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Abstract

A potent therapy for the infectious coronavirus disease COVID-19 is urgently required with,

at the time of writing, research in this area still ongoing. This study aims to evaluate the in

vitro anti-viral activities of combinations of certain commercially available drugs that have

recently formed part of COVID-19 therapy. Dual combinatory drugs, namely; Lopinavir-

Ritonavir (LOPIRITO)-Clarithromycin (CLA), LOPIRITO-Azithromycin (AZI), LOPIRITO-

Doxycycline (DOXY), Hydroxychloroquine (HCQ)-AZI, HCQ-DOXY, Favipiravir (FAVI)-AZI,

HCQ-FAVI, and HCQ-LOPIRITO, were prepared. These drugs were mixed at specific ratios

and evaluated for their safe use based on the cytotoxicity concentration (CC50) values of

human umbilical cord mesenchymal stem cells. The anti-viral efficacy of these combinations

in relation to Vero cells infected with SARS-CoV-2 virus isolated from a patient in Universitas

Airlangga hospital, Surabaya, Indonesia and evaluated for IC50 24, 48, and 72 hours after

viral inoculation was subsequently determined. Observation of the viral load in qRT-PCR

was undertaken, the results of which indicated the absence of high levels of cytotoxicity in

any samples and that dual combinatory drugs produced lower cytotoxicity than single drugs.

In addition, these combinations demonstrated considerable effectiveness in reducing the

copy number of the virus at 48 and 72 hours, while even at 24 hours, post-drug incubation

resulted in low IC50 values. Most combination drugs reduced pro-inflammatory markers, i.e.

IL-6 and TNF-α, while increasing the anti-inflammatory response of IL-10. According to

these results, the descending order of effective dual combinatory drugs is one of
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LOPIRITO-AZI>LOPIRITO-DOXY>HCQ-AZI>HCQ-FAVI>LOPIRITO-CLA>HCQ-DOX. It

can be suggested that dual combinatory drugs, e.g. LOPIRITO-AZI, can potentially be used

in the treatment of COVID-19 infectious diseases.

Introduction

At the end of 2019, a case of pneumonia was diagnosed on the basis of a viral infection in

Wuhan, China [1]. The pathogen was identified as a novel enveloped RNA betacoronavirus2,

currently referred to as Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2),

which has a phylogenetic similar to SARS-CoV. Since that time, it has developed into a global

pandemic due to Coronavirus SARS-CoV-2, also referred to as COVID-19 [2, 3]. On March

2nd 2020, the Indonesian Ministry of Health reported the first confirmed domestic positive

case of SARS-CoV-2. By September 2020, more than 262,000 individuals had been infected

with 10,105 cases culminating in death [4].

COVID-19 infection causes severe pneumonia with symptoms such as fever, a persistent

cough, and progressive breathing failure associated with respiratory complications. The high

hospitalization rate, risk of mortality and lack of a specific established treatment rendered

urgent the need for an effective therapy for COVID-19 to be developed. The main viral pro-

teinase has recently been considered positively as a suitable target for drug design against

COVID-19 infection due to its vital role in the poly-protein processing necessary for coronavi-

rus reproduction [5].

The term ‘antiviral agents’ refers to the medications prescribed to combat Middle East

Respiratory Syndrome (MERS) and SARS pandemics. Interferon α (IFN-α), lopinavir-ritonavir,

chloroquine phosphate, ribavirin, and Arbidol have been highlighted in the latest version of the

Guidelines for the Prevention, Diagnosis, and Treatment of Novel Coronavirus-induced Pneumo-

nia issued by the Republic of China’s National Health Commission (NHC) as potential treatments

for COVID-19 [6]. In addition to antiviral agents, antibiotics such as amoxicillin, azithromycin or

fluoroquinolones are also being employed [7] in an attempt to eradicate the SARS-CoV-2 virus.

However, given the continuing lack of data regarding their efficacy as a form of COVID-19 ther-

apy, this study aims to evaluate the use of dual combinatory drugs as an antiviral therapy against

the SARS-CoV-2 virus, specifically COVID-19, within the Indonesian context.

During the present research, the respective in vitro antiviral activities of Lopinavir-Ritona-

vir (LOPIRITO), Favipiravir (FAVI), Azithromycin (AZI), Clarithromycin (CLA), Doxycy-

cline (DOXY), and Hydroxychloroquine (HCQ) as dual combinatory drugs at determined

ratios were analyzed. These ratios were established based on the plasma concentration of drugs

administered at the usual dose during clinical therapy, (see Table 1). However, in many cases,

Table 1. Peak plasma concentration of Lopinavir/Ritonavir (LOPIRITO), Azithromycin (AZI), Clarithromycin (CLA), Doxycycline (DOXY), Hydroxychloroquine

(HCQ), and Favipiravir (FAVI) after a single oral administration of the drug.

Drugs Dosage Peak Plasma Concentration Reference

Lopinavir/Ritonavir Oral administration of Aluvia1 tablet containing 400/100 mg Lopinavir/Ritonavir twice a

day

Lopinavir: 6.9 to 17.7 μg/mL [8]

Azithromycin Single oral administration of 500 mg Azithromycin 0.35–0.45 mg/L after [9]

Clarithromycin oral administration of 250 and 500 mg Clarithromycin twice a day 1 and 2.41 μg/mL, respectively [10]

Doxycycline Single oral administration of 200 mg doxycycline 1.5 to 7.0 μg/ml after oral

administration

[11]

Hydroxychloroquine Single oral administration of 400 mg HCQ sulfate 0.28 to 0.54 μg/mL [12]

Favipiravir 1600/600 mg twice a day 64.56 μg/mL [13]

https://doi.org/10.1371/journal.pone.0252302.t001

PLOS ONE An in vitro anti-viral study of dual drug combinations against SARS-CoV-2 virus

PLOS ONE | https://doi.org/10.1371/journal.pone.0252302 June 18, 2021 2 / 27

Competing interests: The authors have declared

that no competing interests exist.

https://doi.org/10.1371/journal.pone.0252302.t001
https://doi.org/10.1371/journal.pone.0252302


there were limited or even no reports regarding the pharmacokinetic profiles in dual drug

combinations.

Lopinavir, Ritonavir, and Favipiravir have all been used as antiviral agents which act as

virus protease inhibitors [8, 9]. Azithromycin is classified as a macrolide antibiotic which has

been used extensively in the treatment of severe respiratory lower tract infections such as

pneumonia. It can be employed for preventing secondary infection often resulting from viral

infection, thereby avoiding a severe prognosis. Azithromycin has been reported to be an

immune modulator and anti-inflammatory agent [10, 11], while also inhibiting virus replica-

tion and the cytopathic effect mediated by the Zika virus in Glial cell lines and astrocytes [14].

