
R E S E A R CH A R T I C L E

The PARP inhibitor rucaparib blocks SARS-CoV-2 virus binding
to cells and the immune reaction in models of COVID-19

Henrietta Papp1,2,3 | Emese Tóth4,5 | Judit Bóvári-Biri3,6 | Krisztina Bánfai3,6 |

Péter Juhász7 | Mohamed Mahdi8 | Lilian Cristina Russo9 | Dávid Bajusz10 |

Adrienn Sipos4,5 | László Petri10 | Tibor Viktor Szalai10,11 |
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Abstract

Background and Purpose: To date, there are limited options for severe Coronavirus

disease 2019 (COVID-19), caused by SARS-CoV-2 virus. As ADP-ribosylation events

are involved in regulating the life cycle of coronaviruses and the inflammatory reac-

tions of the host; we have, here, assessed the repurposing of registered PARP inhibi-

tors for the treatment of COVID-19.

Experimental Approach: The effects of PARP inhibitors on virus uptake were assessed

in cell-based experiments using multiple variants of SARS-CoV-2. The binding of ruca-

parib to spike protein was tested by molecular modelling and microcalorimetry. The

anti-inflammatory properties of rucaparib were demonstrated in cell-based models

upon challenging with recombinant spike protein or SARS-CoV-2 RNA vaccine.

Key Results: We detected high levels of oxidative stress and strong PARylation in all

cell types in the lungs of COVID-19 patients, both of which negatively correlated

with lymphocytopaenia. Interestingly, rucaparib, unlike other tested PARP inhibitors,

reduced the SARS-CoV-2 infection rate through binding to the conserved 493–498

amino acid region located in the spike-ACE2 interface in the spike protein and pre-

vented viruses from binding to ACE2. In addition, the spike protein and viral RNA-

Abbreviations: ACE2, angiotensin-converting enzyme 2; ARDS, acute respiratory distress syndrome; COPD, chronic obstructive pulmonary disease; COVID-19, Coronavirus disease 2019; ELISA,

enzyme-linked immunosorbent assay; FFPR, formalin-fixed, paraffin embedded; HRP, horseradish peroxidase; H6PD, hexose-6-phosphate dehydrogenase; ITC, isothermal titration calorimetry;

LPS, lipopolysaccharide; PAR, poly(ADP-ribose); PARylation, poly(ADP-ribosyl)ation; RBD, receptor-binding domain of spike; PBMC, peripheral blood mononuclear cells; PEI, polyethylenimine;

PS, penicillin–streptomycin; STD-NMR, saturation difference spectrum NMR; TBST, Tris buffered saline + 0.05% Tween-20; TMB, 3,30 ,5,50-tetramethylbenzidine; 4HNE, 4-hydroxynonenal.
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induced overexpression of cytokines was down-regulated by the inhibition of PARP1

by rucaparib at pharmacologically relevant concentrations.

Conclusion and Implications: These results point towards repurposing rucaparib for

treating inflammatory responses in COVID-19.

K E YWORD S

ACE2, COVID-19, NFκB, rucaparib, SARS-CoV-2 RNA, SARS-COV-2 spike protein, viral lung
inflammation

1 | INTRODUCTION

Coronavirus disease 2019 (COVID-19), caused by SARS-CoV-2 virus

infection, is a global health challenge. SARS-CoV-2 is an enveloped

virus with an ssRNA+ genome belonging to the Coronaviridae family

(Gorbalenya et al., 2020). SARS-CoV-2 predominantly infects the upper

airways that may then transfer to lower airways causing atypical lung

inflammation (Zhu et al., 2020). The virus uses the angiotensin-

converting enzyme 2 (ACE2) as a cellular receptor for entry into epithe-

lial cells (Hoffmann et al., 2020). Although 80% of the patients develop

mild or no symptoms, 15% develop severe disease requiring oxygen

support, and 5% develop critical illness. The inflammatory response

during the disease strongly contributes to organ damage and critical

illness (Fu et al., 2020) in which Interleukin-6 (IL-6) has a pivotal role

(McElvaney et al., 2020). Severe COVID-19 remains an unmet medical

need calling for novel therapeutic modalities. For that reason, we set

out to investigate clinically approved PARP inhibitors.

PARPs are ADP-ribosyl transferase enzymes composed of 17 mem-

bers in humans (PARP1–PARP16) (Lüscher et al., 2022). PARP1,

PARP2, TNKS1 and TNKS2 can generate poly(ADP-ribose) (PAR)

chains, while other members of the family, with the exception of

PARP13, can attach one (mono-ADP-ribosylation) or a few ADP-ribose

units (oligo-ADP-ribosylation) to target proteins (Lüscher et al., 2022).

PARP1, PARP2 and PARP3 can be activated by damaged DNA

(Lüscher et al., 2022) that is often the result of reactive oxygen species

(ROS) that are produced under inflammatory conditions (Bai &

Virag, 2012). PARP activation contributes to necrotic and apoptotic cell

death (Curtin et al., 2020). Furthermore, PARP activation has proinflam-

matory properties (Bai & Virag, 2012; Curtin & Szabo, 2020; Morrow

et al., 2009). Four small molecule pharmacological PARP inhibitors,

olaparib, rucaparib, niraparib and talazoparib are FDA/EMA-approved

for cancer therapy, and fluzoparib and pamiparib are approved by the

Chinese NMPA (Curtin & Szabo, 2020).

In models of COVID-19, oxidative stress (Abouhashem et al., 2020;

Fodor et al., 2021; Karu et al., 2022; Montiel et al., 2022; Tangos

et al., 2022) and PARylation have been reported (Heer et al., 2020).

These processes may have a multi-pronged feed-forward effect on

SARS-CoV-2 infection and COVID-19 disease including effects on virus

replication, cell death and tissue injury or inflammatory processes (see

Curtin et al., 2020). Therefore, PARP inhibition may have a multi-

pronged pharmacological effect in COVID-19 disease, by blocking both

SARS-CoV-2 replication and suppressing the consequent immune

reaction. In fact, a recent report suggested that stenoparib, a PARP

inhibitor of both classical PARPs and tankyrases, can block the replica-

tion of SARS-CoV-2 (Zarn et al., 2022). Based on these findings, we

investigated the opportunity for repurposing registered pharmacologi-

cal PARP inhibitors for the treatment of COVID-19.

2 | METHODS

2.1 | Statements on chemicals and
experimentation

Rucaparib was a generous gift from Dr. Thomas Harding (Clovis Oncol-

ogy, Boulder, CO, USA). All routine chemicals were obtained from Sigma

(St. Louis, MO, USA) unless stated otherwise. The source and RRIDs of

all key chemicals, kits and primers are provided in Table S1. In plate-

based assays, plate layout was varied among repeated experiments.

What is already known

• ADP-ribosylation increases during the life cycle of coro-

naviruses and upon viral infection-induced inflammation.

• We hypothesise therefore that PARP inhibitors, such as

rucaparib, could be repurposed to treat COVID-19.

What does this study add

• In cell cultures, rucaparib blocks SARS-CoV-2 binding to

ACE2 through binding to the spike protein.

• Rucaparib decreased spike protein and virus RNA-

induced cytokine release.

What is the clinical significance

• Rucaparib could be repurposed as an anti-inflammatory

drug in COVID-19.
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2.2 | Tissues from patients with COVID-19

This study was authorized by the local ethical board (6043/2022).

Formalin-fixed, paraffin embedded (FFPE) blocks from patients who

died of COVID-19 at Szent Erzsébet Hospital (Sátoraljaújhely,

Hungary) between 30th November 2020 and 6th February 2021 were

assessed. Controls were patients who died of non-COVID-19 causes

during the same period at the clinical units of the University of

Debrecen. We excluded patients with nosocomial infections in their

records. Patient data was accessed and the haemogram values closest

to the time of death was used for statistics. Demographics of the

patients are shown in Table S2.

2.3 | Blood donors

Monocytes were prepared from buffy coat of healthy donors. The

study was authorized by the local ethical board (Reg.

No. 938-2/2014/5200). Three-three donors were used in the LPS-

induction and spike-induction experiments. Informed consent was

obtained from all participants.

2.4 | Immunohistochemistry for poly(ADP-ribose),
4-hydroxynonenal and spike protein

Five-micron thick sections were obtained from formalin-fixed,

paraffin-embedded blocks of COVID-19 patients and controls. Tissues

were formalin-fixed 24 h after excision. Immunohistochemistry was

performed, as described by Csonka et al. (2014), with the conditions

in Table S3. Scoring was performed without knowledge of the cell

treatments. We scored the intensity of spike protein immunostaining

(0–3), counted the proportion of cells positive for 4-hydroxynonenal

(4HNE) (0%–100%), scored the intensity of poly(ADP-ribose) (PAR)

immunostaining (0–3) and counted the per cent of PAR-positive cells

(0%–100%). The two pathologists evaluated the staining indepen-

dently, the evaluations were subsequently discussed and an agreed

score was generated.

For the evaluation of immunohistochemistry, a Leica DM2500

light microscope was used at a magnification of 20� (aperture 0.4)

and 40� (aperture 0.65) at room temperature without the use of

immersion oil. For the acquisition of images, a Leica Microsystems

Ltd. model: DFC495 (12730471) camera was used. Images were cap-

tured using the LAS V4.13 software from Leica.

