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Key Messages
Several FDA-approved drugs have been repur-
posed to help treating COVID-19. Some of these, 
such as molnupiravir, remdesivir, dexamethasone, 
tocilizumab, and baricitinib have shown promising 
clinical results, displaying some level of efficacy in 
randomized controlled studies. New repurposing 
approaches are being tested and have displayed 
preclinical efficacy in animal models. Efforts are 
ongoing to define the best drug combinations to 
treat SARS-CoV-2–infected patients, both in the 
early stages and during severe COVID-19.

Introduction
The coronavirus disease 2019 (COVID-19) pan-
demic is the most significant global health crisis 
as the 1918 influenza outbreak, and it has caused 
enormous health and economic devastation 

around the world.1 The causative agent of 
COVID-19, severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2), is a single-
stranded 5’-capped positive-sense RNA virus2,3 
that was identified as a novel strain of group 2b 
of beta coronaviruses.4 The viral genome ranges 
in size from 26 to 32 kb and contains 14 open 
reading frames (ORFs)2,3 that encode for both 
structural and nonstructural proteins, as well as 
for several accessory proteins (Figure 1). The 
structural proteins include a helical nucleocapsid 
surrounding the viral genome, the spike (S) gly-
coprotein, which is essential for viral attachment 
and entry, and the membrane (M) and the enve-
lope (E) proteins that are mainly required for 
viral assembly and viral envelope formation.5,6 
The nonstructural proteins include key enzymes 
necessary for viral replication, such as the viral 
proteases and the RNA-dependent RNA 
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polymerase (RdRp). Owing to their particular 
importance as druggable targets, these enzymes 
are described in further detail in the main body of 
the review. Another potential pharmacologic tar-
get is the S-glycoprotein, which has also been 
heavily investigated as the main target of anti-
bodies, elicited by both natural infection and by 

vaccination. This is the case for all the main vac-
cine platforms that have proven most successful 
so far, such as vaccines based on mRNA 
(BNT162b2 and Spikevax) or adenoviral vector 
vaccines (ChAdOx1-S and Ad26.COV2.S).7 
Therefore, the evolution of the S-glycoprotein 
remains closely monitored to track the 

Figure 1.  Structural features of SARS-CoV-2 and its main VOC. Key mutations in the S-glycoprotein are displayed for each VOC.
Source: Adapted from ‘The SARS-CoV-2 Variants of Concern’ by BioRender.com.
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development of mutations that may favor 
immune evasion (Figure 1). In this regard, some 
of the so-called variants of concern (VOCs), that 
is, B.1.1.7 (alpha), B.1351 (beta), P.1 (gamma), 
B.1.617.2 (delta), and B1.1.529 (omicron)8 are 
already characterized by increased transmissibil-
ity and severity, or as compared with the original 
strain.9,10 This, in turn, can partially explain the 
variable re-infection, hospitalization, and death 
rates observed during the multiple waves of 
infection.11

While the symptoms of SARS-CoV-2 infection, if 
present, vary greatly between individuals, the 
development of severe COVID-19 is usually 
accompanied by three stages: (a) early infection, 
which includes the various steps of viral replication 
(Figure 2) and is associated with mild symptoms; 
(b) pulmonary involvement, in which there is 
adaptive immunity stimulation and the predomi-
nance of respiratory symptoms; and (c) hyper 
inflammation, which is associated with immune 
dysregulation and often includes the Acute 

