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The SARS-CoV-2 virus has infected more than 261 million people and has led to more
than 5 million deaths in the past year and a half* (https://www.who.org/). Individuals
with SARS-CoV-2 infection typically develop mild-to-severe flu-like symptoms,
whereas infection of a subset of individuals leads to severe-to-fatal clinical outcomes?.
Although vaccines have been rapidly developed to combat SARS-CoV-2, there has
beenadearth of antiviral therapeutics. There is an urgent need for therapeutics,
which has been amplified by the emerging threats of variants that may evade vaccines.
Large-scale efforts are underway to identify antiviral drugs. Here we screened
approximately 18,000 drugs for antiviral activity usinglive virus infection in human
respiratory cells and validated 122 drugs with antiviral activity and selectivity against
SARS-CoV-2. Among these candidates are 16 nucleoside analogues, the largest
category of clinically used antivirals. This included the antivirals remdesivir and
molnupiravir, which have been approved for use in COVID-19. RNA viruses rely on a
high supply of nucleoside triphosphates from the host to efficiently replicate, and we
identified a panel of host nucleoside biosynthesis inhibitors as antiviral. Moreover, we
found that combining pyrimidine biosynthesis inhibitors with antiviral nucleoside
analogues synergistically inhibits SARS-CoV-2 infection in vitro and in vivo against
emerging strains of SARS-CoV-2, suggesting a clinical path forward.

SARS-CoV-2 is a coronavirus, which is a family of single-stranded
positive-sense RNA viruses, at least seven of which infect humans.
RNAvirusesincluding coronaviruses replicate using a virally encoded
RNA-dependent RNA polymerase (RdRp), and nucleoside analogues,
which areincorporated by the RdRp into the growing viral RNA chain,
are alarge class of approved direct-acting antivirals®. Depending on
the analogue, incorporation canlead to chain termination or mutagen-
esis, ultimately inhibiting viral replication*. RdRps have conserved
structures, and thus nucleoside analogues can show broad activity
acrossrelated and unrelated viruses®®. Therefore, repurposing efforts
have identified nucleoside analogues that are active against newly
emerging viruses, and such efforts have discovered that the nucleoside
analogue remdesivir inhibits SARS-CoV-2 replication, becoming the
firstapproved antiviral therapeutic against this novel coronavirus™,
As all viruses, including SARS-CoV-2, are dependent on diverse
cellular factors and metabolic products for their replication, the
identification of host-directed antivirals also shows promise. In par-
ticular, host nucleoside biogenesis is required for viral replication as
RNA viruses require high levels of nucleoside triphosphates for their
growth. Widespread efforts are underway to identify essential host

pathways that are druggable, and to repurpose therapeutics against
these host targets. Respiratory epithelial cells are the major cellular
target for SARS-CoV-2 in vivo. We and others have found that the cel-
lular entry pathway as well as other host-dependent steps in the viral
lifecycle show cell-type-specific differences and we were most inter-
ested in those antivirals that would be active in the respiratory tract’.
Therefore, we used the human respiratory cell line Calu-3 for these
studies. We set out to screen small-molecule libraries that contained
approved drugs, drugs in clinical trials and drugs with known targets
to uncover both direct-acting and host-directed antivirals using the
ancestral SARS-CoV-2 virus (WA1) and a cell-based, high-content assay
inrespiratory cells. We optimized a microscopy-based assay to achieve
robust screening parameters (Z’ > 0.5) using vehicle (DMSO) and
remdesivir (10 pM) as controls on each plate. We infected Calu-3 cells
pre-treated with compounds and quantified infection of SARS-CoV-2
48 hafterinfectionusing an antibody to double-stranded RNA, a viral
replication intermediate®. In addition, we quantified the number of
cellsin each well to remove drugs that were cytotoxic.

We screened approximately 18,000 drugs from three repurposing
libraries: anin-house PENN library of approximately 3,500 drugs, about
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Fig.1|Antiviralnucleosides are highly activeinrespiratory cellsand show
cell-type-specificactivity. a, Pie chart of antivirals validated in Calu-3 cells with
selective index (EC5,/CCs) > 3. From approximately 18,000 compounds, 122
show activity. b, Sixteen nucleoside analogues validated in Calu-3 cells with the
nucleoside typelisted along with the ECs,, CCsoand Sl. ¢, Calu-3, A549-ACE2 or
Caco-2cellsweretreated with the indicated nucleosidesin dose-response
showinginfection (blue) and toxicity (green). Dataare presented as mean +s.d.
(n=3independentbiological replicates). BCNA, bicyclic nucleoside analogue.

d, Calu-3 cells pretreated with vehicle or 10 pM of the indicated drugs and
infected with SARS-CoV-2 for 48 hand total RNA was subject to RT-qPCR analysis

3,400 drugs from the NCATS repurposing collection chosen to avoid
overlap with the PENN library, and the ReFrame collection of roughly
11,300 drugs, most of which have been tested in humans'. Together,
we screened a large fraction of the drugs that can potentially be rap-
idly repurposed, complementing previous screening efforts®'2, We
screened the PENN library in duplicate at 0.8 uM and identified 77
drugs that inhibited infection by more than 60% and that had little
toxicity (more than 80% cell viability) ineach screen; the NCATS library
at 0.8 uM and identified 45 drugs that inhibited infection by more
than 60% and had little toxicity (more than 80% cell viability); and the
ReFrame library in duplicate at 3.6 pM and identified 135 compounds
thatinhibited infection by more than 60% and had low toxicity (more
than 60% cell viability) in both replicates (Extended Data Fig. 1a—c).
We validated the candidates by repurchasing powders (PENN and
NCATS) or testing pre-spotted validation plates (ReFrame) followed by
in-house-created dose-response studies. This allowed us to determine
potency (half maximal effective concentrations (ECs,s)) and toxicity
(half maximal cytotoxic concentrations (CCs,s)) of each compound
and focus on the 122 non-redundant compounds that had a selective
index (SI) greater than 3 in Calu-3 cells (Fig.1a, Supplementary Table 1
(and102 drugs had aSI>10)). These 122 compounds fallintoanumber
of general categories, with nucleoside analogues accounting for 13%
ofthe validated candidates.

