Repurposing FDA-Approved Drugs for COVID-19 Using a Data-Driven Approach
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Summary

There have been more than 116,000 recorded deaths worldwide to-date caused by the severe
acute respiratory syndrome coronavirus type 2 (SARS-CoV-2), the etiological agent of the
Coronavirus Disease 2019 (COVID-19), and over 1.8 million individuals are currently infected.
Although there are now hundreds of clinical trials for COVID-19, there are currently no effective
licensed treatments, while the numbers of infected individuals continue to rise at an exponential
rate in many parts of the world. Here, we used a data-driven approach utilizing connectivity
mapping and the transcriptional signature of lung carcinoma cells infected with SARS-CoV-2, to
search for drugs across the spectrum of medicine that have repurposing potential for treating
COVID-19. We also performed chemoinformatic analyses to test whether the identified compounds
were predicted to physically interact with the SARS-CoV-2 RNA-dependent RNA polymerase or
main protease enzymes. Our study identified commonly prescribed FDA-approved molecules as
important candidates for drug repositioning against COVID-19, including flupentixol, reserpine,
fluoxetine, trifluoperazine, sunitinib, atorvastatin, raloxifene, butoconazole, and metformin. These
drugs should not be taken for treating or preventing COVID-19 without a doctor’s advice, as further

research and clinical trials are now needed to elucidate their efficacy for this purpose.
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Introduction

The Coronavirus Disease 2019 (COVID-19), caused by the severe acute respiratory syndrome
coronavirus type 2 (SARS-CoV-2), instigated the current global public health crisis that has put
many societies on hold. While most individuals recover successfully, COVID-19 is associated with
an alarming mortality rate, ranging between 1.5-15.2% across nations (Baud et al., 2020), which
varies according to regional healthcare resources availability (Ji et al., 2020), prevalence of
comorbidities (Guan et al., 2020a), population age (Onder et al., 2020) and sex (Guan et al.,
2020b). There are currently no effective licensed drugs or vaccines to prevent or treat COVID-19
(COVID-19 Clinical Research Coalition, 2020), and the current strategy to prevent the disease
includes preventing novel infections through social distancing and community containment, which
have been implemented by local and national authorities worldwide (Wu and McGoogan, 2020).
However, these measures have profoundly detrimental effects to the economy, and do not

represent a feasible long-term solution for the COVID-19 pandemic.

Repurposing commonly prescribed drugs for preventing infection with SARS-CoV-2 or the
respiratory symptoms associated with COVID-19 has the potential to fast-track the development of
a viable treatment option and to rapidly improve the current global crisis. There are over 360
ongoing clinical trials testing the effectiveness of a variety of compounds against COVID-19
(COVID-19 Clinical Research Coalition, 2020). The majority of drugs being trialed have antiviral
activity, and it is logical that these compounds are tested first. However, preliminary results have
been variable, and a molecular and data-driven approach should be explored as a way of
narrowing down the list of potentially effective medications, from across the spectrum of medicine.
One of these approaches is known as ‘connectivity mapping’, an in silico method that has been
used to identify compounds with repurposing potential in diverse areas of medicine (Keenan et al.,
2019), including the use of ursolic acid (found in apples) for muscular atrophy (Kunkel et al., 2011),
chlorpromazine (antipsychotic) for the treatment of hepatocellular carcinoma (Lee et al., 2015), and
celastrol (leptin sensitizer) for the treatment of obesity (Liu et al., 2015), among other examples
(Subramanian et al., 2017).

In this study, we used the transcriptional signature associated with SARS-CoV-2 infection in a cell
model of COVID-19 comprising of infected carcinoma human alveolar (lung) basal epithelial cells
A549 (Blanco-Melo et al., 2020), to identify drugs with repurposing potential for the treatment or
prevention of COVID-19. According to Blanco-Melo and colleagues, even though these cells do not
express the putative receptor (ACE2) and protease (TMPRSSZ2) required by SARS-CoV-2, they are
able to support viral replication. To identify chemicals with potential for repositioning against
COVID-19, we matched the mRNA signature consisting of positively and negatively regulated
genes associated with SARS-CoV-2 infection in this cell model to the L1000 repository of cellular

transcriptional signatures, using the cloud-based Connectivity Map (CMap) portal (https://clue.io)
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(Subramanian et al., 2017). This repository contains 1.3 million transcriptional profiles associated
with the effect of 27,927 perturbagens, including drugs, gene knockdowns and knock-ins, tested in
up to 77 cell lines, including the cancer-derived lung cells A549. We also performed
chemoinformatic analysis to identify drugs predicted to bind to SARS-CoV-2 key enzymes, and
cross-referenced our findings with those from other drug repositioning studies in the literature, to

identify FDA-approved drugs with substantial repurposing potential for the treatment of COVID-19.

