication–
transcription conflicts lead to replication restart. Nature 2011, 470, 554–557. [CrossRef] [PubMed]

17. Sankar, T.S.; Wastuwidyaningtyas, B.D.; Dong, Y.; Lewis, S.A.; Wang, J.D. The nature of mutations induced
by replication–transcription collisions. Nature 2016, 535, 178–181. [CrossRef]

18. Aguilera, A.; García-Muse, T. R Loops: From Transcription Byproducts to Threats to Genome Stability.
Mol. Cell 2012, 46, 115–124. [CrossRef]

19. Paulsen, R.D.; Soni, D.V.; Wollman, R.; Hahn, A.T.; Yee, M.-C.; Guan, A.; Hesley, J.A.; Miller, S.C.;
Cromwell, E.F.; Solow-Cordero, D.E.; et al. A Genome-wide siRNA Screen Reveals Diverse Cellular Processes
and Pathways that Mediate Genome Stability. Mol. Cell 2009, 35, 228–239. [CrossRef]

20. Santos-Pereira, J.M.; Aguilera, A. R loops: New modulators of genome dynamics and function. Nat. Rev. Genet.
2015, 16, 583–597. [CrossRef]

21. Sollier, J.; Stork, C.T.; García-Rubio, M.L.; Paulsen, R.D.; Aguilera, A.; Cimprich, K.A. Transcription-Coupled
Nucleotide Excision Repair Factors Promote R-Loop-Induced Genome Instability. Mol. Cell 2014, 56, 777–785.
[CrossRef] [PubMed]

22. Macheret, M.; Halazonetis, T.D. DNA Replication Stress as a Hallmark of Cancer. Annu. Rev. Pathol.
Mech. Dis. 2015, 10, 425–448. [CrossRef]

23. Pan, M.-R.; Li, K.; Lin, S.-Y.; Hung, W.-C. Connecting the Dots: From DNA Damage and Repair to Aging.
Int. J. Mol. Sci. 2016, 17, 685. [CrossRef] [PubMed]

24. Goldstein, M.; Kastan, M.B. The DNA Damage Response: Implications for Tumor Responses to Radiation
and Chemotherapy. Annu. Rev. Med. 2015, 66, 129–143. [CrossRef] [PubMed]

25. Curtin, N.J. DNA repair dysregulation from cancer driver to therapeutic target. Nat. Rev. Cancer 2012, 12,
801–817. [CrossRef]

26. Caldecott, K.W. Single-strand break repair and genetic disease. Nat. Rev. Genet. 2008, 9, 619–631. [CrossRef]
27. Spivak, G. Nucleotide excision repair in humans. DNA Repair 2015, 36, 13–18. [CrossRef]
28. Sedgwick, B. Repairing DNA-methylation damage. Nat. Rev. Mol. Cell Biol. 2004, 5, 148–157. [CrossRef]
29. Pegg, A.E. Mammalian O6-Alkylguanine-DNA Alkyltransferase: Regulation and Importance in Response to

Alkylating Carcinogenic and Therapeutic Agents. Cancer Res. 1990, 50, 6119–6129.
30. Scully, R.; Panday, A.; Elango, R.; Willis, N.A. DNA double-strand break repair-pathway choice in somatic

mammalian cells. Nat. Rev. Mol. Cell Biol. 2019, 20, 698–714. [CrossRef]
31. Price, B.D.; D’Andrea, A.D. Chromatin Remodeling at DNA Double-Strand Breaks. Cell 2013, 152, 1344–1354.

[CrossRef] [PubMed]
32. Chiruvella, K.K.; Liang, Z.; Wilson, T.E. Repair of Double-Strand Breaks by End Joining. Cold Spring Harb.

Perspect Biol. 2013, 5, a012757. [CrossRef] [PubMed]
33. Seol, J.-H.; Shim, E.Y.; Lee, S.E. Microhomology-mediated end joining: Good, bad and ugly. Mutat. Res.

Fundam. Mol. Mech. Mutagen. 2018, 809, 81–87. [CrossRef] [PubMed]
34. Kim, H.; D’Andrea, A.D. Regulation of DNA cross-link repair by the Fanconi anemia/BRCA pathway.

Genes Dev. 2012, 26, 1393–1408. [CrossRef]
35. Lopez-Martinez, D.; Liang, C.-C.; Cohn, M.A. Cellular response to DNA interstrand crosslinks: The Fanconi

anemia pathway. Cell. Mol. Life Sci. 2016, 73, 3097–3114. [CrossRef]
36. Peña-Diaz, J.; Jiricny, J. Mammalian mismatch repair: Error-free or error-prone? Trends Biochem. Sci. 2012, 37,

206–214. [CrossRef]

