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Background and Purpose: The SARS-COV-2 pandemic and the global spread of

coronavirus disease 2019 (COVID-19) urgently call for efficient and safe antiviral

treatment strategies. A straightforward approach to speed up drug development at

lower costs is drug repurposing. Here, we investigated the therapeutic potential of

targeting the interface of SARS CoV-2 with the host via repurposing of clinically

licensed drugs and evaluated their use in combinatory treatments with virus- and

host-directed drugs in vitro.

Experimental Approach: We tested the antiviral potential of the antifungal

itraconazole and the antidepressant fluoxetine on the production of infectious

SARS-CoV-2 particles in the polarized Calu-3 cell culture model and evaluated the

added benefit of a combinatory use of these host-directed drugs with the direct

acting antiviral remdesivir, an inhibitor of viral RNA polymerase.

Key Results: Drug treatments were well-tolerated and potently impaired viral

replication. Importantly, both itraconazole–remdesivir and fluoxetine–remdesivir

combinations inhibited the production of infectious SARS-CoV-2 particles > 90% and

displayed synergistic effects, as determined in commonly used reference models for

drug interaction.

Conclusion and Implications: Itraconazole–remdesivir and fluoxetine–remdesivir

combinations are promising starting points for therapeutic options to control SARS-

CoV-2 infection and severe progression of COVID-19.
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1 | INTRODUCTION

The zoonotic coronavirus SARS-CoV-2 and the resulting coronavirus

disease 2019 (COVID-19) pandemic impressively show the global

threat potential of a newly emerging zoonotic pathogen. More than

2 million people have died so far from the current outbreak and the

proportion of infected people was estimated to reach more than 10%

of the global population, with still unpredictable fatality rates (Baud

et al., 2020; Rajgor et al., 2020; Wu et al., 2020). Because of the

pressing burden on national health systems and economic losses,

safe and efficient treatment strategies are urgently required. While

multiple candidate vaccines have been successfully developed in the

last months, the rigorous testing and extensive clinical trials are time-

consuming processes and the production and distribution of effective

and safe vaccines remain serious challenges. Thus, approaches other

than immunization might offer useful additional options for the

management and control of SARS-CoV-2 infection and the treatment

of COVID-19 (Fierabracci et al., 2020). A possibility to speed up the

availability of drugs for the treatment of novel infections is the use of

drugs that are already in clinical use for unrelated diseases via the

so-called “drug repurposing.” Because their safety profiles, dosages

and side effects are already known, this approach represents a

promising strategy to identify antiviral drugs with faster clinical

implementation and lower development costs, considerations that are

especially important in the global COVID-19 pandemic (Pushpakom

et al., 2018). In addition to drugs that directly target the virus, host cell

components that are vitally important in the viral life cycle are

explored as promising starting points for therapeutic intervention

(“host cell-directed therapy”) (Ianevski et al., 2020; Schwegmann &

Brombacher, 2008; Zumla et al., 2020).

Although proteolytic cleavage of the SARS-CoV-2 spike surface

protein by the host cell transmembrane protease serine 2

(TMPRSS2) enables SARS-CoV-2 to directly fuse with the plasma

membrane, endocytosed SARS-CoV-2 particles use endosome-

residing proteases for fusion within endosomes (Tang et al., 2020).

Both pathways contribute to the SARS-CoV-2 infection process and

the preferential use of the actual fusion pathway might critically

depend on the presence of plasma membrane proteases (Hoffmann

et al., 2020). Our earlier research on influenza virus infection identi-

fied the late endosomal cholesterol balance as a critical factor in

the influenza virus infection success and established this viral entry

point as a possible pharmacological target. Elevated cholesterol

levels inhibit the fusion of the influenza lipid envelope with the

endosomal membranes and thus inhibit the efficient transfer of the

viral genome into the host cytosol (Kühnl et al., 2018; Musiol

et al., 2013). We found that the clinically licensed antifungal

itraconazole, a triazole derivative that blocks the fungal ergosterol

pathway, has antiviral properties against a range of viruses and is

effective against influenzas A virus infections in a preclinical mouse

model (Schloer et al., 2019; Schloer, Goretzko, et al., 2020). This

additional therapeutic function is most likely based on direct

inhibition of the endosomal cholesterol transporter Niemann–Pick

Type C1 (NPC intracellular cholesterol transporter 1; NPC1;

SLC65A1) and the subsequent cholesterol storage (Schloer

et al., 2019; Trinh et al., 2017).

