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Background and purpose: The coronavirus disease 2019 (COVID-19) pandemic
has devastated global health and the economy, underscoring the urgent need for
extensive research into the mechanisms of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) viral entry and the development of effective
therapeutic interventions.

Experimental approach: We established a cell line expressing human
angiotensin-converting enzyme 2 (ACE2). We used it as a model of
pseudotyped viral entry using murine leukemia virus (MLV) expressing SARS-
CoV-2 spike (S) protein on its surface and firefly luciferase as a reporter. We
screened an U.S. Food and Drug Administration (FDA)-approved compound
library for inhibiting ACE2-dependent SARS-CoV-2 pseudotyped viral entry
and identified several drug-repurposing candidates.

Key results: We identified 18 drugs and drug candidates, including 14 previously
reported inhibitors of viral entry and four novel candidates. Pyridoxal 5′-
phosphate, Dovitinib, Adefovir dipivoxil, and Biapenem potently inhibit ACE2-
dependent viral entry with inhibitory concentration 50% (IC50) values of 57nM,
74 nM, 130 nM, and 183 nM, respectively.

Conclusion and implications:We identified four novel FDA-approved candidate
drugs for anti-SARS-CoV-2 combination therapy. Our findings contribute to the
growing body of evidence supporting drug repurposing as a viable strategy for
rapidly developing COVID-19 treatments.
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Introduction

The coronavirus disease 2019 (COVID-19) pandemic, caused by the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), has had a catastrophic impact on
global health and the economy. Since its emergence in December 2019, the virus has spread
rapidly, resulting in over 777 million confirmed cases and more than 7 million deaths
worldwide as of January 2025 (World Health Organization, 2025). The ongoing pandemic
has prompted extensive research into the interactions between SARS-CoV-2 and host cells,
primarily focusing on understanding the mechanisms of viral entry and identifying
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potential therapeutic interventions (Jackson et al., 2022; Shang et al.,
2020). The initiation of the viral life cycle hinges on the effective
entry of SARS-CoV-2 into target cells, which begins with the binding
of the virus to the cell surface receptor followed by endocytosis or
direct fusion with the cell surface plasma membrane. Angiotensin-
converting enzyme 2 (ACE2) binds the Spike (S protein), thereby
acting as a receptor for SARS-CoV and SARS-CoV-2 (Hoffmann
et al., 2020; Li et al., 2003). This interaction enables the virus to enter
the cell and replicate, leading to infection and the characteristic
symptoms of COVID-19. Moreover, proteolytic cleavage of the S
protein on the cell surface by the transmembrane serine protease 2
(TMPRSS2) facilitates viral fusion to the membrane (Matsuyama
et al., 2020). Understanding the molecular mechanisms of viral entry
is crucial for developing targeted interventions to prevent or treat
SARS-CoV-2 infection. The urgent need for effective treatments for
COVID-19 has led to a rapid exploration of various strategies for
therapeutic interventions against SARS-CoV-2. One primary focus
has been inhibiting viral entry through targeting the interaction
between the S protein and the ACE2 receptor. This approach has
been explored using small molecule inhibitors, targeted antibodies,
and emerging antiviral technologies (Zhang et al., 2021).

Drug repurposing, which involves using existing U.S. Food and
Drug Administration (FDA)-approved drugs for new indications, has
been evaluated as a potential strategy for treating COVID-19 (Gordon
et al., 2020). High Throughput Screening (HTS) has played a significant
role in drug discovery, particularly in identifying potential treatments
for SARS-CoV-2 infection. HTS involves rapidly testing thousands of
compounds to identify those with antiviral properties, which can
potentially be repurposed for COVID-19 treatment (Riva et al.,
2020). This approach allows for screening many compounds in a
relatively short time, significantly expediting the drug discovery
process. The historical FDA approvals for drug repurposing in
treating COVID-19 reflect the rapid response to a global health
crisis (FDA, 2021). These approvals were based on various clinical
trials and emergency use authorizations (EUAs). Among the FDA-
approved drugs for COVID-19, remdesivir is effective in reducing
hospitalization rates and shortening recovery time (Beigel et al., 2020).
Similarly, monoclonal antibodies such as bamlanivimab and
casirivimab/imdevimab have also received EUAs to treat mild to
moderate COVID-19 cases (FDA, 2020).

In this study, we screened the Johns Hopkins ChemCORE FDA-
approved compound library containing 2,500 compounds to investigate
their potential in inhibiting ACE2-dependent pseudotyped SARS-CoV-
2 viral entry in HEK-293 cells. We identified several candidate
compounds, including four FDA-approved drugs not previously
known to inhibit ACE2-dependent pseudotyped SARS-CoV-2 entry.
These FDA-approved compounds could serve as drug repurposing
candidates for COVID-19 therapy.

Methods

Murine leukemia virus (MLV) pseudovirus production in
human embryonic kidney 293T (HEK-293T) cells: Cells at ~60%
confluence were transfected by the calcium-phosphate method with
50 μg of total DNA per 150 mm plate at a ratio of 3:2:1 by mass of a
plasmid expressing MLV gag and pol proteins (pGag-Pol), the
retroviral vector pQCXIX encoding firefly luciferase (pQC-Fluc),

and a plasmid expressing the 2S-F-mutant protein of SARS-CoV-2
(pCAGGS SARS-2S-FM). Transfected cells were washed 18 h post-
transfection and replenished with 20 mLDMEM supplemented with
10% fetal bovine serum (FBS) 2 mM L-glutamine, and penicillin/
streptomycin. PV-containing culture supernatants were collected
48 h after changing media, cleared through 0.45 μm low protein
binding filters, and used immediately. The plasmids pGag-Pol, pQC-
Fluc, and pCAGGS-SARS-2S-FM are a kind gift from Dr. Michael
Farzan, Boston Children’s Hospital, Harvard Medical School.

Generation of stable cell lines

Stable cell lines for the overexpression of ACE2 and
TMPRSS2 were generated using HEK-293 cells. Briefly, HEK-293
cells were transfected with pCEP4-myc-ACE2 and pCEP4-TMPRSS2
(pCEP4-myc-ACE2 was a gift from Erik Procko (Addgene plasmid #
141185) at a concentration of about 60% using polyfect reagent. The
media was changed 18 h post-transfection with selection media,
DMEM-low glucose, 10% FBS, 2 mM L-glutamine, and penicillin/
streptomycin. The cells were initially selected with 1 mg/mL
hygromycin (Corning #30–240-CR) and then maintained with
0.25 mg/mL hygromycin. Hygromycin selection was removed
when cells were plated for pseudotyped viral entry experiments.

High Throughput Screening (HTS)

We screened the Johns Hopkins ChemCORE compound library
containing 2500 FDA-approved compounds for their effect on ACE-2-
dependent pseudotyped SARS-CoV-2 viral entry as primary criteria.
20,000 cells were plated in each well of a 96-well plate and incubated
overnight at 37°C 5% CO2. The cells were treated with 10uM of all the
FDA drugs for 90 min at 37°C 5% CO2, followed by treatment with the
chilled MLV pseudotyped SARS-CoV-2 virus encoding a luciferase
reporter and 10uM drugs together. This process was performed on ice.
The 96-well plates containing the compounds and virus were
centrifuged at 3,000 rpm for 30 min at 4°C, followed by incubation
at 37°C 5% CO2 for 2 h. Then, the media containing the virus and
compounds was removed and replenished with fresh media, the cells
were incubated further for 48 h at 37°C 5% CO2, followed by the end
point analysis using the firefly luciferase assay. The results were
normalized to the protein content in each well to account for any
variability in the number of cells between different wells.

Luciferase Assay

The luciferase assay was performed following the manufacturer’s
recommendations. Briefly, at the endpoint of the experiment, the media
was removed, and the cells were washed with PBS. Cells were then lysed
using 1X passive lysis buffer (PLB) by rocking the plates for 20 min at
room temperature. The cell lysate was transferred to a white opaque 96-
well plate and added supplemented with the luciferase reagent (LAR-II
solution) at a ratio of 1:4. After hand-rocking it for 1 min, the plate was
read on a plate reader (Molecular Devices, SpectraMaxi3x, CA,
United States). The plate was read at all luciferase wavelengths from
the top of the plate for 1000 ms per well.
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Immunocytochemistry (ICC)

The cells were fixed using 4% PFA in 1x phosphate-buffered
saline (PBS) pH 7.4 for 20 min at room temperature (RT), followed
by washing with PBS. The fixed cells were incubated overnight at 4°C
with a primary monoclonal antibody against myc-tag (9E10 clone,
Invitrogen, United States). After the incubation period,
ACE2 expressing 293T cells were washed three times with PBS
and incubated with AF594 conjugated secondary antibodies (1:500,
Abcam, United States) for 1 h at RT. Finally, after washing three
times with PBS, cells were counterstained with 4′,6-diamidino-2-
phenylindole (DAPI) (#10236276001, Sigma, United States) to
visualize the cell nuclei. Cells were washed 3x with PBS. Stained
cells were examined using a confocal fluorescence microscope
(Zeiss LSM700).

