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Clinically approved PARP inhibitors (PARPi) have a mild adverse effect profile and are

well tolerated as continuous daily oral therapy. We review the evidence that justifies

the repurposing of PARPi to block the proliferation of severe acute respiratory syn-

drome coronavirus 2 (SARS-CoV-2) and combat the life-threatening sequelae of

coronavirus disease 2019 (COVID-19) by several mechanisms. PARPi can effectively

decrease IL-6, IL-1 and TNF-α levels (key interleukins in SARS-CoV-2-induced cyto-

kine storm) and can alleviate subsequent lung fibrosis, as demonstrated in murine

experiments and clinical trials. PARPi can tune macrophages towards a tolerogenic

phenotype. PARPi may also counteract SARS-CoV-2-induced and inflammation-

induced cell death and support cell survival. PARPi is effective in animal models of

acute respiratory distress syndrome (ARDS), asthma and ventilator-induced lung

injury. PARPi may potentiate the effectiveness of tocilizumab, anakinra, sarilumab,

adalimumab, canakinumab or siltuximab therapy. The evidence suggests that PARPi

would benefit COVID-19 patients and trials should be undertaken.

Abbreviations: ARDS, acute respiratory distress syndrome; AIF, apoptosis-inducing factor; COPD, chronic obstructive pulmonary disease; CoVs, coronaviruses; COVID-19, coronavirus disease

2019; CRP, C-reactive protein; EMA, European Medicines Agency; FDA, Food and Drug Administration; HRR, homologous recombination repair; ssRNA+, positive-sense single-stranded RNA;

RNS, reactive nitrogen species; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; TMPRSS2, type II transmembrane serine protease; VILI, ventilation-induced lung damage; WHO,
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1 | CHARACTERISTICS OF THE SEVERE
ACUTE RESPIRATORY SYNDROME
CORONAVIRUS 2 (CORONAVIRUS DISEASE
2019) INFECTION

The newly emerging coronavirus disease, coronavirus disease 2019

(COVID-19), is caused by the severe acute respiratory syndrome

coronavirus 2 (SARS-CoV-2) (Zhu et al., 2020). The SARS-CoV-2

belongs to the Coronaviridae family, being genetically related to

the human pathogen SARS-CoV-1 and MERS-CoV and to a number of

bat-origin coronaviruses (CoVs) (Lu et al., 2020). SARS-CoV-2 is an

enveloped virus that has a positive-sense single-stranded RNA (ssRNA+)

genome of nearly 30,000 nucleotide in length (Zhu et al., 2020).

The first site of viral infection is the upper respiratory tract. At a

later stage of infection, the virus may disseminate to and replicate in

the lower respiratory tract (Zhu et al., 2020). Viral RNA and infectious

virus can be found in the nasopharyngeal swab and the sputum. In

addition, infection of the gastrointestinal tract has been reported and

infectious viruses can be isolated from faecal specimens (Xiao

et al., 2020). The virus uses the ACE2 as cellular receptor and a type II

transmembrane serine protease, TMPRSS2, as co-factor that activates

the attachment protein of SARS-CoV-2 (Lu et al., 2020) to aid viral

entry into epithelial cells of the respiratory and in the gastrointestinal

tract (Xiao et al., 2020). In the majority of the cases, patients have

very mild symptoms. However, a considerable portion of the patients

develop severe symptoms and require intensive care and mechanical

ventilation; this patient group shows an increased risk for death (Chen

et al., 2020;Guan et al., 2020; Huang et al., 2020). The risk factors for

complications and mortality include pre-existing cardiovascular, meta-

bolic or neoplastic diseases and older age (Nikolich-Zugich

et al., 2020; Zhou et al., 2020). Men have higher chance for develop-

ing severe symptoms, as well as, for fatal outcome (Guan et al., 2020;

Huang et al., 2020).

