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A B S T R A C T

Remdesivir, a monophosphate prodrug of nucleoside analog GS-441524, is widely used for the treatment of
moderate to severe COVID-19. It has been suggested to use GS-441524 instead of remdesivir in the clinic and in
new inhalation formulations. Thus, we compared the anti-SARS-CoV-2 activity of remdesivir and GS-441524 in
Vero E6, Vero CCL-81, Calu-3, Caco-2 cells, and anti-HCoV-OC43 activity in Huh-7 cells. We also compared the
cellular pharmacology of these two compounds in Vero E6, Vero CCL-81, Calu-3, Caco-2, Huh-7, 293T, BHK-21,
3T3 and human airway epithelial (HAE) cells. Overall, remdesivir exhibited greater potency and superior intra-
cellular metabolism than GS-441524 except in Vero E6 and Vero CCL-81 cells.
1. Introduction

Coronavirus disease 2019 (COVID-19), caused by severe acute res-
piratory syndrome coronavirus 2 (SARS-CoV-2), was declared a
pandemic by the World Health Organization (WHO) on March 11, 2020
(Cucinotta and Vanelli, 2020). Ever since the initial outbreak in
December 2019 in Wuhan, China, the global scientific community has
been actively developing and testing therapeutic agents and vaccines
against SARS-CoV-2 (Ciotti et al., 2020; Nitulescu et al., 2020; Asselah
et al., 2020). Remdesivir was initially developed by Gilead Sciences as an
anti-Ebola agent (Warren et al., 2016). In record time, remdesivir was
found to have anti-SARS-CoV-2 efficacy in vitro (Wang et al., 2020a), and
clinical trials were initiated and conducted to evaluate its safety and ef-
ficacy in COVID-19 patients (Eastman et al., 2020). On May 1, 2020,
remdesivir was issued FDA Emergency Use Authorization for COVID-19
patients hospitalized with severe disease for its potential to shorten the
time to recovery (FDA, 2020a) and on October 22, 2020, FDA approved
remdesivir for intravenous administration in adult and pediatric patients
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is some controversy regarding its value for the treatment of COVID-19 by
the WHO (Dyer, 2020). It is worth noting that, unlike the Adaptive
COVID-19 Treatment Trial-1 (ACTT-1) study which showed significant
reduction in the duration of patient hospitalization, the WHO study was
not performed under rigorous placebo controlled double-blind study
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As a McGuigan-type adenosine monophosphate prodrug, remdesivir
is hydrolyzed to the correspondingmonophosphate (GS-441524-MP) and
then intracellularly phosphorylated to its active metabolite GS-441524-
triphosphate (GS-443902) (Warren et al., 2016; Li et al., 2021a,b)
(Fig. 1). It has been reported that remdesivir exhibits a short plasma
half-life of about 0.4 h in monkeys (Warren et al., 2016), 1 h in humans
(Humeniuk et al., 2020), and that GS-441524 is the main metabolite.
Interestingly, GS-441524 showed comparable efficacy to remdesivir
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spiratory syndrome coronavirus 2; HAE, human airway epithelial; WHO, World
triad nucleotide-binding protein 1; MP, monophosphate; DP, diphosphate; TP,
ous clone virus containing mNeonGreen reporter; ACE2, angiotensin-converting

iatrics, 1760 Haygood drive, HSRB E420, Atlanta, GA, 30322, USA.

t 2021
ticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

mailto:rschina@emory.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.crphar.2021.100045&domain=pdf
www.sciencedirect.com/science/journal/25902571
www.journals.elsevier.com/current-research-in-pharmacology-and-drug-discovery
www.journals.elsevier.com/current-research-in-pharmacology-and-drug-discovery
https://doi.org/10.1016/j.crphar.2021.100045
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.crphar.2021.100045


Fig. 1. Cellular metabolism of remdesivir and GS-441524 leading to the formation of bioactive 50-triphosphate GS-443902. (CES1: carboxylesterase 1; CatA: cathepsin
A; HINT1: histidine triad nucleotide-binding protein 1).
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Calu3 2B4 human lung epithelial cells (Pruijssers et al., 2020). However,
as GS-441524 has an easier synthetic route, potentially better safety
profile, and may not require intravenous administration (Warren et al.,
2016), some researchers in the field are advocating for the alternate use
of GS-441524 for patients with COVID-19 (Yan and Muller, 2020). Thus,
a side-by-side evaluation of these two compounds was warranted to
determine advantages and differences between remdesivir and
GS-441524.