The late endosome is an entry site for many zoonotically

transmitted viruses, in particular for enveloped viruses including

SARS-CoV-2 (Tang et al., 2020). Because of the functional similari-

ties in transmitting the viral genome into the host cell, the same

endosomal components might serve as pharmacological targets for a

broad host-directed antiviral strategy against such viruses. Continu-

ing our work on the endosomal host–virus interface, we explored

whether a similar repurposing strategy could be used to impair

SARS-CoV-2 entry and infection. Therefore, we assessed clinically

licensed drugs that also affect endolysosomal lipid storage and

cholesterol build-up for their antiviral potential. Here, we report that

itraconazole treatment potently inhibited the production of SARS-

CoV-2 infectious particles. Together with our recently published

work on the antiviral potential of the widely used 5-HT uptake

inhibitor fluoxetine, which also negatively affects endosomal choles-

terol release (Kornhuber et al., 2010; Schloer, Brunotte, et al., 2020)

on SARS-CoV-2 infection, the results presented in this study

strongly argue for the endolysosomal host–SARS-CoV-2 interface as

a druggable target.

Combination therapy using several drugs that each target

different molecular pathways is considered a key strategy to achieve

therapeutic success with lower doses and a reduced likelihood of the

development of drug resistance. Thus, we assessed the efficacy of a

combined treatment using remdesivir, a nucleotide analogue prodrug

that inhibits SARS-CoV-2 viral RNA-dependent RNA polymerase

(Gordon et al., 2020) together with itraconazole or fluoxetine.

Both two-drug combinations showed stronger antiviral activities

What is already known

• SARS-CoV-2 is susceptible to the broad-spectrum ant-

iviral remdesivir.

• The antifungal itraconazole and the antidepressant fluox-

etine can be repurposed to target enveloped viruses.

What this study adds

• Itraconazole, similar to fluoxetine, showed effective ant-

iviral activity against SARS-CoV-2 infection in vitro,

• Combinatory treatments with itraconazole–remdesivir

and fluoxetine–remdesivir displayed enhanced potency

through synergy in vitro.

What is the clinical significance

• Combinatory treatments of itraconazole and fluoxetine

along remdesivir might offer superior treatment to inhibit

SARS-CoV-2.
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against SARS-CoV-2 compared to remdesivir monotherapy (Schloer,

Goretzko, et al., 2020) and pharmacodynamic evaluation via

commonly used reference models to study drug interaction revealed

synergistic interaction.

2 | METHODS

2.1 | Cells and SARS-CoV-2 isolate

The human bronchial epithelial cell lines Calu-3 and the Vero E6 cells

were cultivated in DMEM with 10% standardized FBS (FBS Superior;

Merck), 2-mM L-glutamine, 100 U�ml−1 penicillin, 0.1 mg�ml−1 strepto-

mycin and 1% non-essential amino acids (Merck) in a humidified incu-

bator at 5% CO2 and 37�C. Calu-3 monolayers were polarized and

cultured as described (Schloer, Goretzko, et al., 2020). Itraconazole

(2 mg�ml−1, Sigma), fluoxetine (5 mM, Sigma) and remdesivir (10 mM,

Hycultec) were solubilized in DMSO. The SARS-CoV-2 isolate hCoV-

19/Germany/FI1103201/2020 (EPI-ISL_463008, mutation D614G in

spike protein) was amplified on Vero E6 cells and used for the infec-

tion assays.