Although the pathogenesis of COVID-19 is not fully understood,

immunopathological mechanisms are thought to play an important

role. A detrimental sequel of SARS-CoV-2 virus infection is a cytokine

storm (also called cytokine release syndrome or macrophage over-

activation syndrome) that occurs after the elimination of the virus and

culminates in multiple organ failure (Mehta et al., 2020; Shi

et al., 2020). Cytokine storm may be responsible for a considerable

fraction of adverse outcomes in SARS-CoV-2 infection (Shi

et al., 2020). The reason for the absence of the adaptive response is

unknown. In clinical practice, tocilizumab, an antibody against IL-6

(Luo et al., 2020; McGonagle, Sharif, O'Regan, & Bridgewood, 2020;

Toniati et al., 2020) and anakinra, an IL-1 receptor antagonist (Adam

Monteagudo, Boothby, & Gertner, 2020; McGonagle et al., 2020),

were used successfully to cope with SARS-Cov-2-induced cytokine

storm suggesting the involvement of these interleukins. Other drugs,

primarily used in rheumatological settings, are also suggested to be

used to block cytokine storm (Ceribelli et al., 2020).

The current treatment options in SARS-CoV-2 infection are

limited to drugs empirically tested in the clinical setting. The

unmet medical need posed by SARS-CoV-2 infection calls for rapid

repositioning of available drugs. These drugs are mostly antiviral drugs

(e.g. lopinavir–ritonavir combinational therapy and remdesivir) or

anti-inflammatory drugs, as noted above. None of the current

COVID-19 treatments are supported by prospective randomized clin-

ical trials and therefore, all of these treatments should be considered

with caution. The World Health Organization (WHO) initiated a

large-scale drug repositioning study to rapidly assess the most prom-

ising candidates to fight SARS-CoV-2 pandemic. In this position

review, we are reviewing the applicability of poly (ADP-ribose) poly-

merase inhibitors (PARPi) and their possible interactions with known

therapeutic options in SARS-CoV-2 infection.

2 | BRIEF INTRODUCTION TO THE
BIOLOGY OF POLY (ADP-RIBOSE)
POLYMERASES (PARPs)

PARP/ARTD enzymes constitute a family of 17 members in humans

(PARP1–PARP17) (Ame, Spenlehauer, & de Murcia, 2004). When acti-

vated, PARPs cleave their substrate, NAD+, and couple the resulting

ADP-ribose units onto acceptor proteins forming monomers, oligo-

mers or polymers of ADP-ribose. The polymer of ADP-ribose is called

PAR. The large, negatively charged monomers, oligomers or polymers

heavily impact on the behaviour of target proteins and a huge number

of proteins were shown to be ADP-ribosylated or PARylated on multi-

ple different amino acids (Bai, 2015). In addition, ADP-ribose units can

serve as binding surface for proteins (Tartier et al., 2003).

Macrodomain-containing proteins constitute a small protein fam-

ily (Karlberg, Langelier, Pascal, & Schuler, 2013). Macrodomains can

bind to ADP-ribose units and some can hydrolyse ADP-ribose units

upon binding (Karlberg et al., 2013). Through binding or hydrolysing

ADP-ribose, macrodomain-containing proteins can translate ADP-

ribosylation signals into cellular adaptation programmes. Macro-

domains can be found in all domains of life, including viruses (Fehr,

Jankevicius, Ahel, & Perlman, 2018) and, more specifically, CoVs

(Grunewald et al., 2019).

PARP1 is responsible for �85–90% of cellular PARP activity,

PARP2 is responsible for 10–15%, while the rest of the enzymes share

the remainder of all cellular PARP activity (Schreiber et al., 2002).

3636 CURTIN ET AL.

https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1614
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=6881
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4998
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=6972
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=9502
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=8804
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=10715
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=883


Active PARPs represent a large burden on cellular NAD+ levels (Sims,

Berger, & Berger, 1983). Although, originally, excess PARP activation

is linked to DNA damage-associated pathologies, recent advances

showed that PARP activity under physiological conditions also repre-

sents a large burden on cellular NAD+ levels (Bai et al., 2011; Bai

et al., 2011; Mohamed, Hajira, Pardo, & Boriek, 2014).

