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a b s t r a c t 

Coronavirus disease 2019 (COVID-19) is a highly transmissible viral infection caused by severe acute res- 

piratory syndrome coronavirus 2 (SARS-CoV-2). Clinical trials have reported improved outcomes resulting 

from an effective reduction or absence of viral load when patients were treated with chloroquine (CQ) or 

hydroxychloroquine (HCQ). In addition, the effects of these drugs were improved by simultaneous admin- 

istration of azithromycin (AZM). The receptor-binding domain (RBD) of the SARS-CoV-2 spike (S) protein 

binds to the cell surface angiotensin-converting enzyme 2 (ACE2) receptor, allowing virus entry and repli- 

cation in host cells. The viral main protease (M 

pro ) and host cathepsin L (CTSL) are among the proteolytic 

systems involved in SARS-CoV-2 S protein activation. Hence, molecular docking studies were performed 

to test the binding performance of these three drugs against four targets. The findings showed AZM affin- 

ity scores ( �G) with strong interactions with ACE2, CTSL, M 

pro and RBD. CQ affinity scores showed three 

low-energy results (less negative) with ACE2, CTSL and RBD, and a firm bond score with M 

pro . For HCQ, 

two results (ACE2 and M 

pro ) were firmly bound to the receptors, however CTSL and RBD showed low 

interaction energies. The differences in better interactions and affinity between HCQ and CQ with ACE2 

and M 

pro were probably due to structural differences between the drugs. On other hand, AZM not only 

showed more negative (better) values in affinity, but also in the number of interactions in all targets. 

Nevertheless, further studies are needed to investigate the antiviral properties of these drugs against 

SARS-CoV-2. 

© 2020 Elsevier Ltd and International Society of Antimicrobial Chemotherapy. All rights reserved. 
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. Introduction 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)

s the causative agent of the highly transmissible coronavirus dis-

ase 2019 (COVID-19) [1] . This novel coronavirus, first reported in

uhan, China, at the beginning of December 2019, had emerged

apidly worldwide. Following the implementation of human mobil-

ty control measures, such as extensive travel bans and quarantine

n China, surveys showed that social restriction limited the spread
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ology, School of Medicine, Federal University of Ceara, 60.430-275, Fortaleza-CE, 

razil. Tel.: + 55 85 3366 8248. 

E-mail address: robertajeane@ufc.br (R.J.B. Jorge). 

o

 

a  

(  

e  

1  

ttps://doi.org/10.1016/j.ijantimicag.2020.106119 

924-8579/© 2020 Elsevier Ltd and International Society of Antimicrobial Chemotherapy. 
f COVID-19 [2] , however it remains a Public Health Emergency of

nternational Concern (PHEIC). 

Scientists from many countries are striving to understand, track

nd contain the COVID-19 pandemic. The spread of COVID-19 is

ncreasing worldwide, with 14 043 176 confirmed cases and 597

83 deaths in less than 4 months (as of 18 July 2020) according

o data from the World Heath Organization (WHO). Although drug

epurposing has some limitations, repositioning of some drugs has

een considered or suggested as potential candidates for treatment

f the novel coronavirus disease [3–5] . 

Recent preliminary clinical trials conducted until now in China

nd France reported improved diseases outcomes with chloroquine

CQ) and hydroxychloroquine (HCQ) as shown by evidence of their

ffectiveness in reducing or eliminating the viral load of COVID-

9 patients in a critical condition [ 6 , 7 ]. Moreover, their effects can
All rights reserved. 
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Fig. 1. Graphical representation of binding energies ( �G, in kcal/mol) of molecular 

docking between the ligands [azithromycin, chloroquine and hydroxychloroquine] 

and targets [angiotensin-converting enzyme 2 (ACE2), cathepsin L (CTSL), viral main 

protease (M 

pro ) and the receptor-binding domain (RBD)] calculated by AutoDock 

Vina R © software. 
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be improved through their combination with azithromycin (AZM)

[ 5 , 8 ]. Thus, CQ phosphate is already among the drugs with antiviral

activity included in the latest version of the treatment guidelines

issued by the National Health Commission of the People’s Republic

of China for the tentative treatment of novel coronavirus-induced

pneumonia [4] . 

