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Abstract: We report the in vitro efficacy of ion-channel inhibitors amantadine, memantine and
rimantadine against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). In VeroE6 cells,
rimantadine was most potent followed by memantine and amantadine (50% effective concentrations:
36, 80 and 116 µM, respectively). Rimantadine also showed the highest selectivity index, followed
by amantadine and memantine (17.3, 12.2 and 7.6, respectively). Similar results were observed in
human hepatoma Huh7.5 and lung carcinoma A549-hACE2 cells. Inhibitors interacted in a similar
antagonistic manner with remdesivir and had a similar barrier to viral escape. Rimantadine acted
mainly at the viral post-entry level and partially at the viral entry level. Based on these results,
rimantadine showed the most promise for treatment of SARS-CoV-2.

Keywords: SARS-CoV-2; COVID-19; drug repurposing; ion-channel inhibitor; antiviral; hepatitis C
virus p7 inhibitor; adamantane; remdesivir; combination treatment; barrier to escape

1. Introduction

The global coronavirus disease 2019 (COVID-19) pandemic caused by severe acute
respiratory syndrome corona virus 2 (SARS-CoV-2) has resulted in >180 million infections
and >4.4 million deaths (31 August 2021) [1,2]. The repurposing of approved drugs
facilitates the definition of treatment regimens for new diseases in a cost- and time-effective
manner. Remdesivir, originally developed for treatment of hepatitis C virus (HCV), acts by
inhibiting the SARS-CoV-2 polymerase and is the only approved drug for the treatment of
COVID-19 directly targeting a SARS-CoV-2 protein [3].

We investigated the effects of the adamantane derivatives amantadine, memantine
and rimantadine (Figure S1) on SARS-CoV-2 in vitro. Amantadine and rimantadine inhibit
viral ion-channels, such as the influenza A virus M2 and the HCV p7, were approved
for the treatment of influenza A [4], and show activity against other viruses including
beta-coronaviruses [5–10]. In addition, amantadine and memantine were approved for the
treatment of neurodegenerative diseases [11], presumably blocking receptor-associated
ion-channels [12]. We determined median effective concentrations (EC50) and median
cytotoxic concentrations (CC50) in three physiologically relevant cell lines, including a
human lung cell line. Further, we investigated interaction with remdesivir, barrier to viral
escape and mode of action.

2. Materials and Methods

Further details are provided in Supplementary Materials.
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2.1. Virus

SARS-CoV-2/human/Denmark/DK-AHH1/2020 was isolated from a Danish patient [13].

2.2. Inhibitors

Inhibitors were purchased (Sigma, Saint Louis, MO, USA), dissolved in DMSO (Sigma,
Saint Louis, MO, USA) and stored at −20 ◦C.

2.3. Cells

African green monkey kidney VeroE6 cells, human hepatoma Huh7.5 cells and human
lung carcinoma A549-hACE2 cells were cultured as described [13–15].

2.4. Longer-Term Treatments

SARS-CoV-2 infected VeroE6 cultures were treated immediately after virus inoculation
and upon cell splitting [13–15]. Cultures were evaluated by immunostaining for SARS-
CoV-2 spike protein upon cell splitting.

2.5. Next Generation Sequencing (NGS) of SARS-CoV-2 Genomes from Cell Culture Supernatant

SARS-CoV-2 RNA was extracted from cell culture supernatant with Trizol LS (Life
Technologies, Carlsbad, CA, USA) and chloroform (Sigma, Saint Louis, MO, USA) and
purified using RNA Clean and Concentrator™—5 (ZYMO, Irvine, CA, USA) [13]. Five
overlapping amplicons were generated by reverse transcription polymerase chain reaction,
library preparations were achieved using NEBNext Ultra II FS DNA library prep kit (New
England BioLabs, Ipswich, MA, USA) and NGS analysis was performed as described [13].