Moreover, the use of clarithromycin has been regarded in the same manner as that of Azithro-

mycin. Clarithromycin demonstrates a high affinity with the protein target of HIV-1 protease

in the molecular docking study which is superior to that of doxycycline due to high hydropho-

bicity and partition co-efficiency [15]. The combined application of Clarithromycin and anti-

viral agents, i.e. Oseltamivir or Zanamivir, increased systemic immunity while reducing rates

of infection-related relapse in children infected with the influenza virus [16]. Doxycyline, a tet-

racycline-derived drug, has an inhibitory effect on dengue fever viral replication and reduces

the proinflammatory marker IL-6 during viral infections [17]. Consequently, it may prove

effective as a form of COVID-19 therapy [18, 19]. Hydroxychloroquine is an aminoquinoline-

derivate compound producing fewer severe side effects than chloroquine [20]. It has been

employed as an antiviral agent [21, 22] which impedes the viral pre-entry stage, inhibits both

viral replication mediated by acidic endocytosis and viral replication through modification of

post-translation virus protein, hinders virus maturation via pH modulation, and produces

anti-inflammatory effects by reducing IL-6 levels in serum [23].

In this present work, the efficacy of these drugs as a form of COVID-19 therapy was evalu-

ated on Vero cells as viral hosts cultured with SARS-CoV-2 virus isolated from hospitalized

patients in Universitas Airlangga Hospital, Surabaya, Indonesia. Furthermore, an analysis of

the structure-based computational modelling of ligand-receptor interactions evaluated their

potential use as the main protease of SARS-CoV-2 inhibitor [24].

Material and methods

Materials

Lopinavir-Ritonavir (LOPIRITO) was produced by Abbott Laboratories (Aluvia1, Chicago,

USA); Favipiravir (FAVI) by Toyama Chemical (Fujifilm Group) (Avigan1, Japan); Azithro-

mycin (AZI) tablets by Gentec Pharmaceutical Group (Spain); Clarithromycin (CLA) by Ind

Swift Laboratories Limited (India); Doxycycline (DOXY) by Genero Pharmaceuticals (Doxi-

cor1, Indonesia); Hydroxychloroquine (HCQ) by Imedco Djaja (Hyloquin1, Indonesia);

and dimethyl sulfoxide by Sigma Aldrich (Singapore). All other reagents and solvents

employed in this study were of the highest quality available. Milli-Q water was used in all

experiments.

Virus and cell collection

Vero cells were used for virus inoculation against SARS-CoV-2 isolates in Indonesia. Cells

were seeded in a 12-well microplate at a cell density of 5x104 cells/well cultured in Dulbecco’s

Modified Eagle’s Medium (DMEM) (Gibco, USA) containing 10% foetal bovine serum

(Gibco, USA), 1% penicillin-streptomycin (Gibco, USA) and 1% amphotericin-B (Gibco,

USA). Cells were incubated in a CO2 incubator at 37˚C in a humidified atmosphere of 5% CO2

for 24 hours and cultured to reach 80–90% confluence.
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SARS-CoV-2 virus isolates were collected from PCR-positive confirmed patients in Univer-

sitas Airlangga Hospital, Surabaya. Patient sputum sampling and clinical procedures were per-

formed in accordance with the ethical clearance issued by The Ethics Commission of

Universitas Airlangga Hospital (Certificate number 136/KEP/2020 dated April 20, 2020).

The sputum of conscious patients was collected in viral transport medium (VTM) containing

Gentamycin sulphate (100μg/ml) and Amphotericin B (0.5μg/ml). Further experiments were

conducted in the Biosafety Level (BSL)-3 Laboratory at The Institute of Tropical Disease, Uni-

versitas Airlangga, Surabaya, Indonesia. In order to isolate the virus, the sputum samples were

inserted into a new conical tube, subsequently vortexed for five minutes, and centrifuged at

13,000 rpm for ten minutes. After centrifugation, the supernatant of each sample was extracted

for the purposes of further experiments.

Preparation of drugs solution

Each tablet containing drugs was triturated and mixed until homogenous. Approximately 50

mg equivalent mass of drugs were weighed and added to dimethyl sulfoxide in order to solubi-

lize the drugs. The suspension was sonicated in a water bath for 15 minutes before being

added to Rosewell Park Memorial Institute (RPMI) media, sonicated again and vortexed to

mix it until homogenous. The suspension was then filtered through a polycarbonate mem-

brane with a pore size of 0.45 μm and then a pore size of 0.22 μm under aseptic conditions.

The filtrate was mixed with 10% foetal bovine serum and penicillin streptomycin before being

vortexed to produce a homogenous mixture to be used as a stock solution. The samples were

prepared by diluting the stock solution of each drug with RPMI complete media at an appro-

priate level of dilution to produce a determined concentration. The dual combinatory drugs

mixtures were prepared by mixing appropriate amounts of two drug stock solutions in order

to produce a final concentration at the required level. The combinatory drugs were evaluated

at both constant and non-constant ratios to evaluate their effects on the cytotoxicity, including;

antagonistic, synergistic, or additive. A constant ratio of the mixture was achieved by adding

drug solutions at the same ratio, thereby increasing each drug concentration, to produce dose

escalation. In contrast, at a non-constant ratio, a fixed determined concentration of drug was

added to increased doses of other drug solution in order to produce different levels of drug

concentration.

Cytotoxicity assay for dual combinatory drugs

The cytotoxic concentration (CC50) of drugs was performed by means of MTT assay at the

Stem Cell Research and Development Center, Universitas Airlangga using human umbilical

cord mesenchymal stem cells which had been obtained from human placenta tissue as

approved by the Ethical Committee of Universitas Airlangga Hospital (Certificate number

101/KEH/2019 dated January 10, 2019). The cells were prepared as the primary cell culture

and used for the cytotoxicity assay because of their sensitivity to chemicals. Cells were seeded

into 96-well microplates at a concentration of 1x103 cells/well in 100 μL Alpha Minimum

Essentials Medium (α-MEM, Gibco, USA) supplemented with 10% foetal bovine serum, 1%

penicillin-streptomycin and 1% amphotericin-B. The plates were then incubated in a CO2

incubator at 37˚C with 5% CO2 for 24 hours, at which point, the supernatant was replaced

with α-MEM containing drugs at each concentration and incubated for a further 48 hours.

Approximately 25μL of 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium-bromide

(MTT) reagent at a concentration of 5mg/mL was subsequently added to each well and incu-

bated for four hours at 37˚C with 5% CO2. Purple formazan crystals were formed and observed

under an inverted microscope. Dimethyl sulfoxide was added to each well with the complete
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solubilisation of formazan crystals subsequently being observed. The greater the number of

formazan crystals formed, the lower the toxicity of the samples which were read for optical

density of formazan using a multi reader at a measurement wavelength of 595 nm (Promega

Glomax, USA). The CC50 value was analyzed by CompuSyn software (the ComboSyn Inc.,

accessed from www.combosyn.com).

Virus inoculation and antiviral assay for dual combinatory drugs

Vero cells obtained from Elabscience1 (Catalog No. EP-CL-0242, USA) were seeded in a

12-well plate and confirmed as reaching 80–90% confluence on the day of virus inoculation.