ofviralinfection. Dataare presented as mean +s.e.m. forreduction compared to
vehicle control (n=4independentbiological replicates) (***P < 0.001, one-way
ANOVA; values arelisted in Extended Data Fig. 1f). vRNA, viralRNA. e, RT-qPCR
analysis of viralinfection for theindicated drugs (remdesivir (10 pM),
molnupiravir (10 pM), azathioprine (30 uM) and mercaptopurine (30 pM)) in
nasal ALl cultures. Dataare presented asmean+s.e.m. (n=2independent
biological replicates). f, BLISS analysis of the 2 x 2 combination of remdesivir and
EIDD-2801in Calu-3 cellsshowing additivity. Data are presented as mean values
ofexcessover BLISS for n=9independent biological replicates. The statistical
significance was determined by a one-sample Student’s t-test (*P< 5 x1072).

Nucleoside analogues are a common class of drugs that are syn-
theticanalogues that mimic their physiological counterpartsand can
be incorporated by cellular polymerases into DNA or RNA to inhibit
cell division*™. In addition, these can act as antimetabolites that
deplete the supply of deoxynucleotides needed for DNA replication
or nucleotides for RNA synthesis through inhibition of nucleoside
biosynthesis enzymes*. Nucleoside analogues and antimetabolites
aregenerally used to treat cancer and forimmunosuppression. A sub-
group of nucleoside analogues are direct-acting antivirals as they are
incorporated specifically by viral polymerases, leading to defects in
viral nucleic acid replication. Additional nucleoside analogues have
been shown to have antiviral activity, probably through their antime-
tabolite activity; they are not incorporated but rather compete with
cellular enzymes for their natural ligands. Two direct-acting antiviral
nucleosides have been shown to block SARS-CoV-2 infection in vitro
and in animal models and have been approved for use in humans™*.
Remdesivir is an adenosine analogue incorporated by the viral RdARp
leading to delayed chain termination''®. Molnupiravir (also known
as EIDD-2801) is a cytosine analogue incorporated by the viral RARp
leading to increased viral mutagenesis and antiviral activity'''¢, We
identified remdesivir, the active metabolite of remdesivir, Gs-441524,
and molnupiravir as antiviral in our unbiased screens (Fig. 1a, b). We
identified 13 additional nucleoside analogues with antiviral properties
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Fig.2|Inhibitors of host nucleoside metabolism are antiviral. a, Simplified
schematic of nucleoside metabolism. Number of arrows indicates single versus
multiple steps. CAD, carbamoyl-phosphate synthetase 2, aspartate
transcarbamylase and dihydroorotase; GMPS, guanosine monophosphate
synthetase; PRPP, phosphoribosyl diphosphate synthase. b, Dose-response
analysis of the pyrimidine biosynthesis or purine biosynthesis inhibitorsin
Calu-3 cells. Infection (blue) and toxicity (green) are shown. Data are presented
asmeanzs.d. (n=3independentbiological replicates). c, Analysis of Calu-3
cellstreated with the indicated inhibitorin the presence of increasing

against SARS-CoV-2 (Fig. 1b, Extended Data Fig. 2). To determine the
breadth of antiviral activity of the nucleosides, we tested a panel of
cell lines that are permissive to infection with SARS-CoV-2, including
human respiratory A549-expressing human ACE2, human intestinal
epithelial Caco-2 cells, human hepatocyte Huh7.5 cells and African
green monkey Vero cells (Fig. 1c, Extended Data Fig. 1d). The known
direct-acting antivirals remdesivir and molnupiravir show activity
across diverse cell types, with variable EC,s (Fig.1a—c, Extended Data
Fig.1d). We also found that the active form of molnupiravir, EIDD-1931,
was active across cell types (Extended Data Fig. 3a). We also validated
the antiviral activity of remdesivir and molnupiravir in Calu-3 cells
using a quantitative reverse-transcription PCR (RT-qPCR) assay and
found that these nucleoside analogues had strong antiviral activity by
this orthogonal assay (Fig. 1d).

Some of the additional antiviral nucleoside analogues that we identi-
fied are thought to act as antimetabolites by competing with the natural
ligands thatinhibit enzymatic functionand are generally used for can-
cer orimmunosuppression* (for example, 6-mercaptopurine; Extended
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concentrations of the indicated nucleosides. Data are presented as mean +s.d.
(n=3independentbiological replicates) for per centinfection.d, Calu-3 cells
treated with the indicated inhibitor for 24 hand cell pellets subjected to liquid
chromatography-mass spectrometry to quantify the nucleoside triphosphate
levels.Mean +s.e.m.isshown (n =6 independentbiological replicates).
*P<0.05,**P<0.01,***P<0.001, one-way analysis of variance (ANOVA) with
Dunnett’s multiple comparisons test (P=0.0177 (ATP) P=0.0045 (GTP)
P<0.0001(CTP)and P=0.0009 (UTP)).