PARP1, PARP2 and PARP3 can be activated by binding to irregu-

lar or damaged DNA (Bai, 2015) that is often the result of ROS or

reactive nitrogen species (RNS) production under inflammatory condi-

tions (Bai & Virag, 2012). The activation of PARP1, PARP2 and PARP3

is vital for initiating DNA repair and the resolution of irregular DNA

structures and modulating chromatin structure. Through these, certain

PARP isoforms (chiefly, PARP1) are involved in recombination and

transcription events that encompass changes to DNA structure

(Bai, 2015). Importantly, PARP2 can bind to RNA, which may activate

the enzyme (Leger, Bar, Savic, Santoro, & Hottiger, 2014). There are

other pathways to activate PARPs involving signal transduction path-

ways (Bai, 2015). PARP enzymes were shown to be involved in tran-

scription, mRNA handling and polypeptide elongation (for

comprehensive reviews, see Kim, Challa, Jones, & Kraus, 2020).

PARP enzymes are involved in a wide variety of cellular pro-

cesses; among these, their impact in cell death, immune function

(Bai & Virag, 2012; Fehr et al., 2020), antiviral response (Fehr

et al., 2018; Fehr et al., 2020), transcription, translation (Kim

et al., 2020) and autophagy (Rodríguez-Vargas, Oliver-Pozo, &

Dantzer, 2019) are relevant for our discussion. PARPi that are in cur-

rent clinical use (olaparib, rucaparib, niraparib and talazoparib) are

inhibitors of PARP1, PARP2 and PARP3 (Wahlberg et al., 2012).

3 | THERAPEUTIC POTENTIAL OF PARPi

3.1 | Anti-inflammatory effects of PARPi and
modulation of cell death—Combatting the cytokine
storm

The protective effect of PARPi, which is applicable to non-oncological

models of inflammation, was first suggested by Nathan Berger's group

nearly 40 years ago (Sims et al., 1983). They noted that DNA damage-

induced cell death was associated with PARP activation, resulting in

massive depletion of its substrate, NAD+, and consequently ATP that

resulted in necrosis. Depletion of these pools was prevented in the

presence of a PARPi and necrosis reduced. Subsequently, it has also

been shown that the product of the PARP reaction, that is, PAR, can

also trigger apoptosis-inducing factor (AIF) release that promotes a

specific programmed cell death pathway called “parthanatos”

(Fatokun, Dawson, & Dawson, 2014). Relevant to inflammatory nor-

mal tissue damage in general and acute respiratory distress syndrome

(ARDS) in particular is the role of oxidative and nitrosative stress,

which is integral to inflammation and causes DNA strand breakage

that massively activates PARP (Bai & Virag, 2012; Ke et al., 2019).

Indeed, PARP can actively increase and prolong inflammation through

a vicious cycle of ROS/RNS-induced DNA damage, PARP-mediated

necrosis and increase in inflammatory cytokines (Figure 1). PARPi

have been shown to limit inflammation-induced normal tissue dam-

age, including acute lung injury, in animal models (reviewed in

Pazzaglia & Pioli, 2019; Virág, 2005).

Reactive species production increases in SARS-CoV-2 (COVID-19)

infection (Kouhpayeh et al., 2020; Sawalha, Zhao, Coit, & Lu, 2020;

Wang et al., 2020; Zhang, Wu, Li, Zhao, & Wang, 2020) that

makes PARP activation and PARP activation-mediated cell death

likely. Pharmacological PARP inhibition is likely to reduce cell death

under these conditions as suggested by the study on another ssRNA

(+) virus, the Zika virus. Zika virus-induced cell death was effectively

blocked by PARP inhibition (Xu et al., 2019). The source of the reac-

tive species can be diverse, stemming from activated immune

(e.g. macrophages) or dysfunctional cells. Interestingly,

the nucleocapsid protein of SARS-CoV-1 can induce ROS

production in non-immune cells, so that can be a pathway in the case

of SARS-Cov-2 as well (Zhang et al., 2007). In fact, a pre-publication

paper (Heer et al., 2020) already suggested that SARS-CoV-2

infection induces PARP activity.

