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A B S T R A C T   

In this study, a series of 10 quinoline analogues was evaluated for their in vitro antiviral activity against a panel of 
alpha- and beta-coronaviruses, including the severe acute respiratory syndrome coronaviruses 1 and 2 (SARS- 
CoV-1 and SARS-CoV-2), as well as the human coronaviruses (HCoV) 229E and OC43. Chloroquine and 
hydroxychloroquine were the most potent with antiviral EC50 values in the range of 0.12–12 μM. Chloroquine 
displayed the most favorable selectivity index (i.e. ratio cytotoxic versus antiviral concentration), being 165 for 
HCoV-OC43 in HEL cells. Potent anti-coronavirus activity was also observed with amodiaquine, ferroquine and 
mefloquine, although this was associated with substantial cytotoxicity for mefloquine. Primaquine, quinidine, 
quinine and tafenoquine only blocked coronavirus replication at higher concentrations, while piperaquine 
completely lacked antiviral and cytotoxic effects. 

A time-of-addition experiment in HCoV-229E-infected HEL cells revealed that chloroquine interferes with viral 
entry at a post-attachment stage. Using confocal microscopy, no viral RNA synthesis could be detected upon 
treatment of SARS-CoV-2-infected cells with chloroquine. The inhibition of SARS-CoV-2 replication by chloro-
quine and hydroxychloroquine coincided with an inhibitory effect on the autophagy pathway as visualized by a 
dose-dependent increase in LC3-positive puncta. The latter effect was less pronounced or even absent with the 
other quinolines. 

In summary, we showed that several quinoline analogues, including chloroquine, hydroxychloroquine, 
amodiaquine, ferroquine and mefloquine, exhibit broad anti-coronavirus activity in vitro.   

1. Main text 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is 
the cause of the ongoing coronavirus disease 2019 (COVID-19) 
pandemic, which is a worldwide challenge for health-care systems 
(Gorbalenya et al., 2020). As of April 4, 2021 more than 130 million 
cases and over 2.8 million deaths have been reported globally (WHO, 
2021). COVID-19 is characterized by a mild to severe respiratory illness 
that appears to be influenced by age and comorbidities (Clark et al., 
2020). The most frequent clinical presentation of severe COVID-19 is 
pneumonia with fever, cough and dyspnea (Merad and Martin, 2020). 
Today, seven human coronaviruses (HCoV) have been identified (Wang 
et al., 2020b). The highly pathogenic viruses, SARS-CoV-1 and Middle 

East respiratory syndrome coronavirus (MERS-CoV) belong, together 
with SARS-CoV-2, to the betacoronaviruses. On the other hand, the 
common cold coronaviruses, HCoV-229E and HCoV-NL63 (both alpha-
coronaviruses), and HCoV-OC43 and HCoV-HKU1 (both betacor-
onaviruses) cause mild upper respiratory tract infections. 

Coronaviruses are enveloped positive-sense RNA viruses, character-
ized by club-like spikes that protrude from their surface and an unusu-
ally large RNA genome (Perlman and Netland, 2009). The entry process 
is initiated by interaction of the viral spike protein with cellular re-
ceptors [e.g. angiotensin-converting enzyme 2 (ACE2) for SARS-CoV-2] 
(Wang et al., 2020a). These interactions, together with host factors (such 
as the cell surface serine protease TMPRSS2 or the endosomal cysteine 
protease cathepsin L), promote viral uptake and fusion at the cellular or 
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Fig. 1. Anti-coronavirus activity of chloroquine and its analogues. (A) Antiviral activity and toxicity of quinoline derivatives against alpha- and beta- 
coronaviridae assessed in HEL, Huh7 or Vero E6 cells. Antiviral activity is expressed as the 50% antiviral effective concentration (EC50), and cellular toxicity as 
the 50% cytotoxic concentration (CC50). Data shown are the mean ± SD of at least two independent tests performed in duplo; nd: not done. (B) In SARS-CoV-2- 
infected Vero E6 cells, hydroxychloroquine strongly decreased the release of virus particles in the supernatant, as measured by RT-qPCR at 48 h p.i. Data shown 
are the mean ± SEM of two independent experiments carried out in duplo; LOQ: limit of quantification. (C) Inhibitory effect of chloroquine on viral RNA synthesis in 
function of time of compound addition. HEL cells were infected with HCoV-229E virus, and compounds were added at − 30 min, 0 h, 1 h, 3 h, 5 h or 8 h p.i. At 11 h p. 
i., the viral RNA was quantified by real-time RT-PCR. Data shown are the mean ± SEM of three independent experiments. (D) Effect of quinoline derivatives on the 
induction of cytoplasmic LC3 puncta. After incubation with the compounds for 3 h, cells were fixed, permeabilized and stained for LC3. Fluorescence was read on an 
ArrayScan XTI High Content Reader and the average pixel intensity was quantitated with the HCS Studio Software. Data shown are the mean ± SEM of three in-
dependent experiments. 
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endosomal membrane. Following release and uncoating of the genomic 
RNA, the viral replication and transcription complex is formed. Repli-
cation and transcription of the viral RNA take place in characteristic 
perinuclear double-membrane vesicles (V’Kovski et al., 2020). 