In this study, we compared the anti-coronavirus activity of remdesivir
and GS-441524 in Vero E6, Vero CCL-81, Calu-3, Caco-2 and Huh-7 cells.
Furthermore, we compared the cellular pharmacology of these two
compounds in Vero E6, Vero CCL-81, Calu-3, Caco-2, Huh-7, 293T, BHK-
21, 3T3 and human airway epithelial (HAE) cells. Our results in cellular
models provide a reference set of data for a comparison between
remdesivir and GS-441524.

2. Material and methods

2.1. Compounds and reagents

Remdesivir and GS-441524 were synthesized in house with a purity
higher than 98%. GS-443902 was purchased from MedChem Express
(Monmouth Junction, NJ). All other reagents were the highest quality
available from Thermo Fisher Scientific (Waltham, MA).

2.2. Cells and virus

The African monkey kidney Vero E6 (ATCC® CRL-1586™) and Vero
(ATCC® CCL-81™) cells, human lung epithelial cells Calu-3 (ATCC®
HTB-55™), human epithelial colorectal adenocarcinoma cells Caco-2
(ATCC® HTB-37™), human kidney epithelial cells 293T/17 (ATCC®
CRL-11268™), baby golden hamster kidney fibroblasts BHK-21 (ATCC®
CCL-10™) and mouse embryonic fibroblasts 3T3 (ATCC® CRL-1658™)
were purchased from ATCC (Manassas, VA). Human hepatocellular car-
cinoma cells Huh-7 (JCRB0403) was purchased from JCRB Cell Bank
(Japan). Primary human airway epithelium cells (HAE) from healthy
donors were obtained from Lonza Biosciences (CC-2540s) and cultured in
air-liquid interface by Candela Manfredi in Dr. Eric Sorscher's group at
Emory University. SARS-CoV-2 was provided by BEI Resources (NR-
52281: USA-WA1/2020) and HCoV-OC43 was obtained from ATCC
(Manassas, VA).

2.3. Antiviral activity and toxicity assays

To determine the antiviral activity of remdesivir and GS-441524
against SARS-CoV-2 in Vero E6, Vero CCL-81, Calu-3, and Caco-2 cells
and against HCoV-OC43 in Huh-7 cells, confluent monolayers of cells in a
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96-well cell culture microplate were treated with a range of concentra-
tions of each compound in triplicate, followed by inoculation with virus
MOI of 0.1 for Vero E6, Vero CCL-81, and Huh-7 or 0.01 for Calu-3 and
Caco-2 cells, respectively. The production yield of progeny virus was
assessed in cell supernatants collected optimally at 48 h (Vero) or 72 h
(Calu-3 and Caco-2) post-infection using a specific q-RT PCR for SARS-
CoV-2 and 72 h post-infection using a specific q-RT PCR for HCoV-
OC43 (Zandi et al., 2020).

SARS-CoV-2 infectious clone virus containing mNeonGreen reporter
(icSARS-CoV-2-mNG) inhibition assay (Xie et al., 2020) was further
conducted in Caco-2 cells. Briefly, cells were treated with each compound
in a range of concentrations in triplicate for 1 h prior to infection at 0.01
MOI. After 48 h, cells were fixed with 4% paraformaldehyde for 0.5–1 h,
washed with PBS, permeabilized with 0.1% NP-40 in PBS and the nuclei
stained with Hoechst 33342 (1:10,000 dilution in PBS) to facilitate
autofocusing and imaging using a Cytation 5 cell imaging multi-mode
reader (Biotek, Winooski, VT). Infection was quantified by counting
mNeonGreen-expressing cells using Gen5 software (Biotek, Winooski,
VT).