http://dx.doi.org/10.1038/s41577-019-0185-9
http://dx.doi.org/10.2174/0929867053764635
http://www.ncbi.nlm.nih.gov/pubmed/15892631
http://dx.doi.org/10.1126/science.aaa4971
http://www.ncbi.nlm.nih.gov/pubmed/25838375
http://dx.doi.org/10.1038/nri.2016.107
http://dx.doi.org/10.1146/annurev-immunol-032712-100008
http://www.ncbi.nlm.nih.gov/pubmed/23157435
http://dx.doi.org/10.1016/j.cell.2011.07.034
http://dx.doi.org/10.1038/nature09758
http://www.ncbi.nlm.nih.gov/pubmed/21350489
http://dx.doi.org/10.1038/nature18316
http://dx.doi.org/10.1016/j.molcel.2012.04.009
http://dx.doi.org/10.1016/j.molcel.2009.06.021
http://dx.doi.org/10.1038/nrg3961
http://dx.doi.org/10.1016/j.molcel.2014.10.020
http://www.ncbi.nlm.nih.gov/pubmed/25435140
http://dx.doi.org/10.1146/annurev-pathol-012414-040424
http://dx.doi.org/10.3390/ijms17050685
http://www.ncbi.nlm.nih.gov/pubmed/27164092
http://dx.doi.org/10.1146/annurev-med-081313-121208
http://www.ncbi.nlm.nih.gov/pubmed/25423595
http://dx.doi.org/10.1038/nrc3399
http://dx.doi.org/10.1038/nrg2380
http://dx.doi.org/10.1016/j.dnarep.2015.09.003
http://dx.doi.org/10.1038/nrm1312
http://dx.doi.org/10.1038/s41580-019-0152-0
http://dx.doi.org/10.1016/j.cell.2013.02.011
http://www.ncbi.nlm.nih.gov/pubmed/23498941
http://dx.doi.org/10.1101/cshperspect.a012757
http://www.ncbi.nlm.nih.gov/pubmed/23637284
http://dx.doi.org/10.1016/j.mrfmmm.2017.07.002
http://www.ncbi.nlm.nih.gov/pubmed/28754468
http://dx.doi.org/10.1101/gad.195248.112
http://dx.doi.org/10.1007/s00018-016-2218-x
http://dx.doi.org/10.1016/j.tibs.2012.03.001


Int. J. Mol. Sci. 2020, 21, 7504 21 of 28

37. Jiricny, J. The multifaceted mismatch-repair system. Nat. Rev. Mol. Cell Biol. 2006, 7, 335–346. [CrossRef]
38. Li, G.-M. Mechanisms and functions of DNA mismatch repair. Cell Res. 2008, 18, 85–98. [CrossRef]
39. Bhargava, R.; Onyango, D.O.; Stark, J.M. Regulation of Single Strand Annealing and its role in genome

maintenance. Trends Genet 2016, 32, 566–575. [CrossRef]
40. Kamileri, I.; Karakasilioti, I.; Garinis, G.A. Nucleotide excision repair: New tricks with old bricks. Trends Genet.

2012, 28, 566–573. [CrossRef]
41. Schwertman, P.; Lagarou, A.; Dekkers, D.H.W.; Raams, A.; van der Hoek, A.C.; Laffeber, C.; Hoeijmakers, J.H.J.;

Demmers, J.A.A.; Fousteri, M.; Vermeulen, W.; et al. UV-sensitive syndrome protein UVSSA recruits USP7 to
regulate transcription-coupled repair. Nat. Genet. 2012, 44, 598–602. [CrossRef] [PubMed]

42. Krokan, H.E.; Bjørås, M. Base Excision Repair. Cold Spring Harb. Perspect Biol. 2013, 5, a012583. [CrossRef]
[PubMed]

43. Lord, C.J.; Ashworth, A. The DNA damage response and cancer therapy. Nature 2012, 481, 287–294. [CrossRef]
[PubMed]

44. Tiwari, V.; Wilson, D.M. DNA Damage and Associated DNA Repair Defects in Disease and Premature Aging.
Am. J. Hum. Genet. 2019, 105, 237–257. [CrossRef]

45. da Silva, P.F.L.; Schumacher, B. DNA damage responses in ageing. Open Biol. 2019, 9, 190168. [CrossRef]
46. Stein, D.; Toiber, D. DNA damage and neurodegeneration: The unusual suspect. Neural Regen. Res. 2017, 12,

1441–1442. [CrossRef]
47. Abugable, A.A.; Morris, J.L.M.; Palminha, N.M.; Zaksauskaite, R.; Ray, S.; El-Khamisy, S.F. DNA repair

and neurological disease: From molecular understanding to the development of diagnostics and model
organisms. DNA Repair 2019, 81, 102669. [CrossRef]

48. Cao, X. Self-regulation and cross-regulation of pattern-recognition receptor signalling in health and disease.
Nat. Rev. Immunol. 2016, 16, 35–50. [CrossRef]

49. Reale, M.; Conti, L.; Velluto, D. Immune and Inflammatory-Mediated Disorders: From Bench to Bedside.
J. Immunol. Res. 2018, 2018, 7197931. [CrossRef]

50. Medzhitov, R.; Janeway, C. Innate immunity. N. Engl. J. Med. 2000, 343, 338–344. [CrossRef]
51. Janeway, C.A.; Medzhitov, R. Innate immune recognition. Annu. Rev. Immunol. 2002, 20, 197–216. [CrossRef]

[PubMed]
52. Tang, D.; Kang, R.; Coyne, C.B.; Zeh, H.J.; Lotze, M.T. PAMPs and DAMPs: Signal 0s that spur autophagy

and immunity. Immunol. Rev. 2012, 249, 158–175. [CrossRef] [PubMed]
53. Newton, K.; Dixit, V.M. Signaling in Innate Immunity and Inflammation. Cold Spring Harb. Perspect. Biol.

2012, 4, a006049. [CrossRef]
54. Cai, X.; Chiu, Y.-H.; Chen, Z.J. The cGAS-cGAMP-STING Pathway of Cytosolic DNA Sensing and Signaling.

Mol. Cell 2014, 54, 289–296. [CrossRef]
55. Akira, S.; Uematsu, S.; Takeuchi, O. Pathogen Recognition and Innate Immunity. Cell 2006, 124, 783–801.

