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Background/Aims: As the coronavirus disease-2019 global pandemic progress-
es, screening of antiviral agents effective against severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) is urgently needed. In addition, considering 
the viral load kinetics of SARS-CoV-2, which peaks early in the illness, and the 
massive burden of the disease, which may increase in the near future, identify-
ing well-tolerated oral antivirals becomes increasingly important. We examined 
the in vitro activity of lopinavir/ritonavir and hydroxychloroquine on SARS-
CoV-2, at concentrations which can be used to treat coronavirus-19 patients with 
little concern of toxicity. 
Methods: Lopinavir/ritonavir (7/1.75 μg/mL), hydroxychloroquine base (1 or 2 μg/
mL), or a combination thereof were administered 1 hour after the inoculation 
of SARS-CoV-2 to Vero cells at a multiplicity of infection of 0.05. We examined 
cytopathic effects of virus 48 hours after administration of the respective treat-
ments and measured viral loads at three time points (0, 24, and 48 hours post- 
treatment) by quantitative real-time reverse-transcription polymerase chain re-
action, and compared the results obtained from the different antiviral regimens 
tested.
Results: The severity of cytopathic effects was lower in lopinavir/ritonavir-treat-
ed cells, and viral load was significantly reduced in this group compared with 
the control group (p < 0.001). However, hydroxychloroquine did not show signif-
icant inhibitory effects on anti-SARS-CoV-2-mediated cytotoxicity or on viral 
load at either concentration.
Conclusions: Lopinavir/ritonavir showed signif icant inhibitory effects on 
SARS-CoV-2 in vitro at its usual plasma concentration. However, the in vitro 
antiviral activity of hydroxychloroquine at concentrations commonly used in 
humans was minimal, whether used alone or in combination with lopinavir/
ritonavir.
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INTRODUCTION

An outbreak of coronavirus disease-2019 (COVID-19), 
first reported in Wuhan, China in December of 2019, 
has become a global health crisis [1]. As of April 29, 2020, 
a total of 3,018,952 laboratory-confirmed patients have 
been reported globally, and the number of infected in-
dividuals continues to grow. 

The disease can cause severe pneumonia and has 
resulted in 207,973 worldwide fatalities to date and no 
specific treatment for COVID-19 has yet been estab-
lished. Therefore, evaluation of therapeutic options for 
COVID-19 is urgently needed. Moreover, considering 
the increasingly significant global burden of COVID-19, 
it is desirable that a potential antiviral agent be safe and 
orally administered. 

Lopinavir/ritonavir, a protease inhibitor that has 
been safely used to treat human immunodeficiency vi-
rus (HIV), showed promise in in vivo and clinical data 
against severe acute respiratory syndrome coronavi-
rus (SARS-CoV) and Middle East respiratory syndrome 
coronavirus (MERS-CoV) [2,3]. Its in vitro antiviral activ-
ity against severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2), the causative virus of COVID-19, 
has been recently suggested [4]. Hydroxychloroquine, 
which has long been used as an antimalarial and im-
mune-modulating drug, has also been proposed as a 
potent antiviral agent for SARS-CoV [5] and its in vitro 
activity against SARS-CoV-2 was recently suggested [6,7]. 
However, information focusing on the antiviral activi-
ty of hydroxychloroquine at concentrations commonly 
used in clinical doses is limited.

Therefore, we aimed to explore the in vitro activity of 
lopinavir/ritonavir, hydroxychloroquine, and their com-
bination against SARS-CoV-2 at concentrations that could 
be safely administered to SARS-CoV-2 infected patients. 

METHODS

Cells, virus, and antiviral agents
Chlorocebus aethiops kidney Vero (ATCC CCL-81, ATCC, 
Manassas, VA, USA) cells were maintained in minimum 
Eagle’s medium (Gibco Invitrogen, Grand Island, NY, 
USA) supplemented with 10% fetal bovine serum (Gibco 
Invitrogen) at 37°C in a humidified atmosphere of 5% CO2. 

A clinical isolate of SARS-CoV-2 (BetaCoV/Korea/
SNU01/2020) was used in this study [8]. All infection ex-
periments were performed in a biosafety level-3 laboratory.