Immunoblotting

Cells were lysed on ice for 20 min in lysis buffer containing
50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1% Triton X-100, protease
inhibitors (complete™, EDTA-free Protease Inhibitor Cocktail from
Sigma) and protein phosphatase inhibitor cocktail. The lysates were
cleared by centrifuging at 16,000 x g for 15 min, followed by
supernatant recovery. Protein Assay Dye Reagent (Bio-Rad) was
used to normalize the total protein content. Protein samples were
prepared for gel-loading by adding 1X final concentration of
NuPAGE LDS Sample Buffer (Invitrogen) supplemented with β-
mercaptoethanol (BME), followed by incubation at 95°C for 5 min.
Thereafter, protein samples were resolved on a mini NuPAGE 4%–
12% Bis-Tris gel (Thermo Fisher, Scientific United States) in the
presence of 1X NuPAGE MES SDS running buffer (Thermo Fisher,
Scientific United States). Proteins were then transferred to
Immobilon-FL (Millipore). Membranes were blocked for 1 h at
room temperature with 10% skimmed milk in TBS, followed by
incubation with the primary antibodies for ACE2 (dilution of 1:
1,000) and β-actin (dilution of 1:2000). Horseradish peroxidase
(HRP)-conjugated secondary antibodies were used for detection
with SuperSignal West Pico chemiluminescence reagent (Thermo
Fisher, Scientific United States).

Dose-Response and Toxicity Assays

Biapenem, Pyridoxal 5′-phosphate, Adefovir dipivoxil, and
Dovitinib were used in dose-response and toxicity assays.

Dose-Response

Different concentrations of the drugs were studied for the
inhibition of pseudotyped SARS-CoV-2 viral entry. Briefly,
30,000 cells were plated in each well of 48-well plate and
incubated overnight at 37°C 5% CO2. The cells were treated with
10pM-300 μM of all the FDA drugs for 90 min at 37°C 5% CO2,
followed by treatment with the chilled SARS-CoV-2 pseudotyped
MLV virus encoding a luciferase reporter and their respective 10pM-
300 μM drugs together. This process was performed on ice. The 96-

well plates containing the compounds and virus were centrifuged at
3,000 rpm for 30 min at 4°C, followed by incubation at 37°C 5% CO2

for 2 h. Then the media containing the virus and compounds was
removed and replenished with fresh media; the cells were incubated
further for 48 h at 37°C 5% CO2, followed by the endpoint analysis
using the firefly luciferase assay. The results were normalized to the
protein content in each well to account for any variability in the
number of cells between different wells.

Toxicity Assay

To test the toxicity, we plated 20,000 cells per well of a 96-well
plate and incubated overnight at 37°C 5% CO2. Then, we treated the
cells with drugs at 10nM-300 μM and incubated at 37°C 5% CO2 for
48 h. The toxicity assay was done using a cell titer glo cell viability kit
from Promega per the manufacturer’s instructions.

Statistical Analysis

Statistical analyses were performed in GraphPad Prism 10.2.3.
Unpaired two-tailed Student’s t-test was used to compare two
groups. One-way or two-way ANOVA with Bonferroni’s post hoc
tests were used to compare more than two groups. The viral entry
experiments were performed in two sets, first where the drug
concentration ranged from 3nM to 300 μM (n = 4) and the second
set from 3pM to 1 μM (n = 4). After normalizing to the vehicle
treatment within each experiment, these sets were combined for the
final dose response for each drug. Non-linear regression analysis was
performed to determine the inhibitory concentration 50% (IC50), IC90,
and concentration of cytotoxicity 50% (CC50) values for Biapenem,
Pyridoxal 5′-phosphate, Adefovir dipivoxil, and Dovitinib.

Results

ACE2-dependent SARS-CoV-2 spike protein
pseudotyped viral entry system

Pseudoviral in vitro models are well-established surrogates for
investigating native viral entry mechanisms into host cells. These
models are based on engineering replication-deficient chimeric viral
particles with the genetic materials of one virus while bearing the
surface protein(s) of a different virus and encoding a quantifiable
reporter. The primary benefit of the pseudoviral in vitro models is
that they enable the experiments to be performed using biosafety
level 2 (BSL-2) protocols and facilities instead of the BSL-3 required
to handle highly pathogenic viruses such as SARS-CoV-2. Since they
only express the surface protein(s) of the native virus, the
pseudoviral particles behave like their native counterparts for the
host cell entry steps (Sedgwick et al., 2024).

To study ACE2-mediated pseudotyped SARS-CoV-2 entry into
cells, we established a HEK-293 cell line stably expressing myc-
tagged human ACE2 (hACE2) (Mou et al., 2021). We confirmed the
expression of hACE2 on the cell surface by immunocytochemistry
(Figure 1A). Also, we characterized hACE2 vs. mouse ACE2
(mACE2) expression as shown by western blot analysis (Figures
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1B,C). We verified FLAG-tagged SARS-CoV-2 Spike (S) protein
expression in 293-cells by western blot (Figure 1D). As predicted,
SARS-CoV-2S is cleaved into S0 and S2 bands. A furin-cleavage-
site-mutant (SARS-CoV-2S-FM) showed one band (Figure 1D).
Previous studies demonstrate that SARS-CoV-2S-FM is not
critical for the efficiency of viral entry (Xia et al., 2020).

To monitor ACE2-mediated viral entry in HEK-293 cells stably
expressing hACE2 or mACE2, we used MLV encoding a luciferase
reporter, pseudotyped with SARS-CoV-2S-FM. Pseudotyped SARS-
CoV-2 entry into cells is facilitated by human, but not mouse ACE2
(Figure 1E), consistent with previous reports showing that SARS-
CoV-2 does not enter mouse cells (Rawle et al., 2021). These results
show that we established a human ACE2-dependent pseudotyped
SARS-CoV-2 entry model in HEK-293 cells.

Screening of an FDA-approved drug library
for inhibition of ACE2-dependent
pseudotyped SARS-CoV-2 entry

We used the SARS-CoV-2S-FM pseudotyped viral entry system
to screen a 2500 FDA-approved drug library for ACE2-dependent
viral entry inhibitors. We used the NIH Molecular Libraries Probe
Centers Network (MLPCN) Johns Hopkins ChemCORE FDA-
approved drug library of nearly 2,500 compounds. We performed
the initial screen twice in 96-well plates at a final concentration of
10μM, including negative and positive control wells in each plate.
We used the firefly luciferase assay normalized to total protein
concentration as a readout for the ACE2-dependent pseudotyped
viral entry. Previous evidence suggests that heat shock protein 90

FIGURE 1
ACE2-dependent SARS-CoV-2 Spike protein pseudotyped viral entry system. (A) Immunostaining of HEK 293 cells overexpressing human myc-
ACE2 using anti-myc antibody showing the plasma membrane distribution of the overexpressed ACE2 protein. (B) Validation of the expression of myc-
tagged human andmouse ACE2 (hACE2 andmACE2, respectively) by western blotting. (C)Quantification of myc-tagged human andmouse ACE2. n = 4,
Unpaired t-test, P < 0.0001, Error bars = +/−SEM. (D)Confirmation of FLAG-tagged-SARS-CoV-2 (2S) spike protein expression in 293 cells. 2S-FM is
a furin protease mutant that is not cleaved into S0 or S2. (E) HEK-293 cells stably expressing hACE2 were transduced with MLV-encoding luciferase
enzyme and pseudotyped with the SARS-CoV-2S-FM spike protein. n = 3, one-way ANOVA, P < 0.0001, Bonferroni’s multiple comparisons test, **** (P <
0.0001). Error bars = +/−SEM.
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(Hsp90) inhibitors could serve as candidate therapeutics against
human coronavirus infections (Li et al., 2020; Silva et al., 2022;
Lubkowska et al., 2021; Alreshidi et al., 2021). We tested whether the
HSP90 inhibitor geldanamycin inhibits ACE2-dependent
pseudoviral entry. Our results show a 10-fold decrease in ACE2-
dependent pseudotyped viral entry by geldanamycin (Figure 2A).
We used geldanamycin as a positive control in our screen. We
optimized the assay concerning cell number, pseudovirus
concentration, and pre-incubation duration with the library
compounds before pseudovirus addition and post-transduction.
We obtained the best signal-to-noise ratio using 3 × 104 cells/
well in 250 μL of pseudovirus-containing media. We used the
FDA-approved compounds at 10 μM final concentration. In the
initial 96-well plates screen, we selected compounds that statistically
significantly inhibited ACE2-dependent pseudotyped viral entry by
at least four folds. Applying these criteria, 250 FDA-approved drugs
were identified as potential hits in the initial SARS-CoV-
2 pseudotyped viral entry assay (Figure 2B).

To narrow down the potential viral entry inhibitors to potent
candidates, we repeated the test for the 250 potential hits selected from
the 96-well plate screens (10 μM final concentration). We performed

the assay in 24-well plates with a final compound concentration of
1 μM. We used geldanamycin at 1 μM final concentration as a positive
control in each plate. Our findings demonstrate a 10-fold decrease in
ACE2-dependent viral entry by 1 μM geldanamycin (Figure 2C). Like
the initial screen, we selected compounds statistically significantly
inhibited ACE2-dependent pseudotyped viral entry by at least four
folds.We identified 18 FDA-approved drugs which that potently inhibit
ACE2-dependent pseudotyped SARS-CoV-2 virus entry (Figure 2D).