DataFig.1e). We found that these drugs are non-toxicin Calu-3 cells at
theantiviral concentrations (Fig. 1a-c, Extended DataFig.1d, e), at least
in partbecause these cells divide slowly. Moreover, we found that these
antiviral nucleoside analogues show very divergent cell-type-specific
activity and toxicities (Fig.1a-d, Extended Data Fig.1d, e). Forexample,
tubercidin displays antiviral activity in Calu-3, Caco-2and Huh7.5 cells
withtoxicity in A549-ACE2 and Vero cells. By contrast, thioguanine and
6-mercaptopurineareactive in Calu-3 and A549-ACE2 cells but are not
active in Caco-2 or Vero cells. We also monitored the antiviral activity
of asubset of these nucleoside analogues in Calu-3 cells by RT-qPCR,
and found that they all had significant antiviral activity (Fig. 1d). We
also tested a subset of these antiviral nucleosides in primary human
nasal air-liquid interface (ALI) cultures and found that only remde-
sivir and molnupiravir showed potent antiviral activity as measured
by RT-qPCR (Fig. 1e). These studies demonstrated cell-type-specific
antiviral activities of nucleoside analogues.

Given that the two direct-acting antiviral nucleosides are distinct
nucleoside derivatives, with remdesivir, an adenosine analogue, and
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Fig.3|Combination of molnupiravir or remdesivir with DHODH inhibitors
issynergistically antiviral in vitro. a-c, BLISS analysis in Calu-3 cells with
molnupiravir or remdesivir in combination with the DHODH inhibitors
Brequinar (a) or BAY-2402234 (b) and the IMPDH inhibitor AVN944 (c). Dataare
presented as mean values of excess over BLISS. The number of independent
biological replicates (n) isindicated for the combination tested. Statistical
significance was determined by aone-sample Student’s t-test (*P<5x 107,
**P<10and***P<107*.d, Calu-3 cellswere treated with the indicated drugs
andinfected with SARS-CoV-2. Total RNA was subject to RT-qPCR 48 h
afterinfection for analysis of infection. Data are presented asmean +s.e.m. for

molnupiravir, acytosine analogue, we tested whether the combination
ofthese nucleosides would show antiviral synergy. Synergy is defined
ashaving greater than an additive effect. Calu-3 cells were treated with
six concentrations of each drug individually and in combination with
each other, resulting in a matrix of 36 drug-x drug-y concentration
pairs monitoring viralinfection. We used BLISS analysis to determine
whether the two drugs interact”. The null hypothesis in this model is
that the drugs are additive, with a positive interaction leading to syn-
ergy and anegative interaction leading to antagonism. We found that
the co-treatment of Calu-3 cells with remdesivir and molnupiravir dur-
ing SARS-CoV-2infection was additive (Fig. 1f, Extended Data Fig. 3b-d).

Antimetabolites are thought to act, at least in part, through inhi-
bition of nucleoside biosynthesis by binding to metabolic enzymes
and competing with the natural ligands*. Cells have two pathways for
nucleoside biogenesis, de novo synthesis and salvage pathways that
recycle purines and pyrimidines from degradation products. Although
salvage pathways sustain cell viability, they cannot supply sufficient
amounts of nucleoside triphosphates to allow for fast proliferation or
support viral replication®. Therefore, in addition to applicationsin
cancer, the inhibition of the de novo nucleotide biosynthesis consti-
tutes abroad-spectrum antiviral strategy. Insupport of this, our screen
identified a subset of known inhibitors of host-encoded nucleoside
biosynthetic enzymes within the pyrimidine and purine biosynthetic
pathways shownin Fig.2a. Thisincluded three pyrimidine biosynthesis
inhibitors: the two dihydroorotate dehydrogenase (DHODH) inhibitors

reduction compared to vehicle control (n =3 independentbiological
replicates). Theblack asterisks show the Pvalue relative to vehicle: **P < 0.01,
using one-way ANOVA. The green asterisks show Pvalues relative to single
treatment with molnupiravir:*P<0.05,**P< 0.01and ***P< 0.001, using
one-way ANOVA. Pvalues arelisted in Extended Data Fig. 8b. e, f, ALI-bronchial
(e) or ALI-nasal (f) cells were treated with the indicated drugs and infected with
SARS-CoV-2.Viralreplication was quantified by RT-qPCR 72 h after infection
and expression (VRNA/18S) was normalized to vehicle-treated cells. Dataare
presented as mean ts.e.m. (n=2independentbiological replicates). Ind-f, the
indicated drug concentrationisin pM.

BAY-2402234 and Brequinar, as well as the uridine monophosphate
synthase (UMPS) inhibitor pyrazofurin. Dose-response studies showed
that these drugs were active in Calu-3 cells with low toxicity (Fig. 2b).
We did not identify the classical IMP dehydrogenase (IMPDH) inhibi-
torsribavirin or mycophenolic acid in our screens, although ribavirin
and mycophenolic acid did inhibit viral infection at higher doses in
Calu-3 cells (Extended Data Fig. 4a). We also tested the human res-
piratory cells A549-ACE2 and the panel of human cell lines that are
permissive to SARS-CoV-2, and found that the DHODH inhibitors were
active, whereas pyrazofurin had modest activity and AVN944 showed
toxicity (Extended Data Fig. 4b, c).