2.6. Short-Term Concentration-Response Treatments

Single ion-channel inhibitor treatments were carried out in VeroE6, Huh7.5 and A549-
hACE2 cells [13–15]. Remdesivir combination treatments were carried out in VeroE6
cells. VeroE6, Huh7.5 and A549-hACE2 cells in 96-well plates (Thermo Fischer Scientific,
Roskilde, Denmark) were inoculated with SARS-CoV-2 at MOI 0.002, 0.02 or 0.003, re-
spectively, and treated with inhibitor dilutions. MOI for these assays were selected based
on virus titration assays carried out in the different cell lines as described [14], to obtain
fully infected cultures whilst avoiding virus-induced cytopathic effects. Treatment con-
ditions were tested in 7 replicates. Treatment plates included 14 infected-nontreated and
12 noninfected-nontreated wells. Cells were immunostained for SARS-CoV-2 spike protein
after incubation for 46–50 h (VeroE6 and A549-hACE2 cells) or 70–74 h (Huh7.5 cells). Data
points were given as residual infectivity (%) with standard errors of the means (SEM). Resid-
ual infectivity was determined as % SARS-CoV-2 spike positive cells in the infected-treated
cultures relative to the means of the counts of positive cells in the infected-nontreated
control cultures and was calculated as:

100× (count in infected-treated culture/mean of counts in infected-nontreated cultures).

2.7. Time-of-Addition Experiment with Rimantadine

VeroE6 cells in 96-well plates were inoculated with SARS-CoV-2 at MOI 0.01 with
a 2-h infection phase and treated with 230 µM rimantadine at different timepoints post
inoculation [15]. For entry treatment, rimantadine was added together with the virus at 0 h
post inoculation and removed in the end of the 2-h viral infection phase. For post-entry
treatment, rimantadine was added 2, 4 or 6 h post inoculation. Treatment conditions were
tested in 6 replicates. Treatment plates included 12 infected-nontreated and 12 noninfected-
nontreated wells. Cells were immunostained for SARS-CoV-2 spike protein after incubation
for 46–50 h. Data points were given as % inhibition with SEM. % inhibition was determined
as 100%–% residual infectivity (see previous section).
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2.8. Immunostaining and Evaluation of 96-Well Plates for Short-Term Treatments and
Time-of-Addition Experiment

Short-term treatment plates were stained with primary antibody SARS-CoV-2 spike
chimeric monoclonal antibody (Sino Biological #40150-D004, Beijing, China) diluted 1:5000,
secondary antibody F(ab’)2-goat anti-human IgG-Fc cross-adsorbed secondary antibody,
HRP (Invitrogen#A24476, Carlsbad, CA, USA) or goat F(ab’)2 anti-human IgG–Fc (HRP),
preadsorbed (Abcamab#98595, Cambridge, UK) diluted 1:2000, and DAB substrate BrightDAB
kit (Immunologic#BS04-110, Duiven, Netherlands). Single SARS-CoV-2 spike protein
positive cells were automatically counted using an ImmunoSpot series 5 UV Analyzer
(CTL Europe GmbH, Bonn, Germany). Counts from infected-treated wells were related
to the mean count of infected-nontreated wells to calculate the %residual infectivity for
single inhibitor treatments and, in addition, the % inhibition for combination treatments
and time-of-addition experiment [13–15].

2.9. Cell Viability Assays

Single ion-channel inhibitor treatments were evaluated in VeroE6, Huh7.5 and A549-
hACE2 cells [13–15], while remdesivir combination treatments were evaluated in VeroE6
cells [14].

Cells in 96-well plates were treated with inhibitor dilutions. Treatment conditions
were tested in 3–4 replicates. Treatment plates included 12 nontreated wells. Cell viability
was evaluated using the CellTiter 96 aqueous one solution cell proliferation assay (Promega,
Madison, WI, USA) after incubation for 46–50 h (VeroE6 and A549-hACE2 cells) or 70–74 h
(Huh7.5 cells). Cell viability values of treated wells were related to the mean cell viability
of nontreated wells to estimate % cell viability.