Figure 2.  Schematic depiction of the SARS-CoV-2 life cycle. (A) SARS-CoV-2 binds to the surface receptor, angiotensin-converting 
enzyme 2 (ACE-2), on the host cell and releases its RNA genome in the cytoplasm via endocytosis or direct membrane fusion. (B) 
The host translation machinery translates the positive-sense viral genome. (C) This produces polyproteins that are co-translationally 
cleaved by proteases encoded in the polyprotein to produce the components of the viral RdRp complex. (D and E) The RdRp complex 
generates negative sense subgenomic and genome-length RNAs using the viral genome as a template. These are then employed 
as templates for the creation of full-length positive-sense progeny genomes and subgenomic mRNAs. (F) Structural and accessory 
proteins are translated from subgenomic mRNAs. (G) The structural proteins S, E and M, translated from positive-sense subgenomic 
RNAs, adorn the endoplasmic-reticulum–Golgi intermediate compartment (ERGIC), while the positive-sense genomic RNA is bound 
by the nucleocapsid. (H and I) A new virion is formed and released from the host cell by exocytosis.
Source: Adapted from ‘Coronavirus Replication Cycle’ by BioRender.com (2020).
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Respiratory Distress Syndrome (ARDS). In addi-
tion, COVID-19 patients have been reported to 
display a circadian clinical course, with deteriora-
tion after initial improvement, which is consistent 
with a delayed and exaggerated immune activa-
tion.12,13 This hyperactivation can lead to a 
‘cytokine storm’, possibly accompanied by dysreg-
ulation of pulmonary macrophages, dendritic cells, 
and leading to ARDS in these patients.14 In line 
with this, multiple inflammatory cytokines and 
chemokines [interleukin (IL)-1, IL-6, IL-7, IL-8, 
IL-9, IL-10, granulocyte colony-stimulating  
factor (G-CSF), granulocyte-macrophage colony-
stimulating factor (GM-CSF), interferon (IFN), 
interferon-gamma-induced protein (IP-10), 
monocyte chemoattractant protein-1 (MCP-1), 
and macrophage inflammatory protein-1 (MIP-1)] 
are elevated in the blood of COVID-19 patients, 
especially those requiring admission to an intensive 
care unit (ICU).15,16 Consequently, the hyperin-
flammatory response to COVID-19 shares bio-
chemical similarities with the macrophage 
activation syndrome, implying that targeting the 
innate immune system could be a viable technique 
to reduce disease severity.17

Although the morbidity and mortality of the 
infection have been significantly reduced by the 
implementation of broad vaccination cam-
paigns,18 SARS-CoV-2 transmission is still ongo-
ing leading to further hospitalizations and deaths. 
It is therefore generally accepted that effective 
therapies will be an indispensable complement to 
vaccination strategies. At present, only few drugs 
are approved at least in some countries for use 
against SARS-CoV-2 infection. These include 
antiviral formulations (molnupiravir, nirmatrel-
vir/ritonavir, remdesivir, several monoclonal anti-
bodies) or medicaments to decrease immune 
hyperactivation (dexamethasone, tocilizumab, 
baricitinib) [sources: WHO https://www.who.int/
publications-detail-redirect/WHO-2019-nCoV-
therapeutics-2022.2; United States Food and 
Drug Administration (FDA): https://www.fda.
gov/drugs/emergency-preparedness-drugs/
coronavirus-covid-19-drugs].

Notably, with the important exception of nir-
matrelvir, the approved drugs in the list, as well as 
several drug candidates, were devised following a 
drug repurposing approach. In comparison with 
the de novo drug discovery process, drug repur-
posing is based on discovering new applications 
for licensed or investigational medications, thus 

curtailing time, cost, and risk of side effects asso-
ciated with the development of new chemical 
entities.19 The scientific rationale of drug repur-
posing is supported by the observation that dis-
ease targets are frequently shared by a variety of 
pathogenic processes, thus facilitating the devel-
opment of novel indications for drugs with a well 
characterized target.20

A plethora of repurposed drugs have been tested 
as the beginning of the SARS-CoV-2 outbreak, 
several of which had been already proposed dur-
ing the earlier, and more contained, epidemics of 
SARS-CoV and Middle East respiratory syn-
drome coronavirus (MERS-CoV).21 Although 
the disappointing clinical results of some repur-
posed compounds have dampened the early hope 
that an effective therapy could be immediately 
devised, some drugs – such as molnupiravir, rem-
desivir, baricitinib, dexamethasone, and tocili-
zumab – have shown benefit in some late stage 
randomized clinical trials. These drugs have so far 
been mostly tested in monotherapy, although 
previous experience with RNA viruses, or retrovi-
ruses, such as hepatitis C virus (HCV)22 or human 
immunodeficiency virus (HIV),23 respectively, 
suggests that a potent combination therapy might 
be required to reproducibly decrease morbidity 
and mortality over time.