We confirmed that the antiviral activity of the pyrimidine biosyn-
thesisinhibitors was through nucleoside metabolism as we could fully
block the antiviral activity of BAY-2402234, Brequinar or pyrazofurin
by treating Calu-3 cells with the pyrimidine nucleosides cytidine and/
or uridine, but not the purine nucleosides adenosine or guanosine
(Fig. 2¢). IMPDH is required for de novo guanosine biosynthesis, and
thus treatment of cells with the purine guanosine, but not adenosine
or the pyrimidine nucleosides, could reverse the antiviral activity of
AVN944 (Fig. 2¢). In addition, we monitored nucleoside pools upon
treatment with the direct-acting nucleoside analogues remdesivir
and molnupiravir and observed no changes in triphosphate levels of
the four nucleotides (Fig. 2d). By contrast, treatment with the DHODH
inhibitor Brequinar reduced levels of the pyrimidine triphosphates,
whereas treatment with IMPDH inhibitor AVN944 reduced the levels
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Fig.4|Combination of molnupiravir and Brequinar reduces SARS-CoV-2
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intranasally inoculated with1 x 10° p.f.u. per mouse of SARS-CoV-2 (B.1.351).
a-f, Lungs were analysed for viral titre 2 days after infection by plaque assay

of guanosine triphosphates with increases in the production of ATP,
whichis produced fromacommon precursor thatis shuntedinto that
pathway uponinhibition of IMPDH (Fig. 2d). These data demonstrate
thataltering nucleoside pools canblock viral replicationin the absence
of cytotoxicity.

Next, we set out to determine whether altering pyrimidine or purine
poolsusing host-directed metabolic inhibitors would synergize with the
antiviral nucleoside analogues remdesivir or molnupiravir. Using our
microscopy-based assay, we performed 2 x 2 dose-response analysis.
We found notable synergy between DHODH inhibitors (Brequinar or
BAY-2402234) and nucleoside analogues (molnupiravir or remdesi-
vir) (Fig. 3a, b, Extended Data Fig. 5). This synergy was observed in
the submicromolar range of the DHODH inhibitor Brequinar and the
low nanomolar range for BAY-2402234. We also tested whether the
combination of molnupiravir or remdesivir with pyrazofurin, which
inhibits UMPS, also shows synergy and found that it does (Extended
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(a,d) or fixed in 4% paraformaldehyde for haematoxylin and eosin staining and
quantified for interstitialinflammation (b, c, e, f). n=5mice per group. Mean +
s.d.isshown.*P<0.05,**P < 0.01and ***P< 0.001, using non-parametric
one-way ANOVA with Dunnett’s multiple comparison test. The red asterisks are
compared to vehicle; the blue asterisks are compared to molnupiravir. Pvalues
arelisted in Extended DataFig. 8d. Scalebars, 200 pM.

Data Fig. 6a). By contrast, we observed little interaction between the
IMPDH inhibitor AVN944 and either of the antiviral nucleoside ana-
logues, with a modest trend towards antagonism (Fig. 3¢, Extended
DataFig. 6b-d).

Given the emergence of SARS-CoV-2 variants and the promise of
antivirals to have activity against diverse strains of SARS-CoV-2, we
also tested whether these drugs were active against SARS-CoV-2 vari-
ants (Alpha, Beta, Gamma and Delta) and found that all strains were
sensitive to molnupiravir, remdesivir and the pyrimidine biosyn-
thesis inhibitors (Extended Data Fig. 7a). The ancestral strain (WA1)
and Delta strain were also sensitive to AVN944, whereas the others
were not. We focused on molnupiravir as it is an orally bioavailable
drug and thus can be potentially used in an outpatient setting and is
currently undergoing approvals®?, We tested whether the combina-
tion of molnupiravir and the DHODH inhibitors would show antiviral
synergy against SARS-CoV-2 variants. We observed synergy between



both DHODH inhibitors (Brequinar or BAY-2402234) and molnupiravir
(Extended DataFig. 7b). This suggests that limiting the pyrimidine pool
in combination with the nucleoside analogue molnupiravir increases
the antiviral activity of nucleoside analogues against diverse strains
of SARS-CoV-2. The mechanism of this synergy is unclear; however,
it may be due to increased uptake or incorporation of the nucleoside
analogues when pyrimidines are limiting.

We further explored the activity and interactions between DHODH
inhibitors and molnupiravir. We used an orthogonal assay to confirm
that molnupiravir shows dose-dependentinhibitionin Calu-3 cells using
RT-qPCR (Fig. 3d, Extended Data Fig. 8a). As single agents, Brequinar
and BAY-2402234 showed modest levels of inhibition as measured
by RT-qPCR (Fig. 3d). However, when we combined treatments, we
observed notable decreasesin viral replication upon co-administration
of either of these DHODH inhibitors and molnupiravir (Fig. 3d).

We next tested the activity of these inhibitorsinair-liquid interface
(ALI) respiratory epithelial cell cultures that more closely model
the humanrespiratory epithelium. We used both tracheobronchial
and nasal ALI cultures as these represent the two major sites of
SARS-CoV-2infection®. We performed additional studies to identify
doses of these drugs that did not impact epithelial barrier function
(by monitoring trans-epithelial electrical resistance), cilia beating
frequency or toxicity (measuring lactate dehydrogenase release) in
our nasal ALI cultures®. We found that treatment with molnupira-
vir, Brequinar or BAY-2402234 at concentrations up to 30 pM were
non-toxic in this system (Extended Data Fig. 8c). Therefore, we
used these doses as the maximum in our ALI cultures. In bronchial
ALl cultures, we found that molnupiravir showed dose-dependent
activity and that Brequinar had significant single-agent activity,
whereas BAY-2402234 had little activity as asingle agent in these cells
(Fig.3e). However, we found a significant reduction in viral replica-
tion upon co-treatment with either Brequinar or BAY-2402234 with
molnupiravir (Fig. 3e). In the nasal cells, we found that molnupiravir
showed dose-dependent activity and that neither Brequinar nor
BAY-2402234 had significant single-agent activity (Fig. 3f). Again, we
found asignificant reductionin viral replication upon co-treatment
of molnupiravir with either DHODH inhibitor (Fig. 3f).