2.5 | Cell culture

Vero E6 cells were cultured at 37�C, 5% CO2 in DMEM supplemented

with 10% FBS and 1% penicillin–streptomycin (PS).

Human embryonic kidney cells (HEK-293T) cells expressing ACE2

receptor and the TMPRSS2 protease (GeneCopoeia, Rockville, MD,

USA) were grown in DMEM supplemented with 10% FBS and

selection antibiotics (hygromycin 100 μg�ml�1, puromycin 1 μg�ml�1)

and maintained in 37 C, 5% CO2 incubator.

A549 lung adenocarcinoma constitutively expressing FLAG-tagged

SARS-CoV-2 Nsp3 macrodomain or its control empty vector (Russo

et al., 2021) were grown in DMEM/high glucose media (Thermo) sup-

plemented with 10% fetal bovine serum (Thermo) and maintained at

37�C in a humidified atmosphere containing 5% CO2. Rucaparib does

not modify the expression of the macrodomain transgene (Figure S2).

Human pulmonary alveolar epithelial cells (HPAEpiC) were pur-

chased from Innoprot Inc. (cat. no. P10556, Derio, Spain) and cultured

at 37�C in a humidified atmosphere containing 5% CO2. Cells were

grown in alveolar epithelial cell medium supplemented with 10% fetal

bovine serum, 1% epithelial cell growth supplement and 1% penicillin/

streptomycin solution, each included in Alveolar Epithelial Cell

Medium Kit (cat. no. P60102, Innoprot Inc., Derio, Spain, P60102).

Cell culture flasks for HPAEpiC cells were coated with 2 μg�cm�2

poly-L-lysine (cat. no. PLL, Innoprot Inc., Derio, Spain). All cells were

confirmed mycoplasma free by PCR analysis and were regularly tested

during the experiments.

2.6 | Viruses

SARS-CoV-2 B.1.5 (Accession ID: EPI_ISL_483637, with D614G

mutation; Korber et al., 2020) and B.1.1.7. (Accession ID:

EPI_ISL_826270) variants were isolated at the National Laboratory of

Virology (University of Pécs, Pécs, Hungary). Variants were verified by

sequencing.

SARS-CoV-2 spike protein-pseudotyped lentivirions were pro-

duced by transfection of HEK-293T cells with the following plasmids:

pLenti CMV GFP Puro expression vector, psPAX2 packaging plasmid

(Addgene, Watertown, MA, USA) and pcDNA3.1 plasmids coding for

either the Wuhan-Hu-1 prototypical, the 1.617 or the 1.351 SARS-

CoV-2 spike variant (GenScript Biotech, Piscataway NJ, USA). Trans-

fection was done in a 1:1:1 ratio using the polyethylenimine (PEI)

method, and virion production was carried out as described previously

(Mahdi et al., 2018). Following collection and concentration of the

pseudovirions, an enzyme-linked immunosorbent assay (ELISA)-based

colorimetric reverse transcriptase (RT) assay (Roche Applied Science,

Mannheim, Germany) was then used to detect the amount of RT in

the virus samples, and transduction (infection) of cells was carried out

using 4-ng RT-equivalent of the pseudovirions (MOI 0.2).

All viruses were handled in labs with the required biosafety.

2.7 | Virus proliferation assay

In a 96-well cell culture plate, 3 � 105 Vero E6 cells were seeded

1 day prior to infection. Treatment with the different PARP inhibitors

(rucaparib, olaparib, talazoparib) from 40 to 2.5 μM commenced

simultaneously with the infection of SARS-CoV-2 (Accession ID:

EPI_ISL_483637, B.1.5 variant) at MOI 0.01 in a BSL-4 laboratory.

After a 30-min incubation at 37�C in an atmosphere of 5% CO2 in

4784 PAPP ET AL.
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air, the mixture was replaced with culture medium containing the

PARP inhibitor; 48 h post-infection, the supernatant was collected.

RNA extraction was performed using the Monarch Total RNA

miniprep kit (New England Biolabs, Ipswitch, MD, USA). Viral titre

from the supernatant was determined using a QX200 AutoDG

Droplet- Digital PCR using the ddPCR Supermix (both from Bio-Rad,

Hercules, CA, USA). The PCR was specific for the SARS-CoV-2 RdRp

gene (forward primer: GTGARATGGTCATGTGTGGCGG; reverse:

CARATGTTAAASACACTATTAGCATA, probe FAM-CAGGTGGA-

ACCTCATCAGGAGATGC-BBQ). IC50 was determined by performing

a non-linear regression using the [Inhibitor] vs. response variable

slope (four parameters) macro of GraphPad Prism. For rucaparib, the

R2 value was R2infection = 0.8176.

2.8 | Viability assays

Cell viability was assessed in Vero E6 cells using the CellTiter-Glo

assay (Promega, Madison, WI, USA). IC50 was determined by perform-

ing a non-linear regression using the [Inhibitor] versus response vari-

able slope (four parameters) macro of GraphPad Prism. The R2 value

for the goodness of fit was R2viability = 0.9776 for Rucaparib.

2.9 | Neutralization assay on Vero E6 cells

A total of 8 � 105 Vero E6 cells were seeded in a 48-well plate. The

next day, the plate was transferred to the BSL-4 laboratory. SARS-

CoV-2 B.1.1.7 viral stocks were diluted to 0.01 MOI in DMEM (Lonza,

Basel, Switzerland). Virus suspension (25 μl) was mixed with 25-μl ruca-

parib (60, 44 and 10 μM diluted in DMEM) and incubated for an hour

at room temperature. After the incubation period, 450-μl DMEM was

added to the mixture, which was then added to the cells. The cells were

infected for 30 min at 37�C. The SARS-CoV-2 and rucaparib mixture

was then discarded, and the cells were incubated for 2 days with drug

and virus-free DMEM supplemented with 2% FBS and 1% Pen-Strep;

48 h post-infection, the supernatant was collected. RNA extraction was

performed using the EXM 3000 nucleic acid isolation system (Zybio,

Chongqing, China). Viral titre from the supernatant was determined

using a QX200 AutoDG Droplet- Digital PCR using the ddPCR Super-

mix (both from Bio-Rad, Hercules, CA, USA). The PCR was specific for

the SARS-CoV-2 RdRp gene (forward primer: GTGARATGGT-

CATGTGTGGCGG; reverse: CARATGTTAAASACACTATTAGCATA,

probe FAM-CAGGTGGAACCTCATCAGGAGATGC-BBQ).

2.10 | Neutralization assay on hybrid
HEK293T cells

The day before the experiment, HEK-293T cells expressing ACE2

receptor and the TMPRSS2 protease (GeneCopoeia, Rockville, MD,

USA) were seeded into 48-well plate (30,000 cells per well) in com-

plete DMEM containing 10% FBS and 1% penicillin–streptomycin.

On the next day, 35 μM of rucaparib in DMSO was incubated with

4 ng�μl�1 RT-equivalent of the pseudovirions for 30 min in DMEM

medium without serum or antibiotics (50 μl total), at 37�C. For con-

trols, equivalent amount of DMSO (0.7%) was added to the pseudo-

virions in the absence of rucaparib. The virus-containing medium was

replaced with drug and virus-free complete DMEM medium. The cells

were then incubated for 48 h in 37�C; after which, the media was

removed from the wells, and the cells were collected in phosphate-

buffered saline (PBS) (400 μl) for analysis of GFP fluorescence indicat-

ing transduction using flow cytometry (FACSCalibur, BD Bioscience,

Franklin Lakes NJ, USA), counting 3000 cells per sample. Measure-

ment was carried out in triplicates. Cells were visually inspected for

signs of cell death, and signs of cell death were not observed in any of

the experiments reported.

2.11 | Assessing the role of H6PD in SARS-CoV-2
infection

This set of experiments was performed similar to the neutralization

assay experiments described above with the modifications as follows.

The day before transfection, HEK-293T cells expressing ACE2

and TMPRSS2 were passaged into a 48-well plate (35,000 cells per

well) in DMEM containing 10% FBS and selection antibiotics. Cells

were transfected with 15 pmol of a 1:1 mixture of s18370 (A) and

s532906 (B) siRNAs using Lipofectamine transfection reagent accord-

ing to the manufacturer's protocol.

After incubation for 24 h in 37�C 5% CO2, the media was

removed from the cells, 450 μl of fresh medium was added and trans-

duction with the Wuhan-Hu-1 spike-pseudotyped lentivirions was

carried out as described previously. Results were derived from tripli-

cate measurements.

2.12 | Monocyte differentiation

Peripheral blood mononuclear cells (PBMC) were isolated from three

different buffy coat samples received from the Hungarian National

Blood Transfusion Service. To separate mononuclear cells, we layered

the diluted blood sample in a 1:1 ratio with basal RPMI 1640 Medium

(Lonza, Cat. No: 12-167F) onto the Lymphocyte Separation

Medium 1077 (PromoCell, Cat. No: CC-44010.) and centrifuged at

400 x g, for 30 min, at room temperature with 4/1 acceleration/decel-

eration. The layer of the mononuclear cells was transferred, washed

with PBS (Lonza, Belgium, Cat. No: 17-516F) and centrifuged at 300 x

g for 10 min at room temperature. Following cell counting, 5 � 105

cells per well were seeded to 24-well plates (Greiner, Germany, Cat.