Cytotoxicity was evaluated using MTS method in Vero CCL-81, Calu-
3, Caco-2, and Huh-7 cells as previously described. (Zandi et al., 2020).

2.4. Cellular pharmacology studies

Vero E6, Vero CCL-81, Calu-3, Caco-2, Huh-7, 293T, BHK-21, 3T3 and
HAE cells were seeded at 1 � 106 cells per well in 12-well plates or
0.15� 106 cells per well in 24-well plates (HAE only) and incubated with
10 μM of each compound at 37 �C with 5% CO2. After 4 h, cells were
washed twice by ice-cold PBS and resuspended in 70% ice-cold methanol
overnight at �20 �C. The supernatants were then dried and reconstituted
with HPLCmobile phase and then subjected to LC-MS analysis (Tao et al.,
2019). Levels of the phosphorylated metabolites 50-mono-, di-, and
triphosphate (GS-441524-MP, GS-441524-DP, and GS-443902) were
measured. GS-441524-MP and GS-441524-DP were semi-quantified
using the calibration curve for GS-443902.

3. Results and discussion

3.1. Anti-coronavirus activity and cytotoxicity profile of remdesivir and
GS-441524

Vero E6 and Vero CCL-81 cells are interferon deficient and do not
secrete interferon alpha or beta when infected by viruses (Desmyter et al.,
1968). Hence, these two cell lines are commonly used as in vitro models
for virus research. As they are also highly susceptible to SARS-CoV-2
infection (Pruijssers et al., 2020), they have been used broadly to eval-
uate anti-SARS-CoV-2 compounds in vitro (Pruijssers et al., 2020; Zandi
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et al., 2020; Jeon et al., 2020; Fu et al., 2020). We compared the two
compounds in both Vero E6 and Vero CCL-81 cells to see if there was any
difference in these two cell lines in terms of activity. Calu-3 cells are used
widely as an in vitro respiratory model for the SARS-CoV-2 infection
(Pruijssers et al., 2020; Ko et al., 2021; Hoffmann et al., 2020a). In this
study we also included Caco-2 cells since clinical reports indicate that
individuals with COVID-19 can develop gastrointestinal symptoms (such
as diarrhea) either alone or with respiratory symptoms (D'Amico et al.,
2020). Indeed, recent studies indicated that SARS-CoV-2 can infect the
gastrointestinal tract because of high expression of the
angiotensin-converting enzyme 2 (ACE2) receptor and serine protease
TMPRSS2 that activates the virus to a fusogenic state in enterocytes
(Hoffmann et al., 2020b). Both of these host factors that are required for
efficient SARS-CoV-2 infection are robustly expressed in Caco-2 cells
(D'Amico et al., 2020). Themedian effective concentration (EC50) and the
concentration with 90% inhibitory effect (EC90) against in vitro replica-
tion of SARS-CoV-2 in Vero E6, Vero CCL-81, Calu-3, Caco-3 cells are
shown in Table 1. In both Vero E6 and Vero CCL-81 cells, remdesivir
showed almost same potency as GS-441524, which is in agreement with
previous reports (Pruijssers et al., 2020); and for each compound, similar
potency were observed in Vero E6 and Vero CCL-81 cells. In Calu-3 cells,
the EC50 value of GS-441524 was about 2 times higher than remdesivir,
while interestingly, GS-441524 was about 80 times less potent than
remdesivir in Caco-2 cells.

We further validated the higher potency of remdesivir versus GS-
441524 in Caco-2 cells using icSARS-CoV-2-mNG inhibition assay
(Fig. 2) (Xie et al., 2020). Resultant mean EC50 of remdesivir from three
independent experiments was 0.018 μM while EC50 of GS-441524 was
1.3 μM, 70-fold lower compared to remdesivir. These data independently
confirmed the antiviral results in Caco-2 cells determined by q-RT PCR
assay (Table 1).