The current review provides an up-to-date out-
line of the most relevant repurposing attempts 
against SARS-CoV-2/COVID-19, including 
information on their mechanisms of action, 
pharmacokinetics, safety as well as their most 
relevant preclinical and clinical results. 
Moreover, the potential future developments in 
drug repurposing against SARS-CoV-2 are dis-
cussed, with particular focus on the possibility 
of combining effective compounds in a potent 
cocktail of antiviral and immune-modulating 
compounds.

Antivirals
Drugs that inhibit key steps of the viral life cycle 
are generally regarded as the most straightforward 
and least toxic option to counteract acute viral 
infections. Their use is often more effective dur-
ing the early stages of the infection, but they can 
be considered for later stages as well, if residual 
viral replication is suspected to fuel persistent 
inflammation. Some of the antiviral drugs repur-
posed for SARS-CoV-2 treatment act through 
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direct inhibition of the activity of key viral 
enzymes, including two of the most successful 
repurposing attempts so far (molnupiravir and 
remdesivir) (Figure 3), while others modulate 

some cellular factors necessary for viral replica-
tion. The sections below describe in detail the 
rationale and results of the most relevant antivi-
rals tested so far against SARS-CoV-2.

Figure 3.  Summary and mechanism of action of the RdRp inhibitors described in the review.
Source: Adapted from ‘Favipiravir: Potential Repurposed Drug Candidate for COVID-19’ by BioRender.com (2020).
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Molnupiravir
Molnupiravir (also known as EIDD-2801 and 
MK-4482, commercial name: Lagevrio) is an 
orally available prodrug that inhibits RNA viral 
replication (Figure 3) by inducing catastrophic 
mutations during transcription by the viral RdRp.24 
The drug was initially developed by Emory 
University’s Drug Innovation Ventures for treat-
ment of influenza.25 while Merck and Ridgeback 
Biotherapeutics spearheaded the attempts to 
repurpose it for the prevention and treatment of 
COVID-19. In vivo, molnupiravir is rapidly con-
verted to the ribonucleoside analogue β-D-N4-
hydroxycytidine (NHC) by the host’s esterases in 
plasma. NHC is then phosphorylated into its phar-
macologically active ribonucleoside triphosphate 
(NHC-TP) after intracellular uptake. Finally, the 
incorporation of NHC-TP into viral RNA by the 
RdRp causes an accumulation of errors in the viral 
genome that eventually leads to replication inhibi-
tion.26 This mechanism of action has raised some 
concerns about the possible mutagenicity and tera-
togenicity of molnupiravir (https://www.science.
org/content/blog-post/rethinking-molnupiravir), 
which have led to the exclusion of pregnant women 
from clinical trials. Of note, molnupiravir has 
shown broad-spectrum preclinical activity against 
all the main SARS-CoV-2 VOC.27 Moreover, its 
oral route of administration facilitates its use in the 
early stages of the infection, improving scalability, 
as compared with other RdRp inhibitors such as 
remdesivir.28 Recently, a phase III double-blind, 
randomized, placebo-controlled trial showed that 
an early treatment consisting of a 5-day course of 
800 mg molnupiravir every 12 h was able to 
decrease the risk of hospitalization or death in 
SARS-CoV-2–infected patients.29 Building on 
these results, molnupiravir was approved for the 
first time in the United Kingdom on 4 November 
2021, for the treatment of mild-to-moderate 
COVID-19 in adults with at least one risk factor 
for severe illness.28 Although the drug has also 
been approved by the FDA for emergency use, 
other countries, such as France, have been more 
cautious, citing concerns about its efficacy. 
Currently, several randomized, placebo-controlled 
clinical trials and real-world studies are assessing 
the safety and efficacy of molnupiravir, in prevent-
ing hospitalization, decreasing COVID-19 severity 
(END-COVID; NCT04405739)28 and reducing 
spread of the infection within households (MOVe-
AHEAD; NCT04939428). These trials will allow 
to define more robustly the potential of molnupira-
vir in treatment or prevention of COVID-19.