No: 662160) in complete RPMI 1640 Medium supplemented with

fetal bovine serum (Biosera, USA, MO, Cat. No: FB-1350-500),

penicillin–streptomycin (Lonza, Belgium, Cat. No: DE17-602E) and L-

glutamine (Lonza, Belgium, BE-17-605E). To induce macrophage dif-

ferentiation, we incubated the cells for 5 days at 37�C, 5% CO2 in a

humidified atmosphere.

PAPP ET AL. 4785

 14765381, 2024, 23, D
ow

nloaded from
 https://bpspubs.onlinelibrary.w

iley.com
/doi/10.1111/bph.17305 by U

niversity O
f D

ebrecen, W
iley O

nline L
ibrary on [13/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4796
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=10923
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=723
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=723


2.13 | Treatment of differentiated macrophages

In the first part of the experiment, differentiated macrophages were

treated in three parallels/treatment group with combination of LPS

and vehicle control 0.1% DMSO, 20-μM rucaparib, 20-μM olaparib,

10-μM talazoparib, 0.1-μM dexamethasone or 1-μM dexamethasone

for 14 h. Following incubation, supernatants were collected for fur-

ther investigation. Monocytes from three donors were accessed and

were plotted.

In the second part of the experiment, differentiated macro-

phages from three different donors (30,000 cells per well) were pre-

treated for 48 h with 20-nM spike protein, and then rucaparib was

added in five different concentrations (500 nM, 1 μM, 5 μM, 15 μM,

27 μM) and incubated for 24 h. Dexamethasone in 1 μM was used

as a positive control. Supernatants and cell pellets were collected for

further assays. One representative donor is displayed in three

biological replicates due to a large heterogeneity of the donor

responses.

2.14 | Inflammatory cytokine concentration
measurement using Luminex xMAP technology

Luminex Multiplex Immunoassay was performed to determine the

following cytokines/chemokine concentrations using customized

Milliplex Human Cytokine/Chemokine/Growth Factor Panel A

Magnetic Bead Panel (Cat. Nr. HCYTA-60 K, Merck Millipore,

Darmstadt, Germany): IL-10; IL-1β; IL-2; IL-6; IL-8; tumor necrosis

factor-alpha (TNF-α). Following previous optimizations, the undi-

luted samples were tested in a blind fashion and in duplicate. The

experiment was performed according to the manufacturer's instruc-

tions. Briefly, 25-μl volume of each sample, control, and the stan-

dard was added to a 96-well plate (provided by the kit) containing

25 μl of fluorescent-coded, capture antibody-coated beads. After

the appropriate washing and incubation periods, biotinylated detec-

tion antibodies and streptavidin-PE were added to the plate;

150-μl volume of drive fluid was added to the wells after the last

washing step, and the plate was incubated and read on the

Luminex MagPix instrument. Five-PL regression curves were used

to plot the standard curves for the analytes by the Belysa 1.1

(Merck KGaA, Darmstadt, Germany) software analysing the bead

median fluorescence intensity. Results are shown in picograms per

milligram.

2.15 | Inflammatory cytokine concentration
measurement using the Proquantum kit series

In spike induction experiments, IL-6 (A35575), TNFα (A35601) and IL-

1β (A35574) were determined using the respective Proquantum assay

kits (ThermoFisher, Waltham, MA, USA) according to the instructions

of the manufacturer.

2.16 | Western blotting for the SARS-CoV-2
macrodomain experiments

Western blots were performed as previously described (Russo

et al., 2021). For western blot, the seeding density was 2 � 105 cells

per well. Cells were lysed directly in preheated boiling Laemmli buffer,

quantified (BCA protein quantification kit, Pierce, Appleton WI, USA),

loaded (20 μg) in standard 10% SDS-PAGE gels and transferred to

nitrocellulose membranes (Bio-Rad, Hercules, CA, USA). Membranes

were blocked with 5% skimmed milk for 30 min and incubated with

primary antibodies (anti-p.STAT1—1:1000, Cell Signaling #9167; anti-

FLAG—1:1000, Sigma #F1804; anti-tubulin—1:5000, Abcam

#Ab18251) (Cell Signaling, Danves, MA, USA; Abcam, Cambridge, UK)

diluted in 5% BSA in Tris-buffered saline with 0.05% Tween-20

(TBST) buffer, overnight at 4�C. Membranes were washed three times

in TBST, incubated in appropriate HRP-conjugated secondary anti-

bodies (Sigma), washed and incubated with ECL Prime (Amersham,

Amersham, UK), and the signal was detected using a Chemidoc MP

Imaging System (Bio-Rad, Hercules, CA, USA). Signals were quantified

using ImageJ software.

2.17 | Immunofluorescence staining for ADP-
ribose and FLAG

As previously described (Russo et al., 2021), A549 cells, either trans-

duced with empty vector control or lentiviral constructs for FLAG-

tagged SARS-CoV-2 macrodomain overexpression, were seeded in

microscopy-compatible plastic 96-well plates at the density of 104

cells per well (Corning, Corning, NY, USA), treated as required, washed

with PBS and fixed with 4% EM-grade PFA (EMS, Dormat,

Switzerland), which was subsequently quenched twice with 0.1-M gly-

cine and washed in PBS. After permeabilization in 0.2% TritonX-100

in PBS, samples were blocked in 10% FBS in permeabilization solution

and incubated with primary antibodies (anti-ADP-ribose—1:500,

Millipore #MABE1016; anti-FLAG—1:500, Sigma #F1804) (Millipore,

Burlington MA, USA) for 1 h at room temperature in blocking solution.

Samples were extensively washed in PBS, incubated with appropriate

fluorescently labelled secondary antibodies (Thermo), stained with

DAPI (Thermo), washed and maintained in 30% glycerol. The applied

fluorochromes were DAPI, Alexa Fluor 488, Alexa Fluor 568 and

Alexa Fluor 647 (Thermo), and the mounting medium was VectaShield

(VectorLabs).

Fluorescence microscopy images were acquired on a customized

TissueFAXS i-Fluo system (TissueGnostics, Wien, Austria) mounted

on a Zeiss AxioObserver 7 microscope (Zeiss, Oberkochen, Germany),

using Plan NeoFluar 2.5� (NA 0.075) and 20� Plan-Neofluar (NA 0.5)

objective and an ORCA Flash 4.0 v3 camera (Hamamatsu, Hamamatsu

city, Japan). Images were acquired at room temperature and pro-

cessed and analysed using StrataQuest software (TissueGnostics,

Wien, Austria). Several image processing operations were performed

in order to detect subcellular structures (described in Russo
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et al., 2021), but all signal quantifications were performed on mini-

mally processed 16bit images.

All values were normalized to the IFNγ-treated empty vector

control.

PAR immunofluorescence experiments were repeated eight

times, while STAT1 phosphorylation or FLAG immunoblotting experi-

ments were repeated four times. All values were normalized to the

IFNγ-treated empty vector control.

2.18 | Immunofluorescence staining for pNFκBS276

detection

HPAEpiC (3 � 104) were seeded on poly-L-lysine (PLL, Innoprot Inc.)

coated glass coverslips and pretreated with vehicle or rucaparib or

IKK-16 and induced with SARS-CoV-2 Spike S1 protein or vaccine

(Comirnaty Original/Omicron BA.1), as indicated in the figure legend.

Samples were fixed with 4% PFA for 15 min and permeabilized with

0.2% Triton-X-100/PBS for 30 min. Between each step, cells were

washed with PBS three times. Samples were blocked in 2% BSA/PBS

for 1 h and then incubated with primary antibody (anti-RelA/NFκB

pSer276 antibody, Novus Biologicals, cat.no. NB100–82086) for 1 h

at room temperature in blocking solution. Cells were incubated with

fluorescently labelled secondary antibody (Invitrogen, # A-21245) for

1 h at room temperature. Nuclei were stained with DAPI (NucBlue

Fixed Cell Ready Probes Reagent, R37606, Invitrogen) for 5 min at

room temperature in blocking solution.

Immunofluorescently labelled images were acquired using Leica

TCS SP8 confocal microscope and LAS X 3.5.5.19976 software (Leica)

using 63� oil immersion objective. Nonspecific binding of the second-

ary antibodies was tested in secondary antibody control experiments

(data not shown).

The intensity of nuclear pNFκBS276 immunostaining was scored

(0–3) by two blinded researchers. Difference between the nuclear

score values was statistically tested using one-way ANOVA compared

with vehicle-treated control cells.

2.19 | SARS-CoV-2 spike protein binding assay

Assessment of SARS-CoV2 RBD and hACE2 binding inhibition was

performed using RayBio® COVID-19 spike-ACE2 binding assay kit

(CoV-SACE2-1, RayBiotech Inc., https://www.raybiotech.com/covid-

19-spike-ace2-binding-assay-kit-en/?variation_id=107121). Recombi-

nant SARS-CoV-2 spike RBD protein coated wells were treated with

the compounds (rucaparib, stenoparib, olaparib) in the range of con-

centration from 1 μM up to 500 μM and then incubated for 16 h at

4�C. Next, the recombinant hACE2 protein was added and the proto-

col provided by the manufacturer was followed. In brief, unbound

hACE2 protein was removed by washing, and binding was assessed

based on HRP-conjugated IgG in the presence of 3,30 ,5,50-

tetramethylbenzidine (TMB) substrate. The HRP-conjugated IgG binds

to the hACE2 protein and reacts with the TMB solution, producing a

blue colour that is proportional to the amount of bound hACE2. The

HRP-TMB reaction is halted with the addition of the Stop Solution,

resulting in a blue-to-yellow colour change. The intensity of the yel-

low colour is then measured by absorbance at 450 nm with a micro-

plate reader SpectraMax® iD5 (Molecular Devices, LLC., San Jose, CA,

USA). Data points were obtained as average of duplicates and IC50

curves were fitted by nonlinear regression using GraphPad Prism.