Some studies have discussed the possible mechanisms of

AZM/CQ/HCQ against SARS-CoV-2 [9–12] . It is known that the

receptor-binding domain (RBD) of the spike (S) protein of the

virus binds to the cell surface angiotensin-converting enzyme 2

(ACE2) receptor, allowing virus entry and replication inside host

cells [ 9 , 10 ]. A recently published update has shown that the viral

main protease (M 

pro ) might represent a suitable target for drugs

inhibiting viral replication [11] . Preliminary data indicate that CQ

interferes with SARS-CoV-2 by promoting an increase in the en-

dosomal pH, the compartment where cleavage of the S protein is

facilitated by the host protease cathepsin L (CTSL), which requires

a low pH, thus impairing virus–endosome fusion and consequently

preventing release into the cytosol [12–14] . 

Nevertheless, recently some studies have raised questions about

the clinical efficacy of the abovementioned drugs. A multicentre,

open-label, randomised controlled clinical trial did not show ad-

ditional benefits in virus elimination of HCQ in association with

specifically standard of care in patients with mild to moderate

COVID-19. It also promoted an increased frequency of adverse

events [15] . Other studies in patients who received HCQ and/or

AZM reported that they were not significantly associated with dif-

ferences in in-hospital mortality [ 16 , 17 ]. Meanwhile, a retrospec-

tive study demonstrated that addition of HCQ, on top of basic

treatments, reduced the death risk in severe COVID-19 patients

[18] . 

Therefore, the aim of this study was to evaluate the molecular

interactions of AZM, CQ and HCQ through ACE2, CTSL, M 

pro and

RBD using molecular docking. Hence, we also aim to provide re-

sults that can be useful in other studies on the mechanisms of ac-

tion of these drugs in the therapeutic approach to COVID-19. 

2. Methods 

2.1. Obtaining and preparation of ligands 

The ligands AZM (CSID: 10482163), CQ (CSID: 2618) and HCQ

(CSID: 3526) were obtained from the virtual repository ChemSpi-

der ( http://www.chemspider.com/ ) in .mol format. ChemSpider is

a free chemical structure database that provides quick access to

more than 67 million structures, properties and associated infor-

mation [19] . Using Avogadro R © 1.2.0 software, the molecules were

optimised, calculated with force field using MMFF94 type and con-

verted into.pdb format [20] . 

2.2. Preparation of receptors 

For coronaviruses, a single region of the spike (S) protein called

the RBD mediates the interaction with the host cell receptor [21] .

Thus, the ACE2 receptor and the RBD region of the same structure

were obtained in the Protein Data Bank (PDB) ( https://www.rcsb.

org ) (PDB: 6VW1 – obtained by X-ray diffraction, 2.68 Å resolu-

tion), through structural separation using SWISS-MODEL R © ( https:

//swissmodel.expasy.org/ ), denominated ACE2 (PDB: 6VW1, chain

A) and RBD (PDB: 6VW1, chain B) by the software itself. The struc-

tures PDB: 2XU3, obtained by X-ray diffraction with 0.9 Å resolu-

tion, and PDB: 6Y2E, also obtained by X-ray diffraction with 1.75

Å resolution, were used for CTSL and M 

pro receptors, respectively.

The structures were obtained in .pdb format for use in molecular

docking studies. 
.3. Molecular docking 

AutoDock Vina R © v.1.1.3 software was used in all docking experi-

ents [22] . In AutoDock Vina R ©, the proteins were optimised by re-

oving water and other residues not important for the study, and

hen a polar hydrogen group was added to all structures. The auto-

atic grid determined the position of the native ligand in the con-

ection by organising the grid coordinates ( X, Y and Z ). The bind-

ng capacity of the ligands and their corresponding binding affinity

cores ( �G) were used to determine the best molecular interac-

ions. During the experiment, all fittings were treated as flexible

nd the ligands were also flexible. Fitting analyses were performed

sing PyMOL R © v.1.7.4.5 Edu and Biovia Discovery Studio R © v.4.5. 