[CrossRef] [PubMed]
56. Gasser, S.; Raulet, D.H. The DNA Damage Response Arouses the Immune System. Cancer Res. 2006, 66,

3959–3962. [CrossRef]
57. Gasser, S.; Zhang, W.Y.L.; Tan, N.Y.J.; Tripathi, S.; Suter, M.A.; Chew, Z.H.; Khatoo, M.; Ngeow, J.;

Cheung, F.S.G. Sensing of dangerous DNA. Mech. Ageing Dev. 2017, 165, 33–46. [CrossRef]
58. Hong, C.; Tijhuis, A.E.; Foijer, F. The cGAS Paradox: Contrasting Roles for cGAS-STING Pathway in

Chromosomal Instability. Cells 2019, 8, 1228. [CrossRef]
59. Jiang, M.; Chen, P.; Wang, L.; Li, W.; Chen, B.; Liu, Y.; Wang, H.; Zhao, S.; Ye, L.; He, Y.; et al. cGAS-STING,

an important pathway in cancer immunotherapy. J. Hematol. Oncol. 2020, 13, 81. [CrossRef]
60. Zhu, Y.; An, X.; Zhang, X.; Qiao, Y.; Zheng, T.; Li, X. STING: A master regulator in the cancer-immunity cycle.

Mol. Cancer 2019, 18, 152. [CrossRef]
61. Stetson, D.B.; Ko, J.S.; Heidmann, T.; Medzhitov, R. Trex1 Prevents Cell-Intrinsic Initiation of Autoimmunity.

Cell 2008, 134, 587–598. [CrossRef] [PubMed]
62. Stetson, D.B.; Medzhitov, R. Recognition of Cytosolic DNA Activates an IRF3-Dependent Innate Immune

Response. Immunity 2006, 24, 93–103. [CrossRef] [PubMed]
63. Brzostek-Racine, S.; Gordon, C.; Scoy, S.V.; Reich, N.C. The DNA Damage Response Induces IFN. J. Immunol.

2011, 187, 5336–5345. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/nrm1907
http://dx.doi.org/10.1038/cr.2007.115
http://dx.doi.org/10.1016/j.tig.2016.06.007
http://dx.doi.org/10.1016/j.tig.2012.06.004
http://dx.doi.org/10.1038/ng.2230
http://www.ncbi.nlm.nih.gov/pubmed/22466611
http://dx.doi.org/10.1101/cshperspect.a012583
http://www.ncbi.nlm.nih.gov/pubmed/23545420
http://dx.doi.org/10.1038/nature10760
http://www.ncbi.nlm.nih.gov/pubmed/22258607
http://dx.doi.org/10.1016/j.ajhg.2019.06.005
http://dx.doi.org/10.1098/rsob.190168
http://dx.doi.org/10.4103/1673-5374.215254
http://dx.doi.org/10.1016/j.dnarep.2019.102669
http://dx.doi.org/10.1038/nri.2015.8
http://dx.doi.org/10.1155/2018/7197931
http://dx.doi.org/10.1056/NEJM200008033430506
http://dx.doi.org/10.1146/annurev.immunol.20.083001.084359
http://www.ncbi.nlm.nih.gov/pubmed/11861602
http://dx.doi.org/10.1111/j.1600-065X.2012.01146.x
http://www.ncbi.nlm.nih.gov/pubmed/22889221
http://dx.doi.org/10.1101/cshperspect.a006049
http://dx.doi.org/10.1016/j.molcel.2014.03.040
http://dx.doi.org/10.1016/j.cell.2006.02.015
http://www.ncbi.nlm.nih.gov/pubmed/16497588
http://dx.doi.org/10.1158/0008-5472.CAN-05-4603
http://dx.doi.org/10.1016/j.mad.2016.09.001
http://dx.doi.org/10.3390/cells8101228
http://dx.doi.org/10.1186/s13045-020-00916-z
http://dx.doi.org/10.1186/s12943-019-1087-y
http://dx.doi.org/10.1016/j.cell.2008.06.032
http://www.ncbi.nlm.nih.gov/pubmed/18724932
http://dx.doi.org/10.1016/j.immuni.2005.12.003
http://www.ncbi.nlm.nih.gov/pubmed/16413926
http://dx.doi.org/10.4049/jimmunol.1100040
http://www.ncbi.nlm.nih.gov/pubmed/22013119


Int. J. Mol. Sci. 2020, 21, 7504 22 of 28

64. Hemmi, H.; Takeuchi, O.; Kawai, T.; Kaisho, T.; Sato, S.; Sanjo, H.; Matsumoto, M.; Hoshino, K.; Wagner, H.;
Takeda, K.; et al. A Toll-like receptor recognizes bacterial DNA. Nature 2000, 408, 740–745. [CrossRef]
[PubMed]

65. Sharma, S.; DeOliveira, R.B.; Kalantari, P.; Parroche, P.; Goutagny, N.; Jiang, Z.; Chan, J.; Bartholomeu, D.C.;
Lauw, F.; Hall, J.P.; et al. Innate Immune Recognition of an AT-Rich Stem-Loop DNA Motif in the Plasmodium
falciparum Genome. Immunity 2011, 35, 194–207. [CrossRef] [PubMed]

66. Ablasser, A.; Bauernfeind, F.; Hartmann, G.; Latz, E.; Fitzgerald, K.A.; Hornung, V. RIG-I-dependent
sensing of poly(dA:dT) through the induction of an RNA polymerase III–transcribed RNA intermediate.
Nat. Immunol. 2009, 10, 1065–1072. [CrossRef]

67. Whitehead, L.; Brown, G.D. Pattern Recognition Receptors. In Inflammation; John Wiley & Sons, Ltd.:
Hoboken, NJ, USA, 2017; pp. 175–216. ISBN 978-3-527-69215-6.