Remdesivir
Remdesivir (GS-5734, commercialized as Veklury) 
is a 1’-cyano-substituted adenosine nucleotide 
analogue prodrug, and broad-spectrum antiviral 
with potential activity against a variety of RNA 
viruses.30 Remdesivir acts by inhibiting the viral 
RdRp (Figure 3) and had been initially tested 
against Ebola Virus infection, without clinical suc-
cess.31 Remdesivir is in turn a derivative of the 
GS-441524 nucleoside analogue, which is used for 
treating feline infectious peritonitis caused by 
infection with feline coronavirus.32 The intracellu-
lar delivery of GS-441524 and remdesivir is 
enhanced by the Pro-Tide technology.33 Moreover, 
the conversion of remdesivir to an active metabo-
lite, as with molnupiravir and other nucleoside 
analogues requires intracellular phosphorylation. 
In line with this, the addition of a monophosphate 
prodrug to the nucleoside dramatically increased 
its intracellular transport and activation34 and was 
one of the significant achievements that allowed 
the development of this drug.

In terms of efficacy, it has been demonstrated that 
remdesivir potently reduces SARS-CoV-2 repli-
cation in vitro, and, to a lesser extent, in vivo.35 
Three coronavirus RdRp complexes (MERS-
CoV, SARS-CoV, and SARS-COV-2) share a 
specific termination site at the position I + 3 when 
treated with remdesivir, which implies that viral 
RNA synthesis stops after three more nucleotides 
are added, a process known as delayed chain-ter-
mination. While higher concentrations of the nat-
ural nucleotide pool can overcome RdRp-mediated 
termination, remdesivir typically shows a submi-
cromolar EC50 in vitro and a high selectivity 
index (SI >129.87).35

The clinical results of remdesivir have been mixed. 
On one hand, remdesivir was the first FDA-
approved medicine (https://www.fda.gov/
media/137564/download.) for treating hospitalized 
COVID-19 patients. This was based on a prelimi-
nary report from a randomized, double-blind, pla-
cebo-controlled study enrolling 1062 hospitalized 
patients with COVID-19. The study showed that 
time to recovery and respiratory tract infections 
were significantly lower in treated patients.36 On 
the other hand, subsequent reports failed to high-
light a significant effect of remdesivir for moderate 
or severe COVID-19,37,38 including the interim 
analysis of the WHO Solidarity trial, which included 
2750 patients.39 More recently, however, an early 
three-day course of remdesivir in patients with 
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mild/moderate COVID-19 was shown to decrease 
the likelihood of hospitalization and death.40

Despite these promising results, the widespread 
early adoption of remdesivir might be impaired by 
its administration route (parenteral), which limits 
its use outside hospital settings, and by its subop-
timal in vivo absorption, which might explain the 
partially reduced efficacy as compared with in 
vitro effects.41 Several options are under investiga-
tion to overcome these limitations including novel 
oral formulations of the drug,42 the use of its par-
ent drug GS-44152443 which displays a better 
oral availability.

Favipiravir
Favipiravir (T-705, commercialized as FabiFlu) 
is a purine nucleic acid analogue which can inhibit 
the RdRp (Figure 3) of several RNA viruses, 
including norovirus, Ebola virus, and influenza 
virus.44 Favipiravir was approved for treatment of 
influenza virus in Japan in 2014.

Inside cells, favipiravir is converted to an active 
phosphoribosylated form [favipiravir-ribofurano-
syl-5’ triphosphate (RTP)], which is recognized as 
a substrate by the RdRp, inhibiting its activity, 
including that of SARS-CoV-2 (Figure 3).45 The 
recommended therapeutic dose of favipiravir, 
according to the Japanese Association for Infectious 
Diseases, is 1800 mg twice a day on day 1, then 
800 mg twice a day for 7 days, with the possibility 
of continuing for up to 14 days if needed.46 Multiple 
clinical trials testing favipiravir in patients with 
COVID-19 have been conducted so far, with 
some, including an open-label phase III study, 
suggesting that favipiravir might accelerate recov-
ery time,47 disappearance of symptoms,48 and viral 
clearance.49 Mixed effects, however, were obtained 
when analyzing time to reverse transcription poly-
merase chain reaction (RT-PCR) negativization, 
and other trials did not observe any statistical ben-
efit,50,51 or only moderate benefit on symptoms 
such as pyrexia and cough.52