2.20 | Molecular modelling

We have used the FTMap protein mapping algorithm to identify pos-

sible binding sites on the protein–protein interaction surface of the

spike protein receptor-binding domain (RBD) versus the human ACE2

receptor (Brenke et al., 2009; Kozakov et al., 2015). Briefly, the

FTMap method distributes small organic probe molecules on a dense

grid defined on the protein surface, finds the most favourable posi-

tions for each probe type and identifies preferred binding hotspots as

regions that bind multiple probe clusters. Here, we have used the

experimentally determined structures of the ACE2-RBD complex for

the B.1.5 (“Wuhan,” PDB ID: 6M0J) (Lan et al., 2020), B.1.617.2

(“Delta,” PDB ID: 7WBQ) and B.1.1.529 (“Omicron,” PDB ID: 7WBP)

variants (Han et al., 2022) and observed exactly one binding hotspot

at the protein–protein interaction surface of all three variants, charac-

terized by the residues 493–498, with further sidechains R403, E406,

Y449, Y453, N501 and Y505 in the vicinity. After preparing the struc-

ture of rucaparib with LigPrep (Sastry et al., 2013), ligand docking was

carried out with the single precision (SP) mode of Glide (Friesner

et al., 2004; Halgren et al., 2004), and the binding mode was visualized

with Maestro.

2.21 | Sequence homology alignment

Spike protein amino acid sequence was retrieved from https://

viralzone.expasy.org/9556. Sequences were retrieved for the wild-

type (https://www.uniprot.org/uniprot/P0DTC2), the alpha (https://

www.ncbi.nlm.nih.gov/protein/QWE88920), the beta (https://www.

ncbi.nlm.nih.gov/protein/QRN78347), the gamma (https://www.ncbi.

nlm.nih.gov/protein/QVE55289), the delta (https://www.ncbi.nlm.nih.

gov/protein/QWK65230), the omicron BA.1 (https://www.ncbi.nlm.

nih.gov/protein/UFO69279.1?report=fasta), the omicron BA.2

(https://www.ncbi.nlm.nih.gov/protein/UJE45220.1?report=fasta),

the omicron BA.2.12 (https://www.ncbi.nlm.nih.gov/protein/

UMZ92892.1?report=fasta), the omicron BA.4 (https://www.ncbi.

nlm.nih.gov/protein/UPP14409.1?report=fasta), the omicron BA.5

(https://www.ncbi.nlm.nih.gov/protein/UOZ45804.1?report=fasta)

and the epsilon (https://www.ncbi.nlm.nih.gov/protein/QQM19141)

variants. The relevant parts of the sequence were aligned using the

ClustalW algorithm (https://www.genome.jp/tools-bin/clustalw). All

sites were accessed on the 1st April 2022 with the exception of omi-

cron BA.2.12, omicron BA.4 and omicron BA.5 sequences that were

accessed on the 14th July 2022.

PAPP ET AL. 4787

 14765381, 2024, 23, D
ow

nloaded from
 https://bpspubs.onlinelibrary.w

iley.com
/doi/10.1111/bph.17305 by U

niversity O
f D

ebrecen, W
iley O

nline L
ibrary on [13/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.raybiotech.com/covid-19-spike-ace2-binding-assay-kit-en/?variation_id=107121
https://www.raybiotech.com/covid-19-spike-ace2-binding-assay-kit-en/?variation_id=107121
https://viralzone.expasy.org/9556
https://viralzone.expasy.org/9556
https://www.uniprot.org/uniprot/P0DTC2
https://www.ncbi.nlm.nih.gov/protein/QWE88920
https://www.ncbi.nlm.nih.gov/protein/QWE88920
https://www.ncbi.nlm.nih.gov/protein/QRN78347
https://www.ncbi.nlm.nih.gov/protein/QRN78347
https://www.ncbi.nlm.nih.gov/protein/QVE55289
https://www.ncbi.nlm.nih.gov/protein/QVE55289
https://www.ncbi.nlm.nih.gov/protein/QWK65230
https://www.ncbi.nlm.nih.gov/protein/QWK65230
https://www.ncbi.nlm.nih.gov/protein/UFO69279.1?report=fasta
https://www.ncbi.nlm.nih.gov/protein/UFO69279.1?report=fasta
https://www.ncbi.nlm.nih.gov/protein/UJE45220.1?report=fasta
https://www.ncbi.nlm.nih.gov/protein/UMZ92892.1?report=fasta
https://www.ncbi.nlm.nih.gov/protein/UMZ92892.1?report=fasta
https://www.ncbi.nlm.nih.gov/protein/UPP14409.1?report=fasta
https://www.ncbi.nlm.nih.gov/protein/UPP14409.1?report=fasta
https://www.ncbi.nlm.nih.gov/protein/UOZ45804.1?report=fasta
https://www.ncbi.nlm.nih.gov/protein/QQM19141
https://www.genome.jp/tools-bin/clustalw


In the figure, conserved amino acids as compared with the wild-

type variant are in green. The non-conserved amino acids are repre-

sented in red.

2.22 | Expression and purification of the SARS-
CoV-2 spike protein and its receptor binding domain

The receptor-binding domain (RBD) of the SARS-CoV-2 virus spike

protein (319Arg-541Phe) (Wuhan-Hu-1, Omicron BA.1, Omicron BA.5)

was used in the experiments. Suspension HEK-293 cells stably

expressing the RBD secreted to the culture media were created by

the Sleeping Beauty transposon method using the p10-IRES2-eGFP

vector construct as in a different application, described previously

(Mayer & Meyer, 2001).

The Wuhan RDB sequence, as produced by Amanat et al. (2020),

was inserted to the Sleeping Beauty transposon plasmid. The sequence

on the N-terminal includes a signal peptide responsible for the

secretion of the protein to the culture media and 6� His tag was intro-

duced on the C-terminal. The plasmid was modified to produce the

Omicron BA.1 and BA.5 RBD by replacing the Wuhan RBD coding

sequence in the p10 plasmid for the Omicron BA.1 and BA.5 RBD

coding sequences (modified sequences were synthetized via GeneArt

Gene Synthesis, Invitrogen, Thermo Fisher Scientific). The Wuhan-

Hu-1, Omicron BA.1 and Omicron BA.5 RBD-producing HEK293 cell

lines were generated and cultured with the same procedure. Shaken

cultures of suspension-adapted HEK293 cells were grown in a serum-

free FreeStyle 293 expression medium (Gibco, Waltham, MA, USA, Cat.

no. 12338018) incubated at 37�C and 5% CO2, shaken at 100 rpm. The

cells were sub-cultured every 3–4 days with seeding densities of

2 � 105 cells�ml�1 to promote cell growth and scale-up. The RBD was

produced in a 300-ml shake flask cell culture. Cells were removed after

5–6 days by centrifugation (20 min, 250 x g; Rotanta 460R, Hettich,

Kirchlengern, Germany). The purification of RBD was accomplished by

immobilized nickel ion affinity chromatography. The supernatant was

loaded into a 5-ml HisTrap HP column (GE Healthcare, Chicago, IL,

USA), which was connected to an FPLC system (ÄKTA pureTM, GE

Healthcare, Chicago, IL, USA). Protein bound to the column was eluted

by imidazole (200 mM, pH 7.4). The protein-containing fraction was

concentrated while the elution buffer was replaced by 0.2-M phos-

phate buffer (pH 6.8) using a centrifugal filter device. Centrifugation

(Rotanta 460R, Hettich, Kirchlengern, Germany) was performed at

4000 x g for 20 min using a 10-kDa MWCO filter (Amicon Ultra

4, Merck KGaA, Darmstadt, Germany). The purity of the produced pro-

tein was confirmed by SDS-PAGE and the protein concentration was

determined by UV-Vis spectroscopy at 280 nm.

2.23 | Nuclear magnetic resonance (NMR)-based
investigation of spike-rucaparib interaction

Solution phase NMR experiments were performed under the follow-

ing conditions.

The RBD of spike (�28 kDa) + rucaparib camsylate assay mixture

contained 33-μM RBD (in 540 μl) and 1-mM rucaparib (dissolved in

DMSO-d6 in 20 μl) + 10% D2O for lock in sodium-phosphate buffer

(0.2 M, pH 6.8). Rucaparib was in �30-fold excess. The RBD and ruca-

parib were assessed also without the other partner under the same

conditions as references.