The culture medium was removed and the cells were then added to RPMI media containing

SARS-CoV-2 isolates, previously diluted with RPMI media at a ratio of 1:2. In this study, about

2,000 virus copies were added to 50,000 cells of Vero cells, with a multiplicity of infection

(MoI) degree of 0.04. The plate was gently agitated for 30 minutes and incubated at 37˚C, 5%

CO2 for 24 hours. About 3 mL of complete culture medium were subsequently added to the

plate and incubated at 5% CO2 37˚C for 24 hours, at which point 3 mL of RPMI media con-

taining a drug combination were introduced and incubated at 5% CO2 37˚C for 24, 48, and 72

hours. The drug mixtures were prepared at appropriate weight constant ratios selected on the

basis of the optimum safety profiles in the cytotoxicity study. The Vero cells were observed

post-treatment to observe the cytopathic effects, including; the rounding and detachment of

cells. Moreover, the IC50 values were determined in order to quantify antiviral activity by mea-

suring the proviral load in each well. The determination of the proviral load was performed by

means of a Seegene COVID-19 detection Kit (Beijing, China) which detected three target

genes, i.e. N-gene, E-gene and RdRP-gene. Amplification and data acquisition were carried

out using the ABI Prism 7500 Sequence detector system (Applied Biosystems, USA). The IC50

value was further analyzed using CompuSyn software (The ComboSyn Inc., accessed from

www.combosyn.com).

Measurement of IL-6, IL-10 and TNF-α levels of virus-infected Vero cells

incubated with dual combinatory drugs

To enable measurement of IL-6, IL-10 and TNF-α levels, the culture medium of the treated

cells was collected in sterile micro-tubes and centrifuged at 3,500 rpm for 20 minutes. The

supernatants were carefully collected and diluted with aquadest at a 1:5 volume ratio and vor-

texed until homogenous. The samples were deposited onto a well-plate, added to ELISA

reagents (Bioassay Technology Laboratory, Shanghai, China), and incubated at 37˚C for 60

minutes. Reagent substrate solution was then added to the well and incubated for ten minutes

at 37˚C. The samples were measured for antigen concentration using the optical density (OD)

plotted into the standard curves of IL-6, IL-10, and TNF-α.

Molecular docking study of drugs against main protease of SARS-CoV-2

virus

The molecular docking study was carried out by using Schrodinger Maestro 2019–2 Maestro

software including protein preparation, ligand preparation, grid generation and receptor-

ligand docking. The Linux operating system was used for the computational study. Ligands

(Lopinavir, Ritonavir, Favipiravir, Azithromycin, Clarithromycin, Doxycycline, and Hydroxy-

chloroquine) were downloaded from the NCBI (http://www.ncbi.nlm.nih.gov/pccompound).

The crystal Structure of SARS-CoV-2 main protease, PDB ID: ALU6 was retrieved from the

Protein Data Bank (PDB) (https://www.rcsb.org/).
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The main protease protein was prepared for a docking study by using in Schrodinger 2019–

2 Maestro software. All ligand compounds were prepared using LigPrep, which can produce

low energy isomer of the ligand in optimization by using the OPLS_2005 force field. The

OPLS_2005 force field was used for generating Grid on protein receptors. Schrodinger 2019–2

version was used to predict the binding affinity, ligand competence, and inhibitory candidate

to the protein by performing rigid, flexible docking. The ligands were docked with generated

Grid of receptor protein PDB ID: ALU6 The optimal ligand selection for the receptor was

done based on the docking score.

Preparation of ligands and receptors. Ligand-receptor complex. The complex in the form

of a crystal structure consisting of native ligands and receptors was downloaded from the Pro-

tein Data Bank (PDB) server at the web address https://www.rcsb.org with ID 6LU7 [25]. 6LU7

protein structure consists of two chains (A and C). The Main protease (Mpro) is in the A chain

(shown in brown), while the native ligand appears as blue in the C chain, as presented in Fig 1.

The receptors and ligands from the resulting crystalline structure did not undergo geomet-

ric optimization treatment because they were obtained from the actual structure. For the pur-

poses of the docking procedure, the ligands of this crystal were given a partial charge of the

atom using the Austin Model 1 semi-empirical method with Bond Charge Correction

(AM1-BCC) [26], while the receptor partial charge was calculated by means of a molecular

mechanics approach with a force field of ff14SB [27].

Preparation of candidates as ligands. A sketch of the molecular structure of the ligand was

produced using the ChemDraw Professional version 17 program. This structural sketch was

still 2-dimensional with the result that a 3-dimensional structure had to be made. This struc-

ture was formed by calculations using the MM + molecular mechanics method to quickly

obtain a 3-dimensional structure. The calculations were performed using a HyperChem 6 pro-

gram. The structure of the calculation using the molecular mechanics method was then refined

using a semi-empirical Parametric Model number 3 (PM3) quantum mechanics calculation.

The calculations were completed using Gaussian 16 software. The partial atomic charge of

each ligand was calculated through application of the AM1-BCC semi-empirical method.

Construction surface and receptor spheres. The receptor surface (molecular surface,

ms) consisting of a number of cluster spheres was created and calculated using the dms mod-

ule which is part of the Dock 6 program [28]. The active side of the Mpro was determined

based on the native ligand position in the cluster. This active side location was used as the

basis for the construction of the simulation box. The degree of margin for the formation of the

simulation box was 10 Å.

Creating a simulation box. Depending on the position of the native ligand, a simulation

box was built around it in the shape of a cube. The position of the simulation box, native

ligand, and cluster of spheres relative to the receptor can be seen in the Fig 2.

Validation of docking parameters. The parameters to be employed in docking the candi-

date to the receptor were validated by redocking the native ligand to the receptor. An effective

docking parameter must be able to return the native ligand to its original position with a maxi-

mum root mean square deviation (rmsd] tolerance of 2 Å [26]. The docking parameter valida-

tion resulted in an rmsd of 1.725 Å, indicating that use of the docking parameters at the

docking stage for candidate ligands was feasible.

Results

Characterization of human umbilical cord mesenchymal stem cells

For the cytotoxicity assay of combinatory drugs, the primary cell cultures of human umbilical

cord mesenchymal stem cells were used as the experimental cells. From the contents of Fig 3, it
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is clear that, as previously reported [28–31], the stem cells were well differentiated as indicated

by immunocytochemistry assays conducted using CD45, CD90, and CD105 antibodies.

Cytotoxicities of dual drug combination of LOPIRITO-AZI in

mesenchymal stem cells

In this study, the cytotoxicity assay was evaluated for single and dual combinatory drugs dur-

ing a period of 48 hours of drug incubation. This assay was intended to evaluate the toxicity of

dual combinatory drugs on normal cells. The combination ratios were calculated taking into

consideration the usual therapeutic doses and plasma peak concentrations of the drugs. To

determine this cytotoxicity, the drugs were mixed at both constant and non-constant ratios.

Fig 1. Image representation of ligand-receptor complex.

https://doi.org/10.1371/journal.pone.0252302.g001
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The evaluation of LOPIRITO and AZI in the stem cells showed that AZI had relatively

non-toxic properties compared to those of LOPIRITO, while the CC50 values were 1.3x1055

μg/mL for AZI and 4.29x102 μg/mL for LOPIRITO, as shown in Fig 4. The combination of

LOPIRITO and AZI at constant weight ratios of 1:1 and 1:2 respectively, and non-constant

ratios resulted in decreases in the degree of cytotoxicity. These were much safer than LOPIR-

ITO as indicated by their higher CC50 values. These results indicate that a combination of

both drugs negates the side effects of each single one, possibly producing an antagonist

effect.’