The overall quality of evidence for favipiravir is 
still low, with few randomized placebo-controlled 
trials published so far. Recent meta-analyses have 
attempted to quantify a potential benefit of favip-
iravir based on the clinical evidence accumulated 
so far. These analyses could not highlight an 
improvement in mortality rate or mechanical ven-
tilation,53,54 but left open the possibility that 

favipiravir might facilitate viral clearance and pre-
vent hospitalization in patients with mild or mod-
erate COVID-19.54

Ribavirin
Ribavirin (RBV) (l-β-D-ribofuranosyl-l,2,4-triazole- 
3-carboxamide, commercialized as Virazole®) is a 
typical choice of first use upon sudden outbreaks 
of emerging RNA virus infections. Before the 
SARS-CoV-2 pandemic, RBV had been tested to 
treat infections caused by a variety of viruses, 
including influenza, Lassa fever, Hantaan virus, 
and HCV infection.55 RBV is a guanosine nucleo-
side analogue with structural similarities to other 
purines such as inosine and adenosine. RBV is 
thought to exert its antiviral effect through the 
exhaustion of the intracellular guanosine triphos-
phate (GTP) pool, thus inhibiting RdRp activity 
(Figure 3), or through disruption of viral mRNA 
capping.56 Apart from this, RBV might influence 
adaptive immunity by altering CD4+ T-cell 
responses toward a Th1 profile, an effect sup-
ported by RBV-mediated inhibition of IL-10 pro-
duction by T-regulatory (Tregs), resulting in 
increased efficiency of CD4+ T-cell effectors 
secreting IFN-γ.57 In vivo, RBV has a 52% oral 
bioavailability58 and only moderate liver first-pass 
metabolism. Although RBV was approved by the 
FDA in 1986 as an aerosol for new-borns with the 
respiratory syncytial virus,59 the clinical benefit 
associated with its use against RNA viruses is gen-
erally weak or absent. In line with this, RBV’s 
antiviral efficacy against SARS-CoV is modest in 
vitro (EC50 of 109.50 μM in Vero cells),34 and its 
addition to supportive care was not associated 
with clinical improvement in severe SARS-CoV-2 
patients.60 For these reasons, RBV has been tested 
mostly in combination with other antiviral or 
immune-modulating drugs, also in this case with 
modest results, as described below in the section 
dedicated to drug combinations.

Lopinavir/ritonavir
Lopinavir was suggested, along with other HIV 
protease inhibitors, such as darunavir, as a candi-
date drug to target the main protease (MPro) of 
SARS-CoV-2. In particular, lopinavir was tested in 
its common co-formulation (marketed as Kaletra) 
with the cytochrome P450 3A (CYP3A) inhibitor 
ritonavir. Ritonavir is known to increase the activ-
ity of several protease inhibitors61 by decreasing 
liver first-pass metabolism.61 Interestingly, during 
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the SARS-CoV epidemic in 2003, lopinavir had 
been shown to inhibit the main protease of the 
virus in vitro, and in silico studies clarified the basis 
for this interaction.62 These promising results sup-
ported its early testing during the SARS-CoV-2 
pandemic, in light of the evolutionary conservation 
of the enzyme.63 On the contrary, the use of lopi-
navir/ritonavir has brought mostly disappointing 
results in clinical trials of SARS-CoV-2 patients. In 
a trial at the University of Hong Kong, testing sev-
eral possible combinations, the ritonavir/lopinavir 
group alone was not different from standard of care 
in hospitalized patients with severe COVID-19.64 
Similar results were obtained in the SOLIDARITY 
and the TOGETHER trials,65 and have led the 
World Health Organization (WHO) to announce 
that the use of lopinavir/ritonavir for treatment of 
hospitalized patients would be discontinued (https://
www.who.int/news/item/04-07-2020-who- 
discontinues-hydroxychloroquine-and-lopinavir-
ritonavir-treatment-arms-for-covid-19).