. Results and discussion 

.1. Evaluation of fitting score (binding affinity) 

Before docking, the structures of ligands were prepared using

heir optimised form. At this stage, the ligands showed ten pre-

stablished conformations for AZM, seven for CQ and eight for

CQ. Fig. 1 shows the values of the fitting score (binding affinity)

or ACE2, CTSL, M 

pro and RBD and their ligands. 

AZM is a macrolide antibiotic generally used to treat infec-

ions such as pneumonia and upper respiratory tract infections.

ts antibacterial mechanism of action is through inhibition of bac-

erial protein synthesis by binding to the 50S ribosomal sub-

nit and blocking messenger RNA-directed polypeptide synthesis

23] . Moreover, it has also been used for the treatment of can-

er as well as autoimmune and inflammatory diseases [24] . We

ound that AZM affinity scores showed strong interactions of –10.5

cal/mol (ACE2), –9.6 kcal/mol (CTSL), –8.2 kcal/mol (M 

pro ) and –

.0 kcal/mol (RBD). 

Although the antiviral mechanism of action of AZM is still

nclear in some previously tested viral infections, studies have

hown anti-Zika virus activity in vitro by inhibiting viral replication

 25 , 26 ]. In an in vivo study, AZM was administered intranasally

o infected mice and reduced the viral load of influenza A virus

H1N1) in the lungs [27] . In an in vitro study with the same virus,

t also showed effective blockade of viral internalisation as well

s inactivation of the endocytic activity of host cell progeny virus

27] . Therefore, our results suggest that AZM affects internalisation

f the virus as well as its binding on the host cell surface. An-

ther study regarding respiratory syncytial virus, found in common

olds, hypothesised that macrolides may reduce the expression of

http://www.chemspider.com/
https://www.rcsb.org
https://swissmodel.expasy.org/
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Fig. 2. Interactions established in two dimensions in Biovia Discovery Studio R © 4.5 software after docking between azithromycin and angiotensin-converting enzyme 2 (ACE2), 

cathepsin L (CTSL), viral main protease (M 

pro ) and the receptor-binding domain (RBD). Coupling scores are listed on each complex to reflect the binding power. Receptor 

amino acids are represented by spheres of different colours around the structure. The H-bonds are shown as dashed green lines (darker colour), while the other dashed lines 

represent hydrophobic interactions and other types of intermolecular interactions. 
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ctivated intracellular protein RhoA (Ras homologue gene family,

ember A) and inhibit subsequent Rho kinase activation in human

irway epithelial cells. This receptor is important for the fusion of

iral F glycoprotein with cell membranes and the transfer of viral

enome material into the cell [28] . 

CQ and HCQ are aminoquinolines traditionally used to treat

alaria and both have also shown a therapeutic effect in non-

alarial infections [29] . CQ affinity scores showed three low-

nergy scores (less negative) of –4.2 kcal/mol (ACE2), –5.4 kcal/mol

CTSL) and –4.2 kcal/mol (RBD) and a firm bond score of –7.9

cal/mol with M 

pro . On other hand, HCQ was firmly bound to

he targets ACE2 and M 

pro , with scores of –8.5 kcal/mol and –6.5

cal/mol, respectively. CTSL and RBD, however, showed low inter-

ction energies (–5.2 kcal/mol and –4.9 kcal/mol, respectively). 

An extensive survey of the literature showed the versatility

f CQ effects against diverse viral infections [30] , including sev-

ral respiratory diseases caused by influenza A and B viruses, in-

uenza A H5N1 virus, Middle East respiratory syndrome coron-

virus (MERS-CoV) and SARS-CoV-1 [ 12 , 30 ]. Furthermore, there is

n ongoing randomised controlled clinical trial using HCQ and AZM

n combination in 630 hospitalised and non-critical patients with

OVID-19 infection, which is currently expecting results [31] . 