PARP1 is the best characterized member of the PARP family from

the perspective of immune processes. PARP1 seems to have mostly

pro-inflammatory properties in terms of Th1- and Th2-mediated pro-

cesses (Bai & Virag, 2012; Fehr et al., 2020). PARP2 has limited role in

pro-inflammatory processes (Bai & Virag, 2012). Pharmacological

PARP inhibition is generally anti-inflammatory. PARP1 is involved in

regulating innate and adaptive immunity (Fehr et al., 2020) through

mediating signal transduction and transcription events in multiple

immune cell lines that is translated to differential expression of cyto-

kines and chemokines, as well as their receptors (Bai & Virag, 2012;

Fehr et al., 2020). In humans, there is evidence that the polymorphism

in PARP1 (V762A) that confers reduced activity is associated with

reduced risk of asthma (Ozaydin et al., 2014). PARP activity is

increased in the lung tissues of asthmatic patients and in mouse

models, the PARPi, olaparib, prevents asthma, indicating that the

extrapolations from preclinical models to human conditions are valid

(Ghonim et al., 2015). Also, PARP inhibition confers protection to the

lungs upon acute lung injury inflicted by various noxae (burns, smoke

inhalation, bacterial infection, etc.) (Hamahata et al., 2012; Murakami

et al., 2004) in an NF-κB-dependent fashion (Ahmad et al., 2015;

Wang et al., 2013). Various PARPi (3-AB, PJ-34 and INO-1001) have

been shown to be protective in various preclinical models of acute

respiratory distress syndrome by reducing the production of inflam-

matory mediators and preventing the depletion of NAD+ and ATP and

also the deterioration of barrier function that may contribute to exu-

date formation in acute respiratory distress syndrome (reviewed in

Virág, 2005). The most common animal model of human acute lung

injury/acute respiratory distress syndrome is intratracheal instillation

of LPS. PARP plays an important role in the pathogenesis of LPS-

mediated acute respiratory distress syndrome damage by a variety of

mechanisms. Both genetic disruption of PARP1 and inhibition of PARP

ameliorate acute respiratory distress syndrome and acute respiratory

distress syndrome-associated tissue damage (reviewed in Sethi,

Dharwal, & Naura, 2017). Following LPS administration, olaparib not
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only reduced inflammatory cell infiltration in the lung and pulmonary

oedema and exudate but also reduced secondary kidney injury

(Kapoor, Singla, Sahu, & Naura, 2015). Relevance to human lung dis-

ease comes from the observation that in cases of chronic obstructive

pulmonary disease (COPD), plasma NAD+ is low and DNA damage,

PARP activity and the percentage of PAR positive lymphocytes were

higher than in control subjects (Hageman et al., 2003; Oit-Wiscombe,

Virag, Soomets, & Altraja, 2013).

PARP inhibition has an additional lung protective feature. PARPi

are able to reduce lung fibrosis, a common sequel of SARS-Cov-2 lung

inflammation, in different preclinical animal models (Carlile

et al., 2016; Hoyt & Lazo, 1992, 1993; Lucarini et al., 2017). PARP

activity in idiopathic lung fibrosis patients was higher than in healthy

controls (Hu et al., 2013), suggesting that the findings of the animal

models can be translated to the human situation.

As we noted above, a major reason of mortality in SARS-CoV-2

(COVID-19) infection is the macrophage overactivation that

leads to cytokine storm and, consequently, to multi-organ

failure (Vaninov, 2020). To date, IL-6 and IL-1 were implicated in

SARS-CoV-2 (COVID-19)-induced cytokine storm (Conti et al., 2020;

McGonagle et al., 2020), however the involvement of TNF-α is also

likely. PARPi, including olaparib, can reduce the expression of IL-6 in

multiple organs, including the lung (Ghonim et al., 2015; Kim

et al., 2008; Liaudet et al., 2002; Pagano et al., 2007; Sahu, Narota, &

Naura, 2020) in animal models. Importantly and in good agreement

with the previous dataset, pharmacological PARP inhibition using

INO-1001 in humans reduced serum IL-6 and C-reactive protein

(CRP) levels (Morrow et al., 2009), further reinforcing the notion that

data from preclinical studies can be translated to humans.

Another interleukin implicated in eliciting the cytokine storm in

SARS-CoV-2 (COVID-19) infection is IL-1 (Conti et al., 2020;

McGonagle et al., 2020). PARPi, including olaparib, can decrease IL-1β

expression in animal models (Liaudet et al., 2002; Mabley et al., 2001;

Sahu et al., 2020; Sethi, Sharma, & Naura, 2019) that, again points out

the applicability of PARPi to dampen IL-1 expression in humans.

