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Aims:Over the past few years, AI has been considered as potential important area for improving drug development and
in the current urgent need to fight the global COVID-19 pandemic new technologies are even more in focus with the
hope to speed up this process. The purpose of our study was to identify the best repurposing candidates among FDA-
approved drugs, based on their predicted antiviral activity against SARS-CoV-2.
Materials and methods: This article describes a drug discovery screening based on a supervisedmachine learningmodel,
trained on in vitro data encoded in chemical fingerprints, representing particular molecular substructures. Predictive
performance of our model has been evaluated using so-called scaffold splits offering a state-of-the-art setup for
assessing model's ability to generalize to new chemical spaces, critical for drug repurposing applications.
Key findings: Our study identified zafirlukast as the best repurposing candidate for COVID-19.
Significance: Zafirlukast could be potent against COVID-19 both due to its predicted antiviral properties and its ability
to attenuate the so called cytokine storm. Thus, these two critical mechanisms of actionmay be combined in one drug as
a novel and promising pharmacotherapy in the current pandemic.
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1. Introduction

Severe acute respiratory syndrome coronavirus SARS-CoV-2 emerged in
Wuhan, Hubei province in China in late 2019. The pandemic was an-
nounced by WHO on March 11, 2020, with nearly 46 million COVID-19
cases and 1.2 million deaths till the moment of writing this article [1,2].
Due to the devastating effects associated with pandemic coronavirus out-
breaks, both new prophylactic and therapeutic interventions are urgently
needed to be developed [3]. It is well known that the success rate for
drug development (as defined from phase I clinical trials to drug approvals)
is very low, reaching about 6.2% [4,5] and the process takes typically 12 to
15 years [6]. Hence, drug repurposing or repositioning has become a prom-
ising approach due to the opportunity to significantly reduce both develop-
ment time and costs. Over the past few years, in silico artificial intelligence
(AI) andmachine learning (ML) techniques have been considered as impor-
tant areas for driving improvements in drug development [4] and in the
current urgent need to fight the global COVID-19 pandemic new technolo-
gies are even more in focus with the hope to speed up this process and find
new therapeutic indications [7–15), bearing in mind that in silico results are
still subject to additional in vitro and in vivo experiments and further clinical
trials that are needed to ensure the efficacy of the proposed drugs [16].
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The novel virus belongs to the family ofCoronaviridae and exploits ACE2
receptors for entry, suggesting that the virus might target a similar spec-
trum of cells as SARS-CoV [17]. The symptoms of COVID-19 at the onset
of illness include fever, cough, myalgia or fatigue, sputum production,
headache, hemoptysis, diarrhea, dyspnea, and lymphopenia. Patients de-
velop pneumonia with abnormal findings on chest CT while the complica-
tions include acute cardiac injury, acute respiratory distress syndrome, and
secondary infections as well as cytokine storm that may be associated with
disease severity [18,19]. As the sequence identities of SARS-CoV-2 3CL pro-
tease (3CLpro), RNA polymerase, and the spike protein with corresponding
SARS-CoV proteins are 96.08%, 96%, and 76%, respectively [20], one may
suggest the implementation of drugs that are effective against SARS-CoV for
the treatment of SARS-CoV-2 infection. Nevertheless, regarding the poten-
tially increased transmissibility of SARS-CoV-2 in comparison to SARS-CoV,
it seems that the new virus uses attachment-promoting factors in cells more
effectively than SARS-CoV [17], yet with more effective immune surveil-
lance evasion for SARS-CoV-2 than in case of SARS-CoV [21].

Related work in the context of in silico AI and ML applications for iden-
tifying drug candidates for the treatment of SARS-CoV-2 is still scarce, but
with the increasing importance of this area, new research efforts are
being invested in this direction. Similar studies published so far indicated,
roup IT.
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among others, phenazopyridine, abemaciclib, promazine, tyverb,
pirenzepine, ebastine, and alectinib [22], atazanavir, remdesivir, and
efavirenz [11] as well as vismodegib, gemcitabine, clofazimine, celecoxib,
brequinar, conivaptan, bedaquiline, tolcapone, and pranlukast [9]. The po-
tential use of some of these repurposing candidates against COVID-19 is
also widely discussed in review and commentary articles, as it is in the
case of leukotriene receptor antagonists (LTRAs) [23,24].