Fig 2. The position of the simulation box, native ligand, and cluster of spheres relative to the receptor.

https://doi.org/10.1371/journal.pone.0252302.g002
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Cytotoxicities of dual drug combination of LOPIRITO-CLA in

mesenchymal stem cells

The results of a cytotoxicity assay indicated that LOPIRITO was relatively more toxic to the

cells than CLA as indicated by their CC50 values as a single drug which were 7.46x102 μg/mL

and 2.28x103 μg/mL respectively, as shown in Fig 5. Moreover, the dual drug combination of

LOPIRITO:CLA at the weight ratio of 1:1 had a high CC50 value of 1.22x104 μg/mL, indicating

that this combination reduced the toxicity of both drugs in the stem cells.

Cytotoxicities of dual drug combination of LOPIRITO-DOXY in

mesenchymal stem cells

Further evaluation was conducted for the dual combination of LOPIRITO and DOXY. The

results showed that LOPIRITO has higher cytotoxicity than DOXY, as shown in Fig 6. The

dual combination of LOPIRITO and DOXY, at both constant and non-constant ratios,

resulted in significantly higher CC50 values (until undetected) than those of single drugs which

were 3.45x103 μg/mL and 1.65x104 μg/mL respectively for LOPIRITO and DOXY. This indi-

cated that these combinations reduced drug toxicity in the stem cells.

Cytotoxicities of dual drug combination of HCQ-AZI in mesenchymal stem cells

The cytotoxicity assay was also evaluated for dual combination of HCQ and AZI. As shown in

Fig 7, HCQ produced higher cytotoxicity than AZI. Combining these drugs increased the CC50

values resulting in a lower toxic effect than that of HCQ. The dual combination drug at a ratio

of 1:2 for HCQ and AZI produced the lowest cytotoxicity in the stem cells in which the CC50

was 2.81x104 μg/mL, thus providing for its potential use in an anti-viral study of COVID-19.

Fig 3. Phase contrast and fluorescence images of human umbilical cord stem cells stained with anti-CD45, CD90, and CD105 antibody and CF555-labelled

secondary antibody observed under a fluorescence microscope at a magnification of 100x.

https://doi.org/10.1371/journal.pone.0252302.g003
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Cytotoxicities of dual drug combination of HCQ-DOXY in mesenchymal

stem cells

The use of HCQ was combined with DOXY to evaluate its safety when used during antiviral

studies. As can be seen in Fig 8, HCQ had higher cytotoxicity than DOXY. Furthermore, the

results showed that the dual drug combination produced lower toxicity in the stem cells than

that of a single HCQ-based treatment. The CC50 values of a combination of HCQ-DOXY at

respective weight ratios of 1:1 and 1:2 were 4.37x103 μg/mL and 1.77x105 μg/mL, while the

HCQ was 1.50x103 μg/mL.

Cytotoxicities of dual drug combination of FAVI-AZI in mesenchymal

stem cells

The use of FAVI and AZI in an antiviral study of COVID-19 was initially evaluated for cyto-

toxicity against primary cultured stem cells. As shown in Fig 9, the results indicated that both

Fig 4. The cytotoxicity of Lopinavir-Ritonavir (LOPIRITO) and Azithromycin (AZI) as a single drug (left) and dual drug combination at constant and non-

constant ratios (right) analysed by CompuSyn Software (n = 3). At non-constant ratios of LOPIRITO 8 μg/mL + AZI, LOPIRITO was added at a concentration of

8 μg/mL to each increased level of AZI, i.e. 0.2, 2, 10, 100, and 400 μg/mL. On the other hand, AZI was then added at a concentration of 50 μg/mL to each increased

level of LOPIRITO, i.e. 0.2, 2, 10, 100, and 400 μg/mL to produce LOPIRITO + AZI 50 μg/mL.

https://doi.org/10.1371/journal.pone.0252302.g004
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FAVI and AZI, administered either as a single drug or in dual combination, produced very

low cytotoxicity effects. It could be confirmed that FAVI and AZI were considered drugs not

harmful to mesenchymal stem cells.

Cytotoxicities of dual drug combination of HCQ-FAVI in mesenchymal

stem cells

The HCQ was also evaluated for its combination with FAVI. As presented in Fig 10, as a

single drug, HCQ produced more intense cytotoxic effects in the mesenchymal stem cells

than did FAVI whose CC50 value of HCQ was 11.75 μg/mL. Combining HCQ with FAVI

reduced the toxicity resulting in higher CC50 values of the HCQ-FAVI combination

which were 343 μg/mL and 954 μg/mL for HCQ-FAV mixed at the ratios of 1:5 and 1:10

respectively.

Fig 5. The cytotoxicities of Lopinavir-Ritonavir (LOPIRITO) and Clarithromycin (CLA) as a single drug (left) and dual drug combination in constant and non-

constant ratios (right) analysed by using CompuSyn Software (n = 3). At non-constant ratios of LOPIRITO 8 μg/mL + CLA, LOPIRITO was added at a

concentration of 8 μg/mL to each increased levels of CLA i.e. 0.2, 2, 10, 100, and 400 μg/mL. On the other hand, CLA was then added at a concentration of 1 μg/mL to

each increased levels of LOPIRITO i.e. 0.2, 2, 10, 100, and 400 μg/mL to produce LOPIRITO + CLA 1 μg/mL.

https://doi.org/10.1371/journal.pone.0252302.g005
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Cytotoxicities of dual drug combination of HCQ-LOPIRITO in

mesenchymal stem cells

HCQ was dually combined with LOPIRITO and evaluated for its safe use against mesenchynal

stem cells. In this assay, HCQ and LOPIRITO produced relatively low CC50 values of 2.51 and

58.55 μg/mL and were considered potentially toxic drugs and combinations as shown in Fig

11. The dual combination of HCQ and LOPIRITO produced higher CC50 values than single

HCQ, i.e. 9.38 μg/mL and 8.45 μg/mL, for HCQ:LOPIRITO combined at weight ratios of 1:1

and 1:2. respectively. However, they were still more toxic than LOPIRITO.