The effect of TMPRSS2 on the antiviral
activities of the screen hits

TMPRSS2 proteolytically activate membrane fusion of SARS-CoV-
2, facilitating viral entry (Hoffmann et al., 2020). To assess the effect of
TMPRSS2 on the antiviral activities of the screen hits, we established a
293-cell line stably expressing human ACE2 and TMPRSS2. We tested
the pseudotyped SARS-CoV-2 entry into these cells in the presence or
absence of the TMPRSS2 activity inhibitor nafamostat mesylate or
nafamostat at 1 μM concentration. Nafamostat is a comprehensive
synthetic serine protease inhibitor, used widely as an anti-coagulant and

FIGURE 2
Screening of an FDA-approved drug library for inhibition of ACE2-dependent pseudotyped SARS-CoV-2 entry. (A) Graph confirming that the HEK-
293-ACE2 cell system for the virus entry and inhibition of the viral entry in the presence of geldanamycin (10 μM), used as a positive control for the viral
entry inhibition experiments. n = 27, **** (P < 0.0001), two-tailed t-test. Error bars = ±SEM. (B) Volcano plot for the screening of 2,500 drug library. The
drugs were used at a concentration of 10 μM. Luciferase assay readings were normalized with their respective protein content. (C)Graph confirming
that the HEK-293-ACE2 cell system for the virus entry and inhibition of the viral entry in the presence of geldanamycin (1 μM), used as a positive control for
the viral entry inhibition experiments. n = 3, **** (P < 0.0001), two-tailed t-test. Error bars = ±SEM. (D) Volcano plot for the screening of 240 selected
drugs from the library. The drugs were used at a concentration of 1 μM. Luciferase assay readings were normalized with their respective protein content.
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for non-infectious indications like pancreatitis. Many groups have
confirmed its role and potency in inhibiting SARS-CoV-2 (Mahoney
et al., 2021; Wang et al., 2023; Yamamoto et al., 2020).

The pseudotyped viral entry experiments in the cells expressing
both ACE2 and TMPRSS2 in the presence or absence of the screen
hits with or without nafamostat revealed that our screen hits can be
divided into two groups. The first group included 11 drugs,
verteporfin, methotrexate, sepantronium bromide (YM-155),
adefovir dipivoxil, ganetespib, tenofovir disoproxil, carfilzomib,
dinaciclib, belomycin sulfate, dasatinib, and topotecan. The first
group almost completely blocked the entry of the virus with no
significant effect of TMPRSS2 inhibition (Figure 3A). These findings
suggest that screen hits in the first group potently inhibit ACE2-and
TMPRSS2-activity-dependent pseudotyped SARS-CoV-2 entry. The
second group included seven drugs, biapenem, pyridoxal 5′-
phosphate, osimertinib, omipalisib, selinexor, mitoxanthrone, and
dovitinib. The second group partially blocked the entry of the virus
with a significant synergistic effect of TMPRSS2 inhibition
(Figure 3B). These findings suggest that screen hits in the second
group potently inhibit ACE2-but not TMPRSS2-activity-dependent
pseudotyped SARS-CoV-2 entry.

Antiviral activity and cytotoxicity of
biapenem, pyridoxal 5′-phosphate, adefovir
dipivoxil, and dovitinib

We selected the screen hits that have not been
previously reported for their ability to inhibit pseudotyped

SARS-CoV-2 viral entry, namely, biapenem, pyridoxal 5′-
phosphate, adefovir dipivoxil and dovitinib for further
characterization.

To determine the potency of the selected drugs, we performed
dose-response experiments using 15 drug concentrations ranging
from 30pM to 300 μM in HEK-293 cells stably expressing hACE2.
We found that the IC50 values of pyridoxil 5-phosphate, dovitinib,
adefovir dipivoxil, and biapenem, are 57nM, 74 nM, 130 nM, and
183 nM, respectively. The results suggest that these drugs are potent
inhibitors of ACE2-dependent pseudotyped SARS-CoV-2 viral
entry into cells (Figure 4A).

We determined the cytotoxicity of these compounds in HEK-
293 cells based on the quantification of ATP content as an index for
metabolically active cells. Biapenem, pyridoxal 5′-phosphate, and
adefovir dipivoxil did not show significant toxicity with CC50

values >100 μM. Dovitinib showed relatively more toxicity with
CC50 value of 15.5 μM (Figure 4B).

Selectivity Index (SI) of an anti-viral drug is defined as the ratio
between its cytotoxicity and anti-viral activity (CC50/IC50). It is
considered that the biological efficacy of a drug is not due to its
in vitro cytotoxicity when SI ≥10 (Vonthron-Senecheau et al., 2003;
Muthaura et al., 2011). The optimal drug would exhibit cytotoxicity
only at extremely high concentrations, while displaying antiviral
activity at very low concentrations, resulting in a high selectivity
index. This would allow it to eliminate the target virus at levels far
below its cytotoxic threshold. The selectivity index is a commonly
used parameter to indicate a compound’s in vitro antiviral
effectiveness. We calculated the SI of the four selected drugs. We
found that the SI of biapenem, pyridoxal 5′-phosphate, adefovir

FIGURE 3
The effect of TMPRSS2 on the antiviral activities of the screen hits. (A)Graph showing the inhibitors of the pseudotyped SARS-CoV-2 virus entry into
the cells unaffected by TMPRSS2 inhibition. The luciferase readings were normalized to their respective protein content. n = 3, two-way ANOVA test.
Bonferroni’s multiple comparisons test, **** (P < 0.0001). Error bars = ±SEM. (B) Graph showing the inhibition of the entry of pseudotyped SARS-CoV-
2 virus entry into the cells modulated by TMPRSS2 inhibition. The luciferase readingswere normalized to their respective protein content. n= 3, two-
way ANOVA test. Bonferroni’s multiple comparisons test comparing control vs. entry inhibitors (dotted line comparisons), ** (P = 0.0059), **** (P <
0.0001). Uncorrected Fisher’s LSD for ± nafamostat comparisons (solid line comparisons). **** (P < 0.0001, no treatment, DMSO, Biapenem, Osimertinib,
and Omipalisib), ** (P = 0.0019, pyridoxal 5′-phosphate), ** (P = 0.0032, Selinexor), * (P = 0.0219, mitoxanthrone), * (P = 0.0335, Dovitinib) respectively.
Error bars = ±SEM.
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FIGURE 4
Antiviral activity and cytotoxicity of biapenem, pyridoxal 5′-phosphate, adefovir dipivoxil, and dovitinib. (A) Dose-response pseudovirus entry
analysis of HEK-293-ACE2 cells treated with biapenem, pyridoxal 5′-phosphate, adefovir dipivoxil and dovitinib. The luciferase readings were normalized
to the respective protein content. Three parameters non-linear regression analysis was done; n = at least 4. Error bars = ±SEM (B) Graphs showing the
effect of biapenem, pyridoxal 5′-phosphate, adefovir dipivoxil and dovitinib on the cell-survival upon 48 h of treatment. Non-linear regression
analysis was done: n = 8. Error bars = ±SEM. IC50: inhibitory concentration 50%. IC90: inhibitory concentration 90%. SI: selectivity index. CC50:
concentration of cytotoxicity 50%.
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dipivoxil and dovitinib are 6,164, 15,305, 1,049, and 210,
respectively.

Discussion

The rapid spread of the SARS-CoV-2 virus and its ability to
cause severe respiratory illness has highlighted the urgent need for
effective treatments. Several effective vaccines have been developed
and approved for use (Al-Fattah Yahaya et al., 2023; Wu et al., 2023;
Corbett et al., 2020). However, certain patient groups with reduced
immunity and the elderly do not get complete vaccine protection
(Al-Fattah Yahaya et al., 2023; Wu et al., 2023). Moreover, as of
31 December 2023, only 67% of the world population was vaccinated
with at least a complete primary series of a COVID-19 vaccine
(World Health Organization). Hence, searching for effective
therapies to treat COVID-19 patients remains ongoing.

Despite decades of modern biomedical research, the translation
of bench discoveries into therapeutics is still lagging. The process of
drug discovery and development average around 12 years with cost
estimates range from $160 million to $4.5 billion per new drug
(Schlander et al., 2021). The COVID-19 pandemic has expedited the
development of vaccines and therapeutics to reduce the mortality
and morbidity of this disease. Hence, this urgency caused drug
developers to use drug repurposing as an alternative strategy (Ng
et al., 2021). Drug repurposing seeks new uses outside the scope of
the original medical indication for approved or investigational
drugs. Recent FDA approval to repurpose the general antiviral
remdesivir for treating COVID-19 is a successful example of
drug repurposing (Govender and Chuturgoon, 2022). One
approach to identify potential drugs for COVID-19 treatment is
to screen FDA-approved drugs for their ability to inhibit viral entry.
Viral entry inhibitors impede the initial step of viral infection, thus
limiting viral replication and diminishing harm to the host.

In this study, we performed a drug repurposing screen of
~2,500 FDA-approved compounds targeting ACE2-dependent
pseudotyped SARS-CoV-2 entry into cells. We utilized a
previously established system to screen the compound library at
10 μM against an MLV virus pseudotyped with the SARS-CoV-2S
encoding a luciferase reporter in HEK-293-ACE2 cells (Mediouni
et al., 2022). The hits from the first screen were confirmed using the
same system at 1 μM. We identified 18 FDA-approved hits, four of
which were not previously reported to inhibit SARS-CoV-2 entry.
We tested the 18 hits in HEK-293-ACE2-TMPRSS2 cells with and
without the TMPRSS2 inhibitor nafamostat. We found that 11 hits
potently block pseudotyped SARS-CoV-2 entry in ACE2-TMPRSS2
expressing cells (Figure 3A). The other seven hits reduce
pseudotyped SARS-CoV-2 entry in ACE2-TMPRSS2 expressing
cells, showing synergistic inhibition of viral entry when combined
with nafamostat (Figure 3B). The differential inhibition effect of the
drugs on pseudotyped SARS CoV-2 entry may be attributed to their
specific mechanisms of action.