Finally, pharmacological PARP inhibition, including with the clinically

approved PARPi, olaparib, reduced TNF-α levels in the lungs in various

animal models of lung inflammation (Cuzzocrea et al., 2002; Kim

et al., 2008; Liaudet et al., 2002; Sahu et al., 2020; Virag et al., 2004).

The data we presented suggest that PARP inhibition can counter-

act inflammation-induced cell death and possibly counteracts the

acute respiratory distress syndrome-like features and cytokine storm

through blocking macrophage overactivation (cytokine storm) through

down-regulating the expression of IL-6, IL-1, and TNF-α in humans.

These events represent a vicious circle that is sustained by PARP1

activation. Therefore, PARPi can break the chain of events at multiple

loci (as suggested in Jagtap & Szabo, 2005) and exert cytoprotective

effects on the pulmonary epithelial and endothelial cells.

3.2 | Ventilator-induced lung injury

SARS-Cov-2-infected patients requiring intensive care often need

mechanical ventilation over extended periods (Huang et al., 2020).

Pharmacological inhibition of PARP reduced the inflammatory compo-

nent of ventilation-induced lung damage in a murine model (Kim

et al., 2008). Furthermore, in another rat preclinical model of severe

acute lung injury, the PARPi PJ-34 protected the kidney from injury

F IGURE 1 The role of PARP in inflammation-induced tissue damage. Infection-induced ROS and reactive nitrogen species (RNS) cause DNA
strand breakage. This activates PARP1 and PARP2, which generates PAR that can lead to apoptosis-inducing factor (AIF) release leading to cell
death by parthanatos. This reaction also depletes NAD+ and subsequently ATP leading to necrosis, which causes further inflammation and
activation of immune cells (e.g. macrophages) leading to more ROS and RNS generation and, so, a vicious cycle of further PARP activation and
downstream consequences. PARP activation also stimulates the production of inflammatory cytokines, such as IL-6, further contributing to this
vicious cycle. All of this can essentially be blocked by the use of a PARPi
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following mechanical ventilation (Vaschetto et al., 2010). Similar find-

ings were obtained in an ovine model, where acute lung injury was

induced by smoke inhalation and local Pseudomonas aeruginosa coloni-

zation (Murakami et al., 2004). It appears that in ventilation-induced

lung damage (VILI), PARP inhibition breaks a similar vicious cycle as in

acute respiratory distress syndrome or other inflammatory models

(Jagtap & Szabo, 2005). The similarity of the findings in rodent and

large animal models supports the potential for translating these find-

ings to the human situation.

3.3 | Antiviral effects of PARPs and its interactions
with CoVs

Several members of the PARP family are involved in host–virus inter-

actions, and by our current understanding, most PARP enzymes have

antiviral properties (Fehr et al., 2020; Grunewald, Shaban, Mackin,

Fehr, & Perlman, 2020). PARPs impact on multiple steps of the viral

life cycle. These steps are mostly related to the nucleic acid-binding

properties of PARPs. PARPs can interfere with viral integration,

recombination, and transcription (Fehr et al., 2020); however, these

are not relevant in the context of CoVs.

PARP13 was shown to be induced upon orthomyxovirus or

alphavirus infection and to have protective function (Fehr et al., 2020).

Interferon (IFN) treatment induces a set of PARP enzymes PARP9,

PARP10, PARP12 and PARP14 in cells (Grunewald et al., 2019). These

PARP enzymes inhibit viral translation probably through ADP-

ribosylating key cellular proteins (Grunewald et al., 2019).

Members of the virus families Coronaviridae, Togaviridae and

Hepeviridae encode macrodomain proteins that bind to and hydrolyse

ADP-ribose from proteins and are critical for optimal replication and

virulence (Grunewald et al., 2019; Grunewald et al., 2020). The con-

served CoV macrodomain in SARS-CoV was found to play a role in

viral replication and to suppress IFN and cytokine production

(Grunewald et al., 2019; Grunewald et al., 2020). Interestingly, the

nucleocapsid protein of SARS-CoV and a number of other CoVs are

ADP-ribosylated (Grunewald, Fehr, Athmer, & Perlman, 2018), yet the

significance of this post-translational modification is unexplored.