68. Spies, B.; Hochrein, H.; Vabulas, M.; Huster, K.; Busch, D.H.; Schmitz, F.; Heit, A.; Wagner, H. Vaccination
with Plasmid DNA Activates Dendritic Cells via Toll-Like Receptor 9 (TLR9) but Functions in TLR9-Deficient
Mice. J. Immunol. 2003, 171, 5908–5912. [CrossRef] [PubMed]

69. Rathinam, V.A.K.; Vanaja, S.K.; Fitzgerald, K.A. Regulation of inflammasome signaling. Nat. Immunol. 2012,
13, 333–342. [CrossRef] [PubMed]

70. Kawasaki, T.; Kawai, T. Toll-Like Receptor Signaling Pathways. Front. Immunol. 2014, 5. [CrossRef]
71. Takaoka, A.; Wang, Z.; Choi, M.K.; Yanai, H.; Negishi, H.; Ban, T.; Lu, Y.; Miyagishi, M.; Kodama, T.;

Honda, K.; et al. DAI (DLM-1/ZBP1) is a cytosolic DNA sensor and an activator of innate immune response.
Nature 2007, 448, 501–505. [CrossRef]

72. Kuriakose, T.; Man, S.M.; Malireddi, R.K.S.; Karki, R.; Kesavardhana, S.; Place, D.E.; Neale, G.; Vogel, P.;
Kanneganti, T.-D. ZBP1/DAI is an innate sensor of influenza virus triggering the NLRP3 inflammasome and
programmed cell death pathways. Sci. Immunol. 2016, 1. [CrossRef]

73. Fu, Y.; Comella, N.; Tognazzi, K.; Brown, L.F.; Dvorak, H.F.; Kocher, O. Cloning of DLM-1, a novel gene that is
up-regulated in activated macrophages, using RNA differential display. Gene 1999, 240, 157–163. [CrossRef]

74. Li, T.; Diner, B.A.; Chen, J.; Cristea, I.M. Acetylation modulates cellular distribution and DNA sensing ability
of interferon-inducible protein IFI16. Proc. Natl. Acad. Sci. USA 2012, 109, 10558–10563. [CrossRef]

75. Kerur, N.; Veettil, M.V.; Sharma-Walia, N.; Bottero, V.; Sadagopan, S.; Otageri, P.; Chandran, B. IFI16 acts as a
nuclear pathogen sensor to induce the inflammasome in response to Kaposi sarcoma associated herpesvirus
infection. Cell Host Microbe 2011, 9, 363–375. [CrossRef] [PubMed]

76. Roy, A.; Dutta, D.; Iqbal, J.; Pisano, G.; Gjyshi, O.; Ansari, M.A.; Kumar, B.; Chandran, B. Nuclear
Innate Immune DNA Sensor IFI16 Is Degraded during Lytic Reactivation of Kaposi’s Sarcoma-Associated
Herpesvirus (KSHV): Role of IFI16 in Maintenance of KSHV Latency. J. Virol. 2016, 90, 8822–8841. [CrossRef]
[PubMed]

77. Bürckstümmer, T.; Baumann, C.; Blüml, S.; Dixit, E.; Dürnberger, G.; Jahn, H.; Planyavsky, M.; Bilban, M.;
Colinge, J.; Bennett, K.L.; et al. An orthogonal proteomic-genomic screen identifies AIM2 as a cytoplasmic
DNA sensor for the inflammasome. Nat. Immunol. 2009, 10, 266–272. [CrossRef] [PubMed]

78. Chiu, Y.-H.; MacMillan, J.B.; Chen, Z.J. RNA Polymerase III Detects Cytosolic DNA and Induces Type I
Interferons through the RIG-I Pathway. Cell 2009, 138, 576–591. [CrossRef] [PubMed]

79. Luecke, S.; Holleufer, A.; Christensen, M.H.; Jønsson, K.L.; Boni, G.A.; Sørensen, L.K.; Johannsen, M.;
Jakobsen, M.R.; Hartmann, R.; Paludan, S.R. cGAS is activated by DNA in a length-dependent manner.
EMBO Rep. 2017, 18, 1707–1715. [CrossRef] [PubMed]

80. Berger, G.; Marloye, M.; Lawler, S.E. Pharmacological Modulation of the STING Pathway for Cancer
Immunotherapy. Trends Mol. Med. 2019, 25, 412–427. [CrossRef]

81. Kwon, J.; Bakhoum, S.F. The Cytosolic DNA-Sensing cGAS-STING Pathway in Cancer. Cancer Discov 2020,
10, 26–39. [CrossRef]

82. Zhang, Z.; Yuan, B.; Bao, M.; Lu, N.; Kim, T.; Liu, Y.-J. The helicase DDX41 senses intracellular DNA mediated
by the adaptor STING in dendritic cells. Nat. Immunol. 2011, 12, 959–965. [CrossRef] [PubMed]

83. Yang, Y.-G.; Lindahl, T.; Barnes, D.E. Trex1 Exonuclease Degrades ssDNA to Prevent Chronic Checkpoint
Activation and Autoimmune Disease. Cell 2007, 131, 873–886. [CrossRef] [PubMed]