Based on our data, we conclude that while the interactions of

Q and HCQ showed better results with one and two receptors,

espectively, AZM showed strong binding with all tested receptors,
 a
emonstrating a great binding potential in several biological pro-

esses related to viral replication of SARS-CoV-2. These drugs with

 score above –6.0 kcal/mol were able to firmly bind to the struc-

ures [32] that perform the SARS-CoV-2 molecular replication pro-

ess and are therefore potential candidates for inhibiting processes

nd reinforcing those currently showing promising results in clini-

al trials. 

.2. Differences in binding energy 

To analyse the possible reason for the differences in binding

nergies, the interactions formed after coupling were assessed us-

ng Biovia Discovery Studio R © v.4.5. Figs 2 , 3 and 4 show the in-

eractions formed between the drugs AZM, CQ and HCQ, respec-

ively, and the four targets (ACE2, CTSL, M 

pro and RBD) after two-

imensional coupling to better visualise the formed interactions

nd the types of constituent amino acids in the interactions. 

ACE2 is widely distributed in the heart, kidneys, lungs and tes-

icles and plays a vital role in the renin–angiotensin–aldosterone

ystem (RAAS) and homeostasis [33] . In silico and in vivo studies

ave suggested a potential deleterious effect of the RAAS [ 10 , 34 ],

nd a pilot trial using soluble human recombinant ACE2 (APN01)

as recently been initiated in patients with COVID-19 (Clinicaltri-

ls.gov ID: NCT04287686) [ 35 , 36 ]. 
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Fig. 3. Interactions established in two dimensions in Biovia Discovery Studio R © 4.5 software after docking between chloroquine and angiotensin-converting enzyme 2 (ACE2), 

cathepsin L (CTSL), viral main protease (M 

pro ) and the receptor-binding domain (RBD). Coupling scores are listed on each complex to reflect the binding power. Receptor 

amino acids are represented by spheres of different colours around the structure. The H-bonds are shown as dashed green lines (darker colour), while the other dashed lines 

represent hydrophobic interactions and other types of intermolecular interactions. 
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The SARS-CoV-2 mRNA encodes essential proteins, including the

4 main structural proteins [small envelope (E) protein, matrix (M)

protein, nucleocapsid (N) protein and spike (S) glycoprotein] and

16 non-structural proteins (NSPs). The M and E proteins play a role

in particle assembly and release [ 10 , 13 ]. The S glycoprotein is re-

sponsible for a critical step in virus entry as it binds to host cell

receptor (ACE2) and fuses the viral membrane with the cell mem-

brane. This glycoprotein has two subunits, S1 (key function domain

– RBD, cell tropism) and S2 [mediates virus–cell membrane fusion

through heptad repeat 1 (HR1) and heptad repeat (HR2) domains]

[37] . 

However, a recent study has shown that SARS-CoV-2 interac-

tion with ACE2 alone is not sufficient to allow host cell entry, and

preliminary studies aim to identify proteolytic systems involved in

S protein activation by SARS-CoV-2 [38] . The pH-dependent endo-

somal cell factors, such as cysteine protease, are determinant to

SARS-CoV membrane fusion, especially CTSL [39] . Unlike other pro-

teases, CTSL is ubiquitously expressed; the cleavage site is reported
o be close to the predicted S1/S2 boundary, a critical site for pro-

eolysis [40] . Since it is most commonly associated with the acti-

ation of viral glycoproteins (MERS-CoV, HCoV-229E and MHV-2)

41] , several studies have suggested that cathepsin inhibitors are

ossible virus therapeutic targets and might have broad applicabil-

ty [ 42 , 43 ]. 

Another important step for SARS-CoV-2 replication is the cys-

eine protease M 

pro . M 

pro participates in the proteolysis process,

leaving polyproteins that are encoded by the coronavirus genome

o mature NSPs, assisting viral replication and transcription [44] .

 

pro (or Nsp5) cleaves the polyproteins at 11 conserved sites [45] .

uring infection, the replication/transcription complex is anchored

o double-membrane vesicles that are derived from the endoplas-

ic reticulum or lysosomal membrane [46] . 