Due to the lack of effective antiviral drugs against coronaviruses, 
repurposing of clinically approved drugs for use as antivirals is an 
attractive strategy to cope with the COVID-19 pandemic. In this 
perspective, the quinoline derivatives chloroquine and hydroxy-
chloroquine draw attention. Both drugs are being used for the prophy-
laxis and treatment of malaria, but also exert immunomodulatory effects 
(Savarino et al., 2003). In addition, they display broad spectrum anti-
viral activity against a range of diverse viruses, such as HIV-1 and HIV-2, 
Dengue virus, Zika virus, Chikungunya virus, Ebola virus, influenza A 
virus and herpes simplex virus type 1 (Boonyasuppayakorn et al., 2014; 
Delvecchio et al., 2016; Dowall et al., 2015; Khan et al., 2010; Ooi et al., 
2006; Savarino et al., 2001; Singh et al., 1996). In 2004, Keyaerts et al. 
reported that chloroquine effectively inhibits SARS-CoV-1 in Vero E6 
cells. Also, MERS-CoV, HCoV-229E and HCoV-OC43 were blocked by 
chloroquine in vitro (de Wilde et al., 2014; Keyaerts et al., 2009). In 
addition, chloroquine was highly effective against HCoV-OC43 infection 
in newborn mice. However, the antiviral effectiveness of chloroquine 
against SARS-CoV-2 was cell-type dependent, since it inhibited virus 
replication in Vero E6 cells, but not in Calu3 and Caco2 cells (Ellinger 
et al., 2021; Hoffmann et al., 2020). Hydroxychloroquine showed 
consistent anti-SARS-CoV-2 activity in Vero E6 and variable activity in 
Caco2 cells, but lacked antiviral activity in Calu3 cells (Clementi et al., 
2020; Ellinger et al., 2021; Hoffmann et al., 2020). In vivo studies in 
preclinical animal models were disappointing since hydroxychloroquine 
conferred no protection against SARS-CoV-2 in macaques and a hamster 
model (Kaptein et al., 2020; Maisonnasse et al., 2020). Also, the overall 
conclusion of numerous clinical studies is that chloroquine treatment of 
SARS-CoV-2 infected patients is not beneficial (Horby et al., 2020). 
Recently, other anti-malarial quinoline analogues were reported to 
inhibit SARS-CoV-2 in Vero E6 cells (Gendrot et al., 2020). Mefloquine 
was also shown to be effective against SARS-CoV-2 in Caco2 cells and a 
hamster model (Ellinger et al., 2021). 

However, a systematic side-by-side comparison of the antiviral ac-
tivity of quinoline analogues against several human alpha- and beta-
coronaviruses in different cell lines has not been reported. In this study, 
the FDA-approved antimalarial drugs chloroquine, hydroxychloroquine, 
amodiaquine, ferroquine, mefloquine, quinidine, quinine, piperaquine, 
primaquine and tafenoquine (see Supplementary Information for 
chemical structures) were investigated for their broad spectrum anti- 
coronavirus activity against HCoV-229E (an alphacoronavirus), HCoV- 
OC43, SARS-CoV-1 and SARS-CoV-2 (which are all betacor-
onaviruses). Antiviral assays were conducted in human embryonic lung 
fibroblasts (HEL 299), human hepatoblastoma cells (Huh7) and African 
green monkey kidney cells (Vero E6). The ProTide remdesivir, or its 
parent nucleoside GS-441524, were included as positive controls, 
because of their known broad spectrum anti-coronavirus activity 
(Sheahan et al., 2017). Briefly, the cells were infected with coronavirus 
in the presence of serial dilutions of the compounds and incubated for 
3–4 days (Huh7 and Vero E6 cells) or 7 days (HEL cells) (see Supple-
mentary Information for experimental details). In Huh7 and HEL cells, 
the virus-induced cytopathic effect was measured with the spectropho-
tometric formazan-based 3-(4,5-dimethylthiazol-2-yl)-5-(3-carbox-
ymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) cell viability 
assay. On the other hand, the green fluorescent protein (GFP)-expressing 
Vero E6 cells allowed to evaluate the SARS-CoV-1- and 
SARS-CoV-2-induced cytopathic effect by measuring fluorescence at 4 
days post infection (p.i.). The antiviral activity was expressed as the 
concentration producing 50% antiviral effect (EC50). In parallel, 
mock-infected cells were treated with serial dilutions of the compounds 
to evaluate their cellular toxicity, which was expressed as the 50% 
cytotoxic concentration (CC50). 