84. Brooks, P.J.; Cheng, T.-F.; Cooper, L. Do all of the neurologic diseases in patients with DNA repair gene
mutations result from the accumulation of DNA damage? DNA Repair 2008, 7, 834–848. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/35047123
http://www.ncbi.nlm.nih.gov/pubmed/11130078
http://dx.doi.org/10.1016/j.immuni.2011.05.016
http://www.ncbi.nlm.nih.gov/pubmed/21820332
http://dx.doi.org/10.1038/ni.1779
http://dx.doi.org/10.4049/jimmunol.171.11.5908
http://www.ncbi.nlm.nih.gov/pubmed/14634101
http://dx.doi.org/10.1038/ni.2237
http://www.ncbi.nlm.nih.gov/pubmed/22430786
http://dx.doi.org/10.3389/fimmu.2014.00461
http://dx.doi.org/10.1038/nature06013
http://dx.doi.org/10.1126/sciimmunol.aag2045
http://dx.doi.org/10.1016/S0378-1119(99)00419-9
http://dx.doi.org/10.1073/pnas.1203447109
http://dx.doi.org/10.1016/j.chom.2011.04.008
http://www.ncbi.nlm.nih.gov/pubmed/21575908
http://dx.doi.org/10.1128/JVI.01003-16
http://www.ncbi.nlm.nih.gov/pubmed/27466416
http://dx.doi.org/10.1038/ni.1702
http://www.ncbi.nlm.nih.gov/pubmed/19158679
http://dx.doi.org/10.1016/j.cell.2009.06.015
http://www.ncbi.nlm.nih.gov/pubmed/19631370
http://dx.doi.org/10.15252/embr.201744017
http://www.ncbi.nlm.nih.gov/pubmed/28801534
http://dx.doi.org/10.1016/j.molmed.2019.02.007
http://dx.doi.org/10.1158/2159-8290.CD-19-0761
http://dx.doi.org/10.1038/ni.2091
http://www.ncbi.nlm.nih.gov/pubmed/21892174
http://dx.doi.org/10.1016/j.cell.2007.10.017
http://www.ncbi.nlm.nih.gov/pubmed/18045533
http://dx.doi.org/10.1016/j.dnarep.2008.01.017
http://www.ncbi.nlm.nih.gov/pubmed/18339586


Int. J. Mol. Sci. 2020, 21, 7504 23 of 28

85. Crow, Y.J.; Hayward, B.E.; Parmar, R.; Robins, P.; Leitch, A.; Ali, M.; Black, D.N.; van Bokhoven, H.;
Brunner, H.G.; Hamel, B.C.; et al. Mutations in the gene encoding the 3′-5′ DNA exonuclease TREX1 cause
Aicardi-Goutières syndrome at the AGS1 locus. Nat. Genet. 2006, 38, 917–920. [CrossRef]

86. Huang, Y.; Li, L. DNA crosslinking damage and cancer a tale of friend and foe. Transl. Cancer Res. 2013, 2,
144–154. [CrossRef]

87. Ravanat, J.-L.; Douki, T. UV and ionizing radiations induced DNA damage, differences and similarities.
Radiat. Phys. Chem. 2016, 128, 92–102. [CrossRef]

88. Singh, N.; Manshian, B.; Gareth, J.S.J.; Sioned, M.G.; Thierry, G.G.M.; Chris, J.W.; Shareen, H.
Doak NanoGenotoxicology: The DNA damaging potential of engineered nanomaterials. Biomaterials
2009, 30, 3891–3914. [CrossRef]

89. Musk, A.W.; de Klerk, N.; Reid, A.; Hui, J.; Franklin, P.; Brims, F. Asbestos-related diseases. Int. J. Tuberc.
Lung Dis. 2020, 24, 562–567. [CrossRef]

90. Kondo, N.; Takahashi, A.; Ono, K.; Ohnishi, T. DNA Damage Induced by Alkylating Agents and Repair
Pathways. Available online: https://www.hindawi.com/journals/jna/2010/543531/ (accessed on 6 July 2020).

91. Cohen, S.M.; Arnold, L.L. Chemical Carcinogenesis. Toxicol. Sci. 2011, 120, S76–S92. [CrossRef]
92. Fu, D.; Calvo, J.A.; Samson, L.D. Balancing repair and tolerance of DNA damage caused by alkylating agents.

Nat. Rev. Cancer 2012, 12, 104–120. [CrossRef]
93. Chew, S.H.; Toyokuni, S. Malignant mesothelioma as an oxidative stress-induced cancer: An update.

Free Radic. Biol. Med. 2015, 86, 166–178. [CrossRef]
94. Benedetti, S.; Nuvoli, B.; Catalani, S.; Galati, R. Reactive oxygen species a double-edged sword for

mesothelioma. Oncotarget 2015, 6, 16848–16865. [CrossRef]
95. Ceresoli, G.L.; Bombardieri, E.; D’Incalci, M. Mesothelioma from Research to Clinical Practice; Springer Nature

Switzerland AG: Cham, Switzerland, 2019.
96. Walsh, A.A.; Szklarz, G.D.; Scott, E.E. Human Cytochrome P450 1A1 Structure and Utility in Understanding

Drug and Xenobiotic Metabolism. J. Biol. Chem. 2013, 288, 12932–12943. [CrossRef] [PubMed]
97. Smith Martyn, T.; Guyton Kathryn, Z.; Gibbons Catherine, F.; Fritz Jason, M.; Portier Christopher, J.; Rusyn, I.;

DeMarini David, M.; Caldwell Jane, C.; Kavlock Robert, J.; Lambert Paul, F.; et al. Key Characteristics of
Carcinogens as a Basis for Organizing Data on Mechanisms of Carcinogenesis. Environ. Health Perspect. 2016,
124, 713–721. [CrossRef]