Methods

Connectivity mapping

We used CMap v1.1.1.43, dataset v1.1.1.2, accessed via https://clue.io (Subramanian et al.,
2017), to identify drugs with repurposing potential for COVID-19. Genes up- and downregulated in
A549 cells after SARS-CoV-2 infection (Blanco-Melo et al., 2020) were input into CMap to search
for compounds (in the L1000 database) that elicited reversed transcriptional signatures associated
with infection, indicating their potential to reverse viral-related effects on the cells. The connectivity
score from CMap is calculated based on the observed enrichment scores in the queried gene lists
relative to transcriptional signatures in the L1000 reference database. The score incorporates a
nominal p-value calculated based on the comparison between the query and reference signatures
relative to a null distribution of random queries, using the Kolmogorov-Smirnov enrichment statistic,
which is then corrected for multiple testing using the false discovery rate method. These values are
converted to tau values (1) by comparisons with reference signature queries in the L1000
repository (Subramanian et al., 2017; Subramanian et al., 2005). The authors suggest that drugs
with 1 < -90.00 are those more likely to reverse the query signature, and conversely, those with t >
90.00 are more likely to mimic the query signature. We sought drugs which could reverse the
MRNA effects associated with SARS-CoV-2 infection in A549 cells (i.e. those with 1 <-90.00).

Molecular docking simulations

We performed molecular docking simulations on FDA-approved small compounds suggested to
reverse the transcriptional signature associated with SARS-CoV-2 infection in A549 cells,
according to the results of the connectivity mapping analysis. This was performed to identify
whether compounds associated with protective effects at the transcriptional level were additionally
capable of binding to SARS-CoV-2 enzymes. We analyzed small compounds from the connectivity
mapping analysis with t < -90.00 that were FDA-approved (Corsello et al.,, 2017) (see
https://clue.io/data/REP). We performed molecular docking simulations on the RNA-dependent
RNA polymerase (RdRp) (Protein Data Bank [PDB] ID: 6M71), and the main protease (Mpro) (PDB
ID: 6Y2E) of SARS-CoV-2, using default settings in the Protein-Ligand ANT System (PLANTS),
accessed via https://chemoinfo.ipmc.cnrs.fr/ (Korb et al.,, 2009). The ligand docking sites were
specified as the catalytic sites determined by Zhang et al. (2020) (GIn189) and Gao et al. (2020)
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(Asp623), using an estimated radius of 10 A around the specified residues. The resulting protein-
ligand scores (PLANTS scores), calculated using the CHEMPLP algorithm, reflect the energy
change when ligands and proteins come together, with values more negative than -80.00
suggesting ligand-protein interactions. The source of the drug structures analyzed is listed in

Supplementary Table 1. Protein-ligand visualizations were generated using PyMol 2.3

(https://pymol.org).

Cross-referencing with drugs found in other chemoinformatic studies

We cross-referenced the compounds from the connectivity mapping analysis (t < -90.00) with
those suggested for repurposing against COVID-19 according to relevant protein-drug interactions
described in the literature, or identified using chemoinformatic analyses (Supplementary Table 2).
The drugs suggested by these studies included those identified based on SARS-CoV-2-human
protein-protein interactions (Gordon et al., 2020), HIV drugs that bind to the SARS-CoV-1
polymerase or protease enzymes (Chang et al., 2020), or the top FDA-approved drugs that have
the potential to bind to the Mpro enzyme of SARS-CoV-2 (Farag et al., 2020).

Results

Identification of genes differentially expressed upon infection with SARS-CoV-2

Blanco-Melo et al. (2020) recently characterized the transcriptional response of the
adenocarcinoma human alveolar basal epithelial cell line A549 after infection with SARS-CoV-2,
which represents one of the pioneering cell models for COVID-19. We considered the genes
upregulated (N = 100) and downregulated (N = 20) after infection according to DESeq2, under the
false discovery rate of 5%, as the transcriptional signature associated with COVID-19
(Supplementary Table 3). These gene sets were input into CMap to identify drugs that were
empirically observed to reverse this transcriptional signature in the same cell line (A549), according

to a connectivity mapping analysis using the L1000 repository.