2.2 | Cytotoxicity assay

Calu-3 cells were cultured at the indicated concentrations with

either the solvent DMSO, itraconazole or with the combinations of

itraconazole/remdesivir (ItraRem) or fluoxetine/remdesivir (FluoRem)

for 48 h. Staurosporine solution (1 μM) served as a positive control for

cytotoxic effects. After 48 h of treatment, cell viability was evaluated

by adding 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

(MTT) (Sigma) to the cells for 4 h and OD562 measurements according

to the manufacturer's protocols (Sigma). Because the assay is based on

the reduction of MTT to formazan crystals by NAD(P)H-dependent

oxidoreductase enzymes in metabolically active cells, this colorimetric

assay measures metabolic activity as an integrated indicator of changes

in cell viability, cytotoxicity and proliferation.

2.3 | Inoculation of cells and drug treatment

For infection, polarized Calu-3 and Vero E6 cells were washed with

PBS and inoculated at a multiplicity of infection (MOI) of 0.1 (Calu-3)

or 0.01 (Vero E6) of virus diluted in infection-PBS (containing 0.2%

BSA, 1% CaCl2, 1% MgCl2, 100 U�ml−1 penicillin and 0.1 mg�ml−1

streptomycin) at 37�C for 1 h. Subsequently, cells were washed with

PBS and further cultured in infection-DMEM (serum-free DMEM

containing 0.2% BSA, 1-mM MgCl2, 0.9-mM CaCl2, 100 U�ml−1

penicillin and 0.1 mg�ml−1 streptomycin) at 5% CO2 and 37�C. Cells

were treated with the indicated remdesivir, itraconazole or fluoxetine

concentration 2 h post-infection (hpi) for the entire 48-h infection

period. After 48 hpi, apical culture supernatants were collected and

immediately frozen at −80�C until titration via plaque assay.

2.4 | Plaque assay

To determine the number of infectious particles in the supernatant of

treated cells, a standard plaque assay was performed. Briefly, Vero E6

cells grown to a monolayer in six-well dishes were washed with PBS

and infected with serial dilutions of the respective supernatants in

infection-PBS for 1 h at 37�C. The inoculum was replaced with 2×

MEM (MEM containing 0.2% BSA, 2-mM L-glutamine, 1-M HEPES,

pH 7.2, 7.5% NaHCO3, 100 U�ml−1 penicillin, 0.1 mg�ml−1 streptomy-

cin and 0.4% Oxoid agar) and incubated at 37�C. Virus plaques were

visualized by staining with neutral red and virus titres were calculated

as plaque-forming units (PFU) per ml.

2.5 | Data and statistical analysis

The data and statistical analysis comply with the recommendations of

the British Journal of Pharmacology (Curtis et al., 2018) on experimen-

tal design and analysis in pharmacology. A priori power analysis using

G*Power 3.1 (RRID:SCR_013726, Faul et al., 2007) was performed to

determine the sample sizes required to detect >90% reduction in virus

titres at powers > 0.8. Data were analysed using the software

GraphPad Prism version 8.00 (GraphPad, RRID:SCR_002798). No out-

liers were detected.

Infectious viral titres are presented as means ± SEM of five

measurements per experiment per condition. For dose–response

curves, drug concentrations were log-transformed and virus titres

were expressed as percentages of the mean virus titre in control

cells (treated with the solvent DMSO) and data were analysed by

curve fitting using a four-parameter logistic model. Drug combina-

tory effects were analysed by using SynergyFinder (RRID:

SCR_019318), an open-source free stand-alone web application for

the analysis of drug combination data (Ianevski et al., 2017). Syn-

ergy was evaluated based on the zero interaction potency (ZIP),

Bliss independence and highest single agent reference models

(He et al., 2018). We further analysed the overall drug combination

sensitivity score by using the combination sensitivity score method

(Malyutina et al., 2019).

2.6 | Materials

Itraconazole, Fluoxetine, DMSO, Staurosporine and MTT assay were

obtained from Sigma, Remdesivir was purchased from Hyculture.