The purpose of our study was to identify the best repurposing candi-
dates among the Food and Drug Administration (FDA)-approved drugs,
based on their predicted antiviral activity against SARS-CoV-2. The FDA-
approved drugs constitute a good starting point in the context of
repurposing officially approved and safe drugs against COVID-19 [15]. To
this end, we have trained a supervised machine learning model based on
gradient-boosted tree ensembles, operating on in vitro data encoded in
chemical fingerprints, representing particular molecular substructures.
2. Materials and methods

2.1. Datasets

The dataset used to train our model consists of ~290,000 negative and
405 active molecules from the primary biochemical high throughput
screening assay for identification of the SARS-CoV 3CLpro inhibitors
[25]. Due to the fact that SARS-CoV 3CLpro is an integral component in
the viral replication process and exhibits above 96% sequence identity to
the SARS-CoV-2 3CLpro [19], the considered dataset composes to our
knowledge the largest currently available sample of this type, on which
anMLmodel can be trained to provide predictions for inferring the antiviral
activity against SARS-CoV-2. The purpose of the primary biochemical
screening assay was to identify compounds that inhibit SARS-3CLpro-
mediated peptide cleavage. A fluorescent compound, which is attached to
the N-terminus of a 3CLpro peptide substrate, is quenched by a moiety at-
tached at the C-terminus. When enzyme is active, the peptide is cleaved
by 3CLpro and the fluorescent compound and quencher separate, leading
to an increase in well fluorescence (excitation wavelength of 485 nm and
an emission wavelength of 535 nm). Compounds added to these wells are
tagged as inactive (antiviral activity is negative). Compounds that inhibit
3CLpro activity prevent cleavage of the labeled peptide substrate, resulting
in no increase in fluorescence. These compounds are tagged as active (anti-
viral activity is positive).

Although the utilized dataset comprises activity toward SARS-CoV
3CLpro, exhibiting above 96% sequence identity to the SARS-CoV-2
3CLpro, in addition to the original dataset [25], we consider also a manu-
ally curated version of the same dataset, based on the following enrich-
ment. We added to the dataset the following known SARS-CoV-2 3CLpro
inhibitors1 as active molecules, based on the already published results:
ebselen, disulfiram, tideglusib, carmofur, shikonin, PX-12 [26], ritonavir
[27], lopinavir, teicoplanin, oseltamivir, nitazoxanide, hydroxychl-
oroquine, famciclovir, chloroquine, azithromycin, atazanavir, amoxicillin,
aciclovir [28], and quercetin [29].2

As a screening set of molecules, among which the best repurposing can-
didates are sought after based on their predicted antiviral activity against
SARS-CoV-2, we used the FDA set of all approved drugs FDA Approved
drugs, per DrugBank [30]. The list of FDA-approved drugs serves as an im-
portant resource for medical practice and represents compounds that are
safe and efficacious drug products as well as their generic equivalents, ap-
proved by the FDA for use in the United States [31].
1 As known SARS-CoV-2 3CLpro inhibitors we treat only those, for which published results
based on laboratory experiments are confirming the inhibition.

2 Since the following 5 drugs: ebselen, disulfiram, nitazoxanide, famciclovir, and aciclovir
are included in the original dataset as inactive molecules and they are according to current re-
search considered as already known SARS-CoV-2 3CLpro inhibitors [26,28], in the manually
curated version of the dataset we inlcude them as active molecules.
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2.2. Machine learning model

Regarding AI and ML technologies applicable to molecular property
prediction, in general, two categories of models can be considered:
models operating on precomputed molecular fingerprints and deep neu-
ral networks constructing their own chemical representations, and it re-
mains an open research area to find out which of the two paradigms is
superior for which predictive task and for which characteristics of the
data at hand [4,32].

The approach applied in this study to molecular property prediction for
drug discovery is based on MACCS fingerprints computed using RDKit li-
brary [33] and an implementation of a gradient-boosted tree learning
method (XGBoost [34]), ensembling in sequential manner individual tree
models, partitioning the space of molecular fingerprints. The prediction of
a gradient-boosted tree ensemble is given as a combined consensus predic-
tion based on a large number of tree models grown in a forward-stagewise
manner. The ensemble model is greedily updated by adding new trees that,
by addressing the weaknesses of the previous ensemble, most improve the
overall model. An illustrative overview of our approach is given in Figure 1.