Connectivity mapping reveals drugs with repurposing potential for COVID-19

We attempted to identify drugs with repurposing potential for COVID-19 based on the
transcriptional signature associated with SARS-CoV-2 infection in cancer lung cells (Blanco-Melo
et al., 2020). We observed 76 drugs with potential to reverse the transcriptional signature
associated with SARS-CoV-2 infection (t < -90.00). The top compound was the drug reserpine (1=
-99.94; full list, including L1000 compound identification numbers, in Supplementary Table 4).
Other compounds negatively associated with the transcriptional signature of A549 cells after
SARS-CoV-2 infection, included the quinine-derivative hydroquinidine (t = -99.44), used for heart
arrhythmia treatment; antibiotics like doxycycline (1t = -92.29) and butoconazole (1 = -92.07); and
the antidepressants fluoxetine (1 = -99.20) and mapratiline (t = -99.10). An important drug being

considered for the treatment of COVID-19, chloroquine, had a weak negative connectivity score (t
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= -7.84), suggesting it does not have a strong ability to reverse the transcriptional signature
associated with SARS-CoV-2 infection in A549 cells. A similar compound which received a lot of
media attention, hydroxychloroquine, was not tested in this cell line as part of the L1000 repository,

so it is not reported here.

Molecular docking analyses

Of the 76 drugs with T < -90.00, we observed that 26 were small compounds which were already
FDA approved (Corsello et al.,, 2017). We ran simulations to predict their ability to bind to the
catalytic sites of the SARS-CoV-2 main protease (Mpro) and RNA-dependent RNA polymerase
(RdRp) enzymes, corroborating their repurposing potential, and providing preliminary evidence of
an additional mode of action involving direct interactions with viral components. The PLANTS
scores calculated here reflect the energy change when the drug comes together with the catalytic
site of either the RdRp or Mpro enzymes, with more negative numbers suggesting a more likely
drug-protein interaction (Table 1; details of analyzed compounds in Supplementary Table 1). Only
one compound was associated with negative PLANTS scores < -90.00, flupentixol, suggesting it
likely interacts with both SARS-CoV-2 enzymes tested (Figure 1). We also found other seven
drugs with suggestive interactions with either of the viral enzymes tested (PLANTS scores <
-80.00), including reserpine, fluoxetine, trifluoperazine, sunitinib, atorvastatin, raloxifene, and
butoconazole. We did not find evidence to suggest that the remainder drugs from the connectivity
mapping analysis, with T < -90.00, would bind directly to the viral enzymes tested (although they

have the potential to reverse the transcriptional signature associated with infection).

Cross-referencing with drugs suggested from other studies

We cross-referenced the top hits from our connectivity mapping analysis (t < -90) with those
suggested for repurposing against COVID-19 by other studies (Supplementary Table 2). First, we
analyzed potential overlaps with the 69 drugs suggested by Gordon et al. (2020) as potential
treatment options for COVID-19, based on druggable human proteins that interact with all SARS-
CoV-2 proteins. The only overlapping FDA-approved drug we observed was metformin, associated
with a highly negative connectivity score in our analysis (1 = -98.27). We did not identify a potential
interaction between metformin and SARS-CoV-2 Mpro or RdRp enzymes, but Gordon et al. found
that the human NDUF genes, which can be modulated by metformin, interact with the viral proteins
Nsp7 and Orf9c. We found no drugs in our connectivity mapping analysis (t < -90.00) that
overlapped with the HIV drugs suggested for repurposing against COVID-19 by Chang et al.
(2020), or with the top compounds predicted to bind to the Mpro of SARS-CoV-2 by Farag et al.
(2020).



Discussion

There have been several recent advances in the identification of epitopes for the design of a
vaccine against SARS-CoV-2 (Li et al., 2020), or drugs that could be useful for treating infected
patients (Belhadi et al., 2020), but there is currently no licensed effective treatments against
COVID-19. Using a data-driven approach, our study identified commonly prescribed FDA-approved
drugs that are associated with transcriptional signatures opposite to that caused by infection with
SARS-CoV-2 in A549 cells, including hydroquinidine, maprotiline, clomipramine, tamoxifen, and
doxycycline. Additional candidates from the connectivity mapping analyses were further predicted
to bind directly to SARS-CoV-2 key enzymes, or to host genes that interact with SARS-CoV-2
components (Gordon et al., 2020), corroborating their repurposing potential and providing
preliminary evidence of other modes of action against COVID-19 involving interactions with the
viral machinery. These drugs included flupentixol, reserpine, fluoxetine, trifluoperazine, sunitinib,
atorvastatin, raloxifene, butoconazole, and metformin, which should be prioritized in basic and

clinical studies, to test their ability to treat or prevent COVID-19.