2.7 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in the IUPHAR/BPS Guide to PHARMACOLOGY

http://www.guidetopharmacology.org and are permanently archived

in the Concise Guide to PHARMACOLOGY 2019/20 (Alexander,

Fabbro, et al., 2019; Alexander, Kelly, et al., 2019).
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3 | RESULTS

3.1 | The clinically licensed antifungal drug
itraconazole efficiently blocks the production of SARS-
CoV-2 infectious particles

Based on the successful repurposing of itraconazole for the treatment

of influenza virus infection reported in our earlier studies (Schloer

et al., 2019; Schloer, Goretzko, et al., 2020), we first established

whether this clinically licensed drug also had an antiviral potential on

the production of infectious SARS-CoV-2 particles. In line with our

previous results (Schloer, Brunotte, et al., 2020), both Calu-3 and Vero

E6 cell lines supported SARS-CoV-2 replication and produced high

virus titres (Figure 1). Inoculation with the clinical isolate hCoV-19/

Germany/FI1103201/2020 at multiplicity of infection (MOI) 0.1

yielded 1.46 × 106 PFU in Calu-3 cells and 6.37 × 106 PFU at MOI

0.01 in Vero cells at 48 hours post-infection. Treatment with

itraconazole 2 hours post-infection potently inhibited SARS-CoV-2

replication in a dose-dependent manner in both cell types (Figure 1a).

Fitting the experimental dose–response values to a non-linear four-

parameter logistic model revealed half-maximal inhibitory (EC50) and

90% inhibitory concentrations (EC90) of 0.43 and 2.46 μM in Calu-3

cells and even lower 50% and 90% inhibitory concentrations (0.39

and 0.87 μM) were determined for itraconazole antiviral activity in

SARS-CoV-2 infected Vero cells (Figure 1b). Of note, no detectable

cytotoxicity was observed with these doses (Figure S1a). The

itraconazole cytotoxic concentration required to reduce cell viability

by 50% (CC50) was determined at 25.56 μM, resulting in a selectivity

index (SI; defined as the ratio of CC50 to EC50) of 25.56 μM which

indicated an effective and safe antiviral window.

3.2 | Remdesivir inhibits SARS-CoV-2 replication
in polarized Calu-3 cells

We addressed the question of whether a host-targeting drug could be

used in combination with a virus-directed drug for more efficient

suppression of SARS-CoV-2 replication. Thus, we first assessed the

antiviral capacity of remdesivir. The EC50 concentration was reached at

0.42 μM and EC90 at 1.08 μM in Calu-3 cells (Figure S2), well in line

with published data (Pruijssers et al., 2020). Next, we determined viral

replication in cells that had been treated with a combination of both

drugs. Because we recently published the potential use of repurposing

the antidepressant fluoxetine for treatment of SARS-CoV-2 infection

F IGURE 1 Analysis of itraconazole-mediated reduction of SARS-CoV-2 replication. Calu-3 and Vero E6 cells were infected with 0.1
multiplicity of infection (MOI) of SARS-CoV-2. At 2 hours post-infection (hpi), cells were treated with itraconazole at the indicated
concentrations. (a) Mean infectious viral titres ± SEM, (b) mean per cent inhibition ± SEM of SARS-CoV-2 replication, with mean virus titre in
control cells (treated with the solvent DMSO) set to 100%; n = 5. LogEC50 and LogEC90 values were determined by fitting a four-parameter non-
linear regression model (Calu-3: EC50 = 0.43 μM, EC90 = 2.46 μM; Vero E6: EC50 = 0.39 μM, EC90 = 0.87 μM)

2342 SCHLOER ET AL.



(Schloer, Brunotte, et al., 2020), we also assessed the effects of a com-

bined fluoxetine/remdesivir (FluoRem) treatment in addition to the

itraconazole/remdesivir (ItraRem) combination (Figure 2). Both drugs

are clinically licensed and do not induce significant cytotoxicity over

the whole concentration range (Schloer, Brunotte, et al., 2020;

Figure S1a). The combination treatments were also well tolerated and

no cytotoxic effects were seen when cells were simultaneously treated

with the drug pairs, thus excluding synergistic toxicity (Figure S1b,c).