Drugs inhibiting ACE2-and TMPRSS2- dependent entry
(Figure 3A) might act through multi-targets. They might block
the ACE2 spike protein interaction and obstruct TMPRSS2-
mediated spike protein priming, disrupting the membrane fusion.
Alternatively, inactivation of the viral particles or a post-entry step
might be the target explaining the insensitivity to

TMPRSS2 inhibition. For example, Topotecan inhibits SARS-
CoV-2 pseudovirus entry in vitro and in vivo by decreasing the
protein levels of ACE2 and TMPRSS2 (Tong et al., 2023).
Verteporfin effectively inhibited the SARS-CoV-2 entry in vitro
and prevented SARS-CoV-2 infection in a humanized
ACE2 mouse model. Verteporfin molecule has a porphyrin ring
structure that binds to the ACE2 receptor on the host cell, interfering
with its binding with the viral S protein (Gu et al., 2021). Other
studies showed that verteporfin inhibits SARS-CoV-2 replication, a
post-entry step (Garcia et al., 2022; Wang et al., 2024). Methotrexate
has also been reported to inhibit SARS-CoV-2 entry in vitro and
suppress lung infection and inflammation in a Syrian hamster model
for COVID-19. Methotrexate has a multi-target action, including
inhibiting SARS-CoV-2 entry, replication, and lung inflammation
(Chen et al., 2022). YM-155 was found to have potent anti SARS-
CoV-2 activity by inhibiting the viral papain-like protease (PLpro).
PLpro processes the viral replicase polyprotein into functional units
(Zhao et al., 2021). Adefovir and tenofovir disoproxil fumarate are
known as nucleotide analog reverse transcriptase inhibitors (Chen
et al., 2020; Park et al., 2020). In another study conducted on human
lungs alveolar epithelial cells and validated on hamster model for
SARS CoV-2, the HSP90 inhibitor, ganetespib inhibited SARS-CoV-
2 viral replication in vitro and reduced tissue pathology in vivo
(Teixeira Alves et al., 2024). Carfilzomib is known as an effective
proteasome inhibitor. The main protease of SARS-CoV-2, known as
3CLpro, is essential for its replication. Through virtual screening
technology and molecular dynamics simulations, carfilzomib
demonstrated strong binding affinity to the active sites of 3CLpro,
suggesting its potential to inhibit 3CLpro activity (Wang Q. et al.,
2022). A strong anti-viral activity for the CDK inhibitor dinaciclib
was found in 2 cell lines, Vero E6 and A549-ACE2. As per the study,
dinaciclib shows its anti SARS CoV-2 effect by inhibiting CDK9,
thereby disrupting viral transcription, and replication. This process
potentially reduces the overall SARS-CoV-2 infection (Bouhaddou
et al., 2020). Dasatinib was identified as ADP-ribosylhydrolase
inhibitor for SARS-CoV-2 and MERS-CoV. (Dasovich et al.,
2022). In another study, a combination of dasatinib and
quercetin was shown to reduce SARS-CoV-2 related mortality in
murine K18-ACE2 model. Dasatinib/quercetin markedly elevated
the number of mice exhibiting reduced levels of pro-inflammatory
cytokines linked to COVID-19-related mortality (Pastor-Fernandez
et al., 2023).

On the other hand, drugs that inhibit only ACE2-dependent
entry (Figure 3B) might block the interaction between the spike
protein and ACE2 or inhibit the internalization of the ACE2-viral
particle complex without affecting TMPRSS2 function (Jackson
et al., 2022; Wang L. et al., 2022; Baby et al., 2021). For example,
the nuclear export protein (XPO1) inhibitor, selinexor diminished
SARS-CoV-2 entry in vitro and reduced viral load in vivo likely
through inhibiting XPO1, leading to nuclear localization of ACE2
(Kashyap et al., 2021). Hence, selinexor inhibits ACE2-dependent
SARS-CoV-2 entry by relocating ACE2 from the surface membrane
to the nucleus. Mitoxantrone was found to inhibit SARS-CoV-
2 infection by modulating a heparan sulfate-spike complex in
hACE-HEK293T cells. By modulating this spike-heparan sulfate
complex, it reduces the ability of SARS CoV-2 to bind to the host
cells, thereby reducing viral entry (Zhang et al., 2022). Interestingly,
heparan sulfate facilitates SARS-CoV-2 spike protein binding to
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ACE2 enhancing viral entry (Clausen et al., 2020; Kalra and
Kandimalla, 2021; Zhang et al., 2023). Osimertinib has been
reported effective as a broad-spectrum inhibitor for spike-
mediated entry of pseudotyped SARS-CoV-2 and MERS-S
particles (Chen et al., 2020). It is known to be a tyrosine kinase
inhibitor of the T790M mutant of epidermal growth factor receptor
(EGFR), which is activated along with its major downstream
signaling pathway, the mitogen-activated signaling pathway
(MAPK) during SARS-CoV-2 infection (Engler et al., 2023;
Palakkott et al., 2023). Interestingly, SARS-CoV-2 spike protein
receptor binding doman (RBD) induces EGFR-ACE2 cross talk,
suggesting that EGFR and MAPK signaling are related to SARS-
CoV-2 entry. Also, omipalisib showed potent inhibition of
pseudotyped SARS-CoV-2 virus entry in Vero E6 cells but the
exact mechanism remains unclear (Patten et al., 2022; Jang
et al., 2021).

Our dose-response inhibition of ACE2-dependent pseudotyped
viral entry and toxicity assays provided additional insights into the
potential therapeutic application of the four newly identified anti-
SARS-CoV-2 candidates: Biapenem, pyridoxal 5′-phosphate,
Adeovir dipivoxil and Dovitinib. Biapenem pyridoxal 5′-
phosphate, and Adefovir dipivoxil exhibited low toxicity and
potent inhibitory effects on viral entry. Dovitinib also showed
potent inhibition of viral entry but had relatively higher toxicity
profile, suggesting a need for careful dosage optimization in
potential therapeutic applications. These four selected FDA-
approved drugs were primarily in use to treat different
conditions. In the forthcoming paragraphs, we have discussed
their primary usages and mechanism of action.

Biapenem is a carbapenem broad-spectrum antibiotic that
inhibits bacterial cell wall synthesis. Biapenem is useful for the
treatment of severe infections such as sepsis, lower respiratory
infections, tuberculosis, urinary tract infections, intra-abdominal
and genitourinary infections (Chen et al., 2024; Vora et al., 2022).
A recent drug repurposing study found biapenem to inhibit
particulate matter-induced lung injury. In this context, biapenem
suppresses autophagy by inducing PI3K/Akt/mTOR pathway. Also,
biapenem reduces particulate matter induced TLR4 and
MyD88 upregulation, which correlates with reduction of
inflammation (Lee et al., 2020). Moreover, biapenem might act as
a potent adjunct innate and adaptive immunomodulator (Pahuja
et al., 2023). Here, we found that biapenem potently inhibits ACE-2-
dependent pseudotyped SARS-CoV-2 entry into cells with an IC50 of
183 nM and IC90 of 80.87μM, with a CC50 of 1.1 mM. The SI of
biapenem as calculated is 6,164, making it a potential candidate for
further investigation in COVID-19 treatments. Biapenem dose as an
antibiotic is 300 mg twice a day (Takata et al., 2004). To date, there are
no reports of antiviral activity of biapenem. Based on our experiments,
we hypothesize that biapenem anti-SARS-CoV-2 activity is mediated
by inhibiting ACE2-dependent viral entry. Hence, biapenem might
interfere with the binding of SARS CoV-2 spike protein with ACE2 or
inhibit ACE2-SARS-CoV-2 complex internalization in the cell.

Pyridoxal 5′-phosphate, the active form of vitamin B6, has
shown potential as an antiviral agent, particularly against HIV-1
by binding to the CD4 protein and inhibiting the gp120-CD4
interaction (Salhany and Schopfer, 1993). Pyridoxal 5′-phosphate
antiviral efficacy is further supported by its ability to modify HIV-1
integrase, impairing viral replication (Guo et al., 1994; Williams

et al., 2005). Furthermore, several studies demonstrate anti-
inflammatory activities for pyridoxal 5′-phosphate (Katunuma
et al., 2000; Sakakeeny et al., 2012; Zhang et al., 2016; Qian et al.,
2017; Shan et al., 2020; Du et al., 2020; Zhu et al., 2023; Turnquist,
2023). Hyper-inflammation triggers severe COVID-19 and high
mortality from the disease (Vollbracht and Kraft, 2022; Stroz
et al., 2024). Our results show potent inhibition of pseudotyped
SARS-CoV-2 viral entry into cells using pyridoxal 5′-phosphate with
an IC50 of 57 nM, IC90 of 40 μM and a CC50 of 870 μM. The average
dietary supplement dose recommended for vitamin B6 intake is
about 1.5 mg/day in women and 2 mg/day in men (NIH factsheet).
Therapeutically, it is recommended at a dose of 30 mg/kg/day
enterally, divided into 3-4 doses in epileptic neonatal patients
(Amanda, 2019). Given its SI of 15,305, potent antiviral and anti-
inflammatory activities, Pyridoxal 5′-phosphate seems to be a
promising candidate for combination therapy in COVID-19. Like
biapenem, we hypothesize that pyridoxal 5′-phosphate anti-SARS-
CoV-2 activity is mediated by inhibiting ACE2-dependent
viral entry.