It has been established that SARS-CoV-2 infects the liver and directly
contributes to the liver injury in patients with COVID-19 (Wang et al.,
2020b). Therefore, we also used the human hepatocarcinoma Huh-7 cells
to evaluate compounds against closely related virus HCoV-1 strain OC43.
Remdesivir was active against this virus with an EC50 of 0.01 μM while
GS-441524 was markedly less active with an EC50 of 4.1 μM. Of note,
Huh-7 cells have lower susceptibility to SARS-CoV-2 infection than Vero
E6 cells, and therefore are not always selected as an in vitro model for
anti-SARS-CoV-2 assays (Pruijssers et al., 2020).

Cytotoxicity was evaluated using MTS method in Vero CCL-81, Calu-
3, and Caco-2 cells, and additionally Huh-7 cells, a cell line we use to
routinely predict liver toxicity (Zandi et al., 2020). No relevant toxicity
was detected for either compound in Vero CCL-81, Calu-3 and
Caco-2 cells. Interestingly, remdesivir was quite toxic in Huh-7 cells
(Table 1). Notably, liver injury has been reported in remdesivir-treated
COVID-19 patients (Zampino et al., 2020). Fortunately, remdesivir is
given intravenously bypassing first-pass metabolism in human liver and
is only given for 10 days or less.

(A) Inhibition assay was performed in a 96-well format. Hoechst
33342-stained cells were imaged using a Cytation 5 cell imaging reader
at 4� magnification with DAPI and GFP channels. Nine images were
taken per well and stitched to form a 3� 3 montage image for analysis of
cell count per well. A representative image of cell control (top) or virus
control (bottom) was shown next to the respective montage image.
Hoechst 33342-stained cells (blue) were analyzed in Gen5 software to
determine overall attached cell counts. Approximately 30,000 cells were
Table 1
Anti-SARS-CoV-2 efficacy and cytotoxicity of remdesivir and GS-441524 in different

Compound EC50/90 (μM)

Vero E6 Vero CCL-81 Calu-3 Caco

Remdesivir 1.0/3.1 0.7/1.7 0.11/0.49 0.00
GS-441524 1.1/3.9 0.8/1.6 0.25/2.35 0.08

a Antiviral assays conducted in triplicate at least three times.

3

counted per well. Next, mNG-positive cells (green) were analyzed to
determine infected cell counts. Counted cells were encircled in yellow.
(B) Representative montage images of Caco-2 cells treated with five-fold
serial dilutions of remdesivir (top) or GS-441524 (bottom) and infected
with icSARS-CoV-2-mNG for 48 h. Relative % infection was calculated by
normalizing infected cell counts of inhibitor-treated wells to infected cell
counts of virus control wells. Data were plotted in GraphPad Prism to
determine EC50.

3.2. Cellular pharmacology of remdesivir and GS-441524 in different cell
lines

In addition to assessing the potency of the two compounds in Vero E6,
Vero CCL-81, Calu-3, Caco-2 and Huh-7 cells, we compared their intra-
cellular metabolism in these five cell lines, to determine if a correlation
exists between antiviral activity and levels of the active nucleoside
triphosphate (NTP) of GS-443902 produced and to further understand
the cell-line dependent inhibition of SARS-CoV-2 by both compounds.
Intracellular metabolites GS-441524-MP, GS-441524-DP and GS-443902
generated from remdesivir and GS-441524 after incubation in different
cell lines at 10 μM for 4 h were quantified (Fig. 3). Among all the
phosphorylated metabolites, the GS-443902 nucleotide was the most
abundant intracellular metabolite following treatment with either com-
pound. In Vero E6 cells, the level of GS-443902 formed from remdesivir
was almost the same to that formed from GS-441524 at 4 h, and this
correlated with similar antiviral activity of both compounds in Vero E6
cells (Table 1). Interestingly, in Vero CCL-81 cells, GS-441524 generated
more GS-443902 than remdesivir (about 2 folds, p < 0.001, t-test) at 4 h
while their anti-SARS-CoV-2 activity were similar. The antiviral assay
was assessed at 48 h post infection while the cellular pharmacology was
determined at 4 h. Thus, the level of active NTP at a specific time point
could not be used as the only indicator for potency. In Calu-3 cells, the
phosphorylated metabolites formed from remdesivir were about 4 folds
higher (p< 0.001, t-test) than from GS-441524. With an EC50 of 0.11 and
0.25 μM in Calu-3 for remdesivir and GS-441524, respectively, our data
are in accord with prior reports (Pruijssers et al., 2020; Li et al., 2021a),
and positively correlates with the higher level of GS-443902 formed in
these cells from remdesivir. In Caco-2 cells, the levels of GS-443902
formed from remdesivir were 67-fold higher (p < 0.001, t-test) than
that from GS-441524 (Fig. 3). Anti-SARS-CoV-2 activity of remdesivir in
Caco-2 cells is usually measured by analyzing cytopathic effect (EC50