Antiviral activity in Vero cells infected with SARS-CoV-2-isolated human

virus

After cytotoxic evaluation of dual drug combination in mesenchymal stem cells, the drugs

were subsequently assessed for antiviral activities against the SARS-CoV-2 virus isolated from

Fig 6. The cytotoxicities of Lopinavir-Ritonavir (LOPIRITO) and Doxycycline (DOXY) as a single drug (left) and dual drug combination in constant and non-

constant ratios (right) analysed by using CompuSyn Software (n = 3). At non-constant ratios of LOPIRITO 8 μg/mL + DOXY, LOPIRITO was added at a

concentration of 8 μg/mL to each increased levels of DOXY i.e. 0.2, 2, 10, 100, and 400 μg/mL. On the other hand, DOXY was then added at a concentration of 2 μg/mL

to each increased levels of LOPIRITO i.e. 0.2, 2, 10, 100, and 400 μg/mL to produce LOPIRITO + DOXY 2 μg/mL.

https://doi.org/10.1371/journal.pone.0252302.g006
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patients in Universitas Airlangga Hospital. The Vero cells were inoculated with the virus

which led to certain changes in their morphology indicating that the virus had successfully

infected them. Fig 12 contains the typical formations of virus-infected cells observed at 24, 48,

and 72 hours post-inoculation. At 24 hours post-inoculation, the presence of groups or colo-

nies of detached cells indicated that they were dead. Furthermore, the formation of giant cells

was observed in the 48 hours followed by a cytopathic effect clearly evident in the cells at 72

hours after the virus inoculation.

In addition to the photomicrographs of cell morphological changes, pro-viral load determi-

nation indicated that virus copy numbers had increased during the incubation period, as

shown in Table 2.

The single drug and dual drug combination were added to the infected Vero cells and incu-

bated for 24, 48 and 72 hours. The virus challenge test (IC50 in ppm) of single drug and drug

combination against Vero cells infected with SARS-CoV-2 isolate, with a multiplicity of infec-

tion (MoI) value of 0.04, showed that combining drugs resulted in lower IC50 of each single

drug than those of single drug uses. As can be seen in Table 3 and Figs 13 and 14, LOPIRITO +

Fig 7. The cytotoxicities of Hydroxychloroquine (HCQ) and Azithromycin (AZI) as a single drug (left) and dual drug combination in constant and non-

constant ratios (right) analysed by using CompuSyn Software (n = 3). At non-constant ratios of HCQ + AZI 50 μg/mL, AZI was added at a concentration of 50 μg/

mL to each increased levels of HCQ i.e. 0.2, 2, 10, 100, and 400 μg/mL. On the other hand, HCQ was then added at a concentration of 6 μg/mL to each increased levels

of AZI i.e. 0.2, 2, 10, 100, and 400 μg/mL to produce HCQ 6 μg/mL + AZI.

https://doi.org/10.1371/journal.pone.0252302.g007
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AZI (1:2) resulted in an IC50 of less than 8.33 ppm for 24-hour incubation which was lower

than those of single use LOPIRITO and AZI which were 12.10 and 51.90 μg/mL respectively.

LOPIRITO + CLA (1:1) also produced a similar result at 24 hours post-incubation with a lower

IC50 value, at 6.90 μg/mL, than those of single LOPIRITO and CLA at 12.10 and 4.60 μg/mL. A

drug combination of LOPIRITO + DOXY (1:1) lowered the IC50 of DOXY at 24 hours after

drug incubation, which was reduced from 18 μg/mL as a single drug to 13.94 μg/mL as a dual

drug combination. On the other hand, the combination of HCQ with AZI, DOXY, FAVI, and

LOPIRITO increased the IC50 values against their single drug uses, as well as the combination

of FAVI + AZI (2:1).

On the other hand, the evaluation of each concentration of drug combination at a deter-

mined drug incubation period reveals that the use of drug combinations resulted in a lower

drug concentration required for producing undetected virus numbers than the single drug uses,

as evident from Table 4. The combination of LOPIRITO + AZI (1:2) composed of 13.4 μg/mL

LOPIRITO and 33.6 μg/mL AZI had produced undetected virus numbers at 24, 48, and 72

Fig 8. The cytotoxicities of Hydroxychloroquine (HCQ) and Doxycycline (DOXY) as a single drug (left) and dual drug combination in constant and non-

constant ratios (right) analysed by using CompuSyn Software (n = 3). At non-constant ratios of HCQ + DOXY 2 μg/mL, DOXY was added at a concentration of

2 μg/mL to each increased levels of HCQ i.e. 0.2, 2, 10, 100, and 400 μg/mL. On the other hand, HCQ was then added at a concentration of 6 μg/mL to each increased

levels of DOXY i.e. 0.2, 2, 10, 100, and 400 μg/mL to produce HCQ 6 μg/mL + DOXY.

https://doi.org/10.1371/journal.pone.0252302.g008
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hours post-incubation at a concentration of 50 μg/mL which were lower than the concentra-

tions of each single drug required for generating a similar result, namely; 37.5 and 125 μg/mL

for LOPIRITO and AZI respectively. This was also observed for a drug combination of LOPIR-

ITO + CLA(1:1), LOPIRITO + DOXY (1:1), and HCQ + LOPIRITO (1:2). However, the combi-

nation of HCQ + AZI (1:2), HCQ + DOXY (1:2), FAVI + AZI (2:1), and HCQ + FAVI (1:10)

produced no higher efficacy in respect of virus eradication than their single drugs.

IL-6, IL-10 and TNF-α levels of virus-infected Vero cells incubated with

dual combinatory drugs

An analysis of pro-inflammatory and anti-inflammatory responses was further conducted

included Interleukin-10 (IL-10), Interleukin-6 (IL-6), and Tumor Necrosis Factor-α (TNF-α).

As shown in Table 5, the administration of LOPIRITO, AZI, CLA, and HCQ increased IL-10

levels and reduced the efficacy of IL-6 as a pro-inflammatory marker, but had no effects on

Fig 9. The cytotoxicities of Favipiravir (FAVI) and Azithromycin (AZI) as a single drug (left) and dual drug combination in constant and non-constant ratios

(right) analysed by using CompuSyn Software (n = 3). At non-constant ratios of FAVI + AZI 50 μg/mL, AZI was added at a concentration of 50 μg/mL to each

increased levels of FAVI i.e. 0.2, 2, 10, 100, and 400 μg/mL. On the other hand, FAVI was then added at a concentration of 66 μg/mL to each increased levels of AZI i.e.

0.2, 2, 10, 100, and 400 μg/mL to produce FAVI 66 μg/mL + AZI.

https://doi.org/10.1371/journal.pone.0252302.g009
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TNF-α levels. However, for the most part, the use of dual drug administration increased IL-10

levels as an anti-inflammatory marker and reduced IL-6 and TNF-α levels as pro-inflamma-

tory markers, but there were no noticeable effects on these interleukin levels for the FAVI +

AZI (2:1) combination.

Molecular docking study of drugs against main protease of SARS-CoV-2 virus

By using an in silico method as shown in Fig 15, it can be seen that all the ligands including

LOPIRITO, FAVI, AZI, CLA, DOXY, and HCQ can interact with the virus main protease with

high docking scores ranging from -37.46 to -22.01 (see Table 6). DOXY recorded the lowest

docking score, -37.46 kcal/mol and had a potency higher than Ritonavir (RITO). In contrast,

AZI had the highest docking score of approximately -22.01 kcal/mol.

The parameters to validate the docking parameters were employed to perform the docking

of each candidate ligand. From the docking results, the binding energy was obtained in the

form of a grid score (kcal / mol) for each ligand to the receptor as presented in Table 6.

