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COVID-19 is an infectious disease caused by the SARS-CoV-2 coronavirus and characterized by an extremely
variable disease course, ranging from asymptomatic cases to severe illness. Our cells develop DNA lesions on a
daily basis. These lesions can inhibit basic cellular processes, such as genome replication and transcription, and if
they are not repaired properly, they could result in mutations or genome aberrations, thereby posing a threat to the

cell or even to the viability of a particular organism.
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| 1. Introduction

Coronavirus Disease 2019 (COVID-19) is an infectious disease caused by the Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2), a novel coronavirus that emerged in the city of Wuhan, China at the end of 2019.
Being highly transmissible, the disease was rapidly spread worldwide and a few months later, in March 2020, the
World Health Organization (WHO) declared the COVID-19 outbreak a global pandemic [ Unlike other
coronaviruses that led to large-scale outbreaks (e.g., the SARS-CoV epidemic occurred in 2002, later eradicated;
the MERS epidemic: firstly, reported in 2012, still ongoing), COVID-19 has shaped the human history of the 21st
century and continues to pose unprecedented challenges for healthcare systems and socioeconomic structures
globally 2. COVID-19 is characterized by an unpredictable and extremely variable disease course ranging from
asymptomatic cases to severe illness that can lead even to death. While upper respiratory symptoms are the most
common acute manifestations encountered in the majority of patients, many of them develop interstitial pneumonia
that may progress to respiratory failure and acute respiratory distress syndrome (ARDS) requiring mechanical
ventilation and admission to the intensive care unit (ICU) Bl Although SARS-CoV-2 predominantly causes
pulmonary disease, a wide spectrum of extra-pulmonary clinical manifestations has been also observed. Literature
suggests that any system (hematologic, cardiovascular, renal, gastrointestinal and hepatobiliary, endocrinologic,
neurologic, ophthalmologic, dermatologic system) can be affected and the main components of SARS-CoV-2 ability
to provoke multiple organ injury are (i) direct virus-induced cytotoxicity in angiotensin-converting enzyme 2 (ACE2)
expressing cells, (ii) dysregulation of the renin-angiotensin-aldosterone system resulting from virus-mediated ACE2
downregulation related to virus entry, (iii) immune dysregulation, (iv) endothelial cell injury and thrombo-

inflammation, and (v) tissue fibrosis 4.
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| 2. DNA Damage Response and COVID-19
2.1. DNA Repair Mechanisms

Our cells develop DNA lesions on a daily basis. These lesions can inhibit basic cellular processes, such as genome
replication and transcription, and if they are not repaired properly, they could result in mutations or genome
aberrations, thereby posing a threat to the cell or even to the viability of a particular organism 2. Several
endogenous insults are responsible for forming these DNA lesions, including DNA base mismatch, oxidation,
hydrolysis, and alkylation of DNA, as well as exogenous factors, such as ultraviolet and ionizing radiation and
several chemical agents 8,

To protect against the genotoxic effects, cells have evolved several genome-protection pathways, collectively
termed the DNA damage response network (Figure 1) . DDR is an organized system that includes sensors,
mediators, transducers, and effectors that activate various pathways, including DNA repair and cell cycle control. If

the unrepaired DNA lesions are above a certain level, apoptosis or mutagenesis are triggered (&,
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Figure 1. Schematic diagram of the DDR pathways activated by exogenous and endogenous insults (Figure was
generated using images assembled from Servier Medical Art, https://smart.servier.com, accessed on 11 August
2022).

At least seven major DNA repair pathways are active throughout the cell cycle, with each one repairing different

types of lesions.

(a)Nucleotide excision repair (NER). This mechanism repairs lesions that disrupt the DNA double-helix, such as

bulky base adducts 2. NER detects helix-distorting base lesions via two sub-pathways with different lesion
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detection mechanisms: transcription-coupled repair (TCR), which identifies lesions that inhibit transcription, and
global-genome repair (GGR), which removes lesions throughout the genome.