ranging from 0.1 to 0.8 μM (Meyer et al., 2020; Ellinger et al., 2021;
Bojkova et al., 2020)) or by assessing virus expression using RT-qPCR
(EC50 ¼ 46 nM) (Krüger et al., 2021). In our hands, we observed a cor-
relation between the higher potency of remdesivir vs GS-441524 (EC50 of
1 nM vs 80 nM, respectively, or 0.018 μM vs 1.3 μM by
icSARS-CoV-2-mNG inhibition assay) in Caco-2 cells and the higher
levels of active NTP (308 vs 4.6 pmol/million cells, respectively) formed
in this cell line. Interestingly, the levels of active NTP formed with
GS-441524 only marginally fluctuate from cell line to cell line, which
seemed to correlate with the relatively similar antiviral activity in Vero
E6, Calu-3, and Caco-2 cells (Table 1). On the other hand, remdesivir
produced significantly more GS-443902 in Calu-3 and Caco-2 cells than
in Vero E6 cells (6- and 37-fold more, p < 0.001, t-test), a trend that
follows the potency observed for that compound in the three different
cell lines. We hypothesize that this difference is most likely due to a
variation in the level of enzymes required to cleave remdesivir's prodrug
cell linesa.

Cytotoxicity: MTS CC50 (μM)

-2 Vero CCL-81 Calu-3 Caco-2 Huh-7

1/0.022 >100 72.8 >100 2.1
/1.42 >100 >100 >100 >100



Fig. 2. Imaging and analysis of icSARS-CoV-2-mNG inhibition assay in Caco-2 cells.
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moiety from one cell line to the other.
This difference in anti-HCoV-OC43 potency between remdesivir and

GS-441524 (0.01 μM vs 4.1 μM) correlated with the levels of active NTP
formed, since incubation of Huh-7 cells with 10 μM remdesivir for 4 h
generated more than 120-fold higher level of metabolite GS-443902 than
incubation with 10 μM GS-441524. Notably, remdesivir was quite toxic
in Huh-7 cells (Table 1), probably due to the very high intracellular levels
(about 1160 pmol/million cells) of active NTP formed (Fig. 3).

In addition to Vero E6, Vero CCL-81, Calu-3, Caco-2 and Huh-7 cells,
we also evaluated the intracellular metabolism of remdesivir and GS-
441524 in 293T, BHK-21, 3T3 and HAE cells. 293T cell line is one of
the most commonly used cell lines for in vitro SARS-CoV-2 studies
because of its high expression of ACE2 and TMPRSS2 (Hoffmann et al.,
2020b; Kumar et al., 2021). BHK-21 and 3T3 cells are also essential cell
lines used for vaccine production (Kumar et al., 2021). Besides,
BHK-21 cells support the replication of HCoV-OC43 (Shen et al., 2016).
3T3 cells had previously been modified for SARS-CoV-2 studies by
transfection with a SARS-CoV-2 spike and ACE2 glycoprotein expression
vector (Nunes-Santos et al., 2021). Recently, 293T and BHK-21 cell lines
have been used by our group for anti-SARS-CoV-2 studies (unpublished
data). The phosphorylated metabolites profiles of remdesivir and
GS-441524 were very similar in 293T, BHK-21 and 3T3 cells, with the
most abundant metabolite GS-443902 formed from remdesivir over
100-fold more (p < 0.001, t-test) than that from GS-441524. (Fig. 3).
Finally, primary HAE cells have been used widely by researchers to study
the SARS-CoV-2 (Sheahan et al., 2020; Pizzorno et al., 2020; Hattori
et al., 2021; Mulay et al., 2021; Do et al., 2021). Researchers compared
the anti-SARS-CoV-2 activity of remdesivir and GS-441524 in HAE
models and showed that remdesivir was more potent than GS-441524 in
human tracheal airway cultures (Do et al., 2021). In HAE cells at 4 h,
remdesivir generated about 20-fold more (p < 0.001, t-test) GS-443902
than the parent nucleoside GS-441524 (Fig. 3), and these levels posi-
tively correlated with the higher potency. It has been reported that
inhalation formulations are being developed for pulmonary administra-
tion (Sahakijpijarn et al., 2020; Sahakijpijarn et al., 2021) and clinical
4