Bruker Avance Neo 700-MHz spectrometer (Bruker, Billerica, MA,

USA) equipped with a Prodigy TCI cryoprobe was used. Experiments

were run at 298-K temperature, and 10% D2O was added to the solu-

tion for stabilizing the magnetic field via the 2H lock channel. Typical

90� 1H pulse duration was 11.5 μs. The residual DMSO-d6 signal

(2.59 ppm) was used as 1H chemical shift reference. The NMR verifica-

tion of the structure of rucaparib-camphor sulfonic acid (camsylate) salt

was carried out in pure DMSO-d6 solvent and yielded a full assignment

of all 1H and 13C signals (spectra not shown). The assignments of

aromatic (H15, H16, H18, H19) and olefinic (H11, H13) protons could

be easily transferred to the buffer, containing rucaparib with or without

the RBD protein. Excitation sculpting water suppression 1H-NMR spec-

tra using manufacturers ‘zgesfpgp’ pulse sequence was applied

(Figure S1A) (Hwang & Shaka, 1995). The drug ligand signal appears as

sharp signals while the protein signals are weak and broad (due to con-

centration and MW differences). A relatively strong and well-separated

RBD signal at 0.4 ppm was selected for selective irradiation in STD-

NMR (saturation transfer difference) experiments (weaker RBD signals

below 0 ppm were also tested, and gave observable, but weaker

responses) (Kövér et al., 2007; Mayer & Meyer, 2001; Unione

et al., 2022; Viegas et al., 2011). For STD, we used manufacturers

“stddiffgp19.3” pulse sequence with watergate water suppression

(Piotto et al., 1992). Selective saturation was achieved using a series of

50-ms selective 90� Gaussian pulses, resulting in 2000-ms total irradia-

tion time. The reference experiment was carried out identically, except

that an off-resonance irradiation at �40 ppm was applied. A total of

12,160 scans interrupted with 2-s relaxation delays were co-added in

both the on-resonance and the off-resonance (reference) experiments

yielding 1 day total experiment time. In the difference spectrum of the

two experiments (Figure S1A,B), the irradiated broad RBD signal is the

strongest among protein signals, while the six protons of rucaparib

ligand—probably closest to the binding site—gave the strongest

responses. In the control experiment with no RBD protein, the ruca-

parib did not show the characteristic difference signals. An independent

corroboration of rucaparib binding to RBD was carried out with the

(non-selective) transferred NOESY (Meyer et al., 1997) experiment

(“noesygpph19” pulse sequence). Again, the fingerprint signals gave

cross-peaks with the same sign relative to the diagonal in the 2D

NOESY map while they were missing in a sample without the protein.

2.24 | Isothermal titration calorimetry (ITC)
measurements

ITC measurements were carried out on a MicroCal PEAQ-ITC micro-

calorimeter (Malvern Instruments, Worcestershire, UK) against three

variants of the SARS-CoV-2 Spike protein receptor-binding domain
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(RBD): wild-type (Wuhan strain), BA.1 and BA.5 variants. The buffer

contained 20-mM phosphate, and the pH was set to 7.00. The protein

was dissolved in the buffer and stored in 500-μl aliquots at �20�C.

The concentration of the protein solution was 192 μM for the wild-

type, 55.0 μM for the BA.1 variant and 20.0 μM for the BA.5 variant

(the concentration values were verified on a NanoDrop 1000 spectro-

photometer). The corresponding rucaparib solutions were prepared by

dissolving the ligand in the same buffer at concentrations of 2.85 mM,

821 μM and 3.50 mM, respectively. The protein solution was thawed

immediately before the ITC measurements, loaded into the sample cell

and titrated at 25�C with the rucaparib solution. Injection volumes

were 2 μl for the wild-type and BA.1 variants, and 1.5 μl for the BA.5

variant during the measurement. A total of 18 points were acquired

per curve for the wild-type and BA.1 variants (excluding the first injec-

tion of 0.4 μl) and a total of 24 points for the BA.5 variant (excluding

the first injection of 0.4 μl). The time between injections was 180 s

for the wild-type and BA.1 variants, and 150 s for the BA.5 variant.

The stirring rate was set to 750 rpm for all measurements.

Blank measurements were also performed at identical setups by

loading buffer solution into the sample cell instead of protein solution.

The acquired curves were corrected with the blank measurements,

and outlier points were excluded from the fitting.

2.25 | Western blotting for spike detection

Primary HPAEpiC were seeded on six-well plates (2 � 105 cells per

well) and transfected with 2-μg Covid-19 mRNA vaccine for 3 h. Cells

were lysed in 100-μl RIPA buffer (50-mM Tris-HCl pH 8.0, 150-mM

NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 1-mM

EDTA supplemented with 1-mM Na3VO4, 1-mM NaF, 1-mM PMSF

and protease inhibitor cocktail). BCA protein assay (cat. no. 23227,

Thermo Fischer Scientific, Waltham, MA, USA) was used for measur-

ing protein concentration. Cell lysates were boiled with 6� SDS sam-

ple buffer (300-mM Tris-HCl, pH 6.8, 20% glycerol, 12% SDS, 0.05%

bromophenol blue) supplemented with 5% β-mercaptoethanol. Pro-

tein extracts (10 μg) were separated by SDS-PAGE and then trans-

ferred onto nitrocellulose membranes using Bio-Rad Mini-Protean

system; 5 μg recombinant purified SARS-CoV-2 Spike S1 protein was

used as a positive control. Membranes were blocked with 5% (w/v)

BSA/TBS containing 0.5% Tween 20 for 1 h, then incubated with

anti-spike antibody overnight at 4�C. Peroxidase-conjugated antihu-

man IgG secondary antibody was applied for 1 h at room

temperature. Immunoreactive bands were detected by enhanced

chemiluminescence reaction and captured by ChemiDoc Touch Imag-

ing System (Bio-Rad, Hercules, CA, USA).

2.26 | Western blotting for detection of NFκB
activation

HPAEpiC cells (2 � 105) were seeded on six-well plates and treated

with 0.5-μM rucaparib for 30 min and induced with 20-nM spike for

up to 5 h or 2-μg vaccine for up to 3 h. Cells were lysed in 100-μl

RIPA buffer (50-mM Tris-HCl pH 8.0, 150-mM NaCl, 1% Triton

X-100, 0.5% sodium deoxycholate, 0.1% SDS, 1-mM EDTA supple-

mented with 1-mM Na3VO4, 1-mM NaF, 1-mM PMSF and protease

inhibitor cocktail) and then boiled with 6� SDS sample buffer

(300-mM Tris-HCl, pH 6.8, 20% glycerol, 12% SDS, 0.05% bromophe-

nol blue) supplemented with 5% β-mercaptoethanol; 20-μg total cell

lysates were separated by SDS-PAGE and transferred onto nitrocellu-

lose membranes. Membranes were blocked with 5% (w/v) BSA/TBS

for 1 h and then were probed with anti-RelA/NFκB pSer276 antibody

(Novus Biologicals, cat.no. NB100-82086) overnight at 4�C. Anti-

rabbit-HRP secondary antibody was applied then for 1 h at room tem-

perature. Chemiluminescent signals were detected by ChemiDoc

Touch Imaging System (BioRad, Hercules, USA).

2.27 | RT-qPCR

Total RNA from cells was isolated using TRIzol reagent (cat.

no. 15596018, Invitrogen, Carlsbad, CA, USA); 2-U DNaseI (cat.no

A2222, Thermo Fischer Scientific, Waltham, MA, USA) per 10 μg total

RNA was used for DNase treatment, and 1-μg total RNA was reverse

transcribed using High-Capacity cDNA Reverse Transcription Kit (cat.

no. 4368814, Applied Biosystems, Foster City, CA, USA) according to

the manufacturer's instructions. The reverse transcription reaction

mixtures were supplemented with RNase inhibitor (cat.no 8080119,

Applied Biosystems, Foster City, CA, USA). The qPCR reaction mix-

tures were prepared using qPCRBIO SyGreen Lo-ROX Supermix (PCR

Biosystems Ltd., London, UK) and 20 ng (40 ng for IL-7) diluted cDNA

with the appropriate primers at 500-nM final concentration. Amplifi-

cation reactions were performed in 10-μl total volume using Light-

Cycler 480 system (Roche Applied Science, Basel, Switzerland).

Cycling conditions are given in Table S4. Expressions of target genes

were normalized to GAPDH. The characteristics of the RT-qPCR reac-

tions are reported according to the MIQE guidelines (Bustin

et al., 2009) in Table S5.

2.28 | Transcription factor activation assay

Human PBMC were differentiated to macrophages as described

above. Cells were induced with the spike protein of SARS-CoV-2

(20 nM, 24 h) and were treated with rucaparib in the concentrations

indicated. Cells were then scraped and whole cell lysates were used

to perform transcription factor binding assays using the Stat family

TransAm kit (ActiveMotif, Tegernheim, Bayern, Germany, Cat.

No. 42296).

2.29 | Data and statistical analyses

All experiments were repeated on at least three separate occasions,

often with multiple parallel replicates processed on the same day but
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treated as independently as possible. In plate-based assays, plate lay-

out was varied among repeated experiments. All graphs and statistical

analyses were generated using GraphPad Prism v.8.0.1 software. Sta-

tistical tests are indicated in the Figure legends, and the statistical

tests can be accessed in the primary data files. P values less than 0.05

were considered statistically significant. Statistical analysis complied

with the Data and Statistical Analysis guidance from the BJP (Curtis

et al., 2022).