3.3 | Combinatory treatments with the drug pairs
itraconazole–remdesivir and fluoxetine–remdesivir
show enhanced antiviral activity due to synergistic
interaction

For all drugs, we chose those concentrations that were not sufficient

to achieve a 90% reduction when individually applied (Figure 3a). For

both ItraRem and FluoRem combinations, a potent reduction in virus

titres was detected in all cases. Of note, several combinations yielded

a reduction > 90% of the maximum virus titres produced in control

cells (Figure 3b).

We next considered the pharmacological interactions of the

respective drug pairs. Thus, we evaluated the drug interactions via

Bliss independence, highest single agent and zero interaction potency,

three commonly used reference synergy models that differ in their

basic assumptions of drug interaction they are based on. The results,

presented in Figures 4 and 5, consistently argued for synergistic

action of remdesivir with itraconazole and fluoxetine, as indicated by

the positive average synergy score across all models. Closer inspec-

tion of the drug interaction relationships and landscape visualizations

revealed that for ItraRem, the highest synergy scores were calculated

with the lower concentration ranges of both drugs (Figure 4). The

strong synergy led to an overall drug combination sensitivity score of

89.64, resulting in >90% inhibition already at 500 nM of remdesivir

F IGURE 2 Antiviral activities of treatments. Infectious virus production in polarized Calu-3 cells treated with two-drug combinations as
indicated 2 hours post-infection (hpi). Each symbol represents plaque-forming units (PFU) per ml detected in a single experimental sample; lines
indicate means; n = 5 per treatment
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and 250 nM of itraconazole. FluoRem combination treatment had a

higher average synergy score, as well as a higher combination sensitiv-

ity score than ItraRem (92.82 vs. 89.64), suggesting that this drug

combination is more likely to show synergy. Importantly, for all

models, the FluoRem combinations that met the ≥90% inhibition

criterion were well within the high synergy area (Figure 5).

4 | DISCUSSION

To combat the current global health emergency caused by the SARS-

CoV-2 pandemics, vaccines and antivirals are urgently needed. Entry

of enveloped viruses such as SARS-CoV-2 into a host cell depends on

the fusion of their lipid hull with the host membrane and the transfer

F IGURE 3 Antiviral activities of single and
combination treatments. Polarized Calu-3 cells
were treated with the indicated drug
combinations for 48 h. (a) Single treatment;
(b) combinatory treatment. Each symbol
represents mean per cent inhibition ± SEM of
infectious virus production, with mean virus titre
produced in control cells (treated with the
solvent DMSO) set to 100%; n = 5. Dotted line,

90% reduction in viral titre
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F IGURE 4 Evaluation of the pharmacological interactions of itraconazole and remdesivir (ItraRem). zero interaction potency (ZIP), Bliss
independence and highest single agent (HSA) reference models were used to assess the interaction landscapes and to identify areas of synergy.
Interaction surfaces are colour coded according to the synergy scores of the responses
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F IGURE 5 Evaluation of the pharmacological interactions of fluoxetine and remdesivir (FluoRem). zero interaction potency (ZIP), Bliss
independence and highest single agent (HSA) reference models were used to assess the interaction landscapes and to identify areas of synergy.
Interaction surfaces are colour coded according to the synergy scores of the responses
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of the viral genome into the cytosol. The SARS-CoV-2 spike protein,

which protrudes from the virus surface, mediates initial binding to

ACE2, which serves as the host cell surface receptor (Lan et al., 2020;

Li et al., 2003; Ou et al., 2020; Zhou et al., 2020). To promote fusion

with the host cell membrane, the spike protein needs to be primed by

proteolytic cleavage, which can be mediated by several host prote-

ases. TMPRSS2-mediated cleavage leads to fusion with the plasma

membrane, while endosome-residing proteases are utilized by endo-

cytosed SARS-CoV-2 particles for fusion within endosomes. Since

both routes have been reported to contribute to the SARS-CoV-2

infectivity (Hoffmann et al., 2020), the endosomal compartment is also

a critical host/pathogen interface for SARS-CoV-2. Our previous

studies strongly support the late endosomal cholesterol balance as a

cellular target for antiviral intervention (Kühnl et al., 2018; Musiol

et al., 2013; Schloer et al., 2019; Schloer, Brunotte, et al., 2020;

Schloer, Goretzko, et al., 2020). Notably, our previous reports showed

that endolysosomal lipid storage and cholesterol build-up could be

induced via repurposing of drugs approved for unrelated applications.