trials underway. With the higher potency against SARS-CoV-2 in HAE
cells and superior cellular metabolism, remdesivir could be a better op-
tion than GS-441524 in the development of the inhalable formulation.

Overall, the large differences in active NTP formation after incubation
with remdesivir or GS-441524 in different cell lines probably results from
the fact that remdesivir is a nucleoside phosphoramidate prodrug that
can be directly metabolized intracellularly to GS-441524 mono-
phosphate, therefore bypassing the often-limiting monophosphorylation
step (Varga et al., 2016). It is also worth noting that, if only passive
permeation is considered, remdesivir, with an estimated LogP of 3.2
(ChemDraw Professional 16.0 - PerkinElmer), is more likely to effectively
cross the hydrophobic phospholipid bilayer than the parent nucleoside
GS-441524 (estimated LogP ¼ �1.65) and therefore display higher
potency.

It is worth noting that during the preparation of this manuscript, Li
et al. reported that GS-441524 effectively inhibits SARS-CoV-2 infection
in a mouse model (Li et al., 2021a). Their reported in vitro data seems
consistent with ours except that we observed a far greater difference in
EC50 between GS-441524 and remdesivir in Caco-2 cells (80-fold vs
6-fold). It is not surprising to see some in vivo efficacy in a mouse model
(transduced BALB/c mice with adenovirus associated virus vector
expressing hACE2) with dosing at 25 mg/kg per day (ip for 8 days)
started one day before infection. Based on that study, and without a
side-by-side mouse experiment with remdesivir, no definitive conclusion
can be made regarding a potential advantage of GS-441524 over
remdesivir in mice.

4. Conclusion

In summary, we systematically evaluated the anti-coronavirus activ-
ity of remdesivir and its parent nucleoside GS-441524 in Vero E6, Vero
CCL-81, Calu-3, Caco-2, and Huh-7 cells, and intracellular pharmacology
of these two compounds in Vero E6, Vero CCL-81, Calu-3, Caco-2, Huh-7,
293T, BHK-21, 3T3 and HAE cells. Except for Vero E6 and Vero CCL-
81 cells, remdesivir demonstrated greater antiviral potency and



Fig. 3. Intracellular levels of nucleoside analog GS-441524 (Nuc) -MP, -DP, and -TP produced from remdesivir (black bar) and GS-441524 (white bar) in Vero E6 (A),
Vero CCL-81 (B), Calu-3 (C), Caco-2 (D), Huh-7 (E), 293T (F), BHK-21 (G), 3T3 (H), and HAE (I) cells. Ten μM of each compound was incubated with the nine cell
lines/cells for 4 h at 37 �C. Values represent the means of three replicates.
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markedly higher phosphorylation efficiency than GS-441524 in all cells.
These results show that the relative potency of the nucleoside prodrug
and the parent nucleoside is cell-type dependent, emphasizing the fact
that cell model selection is highly important for evaluation of antiviral
activity, especially with nucleoside analogs (Mumtaz et al., 2017).
Ideally, the best nucleoside analogs are those that are active in most
susceptible relevant cell culture systems. Because of the broader phos-
phorylation profile and higher potency of remdesivir compared to
GS-441524 in the several cell systems we studied, we anticipate that
remdesivir will likely continue to be a better clinical option than
GS-441524.
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