2.30 | Materials

Rucaparib was a generous gift from Dr. Thomas Harding, Clovis

Oncology (Boulder, CO, USA). Comirnaty Original/Omicron BA.1,

15/15 mcg (tozinameran/riltozinameran) mRNA vaccine (GD6798)

was supplied by Pfizer (New York, NY, USA) and recombinant spike

protein (AGX818) by Merck (Rahway, NJ, USA). LPS (L4516) and ola-

parib (SML1858) were supplied by Sigma (St. Louis, MO, USA) and

IKK16 (S2882), stenoparib (E7449) and talazoparib (BMN 673) were

supplied by Selleck Chemicals (Houston, TX, USA). All routine chemi-

cals were obtained from Sigma (St. Louis, MO, USA) unless stated oth-

erwise. The suppliers of antibodies (with RRID), assay kits, cell lines,

viruses, siRNA, and oligonucleotides are listed in the Supplementary

information, as Table S1.

2.31 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-

sponding entries in the IUPHAR/BPS Guide to PHARMACOLOGY

(http://www.guidetopharmacology.org) and are permanently archived

in the Concise Guide to PHARMACOLOGY 2023/24 (Alexander,

Fabbro et al., 2023; Alexander, Kelly et al., 2023)

3 | RESULTS

3.1 | Extensive oxidative stress and PARP
activation in the lungs of COVID-19 patients

First, we assessed lung tissue samples from 15 patients with

COVID-19 and a control group of 10 patients who died of non-

pulmonary causes. We observed oxidative stress, marked by 4HNE

staining, and PARP activation, marked by PAR immunostaining, in

the pneumocytes, endothelial cells and macrophages of the lung tis-

sue of COVID-19 patients, compared with controls (Figure 1a).

There was a correlation between spike protein intensity and the per

cent of 4HNE-positive cells, along with a correlation between PAR

staining intensity and the per cent of PAR positive cells (Figure 1b).

Furthermore, the per cent of 4HNE-positive cells correlated with

both the PAR staining intensity and the per cent of PAR positive

cells (Figure 1b). These data provide evidence for oxidative stress-

induced PARylation events in a SARS-CoV-2-dependent fashion in

COVID-19 and suggest the applicability of PARP inhibitors in

COVID-19.

3.2 | Rucaparib can inhibit virus binding to target
cells through disrupting the ACE2-spike protein
interaction in suprapharmacological concentrations

Next, we assessed three approved PARP inhibitors, rucaparib, talazo-

parib and olaparib in a cellular SARS-CoV-2 infection model in con-

centrations ranging up to 40 μM. Rucaparib inhibited the infection

and proliferation of the B.1.5 variant of SARS-CoV-2 virus—original

Wuhan variant with D614G mutation (Korber et al., 2020) with

IC50 = 27.5 μM, while talazoparib and olaparib had no effect

(Figure 2). Importantly, rucaparib was not toxic at concentrations that

profoundly inhibited viral proliferation, although these data suggest a

narrow therapeutic window (the IC50 value for cell viability was

64.8 μM; Figure 2). Hence, the application of the inhibitor may result

in toxicity.

The IC50 of rucaparib for viral replication (27.5 μM corresponding

to �8.7 mg�L�1) is much higher than that achieved at the recom-

mended dose (600 mg BID, steady state level �2.4 mg�L�1; Shapiro

et al., 2019); furthermore, PARP inhibition of >90% is achieved using

doses of 92 mg (Drew et al., 2016). Therefore, the impact on viral rep-

lication may result from binding to other targets. We investigated two

potential targets for rucaparib, hexose-6-phosphate dehydrogenase

(H6PD) and the spike protein.

Knezevic et al. (2016) suggested that rucaparib can bind to H6PD

at an IC50 value of 18 μM, that is in the same range as the IC50 value

we determined in the present study. We assessed the uptake of pseu-

dovirions bearing the spike protein of SARS-CoV-2 (wild-type variant)

in cells, where H6PD was silenced. Here, we applied a combination of

siRNAs that were able to effectively silence H6PD (Figure 3a). Inter-

estingly, siRNA-mediated silencing of H6PD abolished the inhibitory

effect of rucaparib (Figure 3b).

The other potential target was the spike protein of SARS-CoV-2.

Rucaparib bound directly to the spike protein of SARS-CoV-2

(IC50 = 115 ± 21.9 μM) in an in vitro assay, while no significant bind-

ing was detected for the other PARP inhibitors stenoparib and ola-

parib at concentrations up to 500 μM (Figure 4a). We observed

magnetisation transfer from the receptor-binding domain (RBD) of

spike to rucaparib in saturation difference spectrum NMR (STD-NMR)

experiments that verifies rucaparib binding to the RBD in vitro

(Figure 4b).

To understand the molecular basis of the binding affinity of ruca-

parib, we identified the putative binding site of rucaparib at the ACE2

interacting surface of the Spike protein of the B.1.5 (“Wuhan”),
B.1.617.2 (“Delta”) and B.1.1.529 (“Omicron”) strains of SARS-CoV-2,
with the FTMap protein mapping algorithm (Brenke et al., 2009).

Exactly one binding hotspot was identified at the protein–protein

interaction surface of all three strains (Figure 4c), characterized by the
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F IGURE 1 Oxidative stress and strong PARylation characterize COVID-19 disease. (a) In the lungs of 10 controls and 15 patients who died of
COVID-19 SARS-CoV-2 spike protein, 4-hydroxynonenal and poly(ADP-ribose) immunohistochemistry was performed and evaluated. The
intensity of staining for spike, 4-hydroxynonenal and PAR were scored 0–3, and the PAR positive nuclei were counted and expressed in per cent.
Data shown are averages ± SD. * P < 0.05, significantly different as indicated; two-tailed t test. (b) The obtained histological scores were
correlated with each other, using Spearman correlations.*P < 0.05, significant correlation between scores. The numerical values of the Spearman
correlations and the corresponding P values are presented in Table S8. Abbreviations: CTL—control, 4HNE—4-hydroxynonenal, PAR—poly(ADP-
ribose).

F IGURE 2 Rucaparib, but not olaparib and talazoparib, inhibits the binding of SARS-CoV-2 to the host cell. The antiproliferative and
cytotoxic effects of rucaparib, olaparib and talazoparib were tested on Vero E6 cells infected with B.1.5 variant SARS-CoV-2 (n = 3). Data shown
are averages ± SD. IC50 values were obtained by non-linear regression ([inhibitor] vs. response—variable slope (four parameters) mode of
GraphPad).
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F IGURE 3 Rucaparib does not exert its
antiviral effects through inhibiting hexose-
6-phosphate dehydrogenase. (a) The efficiency of
silencing was determined by western blot in
engineered HEK293T cells in which H6PD was
silenced using siRNA as described in Section 2
(n = 1). (b) Fluorescently-labelled pseudovirion
uptake was assessed in HEK293T cells (n = 3).
Data shown are averages ± SD.

F IGURE 4 Rucaparib binds to the spike protein of SARS-CoV-2 and inhibits virus uptake. (a) The indicated PARP inhibitors were tested to
block the spike-ACE2 interaction in an in vitro binding assay (n = 2). (b) STD-NMR spectrum of rucaparib alone and in complex with the receptor-
binding domain of spike. (c) Predicted binding mode of rucaparib (green) at the protein–protein binding surface of the SARS-CoV2 RBD (fawn),
with the main protein–ligand interactions highlighted as dashed lines (magenta: ionic interaction, yellow: H-bond, green: cation-pi interaction).
(d) The sequence of the rucaparib binding site from the available variants were compared. The wild-type Wuhan strain is marked in blue. (e) ITC
curve acquired by the titration of the spike protein RBD solution of the indicated strains with rucaparib solution. The top panel is the thermogram
while the bottom one is the fitted curve after blank correction and peak integration. The sixth point (after the first 0.4-μl injection) was excluded
from the fitting. (f) Fluorescently-labelled pseudovirions were pre-treated with 35-μM rucaparib and pseudovirus uptake was assessed in
HEK293T cells (n = 3). (g) The alpha variant of SARS-CoV-2 was pretreated with rucaparib and was used to infect Vero E6 cells (n = 3). Data
shown are averages ± SD. Abbreviations: DP—change in power, RBD—receptor binding domain, Ruca—rucaparib.
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residues 493–498, with further sidechains R403, E406, Y449, Y453,

N501 and Y505 in the vicinity (Figure 4c) (Friesner et al., 2004;

Halgren et al., 2004). Next, we predicted the binding mode of ruca-

parib with ligand docking by the Glide module of the Schrödinger drug

design suite (Figure 4c). The proposed binding mode presents a rea-

sonable shape complementarity between the binding site and the

ligand and is stabilized mainly by a strong ionic interaction between

the negatively charged E406 sidechain and the terminal methylamine

group of rucaparib. The latter is a positively charged and highly flexi-

ble moiety that is exclusive to this compound among the four PARP

inhibitors tested in this study, which is in line with the exclusive on-

target affinity of rucaparib. Additional interactions involve an H-bond

between N501 and the NH group of the lactam unit, and back-

to-back cation-pi interactions between Y453 and the methylamine

group, as well as R403 and the phenyl ring. The STD-NMR shows

magnetisation transfer (Figure 4c) from RBD to H15, H16, H18 and

H19 of the aromatic moiety of rucaparib that verifies binding and the

validity of the in silico docking (Figure 4c). Most of the amino acids

responsible for rucaparib binding were conserved among SARS-CoV-2

de-escalated (wild-type, alpha, beta, gamma, delta, epsilon, omicron

BA.1, omicron BA.2, omicron BA.2.12) and currently spreading vari-

ants (omicron BA.4, omicron BA.5). The omicron variants, and among

them, the omicron BA.1 variant harboured the highest number of

mutations at the binding site (Figure 4d). Amino acid changes can be

considered homologous based on the homology scores obtained from

the BLOSUM62 (Pearson, 2013), the Protsub (Jia & Jernigan, 2021)

and the VTML200 (VTML200 amino acid homology matrix, 2023)

matrices with the exception of N501Y that has a low homology score

(Table S6). The mostly homologous changes to the amino acids of the

binding site explains why rucaparib can still bind to newly emerging

variants, such as the B1.351 omicron variant and makes it very likely

that rucaparib can neutralize the currently spreading variants. This

hypothesis is verified by ITC measurements, direct binding with disso-

ciation constant values (Kd) of 47, 38.3 and 73.5 μM could be

observed between rucaparib and the wild-type, BA.1 and BA.5 spike

protein constructs, respectively, verifying that amino acid changes do

not reduce the binding of rucaparib (Figure 4e, Table S7).