Fig 10. The cytotoxicities of Hydroxychloroquine (HCQ) and Favipiravir (FAVI) as a single drug (left) and dual drug combination in constant and non-

constant ratios (right) analysed by using CompuSyn Software (n = 3). At non-constant ratios of HCQ 6 μg/mL + FAVI, HCQ was added at a concentration of

66 μg/mL to each increased levels of FAVI i.e. 0.2, 2, 10, 100, and 400 μg/mL. On the other hand, FAVI was then added at a concentration of 66 μg/mL to each

increased levels of HCQ i.e. 0.2, 2, 10, 100, and 400 μg/mL to produce HCQ + FAVI 66 μg/mL.

https://doi.org/10.1371/journal.pone.0252302.g010
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Discussion

The in vitro antiviral activities of dual combinatory drugs consisting of antiviral agents, i.e.

LOPIRITO, FAVI, antibiotics such as AZI, CLA, DOXY, and HCQ against Vero cells infected

with SARS-CoV-2 virus isolated from hospitalized patients in Surabaya, Indonesia were evalu-

ated. These drugs have recently became the subject of interest for use in clinical trials, thereby

providing information about their therapeutic effects as combinatory drugs within a highly

effective strategy of providing pre-clinical evidence supporting their clinical use for combating

pandemic COVID-19.

LOPIRITO is a protease inhibitor commonly employed in the treatment of HIV that, inter-

estingly, has also been shown to have an antiviral effect on SARS-CoV and MERS-CoV by

inhibiting the protease activity of coronavirus [17, 18, 32]. Within this study, its combined use

with other drugs was evaluated. Significantly, most of these drug combinations demonstrated

greater in vitro antiviral potency against the SARS-CoV-2 virus with lower cytotoxicity

observed in mesenchymal stem cells than the single drug itself.

Fig 11. The cytotoxicities of Hydroxychloroquine (HCQ) and Lopinavir-Ritonavir (LOPIRITO) as a single drug (left) and dual drug combination in constant

and non-constant ratios (right) analysed by using CompuSyn Software (n = 3). At non-constant ratios of HCQ + LOPIRITO 8 μg/mL, LOPIRITO was added at a

concentration of 8 μg/mL to each increased levels of HCQ i.e. 0.2, 2, 10, 100, and 400 μg/mL. On the other hand, HCQ was then added at a concentration of 6 μg/mL to

each increased levels of LOPIRITO i.e. 0.2, 2, 10, 100, and 400 μg/mL to produce HCQ 6 μg/mL + LOPIRITO.

https://doi.org/10.1371/journal.pone.0252302.g011
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The drug combinations were prepared in two ratio types, i.e. constant and non-constant

weight ratios, due to the lack of data regarding the growth inhibition curves of these drugs in

mesenchymal stem cells in addition to their IC50 values. Moreover, there is a paucity of infor-

mation about which drug is more toxic to the cells and drug use in combination as evaluated

in this study. This study aimed to identify the profile of drug interaction, whether synergistic,

Fig 12. The photomicrographs of morphology changes of Vero cells before virus inoculation (A), at 24-h (B), 48-h (C), and 72-h (D) after virus inoculation observed

at a magnification of 100x. The black arrow shows a giant cell formation and the white arrow indicates a cytopathic effect.

https://doi.org/10.1371/journal.pone.0252302.g012

Table 2. Virus titer of Vero cells infected with the SARS-CoV-2 virus isolates at a multiplicity of infection (MoI)

of 0.04 at 24, 48, and 72 hours post infection.

Incubation period of viral infection Virus Titer per μL

24 hours 12.10

48 hours 14.29

72 hours 38.19

https://doi.org/10.1371/journal.pone.0252302.t002
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additional, or antagonistic, in order to establish their cytotoxic effect on mesenchymal stem

cells. In principal, to obtain the appropriate ratio for clinical use, drug combinations were pre-

pared at both constant and non-constant ratios, with their IC50 values being subsequently

determined. After the profiles had been obtained, the constant ratio with low cytotoxicity was

selected for further antiviral evaluation, while the non-constant ratio was not considered fur-

ther. This was because the use of commercial products at a largely general dosage represents a

more practical therapeutic application of COVID-19, not involving a customized dose or

Fixed Dose Combination products.

LOPIRITO was combined with AZI, primarily used in the treatment of respiratory, enteric

and genitourinary infection, which had also been recently employed as a therapeutic agent

against COVID-19 infection [33]. In this study, the dual combination of LOPIRITO and AZI

at respective ratios of 1:1 and 1:2 reduced the cytotoxicity of each single drug on mesenchymal

stem cells. Moreover, their combination produced higher efficacy in reducing virus numbers,

while also increasing IL-10 and reducing IL-6 and TNF-α levels.

LOPIRITO was also combined with CLA. Instead of monotherapy using only LOPIRITO,

several hospitalized patients received CLA, a macrolide antibiotic, which inhibits protein syn-

thesis in susceptible organisms (e.g. bacteria) by binding to the 50S ribosomal sub-unit [34].

The same results were also achieved by combining LOPIRITO and CLA at a weight ratio of

1:1. There was a decrease in cytotoxicity in normal cells and an increase of antiviral activity

against SARS-CoV-2 virus compared with each single drug.

FAVI is an antiviral medication used to treat influenza in Japan which is also being evalu-

ated for its effectiveness against other viral infections [35]. However, there is evidence that

FAVI is teratogenic, with the result that considerable care needs to be exercised in avoiding its

extensive use during pregnancy [36, 37]. AZI is a broad-spectrum macrolide antibiotic with a

long half-life, excellent tissue penetration and a large distribution volume [9, 21]. DOXY is a

broad-spectrum tetracycline-class antibiotic used in the treatment of infections caused by bac-

teria and certain parasites. It is used to treat bacterial pneumonia, acne, chlamydia infections,

early-stage Lyme disease, cholera, typhus, and syphilis [38]. HCQ is a medication used to pre-

vent and treat malaria in areas where the disease remains resistant to chloroquine. Other

Table 3. The summary of antiviral activity (IC50) of single and combination drugs against Vero cells infected with SARS-CoV-2 at an multiplicity of infection

(MoI) value of 0.04.

Drugs IC50 (μg/mL)

24h 48h 72h

Lopinavir/Ritonavir (LOPIRITO) 12.10 <1.00 0.90

Azithromycin (AZI) 51.90 19.60 <10.00

Clarithromycin (CLA) 4.60 0.60 0.90

Doxycycline (DOXY) 18.00 4.70 0.40

Hydroxychloroquine (HCQ) 9.50 4.70 1.40

Favipiravir (FAVI) 9.60 18.60 <10.00

Lopinavir/Ritonavir + Azithromycin (LOPIRITO:AZI, 1:2) <8.33 48.09 <8.33

Lopinavir/Ritonavir + Clarithromycin (LOPIRITO:CLA, 1:1) 6.90 3.90 <0.50

Lopinavir/Ritonavir + Doxycycline (LOPIRITO:DOXY, 1:1) 13.94 4.79 <2.50

Hydroxychloroquine + Azithromycin (HCQ:AZI, 1:2) 39.68 39.68 <16.66

Hydroxychloroquine + Doxycycline (HCQ:DOXY, 1:2) 30.80 <6.67 30.80

Favipiravir + Azithromycin (FAVI:AZI, 2:1) 48.46 14.53 86.99

Hydroxychloroquine + Favipiravir (HCQ:FAVI, 1:10) 57.72 74.77 <31.82

Hydroxychloroquine + Lopinavir/Ritonavir (HCQ:LOPIRITO, 1:2) 24.90 23.49 25.61

https://doi.org/10.1371/journal.pone.0252302.t003
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applications include the treatment of rheumatoid arthritis, lupus, and porphyria cutanea tarda.