The majority of the quinoline analogues did show antiviral activity 

against one or more coronaviruses tested. Only piperaquine completely 
lacked antiviral activity and cytotoxicity at the highest concentration 
tested (i.e. 100 μM). Among the quinolines tested, chloroquine and 
hydroxychloroquine were the most potent analogues with EC50 values in 
the range of 0.12–12 μM against the various coronaviruses (Fig. 1A). 
Especially, the activity of chloroquine against HCoV-OC43 in HEL cells 
is noteworthy with an EC50 value of 0.12 μM and a selectivity index (i.e. 
ratio of the cytotoxic concentration versus antiviral concentration) of 
165. However, overall, the profile of hydroxychloroquine looked 
somewhat more attractive because of its lower cytotoxicity in the 
various cell lines, giving rise to more favorable selectivity indexes. 
Although mefloquine showed potent antiviral activity against the 
different coronaviruses, this was accompanied with substantial cyto-
toxicity in the HEL, Huh7 and Vero E6 cells. This is in agreement with 
previous findings, reporting cellular toxicity of mefloquine in Vero E6 
cells (Gendrot et al., 2020), but is in conflict with another paper (Jan 
et al., 2021) that showed a CC50 value for mefloquine in Vero E6 cells 
exceeding 100 μM. Amodiaquine and ferroquine displayed potent anti-
viral activity as well, and the lower cytotoxicity led to improved selec-
tivity indexes. Also, primaquine, quinidine, quinine and tafenoquine 
displayed antiviral activity against selected coronaviruses. However, 
this was usually observed at higher concentrations (EC50 values 
exceeding 13 μM) with low selectivity indexes, indicating a lack of a 
selective antiviral effect. 

A common feature of all compounds is the presence of a side chain, 
carrying a basic nitrogen, on a quinoline scaffold. This side chain is 
structurally diverse and can be acyclic [(hydroxy)chloroquine and pri-
maquine], cycloaliphatic (quinine and quinidine) or aromatic (amo-
diaquine and ferroquine). However, a basic nitrogen is not sufficient for 
antiviral activity, since piperaquine is completely devoid of activity. 
Instead, piperaquine is the only bisquinoline analogue, whereas all other 
derivatives are based on a monoquinoline skeleton, suggesting that there 
are steric constraints. 

The anti-SARS-CoV-2 activity of hydroxychloroquine in Vero E6 
cells, as determined by high content imaging read-out, was confirmed by 
a virus yield assay. At 48 h p.i., the RNA levels of SARS-CoV-2 in the cell 
culture supernatants were determined by RT-qPCR (Fig. 1B). GS-441524 
was included as positive control and produced a 4.3-log reduction of the 
viral copy number at 3.7 μM. Chloroquine caused a 2.9-log decrease in 
viral copy number at 11 μM, and even a 5.7-log decrease at 33 μM. This 
confirms that hydroxychloroquine is a potent inhibitor of coronavirus 
replication in vitro. 

In order to delineate the step of the viral life cycle that is targeted by 
this compound class, we performed a time-of-addition experiment with 
chloroquine in HEL cells infected with HCoV-229E. Hippeastrum hybrid 
agglutinin (HHA) and GS-441524 were included as reference com-
pounds, as they have an established mode of action. Briefly, HEL cells 
were seeded in 48-well dishes at 40,000 cells per well, followed by 
overnight incubation at 37 ◦C. After a 1 h incubation on ice, the cells 
were infected with 30 CCID50 of the HCoV-229E virus and further 
incubated at 35 ◦C. The test compounds were added at − 30 min, 0 h, 1 h, 
3 h, 5 h or 8 h p.i. At 11 h p.i., viral RNA was quantified by one-step qRT- 
PCR (see Supplementary Information for details). In the absence of 
compound, the viral RNA copy number increased by 20-fold at 11 h p.i. 
(Fig. 1C). HHA, which interferes with virus entry at a post-attachment 
step, needs to be added prior to the virus (van der Meer et al., 2007), 
and quickly loses its inhibitory effect when added post infection. 
GS-441524, the parent nucleoside of the ProTide remdesivir, blocks viral 
RNA synthesis (Yin et al., 2020), and thus can be administered up to 3 h 
p.i. Chloroquine completely blocked viral RNA synthesis when added at 
1 h p.i., but gradually showed a diminished antiviral efficacy, at 3 h p.i. 
or later on. A similar time-dependency was reported for chloroquine in 
SARS-CoV-1 infected Vero E6 cells, while in HCoV-OC43-infected 
HRT-18G cells chloroquine lost its antiviral activity when added at 2 h 
p.i. (Keyaerts et al., 2004, 2009). Altogether, these data suggest that 
chloroquine interferes with the viral entry process at a post attachment 
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stage. 
Regarding its precise mechanism of action, several hypotheses have 