Lopinavir/ritonavir (KALETRA, AbbVie, North Chica-
go, IL, USA) and hydroxychloroquine sulfate (Oxiklorin, 
Elyson Pharmaceutical Co. Ltd., Seoul, Korea) were dis-
solved in 99% ethanol and phosphate-buffered saline, 
respectively, to prepare stock solutions [9,10]. The drugs 
were titrated to simulate their steady-state plasma con-
centrations under usual doses; 7 μg/mL of lopinavir com-
bined with 1.75 μg/mL of ritonavir (usual dose of 400/100 
mg twice daily for lopinavir/ritonavir) and either 1 or  
2 μg/mL of hydroxychloroquine base (usual dose of 400 
or 800 mg hydroxychloroquine sulfate once daily) [9,11]. 

Viral inoculation and treatments
On the day before inoculation, T-25 flasks (ThermoFish-
er Scientific Inc., Waltham, MA, USA) were seeded with 
Vero cells to ensure 80% confluence on the day of in-
oculation. On the day of inoculation, the media was re-
moved from the flasks and the cells were infected with 
SARS-CoV-2 at a multiplicity of infection of 0.05 in 1 mL 
of complete media. A control sample was also prepared 
using media only. All samples were incubated at 37°C, 
5% CO2, and gently shaken every 10 minutes for 1 hour. 
After 1 hour of incubation, 6 mL of complete media with 
antiviral agents were added to the flasks and incubated 
at 37°C and 5% CO2 for 48 hours.

The final concentrations of each antiviral agent were 
as follows: 7 μg/mL of lopinavir (with 1.75 μg/mL of ri-
tonavir), 1 μg/mL of hydroxychloroquine base, 2 μg/mL 
of hydroxychloroquine base, 7 μg/mL of lopinavir (with 
1.75 μg/mL of ritonavir) plus 1 μg/mL of hydroxychloro-
quine base, and 7 μg/mL of lopinavir (with 1.75 μg/mL of 
ritonavir) plus 2 μg/mL of hydroxychloroquine base. All 
experiments were performed twice and in duplicate. 

The Vero cells were observed at 48 hours post-treat-
ment to observe the cytopathic effects, including round-
ing and detachment of cells.

Measurement of viral RNA by quantitative real-time 
reverse transcription 
The supernatant from each flask was collected at 0, 24, 
and 48-hour post-treatment and was used for RNA ex-
traction. The supernatant was combined with Trizol LS 
(Life Technologies, Carlsbad, CA, USA) in a 1:3 ratio and 
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incubated for 10 minutes at room temperature to inac-
tivate the virus [12]. RNA was extracted using the Mag-
NA Pure 96 DNA and Viral NA Small volume kit (Roche, 
Mannheim, Germany) according to the manufacturer’s 
instructions. Viral RNA was detected using the Power-
Chek 2019-nCoV Real-time polymerase chain reaction 
(PCR) Kit (Kogene Biotech, Seoul, Korea) for amplifica-
tion of E and RdRp genes and quantified using a stan-
dard curve which was constructed using in vitro tran-
scribed RNA provided from the European Virus Archive 
(https://www.european-virus-archive.com). 

Statistical analysis
Viral RNA titers for each treatment were compared using 
repeated measures analysis of variance and Tukey’s mul-
tiple comparison test. The change in mean viral loads ac-

cording to different treatments was plotted using Prism 
version 6 (GraphPad Inc., San Diego, CA, USA).

RESULTS

Changes in cytotoxicity with antiviral treatment
Fig. 1 and Supplementary Fig. 1 show representative 
cytopathic effects 48 hours after viral inoculation and 
administration of antiviral agents. Lopinavir/ritona-
vir-treated Vero cells showed a significantly lower degree 
of cytopathic effect, while hydroxychloroquine-treated 
cells were markedly damaged, at both 1 and 2 μg/mL 
concentrations. Further, combination treatment did 
not yield significantly better cell morphology than the 
lopinavir/ritonavir single treatment.

Figure 1. Effect of different antiviral treatments on the cytopathic effects of Vero cells 48 hours after inoculation with severe 
acute respiratory syndrome coronavirus 2. (A) Control, (B) no antiviral treatment, (C) 2 μg/mL of hydroxychloroquine (expected 
plasma steady-state concentration of hydroxychloroquine sulfate 800 mg once daily), and (D) 7.0/1.75 μg/mL of lopinavir/ritona-
vir (expected plasma steady-state concentration of lopinavir/ritonavir 400/100 mg twice daily). 