Molnupiravir and Brequinar are both orally dosed drugs and mol-
nupiravir has been approved in patients with COVID-19. We observed
synergistic antiviral activity with this combination of drugs in diverse
model cell systems; therefore, we set out to test whether this combina-
tion would also show benefitin the treatment of SARS-CoV-2infection
invivo. We used amouse model of infection in which wild-type BALB/C
mice were intranasally inoculated with the SARS-CoV-2 Beta strain
B.1.351 (1 x 10° plaque-forming units (p.f.u.) per mouse). In this model,
we found robust replication 2 days after infection as measured by viral
titresin the lungs (approximately 108 p.f.u per gram lung), bronchiolar
sloughing of infected epithelial cells, and significant inflammatory
cellinfiltration including oedema with peribronchiolar and perivas-
cular cuffing as measured by histology (Fig. 4). As expected, when
we treated the animals with molnupiravir (EIDD-2801), we observed
dose-dependentreductioninviraltitres (Fig.4a).Inaddition, there was
only minor mitigation of the lung pathology with significant epithelial
cellinfection and inflammatory cellinfiltration other than at the highest
dose of molnupiravir tested (150 mg ml™) (Fig. 4b, c). We also treated
mice with Brequinar alone, at doses similar to COVID-19 clinical trials
(NCT04575038), and observed no effect on viral titres or lung pathol-
ogy at2 days after infection (Fig. 4a-c). Next, we combined treatments
with multiple dosing of molnupiravir and a single dose of Brequinar
(20mg kg™). We found an approximately 4 log reduction in viral titres
upon co-treatment with Brequinar and molnupiravir at the highest dose
of molnupiravir, and asignificant reductionintitresatboth150 mg kg™
and 50 mg kg™ molnupiravir when combined with Brequinar compared
with molnupiravir alone (Fig. 4a). We observed strong suppression
of inflammation in the lung where, even at the lowest combination

dose, there was reduced peribronchiolar and perivascular cuffing with
lessened alveolar and interstitial inflammation and oedema (Fig. 4b,
c). Moreover, co-treatment led to a clear protection of lung architec-
ture with little alterations to bronchiolar and alveolar cells. These low
doses of Brequinar are outside the toxic range and show protection.
We also performed an experiment in which we used a single dose of
molnupiravir (50 mg kg™) alone, and in combination with increasing
doses of Brequinar (20 mg kg™ and 50 mg kg™) (Fig. 4d-f). We again
observed significant decreases in viral titres upon co-treatment of
molnupiravir and Brequinar over molnupiravir alone (Fig. 4d). Histo-
logical analysis revealed that treatment with molnupiravir modestly
reduced SARS-CoV-2-induced pathology and that co-administration
with Brequinar further reduced the inflammatory response seen with
molnupiravir alone (Fig.4b, c, e, f).

We also performed a study using therapeutic dosing in this model.
We infected mice intranasally, and on day 1 after infection, we treated
infected mice with molnupiravir, Brequinar or the combination and
quantified viral infection and inflammation in the lungs on day 3
afterinfection. We found that the addition of Brequinar to molnupiravir
reduced viral titres and inflammation (Extended Data Fig. 9). Together,
this combination of molnupiravir and Brequinar for COVID-19 treat-
ment shows promise as we observed both reductioninviral replication
and decreased pathology when dosed before or after infection.

Given that for many viral infections combinations of antivirals are
needed to suppress infection, we suggest that combining nucleoside
analogues with DHODH inhibitors would be beneficial, as the combina-
tionwould bothreducereplication andinflammation due to SARS-CoV-2
infection within therapeutic ranges. Owing to the recent success of the
SARS-CoV-2 protease inhibitor Paxlovid (Pfizer; PF-07321332), we also
tested the combination of this drug with molnupiravir or remdesivir
against SARS-CoV-2Beta or Delta strains. We found that these combina-
tions are additive (Extended Data Fig. 10). Thus, there are numerous
potential combinations that should be tested in clinical trials that may
alter the trajectory of the current pandemic.
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Methods

Viruses and cells

SARS-CoV-2 WAl was provided by the BEI/CDC. SARS-CoV-2 (Alpha,
Beta, Gamma and Delta) was provided by A. Pekosz (Johns Hopkins
University School of Public Health). Virus stocks were amplified using
the ARTIC primer set® and sequenced using the MinlON system (Oxford
Nanopore Technologies) by the J. Craig Venter Institute (MD, USA) to
more than 4,000x genome coverage. Stock sequence was verified by
aligning reads to the reference genome provided by the BEI (GSAID
accession: EPI_ISL_890360) using minimap2 version 2.22 with the
‘map-ont’ presets?, followed by inspection of the consensus sequence
and alignment using IGV%. Stocks had less than 1% variation. Stock
virus was prepared by infection of Vero E6 cells expressing TMPRSS2
in growth medium (DMEM (Quality Biological), supplemented with
10% (v/v) fetal bovine serum (Gibco), 1% (v/v) penicillin-streptomycin
(Gemini Bio-products) and 1% (v/v) L-glutamine (2 mM final concentra-
tion; Gibco) fetal bovine serum plus for 2 or 3 days when cytopathic
effect (CPE) was visible. Media were collected and clarified by cen-
trifugation before being aliquoted for storage at —80 °C. Titre of stock
was determined by plaque assay or 50% tissue culture infectious dose
(TCID,,) analysis using Vero E6 cells as previously described®. Allwork
with infectious virus was performed in a biosafety level 3 laboratory
and approved by the University of Pennsylvania Biosafety Commit-
tee and the University of Maryland School of Medicine Institutional
Biosafety Committee.