been proposed. Chloroquine has been reported to interfere with the 
terminal glycosylation of ACE2, the cellular receptor used by SARS-CoV- 
1 and SARS-CoV-2, resulting in a reduced binding of the viral spike 
protein to its receptor (Vincent et al., 2005). However, this hypothesis 
does not correspond with inhibition of the viral entry process at a 
post-attachment stage as shown in our time-of-addition experiments. On 
the other hand, the lysosomotropic properties of chloroquine result in an 
increased endosomal pH, and thus the potential to inhibit (corona)vi-
ruses that depend on low pH for activation, for example by cathepsin L 
(Ou et al., 2021; Tian et al., 2021). Chloroquine has also been reported 
to inhibit autophagy, which was assumed to result from its lysosomo-
tropic properties. Though, Mauthe et al. showed that chloroquine de-
creases fusion of autophagosomes with lysosomes, thereby stalling the 
autophagic flux (Mauthe et al., 2018). The induction of autophagy upon 
coronavirus infection, indicates that coronaviruses employ components 
of the autophagic pathway. Hence, autophagy inhibition is a viable 
strategy for the development of anti-coronavirus agents. (Miller et al., 
2020). 

The combined effects of chloroquine on viral RNA replication and 
autophagy were visualized by confocal microscopy. Therefore, SARS- 
CoV-2- or HCoV-229E-infected Huh7 cells were treated with various 
concentrations of chloroquine (0.5, 5 and 50 μM) and incubated for 6 h, 
respectively (see Supplementary Information for details). Then, the cells 
were stained for double-stranded RNA (dsRNA) and LC3, markers for 
viral RNA replication and autophagy, respectively (Baggen et al., 2021; 
Tanida et al., 2008). The nuclei were visualized by fluorescent staining 
with 4’,6-diamidino-2-phenylindole (DAPI). 

In SARS-CoV-2-infected cells, viral RNA synthesis was completely 
blocked in the presence of chloroquine at 5 μM (Fig. 2). The higher 
concentration of chloroquine (i.e. 50 μM) required to fully inhibit HCoV- 
229E replication corresponds with its 4-fold higher antiviral EC50 for 
HCoV-229E compared to SARS-CoV-2 in Huh7 cells (Fig. 1A). Chloro-
quine treatment also resulted in a dose-dependent increase of LC3- 
positive puncta in infected and uninfected cells. High content imaging 

showed that chloroquine and hydroxychloroquine both produced a 6- 
fold increase of the intensity of cytoplasmic LC3 puncta, while for the 
other quinoline analogues only a moderate or no effect on LC3 staining 
was observed (Fig. 1D). This finding confirms the inhibitory effect of 
both chloroquine and hydroxychloroquine on the autophagy pathway 
and is in agreement with the fact that chloroquine and hydroxy-
chloroquine are structurally very similar. In contrast, the other 8 ana-
logues, although also based on a quinoline scaffold and having a basic 
side chain, are structurally more different and therefore it is not unex-
pected that they behave differently in various assays. These other 
quinoline analogues exert their antiviral effect probably via another 
mechanism of action that might be clinically more relevant. 

In conclusion, chloroquine and several other quinolines efficiently 
inhibit the replication of a broad panel of alpha- and betacoronaviruses 
(including SARS-CoV-1 and SARS-CoV-2) in various cell types. 
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Fig. 2. Visualization of decreased viral RNA synthesis and induction of LC3 puncta in coronavirus-infected cells in the presence of chloroquine. Huh7 cells were 
infected in the presence of chloroquine and incubated for 6 h. After fixation and permeabilization, cells were stained for dsRNA (green) and LC3 (red), and nuclei 
were visualized with DAPI (blue). Representative images of two independent experiments are shown. Scale bar, 25 μm. 
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.antiviral.2021.105127. 