A

C

B

D
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Changes in viral RNA with antiviral treatment
Viral RNA load was significantly lower in the lopinavir/
ritonavir group than in the no-treatment group or hy-
droxychloroquine groups (all p < 0.001) (Fig. 2). Howev-
er, the reduction in viral load by hydroxychloroquine 
treatment was not significant (hydroxychloroquine  
1 μg/mL vs. no treatment, p = 0.341; hydroxychloroquine 
2 μg/mL vs. no treatment, p = 0.894).

The quantity of viral RNA was lower in the combi-
nation groups than in the single treatment lopinavir/
ritonavir group; however, the difference between them 
was not significant (lopinavir/ritonavir + hydroxy-
chloroquine 1 μg/mL vs. lopinavir/ritonavir, p = 0.933; 
lopinavir/ritonavir + hydroxychloroquine 2 μg/mL vs. 
lopinavir/ritonavir, p = 0.890).

DISCUSSION

The COVID-19 pandemic has affected most of the coun-
tries in the world, causing more than 200,000 mortalities 
to date; however, there are no proven treatment options 
against SARS-CoV-2. Therefore, the screening of poten-

tial antivirals to fight COVID-19 is urgently needed and 
led us to assess the in vitro activity of lopinavir/ritonavir 
and hydroxychloroquine on SARS-CoV-2 at clinically ad-
ministrable doses. Lopinavir/ritonavir showed marked in 
vitro activity against SARS-CoV-2 in terms of preventing 
cytotoxicity and reducing viral load, while hydroxychlo-
roquine did not. The results of this in vitro study could 
provide insights into the establishment of effective 
COVID-19 therapeutics.

When considering the viral load kinetics of SARS-
CoV-2 in the respiratory tract, which peaks early in the 
illness [13,14], early initiation of treatment might be the 
key to improve clinical outcomes. Considering the mas-
sive burden of the disease, oral antivirals have many ad-
vantages over intravenous drugs. We examined the in 
vitro activity of the oral antivirals lopinavir/ritonavir and 
hydroxychloroquine against SARS-CoV-2 at their patient 
administrable doses. These drugs can be readily applied 
to patients at the levels we studied with little concern of 
toxicity. Consequently, the results of this study under-
score the potential importance of lopinavir/ritonavir 
treatment against COVID-19. 

Lopinavir/ritonavir is a protease inhibitor commonly 

Figure 2. Changes in viral loads in cell culture supernatant in response to different antiviral treatments. Groups are defined 
as follows: no treatment, hydroxychloroquine (HCQ) base 1 μg/mL (expected plasma steady-state concentration of HCQ sulfate 
400 mg once daily), HCQ base 2 μg/mL (expected plasma steady-state concentration of HCQ sulfate 800 mg once daily), lopina-
vir/ritonavir 7.0/1.75 μg/mL (expected plasma steady-state concentration of lopinavir/ritonavir 400/100 mg twice daily), and 
combinations of lopinavir/ritonavir 7.0/1.75 μg/mL with HCQ base 1 or 2 μg/mL. aDenotes p < 0.001 when compared with no 
treatment group.
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used in the treatment of HIV that interestingly has also 
been shown to have an antiviral effect on SARS-CoV and 
MERS-CoV [2,3]. Chu et al. [3] reported the clinical efficacy 
of lopinavir/ritonavir in SARS-CoV-infected patients by 
comparing 41 and 111 patients who had been treated with 
lopinavir/ritonavir plus ribavirin or ribavirin alone. The 
adverse clinical outcome (acute respiratory distress syn-
drome or death) was significantly lower in the lopinavir/
ritonavir treated group (2.4% vs. 28.8%, p < 0.001) [3]. Sim-
ilarly, Chan et al. [2] reported significantly better clinical, 
radiological, and pathological outcomes in the lopinavir/
ritonavir-treated group than in the untreated group in 
the marmoset-MERS model.

A recent randomized controlled trial involving se-
vere COVID-19 patients revealed no particular benefit 
of lopinavir/ritonavir administration compared with 
the standard care [15]. However, the efficacy of lopinavir/
ritonavir may not have been properly evaluated in this 
study because it was unblinded in nature and the par-
ticipation of patients was delayed (13 median days [inter-
quartile range, 11 to 16] from disease onset to randomized 
treatment assignment). Thus, further clinical trials are 
warranted to explore the efficacy of lopinavir/ritonavir on 
COVID-19.