We found that the triazole derivative itraconazole, a clinically licensed

antifungal drug (World Health Organization, 2019) that directly

inhibits the endosomal cholesterol transporter Niemann–Pick Type

C1 (Trinh et al., 2017), has an antiviral potential on the endosomal

fusion of enveloped viruses including influenza viruses (Schloer

et al., 2019). Moreover, our previous study already revealed a

beneficial antiviral activity in vivo (Schloer et al., 2019).

The findings presented in this study add SARS-CoV-2 to the spec-

trum of itraconazole-sensitive enveloped viruses. Our results reveal a

potent antiviral activity of itraconazole on the production of SARS-

CoV-2 infectious particles, with EC50 values comparable to what we

previously reported for itraconazole-mediated antiviral activity against

IAV subtypes (Schloer et al., 2019; Schloer, Goretzko, et al., 2020).

The bioavailability after oral application of itraconazole is low

because of the low water solubility of this highly lipophilic

compound (Domínguez-Gil Hurlé et al., 2006; Grant Prentice &

Glasmacher, 2005). Because the slightly acidic salt is ionized only at

very low pH, fluctuations in individual gastric acidity, for example

fasting conditions or medications, reduce the bioavailability. Food or

acidic beverages can influence the adsorption of orally administered

itraconazole, depending on the formulation. Only limited amounts

are absorbed from the gastrointestinal tract, leading to high inter-

patient variability in plasma levels (Allegra et al., 2017; Bae

et al., 2011; Domínguez-Gil Hurlé et al., 2006; Lestner & Hope, 2013;

Shin et al., 2004). Yet itraconazole has been proven to be clinically

useful in the prophylaxis and treatment of fungal infections, with a

recommended daily dose of 200–400 mg�day−1, which might be

increased up to 600 mg�day−1 in case of severe infections. Effective

plasma concentration ranges in patients with pulmonary aspergillosis

treated with 200-mg itraconazole once daily have been reported to

begin at 500 μg�L−1, well above the EC50 levels for anti-SARS-CoV-2

antiviral activity determined in this study. We recently also discovered

that the widely used antidepressant fluoxetine has strong SARS-

CoV-2 antiviral activity (Schloer, Brunotte, et al., 2020). In contrast to

itraconazole, the bioavailability of orally administered fluoxetine is

high, having plasma levels of 350 μg�L−1 after 2 weeks and up to

1,055 μg�L−1 after longer treatment periods were reported in patients

on 20 mg�day−1 fluoxetine (Pope & Zaraa, 2016; Preskorn

et al., 1991), levels that we found sufficient to inhibit over 50% of

SARS-CoV-2 virus titres. Interestingly, fluoxetine is a racemic mixture

of two enantiomers both of which have been reported to exert ant-

iviral activity (Zimniak et al., 2020), which might allow for the develop-

ment of antiviral derivatives that do not affect serotonin re-uptake.

Together with the findings presented here on the inhibitory func-

tion of itraconazole treatment on SARS-CoV-2 replication, these

results suggest that both drugs are promising candidates for

repurposing as a host-directed drug for SARS-CoV-2 infection treat-

ment. Both drugs most likely interfere with the proper endosomal

cholesterol levels. Whereas itraconazole and posaconazole both

directly inhibit the endosomal cholesterol transporter Niemann–Pick

Type C1 (Trinh et al., 2017), fluoxetine functionally blocks the

endolysosome-residing enzyme sphingomyelin phosphodiesterase

(acid sphingomyelinase), which in turn causes sphingomyelin accumu-

lation and negatively affects cholesterol release from this compart-

ment (Kornhuber et al., 2010). However, host-directed drugs will

rather cause impaired viral replication and suppress infection than

completely eradicate the pathogen. The resulting demand for high

drug doses and early and prolonged treatment is often associated with

poor patient compliance.