98. Wohak, L.E.; Krais, A.M.; Kucab, J.E.; Stertmann, J.; Øvrebø, S.; Seidel, A.; Phillips, D.H.; Arlt, V.M.
Carcinogenic polycyclic aromatic hydrocarbons induce CYP1A1 in human cells via a p53-dependent
mechanism. Arch Toxicol. 2016, 90, 291–304. [CrossRef]

99. Wang, H.; Yamamoto, J.F.; Caberto, C.; Saltzman, B.; Decker, R.; Vogt, T.M.; Yokochi, L.; Chanock, S.;
Wilkens, L.R.; Le Marchand, L. Genetic variation in the bioactivation pathway for polycyclic hydrocarbons
and heterocyclic amines in relation to risk of colorectal neoplasia. Carcinogenesis 2011, 32, 203–209. [CrossRef]

100. Zhou, L. Ahr function in lymphocytes: Emerging concepts. Trends Immunol. 2016, 37, 17–31. [CrossRef]
101. Esser, C.; Rannug, A. The aryl hydrocarbon receptor in barrier organ physiology, immunology, and toxicology.

Pharm. Rev. 2015, 67, 259–279. [CrossRef] [PubMed]
102. Hauben, E.; Gregori, S.; Draghici, E.; Migliavacca, B.; Olivieri, S.; Woisetschläger, M.; Roncarolo, M.G.

Activation of the aryl hydrocarbon receptor promotes allograft-specific tolerance through direct and dendritic
cell–mediated effects on regulatory T cells. Blood 2008, 112, 1214–1222. [CrossRef]

103. Bruhs, A.; Haarmann-Stemmann, T.; Frauenstein, K.; Krutmann, J.; Schwarz, T.; Schwarz, A. Activation
of the arylhydrocarbon receptor causes immunosuppression primarily by modulating dendritic cells.
J. Investig. Derm. 2015, 135, 435–444. [CrossRef] [PubMed]

104. Tanaka, Y.; Uchi, H.; Hashimoto-Hachiya, A.; Furue, M. Tryptophan Photoproduct FICZ Upregulates IL1A,
IL1B, and IL6 Expression via Oxidative Stress in Keratinocytes. Oxid. Med. Cell Longev. 2018, 2018, 9298052.
[CrossRef] [PubMed]

105. Hart, P.H.; Grimbaldeston, M.A.; Swift, G.J.; Hosszu, E.K.; Finlay-Jones, J.J. A critical role for dermal
mast cells in cis-urocanic acid-induced systemic suppression of contact hypersensitivity responses in mice.
Photochem. Photobiol. 1999, 70, 807–812. [CrossRef]

106. Chacón-Salinas, R.; Chen, L.; Chávez-Blanco, A.D.; Limón-Flores, A.Y.; Ma, Y.; Ullrich, S.E. An essential role
for platelet-activating factor in activating mast cell migration following ultraviolet irradiation. J. Leukoc. Biol.
2014, 95, 139–148. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/ng1845
http://dx.doi.org/10.21037/1080
http://dx.doi.org/10.1016/j.radphyschem.2016.07.007
http://dx.doi.org/10.1016/j.biomaterials.2009.04.009
http://dx.doi.org/10.5588/ijtld.19.0645
https://www.hindawi.com/journals/jna/2010/543531/
http://dx.doi.org/10.1093/toxsci/kfq365
http://dx.doi.org/10.1038/nrc3185
http://dx.doi.org/10.1016/j.freeradbiomed.2015.05.002
http://dx.doi.org/10.18632/oncotarget.4253
http://dx.doi.org/10.1074/jbc.M113.452953
http://www.ncbi.nlm.nih.gov/pubmed/23508959
http://dx.doi.org/10.1289/ehp.1509912
http://dx.doi.org/10.1007/s00204-014-1409-1
http://dx.doi.org/10.1093/carcin/bgq237
http://dx.doi.org/10.1016/j.it.2015.11.007
http://dx.doi.org/10.1124/pr.114.009001
http://www.ncbi.nlm.nih.gov/pubmed/25657351
http://dx.doi.org/10.1182/blood-2007-08-109843
http://dx.doi.org/10.1038/jid.2014.419
http://www.ncbi.nlm.nih.gov/pubmed/25251932
http://dx.doi.org/10.1155/2018/9298052
http://www.ncbi.nlm.nih.gov/pubmed/30595799
http://dx.doi.org/10.1111/j.1751-1097.1999.tb08286.x
http://dx.doi.org/10.1189/jlb.0811409
http://www.ncbi.nlm.nih.gov/pubmed/24009177


Int. J. Mol. Sci. 2020, 21, 7504 24 of 28

107. Halliday, G.M. Inflammation, gene mutation and photoimmunosuppression in response to UVR-induced
oxidative damage contributes to photocarcinogenesis. Mutat. Res. 2005, 571, 107–120. [CrossRef]

108. Gallo, R.L.; Bernard, J.J. Innate immune sensors stimulate inflammatory and immunosuppressive responses
to UVB radiation. J. Investig. Derm. 2014, 134, 1508–1511. [CrossRef]

109. Teunissen, M.B.M.; Piskin, G.; di Nuzzo, S.; Sylva-Steenland, R.M.R.; de Rie, M.A.; Bos, J.D. Ultraviolet B
Radiation Induces a Transient Appearance of IL-4+ Neutrophils, Which Support the Development of Th2
Responses. J. Immunol. 2002, 168, 3732–3739. [CrossRef] [PubMed]