Since PARPi have preference towards PARP1, PARP2 and PARP3

(Wahlberg et al., 2012), it is unlikely that PARPi treatment would

interfere with the antiviral effects of the minor PARP isoforms. An

interesting and potentially relevant finding is that another PARPi,

PJ34, can form a complex with the nucleocpasid protein of the human

CoV CoV-OC43 and, hence, can hinder its RNA-binding affinity (Lin

et al., 2014).

3.4 | Interactions with drugs proposed for
COVID-19 therapy

The WHO initiated a large-scale drug repurposing clinical trial enti-

tled “Solidarity” (WHO, 2020). In the frame of this trial, four treat-

ment schemes will be assessed:- (a) remdesivir, (b) lopinavir–

ritonavir combination, (c) chloroquine/hydroxychloroquine and

(d) IFN-β. Empirical clinical data suggest the applicability of these

biological therapy drugs to combat cytokine storm. Here, we will

evaluate the potential for PARPi in combination with the drugs

investigated in the Solidarity trial. Combination therapy is particu-

larly advantageous, since it requires lower doses with better tolera-

bility of the components. As we noted earlier, none of the current

COVID-19 treatments are supported by prospective randomized

clinical trials, and therefore, all of these treatments should be con-

sidered with caution.

To date, PARPi have not been reported to interact with ritona-

vir, lopinavir, or remdesivir. IFN-β has pleiotropic antiviral actions,

and therefore, probably, IFN-β can induce the antiviral function

of PARPs.

Chloroquine and hydroxychloroquine are antimalarial and anti-

rheumatic drugs that were assessed in small-scale cohorts in

France and China (Gao, Tian, & Yang, 2020; Gautret et al., 2020).

Although criticism was raised concerning the available studies and

the potential cardiotoxicity of both drugs, the WHO included chlo-

roquine and hydroxychloroquine to kick off a multicentre, large

population study. Chloroquine and hydroxychloroquine probably

block the processing of SARS-CoV-2 by blocking the acidification

of the vesicles containing the virus, in a process biochemically simi-

lar to the process of autophagy. Of note, the genetic or

pharmacological inhibition of PARP1 blocks the early steps of

autophagy (Rodríguez-Vargas et al., 2019). Furthermore, the genetic

or pharmacological inhibition of PARP2 blocks the degradation of

the cargo of autophagic vesicles mimicking the action of chloro-

quine (Janko et al., 2020). From these observations, one may

extrapolate that PARPi could potentiate the antiviral effects of

chloroquine or hydroxychloroquine and could be exploited to

achieve dose reduction of chloroquine or hydroxychloroquine. It is

also of note that ADP-ribosylation-mediated autophagic processes

were found to be important in the pathogenesis of other microor-

ganisms such as Legionella in high-profile studies (e.g. Kalayil

et al., 2018). Nevertheless, links between PARPi and chloroquine

are purely hypothetical.

IL-6 is a key interleukin in sustaining cytokine storm following

SARS-CoV-2 infection (Zhang et al., 2020). Studies have shown that

anti-IL-6 immunotherapy using tocilizumab was beneficial for patients

(Luo et al., 2020; McGonagle et al., 2020). As we noted earlier, PARP

inhibition was shown to reduce IL-6 expression in humans; therefore,

it is possible that PARP inhibition could also potentiate the effects of

anti-IL-6 (tocilizumab and siltuximab) or anti-IL-6 receptor (sarilumab)

treatment.

Preclinical data suggest that PARPi can reduce IL-1 (Liaudet

et al., 2002; Mabley et al., 2001; Sethi et al., 2019) and TNF-α expres-

sion (Kim et al., 2008; Liaudet et al., 2002; Virag et al., 2004). It is pos-

sible therefore that PARPi could potentiate canakinumab (IL-1β

antibody), anakinra (IL-1 receptor antagonist) and adalimumab (TNF-α

antibody) therapy.
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4 | AVAILABLE PARPi AND THEIR CURRENT
SCOPE OF USE

Four PARPi are approved by the Food and Drug Administration (FDA)

and European Medicines Agency (EMA) for cancer therapy. Although

the original rationale for their development was to overcome DNA

repair-mediated resistance to DNA damaging anticancer therapy, their

approval has been as single agents exploiting tumour-specific defects

in the cDNA repair pathway homologous recombination repair (HRR)

by a process known as synthetic lethality.