3. Results
3.1. Amantadine, Memantine and Rimantadine Showed Activity against SARS-CoV-2 In Vitro

To determine the potency of adamantane derivatives against SARS-CoV-2, we carried
out 96-well based short-term concentration-response assays based on the quantification
of infected cells by immunostaining for SARS-CoV-2 spike protein [13–15]. Assays were
carried out in African green monkey VeroE6 cells, a prototype cell line for the evaluation of
drug activity against SARS-CoV-2, human hepatoma Huh7.5 and human lung carcinoma
A549-hACE2 cells. Used inhibitor concentrations did not result in a reduction of cell
viability (relative cell viability > 90%), as shown in Figures S2–S4. Similar results were
obtained in all cell types with EC50 values in the micromolar range. Rimantadine was
most potent with EC50 of 36, 26 and 70 µM in VeroE6, Huh7.5 and A549-hACE2 cells,
respectively. Memantine showed intermediate potency (EC50 of 80, 86, and 70 µM) and
amantadine showed the lowest potency (EC50 of 116, 118, and 80 µM) (Figure 1, Table 1). At
the highest used concentrations, all inhibitors had the capacity to fully inhibit SARS-CoV-2
in VeroE6 and A549-hACE2 cells, while slightly lower inhibition was achieved in Huh7.5
cells (Figure 1). Amantadine showed lower cytotoxicity than memantine and rimantadine
(Table 1, Figures S2–S4). However, due to its comparatively high potency, rimantadine had
the highest selectivity index (SI), while memantine had the lowest SI in all three cell lines
(Table 1).

3.2. Amantadine, Memantine and Rimantadine Interacted in a Similar Antagonistic Manner
with Remdesivir

To study interactions between ion-channel inhibitors and remdesivir, 96-well based
combination treatments were carried out. SARS-CoV-2 infected VeroE6 cells were treated
with ion-channel inhibitors singly or in combination with remdesivir, or with remde-
sivir alone. Inhibitor concentrations were selected based on previously determined EC50
values: for ion-channel inhibitors EC50 are given in Table 1, and for remdesivir EC50
was 2.5 µM, as previously reported [14]. For all three ion-channel inhibitors, the ef-
fect of the combination treatments did not exceed the effect of the single treatments
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(Figure 2, Supplementary Results, Table S1). Analysis using the method of Chou and
Talalay [16] in the CompuSyn software [17] as described in Supplementary Methods re-
vealed mostly antagonistic interactions between the ion-channel inhibitors and remdesivir
(Supplementary Results, Figures S5 and S6 and Table S2).

Figure 1. Potency of amantadine, memantine and rimantadine against SARS-CoV-2 in VeroE6 cells,
Huh7.5 cells and A549-hACE2 cells. Short-term treatments of SARS-CoV-2 with the specified ion-
channel inhibitors were carried out in the specified cell lines in 96-well plates. SARS-CoV-2 infected
cells were visualized by immunostaining for spike protein and quantified by automated counting.
Datapoints are means of counts from 7 replicate cultures ± SEM and represent % residual infectivity,
determined as % SARS-CoV-2 positive cells relative to means of counts from infected-nontreated con-
trol cultures. Sigmoidal concentration-response curves were fitted and EC50 values were determined
using Graphpad Prism 8.0.0 applying the formula Y = Top/(1 + 10(Log10EC50-X)*HillSlope). The tested
inhibitor concentrations did not affect cell viability (Figures S2–S4).
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Table 1. Potency, cytotoxicity and selectivity indexes of ion-channel inhibitors in vitro.