References 

Baggen, J., Persoons, L., Vanstreels, E., Jansen, S., Van Looveren, D., Boeckx, B., 
Geudens, V., De Man, J., Jochmans, D., Wauters, J., Wauters, E., Vanaudenaerde, B. 
M., Lambrechts, D., Neyts, J., Dallmeier, K., Thibaut, H.J., Jacquemyn, M., Maes, P., 
Daelemans, D., 2021. Genome-wide CRISPR screening identifies TMEM106B as a 
proviral host factor for SARS-CoV-2. Nat. Genet. 53, 435–444. 

Boonyasuppayakorn, S., Reichert, E.D., Manzano, M., Nagarajan, K., Padmanabhan, R., 
2014. Amodiaquine, an antimalarial drug, inhibits dengue virus type 2 replication 
and infectivity. Antivir. Res. 106, 125–134. 

Clark, A., Jit, M., Warren-Gash, C., Guthrie, B., Wang, H.H.X., Mercer, S.W., 
Sanderson, C., McKee, M., Troeger, C., Ong, K.L., Checchi, F., Perel, P., Joseph, S., 
Gibbs, H.P., Banerjee, A., Eggo, R.M., 2020. Global, regional, and national estimates 
of the population at increased risk of severe COVID-19 due to underlying health 
conditions in 2020: a modelling study. Lancet Glob Health 8, e1003–e1017. 

Clementi, N., Criscuolo, E., Diotti, R.A., Ferrarese, R., Castelli, M., Dagna, L., Burioni, R., 
Clementi, M., Mancini, N., 2020. Combined prophylactic and therapeutic use 
maximizes hydroxychloroquine anti-SARS-CoV-2 effects in vitro. Front. Microbiol. 
11, 1704. 

de Wilde, A.H., Jochmans, D., Posthuma, C.C., Zevenhoven-Dobbe, J.C., van 
Nieuwkoop, S., Bestebroer, T.M., van den Hoogen, B.G., Neyts, J., Snijder, E.J., 
2014. Screening of an FDA-approved compound library identifies four small- 
molecule inhibitors of Middle East respiratory syndrome coronavirus replication in 
cell culture. Antimicrob. Agents Chemother. 58, 4875–4884. 

Delvecchio, R., Higa, L.M., Pezzuto, P., Valadão, A.L., Garcez, P.P., Monteiro, F.L., 
Loiola, E.C., Dias, A.A., Silva, F.J., Aliota, M.T., Caine, E.A., Osorio, J.E., Bellio, M., 
O’Connor, D.H., Rehen, S., de Aguiar, R.S., Savarino, A., Campanati, L., Tanuri, A., 
2016. Chloroquine, an Endocytosis Blocking Agent, Inhibits Zika Virus Infection in 
Different Cell Models. Viruses 8.  

Dowall, S.D., Bosworth, A., Watson, R., Bewley, K., Taylor, I., Rayner, E., Hunter, L., 
Pearson, G., Easterbrook, L., Pitman, J., Hewson, R., Carroll, M.W., 2015. 
Chloroquine inhibited Ebola virus replication in vitro but failed to protect against 
infection and disease in the in vivo Guinea pig model. J. Gen. Virol. 96, 3484–3492. 

Ellinger, B., Bojkova, D., Zaliani, A., Cinatl, J., Claussen, C., Westhaus, S., Keminer, O., 
Reinshagen, J., Kuzikov, M., Wolf, M., Geisslinger, G., Gribbon, P., Ciesek, S., 2021. 
A SARS-CoV-2 cytopathicity dataset generated by high-content screening of a large 
drug repurposing collection. Sci Data 8, 70. 

Gendrot, M., Andreani, J., Boxberger, M., Jardot, P., Fonta, I., Le Bideau, M., Duflot, I., 
Mosnier, J., Rolland, C., Bogreau, H., Hutter, S., La Scola, B., Pradines, B., 2020. 
Antimalarial drugs inhibit the replication of SARS-CoV-2: an in vitro evaluation. 
Trav. Med. Infect. Dis. 37, 101873.  

Gorbalenya, A.E., Baker, S.C., Baric, R.S., Groot, R.J.d., Drosten, C., Gulyaeva, A.A., 
Haagmans, B.L., Lauber, C., Leontovich, A.M., Neuman, B.W., Penzar, D., 
Perlman, S., Poon, L.L.M., Samborskiy, D.V., Sidorov, I.A., Sola, I., Ziebuhr, J., 2020. 
The species Severe acute respiratory syndrome-related coronavirus: classifying 2019- 
nCoV and naming it SARS-CoV-2. Nat Microbiol 5, 536–544. 
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