We also tested the binding of rucaparib to spike protein in cell-

based assays by preincubating rucaparib with a pseudovirus bearing

the spike protein of SARS-CoV-2 (wild-type, delta and the omicron

variants) or the SARS-CoV-2 virus (alpha variant). Rucaparib inhibited

virus uptake of all major variants of SARS-CoV-2 (Figure 4f,g), sug-

gesting that it inhibits the binding of many strains to host cell

receptors.

3.3 | Rucaparib does not interfere with the
macrodomain of SARS-CoV-2

SARS-CoV-2 has a macrodomain to remove single ADP-ribose units

added to viral proteins by the cellular mono-ADP-ribosylation machin-

ery as a protective measure against virus infection (Alhammad

et al., 2021; Caprara et al., 2018; Daugherty et al., 2014; Fehr

et al., 2020; Guo et al., 2019; Russo et al., 2021; Tauber et al., 2021;

Xing et al., 2021). In order to exclude the possibility that rucaparib

was acting via an interaction with the macrodomain of SARS-COV-2,

we assessed whether rucaparib, in concentrations corresponding to

those established above, targets the macrodomain of SARS-CoV-2 by

applying a previously described model (Russo et al., 2021). In agree-

ment with previous results (Russo et al., 2021), Interferon-γ (IFNγ)

treatment induced substantial cellular ADP-ribosylation (note that the

detection reagent recognizes mono-, oligo- and poly(ADP-ribose)),

which was reduced by �50% when the macrodomain of SARS-CoV-2

was overexpressed (Figure 5a). Rucaparib treatment at either 500 nM

or 20 μM did not prevent this macrodomain-dependent reduction in

IFN-induced ADP-ribosylation relative to control cells (Figure 5a), sug-

gesting that rucaparib does not inhibit the viral macrodomain at the

concentrations tested. However, we observed a concentration-

dependent effect of rucaparib on the overall induction of ADP-

ribosylation by IFN-γ, indicating an inhibitory effect on IFN-induced

ADP-ribosylation (Figure 5a). This was not due to reduced IFN signal-

ling, as rucaparib did not interfere with IFNγ or poly(I:C)-induced

Stat-1 phosphorylation (Figure 5b–e). We also assessed the activation

of members of the Stat family (Stat1, 3, 5A, 5B) upon spike protein

induction in human macrophages. Stat1 and Stat3 were activated

upon spike induction that was not inhibited by rucaparib (Figure 5e).

Interestingly, Stat5A and 5B activation was inhibited by spike protein,

but no statistically significant changes to Stat5A and 5B were elicited

by rucaparib treatment (Figure 5e). We conclude that rucaparib does

not affect IFN signalling or the viral macrodomain but may inhibit

IFN-induced PARP activity.

3.4 | Rucaparib has anti-inflammatory properties in
pharmacological concentrations in the cell models of
COVID-19

As PARP activation is proinflammatory (Bai & Virag, 2012; Curtin &

Szabo, 2020; Morrow et al., 2009), we correlated readouts of the

complete blood count with the lung histology markers (spike protein

intensity, per cent of 4HNE-positive cells, PAR intensity and per cent

of PAR-positive cells) in the tissues from COVID-19 patients assessed

previously. Lymphocyte number and lymphocyte per cent correlated

with all histology markers (Figure 6, Table S8). Lymphocytopaenia is a

common feature of a variety of viral infections and, in line with that,

also characterizes COVID-19 (Wagner et al., 2020). These data sug-

gest that immune response correlates with PARylation following ROS

as well as with the viral load in COVID-19.

Given the proinflammatory properties of PARP activation that

has been shown in multiple preclinical models, as well as in humans

(Bai & Virag, 2012; Curtin & Szabo, 2020; Morrow et al., 2009), we

assessed the capacity of rucaparib to inhibit the expression of cyto-

kines associated with the cytokine release syndrome in COVID-19.

First, we tested the anti-inflammatory properties of rucaparib on pri-

mary HPAEpiC, which were stimulated by recombinant spike protein

or an RNA vaccine against a mixture of wild-type and omicron
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variants of SARS-CoV-2. Vaccine treatment modelled immune

responses induced by viral RNA. Importantly, spike protein was not

detectable in primary HPAEpiC at the end of the assay (Figure 7a);

therefore, immune reaction was induced by viral RNA and not by

spike protein. In other words, vaccine treatment models only the virus

RNA-induced immunological effects. Both spike protein and viral RNA

induced several interleukins, IL-6, IL-7, IL-1β and TNFα but not IL-1α,

in lung epithelial cells, and the induction of these cytokines was inhib-

ited by 0.5-μM rucaparib (Figure 7b).

Immune cells were also PAR positive in the lung tissue of COVID-

19 patients. In line with that, in human macrophages, differentiated

in vitro and challenged with the SARS-CoV-2 spike protein, the

expression of IL-6 was induced. Such expression was suppressed by

rucaparib (Figure 7c), suggesting that PARP activation is also a key

player in regulating the inflammatory reaction of the immune cells in

the lungs.

PARP1 is required for the activation of the transcription factor

NFκB complex (Bai & Virag, 2012; Oliver et al., 1999). Primary HPAE-

piC were treated with recombinant spike protein (up to 5 h), or vac-

cine (up to 3 h). Spike protein after 5 h, while vaccine treatment in the

time window of 0.5–1 h, induced the 276S phosphorylation of NFκB,

highlighting NFκB activation (Antal et al., 2023) (Figure 8a). NFκB acti-

vation induced by spike or vaccine treatment, measured by detecting

the phosphorylation of the 276S residue and by assessing the nuclear

translocation of NFκB, was down-regulated by rucaparib in 0.5-μM

concentration (Figure 8a-c). These changes were equally blocked by

F IGURE 5 Rucaparib does not affect the function of the macrodomain of SARS-CoV-2 and does not interfere with the activity of the Stat
transcription factor family. (a–c) A549 cells, either transduced with empty vector control (e.v.) or lentiviral constructs for FLAG-tagged SARS-
CoV-2 macrodomain overexpression (MD) were treated with either vehicle or different combinations of 100 U IFNγ, 500 nM or 20-μM rucaparib
for 24 h, as shown. ADP-ribosylation was detected by immunofluorescence (a, n = 8) and STAT1 phosphorylation (n = 5) and tubulin levels were
determined by immunoblotting (b,c). All values were normalized to the IFNγ-treated e.v. control. Data shown are averages ± SD. Normality was
checked. * P < 0.05, significant differences between the empty vector-transfected control cells and treated cells; one-way ANOVA. (d) A549 cells
were induced with poly(I:C) and STAT1 phosphorylation was determined as described in Section 2 (n = 3). All values were normalized to the
IFNγ-treated e.v. control. Numerical values are presented as the average ± SD. (e) Stat1, 3, 5A and 5B activation was determined in human
macrophages using the TransAM kit as described in Section 2. One donor is displayed in the technical repeats indicated. Numerical values are
presented as the average ± SD.
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IKK16, a specific inhibitor of NFκB kinase (Figure 8b,c) that is known

to block NFκB activation (Waelchli et al., 2006). Importantly, both

rucaparib and IKK16 reduced the mRNA expression of IL-1β

(Figure 8d), a chemokine induced in COVID-19. Altogether, these data

suggest that rucaparib can restrict NFκB activation and therefore elicit

an anti-inflammatory phenotype.

4 | DISCUSSION

In the frame of this study, we assessed the applicability of pharmaco-

logical inhibition of PARP in COVID-19 disease and identified two

activities of rucaparib, namely, neutralizing SARS-CoV-2 and anti-

inflammatory properties.

A PARP inhibitor, stenoparib (E7449, previously also developed

for cancer therapy) has already been shown to inhibit SARS-CoV-2

proliferation in low micromolar concentrations, although the mecha-

nisms underpinning the effect were not investigated in depth (Zarn

et al., 2022). Rucaparib inhibits SARS-CoV-2 proliferation with an IC50

value of 27.5 μM that is roughly three-fold higher than serum concen-

tration achieved at the recommended dose (�8.7 mg�ml�1

vs. �2.4 mg�L�1; Shapiro et al., 2019) suggesting off-target effects

that are not related to PARP1 inhibition. We have identified two

potential targets, the enzyme H6PD and the spike protein of SARS-

CoV-2.