110. Piskin, G.; Bos, J.D.; Teunissen, M.B.M. Neutrophils infiltrating ultraviolet B-irradiated normal human skin
display high IL-10 expression. Arch. Derm. Res. 2005, 296, 339–342. [CrossRef]

111. Grewe, M.; Gyufko, K.; Krutmann, J. Interleukin-10 production by cultured human keratinocytes: Regulation
by ultraviolet B and ultraviolet A1 radiation. J. Investig. Derm. 1995, 104, 3–6. [CrossRef]

112. Fukunaga, A.; Khaskhely, N.M.; Ma, Y.; Sreevidya, C.S.; Taguchi, K.; Nishigori, C.; Ullrich, S.E. Langerhans
Cells Serve as Immunoregulatory Cells by Activating NKT Cells. J. Immunol. 2010, 185, 4633–4640. [CrossRef]

113. Matsumura, Y.; Byrne, S.N.; Nghiem, D.X.; Miyahara, Y.; Ullrich, S.E. A role for inflammatory mediators in
the induction of immunoregulatory B cells. J. Immunol. 2006, 177, 4810–4817. [CrossRef]

114. Mizoguchi, A.; Mizoguchi, E.; Takedatsu, H.; Blumberg, R.S.; Bhan, A.K. Chronic intestinal inflammatory
condition generates IL-10-producing regulatory B cell subset characterized by CD1d upregulation. Immunity
2002, 16, 219–230. [CrossRef]

115. Cheung-Ong, K.; Giaever, G.; Nislow, C. DNA-Damaging Agents in Cancer Chemotherapy: Serendipity and
Chemical Biology. Chem. Biol. 2013, 20, 648–659. [CrossRef] [PubMed]

116. Chabner, B.A.; Roberts, T.G. Chemotherapy and the war on cancer. Nat. Rev. Cancer 2005, 5, 65–72. [CrossRef]
[PubMed]

117. Wu, Q.; Allouch, A.; Martins, I.; Brenner, C.; Modjtahedi, N.; Deutsch, E.; Perfettini, J.-L. Modulating
Both Tumor Cell Death and Innate Immunity Is Essential for Improving Radiation Therapy Effectiveness.
Front. Immunol. 2017, 8, 613. [CrossRef]

118. de Andrade Carvalho, H.; Villar, R.C. Radiotherapy and immune response: The systemic effects of a local
treatment. Clinics 2018, 73. [CrossRef]

119. Cadet, J.; Davies, K.J.A. Oxidative DNA damage & repair: An introduction. Free Radic. Biol. Med. 2017, 107,
2–12. [CrossRef]

120. Lee, H.-T.; Bose, A.; Lee, C.-Y.; Opresko, P.L.; Myong, S. Molecular mechanisms by which oxidative DNA
damage promotes telomerase activity. Nucleic Acids Res 2017, 45, 11752–11765. [CrossRef]

121. Conklin, K.A. Chemotherapy-associated oxidative stress: Impact on chemotherapeutic effectiveness.
Integr. Cancer Ther. 2004, 3, 294–300. [CrossRef]

122. Tschopp, J.; Schroder, K. NLRP3 inflammasome activation: The convergence of multiple signalling pathways
on ROS production? Nat. Rev. Immunol. 2010, 10, 210–215. [CrossRef]

123. Mikhed, Y.; Daiber, A.; Steven, S. Mitochondrial Oxidative Stress, Mitochondrial DNA Damage and Their
Role in Age-Related Vascular Dysfunction. Int. J. Mol. Sci. 2015, 16, 15918–15953. [CrossRef]

124. Shokolenko, I.; Venediktova, N.; Bochkareva, A.; Wilson, G.L.; Alexeyev, M.F. Oxidative stress induces
degradation of mitochondrial DNA. Nucleic Acids Res. 2009, 37, 2539–2548. [CrossRef] [PubMed]

125. Dahlgren, C.; Karlsson, A. Respiratory burst in human neutrophils. J. Immunol. Methods 1999, 232, 3–14.
[CrossRef]

126. Zhang, J.; Wang, X.; Vikash, V.; Ye, Q.; Wu, D.; Liu, Y.; Dong, W. ROS and ROS-Mediated Cellular Signaling.
Available online: https://www.hindawi.com/journals/omcl/2016/4350965/ (accessed on 17 July 2020).

127. Takeuchi, O.; Akira, S. Pattern Recognition Receptors and Inflammation. Cell 2010, 140, 805–820. [CrossRef]
[PubMed]

128. Barlan, A.U.; Griffin, T.M.; Mcguire, K.A.; Wiethoff, C.M. Adenovirus Membrane Penetration Activates the
NLRP3 Inflammasome. J. Virol. 2011, 85, 146–155. [CrossRef] [PubMed]

129. Chen, Y.; Zhou, Z.; Min, W. Mitochondria, Oxidative Stress and Innate Immunity. Front. Physiol. 2018, 9.
[CrossRef]

130. Cruz, C.M.; Rinna, A.; Forman, H.J.; Ventura, A.L.M.; Persechini, P.M.; Ojcius, D.M. ATP Activates a Reactive
Oxygen Species-dependent Oxidative Stress Response and Secretion of Proinflammatory Cytokines in
Macrophages. J. Biol. Chem. 2007, 282, 2871–2879. [CrossRef]