As one of the challenges in training a machine learning model on the
data at hand is its imbalanced character, we performed additional experi-
ments with the following approaches: undersampling of the inactive class,
oversampling of the active class using the SMOTE method [35] as, well as
tuning a hyperparameter weighting the balance of active relative to inac-
tivemolecules for scaling the gradient for the active class, when ensembling
the decision trees. However, as these attempts did not lead to improved per-
formance in terms of AUC, we did not use them in the final model training.

2.3. Evaluation method

For assessing the quality of the classifier outputs, we used Receiver Op-
erating Characteristic curve-Area Under the Curve (ROC-AUC) as the pri-
mary metric. Predictive performance of our model was evaluated based
on repeated random subsampling cross-validation using 10 randomly
seeded 80:20 scaffold splits of training and testing data. Compared to com-
monly used random splits, the utilized scaffold splits offer a superior and
more challenging setup for assessing model's ability to generalize to new
chemical spaces, critical for drug repurposing applications [32]. More spe-
cifically, in order to ensure that the models' capacity to generalize to new
molecular structures is tested on compounds that are structurally different
from those used in the training phase, we follow the scaffold splitting ap-
proach [32,36] and divide all molecules into partitions based on their
Murcko scaffolds calculated using RDKit. Partitions with molecule count
that would exceed the half of the desired test set size are allocated to the
train set and the remaining partitions are randomly allocated to the train
and test sets, until the desired split ratio is achieved.

2.4. Generating final predictions

For generating the final predictions of the antiviral activity of the FDA-
approved drugs, we have retrained our ensemble model on the whole
dataset and used the predicted probabilities of activity for ranking the
repurposing candidates. In order to reduce the inherent variability in
model predictions due to stochastic nature of the algorithm, we have built
a meta-ensemble consisting of 10 models, each trainedwith a different ran-
dom seed. The final rank of each drug used for ordering the repurposing
candidates was obtained by taking the median over individual rankings
from the meta-ensemble.

3. Results

Under the evaluation scheme described in Section 2.3, our model
achieved ROC-AUC of 0.72 (±0.03). Our top rank-ordered repurposing
candidates with median rank less than 30 are provided in Table 1, showing
next to thefinalmedian rank also themedian absolute deviation (MAD) as a
measure of variability of the rankings, as well as the median lethal dose



Figure 1. A schematic illustration of the described AI-based drug discovery screening for COVID-19.
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(LD50) as a measure of drugs safety. The same list of 15 rank-ordered
repurposing candidates is shown in Figure 2, illustrating the median
ranks based on themeta-ensemblemodel togetherwith the individual rank-
ings used for calculating the final median rank. Table 2 provides the corre-
sponding Anatomical Therapeutic Chemical (ATC) Classification System
codes and characterizations of compounds class to which they belong.

We identified zafirlukast as the best repurposing candidate among all
FDA-approved drugs, and it has been consistently ranked as number one
by all constituents of our meta-ensemble, as visible in Figure 2. While
zafirlukast is unanimously identified as the best repurposing candidate,
the individual rankings for hexachlorophene (rank 2 in the rank-ordered
Table 1
Rank-ordered repurposing candidates with median rank less than 30. Next to me-
dian rank based on the meta-ensemble model, we report also MAD indicating the
level of variability of the rankings based on the individual constituents of the
meta-ensemble. In the last column, we show the values of the median lethal dose
(LD50) as a measure of safety of the repurposing candidates