VeroE6 cells EC50 (µM) a CC50 (µM) b SI c

Inhibitor
Amantadine 116 1411 12.2
Memantine 80 611 7.6
Rimantadine 36 621 17.3

Huh7.5 cells EC50 (µM) a CC50 (µM) b SI c

Inhibitor
Amantadine 118 659 5.6
Memantine 86 218 2.5
Rimantadine 26 159 6.1

A549-hACE2 cells EC50 (µM) a CC50 (µM) b SI c

Inhibitor
Amantadine 80 >1429 >17.9
Memantine 70 591 8.4
Rimantadine 70 1374 19.6

a EC50, median effective concentration against SARS-CoV-2. b CC50, median cytotoxic concentration; for amanta-
dine in A549-hACE2 cells, >50% cell viability was observed at the highest concentrations tested. c SI, selectivity
index, CC50/EC50.

3.3. Adamantane Derivatives Did Not Differ in Their Barrier to Viral Escape

To compare ion-channel inhibitors regarding their capacity to prevent SARS-CoV-2
spread under treatment, we carried out longer-term treatments of infected VeroE6 cells
using amantadine, memantine and rimantadine at the highest possible equipotent concen-
trations (3-fold EC50), according to inhibitor cytotoxicities (Figure S2). Treatment with all
inhibitors resulted in a similar delay of early viral spread kinetics on day 1 post infection
and treatment initiation, while ≥80% of culture cells became infected on day 3–5, compara-
ble to the nontreated control cultures (Figure 3). However, compared to the nontreated and
the memantine treated cultures, somewhat reduced cytopathogenic effects were observed
in the amantadine and rimantadine treated cultures. Thus, overall, the three inhibitors did
not show major differences in their barrier to viral escape. The favorable SI of rimantadine
enabled treatment with seven-fold EC50, resulting in additional viral suppression on days
3–5, while on day 7 ≥80% of culture cells became infected. To investigate whether the
acquisition of substitutions might have facilitated viral escape, viruses from all cultures
shown in Figure 3 derived at the peak of infection were subjected to NGS analysis. In
memantine and rimantadine treated cultures, substitutions that were not found in the
nontreated culture were detected, however, without apparent hotspots for substitutions
(Table S3). Thus, inhibitors could only temporarily suppress SARS-CoV-2 at concentrations
permissible in vitro according to inhibitor cytotoxicities.