Vero cells (American Type Culture Collection (ATCC), CCL81 or
E6) and Huh7.5 cells (C. Rice, Rockefeller) were cultured in DMEM,
supplemented with10% (v/v) fetal bovine serum, 1% (v/v) penicillin—
streptomycinand 1% (v/v) L-Glutamax (Invitrogen). Calu-3 cells (ATCC,
HTB-55) were cultured in MEM, supplemented with 10% (v/v) fetal
bovine serum, 1% (v/v) penicillin-streptomycin, 1% (v/v) L-glutamine
and 1% (v/v) non-essential amino acids. A549-ACE2 cells were cul-
tured in RPMI1640 supplemented with 10% (v/v) fetal bovine serum,
1% (v/v) penicillin-streptomycin and 1% (v/v) L-Glutamax. Caco-2
cells (ATCC, HTB-37) were cultured in MEM alpha supplemented with
20% (v/v) fetal bovine serum, 1% (v/v) penicillin-streptomycinand 1%
(v/v) L-glutamine. All cells were grown at 37 °C, 5% CO, and 20% O..
All cell lines were validated by morphology and gene expression and
are mycoplasma free.

Day 20 air-liquid interface (ALI) EpiAirway tracheobronchial tissues
were obtained from MatTek (AIR-100) and used after day 30. Tissues
were fed twice a week until use. ALI-pooled nasal epithelial cultures
from Epithelix were fed twice a week until use. Toxicity studies were
performed on nasal air-liquid interface cultures. Daily basolateral
exposure of test compounds was evaluated using tissue integrity
(trans-epithelial electrical resistance (TEER)); cytotoxicity was meas-
ured asbasolateral lactate dehydrogenase (LDH) release and ciliabeat-
ingfrequencyat72h.

Tissue integrity (TEER). Tissue integrity was determined by monitor-
ing TEER using the EVOM3 Ohm Meter (World Precision Instruments).
Resistance values (Q) were converted to TEER (Q cm?) using the fol-
lowing formula: TEER (Q cm?) = (resistance value (Q) - 100(Q)) x 0.33
(cm?), where 100 Q is the resistance of the membrane and 0.33 cm?is
the total surface of the epithelium.

Cytotoxicity (LDH release). Basolateral LDH release was quantified
using Cytotoxicity LDH Assay Kit-WST (Dojindo, CK12-20), measuring
the absorbance of each sample at 490 nm with amicroplate reader. To
determine the percentage of cytotoxicity, the following equation was
used (A =absorbance values): cytotoxicity (%) = (A (exp value) — A (low
control)/A (high control) - A (low control)) x100. The high-control value
was obtained by 10% Triton X-100 apical treatment (24 h). Triton X-100
causes amassive LDH release and corresponds to 100% cytotoxicity.

Cilia beating frequency. Ciliabeating frequency was measured using
the following setup: aSony XCD V60 camera connected toan Olympus
BX51 microscope with a x5 objective and a camera-specific software.
The cilia beating frequency is expressed as Hz. 256 images were cap-
tured at a high-frequency rate (125 frames per second) at 34 °C. Cilia
beating frequency was then calculated using Cilia-X software (Epi-
thelix).

High-throughput screening

Ten-thousand Calu-3 cells were plated per well of 384-well assay plates
(Corning) in 20 pl of growth medium. For the PENN and NCATS librar-
ies, 50 nl of drugs was added at afinal concentration of 0.8 pMin 0.2%
DMSO. For the ReFrame library, 20 pl of MEM was dispensed to com-
pound source plates pre-spotted with 50 nl of 10 mM compound in
DMSO. Of diluted compound, 5 pl was added per well of 384-well assay
plate, yielding a final concentration of 3.6 pM in 0.04% DMSO. The
positive control, 10 uM remdesivir (n = 32), and the negative control,
0.2% DMSO (n =32), were spotted on each plate. One hour after the
addition of the drugs, cells were infected with SARS-CoV-2 (multiplic-
ity of infection (MOI) = 0.5). Cells were fixed 40-48 h post-infectionin
4% formaldehyde in PBS for 15 min at roomtemperature, washed three
times with PBS, blocked with 2% BSA in PBST for 60 min, and incubated
inprimary antibody (anti-double-stranded RNA J2, absolute antibody,
1:500) overnight at 4 °C. Cells were washed three times in PBST with an
automated plate washer (BioTek) and incubated in secondary antibody
(anti-mouse Alexa 488, 1:1,000 and Hoescht 33342) for 1 h at room
temperature. Cells were washed three times in PBST with an automated
plate washer and imaged using an automated microscope (ImageXpress
Micro, Molecular Devices). Cells were imaged with a x10 objective,
and four sites per well were captured. The total number of cells and
the number of infected (double-stranded RNA") cells were measured
using the cell scoring module (MetaXpress 5.3.3), and the percentage
of infected cells was calculated. The aggregated percent infection of
the 0.2% DMSO (n =32) and 10 uM remdesivir control wells (n =32) on
each assay plate were used to calculate z’-factors, as ameasure of assay
performance and data quality. Sample well infection was normalized
to aggregated DMSO plate control wells and expressed as percentage
of control (POC = (%infection,,./average %infectionyyso) x100) and Z
score (Z=(%infection,,y,. — average %infectionpys,)/standard deviation
%infectionpyso) in Spotfire (PerkinElmer). Candidate hits were selected
asthefollowing: for the UPENN screen, compounds with POC < 40% for
infectionand viability > 80% in either replicate; for the NCATS screen,
POC < 40% for infection and viability > 80%; for the ReFrame screen,
POC < 50% for infection and > 60% viability for the average of the rep-
licates, compared to DMSO control.