Adefovir dipivoxil, a nucleotide analogue with demonstrated
antiviral efficacy against HBV, HIV, and poxviruses, effectively
reduces viral DNA levels in various models and is well-tolerated
in clinical settings (Julander et al., 2002; Cullen et al., 2001; Dsouza
et al., 2023). The IC50, IC90, and CC50 for adefovir dipivoxil for
SARS-CoV-2 are 130 nM, 55 μM,and 136 μM, respectively. These
values, along with the SI of 1,049, suggest that it might be a good
candidate for combination therapy in COVID-19 management.
Adefovir dipivoxil is shown to be effective at a dose of 10 mg/
day in adults to treat HIV-1 and HPV-B (Guo et al., 1994; Wu et al.,
2008). In coronaviruses like SARS-CoV, MERS-CoV, and SARS-
CoV-2, RNA-dependent RNA polymerase (RdRp) is highly
conserved. RdRp is crucial for replicating and transcribing a viral
RNA genome. Hence, it can be a potential target to inhibit
coronavirus infection. In a study reported by Min et al., adefovir
dipivoxil has shown significant efficacy in inhibiting SARS-CoV-
2 entry into the cells by RdRp inhibition, suggesting a plausible
mechanism of action (Min et al., 2021). Alternatively, adefovir
dipivoxil might be showing its effect by hydrolyzing into adefovir
diphosphate moiety which inhibits deoxyadenosine triphosphate as
a substrate for reverse transcriptase, causing a chain termination of
the growing DNA chain; hence, impeding the viral replication
(Noble and Goa, 1999).

Dovitinib (TKI258), an investigational oral tyrosine kinase
inhibitor targeting multiple receptors including FGF, VEGF, and
PDGF receptors, shows strong inhibitory activity against these
targets with in vitro IC50 values of approximately 10 nM (Motzer
et al., 2014; Chamberlin et al., 2016). It has shown potential in
treating various cancers by inhibiting these pathways, which are
often implicated in tumor growth and resistance to other therapies.
In our study, it has shown significant inhibitory effects against
SARS-CoV-2 with an IC50 value of 74 nM, IC90 of 236 μM and a
CC50 of 15.5 μM. Considering the SI value of dovitinib to be 210, it
could be cautiously considered as a candidate for combination
therapy against COVID-19. According to a phase I/II and
pharmacodynamic study of dovitinib, a dose of 400 mg/d was
shown to be safe and clinically effective (Kim et al., 2011). In
another study, treatment of patients with squamous cell cancer
(SCC) of the lung with dovitinib (500 mg per day) was shown to be
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modestly effecttive (Lim et al., 2016). Dovitinib has been reported to
show anti-cancerous activity through IFN-γ signaling (Cao et al.,
2023). However, there are no reports to date showing its effect as an
antiviral drug. Based on our study, we hypothesize that dovitinib
anti-SARS-CoV-2 activity is mediated by inhibiting ACE2-
dependent viral entry.

In summary, we have identified 18 FDA-approved drugs which
effectively inhibit the ACE2-dependant entry of pseudotyped SARS-
CoV-2 into the cells. 14 of these drugs have recently been reported.
Our screen confirms their role as anti-SARS-CoV-2 candidates. We
identified four novel anti-SARS-CoV-2 candidates. Lessons from the
HIV and hepatitis C show that combined antiviral therapy allows
higher antiviral efficacy than single drugs (Hollande et al., 2020;
Margolis and Hazuda, 2013). Pyridoxal 5′-phosphate, Dovitinib,
Adeovir dipivoxil, and Biapenem might help develop combined
anti-SARS-CoV-2 therapies.

Data availability statement

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be directed
to the corresponding author.

Ethics statement

Ethical approval was not required for the studies on humans in
accordance with the local legislation and institutional requirements
because only commercially available established cell lines were used.

Author contributions

MS: Data curation, Formal Analysis, Investigation,
Methodology, Validation, Visualization, Writing–original draft,
Writing–review and editing. SS: Data curation, Investigation,
Methodology, Writing–original draft. RE: Visualization,
Writing–original draft, Writing–review and editing. MH:
Conceptualization, Formal Analysis, Funding acquisition, Project
administration, Resources, Supervision, Writing–original draft,
Writing–review and editing, Methodology, Visualization.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by the Johns Hopkins Fisher Center Discovery
Program Award to MH (FCDP, 017HAR 2021) and Maryland
Stem Cell Research Fund (MSCRF) Discovery Program to MH
(2023-MSCRFD-6177).

Acknowledgments

We acknowledge Michael Farzan and Huihui Mou, Boston
Children’s Hospital, Harvard Medical School for kindly providing
the pseudoviral plasmids pGag-Pol, pQC-Fluc, and pCAGGS-
SARS-2S-FM for our work.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Generative AI statement

The authors declare that no Generative AI was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Al-Fattah Yahaya, A. A., Khalid, K., Lim, H. X., and Poh, C. L. (2023). Development of
next generation vaccines against SARS-CoV-2 and variants of concern. Viruses 15 (3),
624. doi:10.3390/v15030624

Alreshidi, F. S., Iag, M. A. H., and Arif, J. M. (2021). Piperaquine- and aspirin-
mediated protective role of HSP70 and HSP90 as modes to strengthen the natural
immunity against potent SARS-CoV-2. Biointerface Res. Appl. Chem 11(4):
12364–12379. doi:10.33263/BRIAC114.1236412379

Amanda, G. (2019). Sandoval karamian CJW. Antiepileptic drug therapy in neonates.
Elsevier.

Baby, K., Maity, S., Mehta, C. H., Suresh, A., Nayak, U. Y., and Nayak, Y. (2021).
SARS-CoV-2 entry inhibitors by dual targeting TMPRSS2 and ACE2: an in silico drug
repurposing study. Eur. J. Pharmacol. 896, 173922. doi:10.1016/j.ejphar.2021.173922

Beigel, J. H., Tomashek, K. M., Dodd, L. E., Mehta, A. K., Zingman, B. S., Kalil, A. C.,
et al. (2020). Remdesivir for the treatment of covid-19 - final report. N. Engl. J. Med. 383
(19), 1813–1826. doi:10.1056/NEJMoa2007764

Bouhaddou, M., Memon, D., Meyer, B., White, K. M., Rezelj, V. V., Correa Marrero,
M., et al. (2020). The global phosphorylation landscape of SARS-CoV-2 infection. Cell
182 (3), 685–712.e19. doi:10.1016/j.cell.2020.06.034

Cao, L. L., Lu, H., Soutto, M., Bhat, N., Chen, Z., Peng, D., et al. (2023).
Multivalent tyrosine kinase inhibition promotes T cell recruitment to immune-
desert gastric cancers by restricting epithelial-mesenchymal transition via tumour-
intrinsic IFN-gamma signalling. Gut 72 (11), 2038–2050. doi:10.1136/gutjnl-2022-
329134

Chamberlin, M. D., Bernhardt, E. B., and Miller, T. W. (2016). Clinical
implementation of novel targeted therapeutics in advanced breast cancer. J. Cell
Biochem. 117 (11), 2454–2463. doi:10.1002/jcb.25590

Chen, C. Z., Xu, M., Pradhan, M., Gorshkov, K., Petersen, J. D., Straus, M. R., et al.
(2020). Identifying SARS-CoV-2 entry inhibitors through drug repurposing screens of
SARS-S and MERS-S pseudotyped particles. ACS Pharmacol. Transl. Sci. 3 (6),
1165–1175. doi:10.1021/acsptsci.0c00112

Frontiers in Pharmacology frontiersin.org10

Singh et al. 10.3389/fphar.2025.1537912

https://doi.org/10.3390/v15030624
https://doi.org/10.33263/BRIAC114.1236412379
https://doi.org/10.1016/j.ejphar.2021.173922
https://doi.org/10.1056/NEJMoa2007764
https://doi.org/10.1016/j.cell.2020.06.034
https://doi.org/10.1136/gutjnl-2022-329134
https://doi.org/10.1136/gutjnl-2022-329134
https://doi.org/10.1002/jcb.25590
https://doi.org/10.1021/acsptsci.0c00112
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1537912


Chen, D., Wu, X., Zhang, H., Yao, H., Jin, L., Luo, X., et al. (2024). Population
pharmacokinetics, dosing optimization and clinical outcomes of biapenem in patients
with sepsis. Front. Pharmacol. 15, 1388150. doi:10.3389/fphar.2024.1388150

Chen, Y. T., Chang, Y. H., Pathak, N., Tzou, S. C., Luo, Y. C., Hsu, Y. C., et al. (2022).
Methotrexate inhibition of SARS-CoV-2 entry, infection and inflammation revealed by
bioinformatics approach and a hamster model. Front. Immunol. 13, 1080897. doi:10.
3389/fimmu.2022.1080897

Clausen, T. M., Sandoval, D. R., Spliid, C. B., Pihl, J., Perrett, H. R., Painter, C. D., et al.
(2020). SARS-CoV-2 infection depends on cellular heparan sulfate and ACE2. Cell 183
(4), 1043–1057.e15. doi:10.1016/j.cell.2020.09.033

Corbett, K. S., Flynn, B., Foulds, K. E., Francica, J. R., Boyoglu-Barnum, S., Werner, A.
P., et al. (2020). Evaluation of the mRNA-1273 vaccine against SARS-CoV-2 in
nonhuman primates. N. Engl. J. Med. 383 (16), 1544–1555. doi:10.1056/
NEJMoa2024671

Cullen, J. M., Li, D. H., Brown, C., Eisenberg, E. J., Cundy, K. C., Wolfe, J., et al. (2001).
Antiviral efficacy and pharmacokinetics of oral adefovir dipivoxil in chronically
woodchuck hepatitis virus-infected woodchucks. Antimicrob. Agents Chemother. 45
(10), 2740–2745. doi:10.1128/AAC.45.10.2740-2745.2001

Dasovich, M., Zhuo, J., Goodman, J. A., Thomas, A., McPherson, R. L., Jayabalan, A.
K., et al. (2022). High-Throughput activity assay for screening inhibitors of the SARS-
CoV-2 Mac1 macrodomain. ACS Chem. Biol. 17 (1), 17–23. doi:10.1021/acschembio.
1c00721