3.4. Rimantadine Inhibited Infection with SARS-CoV-2 Mainly at the Viral Post-Entry Level

To investigate the mechanism of action of rimantadine, the most promising compound
in this study, we carried out a time-of-addition experiment in VeroE6 cells. Cells were
inoculated with SARS-CoV-2 during a 2-hour infection phase and treated with rimantadine
at different timepoints post inoculation. When rimantadine was added at the time of
inoculation (0 h post inoculation) and removed at the end of the viral infection phase
(2 h post inoculation), 53% inhibition of SARS-CoV-2 infection was observed (Figure 4).
However, when rimantadine was added at different timepoints following the viral infection
phase (2, 4, or 6 h post viral inoculation), >99% inhibition was observed. Thus, it appeared
that rimantadine acted mainly by targeting the virus at the post-entry level while partially
acting at the entry level.
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Figure 2. Analysis of interactions of adamantane derivatives with remdesivir in VeroE6 cells. VeroE6
cells seeded in 96-well plates were infected with SARS-CoV-2 and treated with serial dilutions of
amantadine, memantine, rimantadine, or remdesivir, or a combination of these ion-channel inhibitors
and remdesivir. SARS-CoV-2 infected cells were visualized by immunostaining for spike protein
and quantified by automated counting. For each inhibitor pair to be evaluated, the treatment
conditions indicated on the x-axis were applied. Each treatment condition was defined by a specific
concentration of ion-channel inhibitor singly, a specific concentration of remdesivir singly, and a
combination of these same concentrations of ion-channel inhibitor and remdesivir as indicated,
resulting in three datapoints per treatment condition. Datapoints are means of counts from seven
replicate cultures ± SEM and represent % residual infectivity, determined as % SARS-CoV-2 positive
cells relative to means of counts from infected-nontreated control cultures. Sigmoidal concentration-
response curves were fitted and EC50 values were determined using Graphpad Prism 8.0.0 applying
the formula Y = Top/(1 + 10(Log10EC50-X)*HillSlope). The tested inhibitor concentrations did not affect
cell viability (Figure S6).
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Figure 3. Comparison of barrier to SARS-CoV-2 escape of ion-channel inhibitors in VeroE6 cells.
VeroE6 cells seeded in T25 cell culture flasks were infected with SARS-CoV-2 and treated with ion-
channel inhibitors amantadine, memantine or rimantadine, at specified concentrations. Inhibitors
were administered immediately after infection and on day 1, 3, 5 and 7 upon splitting of cells. % of
SARS-CoV-2 infected cells on the specified days post infection was determined by immunostaining
for SARS-CoV-2 spike protein (green) relative to counterstaining of cell nuclei with Hoechst dye (blue).
Images were obtained using a Zeiss Axiovert microscope equipped with a 40× LD Plan-Neofluar
objective. Cultures summarized in this figure are derived from different experimental setups, each
including an infected-nontreated control culture, which showed viral spread comparable to that in
the depicted representative culture. * Culture was terminated, or infection data not recorded, due to
virus induced cell death.
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Figure 4. Time-of-rimantadine-addition assay in VeroE6 cells. VeroE6 cells seeded in 96-well plates
were inoculated with SARS-CoV-2 during a 2-hour infection phase and treated with 230 µM rimanta-
dine at different timepoints post viral inoculation. At 0 h, viral entry treatment; inhibitor was added
together with the virus at 0 h post inoculation and was removed together with the virus following
the 2-h infection phase. At 2 h, 4 h or 6 h, post-entry treatment; inhibitor was added 2, 4 or 6 h post
inoculation and maintained throughout the 48-hour incubation period. SARS-CoV-2 infected cells
were visualized by immunostaining for spike protein and quantified by automated counting. Data-
points are means of counts from six replicate cultures ± SEM and represent % inhibition, determined
as % SARS-CoV-2 positive cells relative to means of counts from infected-nontreated control cultures,
and was calculated as 100%–% residual infectivity. The tested inhibitor concentration did not affect
cell viability (Figure S2).

4. Discussion

We assessed the efficacy of amantadine, memantine and rimantadine, approved for
the treatment of influenza A and for treatment of neurodegenerative diseases, against
SARS-CoV-2 in the relevant in vitro systems, including human cell lines. While all EC50
were in the micromolar range (26–118 µM), rimantadine seemed the most favorable in-
hibitor with the lowest EC50 and the highest SI in all cell lines. Inhibitors showed mostly
antagonistic effects in combination with remdesivir and had similar barriers to viral escape.
Rimantadine acted mainly at the post-entry level.

In vitro cytotoxicity precluded the application of suppressive inhibitor concentrations
in longer-term treatment assays. It is possible that the observed substitutions that the virus
acquired during treatment contributed to viral escape from treatment at the given concen-
tration by causing resistance. For example influenza A virus was shown to gain resistance
during treatment with amantadine and rimantadine by acquisition of substitutions in the
targets of these inhibitors [18–20]. Alternatively, the acquired substitutions might lead to
an increase in viral fitness thus facilitating viral escape [21]. Future studies are needed to
investigate the effect of the acquired substitutions.

A comparison of EC50 values with peak plasma concentrations (Cmax) and tissue
concentrations might help predicting the possible clinical relevance of the investigated
inhibitors. Cmax/EC50 ratios, based on EC50 values determined in this study in the
different cell lines were <0.1 (Table S4). However, amantadine, showing clinical activity
against influenza A, had in vitro EC50 of 16 µM [22], comparable to EC50 reported in this
study. Moreover, adamantane derivatives appear to largely distribute to the lungs, with
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lung tissue concentrations above Cmax (Table S4). Finally, inhibitor concentrations in the
respiratory tract might be further increased by the improvement of formulations allowing
topical administration by inhalation [23]. Therefore, while cell culture systems provide
a useful tool for determining antiviral effect and the potency of compounds in a time-
and cost-effective manner, future in vivo studies would be useful to determine the clinical
potential of ion-channel inhibitors for the treatment of COVID-19. To date only case reports
and one observational study in patients treated with adamantane derivatives suggested
potential protective effects of these drugs against COVID-19 [11,24].