ChEMBL ID Drug name Rank median Rank MAD LD50

CHEMBL603 Zafirlukast 1 0 2.5723
CHEMBL496 Hexachlorophene 2 0 2.4031
CHEMBL416 Methoxsalen 3 1 2.4054
CHEMBL878 Metolazone 10 3 1.8955
CHEMBL1544 Liothyronine 10 3 2.7082
CHEMBL1624 Levothyroxine 10 3 2.7082
CHEMBL109 Valproic acid 11.5 7 1.8543
CHEMBL104 Clotrimazole 16.5 4 2.7194
CHEMBL46403 Stearic Acid 17.5 9.5 1.3275
CHEMBL350239 Fluvastatin 18.5 14 2.9472
CHEMBL139 Diclofenac 22.5 7.5 3.6447
CHEMBL1444 Letrozole 23 5 1.9916
CHEMBL6 Indomethacin 27 21.5 4.0722
CHEMBL1648 Isradipine 27 10.5 2.3960
CHEMBL898 Diflunisal 28.5 9.5 2.7735
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list) and methoxsalen (rank 3) are also observed to be exceptionally stable,
with MAD values of 0 and 1, respectively. The positions of drugs ranked
below them as repurposing candidates are supported by visibly weaker sig-
nal, as indicated by both the levels of median ranks (e.g., for the 4th in the
rank-ordered list metolazone, the value of median rank is already 10), as
well as the values of MAD showing an upward trend.

Nevertheless, we note that liothyronine (rank 5) and indomethacin
(rank 13) are drugs which are already under clinical trials for COVID-19.

The results based on the manually curated version of the same dataset
(see Section 2.1) show very close level of ROC-AUC of 0.71 (±0.03) and
zafirlukast remains as the best ranked candidate (unchanged median rank
of 1). Among the lower ranked drugs, compared to the ranking based on
the original (noncurated) dataset, the following drugs remain in the top
15, at only slightly different positions: hexachlorophene, methoxsalen,
liothyronine, levothyroxine, fluvastatin, diflunisal. Interesting drug candi-
dates appearing additionally in the top 15, below zafirlukast, are erythro-
mycin, ampicillin, clarithromycin, valacyclovir, ganciclovir, and
valganciclovir.

An illustration of zafirlukast embedded in the chemical spaces of both
the training dataset and the screening FDA dataset, together with their
chemical relationships, is visualized in terms of t-Distributed Stochastic
Neighbor Embeddings (t-SNE) in Figure 3.
4. Discussion

Our results indicating zafirlukast as the best repurposing candidate
against SARS-CoV-2 infection are intriguingly complementary to the
study of Sanghai and Tranmer [33] and Funk et al. [38], who suggested
the usefulness of another drug from the same group, namely montelukast.
Similarly, Ke et al. [9] proposed pranlukast as a repurposing candidate.
Hence, these studies, put together with our result, compose a very



Figure 2.Rank-ordered repurposing candidates with median rank less than 30, based on the final meta-ensemble of 10models and screening of all FDA-approved drugs. The
bars correspond to individual ranks based on the constituents of the meta-ensemble, red dashed horizontal lines show the final median ranks and the gray dashed horizontal
lines indicate the levels of variability of rankings around the median, taken as the median absolute deviation (MAD).
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interesting compilation, drawing attention to the properties of leukotriene
receptor antagonists as a potential treatment against COVID-19.

In addition to the remarkable complementarity of this result to the re-
cent studies in the context of COVID-19 referenced above, we recall for a
broader context also other, relevant pharmacological properties of
zafirlukast and comment on them in relation to other LTRAs.

Zafirlukast is an oral LTRA for the treatment of asthma, available as a
tablet and usually dosed twice daily. The undeniable advantage of
zafirlukast, similarly to montelukast, is its safety. It is generally well toler-
ated, with a few associated adverse events [39]. Zafirlukast belongs to
benzenesulfonamides, which contain a sulfonamide group that is S-linked
to a benzene ring. Montelukast is a member of linear 1,3-diarylpropanoids,
while pranlukast represents chromones, containing a benzopyran-4-one
moiety. The structural diversity of these drugs seems not to impact their ac-
tually known mechanism of action. Zafirlukast blocks the action of the
cysteinyl leukotrienes D4 and E4 on the cysteinyl leukotriene receptors
Table 2
Rank-ordered repurposing candidates with corresponding Anatomical Therapeutic
Chemical (ATC) Classification System codes and characterization of compound
class to which they belong