Dsouza, L., Pant, A., Offei, S., Priyamvada, L., Pope, B., Satheshkumar, P. S., et al.
(2023). Antiviral activities of two nucleos(t)ide analogs against vaccinia, mpox, and
cowpox viruses in primary human fibroblasts. Antivir. Res. 216, 105651. doi:10.1016/j.
antiviral.2023.105651

Du, X., Yang, Y., Zhan, X., Huang, Y., Fu, Y., Zhang, Z., et al. (2020). Vitamin
B6 prevents excessive inflammation by reducing accumulation of sphingosine-1-
phosphate in a sphingosine-1-phosphate lyase-dependent manner. J. Cell Mol. Med.
24 (22), 13129–13138. doi:10.1111/jcmm.15917

Engler, M., Albers, D., Von Maltitz, P., Gross, R., Munch, J., and Cirstea, I. C. (2023).
ACE2-EGFR-MAPK signaling contributes to SARS-CoV-2 infection. Life Sci. Alliance 6
(9), e202201880. doi:10.26508/lsa.202201880

Garcia, G., Jr., Jeyachandran, A. V., Wang, Y., Irudayam, J. I., Cario, S. C., Sen, C., et al.
(2022). Hippo signaling pathway activation during SARS-CoV-2 infection contributes
to host antiviral response. PLoS Biol. 20 (11), e3001851. doi:10.1371/journal.pbio.
3001851

Gordon, D. E., Jang, G. M., Bouhaddou, M., Xu, J., Obernier, K., White, K. M., et al.
(2020). A SARS-CoV-2 protein interaction map reveals targets for drug repurposing.
Nature 583 (7816), 459–468. doi:10.1038/s41586-020-2286-9

Govender, K., and Chuturgoon, A. (2022). An overview of repurposed drugs for
potential COVID-19 treatment. Antibiot. (Basel) 11 (12), 1678. doi:10.3390/
antibiotics11121678

Gu, C., Wu, Y., Guo, H., Zhu, Y., Xu, W., Wang, Y., et al. (2021). Protoporphyrin IX
and verteporfin potently inhibit SARS-CoV-2 infection in vitro and in a mouse model
expressing human ACE2. Sci. Bull. (Beijing). 66 (9), 925–936. doi:10.1016/j.scib.2020.
12.005

Guo, L., Heinzinger, N. K., Stevenson, M., Schopfer, L. M., and Salhany, J. M. (1994).
Inhibition of gp120-CD4 interaction and human immunodeficiency virus type
1 infection in vitro by pyridoxal 5’-phosphate. Antimicrob. Agents Chemother. 38
(10), 2483–2487. doi:10.1128/AAC.38.10.2483

Hoffmann, M., Kleine-Weber, H., Schroeder, S., Kruger, N., Herrler, T., Erichsen, S.,
et al. (2020). SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is blocked by
a clinically proven protease inhibitor. Cell 181 (2), 271–280.e8. doi:10.1016/j.cell.2020.
02.052

Hollande, C., Parlati, L., and Pol, S. (2020). Micro-elimination of hepatitis C virus.
Liver Int. 40 (Suppl. 1), 67–71. doi:10.1111/liv.14363

Jackson, C. B., Farzan, M., Chen, B., and Choe, H. (2022). Mechanisms of SARS-CoV-
2 entry into cells.Nat. Rev. Mol. Cell Biol. 23 (1), 3–20. doi:10.1038/s41580-021-00418-x

Jang, W. D., Jeon, S., Kim, S., and Lee, S. Y. (2021). Drugs repurposed for COVID-19
by virtual screening of 6,218 drugs and cell-based assay. Proc. Natl. Acad. Sci. U. S. A.
118 (30), e2024302118. doi:10.1073/pnas.2024302118

Julander, J. G., Sidwell, R. W., and Morrey, J. D. (2002). Characterizing antiviral
activity of adefovir dipivoxil in transgenic mice expressing hepatitis B virus. Antivir. Res.
55 (1), 27–40. doi:10.1016/s0166-3542(01)00223-6

Kalra, R. S., and Kandimalla, R. (2021). Engaging the spikes: heparan sulfate facilitates
SARS-CoV-2 spike protein binding to ACE2 and potentiates viral infection. Signal
Transduct. Target Ther. 6 (1), 39. doi:10.1038/s41392-021-00470-1

Kashyap, T., Murray, J., Walker, C. J., Chang, H., Tamir, S., Hou, B., et al. (2021).
Selinexor, a novel selective inhibitor of nuclear export, reduces SARS-CoV-2 infection
and protects the respiratory system in vivo. Antivir. Res. 192, 105115. doi:10.1016/j.
antiviral.2021.105115

Katunuma, N., Matsui, A., Endo, K., Hanba, J., Sato, A., Nakano, M., et al. (2000).
Inhibition of intracellular cathepsin activities and suppression of immune responses
mediated by helper T lymphocyte type-2 by peroral or intraperitoneal administration of

vitamin B6. Biochem. Biophys. Res. Commun. 272 (1), 151–155. doi:10.1006/bbrc.2000.
2738

Kim, K. B., Chesney, J., Robinson, D., Gardner, H., Shi, M. M., and Kirkwood, J. M.
(2011). Phase I/II and pharmacodynamic study of dovitinib (TKI258), an inhibitor of
fibroblast growth factor receptors and VEGF receptors, in patients with advanced
melanoma. Clin. Cancer Res. 17 (23), 7451–7461. doi:10.1158/1078-0432.CCR-11-1747

Lee, W., Baek, M. C., Kim, K. M., and Bae, J. S. (2020). Biapenem as a novel insight
into drug repositioning against particulate matter-induced lung injury. Int. J. Mol. Sci.
21 (4), 1462. doi:10.3390/ijms21041462

Li, C., Chu, H., Liu, X., Chiu, M. C., Zhao, X., Wang, D., et al. (2020). Human
coronavirus dependency on host heat shock protein 90 reveals an antiviral target.
Emerg. Microbes Infect. 9 (1), 2663–2672. doi:10.1080/22221751.2020.1850183

Li, W., Moore, M. J., Vasilieva, N., Sui, J., Wong, S. K., Berne, M. A., et al. (2003).
Angiotensin-converting enzyme 2 is a functional receptor for the SARS coronavirus.
Nature 426 (6965), 450–454. doi:10.1038/nature02145

Lim, S. H., Sun, J. M., Choi, Y. L., Kim, H. R., Ahn, S., Lee, J. Y., et al. (2016). Efficacy
and safety of dovitinib in pretreated patients with advanced squamous non-small cell
lung cancer with FGFR1 amplification: a single-arm, phase 2 study. Cancer 122 (19),
3024–3031. doi:10.1002/cncr.30135

Lubkowska, A., Pluta, W., Stronska, A., and Lalko, A. (2021). Role of heat shock
proteins (HSP70 and HSP90) in viral infection. Int. J. Mol. Sci. 22 (17), 9366. doi:10.
3390/ijms22179366

Mahoney, M., Damalanka, V. C., Tartell, M. A., Chung, D. H., Lourenco, A. L., Pwee,
D., et al. (2021). A novel class of TMPRSS2 inhibitors potently block SARS-CoV-2 and
MERS-CoV viral entry and protect human epithelial lung cells. Proc. Natl. Acad. Sci. U.
S. A. 118 (43), e2108728118. doi:10.1073/pnas.2108728118

Margolis, D. M., and Hazuda, D. J. (2013). Combined approaches for HIV cure. Curr.
Opin. HIV AIDS 8 (3), 230–235. doi:10.1097/COH.0b013e32835ef089

Matsuyama, S., Nao, N., Shirato, K., Kawase, M., Saito, S., Takayama, I., et al. (2020).
Enhanced isolation of SARS-CoV-2 by TMPRSS2-expressing cells. Proc. Natl. Acad. Sci.
U. S. A. 117 (13), 7001–7003. doi:10.1073/pnas.2002589117

Mediouni, S., Mou, H., Otsuka, Y., Jablonski, J. A., Adcock, R. S., Batra, L., et al.
(2022). Identification of potent small molecule inhibitors of SARS-CoV-2 entry. SLAS
Discov. 27 (1), 8–19. doi:10.1016/j.slasd.2021.10.012

Min, J. S., Kwon, S., and Jin, Y. H. (2021). SARS-CoV-2 RdRp inhibitors selected from
a cell-based SARS-CoV-2 RdRp activity assay system. Biomedicines 9 (8), 996. doi:10.
3390/biomedicines9080996

Motzer, R. J., Porta, C., Vogelzang, N. J., Sternberg, C. N., Szczylik, C., Zolnierek, J.,
et al. (2014). Dovitinib versus sorafenib for third-line targeted treatment of patients with
metastatic renal cell carcinoma: an open-label, randomised phase 3 trial. Lancet Oncol.
15 (3), 286–296. doi:10.1016/S1470-2045(14)70030-0

Mou, H., Quinlan, B. D., Peng, H., Liu, G., Guo, Y., Peng, S., et al. (2021). Mutations
derived from horseshoe bat ACE2 orthologs enhance ACE2-Fc neutralization of SARS-
CoV-2. PLoS Pathog. 17 (4), e1009501. doi:10.1371/journal.ppat.1009501

Muthaura, C. N., Keriko, J. M., Derese, S., Yenesew, A., and Rukunga, G. M. (2011).
Investigation of some medicinal plants traditionally used for treatment of malaria in
Kenya as potential sources of antimalarial drugs. Exp. Parasitol. 127 (3), 609–626.
doi:10.1016/j.exppara.2010.11.004