Rucaparib binds to H6PD with an IC50 value of 18 μM (Knezevic

et al., 2016) suggesting H6PD as a possible target at the concentra-

tions used in pseudovirus uptake experiments. H6PD plays a major

role in maintaining the redox balance of cells through catalysing the

first two reactions of the pentose-phosphate shunt in the endoplas-

mic reticulum (Senesi et al., 2010). Silencing of H6PD leads to oxida-

tive stress (Cossu et al., 2020), which supports virus uptake (Foo

et al., 2022) contrary to the observed disruption of rucaparib's inhibi-

tory activity on virus entry. Furthermore, deficiency in the cytosolic

isoform of H6PD (glucose-6-phosphate dehydrogenase) does not

affect the outcome of severe COVID-19 and decreases the likelihood

of developing severe COVID-19 (Kumar et al., 2021). Altogether,

these findings suggest that H6PD is unlikely to be a major target of

rucaparib.

In terms of another possible target, our data showed that ruca-

parib can bind to the spike protein of SARS-CoV-2 and therefore

inhibit the binding of SARS-CoV-2 to the ACE2 receptor and subse-

quent virus entry into host cells. Interestingly, olaparib and talazoparib

had no effect on SARS-CoV-2 infection and proliferation. Rucaparib

not only neutralized all the variants assessed in this study but was also

shown to bind to the omicron BA.1 variant, which has the most muta-

tions among the amino acids responsible for rucaparib binding, with a

Kd value similar to that for binding to the wild-type virus. These

results indicate that rucaparib is likely to be active against the cur-

rently spreading and potentially future variants, strengthening the

applicability to block SARS-CoV-2 binding. Furthermore, the rucaparib

binding site is a potential site for further drug development to target

the SARS-CoV-2–ACE2 interaction.

We detected oxidative stress and PARylation in the lungs of

COVID-19 patients, similar to previous reports (Abouhashem

et al., 2020; Fodor et al., 2021; Heer et al., 2020; Karu et al., 2022;

Montiel et al., 2022; Tangos et al., 2022). A large set of studies have

provided evidence that PARP activation is pro-inflammatory (Bai &

F IGURE 6 Oxidative stress and PARP activation correlates with leukocytopaenia. The indicated haemogram values were correlated with the
indicated histology scores among the COVID-19 patient cohort (n = 13 cases). The Spearman correlation was calculated; * P < 0.05, significant
correlation. The numerical values of the Spearman correlation and the individual P values are in Table S8. The green rectangles refer to the human
reference range of the readouts. Abbreviations: CTL—control, LYM—lymphocyte, PAR—poly(ADP-ribose), 4HNE—4-hydroxynonenal.
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Virag, 2012; Curtin & Szabo, 2020; Morrow et al., 2009), suggesting

an involvement of PARylation in the inflammatory response in

COVID-19. Rucaparib proved to be anti-inflammatory in primary

HPAEpiC and in human monocyte-derived macrophages stimulated

by the spike protein of SARS-CoV-2 and virus RNA, with an efficacy

similar to that of dexamethasone. Rucaparib down-regulated the

NFκB-dependent expression and production of a set of proinflamma-

tory cytokines (IL-6, IL-7, IL-1β and TNFα) in both models. Therefore,

rucaparib can restrict both major inflammatory pathways induced by

SARS-CoV-2. Our data suggest that the anti-inflammatory action of

rucaparib depends on inhibition of NFκB. Submicromolar rucaparib

concentrations, used in these studies, are pharmacologically relevant

and are comparable to the achievable serum levels of rucaparib in

humans (Shapiro et al., 2019; Wilson et al., 2017). In addition, we also

showed that the level of oxidative stress and PARylation strongly cor-

related with the lymphocytopaenia that is associated with poor out-

come in COVID-19 (Wagner et al., 2020), suggesting a correlation

between lung PARylation and disease outcome.

Several other aspects of PARP-mediated inflammatory response

have direct relevance to COVID-19-related inflammatory lung injury.

F IGURE 7 Rucaparib inhibits spike and virus RNA-induced proinflammatory cytokine production. (a) Primary human pulmonary alveolar
epithelial cells (2 * 105) were treated with 2-μg vaccine for 3 h. Then cells were harvested and spike expression was assessed by SDS-PAGE and
western blot (n = 1). Blots were retrieved using the antibodies indicated. (b) Primary human pulmonary alveolar epithelial cells (8 � 104 per well)
were seeded to 12-well plates, pretreated with 0.5-μM rucaparib or 1-μM dexamethasone for 30 min, then stimulated with 20-nM SARS-CoV-2
spike S1 protein or 0.8-μg Covid-19 mRNA vaccine (Comirnaty Original/Omicron BA.1) for 3 h (n = 3). Cells were harvested, RNA was isolated
and qRT-PCR was performed with the indicated primers. The dashed line represents the level of the expression of the mRNA in question in
vehicle-treated, non-stimulated cells. (c) Human primary monocytes differentiated to macrophages were treated as described in Section 2 and
IL-6 production was measured (n = 3).
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F IGURE 8 Legend on next page.
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Genetic or pharmacological PARP inhibition was protective in asthma,

acute lung injury (burn, smoke inhalation, bacterial infection, etc.),

acute respiratory distress syndrome (ARDS), chronic obstructive pul-

monary disease (COPD), lung fibrosis or ventilation-induced lung

injury (see Curtin et al., 2020). Importantly, an overwhelming set of

data point out that these findings can be translated to the human situ-

ation, for example, treatment with INO-1001, a PARP inhibitor,

reduced serum IL-6 expression in humans (Morrow et al., 2009). The

immunosuppressive effects of PARP inhibition in humans is further

supported by a report (Liontos et al., 2021) showing that patients

receiving PARP inhibitors, as oncological treatment, produced fewer

neutralizing antibodies following SARS-CoV-2 vaccination, compared

with healthy volunteers.

PARP9, PARP11 and PARP14 are implicated in antiviral protec-

tion, including SARS-CoV-2, being responsible for the PARylation of

viral proteins (see Curtin et al., 2020) that is countered by the macro-

domain of SARS-CoV-2 (Alhammad et al., 2021). Importantly, these

enzymes are less susceptible for inhibition by clinically available PARP

inhibitors (Wahlberg et al., 2012), suggesting that rucaparib does not

strongly inhibit these PARP enzymes and does not block this intrinsic

protective mechanism of cells. This is in agreement with our observa-

tion that rucaparib does not fully diminish PARylation induced by IFN-

γ, despite fully inhibiting PARP1 and PARP2 at the concentrations we

used, highlighting that PARP enzymes other than PARP1 and PARP2

are probably responsible for PARylation in response to viral infection

(e.g. PARP9/DTXL3L complex; Russo et al., 2021). Furthermore, in

line with these, rucaparib does not interfere with the IFN-γ pathway

that is an organismal antiviral protective pathway. These observations

strengthen the safety aspects of rucaparib treatment in SARS-CoV-2

infection.

Of note, there are other PARP-related events, relevant to

COVID-19, which were not tested in our study. PARP overactivation

can contribute to cell death and tissue damage (Curtin et al., 2020).

Furthermore, PARP activation can strongly reduce cellular NAD+

levels (Curtin & Szabo, 2020) that has been implicated in the patho-

genesis of COVID-19 (Heer et al., 2020).

Taken together, our results suggest that rucaparib has a dual

action in COVID-19; it can inhibit virus entry through disrupting the

binding of SARS-CoV-2 to ACE2 and also reduce the inflammatory

response. To the best of our knowledge, this is the first drug with such

a dual action. Although the IC50 value of rucaparib in disrupting the

SARS-CoV-2 binding is higher than the steady state levels of the dose

approved for cancer therapy, rucaparib could potentially be applied as

an aerosol in patients to achieve higher local concentrations, so ruca-

parib can exert its dual effects in the lungs. Rucaparib, unlike the other

clinically approved PARP inhibitors, was reported to continue to

inhibit PARP1 for extended periods even after its removal (Murray

et al., 2014; Smith et al., 2022), further strengthening the case for its

repurposing. Rucaparib is also likely to block the currently spreading

SARS-CoV-2 variants. Our results point towards a narrow therapeutic

window at the high rucaparib concentrations required for blocking

SARS-CoV-2 binding to target cells, based on the small differences

between its pharmacologically active and toxic concentrations in cell

models.

In terms of inhibiting the inflammatory response, rucaparib was

active in low concentrations, suggesting that rucaparib can be repur-

posed to block inflammation in COVID-19 using the currently avail-

able dosing and formulation. Of note, the anti-inflammatory potential

of rucaparib was comparable to that of dexamethasone, the standard

of care in COVID-19, in the models used in this study. PARP inhibitors

can potentially be synergistic with tocilizumab and anti-IL-6 monoclo-

nal antibody used against the cytokine storm, as well as with the anti-

inflammatory drugs used in the therapy of COVID-19. PARP inhibitors

have a very favourable side effect profile (Curtin et al., 2020; Curtin &

Szabo, 2020; LaFargue et al., 2019). These observations point towards

the repurposing of rucaparib to treat acute COVID-19 and possibly

long-COVID.
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