In the current study, AZM showed H-bonds in all couplings,

ith three interactions in ACE2 (ASP349, ARG255, THR427) and

TSL (TRP189, GLN19, GLN21). However, there were a greater num-

er of interactions in the docking with M 

pro (ARG131, LEU287,
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Fig. 4. Interactions established in two dimensions in Biovia Discovery Studio R © 4.5 software after docking between hydroxychloroquine and angiotensin-converting enzyme 

2 (ACE2), cathepsin L (CTSL), viral main protease (M 

pro ) and the receptor-binding domain (RBD). Coupling scores are listed on each complex to reflect the binding power. 

Receptor amino acids are represented by spheres of different colours around the structure. The H-bonds are shown as dashed green lines (darker colour), while the other 

dashed lines represent hydrophobic interactions and other types of intermolecular interactions. 
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[

LY278 and two interactions with THR199) and RBD (Chain A:

YS140 and two interactions with TYR103; Chain B: ASN52). In ad-

ition, the fittings showed other types of bonds, such as carbon–

ydrogen bonds, π–sigma bonds, alkyl bonds and Van der Waals

orces. Fig. 5 shows the three-dimensional (3D) bonds of AZM be-

ween the residues of the receptor structures. The affinity value of

ach coupling is also shown. 

Regarding CQ, only two couplings showed H-bonds, a single in-

eraction with CTSL (ASN66) and an interaction with M 

pro (ILE249).

n this coupling, eight alkyl bonds were verified owing to the ca-

acity of several saturated carbons in the structures. In the two

ockings that did not show an H connection (ACE2 and RBD), many

nteractions of the carbon–hydrogen type, π–sigma and Van der

aals forces were also observed. With HCQ, four couplings showed

-bonds, two interactions with ACE2 (ASN376, SER29) and a π–π
tacked interaction. That latter occurs when two aromatic rings in-

eract with each other, in this case the two HCQ rings bonded with

he TRP331 ring [47] . There was an H-bond (ASP162) in the inter-

ction with CTSL, two H-bonds (Chain A: ARG90; Chain B: PHE56)

ith RBD, and two H-bond interactions (Chain A: ARG4; Chain B:

RP207) between HCQ and M 

pro . Furthermore, π–anion, π–cation

nd carbon–hydrogen types of bonds were observed. 

The structures of CQ and HCQ that showed the highest binding

ffinity are shown in Fig. 5 in a 3D format. HCQ has one hydroxyl

roup more than CQ. This difference allows HCQ to have a greater
ole of regioselectivity and binding character in molecular simula-

ions, because oxygen is an atom with greater regioselectivity [48] .

his may explain the difference in docking results between these

rugs. 

Modulation of autophagy may be the mechanism responsible

or the success of preliminary studies against SARS-CoV-2 [49] . It

as reported that HCQ and CQ are lysosomotropic agents. Their ef-

ect on inhibition of autophagy is due to the impact of lysosomal

cidification, inhibiting autophagosome–lysosome fusion and inac- 

ivating enzymes that several viruses require for replication, which

n the case of SARS-CoV-2 may be M 

pro [50] . During infection, au-

ophagy can play either a proviral or antiviral role depending on

he virus, the cell type and the cell environment [ 51 , 52 ]. In case of

he SARS-CoV-1, autophagy inhibition is necessary for the success

f treatment [52] . 

However, understanding these molecular details requires fur-

her investigation. In fact, this assumption has been investigated

n relation to other viral infections [49] . A recent study showed

hat the SARS-CoV-2 M 

pro has 96% homology to SARS-CoV-1 [53] .

mong the targets related to coronavirus diseases, a greater num-

er of patents of SARS-CoV-1 M 

pro inhibitor complexes have been

egistered and more potential drug candidates are emerging [54] .

ome of these inhibitors (peptidic or peptidomimetic) have been

sed to attain covalent binding to the active-site cysteine of M 

pro 

 55 , 56 ]. 
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Fig. 5. Best affinity interactions established after coupling the drugs azithromycin (AZM), chloroquine (CQ) and hydroxychloroquine (HCQ) with receptors for the proliferation 

of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in a three-dimensional format. The H-bonds are shown as green lines, while hydrophobic interactions are 

the remaining lines. Residues are identified by abbreviations/numbering in each field, and the fitting scores are listed in each complex. (A–D) Interaction between AZM and 