http://dx.doi.org/10.1016/j.mrfmmm.2004.09.013
http://dx.doi.org/10.1038/jid.2014.32
http://dx.doi.org/10.4049/jimmunol.168.8.3732
http://www.ncbi.nlm.nih.gov/pubmed/11937523
http://dx.doi.org/10.1007/s00403-004-0522-z
http://dx.doi.org/10.1111/1523-1747.ep12613446
http://dx.doi.org/10.4049/jimmunol.1000246
http://dx.doi.org/10.4049/jimmunol.177.7.4810
http://dx.doi.org/10.1016/S1074-7613(02)00274-1
http://dx.doi.org/10.1016/j.chembiol.2013.04.007
http://www.ncbi.nlm.nih.gov/pubmed/23706631
http://dx.doi.org/10.1038/nrc1529
http://www.ncbi.nlm.nih.gov/pubmed/15630416
http://dx.doi.org/10.3389/fimmu.2017.00613
http://dx.doi.org/10.6061/clinics/2018/e557s
http://dx.doi.org/10.1016/j.freeradbiomed.2017.03.030
http://dx.doi.org/10.1093/nar/gkx789
http://dx.doi.org/10.1177/1534735404270335
http://dx.doi.org/10.1038/nri2725
http://dx.doi.org/10.3390/ijms160715918
http://dx.doi.org/10.1093/nar/gkp100
http://www.ncbi.nlm.nih.gov/pubmed/19264794
http://dx.doi.org/10.1016/S0022-1759(99)00146-5
https://www.hindawi.com/journals/omcl/2016/4350965/
http://dx.doi.org/10.1016/j.cell.2010.01.022
http://www.ncbi.nlm.nih.gov/pubmed/20303872
http://dx.doi.org/10.1128/JVI.01265-10
http://www.ncbi.nlm.nih.gov/pubmed/20980503
http://dx.doi.org/10.3389/fphys.2018.01487
http://dx.doi.org/10.1074/jbc.M608083200


Int. J. Mol. Sci. 2020, 21, 7504 25 of 28

131. Dostert, C.; Pétrilli, V.; Bruggen, R.V.; Steele, C.; Mossman, B.T.; Tschopp, J. Innate Immune Activation
through Nalp3 Inflammasome Sensing of Asbestos and Silica. Science 2008, 320, 674–677. [CrossRef]

132. Choi, S.; Piao, S.; Nagar, H.; Jung, S.; Kim, S.; Lee, I.; Kim, S.; Song, H.-J.; Shin, N.; Kim, D.W.; et al. Isocitrate
dehydrogenase 2 deficiency induces endothelial inflammation via p66sh-mediated mitochondrial oxidative
stress. Biochem. Biophys. Res. Commun. 2018, 503, 1805–1811. [CrossRef]

133. Tchkonia, T.; Zhu, Y.; van Deursen, J.; Campisi, J.; Kirkland, J.L. Cellular senescence and the senescent
secretory phenotype: Therapeutic opportunities. J. Clin. Investig. 2013, 123, 966–972. [CrossRef]

134. Mantovani, A.; Allavena, P.; Sica, A.; Balkwill, F. Cancer-related inflammation. Nature 2008, 454, 436–444.
[CrossRef]

135. Furman, D.; Campisi, J.; Verdin, E.; Carrera-Bastos, P.; Targ, S.; Franceschi, C.; Ferrucci, L.; Gilroy, D.W.;
Fasano, A.; Miller, G.W.; et al. Chronic inflammation in the etiology of disease across the life span. Nat. Med.
2019, 25, 1822–1832. [CrossRef] [PubMed]

136. Qian, S.; Golubnitschaja, O.; Zhan, X. Chronic inflammation: Key player and biomarker-set to predict and
prevent cancer development and progression based on individualized patient profiles. EPMA J. 2019, 10,
365–381. [CrossRef] [PubMed]

137. Davies, R.C.; Pettijohn, K.; Fike, F.; Wang, J.; Nahas, S.A.; Tunuguntla, R.; Hu, H.; Gatti, R.A.; McCurdy, D.
Defective DNA double-strand break repair in pediatric systemic lupus erythematosus. Arthritis Rheum. 2012,
64, 568–578. [CrossRef] [PubMed]

138. Karakasilioti, I.; Kamileri, I.; Chatzinikolaou, G.; Kosteas, T.; Vergadi, E.; Robinson, A.R.; Tsamardinos, I.;
Rozgaja, T.A.; Siakouli, S.; Tsatsanis, C.; et al. DNA damage triggers a chronic auto-inflammatory response
leading to fat depletion in NER progeria. Cell Metab. 2013, 18, 403–415. [CrossRef] [PubMed]

139. Franceschi, C.; Campisi, J. Chronic inflammation (inflammaging) and its potential contribution to
age-associated diseases. J. Gerontol. A Biol. Sci. Med. Sci. 2014, 69, S4–S9. [CrossRef]

140. Colotta, F.; Allavena, P.; Sica, A.; Garlanda, C.; Mantovani, A. Cancer-related inflammation, the seventh
hallmark of cancer: Links to genetic instability. Carcinogenesis 2009, 30, 1073–1081. [CrossRef] [PubMed]

141. Grivennikov, S.I.; Greten, F.R.; Karin, M. Immunity, Inflammation, and Cancer. Cell 2010, 140, 883–899.
[CrossRef]

142. Gonzalez, H.; Hagerling, C.; Werb, Z. Roles of the immune system in cancer: From tumor initiation to
metastatic progression. Genes Dev. 2018, 32, 1267–1284. [CrossRef]

143. Bartsch, H.; Nair, J. Chronic inflammation and oxidative stress in the genesis and perpetuation of cancer:
Role of lipid peroxidation, DNA damage, and repair. Langenbecks Arch. Surg. 2006, 391, 499–510. [CrossRef]
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