ChEMBL ID Drug Name ATC code Compound class

CHEMBL603 Zafirlukast R03DC01 benzenesulfonamides
CHEMBL496 Hexachlorophene D08AE01 diphenylmethanes
CHEMBL416 Methoxsalen D05BA02 methoxypsoralens
CHEMBL878 Metolazone C03BA08 sulfonamides
CHEMBL1544 Liothyronine H03AA02 phenylalanine and derivatives
CHEMBL1624 Levothyroxine H03AA01 phenylalanine and derivatives
CHEMBL109 Valproic acid N03AG01 methyl-branched fatty acids
CHEMBL104 Clotrimazole D01AC01 triphenyl compounds
CHEMBL46403 Stearic Acid long-chain fatty acids
CHEMBL350239 Fluvastatin C10AA04 phenylpyrroles
CHEMBL139 Diclofenac S01BC03 dichlorobenzenes
CHEMBL1444 Letrozole L02BG04 diphenylmethanes
CHEMBL6 Indomethacin S01BC01 benzoylindoles
CHEMBL1648 Isradipine C08CA03 benzoxadiazoles
CHEMBL898 Diflunisal N02BA11 biphenyls and derivatives
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(CysLT1), thus reducing inflammation, constriction of the airways and pro-
duction of mucus in the lungs. Similarly, montelukast blocks the action of
the cysteinyl leukotrienes C4, D4, and E4, while pranlukast selectively an-
tagonizes leukotriene D4 at the CysLT1. The crucial impact of montelukast
on COVID-19 includes attenuation of hyperinflammatory cytokine profile,
termed as cytokine storm, through suppression of a protein complex (nuclear
factor kappa-light-chain-enhancer of activated B cells; NF-κB) [23], which
is also a mechanism of action of zafirlukast [40]. The mentioned LTRAs
may attenuate the activation of NF-κB transcription factor p50-p65, having
impact on numerous genes expression and production of proinflammatory
mediators involved in severe inflammation occurring in COVID-19 [23,38].

The antiviral properties of montelukast have been proposed in the study
ofWu et al. [41], who predicted binding of the drug to the 3CLpro of SARS-
CoV-2, with low binding energy. This finding suggests the antiviral prop-
erty of the first LTRA representative against SARS-CoV-2. Moreover, ac-
cording to the study of Almerie and Kerrigan [24], montelukast by acting
through the antiviral effect, or by suppression of augmented cytokine re-
lease may reduce the severity of immune-mediated multiorgan damage,
what may be significant especially in COVID-19 patients with central obe-
sity and metabolic syndrome. Taking into account the information derived
from our training dataset, referring to the antiviral properties of inhibitors
of the SARS 3CLpro and the fact that the protease enzyme is essential for the
SARS-CoV-2 virus RNA synthesis and replication, the proposed mechanism
of action of zafirlukast would be due to drug-induced disruption of the virus
replication cycle. It is noteworthy to point out that the drug has been not
only identified as having the best antiviral properties, but it has been con-
sistently ranked as number one by all constituents of our meta-ensemble.
The pressumed antiviral properties of zafirlukast are also not new. They
have been already described by Donkers et al. [42] and Martinez et al.
[43] in the context of its antiviral activity against hepatitis B virus (HBV)
and hepatitis delta virus (HDV). Zafirlukast has been indicated as one of
the most potent inhibitors of human sodium taurocholate co-transporting
polypeptide (NTCP), the entry receptor for HBV and HDV [42]. The drug
was also found to act as an inhibitor of the West Nile Virus (WNV) NS2B-
NS3 protease, which is essential for WNV survival and replication in host



Figure 3. t-Distributed Stochastic Neighbor Embeddings (t-SNE) [37] of a random subsample of inactive molecules from the training dataset (light blue), active molecules
from the training dataset (dark blue), all screening molecules from the FDA set of approved drugs (green) and zafirlukast (red dot).
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cells [43]. It may be even more interesting, when taking into account the
similarity between the cytosolic WNV NS3 and the secretory furin-like ser-
ine proteinases of other zoonotic viruses [44].

A remarkable conclusion, which can be drawn from the above men-
tioned results, is that zafirlukast can be considered as potentially useful
against COVID-19 both due to its predicted antiviral properties and its po-
tential to attenuate the cytokine production, and thus to reduce the severe
consequences of the disease. Hence, zafirlukast can be seen as a drug com-
bining two distinct mechanisms of action, both crucial for fighting the cur-
rent pandemic.

Nevertheless, zafirlukast should be perceived rather as an additional
preventive therapy against serious organ damage rather that an effective
agent in severe COVID-19 symptoms or by reversing already existing lung
disfunction. Still, the potential advantage of its use might be effective,
when taken as soon as possible after infection. Zafirlukast may be also ben-
eficial due to its safety and convenient administration.