(b)Base excision repair (BER). This is a commonly used DNA repair process that identifies and repairs damaged
DNA bases that do not alter the structure of the DNA helix. The cell uses BER to repair abnormal DNA bases,
simple base-adducts, oxidative DNA damage and single-strand breaks (SSBs) 9. There are two BER sub-
pathways: the short-patch and the long-patch pathway. The activation of one or both of these two BER sub-

pathways is determined by the origin of the damage and the cell cycle phase in which the damage occurs.

(c)Mismatch repair (MMR). This pathway eliminates base substitution and insertion/deletion mismatches that occur

when replication errors escape DNA polymerases’ proofreading function 111,

(dyHomologous recombination repair (HRR). This is an error-free DSB repair mechanism that works throughout the
S and G2 phases of the cell cycle to find a sister chromatid, which serves as a template to direct the repair of

the damaged sequence 12,

(e)Non-homologous end-joining (NHEJ). This mechanism repairs radiation- or chemically-induced double-strand
breaks (DSBs), as well as intermediates of the V(D)J recombination and class-switch recombination (CSR)
processes 13141151 |t js prone to errors and can function at any stage of the cell cycle. There are two subtypes

of NHEJ: the canonical (c-NHEJ) and the alternative non-homologous end-joining (alt-NHEJ).

(f) Interstrand cross-link (ICL) repair. This pathway repairs cross-links between the two strands of DNA, a critical
event that usually results in cell cycle and replication arrest and eventually cell death 81, In non-replicating cells,
ICL repair is mediated by the NER mechanism, while in the S phase it is coupled to DNA replication and

depends on the homologous recombination machinery 17,

(g)Direct repair pathway. The only protein that is implicated in this mechanism is the O6-methylguanine-DNA
methyltransferase (MGMT), which removes alkyl groups from the O6 position of guanine to a cysteine residue

on itself and undergoes the degradation process 18,

2.2, COVID-19 and DDR

During the past few years, a wealth of information has been accumulated, shedding light on interactions between
viral infections and the activation of DDR-related pathways 2. For example, Chambers and colleagues 29
reported that the MMR pathway, a critical component of the DDR network, is required for the cellular anti-influenza
A virus (IAV) response and controls the cellular fate following viral infection. Previous studies have shown that 1AV
infection leads to the death of infected cells through various cell death pathways, such as necrosis, necroptosis
and pyroptosis, thus promoting effective virus clearance 2122l |n addition to the IAV-induced death of infected
cells, immune cells can effectively recognize and clear infected cells from the host, thus resulting in viral clearance
from the host 23 Interestingly, although IAV infection typically decreases cells’ MMR capacity, a subset of
respiratory epithelial cells, named club cells, are remarkably capable of maintaining high levels of MMR activity 29,

Club cells’ increased MMR capacity efficiently removes the virus-induced oxidative DNA damage, thus allowing the
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transcriptional activation of antiviral genes, which probably aids in viral eradication and cell survival. In vivo, this
has significant clinical implications because the loss of MMR activity reduced cell survival and exacerbated viral
illness. In fact, Haque and colleagues 24 reported that a cancer patient with hereditary nonpolyposis colorectal
cancer, a syndrome characterized by defective MMR, tested positive for SARS-CoV-2 for at least 54 days after the
diagnosis of COVID-19. The authors proposed a connection between a deficient MMR mechanism and protracted
viral shedding after SARS-CoV-2 infection, where the host repair system is harmed as a result of the virus-induced

oxidative DNA damage and the impaired MMR.