Ng, Y. L., Salim, C. K., and Chu, J. J. H. (2021). Drug repurposing for COVID-19:
approaches, challenges and promising candidates. Pharmacol. Ther. 228, 107930.
doi:10.1016/j.pharmthera.2021.107930

Noble, S., and Goa, K. L. (1999). Adefovir dipivoxil. Drugs 58 (3), 479–489. doi:10.
2165/00003495-199958030-00010

Pahuja, I., Verma, A., Ghoshal, A., Mukhopadhyay, S., Kumari, A., Shaji, A., et al.
(2023). Biapenem, a carbapenem antibiotic, elicits mycobacteria specific immune
responses and reduces the recurrence of tuberculosis. Microbiol. Spectr. 11 (4),
e0085823. doi:10.1128/spectrum.00858-23

Palakkott, A. R., Alneyadi, A., Muhammad, K., Eid, A. H., Amiri, K. M. A., Akli
Ayoub, M., et al. (2023). The SARS-CoV-2 spike protein activates the epidermal growth
factor receptor-mediated signaling. Vaccines (Basel) 11 (4), 768. doi:10.3390/
vaccines11040768

Park, S. J., Yu, K. M., Kim, Y. I., Kim, S. M., Kim, E. H., Kim, S. G., et al. (2020).
Antiviral efficacies of FDA-approved drugs against SARS-CoV-2 infection in ferrets.
mBio 11 (3). doi:10.1128/mBio.01114-20

Pastor-Fernandez, A., Bertos, A. R., Sierra-Ramirez, A., Del Moral-Salmoral, J.,
Merino, J., de Avila, A. I., et al. (2023). Treatment with the senolytics dasatinib/
quercetin reduces SARS-CoV-2-related mortality in mice. Aging Cell 22 (3), e13771.
doi:10.1111/acel.13771

Patten, J. J., Keiser, P. T., Morselli-Gysi, D., Menichetti, G., Mori, H., Donahue, C. J.,
et al. (2022). Identification of potent inhibitors of SARS-CoV-2 infection by combined
pharmacological evaluation and cellular network prioritization. iScience 25 (9), 104925.
doi:10.1016/j.isci.2022.104925

Qian, B., Shen, S., Zhang, J., and Jing, P. (2017). Effects of vitamin B6 deficiency on the
composition and functional potential of T cell populations. J. Immunol. Res. 2017,
2197975. doi:10.1155/2017/2197975

Frontiers in Pharmacology frontiersin.org11

Singh et al. 10.3389/fphar.2025.1537912

https://doi.org/10.3389/fphar.2024.1388150
https://doi.org/10.3389/fimmu.2022.1080897
https://doi.org/10.3389/fimmu.2022.1080897
https://doi.org/10.1016/j.cell.2020.09.033
https://doi.org/10.1056/NEJMoa2024671
https://doi.org/10.1056/NEJMoa2024671
https://doi.org/10.1128/AAC.45.10.2740-2745.2001
https://doi.org/10.1021/acschembio.1c00721
https://doi.org/10.1021/acschembio.1c00721
https://doi.org/10.1016/j.antiviral.2023.105651
https://doi.org/10.1016/j.antiviral.2023.105651
https://doi.org/10.1111/jcmm.15917
https://doi.org/10.26508/lsa.202201880
https://doi.org/10.1371/journal.pbio.3001851
https://doi.org/10.1371/journal.pbio.3001851
https://doi.org/10.1038/s41586-020-2286-9
https://doi.org/10.3390/antibiotics11121678
https://doi.org/10.3390/antibiotics11121678
https://doi.org/10.1016/j.scib.2020.12.005
https://doi.org/10.1016/j.scib.2020.12.005
https://doi.org/10.1128/AAC.38.10.2483
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1111/liv.14363
https://doi.org/10.1038/s41580-021-00418-x
https://doi.org/10.1073/pnas.2024302118
https://doi.org/10.1016/s0166-3542(01)00223-6
https://doi.org/10.1038/s41392-021-00470-1
https://doi.org/10.1016/j.antiviral.2021.105115
https://doi.org/10.1016/j.antiviral.2021.105115
https://doi.org/10.1006/bbrc.2000.2738
https://doi.org/10.1006/bbrc.2000.2738
https://doi.org/10.1158/1078-0432.CCR-11-1747
https://doi.org/10.3390/ijms21041462
https://doi.org/10.1080/22221751.2020.1850183
https://doi.org/10.1038/nature02145
https://doi.org/10.1002/cncr.30135
https://doi.org/10.3390/ijms22179366
https://doi.org/10.3390/ijms22179366
https://doi.org/10.1073/pnas.2108728118
https://doi.org/10.1097/COH.0b013e32835ef089
https://doi.org/10.1073/pnas.2002589117
https://doi.org/10.1016/j.slasd.2021.10.012
https://doi.org/10.3390/biomedicines9080996
https://doi.org/10.3390/biomedicines9080996
https://doi.org/10.1016/S1470-2045(14)70030-0
https://doi.org/10.1371/journal.ppat.1009501
https://doi.org/10.1016/j.exppara.2010.11.004
https://doi.org/10.1016/j.pharmthera.2021.107930
https://doi.org/10.2165/00003495-199958030-00010
https://doi.org/10.2165/00003495-199958030-00010
https://doi.org/10.1128/spectrum.00858-23
https://doi.org/10.3390/vaccines11040768
https://doi.org/10.3390/vaccines11040768
https://doi.org/10.1128/mBio.01114-20
https://doi.org/10.1111/acel.13771
https://doi.org/10.1016/j.isci.2022.104925
https://doi.org/10.1155/2017/2197975
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1537912


Rawle, D. J., Le, T. T., Dumenil, T., Yan, K., Tang, B., Nguyen, W., et al. (2021). ACE2-
lentiviral transduction enables mouse SARS-CoV-2 infection and mapping of receptor
interactions. PLoS Pathog. 17 (7), e1009723. doi:10.1371/journal.ppat.1009723

Riva, L., Yuan, S., Yin, X., Martin-Sancho, L., Matsunaga, N., Pache, L., et al. (2020).
Discovery of SARS-CoV-2 antiviral drugs through large-scale compound repurposing.
Nature 586 (7827), 113–119. doi:10.1038/s41586-020-2577-1

Sakakeeny, L., Roubenoff, R., Obin, M., Fontes, J. D., Benjamin, E. J., Bujanover, Y.,
et al. (2012). Plasma pyridoxal-5-phosphate is inversely associated with systemic
markers of inflammation in a population of U.S. adults. J. Nutr. 142 (7), 1280–1285.
doi:10.3945/jn.111.153056

Salhany, J. M., and Schopfer, L. M. (1993). Pyridoxal 5’-phosphate binds specifically to
soluble CD4 protein, the HIV-1 receptor. Implications for AIDS therapy. J. Biol. Chem.
268 (11), 7643–7645. doi:10.1016/s0021-9258(18)53005-2

Schlander, M., Hernandez-Villafuerte, K., Cheng, C. Y., Mestre-Ferrandiz, J., and
Baumann, M. (2021). How much does it cost to research and develop a new drug? A
systematic review and assessment. Pharmacoeconomics 39 (11), 1243–1269. doi:10.
1007/s40273-021-01065-y

Sedgwick, R. L., ElBohy, O., and Daly, J. M. (2024). Role of pseudotyped viruses in
understanding epidemiology, pathogenesis and immunity of viral diseases affecting
both horses and humans. Virology 597, 110164. doi:10.1016/j.virol.2024.110164

Shan, M. R., Zhou, S. N., Fu, C. N., Song, J. W., Wang, X. Q., Bai, W. W., et al. (2020).
Vitamin B6 inhibits macrophage activation to prevent lipopolysaccharide-induced
acute pneumonia in mice. J. Cell Mol. Med. 24 (5), 3139–3148. doi:10.1111/jcmm.14983

Shang, J., Wan, Y., Luo, C., Ye, G., Geng, Q., Auerbach, A., et al. (2020). Cell entry
mechanisms of SARS-CoV-2. Proc. Natl. Acad. Sci. U. S. A. 117 (21), 11727–11734.
doi:10.1073/pnas.2003138117

Silva, R., Ribeiro, J. S., da Silva, G. P. D., da Costa, L. J., and Travassos, L. H. (2022).
Autophagy modulators in coronavirus diseases: a double strike in viral burden and
inflammation. Front. Cell Infect. Microbiol. 12, 845368. doi:10.3389/fcimb.2022.845368

Stroz, S., Kosiorek, P., and Stasiak-Barmuta, A. (2024). The COVID-19 inflammation
and high mortality mechanism trigger. Immunogenetics 76 (1), 15–25. doi:10.1007/
s00251-023-01326-4

Takata, T., Aizawa, K., Shimizu, A., Sakakibara, S., Watabe, H., and Totsuka, K.
(2004). Optimization of dose and dose regimen of biapenem based on pharmacokinetic
and pharmacodynamic analysis. J. Infect. Chemother. 10 (2), 76–85. doi:10.1007/
s10156-003-0292-0

Teixeira Alves, L. G., Baumgardt, M., Langner, C., Fischer, M., Maria Adler, J., Bushe,
J., et al. (2024). Protective role of the HSP90 inhibitor, STA-9090, in lungs of SARS-
CoV-2-infected Syrian golden hamsters. BMJ Open Respir. Res. 11 (1), e001762. doi:10.
1136/bmjresp-2023-001762

Tong, Q., Liu, G., Sang, X., Zhu, X., Fu, X., Dou, C., et al. (2023). Targeting RNA
G-quadruplex with repurposed drugs blocks SARS-CoV-2 entry. PLoS Pathog. 19 (1),
e1011131. doi:10.1371/journal.ppat.1011131