An interesting compound we identified in the connectivity mapping analysis was hydroquinidine, a
guinine-related drug used for treating arrhythmia (Hermida et al., 2004). Quinine-related
compounds such as chloroquine and hydroxychloroquine received a lot of media attention recently,
despite the variable evidence corroborating their efficacy against COVID-19 (Owens, 2020). We
found that different quinine-related compounds were associated with varying degrees of likelihood
to reverse the transcriptional signature associated with SARS-CoV-2 in A549 cells. More
specifically, hydroquinidine (t = -99.44), quinidine (t = -74.22), quinine (t = -37.83), and chloroquine
(t = -7.84) showed a variable range of negative associations, while hydroquinine (t = 59.05) was

associated with a positive t score.

Perhaps one of the most viable candidate drugs found in our study is doxycycline, a commonly
prescribed antibiotic that works against a range of bacterial infections, and that has also been
suggested to protect against malaria (Tan et al., 2011) and filarial parasites (Singh et al., 2016). A
study also suggested that doxycycline improved lung function in patients with obstructive
pulmonary disease, which was attributed to its inhibitory effect on matrix metalloproteinases and its
anti-inflammatory properties (Dalvi et al., 2011). Alternatively, the antidepressants fluoxetine,
maprotiline, and clomipramine, and the antipsychotics flupentixol, sulpiride, trifluoperazine, which
have a rich pharmacology, were also suggested as drugs with repurposing potential against
COVID-19. We observed that flupentixol, fluoxetine, and trifluoperazine were also predicted to bind
directly to SARS-CoV-2 components. Interestingly, a study by Dyall et al. (2014) found that several
neurotransmitter modulators, including clomipramine, had an effective antiviral activity against both
Severe Acute Respiratory Syndrome (SARS) and Middle East Respiratory Syndrome (MERS)
coronaviruses, SARS-CoV-1 and MERS-CoV, in infected Vero E6 cells. We also identified the



insulin sensitizing drug metformin as an interesting candidate which is commonly prescribed for
type 2 diabetes (Rojas and Gomes, 2013), and that has been previously suggested to reverse lung
fibrosis in humans (Rangarajan et al., 2018). This is particularly relevant as a study of fifty-one
COVID-19 patients showed that 19.6% of the individuals had pulmonary deformations due to
fibrosis (Li and Xia, 2020). Our analyses also suggested that the estrogen modulators raloxifene
and tamoxifen may be protective against COVID-19, which is interesting since it appears that
females are less likely to develop COVID-19-related complications relative to males (Guan et al.,
2020b). In addition, Dyall et al. (2014) also found that tamoxifen had an effective antiviral activity
against SARS-CoV-1 and MERS-CoV in Vero E6 infected cells.

Our top compound, reserpine, has been discontinued in some countries, but a study found that this
drug and six derivatives of it were active against SARS-CoV-1 in Vero E6 cells (Wu et al., 2004).
Another study, which screened the L1000 database for compounds expected to reverse the effect
of the knockdown of the coatomer protein complex beta 2 gene (COPBZ2) (Avchaciov et al., 2020),
required for SARS-CoV-1 replication (de Wilde et al.,, 2015), also suggested reserpine as a
potential treatment option for COVID-19. The hypothesis behind that study was that host COPB?2 is
also required for SARS-CoV-2 replication, since SARS-CoV-1 shares 79% sequence identity with
SARS-CoV-2 (Lu et al., 2020). Interestingly, our analysis provides some evidence that corroborates
this hypothesis, since reserpine was the top compound we observed to reverse the transcriptional
signature associated with SARS-CoV-2 infection in A549 cells. The fact that this drug is further
predicted to bind to the main protease of SARS-CoV-2 makes it an interesting candidate for drug

repositioning.