While drugs directly acting on virus structures are much more

likely to completely eliminate the pathogens in shorter treatment

time, a major concern about virus-directed antivirals is the develop-

ment of drug resistance. As observed with the influenza neuramini-

dase inhibitor oseltamivir (Kim et al., 2013), viruses that evolve

resistance mechanisms to evade the antiviral activity are increasingly

emerging (Strasfeld & Chou, 2010). Because profound changes would

be required to allow viruses to replicate independently of otherwise

essential host factors, combinatory treatments with both virus- and

host-directed drugs are considered to overcome these shortcomings

and are routinely explored for enhanced treatment success. The

nucleoside analogue remdesivir, which was originally developed

against Ebola (Warren et al., 2016), is a direct acting antiviral that

interferes with the viral RNA-dependent RNA polymerase. When

remdesivir is incorporated into the viral RNA the synthesis is

prematurely terminated and viral replication is inhibited (Gordon

et al., 2020). Remdesivir exerts antiviral activity against a range of

viruses including Ebola, Marburg and MERS and is also active against

SARS-CoV-2 (Agostini et al., 2018; Brown et al., 2019; Sheahan

et al., 2017, 2020; Warren et al., 2016). Indeed, remdesivir was the

first new drug to receive an FDA emergency use authorization for the

treatment of severe COVID-19 cases, although its clinical use is still

controversially. A major obstacle is the very short half-life, with initial

peak serum concentrations of about 3 mg�L−1 measured directly after

intravenous infusion rapidly declining to 80–170 μg�L−1 after 1 h

(Tempestilli et al., 2020). Yet recently published results of double-

blind, randomized, placebo-controlled trials suggest that remdesivir

treatment is beneficial in the treatment of hospitalized COVID-19

patients and might be improved further by combination therapy with
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remdesivir and the host-directed Janus kinase inhibitor baricitinib

(Beigel et al., 2020; Kalil et al., 2020). Interestingly, GS-441524, the

predominant remdesivir metabolite in the plasma which has a

considerably longer half-life, has been reported to potently inhibit

SARS-CoV-2 replication in vitro as well as in a mouse model of

SARS-CoV-2 infection and pathogenesis (Li et al., 2020), making this

metabolite a promising drug candidate.

Here, we report that ItraRem and FluoRem drug combinations,

in both cases targeting the host cell and the virus independently,

showed stronger antiviral activities against SARS-CoV-2 than the

remdesivir monotherapy. Moreover, the overall therapeutic effect

of the combinations was larger than the expected sum of the inde-

pendent drug effects and underlying synergistic effects were deter-

mined, allowing for lower concentrations of the individual drugs. Of

note, their reported plasma concentrations are well within these

ranges.

While our results support the use of the direct antiviral remdesivir

in combination with a host-directed drug as a potential therapeutic

strategy to reduce SARS-CoV-2 infection success and to limit deleteri-

ous COVID-19 outcomes, the translation of in vitro results into the

clinics remains a major challenge. Although pharmacokinetic and

safety profiles for these drugs are available, combined medications

bear the risk of drug–drug interactions which may lead to reduced

therapeutic benefit or even severe adverse effects. Therefore, it is

important to mention that a vast number of drugs are currently

known to interact with itraconazole, fluoxetine and even remdesivir

(information available at Drugs.com 2021). Furthermore, the patient's

genetic disposition and physiological or pathophysiological conditions

demand for a careful evaluation of the appropriate treatment strategy.

Thus, it is paramount to evaluate the patient-related risks and

benefits, as coadministration of drugs might be contraindicated in

certain patients.

5 | CONCLUSION

Our analysis on the antiviral activity of combinatory drug combina-

tions via commonly used interaction models argues for an enhanced

efficacy that is based on synergistic drug interaction and suggests

promising novel options for SARS-CoV-2 treatment.
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