Poly (ADP)-ribose polymerase (PARP) enzymes are a family of proteins that have been extensively investigated in
many human diseases, including cancer, disorders of the central nervous system and RNA viral pathology [23],
Although the poly (ADP-ribosylating) (PARylating) PARPs catalyze the formation of branched or linear chains of
ADP-ribose moieties and mainly function in the cellular response to DNA damage, several noncanonical
mono(ADP-ribosylating) (MARylating) PARPs that modify their target proteins by the addition of a single ADP-
ribose moiety, are implicated in cellular antiviral responses 28, Interestingly, Heer and colleagues 24 have shown
that SARS-CoV-2 infection induces MARYylating PARPs, such as PARP7, PARP10, PARP12, and PARP14, and up-
regulates the expression of genes that are encoding enzymes for salvage nicotinamide adenine dinucleotide (NAD)
synthesis from nicotinamide and nicotinamide riboside, while down-regulating other NAD biosynthetic pathways.
Importantly, PARP inhibitors had advantageous effects on SARS-CoV-2 infection by blocking the overactivation of
macrophages and the cytokine storm that follows (28129 as well as by preventing cell death 2%, Other studies have
also shown that PARP inhibitors showed a protective role against the risk of COVID-19 progression in patients with

cardiovascular, central nervous system, and metabolic diseases [31132],

Furthermore, SARS-CoV-2 infection activated the DDR network in Vero E6, an African green monkey kidney cell
line B8 In that study, virus-infected Vero E6 cells exhibited (a) transcriptional upregulation of the Ataxia
telangiectasia and Rad3-related (ATR) protein, (b) increased phosphorylation of Chkl at serines 317 (S317) and
345 (S345), (c) increased phosphorylation of histone H2AX at serine 139 (S139; yH2AX), (d) decreased
expression of the telomeric repeat-binding factor 2 (TRF2) subunit of the Shelterin system, a protein complex that
plays a crucial role in telomere protection, while its absence results in DDR activation and the processing of
chromosome ends by the DNA repair pathways 24! and (e) decreased telomere lengths. These findings suggest
that SARS-CoV-2 affects telomere length, through the decreased expression of the TRF2 protein, thus triggering
the DDR network mediated by the ATR signaling pathway. In addition, Sepe and colleagues 22! have shown that
during aging the expression of the virus’ cell receptor ACE2 increased in mice and human lungs. They also
reported that this increase was dependent on the DDR network, since both (a) the inhibition of the ATM kinase
activity, resulting in the global DDR inhibition, and (b) the telomeric DDR inhibition through specific antisense
oligonucleotides, prevented the upregulation of ACE2 following telomere shortening or the induction of DNA
damage. Together, these results suggest that during aging, telomeric shortening or DNA damage activates the
DDR network resulting in the upregulation of ACE2 and making older people more susceptible to SARS-CoV-2
infection.
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In another study, the authors claim that SARS-CoV-2 infection of cells expressing high levels of ACE2, the SARS-
CoV-2 spike protein induced the formation of syncytia and the generation of micronuclei due to DNA damage €.
Interestingly, the authors reported that the formation of DNA damage within these syncytial micronuclei triggers the
DDR network and the cGAS-STING-IFN signaling, through the recruitment of the yH2Ax and the cGAS proteins,

thus resulting in cellular catastrophe and aberrant immune activation.

A recent study shows that exposure of Poecilia reticulata (a widely distributed tropical fish) adult fish to fragments
of the SARS-CoV-2 spike protein induced genomic instabilityy, DNA damage in circulating erythrocytes and
induction of oxidative stress marked by increased levels of the antioxidant enzymes superoxide dismutase (SOD)
and catalase (CAT) and accompanied by high levels of malondialdehyde (MDA), reactive oxygen species (ROS),

and hydrogen peroxide (H,0,) I,

Notably, previous studies have shown that NOX4-derived oxidative stress plays a crucial role in influenza virus
proliferation 28 Indeed, it has been demonstrated that lung epithelial cells infected with the influenza A virus
experience a brief rise in intracellular ROS as a necessary phase in the development of the virus life cycle.
Through this process, the p38 and ERK1-2 MAPK pathways are activated, which in turn promotes the nuclear
export of viral ribonucleoprotein (VRNP), a crucial step in viral assembly and release. Remarkably, the NOX4
oxidase was the major contributor to the virus-induced oxidative stress and the enhancement of viral replication in
murine primary airway epithelial cells and human lung cancer cell lines. Indeed, it was found that the expression of
NOX4 was increased during cell infection, while inhibition of NOX4 activity blocked ROS increase, the

phosphorylation of MAPK, the nuclear export of the VRNP and the viral release (28],