Our study is limited because we have no clinical evidence that the drugs identified here can
successfully treat COVID-19 patients, or even prevent cellular pathology in response to
SARS-CoV-2, as we did not test this directly. Therefore, it is possible that the drugs mentioned
here may not be effective against COVID-19, and they should not be prescribed for this purpose
prior to further clinical testing, nor be taken without a doctor’s prescription. Further prospective or
observational clinical research is now needed to determine if these drugs are effective for treating
COVID-19, and if so, to determine which doses are required. Additional studies should also test
whether the compounds identified here may have a protective effect against infection (e.g. through
direct interaction with viral machinery, as captured by our molecular docking simulations), or act
after infection (e.g. by reversing viral-induced gene expression signatures, as captured via
connectivity mapping). Additionally, it is likely that the transcriptional signature associated with
acute infection differs from that elicited by prolonged exposure to SARS-CoV-2, and therefore
future analysis of converging transcriptional signatures from multiple time points may reveal other

compounds of importance. Despite these limitations, we highlight novel FDA-approved drug



candidates with repurposing potential against COVID-19, which we identified using a data-driven,

hypothesis-free approach.
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Flupentixol + Mpro
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Figure 1. Representation of the predicted interactions between the antipsychotic flupentixol (in
green) and the SARS-CoV-2 main protease (Mpro, upper panel) and RNA-dependent RNA
polymerase (RdRp, lower panel) enzymes. Flupentixol was associated with a highly negative t
score (1 = -95.9) in the connectivity mapping analysis, suggesting it is associated with a
transcriptional signature negatively correlated with SARS-CoV-2 infection. Furthermore, it was
associated with low PLANTS scores in our chemoinformatic analyses, further suggesting it has the
potential to bind directly to SARS-CoV-2 Mpro (-91.82) and RdRp (-91.70).



Table 1. Molecular docking simulations of FDA-approved small compounds associated with protection
against COVID-19, on the RNA-dependent RNA polymerase (RdRp) and Main protease (Mpro) enzymes of

SARS-CoV-2.
CMap . . PLANTS scores

score Drug Name Established Function RdRp | Mpro
-99.94  reserpine Vesicular monoamine transporter inhibitor N/A -80.72
-99.44  hydroquinidine Antiarrhythmic -68.79 -79.05
-99.2  fluoxetine Selective serotonin reuptake inhibitor (SSRI) -77.63 -81.14
-99.1 maprotiline Norepinephrine reuptake inhibitor -72.42 -76.15
-98.87 tamoxifen Estrogen receptor antagonist -57.40 -63.05
-98.82  dextromethorphan Glutamate receptor antagonist N/A -62.08
-98.77  phensuximide Succinimide antiepileptic N/A -66.02
-98.58  sulpiride Dopamine receptor antagonist -72.36 -64.34
-98.27  metformin Insulin sensitizer -32.82 -31.63
-97.9 trifluoperazine Dopamine receptor antagonist -84.29 -84.43
-96.82  sunitinib FLT3 inhibitor -73.52 -80.93
-96.78 irsogladine Phosphodiesterase inhibitor -60.14 -61.59
-96.65 atorvastatin HMGCR inhibitor -89.22 -82.17
-96.09 raloxifene Estrogen receptor antagonist -84.32 -87.57
-95.9 flupentixol Dopamine receptor antagonist -91.70 -91.82
-95.62 alprenolol Adrenergic receptor antagonist -68.19 -68.69
-94.89  bosutinib ABL inhibitor -76.61 -76.87
-94.76  buflomedil Adrenergic receptor antagonist -63.00 -67.89
-94.09 guanfacine Adrenergic receptor agonist -59.95 -61.08
-92.86 epirizole Cyclooxygenase inhibitor -61.37 -67.36
-92.75 diloxanide Protein synthesis inhibitor -58.14 -58.46
-92.7  clomipramine Serotonin transporter inhibitor (SERT) -66.44 -78.01
-92.7 sulfacetamide PABA antagonist -55.60 -54.92
-92.69 norethindrone Progesterone receptor agonist N/A -66.15
-92.29  doxycycline Bacterial 30S ribosomal subunit inhibitor -72.86 -74.47
-92.07  butoconazole Bacterial cell wall synthesis inhibitor -77.24 -82.92

N.B.: N/Aindicates protein-ligand pairs that were extremely unlikely to occur according to PLANTS. PLANTS
scores in blue represent ligand-protein interactions more likely to occur, with darker values indicating
stronger evidence.
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