Dose-response studies

Candidate drugs from the UPENN and NCATS library were purchased as
powders from Selleckchem, MedchemExpress, Cayman and MedKoo
and suspended in DMSO. Drugs were arrayed in 8-pt dose-responsein
384-well plates. For the ReFrame validation, 15 pl of MEM was dispensed
to compound source plates pre-spotted with 100 nl of compound in
DMSO arrayed in an 8-pt dose-response. Of the diluted compound,
Splwasadded per well of 384-well assay plate, yielding final concentra-
tions 0f 9.5, 3.1,1.0, 0.35, 0.12, 0.04, 0.01 and 0.004 uM in 0.1% DMSO.
Calu-3(n=10,000),A549-ACE2 (n=3,000), Caco-2 (n=1,500), Huh7.5
(n=3,000) or Vero (n=3,000) cells were plated in 384-well plates.
Twenty-four hours after plating (72 h for Caco-2), drug additions and
infections were performed using the screening conditions. DMSO (0.2%;
n=232)and 10 pM remdesivir (n =32) wereincluded oneach plate as con-
trols for normalization. For nucleoside rescue experiments, cells were
treated with an EC,, concentration of a given nucleoside biosynthesis
inhibitor in combination with a dose-response of nucleosides. Infec-
tion at each drug concentration was normalized to aggregated DMSO
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plate control wells and expressed as POC (POC = %infection,,,./aver-
age %infectionpysocone) X 100. A non-linear regression curve fit analysis
(GraphPad Prism 8) was performed on POC of percent infectionand cell
viability usinglog,,-transformed concentration values to calculate ECs,
values for percent infection and CCs, values for cell viability for each
drug-cell line combination. The EC,, and CCs, values represent the
average of two or more independent experimental replicates. Sl was
calculated asaratio of the CCs,and ECs, values (SI=CC,,/ECs,) of adrug.

Quantitative drug combination analysis

Using our high-throughput screening assay conditions, drugs were
added to Calu-3 cells in 384-well assay plates using a Tecan D300e
dispenser inamatrix that combined six concentrations of remdesivir
(up to 2 uM) or molnupiravir (up to 10 pM) with six concentrations
of Brequinar (up to 10 uM), BAY-2402234 (up to 0.5 uM) and AVN944
(up to 2 uM), resulting in 36 concentration combinations per drug
pairin 0.2% DMSO. Each combination was independently repeated at
least three times as technical duplicates in each biological replicate.
Sample wellinfection was normalized to aggregated 0.2% DMSO plate
control wells (n=32) and expressed as POC. Synergy between drug
combinations was determined by the BLISS independence model, to
quantitatively assess drug interaction patterns within the drug-drug
combination matrix .The BLISS expectation (£) for acombined response
was calculated by E= (A + B) — (A x B) where A and B are the fractional
inhibition of SARS-CoV-2infection of drug Aand drug Batagiven dose.
The difference between the BLISS expectationand the observed inhibi-
tion of SARS-CoV-2 infection for the combination of drug A and drug
B at the same dose is the BLISS value. BLISS values between 0 and 10
indicate that the combination is additive (as expected for independ-
ent pathway effects); BLISS value > 20 indicates activity greater than
additive (synergy); and BLISS value < O indicates the combination is
less than additive (antagonism).

RT-qPCR

Calu-3 cells (750,000 cells per well) were plated in six-well plates. The
next day, drugs were added to cells. One hour later, cells were infected
with SARS-CoV-2 (MOI = 0.3). For ALI cultures, the apical surface was
washed with OptiMEM, and cells were placed into fresh medium with
drugs added to the basolateral surface. Cells were infected apically
with SARS-CoV-2 (MOI = 0.2) for 1 hour and, subsequently, the virus
inoculumwas removed. The cells were placed into fresh medium daily
with theindicated drugs. Total RNA was purified using TRIzol (Invitro-
gen) followed by the RNA Clean and Concentrate kit (Zymo Research)
48 hafterinfection for Calu-3 and 72 h after infection for ALl cultures.
For cDNA synthesis, reverse transcription was performed with ran-
dom hexamers and Moloney murine leukaemiavirus (M-MLV) reverse
transcriptase (Invitrogen). Synthesized RNA was used as a standard
(BEI). Gene-specific primers to SARS-CoV-2 (Wuhan v1, NSP14) and
SYBR green master mix (Applied Biosystems) were used to amplify
viral RNA, and 18S rRNA primers were used to amplify cellular RNA
using the QuantStudio 6 Flex RT-PCR system (Applied Biosystems).
Relative quantities of viral and cellular RNA were calculated using the
standard curve method?. Viral RNA was normalized to 18S RNA for each
sample (Wuhan V1/18S)*.