Currently, PARPi are only approved for cancer therapy as single

agents (Table 1). The first to be approved was olaparib, now called

Lynparza®. Originally approved by the FDA at the end of 2014 at a

dose of 400 mg twice daily in capsule formulation, it is now approved

in tablet formulation at 300 mg twice daily for maintenance (including

front-line) therapy in ovarian cancer. It is also approved at the same

dose and schedule for metastatic breast and pancreatic cancer in indi-

viduals with germline BRCA mutations. Also approved in ovarian can-

cer are rucaparib (Rubraca®) at 600 mg p.o. twice daily and niraparib

(Zejula®) 300 mg p.o. once daily. Talazoparib (Talzenna®) is the most

potent of all the PARPi and has been approved at dose of only 1 mg

daily for germline BRCA-mutated metastatic breast cancer. Veliparib is

a less potent PARPi that has so far failed to show sufficient single-

agent activity for approval but has been in advanced clinical trial alone

and in combination with other anticancer agents for over a decade.

Due to their tumour-specific synthetic lethality, their toxicity as

monotherapies is mild and manageable. The common adverse effects

are fatigue, gastrointestinal (nausea/vomiting, abdominal pain, and

TABLE 1 Human studies involving Phase IV PARP inhibitors

Drug name

Dose and

schedule Indication FDA approval NCT# and trial details Reference

Olaparib 400 mg capsules

b.i.d.

Maintenance therapy in

platinum-sensitive

relapsed serous

ovarian cancer

December 2014 NCT00753545 Phase II (Ledermann et al., 2012)

Tablets 300 mg b.

i.d.

First-line maintenance

therapy in

BRCA-mutated ovarian

cancer after platinum

therapy

August 2017 for tablet

formulation and

December 2018 for

maintenance

NCT01874353 SOLO-2

Phase III and

NCT01844986

SOLO-1 Phase III

(Moore et al., 2018;

Pujade-Lauraine et

al., 2017)

Tablets 300 mg b.

i.d.

BRCA-mutated breast

cancer

January 2018 NCT02000622 Phase III (Robson et al., 2017)

Tablets 300 mg b.

i.d.

First-line maintenance

therapy in

gBRCA-mutated

pancreatic cancer

December 2019 NCT02184195 POLO

Phase III

(Golan et al., 2019)

Rucaparib Oral 600 mg b.i.d. Maintenance therapy in

platinum-sensitive,

relapsed ovarian,

fallopian tube, or

primary peritoneal

cancer

Accelerated December

2016 with companion

diagnostic and April

2018 independent of

companion diagnostic

NCT01482715 Study 10

Phase I/II,

NCT01891344 Ariel 2

Phase III, and

NCT01968213 Ariel 3

Phase III

(Coleman et al., 2017;

Kristeleit et al., 2017;

Oza et al., 2017;

Swisher et al., 2017)

Niraparib Oral 300 mg daily Maintenance therapy in

platinum-sensitive

ovarian cancer

March 2017 additionally

October 2019 for

maintenance after 4

chemotherapy regimes

NCT01847274

ENGOT-OV16/NOVA

Phase III

(Mirza et al., 2016)

Single-agent oral

300 mg daily

Maintenance therapy in

ovarian cancer after 4

previous

chemotherapy

regimens

October 2019 NCT02354586 QUADRA

Phase III

(Moore et al., 2019)

Talazoparib 1 mg daily gBRCA HER2 negative

locally advanced or

metastatic breast

cancer

October 2018 NCT01945775 EMBRCA

Phase III

(Litton et al., 2018)

Veliparib Combination with

carboplatin and

paclitaxel

Non-small-cell lung

cancer

Orphan status November

2016

NCT02106546 (Ramalingam et al., 2017)

Note: The table encompasses only the clinically approved PARPi.