In addition, Garcia and colleagues 2 shed light on the interactions between COVID-19 and the DDR pathway and
suggested DDR-associated kinase inhibitors as potent blockers of SARS-CoV-2 replication. Indeed, the authors
screened a library of pharmacological compounds to find antiviral medicines that are specific to SARS-CoV-2 and
found that virus cytopathic impact in human epithelial cells was inhibited by 34 of 430 protein kinase inhibitors that
are in different phases of clinical trials. For example, berzosertib, a selective inhibitor of serine/threonine-protein
kinase ATR, that is already in phase 2 clinical trials for solid tumors %, prevented SARS-CoV-2 replication at the

post-entry stage and had significant antiviral action in various cell types.

Importantly, a recent study has shown how COVID-19 damages the heart, opening the opportunity for new COVID-
19 treatments 1. |n that study, the authors investigated the transcriptome landscape of cardiac tissues collected
from SARS-CoV-2 infected patients and controls. Transcriptomics analysis showed upregulation of DNA damage
and repair-related genes in the cardiac tissues of COVID-19 patients. In addition, the presence of DNA damage in
the same tissues of SARS-CoV-2 patients was further confirmed using yH2AX immunostaining, an established

methodology for detecting DNA damage.

2.3. COVID-19 and Oxidative Stress
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Oxidative stress is defined as a dangerous state caused by the imbalance between the production and the
accumulation of ROS “2. ROS are highly reactive molecules that trigger rapid chain reactions and cause oxidative
damage to macromolecules, such as lipids, proteins, carbohydrates, and nucleic acids, thus affecting various
cellular functions. Previous data have shown that increased levels of oxidative stress participate in the onset and
progression of many diseases, such as cancer and autoimmunity 3. On the other hand, very low levels of
oxidative stress result in the induction of reductive stress and the occurrence of pathologies ranging from cancer to
cardiomyopathy 4],

A growing number of studies have shown that oxidative stress plays a key role in viral infections, such as SARS-
CoV-2 [43]1461[47] |ndeed, a primary characteristic of viral infection is an imbalance of redox equilibrium in the body
[48] By creating an excess of ROS and a shortage of reduced glutathione (GSH), the virus manipulates the host
cell machinery to put the cell into an oxidative stress state, which creates favorable conditions for viral
reproduction. Interestingly, the excess reactive oxygen/nitrogen species (RONS) synthesis and the abnormal
cellular antioxidant-oxidant balance have been implicated in the pathogenesis of respiratory viral infections, such
as SARS-CoV-2 [43],

Other studies suggested that oxidation of thiols to disulfides, because of oxidative stress, might boost SARS-CoV-2
spike protein affinity for the ACE2 receptor that is responsible for the degradation of the vasoconstrictor
Angiotensin Il (Ang Il) to the vasodilator Angiotensin 1-7 (Ang 1-7) and so increase the severity of SARS-CoV-2
infection 4259 Because SARS-CoV-2 binding to the ACE2 receptor reduces the enzyme’s catalytic activity, i.e.,
the conversion of Ang Il to Ang 1-7, the nicotinamide dinucleotide phosphate (reduced form, NADPH) oxidase
activity may also rise in SARS-CoV-2 infected patients, resulting in an increase of oxidative stress B, Moreover,
lower levels of the antioxidant glutathione enhance cellular oxidative stress, which is linked to a variety of diseases
and immunological dysfunctions that increase viral infection susceptibility, such as uncontrolled SARS-CoV-2
infection (22, Researchers also have to mention that uncontrolled replication causes oxidative damage in the lungs,
increasing viral load and consequently the severity of the virus infection (23, Moreover, since the membrane
antioxidant vitamin D has been reported to improve immunity and protect against respiratory illness, a recent study

proposed that there is a connection between vitamin D levels and COVID-19 susceptibility 452!,