Antiviral treatment is often based on combinations of drugs to increase the barrier
to viral escape and to improve efficacy. Unfortunately, the combination of adamantane
derivatives and remdesivir did not result in added effects or synergism. Further studies
would be needed to uncover mechanisms underlying the observed antagonistic interactions.
Additionally, future studies might investigate interactions of ion-channel inhibitors with
other drug classes, for example protease inhibitors [14].

Future studies should investigate the mechanism of action and SARS-CoV-2 targets
of the tested inhibitors. In vitro studies suggested amantadine to target SARS-CoV-2
protein E, which was suggested to have ion-channel function [6,25]. Further, amantadine
was shown to inhibit the expression of a lysosomal gene involved in the viral entry of
SARS-CoV-2 in vitro [26]. Moreover, molecular docking studies predicted the binding of
amantadine and memantine to several SARS-CoV-2 targets including SARS-CoV-2 protein
E [27,28], of amantadine to the receptor binding domain of SARS-CoV-2 spike protein [29],
and of rimantadine to the 3CL protease [30]. Finally, it was suggested that amantadine
and memantine had therapeutic effects on COVID-19 by modulation of the host-immune
response [31]. For rimantadine, preliminary mechanism of action studies carried out in
this study suggested main activity at the post-entry level and partial activity at the entry
level, which might suggest that different viral targets exist.

In line with our findings, a recent report demonstrated the activity of amantadine
against SARS-CoV-2 in VeroE6 cells with EC50 of 83–119 µM [32]. Our study adds novel
knowledge to the field by also investigating rimantadine and memantine, both showing
potency superior to amantadine. Furthermore, we demonstrated the activity of these
compounds in human cell lines, including a human lung cell line. In addition, we evaluated
interactions of adamantane derivatives with remdesivir, their barrier to viral escape and
mode of action.

In conclusion, we report in vitro efficacy of approved clinically available ion-channel
inhibitors against SARS-CoV-2. Further studies are needed to assess the clinical utility of
these drugs in the fight against COVID-19.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/v13102082/s1, Figure S1: Structural formulas of ion-channel inhibitors investigated in
this study. Figure S2: Cytotoxicity of ion-channel inhibitors in VeroE6 cells. Figure S3: Cytotoxi-
city of ion-channel inhibitors in Huh7.5 cells. Figure S4: Cytotoxicity of ion-channel inhibitors in
A549-hACE2 cells. Figure S5: Analysis of interactions of ion-channel inhibitors with remdesivir in
Compusyn. Figure S6: Cytotoxicity of ion-channel inhibitors in combination with remdesivir in
VeroE6 cells. Table S1: Treatment conditions and residual infectivity data from combination treatment
assays. Table S2: Analysis of interactions of ion-channel inhibitors with remdesivir in Compusyn.
Table S3: Substitutions acquired during treatment identified in SARS-CoV-2 escape cultures. Table S4:
Pharmacokinetics of adamantane derivatives.
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CC50 median cytotoxic concentration(s)
CI combination index(es)
Cmax peak plasma concentration
COVID-19 coronavirus disease 2019
DMSO dimethyl sulfoxide
EC50 median effective concentration(s)
HCV hepatitis C virus
hACE2 human angiotensin-converting enzyme 2
Huh7.5 human hepatoma Huh7.5 cells
NGS next generation sequencing
SARS-CoV-2 severe acute respiratory syndrome coronavirus 2
SEM standard error of the mean(s)
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