ACE2 (A), CTSL (B), M 

pro (C) and RBD (D); (E) interaction between CQ and M 

pro ; and (F,G) interaction between HCQ and ACE2 (F) and M 

pro (G). ACE2, angiotensin-converting 

enzyme 2; CTSL, cathepsin L; M 

pro , viral main protease; RBD, receptor-binding domain. 
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Several published studies with inhibitors of viral proteases have

supported the theory that the SARS-CoV-2 M 

pro could be a good

target for therapeutic agents [ 54 , 57–60 ]. Furthermore, remdesivir

and CQ, alone and in combination, are under investigation, show-

ing that they significantly blocked SARS-CoV-2 replication and that

patients were declared to be clinically recovered [61] . These data

may also be useful to research potential inhibitors of this protease,

aiming to block viral replication in COVID-19 [62] . 

The quinoline-based drugs, such as CQ and HCQ, accumulate

in the acidic lysosomes, aggravating endoplasmic reticulum stress

[50] . In this context, the proteasomes and inhibitors of sarcoplas-

mic/endoplasmic reticulum calcium ATPase (SERCA) might be a
trategy [63] , a theory that was recently reinforced by Wang et al.

y showing the CQ effectively inhibits SARS-CoV-2 in vitro [14] .

hou et al. showed that teicoplanin blocks Ebolavirus entry by

pecifically inhibiting the activity of CTSL, a tetrahydroquinoline

xocarbazate, on Ebola virus and SARS-CoV-1 [64] . 

A recent study using molecular modelling showed that CQ and

CQ bind to sialic acid-containing gangliosides, a site responsible

or viral primary attachment along the respiratory tract in coro-

avirus diseases, besides ACE2, which strengthens the hypothe-

is that these drugs could act as antivirals (against SARS-CoV-2)

65] . The same study demonstrated that HCQ is more potent than

Q. Similar results were found in other studies with SARS-CoV
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nd SARS-CoV-2, respectively [ 66 , 67 ]. Thus, our results corroborate

hese findings, showing that HCQ had better interactions and affin-

ty when compared with the same target (ACE2 and M 

pro ). 

The CQ and HCQ combination has been reported in an early

linical trial conducted in COVID-19 Chinese patients and was

hown to be efficient against SARS-CoV-2 [ 4 , 5 , 7 ]. Another prelim-

nary study also suggested promising results of the HCQ and AZM

ombination. At Day 6 post-inclusion, 100% of patients treated with

he HCQ and AZM combination were virologically cured compared

ith 57.1% of patients treated with HCQ only and 12.5% in un-

reated patients [8] . Consistent with this idea, our molecular mod-

lling study has simultaneously identified the binding of ACE2,

 

pro , CTSL and RBD (to AZM/CQ/HCQ) against SARS-CoV-2, to sur-

ise the molecular mechanisms underlying the antiviral mecha-

isms. Interestingly, our simulations indicated that AZM has better

ffinity than HCQ, and a possible association with this drug might

ncrease the antiviral activity of HCQ against SARS-CoV-2. Further

tudies will help clarify this point. 

. Conclusion 

To date, no drug or vaccine has been approved for clinical

se as an antiviral agent against COVID-19 or against any human

oronavirus infection. Due to the need for therapeutic interven-

ion against COVID-19, several effort s have been made to identify

ppropriate targets to develop specific antivirals or to repurpose

rugs against this newly emerging pathogen. Our results showed

hat HCQ achieved better interactions and affinity with ACE2 and

 

pro , whilst CQ achieved better results with M 

pro and CTSL. This is

robably due to structural differences between the drugs. AZM, on

ther hand, not only showed more negative (better) values in affin-

ty, but also regarding the number of interactions. AZM showed

ore promising results than HCQ and CQ in all targets. Thus, it

s suggested as a better candidate for inhibition of the processes

hat contribute to viral replication. However, further studies are

eeded to validate the antiviral properties of these drugs against

ARS-CoV-2. 
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