Since oxidative stress might directly or indirectly affect the progression and outcome of SARS-CoV-2 infection, it is
an emerging target in the battle against viral infection. Indeed, many studies have reported the use of antioxidants,
such as N-acetylcysteine (NAC), GSH, polyphenols, and selenium, in the treatment of viral infections B8, For
example, a recent study has shown that NAC, due to its participation in the synthesis of glutathione, by boosting T
cell response, preventing the depletion of the T cells and reducing inflammation, could be a promising medication
to treat COVID-19 infection B8I59], Other studies demonstrated that the in vitro or in vivo administration of GSH
derivatives inhibited Sendai virus and Herpes Simplex Virus 1 (HSV-1) replication, without inducing toxic effects (6%
(611 Moreover, previous data have shown that polyphenol components derived from pistachios kernels (the raw
kernels of the pistachio nut) exhibited antiviral effects, with resveratrol, a stilbene derived from a variety of plants,
being the best anti-HSV nutraceutical agent 6283 |n addition, selenium-based nanoparticles have emerged as a

promising approach in the treatment of influenza 641,
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Importantly, in a recent study, the authors measured redox biomarkers and DNA damage levels for 14 days in
hospitalized COVID-19 patients. Maximal levels of malondialdehyde, a biomarker of lipid peroxidation and oxidative
stress, were observed at the time of hospitalization, rapidly dropping during the time-course analyzed, while 8-
hydroxy-2'-deoxyguanosine (8-OHdG) levels, an important byproduct of oxidative DNA damage, peaked at 7 days
after hospitalization [, Another study evaluated the presence of guanine oxidized species in COVID-19
hospitalized patients 8. The authors reported that the levels of the DNA and RNA guanine oxidized species were
higher in the serum of non-surviving COVID-19 patients than in those that survived, suggesting that oxidative DNA

damage could be a predicting factor of death by COVID-19.

2.4. SARS-CoV-2 Vaccination, the Imnmune System and the DDR Network

The DDR network and the immune system are the main mechanisms that act together favoring the proper function
of various organisms [ Indeed, several studies have shown that activated DDR induces immune responses,
usually via a cGAS/STING-mediated pathway BZ68I69  while the activated immune system induces the DDR
network through the generation of oxidative stress and the resulting DNA damage 9. To further explore the
interplay between these two systems, Ntouros and colleagues “2 investigated the effect of an acute immune
challenge on the DDR system, using SARS-CoV-2 vaccination as an in vivo model of acute inflammation. They
found that 24 h after SARS-CoV-2 vaccination (Comirnaty, Pfizer-BioNTech), peripheral blood mononuclear cells
(PBMCs) of healthy individuals showed a transient increase of type | IFN, combined with elevated oxidative stress
and accumulation of DNA damage; vaccination did not influence the DNA repair capacity of PBMCs. All these
parameters resumed regular levels a few days later. Collectively, these data show that SARS-CoV-2 vaccination,
as an acute immune stimulant, successfully triggers the DDR network. Moreover, the cytokine profile of the
vaccinated individuals reveals a distinct interleukin 15, interferon gamma and IP10/CXCL10 signature, which

correlates with effective immune activation [Z31,

A growing number of studies have shown that older people are characterized by decreased antibody response to
SARS-CoV-2 vaccination /4. To elucidate the link between aging and the response to SARS-CoV-2 vaccination, a
recent report analyzed oxidative stress and accumulation of DNA damage in aged individuals before and after
vaccination [Z3], They found that after SARS-CoV-2 vaccination (Comirnaty, Pfizer-BioNTech, New York, NY 10017,
USA), individual titers of anti-Spike-Receptor Binding Domain (S-RBD)-IgG antibodies and the neutralizing capacity
of circulating anti-SARS-CoV-2 antibodies inversely correlated with the corresponding pre-vaccination oxidative
stress status and the DNA damage levels observed in PBMCs. Together, these results suggest that humoral
immune responses to SARS-CoV-2 vaccination may be weaker when immune cells are under oxidative and/or

genotoxic stress, conditions that are common in the elderly.
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