Additionally, we would like to report also on other drugs that can be
found among the top 15 rank-ordered repurposing candidates, which, be-
side zafirlukast, may show antiviral activities. One of them is liothyronine,
an active form of thyroxine, which is already under the second phase of two
clinical trials (NCT04348513 and EUCTR2020–001623-13-GR) assessing
its efficacy and safety for the treatment of critically ill patients with
COVID-19 infection [45,46].Wewould like to strengthen attention to indo-
methacin, which is also among the top 15 ranked repurposing candidates.
This drug has been already proven to show in vitro antiviral properties
against SARS-CoV and SARS-CoV-2 [47]. This drug is already under the sec-
ond and third phases of clinical trial (IRCT20200427047215N1) for deter-
mination of its efficacy, safety, and evaluation of the time to clinical
recovery in COVID-19 patients with moderate-intensity pneumonia.

Likewise, it may be also worth to mention that among the top 15
repurposing candidates, two sulfonamide derivatives can be identified,
namely zafirlukast and metolazone. This observation is interesting, since
hybridization of bioactive pharmacophores with sulfonamides has been
already used as a strategy to develop sulfonamide antivirals [48]. The
5

sulfonamides build an important pharmacological class, with diuretic, hy-
poglycemic, antithyroid, anticancer, as well as antibacterial and antiviral
activities. Some sulfonamide derivatives have already been reported to
show antiviral activity, both in vitro and in vivo. Amprenavir, an example
of HIV protease inhibitors used clinically as well as tipranavir, TMC-126
and TMC-114, contains sulfonamidemoieties in their structures. Moreover,
nonnucleoside HIV reverse transcriptase, HIV integrase inhibitors, and che-
mokine antagonists acting as HIV entry inhibitors also possess sulfonamide
functionalities in their scaffold [49].

The results based on the manually curated version of the same dataset,
after adding the known SARS-CoV-2 3CLpro inhibitors to the training set,
show below zafirlukast also the following interesting, high ranked candi-
dates: an example of beta-lactam antibiotic, ampicillin, as well as macrolide
antibiotics, erythromycin and clarithromycin. Themacrolides are supposed
to improve the course of viral infections, at least through indirect mecha-
nisms including anti-inflammatory and/or immunomodulatory effects;
however, there is no clear evidence of clinical efficacy of macrolides in
coronaviruses infections [50]. Also, a representation of antiviral drugs
from the group of inhibitors of DNA polimerases, consisting of valacyclovir,
ganciclovir, and its prodrug valganciclovir, was observed. Whereas the re-
sults presented in this article provide us with an interesting discovery, in
order to carry out more in-depth exploration of the predictive performance
and utility of AI-based screenings, the employment of additional and larger
datasets would be necessary. Furthermore, exploration of alternative ML
techniques, building on alternative molecular representations of the data
could lead to further interesting insights. Also, a more in-depth exploration
of techniques for effectively tackling the problem of imbalanced data as
well additional data enrichments could be an interesting and important
area for future research. Moreover, due to dynamically changing pandemic
situation, the amount of new evidence on drugs efficacy in COVID-19 is
ever growing and dispersed in many unstructured forms such as new re-
search and review articles, reports on clinical trials as well as numerous on-
line platforms. Utilizing these constantly evolving, scattered and
unstructured sources of information in combination with AI tools can
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constitute an important additional feedback signal for defining the best
pharmacotherapy. Finally, important validation aspects involving in vitro
and in vivo experiments as well as clinical trials need to be addressed in
the future work to ensure the efficacy and other relevant properties of the
proposed drugs.

5. Conclusions

In summary, the AI-based drug discovery screening described in this ar-
ticle identified zafirlukast as the best potential repurposing candidate for
COVID-19. This result, put in the perspective of other recent studies in
the context of COVID-19, composes an interesting insight, drawing atten-
tion to the properties of leukotriene receptor antagonists as a potential
treatment against this disease. A notable characteristic of zafirlukast,
which can be formulated as a conclusion, is that it could be considered as
a potent agent against COVID-19 both due to its predicted antiviral proper-
ties as well as its ability to attenuate the so called cytokine storm. Thus, these
two critical mechanisms of action may be combined in one drug as a novel
and promising pharmacotherapy in the current pandemic.
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