HCQ is currently being studied to establish its efficacy in the prevention and treatment of

COVID-19 [39].

The same results are also obtained by use of a combination of LOPIRITO + CLA (Fig 5),

LOPIRITO + DOXY (Fig 6), HCQ + AZI (Fig 7), and HCQ + DOXY (Fig 8). These combina-

tions showed the absence of cytotoxic effect in cells and viability exceeding 90%. The use of

this combination provides a potential opportunity for antiviral testing due to its minimal toxic

effects on mesenchymal cells.

Both FAVI and AZI, when administered as single drugs, and their combination (FAVI +

AZI) produce extremely low cytotoxicity since they are relatively non-toxic to mesenchymal

cells, as indicated by the high CC50 value, (see Fig 9). On the other hand, a drug combination

of FAVI + HCQ has a higher CC50 value than HCQ as a single drug, which is relatively more

toxic than FAVI, as can be seen from the contents of Fig 10. A combination of LOPIRITO +

HCQ also has a higher CC50 value than HCQ as a single drug which is relatively more toxic

than LOPIRITO, (see Fig 11).

Fig 13. The efficacy (IC50) evaluation of Lopinavir-Ritonavir (LOPIRITO), Favipiravir (FAVI), Azithromycin (AZI), Clarithromycin (CLA), Doxycycline (DOXY),

and Hydroxychloroquine (HCQ) as a single drug in Vero cells infected with SARS-CoV-2 virus isolates for 24 hours (A), 48 hours (B), and 72 hours (C) analysed

using CompuSyn Software at a multiplicity of infection (MoI) value of 0.04.

https://doi.org/10.1371/journal.pone.0252302.g013
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Based on the CC50 value data obtained, the application of a combination of LOPIRITO,

AZI, CLA, DOXY, FAVI, and HCQ has the potential to reduce the degree of toxicity of the

drug administered. Most drug combinations exhibit antagonistic effects which negate the side

effects of other drugs. Thus, when viewed from the perspective of safety and toxicity, the

potential use of a combination of therapeutic drugs, especially the treatment of COVID-19, is

extremely high and can be considered effective. Furthermore, a virus challenge test was per-

formed on a combination of drugs which was declared to be relatively safe.

Antiviral activity was assessed using Vero cells previously infected with SARS-CoV-2 iso-

lates obtained from Universitas Airlangga Hospital. A summary of results can be seen in

Table 3. It can be noted that the use of a single drug has the ability to reduce the amount of

virus. The analysis involving the use of software can be seen in Fig 13. With a single drug,

there was a decrease in the number of copies of the virus (Fa = number of copies of virus sam-

ples / positive controls) in accordance with the duration of drug incubation in the sample,

whereby at 72 hours, almost all viruses in the test group had died. The antiviral activities of

drug combinations can be seen in Fig 14 with a summary of the results contained in Table 4.

Fig 14. The efficacy (IC50) evaluation of dual combination of Lopinavir-Ritonavir (LOPIRITO), Azithromycin (AZI), Doxycycline (DOXY), Favipiravir (FAVI),

Clarithromycin (CLA), and Hydroxychloroquine (HCQ) as a single drug in Vero cells infected with SARS-CoV-2 virus isolates for 24 hours (A), 48 hours (B), and 72

hours (C) analysed using CompuSyn Software at a multiplicity of infection (MoI) value of 0.04.

https://doi.org/10.1371/journal.pone.0252302.g014

PLOS ONE An in vitro anti-viral study of dual drug combinations against SARS-CoV-2 virus

PLOS ONE | https://doi.org/10.1371/journal.pone.0252302 June 18, 2021 21 / 27

https://doi.org/10.1371/journal.pone.0252302.g014
https://doi.org/10.1371/journal.pone.0252302


The results indicate that drug combinations demonstrated greater effectiveness in reducing

the amount of virus where IC50 values decreased after 24, 48 and 72 hours of the incubating of

cells infected with the drug. As a combination drug, there was a decrease in the number of cop-

ies of the virus in some samples whereas, depending on the incubation time of the drug in the

sample, there was a significant reduction in the amount of virus in the test group.

Table 4. The concentration of single and combination drugs (at a mass ratio) that produced an undetected virus copy number in the in vitro antiviral study against

Vero cells infected with SARS-CoV-2 at a multiplicity of infection (MoI) value of 0.04 at 24, 48, and/or 72 hours’ incubation.

Drugs Drug concentration (μg/mL) Results

Lopinavir/Ritonavir (LOPIRITO) 37.5 24, 48, 72h virus undetected

Azithromycin (AZI) 125 24, 48, 72h virus undetected

Clarithromycin (CLA) 8 24, 48, 72h virus undetected

Doxycycline (DOXY) 37.5 24, 48, 72h virus undetected

Hydroxychloroquine (HCQ) 37.5 48, 72h virus undetected

Favipiravir (FAVI) 37.5 24, 48, 72h virus still detected with decreasing number

Lopinavir/Ritonavir + Azithromycin (LOPIRITO:AZI, 1:2) 50 24, 48, 72h virus undetected

Lopinavir/Ritonavir + Clarithromycin (LOPIRITO:CLA, 1:1) 30 48, 72h virus undetected

Lopinavir/Ritonavir + Doxycycline (LOPIRITO:DOXY, 1:1) 25 24, 48, 72h virus undetected

Hydroxychloroquine + Azithromycin (HCQ:AZI, 1:2) 100 24, 48, 72h virus undetected

Hydroxychloroquine + Doxycycline (HCQ:DOXY, 1:2) 25 48, 72h virus undetected

Favipiravir + Azithromycin (FAVI:AZI, 2:1) 200 24, 48, 72h virus still detected with decreasing number

Hydroxychloroquine + Favipiravir (HCQ:FAVI, 1:10) 150 24, 48, 72h virus undetected

Hydroxychloroquine + Lopinavir/Ritonavir (HCQ:LOPIRITO, 1:2) 50 24, 48, 72h virus still detected with decreasing number

https://doi.org/10.1371/journal.pone.0252302.t004

Table 5. The summary of the cytokine levels of Vero cells infected with SARS-CoV-2 isolates an multiplicity of infection (MoI) value of 0.04 at 24, 48, and 72 hours

incubated with single and drug combinations. The data were in duplicates.