Despite several possible adverse reactions, including 
diarrhea, nausea, abdominal pain, and headache, lopina-
vir/ritonavir is generally a well-tolerated drug [16]. Con-
sidering its promising anti-coronaviral activity, lopina-
vir/ritonavir is one of the leading safe candidates for the 
treatment of COVID-19. Our results clearly indicate that 
lopinavir/ritonavir hold potential as an anti-SARS-CoV-2 
agent and should be considered for treating COVID-19 
patients in this epidemic.

Two studies have recently reported on the in vitro ac-
tivity of hydroxychloroquine against SARS-CoV-2 [6,7]. 
Interestingly, the effective concentration 50 (EC50) values 
of hydroxychloroquine to SARS-CoV-2 varied largely in 
these studies (ranging from 0.72 to 17.31 μM at 48 hours 
post-treatment), which may be due to the differences in 
the analyzed drug, inoculum size of the virus, or viral 
strain. Although in vitro activity of hydroxychloroquine 
against SARS-CoV-2 in this study tended to be lower than 
that from one of previous studies [6], it raises a concern 
on the efficacy of hydroxychloroquine in COVID-19. Fur-
thermore, the combination of hydroxychloroquine and 
lopinavir/ritonavir did not show a synergistic inhibitory 

effect on viral load compared to lopinavir/ritonavir treat-
ment alone, implying that usual doses of hydroxychloro-
quine might not be helpful in the treatment of COVID-19. 

There are also ongoing controversies regarding the 
clinical efficacy of hydroxychloroquine in the treatment 
of COVID-19. Although Gautret et al. [17,18] suggested that 
hydroxychloroquine with azithromycin could cause rapid 
decline of viral loads, another small, randomized clinical 
trial did not reveal a significant reduction in viral load 
[19]. Additional potential safety issues, such as arrhythmia 
or sudden death [20,21] need to be considered. Therefore, 
further evaluations are warranted to determine the clini-
cal utility of hydroxychloroquine against COVID-19.

This study had some limitations. First, we could not 
examine the in vitro activity of lopinavir/ritonavir and hy-
droxychloroquine against SARS-CoV-2 at their estimated 
concentrations from the respiratory tract, owing to the 
scarcity of information on tissue levels [22]. Second, we 
did not evaluate EC50 values or pre-attachment activity of 
the drugs against SARS-CoV-2 in this study because the 
objective of the present study was to determine their in 
vitro activity at their clinical doses on an established in-
fection. Finally, we examined the in vitro antiviral activity 
of lopinavir/ritonavir and hydroxychloroquine against 
only one SARS-CoV-2 isolate, which was imported from 
China [8]. 

In conclusion, this in vitro experimental study showed 
that lopinavir/ritonavir, at its clinically relevant concen-
tration, showed significant anti-SARS-CoV-2 activity 
when it was administered following viral infection. Fur-
ther, our data suggests that the in vitro antiviral activity of 
hydroxychloroquine at clinically relevant concentrations 
is minimal, whether used alone or in combination with 
lopinavir/ritonavir.

KEY MESSAGE

1.	 Lopinavir/ritonavir showed significant anti-severe 
acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) activity both in terms of the prevention of 
cytotoxicity and reducing the viral load at plasma 
concentrations achievable by usual doses. 

2.	 However, hydroxychloroquine did not show 
significant anti-SARS-CoV-2 activity at plasma 
concentrations achievable by usual doses.
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Supplementary Figure 1. Representative cytopathic effects 
of Vero cells after 48 hours of the inoculation of severe acute 
respiratory syndrome coronavirus 2 according to different 
antiviral treatment. (A) A 1 μg/mL of hydroxychloroquine 
(HCQ) base (expected from HCQ sulfate 400 mg daily), (B) 
7.0/1.75 μg/mL of lopinavir/ritonavir (expected from 400/100 
mg twice daily) plus 1 μg/mL of HCQ base, and (C) 7.0/1.75 
μg/mL of lopinavir/ritonavir plus 2 μg/mL of HCQ base (ex-
pected from HCQ sulfate 800 mg daily).

HCQ (1 μg/mL)

A B
Lopinavir/ritonavir + HCQ (1 μg/mL)
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