Abbreviation: FDA, Food and Drug Administration.
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diarrhoea) and haematological (neutropenia for olaparib, anaemia for

rucaparib and talazoparib, and thrombocytopenia for niraparib), mostly

Grade 1–2 (LaFargue, Dal Molin, Sood, & Coleman, 2019; Murthy &

Muggia, 2019). Myelodysplastic syndrome and acute myeloid leukae-

mia have also been noted, but this may have been caused mainly by

prior chemotherapy, particularly platinum-based therapies (Murthy &

Muggia, 2019). In combination with DNA damaging therapies, the safe

dose is much lower and the tolerated schedules are much shorter. For

example, the approved dose of rucaparib (Rubraca®) is 600 mg p.o. 2×

daily continuously and the safe dose in combination with carboplatin

is 240 mg once daily for 14 days every 21 days and only 18 mg�m−2

i.v. (equivalent to 60 mg p.o.) for 5 days every 28 days in combination

with temozolomide (Curtin, 2020).

It is anticipated that the doses needed for non-oncological dis-

eases, for example, acute respiratory distress syndrome, are likely to

be lower (and hence less toxic) for two reasons. Firstly, the doses

found to be effective preclinically in non-oncological models are 1–2

orders of magnitude lower than the monotherapy doses used in can-

cer models (reviewed in Berger et al., 2018). This is likely to reflect

the intracellular concentrations needed to maintain NAD+ pool from

excessive depletion versus those needed to completely block repair

for a sustained period. Secondly, the approved doses are largely based

on dose escalation Phase I trials where the endpoint is tolerability,

which may not be appropriate for a tumour-specific drug and may be

well in excess of the effective dose.

5 | CONCLUDING REMARKS

The evidence we describe above indicates that PARPi may have bene-

ficial effects in SARS-CoV-2 infection and its sequelae by preventing

macrophage overactivation and the subsequent cytokine storm, as

well as by protecting cells against cell death. It is also of note that

PARPi were protective against risk factors for bad clinical outcomes

of SARS-CoV-2 infection, such as cardiovascular and metabolic dis-

eases (Bai, 2015). Importantly, PARPi are cytoprotective in the central

nerve system (Fatokun et al., 2014) and the cardiovascular system

(Bai, 2015), the systems that are damaged in COVID-19 patients with

bad clinical outcome.

Of particular interest regarding COVID-19 is the sex bias of the

mortality statistics. Men are more than twice as likely to die as women

(Guan et al., 2020; Huang et al., 2020). Previous research has shown

that men have on average 40% higher PARP activity than women, at

least in their peripheral blood mononuclear cells (PBMCs), with similar

sex differences in mice (Mabley et al., 2005; Zaremba et al., 2011). In

most preclinical studies where the protective effects of PARPi were

evaluated, only male animals have been used. However, in those stud-

ies where both sexes were included, the protective effects of PARPi

were less pronounced in females (reviewed in Berger et al., 2018;

Curtin & Szabo, 2013). There are no data for sex differences in PARP

activity in human lung tissue due to the difficulty of obtaining viable

normal lung tissue. However, in humans following traumatic brain

injury, men were 2.6 times more likely than women to have elevated

PAR-modified proteins in their CSF after comparable levels of

trauma and strikingly similar to the studies in PBMCs, the mean PAR

level was approximately 40% higher in males than females (Sarnaik

et al., 2010).

Currently, there are over 600 registered clinical trials investigating

COVID-19, not one of which includes a PARPi. The preclinical evi-

dence suggests that 5–10% of the currently approved PARPi doses

would be sufficient/effective and tolerable. Finally, given there has

been no FDA-approved therapy for acute respiratory distress syn-

drome (reviewed in Standiford & Ward, 2016), we believe that the

preclinical data and scientific rationale justify investigations with (low

dose?) PARPi.

6 | SEARCH STRATEGY AND SELECTION
CRITERIA

References to this review were identified through the prior knowl-

edge of the authors that was complemented by systematic search of

PubMed by using the combinations “PARP IL-6,” “PARP IL-1,” “PARP

TNFa/alpha,” “PARP virus,” “PARP SARS,” “virus macrodomain,”

“PARP fibrosis lung,” “PARP remedsivir,” “PARP ritonavir,” “PARP

lopinavir,” “PARP chloroquine,” and “PARP hydroxychloroquine.” Arti-

cles published in English were included with no restriction on

publication date.

6.1 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org, the

common portal for data from the IUPHAR/BPS Guide to PHARMA-

COLOGY (Harding et al., 2018), and are permanently archived in

the Concise Guide to PHARMACOLOGY 2019/20 (Alexander

et al., 2019).
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