Metabolomics

Calu-3 cellstreated for 24 hwith theindicated drugs were snap-frozen
in liquid nitrogen, and thawed cell pellets on ice were homogenized
with ice-cold 80% methanol. The samples were vortexed for 10 s to
lyse cells and the cellhomogenate was spiked with isotopically labelled
nucleotide internal standards. The mixture was extracted withice-cold
methanol, vortexed and centrifuged at 18,100g for 5 min at 4 °C. The
supernatant was dried under nitrogen at 45 °C and reconstituted in 50%
methanol for liquid chromatography-mass spectrometry on an Agilent
1290 Infinity UHPLC/6495B triple quadrupole mass spectrometer.

A12-min linear gradient from 95% B (acetonitrile) to 54% A (10 mM
ammonium acetate, pH 9,and 0.1% medronic acid) on an Agilent PEEK
HILIC-z2 x100 mm, 2.7-um column was used to separate nucleotides.
Multiple reaction monitoring was used to quantitate a fragment ion
of the parention of each nucleotide with standard calibration curves.
The raw data were normalized from pM to nmol mg™ protein using a
BCA assay from input samples.

Mouse studies

Mouse challenge studies were approved by the University of Mary-
land School of Medicine IACUC. Eight to ten-week-old female BALB/C
mice were randomized and not blinded. Molnupiravir (#HY-135853,
MedChemExpress) was resuspended in corn oil (8267, Sigma) and 10%
DMSO (2438, Sigma), with dosing twice a day as oral gavage. Brequi-
nar (#HY-108325, MedChemExpress) was resuspended in 10% DMSO
and sterile saline, with dosing daily as intraperitoneal injection. Our
pharmacokinetic (PK) studies showed an approximately 10 h half-life
of Brequinar, and dosing was either started at 12 h before infection or
24 h after infection as indicated.

Mice were anaesthetized by intraperitoneal injection with 50 pl of a
mix of xylazine (0.38 mg per mouse) and ketamine (1.3 mg per mouse)
diluted in PBS. Mice were intranasally inoculated with 1x 10° p.f.u. of
the Betavariant of SARS-CoV-2in 50 pl. Challenged mice were weighed
on the day of infection and daily for 2 days after infection; there were
no significant changes in weights observed. For prophylactic dosing,
2 daysafterinfection, or therapeutic dosing 3 days after infection, five
mice were killed from each treatment and control group, lungs were
collected to determine viral titre by a plaque assay, and fixed in 4%
paraformaldehyde for 24 h before sectioning and staining with hae-
matoxylin and eosin by UMSOM Histology Core®. Pathological scoring
on blinded haematoxylin and eosin-stained sections was performed
for each mouse and analysed for inflammation.

Statistical analyses

Statistics were performed with GraphPad Prism 9.2 software. Lung
titres for the treatment groups were compared to vehicle and statisti-
cally analysed using a non-parametric one-way ANOVA with Dunnett’s
multiple comparison test. For metabolomics, one-way ANOVA with Dun-
nett’s post-hoc test for multiple comparisons was used to determine
significance from vehicle control. For RT-qPCR, two-way ANOVA test
was used. For the synergy studies, Combenefit software (update1june
2016) was used. Statistical methods were not used to predetermine
sample size. Blinding and randomization were not used.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.
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48hpiviralreplication was quantified by RT-qPCR and expression (viral
RNA/18S) was normalized to vehicle treated cells. Data are presented as
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mean+SEM for n =2-3 biological replicates. b, P-values for Fig.3d. ¢, Nasal
air-liquid interface cells were treated daily on the basolateral side with the
indicated concentrations of drug,and at 72 h TEER, Ciliabeating frequency
(CBF) and toxicity (LDH) were measured. d, P-values for Fig. 4.
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Extended DataFig.9 | Combination of molnupiravir and Brequinarreduces
SARS-CoV-2infection and inflammationin vivo during therapeutic dosing.
Wild type Balb/C mice were treated with Brequinar (IP) and/or molnupiravir
(EIDD-2801) (PO) daily at the indicated concentrations starting 24 h after
infection. Mice (N = 5 mice per group) were intranasally inoculated with 1x10°
PFU/mouse of SARS-CoV-2/B.1.351. a, 3 dpi, lungs analyzed for viral titer by
plaque assay, Mean+SD shown. *p < 0.05, ** p < 0.01, non-parametric one-way
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ANOVA with Dunnett’s multiple comparison test. (p-values: B1.135only vs
EIDD-2801 (25 mg/kg) = 0.045, vs EIDD-2801 (50 mg/kg = 0.016, vs EIDD-2801
(25 mg/kg)+Breq (50 mg/kg) = 0.0017.b, ¢, 3 dpi, lungs fixed in 4% PFA for H&E
staining (Scale bar =200 pM) and quantified for interstitial inflammation.
Mean+SD shown. **p <0.01, non-parametric one-way ANOVA with Dunnett’s
multiple comparison test. (p-value = 0.0015).
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Extended DataFig.10 | Combination of molnupiravir or remdesivir with
the proteaseinhibitor PF-07321332is additive against SARS-CoV-2 (Beta,
Delta). BLISS analysis in Calu-3 cells with molnupiravir (EIDD-2801) or
remdesivirin combination with PF-07321332 infected with the indicated
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biological replicates (SARS-CoV-2 Delta). The statistical significance was
determined by aone-sample t-test (*p <5x10 2 **p <1073).
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