Turnquist, H. R. (2023). Vitamin B-reath easier: vitamin B6 derivatives reduce IL-33
to limit lung inflammation. Cell Mol. Immunol. 20 (12), 1527–1529. doi:10.1038/
s41423-023-01076-z

Vollbracht, C., and Kraft, K. (2022). Oxidative stress and hyper-inflammation as major
drivers of severe COVID-19 and long COVID: Implications for the benefit of high-dose
intravenous vitamin C. Front. Pharmacol. 13, 899198. doi:10.3389/fphar.2022.899198

Vonthron-Senecheau, C., Weniger, B., Ouattara, M., Bi, F. T., Kamenan, A., Lobstein,
A., et al. (2003). In vitro antiplasmodial activity and cytotoxicity of ethnobotanically
selected Ivorian plants. J. Ethnopharmacol. 87 (2-3), 221–225. doi:10.1016/s0378-
8741(03)00144-2

Vora, A., Tiwaskar, M., and Joshi, S. (2022). Biapenem. J. Assoc. Physicians India 70
(1), 11–12. doi:10.5005/japi-11001-0071

Wang, H., Yang, Q., Liu, X., Xu, Z., Shao, M., Li, D., et al. (2023). Structure-based
discovery of dual pathway inhibitors for SARS-CoV-2 entry. Nat. Commun. 14 (1),
7574. doi:10.1038/s41467-023-42527-5

Wang, L., Wu, Y., Yao, S., Ge, H., Zhu, Y., Chen, K., et al. (2022b). Discovery of
potential small molecular SARS-CoV-2 entry blockers targeting the spike protein. Acta
Pharmacol. Sin. 43 (4), 788–796. doi:10.1038/s41401-021-00735-z

Wang, Q., Zhao, Y., Chen, X., and Hong, A. (2022a). Virtual screening of
approved clinic drugs with main protease (3CL(pro)) reveals potential
inhibitory effects on SARS-CoV-2. J. Biomol. Struct. Dyn. 40 (2), 685–695.
doi:10.1080/07391102.2020.1817786

Wang, X., Zhu, Y., Wu, Q., Jiang, N., Xie, Y., and Deng, Q. (2024). Development of a
cell culture model for inducible SARS-CoV-2 replication. Viruses 16 (5), 708. doi:10.
3390/v16050708

Williams, K. L., Zhang, Y., Shkriabai, N., Karki, R. G., Nicklaus, M. C., Kotrikadze, N.,
et al. (2005). Mass spectrometric analysis of the HIV-1 integrase-pyridoxal 5’-phosphate
complex reveals a new binding site for a nucleotide inhibitor. J. Biol. Chem. 280 (9),
7949–7955. doi:10.1074/jbc.M413579200

Wu, I. C., Shiffman, M. L., Tong, M. J., Marcellin, P., Mondou, E., Frederick, D., et al.
(2008). Sustained hepatitis B e antigen seroconversion in patients with chronic hepatitis
B after adefovir dipivoxil treatment: analysis of precore and basal core promoter
mutants. Clin. Infect. Dis. 47 (10), 1305–1311. doi:10.1086/592570

Wu, N., Joyal-Desmarais, K., Ribeiro, P. A. B., Vieira, A. M., Stojanovic, J.,
Sanuade, C., et al. (2023). Long-term effectiveness of COVID-19 vaccines
against infections, hospitalisations, and mortality in adults: findings from a
rapid living systematic evidence synthesis and meta-analysis up to
December, 2022. Lancet Respir. Med. 11 (5), 439–452. doi:10.1016/S2213-
2600(23)00015-2

Xia, S., Lan, Q., Su, S., Wang, X., Xu,W., Liu, Z., et al. (2020). The role of furin cleavage
site in SARS-CoV-2 spike protein-mediated membrane fusion in the presence or
absence of trypsin. Signal Transduct. Target Ther. 5 (1), 92. doi:10.1038/s41392-020-
0184-0

Yamamoto, M., Kiso, M., Sakai-Tagawa, Y., Iwatsuki-Horimoto, K., Imai, M., Takeda,
M., et al. (2020). The antimalarial compound atovaquone inhibits zika and dengue virus
infection by blocking E protein-mediated membrane fusion.Viruses 12 (6), 1475. doi:10.
3390/v12121475

Zhang, C. H., Spasov, K. A., Reilly, R. A., Hollander, K., Stone, E. A., Ippolito, J. A.,
et al. (2021). Optimization of triarylpyridinone inhibitors of the main protease of SARS-
CoV-2 to low-nanomolar antiviral potency. ACS Med. Chem. Lett. 12 (8), 1325–1332.
doi:10.1021/acsmedchemlett.1c00326

Zhang, P., Tsuchiya, K., Kinoshita, T., Kushiyama, H., Suidasari, S., Hatakeyama, M.,
et al. (2016). Vitamin B6 prevents IL-1β protein production by inhibiting
NLRP3 inflammasome activation. J. Biol. Chem. 291 (47), 24517–24527. doi:10.
1074/jbc.M116.743815

Zhang, Q., Radvak, P., Lee, J., Xu, Y., Cao-Dao, V., Xu, M., et al. (2022). Mitoxantrone
modulates a heparan sulfate-spike complex to inhibit SARS-CoV-2 infection. Sci. Rep.
12 (1), 6294. doi:10.1038/s41598-022-10293-x

Zhang, Q., Tang, W., Stancanelli, E., Jung, E., Syed, Z., Pagadala, V., et al. (2023). Host
heparan sulfate promotes ACE2 super-cluster assembly and enhances SARS-CoV-2-
associated syncytium formation. Nat. Commun. 14 (1), 5777. doi:10.1038/s41467-023-
41453-w

Zhao, Y., Du, X., Duan, Y., Pan, X., Sun, Y., You, T., et al. (2021). High-throughput
screening identifies established drugs as SARS-CoV-2 PLpro inhibitors. Protein Cell 12
(11), 877–888. doi:10.1007/s13238-021-00836-9

Zhu, S., Zhong, S., Cheng, K., Zhang, L. S., Bai, J. W., Cao, Z., et al. (2023). Vitamin
B6 regulates IL-33 homeostasis to alleviate type 2 inflammation. Cell Mol. Immunol. 20
(7), 794–807. doi:10.1038/s41423-023-01029-6

Frontiers in Pharmacology frontiersin.org12

Singh et al. 10.3389/fphar.2025.1537912

https://doi.org/10.1371/journal.ppat.1009723
https://doi.org/10.1038/s41586-020-2577-1
https://doi.org/10.3945/jn.111.153056
https://doi.org/10.1016/s0021-9258(18)53005-2
https://doi.org/10.1007/s40273-021-01065-y
https://doi.org/10.1007/s40273-021-01065-y
https://doi.org/10.1016/j.virol.2024.110164
https://doi.org/10.1111/jcmm.14983
https://doi.org/10.1073/pnas.2003138117
https://doi.org/10.3389/fcimb.2022.845368
https://doi.org/10.1007/s00251-023-01326-4
https://doi.org/10.1007/s00251-023-01326-4
https://doi.org/10.1007/s10156-003-0292-0
https://doi.org/10.1007/s10156-003-0292-0
https://doi.org/10.1136/bmjresp-2023-001762
https://doi.org/10.1136/bmjresp-2023-001762
https://doi.org/10.1371/journal.ppat.1011131
https://doi.org/10.1038/s41423-023-01076-z
https://doi.org/10.1038/s41423-023-01076-z
https://doi.org/10.3389/fphar.2022.899198
https://doi.org/10.1016/s0378-8741(03)00144-2
https://doi.org/10.1016/s0378-8741(03)00144-2
https://doi.org/10.5005/japi-11001-0071
https://doi.org/10.1038/s41467-023-42527-5
https://doi.org/10.1038/s41401-021-00735-z
https://doi.org/10.1080/07391102.2020.1817786
https://doi.org/10.3390/v16050708
https://doi.org/10.3390/v16050708
https://doi.org/10.1074/jbc.M413579200
https://doi.org/10.1086/592570
https://doi.org/10.1016/S2213-2600(23)00015-2
https://doi.org/10.1016/S2213-2600(23)00015-2
https://doi.org/10.1038/s41392-020-0184-0
https://doi.org/10.1038/s41392-020-0184-0
https://doi.org/10.3390/v12121475
https://doi.org/10.3390/v12121475
https://doi.org/10.1021/acsmedchemlett.1c00326
https://doi.org/10.1074/jbc.M116.743815
https://doi.org/10.1074/jbc.M116.743815
https://doi.org/10.1038/s41598-022-10293-x
https://doi.org/10.1038/s41467-023-41453-w
https://doi.org/10.1038/s41467-023-41453-w
https://doi.org/10.1007/s13238-021-00836-9
https://doi.org/10.1038/s41423-023-01029-6
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1537912

	FDA-approved drug repurposing screen identifies inhibitors of SARS-CoV-2 pseudovirus entry 
	Introduction
	Methods
	Generation of stable cell lines
	High Throughput Screening (HTS)
	Luciferase Assay
	Immunocytochemistry (ICC)
	Immunoblotting
	Dose-Response and Toxicity Assays
	Dose-Response
	Toxicity Assay
	Statistical Analysis

	Results
	ACE2-dependent SARS-CoV-2 spike protein pseudotyped viral entry system
	Screening of an FDA-approved drug library for inhibition of ACE2-dependent pseudotyped SARS-CoV-2 entry
	The effect of TMPRSS2 on the antiviral activities of the screen hits
	Antiviral activity and cytotoxicity of biapenem, pyridoxal 5′-phosphate, adefovir dipivoxil, and dovitinib

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