Drugs IL-10 IL-6 TNF-α

Lopinavir/Ritonavir (LOPIRITO) %% (37.5 μg/mL; 72h) && (15 μg/mL; 24, 48h) No effects

Azithromycin (AZI) %% (15 μg/mL; 24h) && (to 125 μg/mL; 24, 48, 72h) No effects

Clarithromycin (CLA) %% (8 μg/mL; 48h) && (1, 4, 8 μg/mL; 24, 48, 72h) No effects

Doxycycline (DOXY) %% (1 μg/mL; 48, 72h) && (1 μg/mL; 24h) && (1 μg/mL; 24h)

Hydroxychloroquine (HCQ) %% (15 μg/mL; 48h) && (1 μg/mL; 24h) No effects

Favipiravir (FAVI) %% (10, 15 μg/mL; 48, 72h) && (to 100 μg/mL; 48h) && (10 ppm; 24h)

Lopinavir/Ritonavir + Azithromycin

(LOPIRITO:AZI, 1:2)

%% (25, 50, 100 μg/mL;

48,72h)! strong

&& (and IL-2) (25, 50, 100 μg/mL; 24, 48, 72h)!

strong IL-2:&& (100 μg/mL; 24, 48h)

&& (25 ppm; 24h)

Lopinavir/Ritonavir + Clarithromycin

(LOPIRITO:CLA, 1:1)

%% (1, 10 μg/mL; 24, 48,

72h)

&& (1 μg/mL; 24, 48h) && (30 μg/mL; 24, 48, 72h)

Lopinavir/Ritonavir + Doxycycline

(LOPIRITO:DOXY, 1:1)

%% (5, 10 μg/mL; 48, 72h) && (and IL-2) (10, 25 μg/mL; 48h)! strong IL-2:

&& (5, 10 μg/mL; 48, 72 h)

&& (5, 10, 25 μg/mL; 24, 48,

72h)! strong

Hydroxychloroquine + Azithromycin (HCQ:

AZI, 1:2)

%% (25,50 μg/mL; 48,72h) && (and IL-2) (25, 50, 100 μg/mL; 24, 48, 72h)!

strong

&& (25 μg/mL; 24h)

Hydroxychloroquine + Doxycycline (HCQ:

DOXY, 1:2)

%% (25 μg/mL; 24, 48, 72h) No effects && (10, 25, 50 μg/mL; 24,

48, 72h)

Favipiravir + Azithromycin (FAVI:AZI, 2:1) No effects No effects No effects

Hydroxychloroquine + Favipiravir (HCQ:

FAVI, 1:10)

No effects && (35, 75 μg/mL; 24h) No effects

Hydroxychloroquine + Lopinavir/Ritonavir

(HCQ:LOPIRITO, 1:2)

%% (25, 50 μg/mL; 48h) && (25, 50 μg/mL; 48h) No effects

Note: (25, 50 μg/mL; 48h) means that at concentration of 25 and 50 μg/mL of drug combination, the changes in interleukin levels were observed at48 hours post

incubation.%%: increased,&&: decreased.

https://doi.org/10.1371/journal.pone.0252302.t005
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An analysis of pro-inflammatory and anti-inflammatory responses was conducted, includ-

ing Interleukin-10 (IL-10), Interleukin-6 (IL-6), and Tumor Necrosis Factor-α (TNF-α). From

the results presented in Table 5, the majority of drug administration increased IL-10 levels as

an anti-inflammatory marker and reduced IL-6 and TNF-α levels as pro-inflammatory mark-

ers. Only in the combination of FAVI + AZI (2:1) was the effect negligible. The interactions

observed in this study can be physical or chemical and affect the ability of the drugs to infiltrate

the cell to cause further toxic effects and inhibit or reduce the rate of viral infectivity in host

cells.

Molecular docking was employed to predict interactions between ligands and protein. The

interaction can be seen from the binding site of the macromolecular target. The docking

process consists of two interrelated stages, docking algorithm and scoring function. The

Fig 15. The molecular structures of native ligand binding to receptor in SARS-CoV-2.

https://doi.org/10.1371/journal.pone.0252302.g015

Table 6. The docking scores of potential SARS-CoV-2 main protease inhibitor drug.

No Chemical Name Molecular Weight (g/mol) Docking Score (kcal/mol)

1 Lopinavir (LOPI, C37H48N4O5) 628.8 -28.56

2 Ritonavir (RITO, C37H48N6O5S2) 720.9 -30.47

3 Favipiravir (FAVI, C5H4FN3O2) 157.1 -23.11

4 Azithromycin (AZI, C38H72N2O12) 749 -22.01

5 Clarithromycin (CLA, C38H69NO13) 748 -25.48

6 Doxycycline (DOXY, C22H24N2O8) 444.4 -37.46

7 Hydroxychloroquine (HCQ, C18H26ClN3O) 335.9 -29.59

https://doi.org/10.1371/journal.pone.0252302.t006
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docking algorithm obtains the most stable conformation of the ligand-protein complex

formed. Molecular bonds will be formed from functional groups of ligands that interact with

residues of amino acid receptor proteins. The scoring function is intended to evaluate con-

formation by calculating the strength of the affinity between ligand and protein and then

directing the exploration of the ligand conformation to a position with a stronger affinity

[40]. The affinity value obtained was in the form of Gibbs free energy. A low Gibbs free

energy value indicates that the conformation formed is stable, while a high one indicates the

formation of a less stable complex. The more negative the value produced, the stronger the

affinity of the ligand-protein complex, with the result that its activity is expected to be of

even higher quality [41, 42].

The SARS-CoV-2 main protease (PDB ID: ALU6) is a ~306 amino acid long main protease

whose crystal structure with a resolution of 1.93 Å has been elucidated. The main protease

enzyme is the optimum target for inhibiting the SARS-CoV-2 virus. This protease breaks the

spikes and is further established by penetration. This study was undertaken to identify possible

compounds that can bind to the main protease which may be used as a potential drug for

SARS-CoV-2. The results indicated that all the ligands, i.e. LOPI, RITO, FAVI, AZI, CLA,

DOXY, and HCQ, can bind with the main protease with a high docking score of -37.46 to

-22.01 kcal/mol (see Table 6). It is probable that the compounds inhibit the process of viral

replication and translation and may have an extremely significant impact on controlling the

viral load in infected individuals.

Conclusion

Using a combination of drugs would reduce the degree of cytotoxicity compared to a single

drug, increase antiviral activity, and produce a lower effect on pro-inflammatory markers and

intensify anti-inflammatory response. Hence, it can reduce the toxic potency in cells and

increase the effectiveness with regard to reducing the number of copies of the SARS-CoV-2

virus. Based on the degree of therapeutic effectiveness, toxicity in vitro, and response to

inflammatory markers, the activity of a single drug from the highest to the lowest is as follows:

CLA> LOPIRITO > DOXY > AZI >HCQ.

Based on the degree of therapeutic effectiveness, toxicity in vitro, and the response to

inflammatory markers, the activity of a drug combination ranging from the highest to lowest

is the following: LOPIRITO + AZI > LOPIRITO + AZI >HCQ + AZI > HCQ + FAVI >

LOPIRITO + CLA> HCQ + DOXY. However, further studies are required regarding the pos-

sible interactions.
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