Chloroquine and hydroxychloroquine
Apart from malaria, chloroquine (CQ) and 
hydroxychloroquine (HCQ) are approved by the 
FDA for treatment of autoimmune diseases such 
as systemic lupus erythematosus and rheumatoid 
arthritis.66 The repurposing of CQ and HCQ as 
antivirals has been proposed mainly based on 
their ability to impair endosomal acidification, 
which is required for the activation of endosomal 
proteases responsible for the initiation of virus/
endosome fusion.66

Although during the early stages of the pandemic, 
CQ/HCQ were shown to impair SARS-CoV-2 
replication in vitro35 both previous and more 
recent pharmacodynamic considerations indi-
cated that the drugs were unlikely to reach the 
required intracellular concentrations to match the 
antiviral activity observed in vitro (i.e. low micro-
molar EC50).67,68 Interestingly, the history of CQ 
repurposing in COVID-19 mirrors its previous 
failure to treat HIV/AIDS, which was predicted 
based on similar pharmacokinetic considera-
tions.67,68 In line with this, clinical results have 
been disappointing.65,69–74

Amodiaquine
Amodiaquine (AQ), is like, CQ/HCQ, another anti-
malarial derivative of the quinoline class of chemi-
cals. AQ was proposed as a compound with a 

similarly pleiotropic, but more potent, antiviral 
activity as compared with CQ/HCQ.75 In vivo, AQ 
is rapidly converted into its active metabolite, 
desethylamodiaquine, which has a significantly 
longer half-life (about 9–18 days versus 5 h for AQ) 
when given to humans.76 When tested in a model of 
human bronchial-airway-on-a-chip desethylamodi-
aquine could decrease by 60% the entry of pseudo-
typed SARS-CoV-2 viral particles.77 Moreover, 
subcutaneous prophylactic administration of AQ in 
hamsters, at a dose of 50 mg/kg, led to a significant 
reduction of SARS-CoV-2 viral load.78 Despite 
these promising results, clinical data of AQ in 
COVID-19 patients are still lacking and the experi-
ence with CQ/HCQ suggests that achieving effec-
tive drug concentrations in humans, especially upon 
oral administration, might be challenging.

Ivermectin
Ivermectin is a widely used antiparasitic medica-
tion that is approved by the FDA for both veteri-
nary and human medicine.79 The repurposing of 
ivermectin for SARS-CoV-2 use was proposed due 
to the well-established broad antiviral activity of 
this drug in vitro. This activity is likely mediated by 
the inhibition of viral protein nuclear import medi-
ated by importin α/β1.80 Ivermectin was previously 
shown to inhibit in vitro the replication of a wide 
range of viruses, including HIV, dengue fever, 
influenza, and Zika virus, and more recently, 
SARS-CoV-2.81 In addition, ivermectin was pro-
posed to have an immunomodulatory effect, 
exerted on T-lymphocyte function and counts,82 
and to decrease the production of various cytokines, 
including tumor necrosis factor alpha (TNF-α), 
IL-1ss, IL-6, IL-4, IL-13, and IL-5.83 Indeed, the 
immune-modulating, rather than the antiviral, 
effect was proposed as the primary driver of clini-
cal improvement in SARS-CoV-2–infected ham-
sters.84 As a result, ivermectin was postulated to 
play a role against the development of the ‘cytokine 
storm’ characteristic of severe COVID-19. Despite 
these lines of evidence and some scattered clinical 
reports suggesting a benefit of the drug in vivo, 
however, randomized clinical trials have failed to 
show any significant effect of the drug as postexpo-
sure prophylaxis or in treating mild infections or 
preventing hospitalizations.85–90

Immune modulators
The severity of COVID-19 is determined largely by 
a dysregulated immune response, potentially 
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leading to a cytokine storm and damage to multiple 
organs.91 It is not surprising, therefore, that many 
of the drug repurposing approaches have focused 
on compounds able to decrease immune hyperacti-
vation (Figure 4). Although some broad-spectrum 
weak antivirals, such as CQ/HCQ and ivermectin, 
can also play a role in immune function, the follow-
ing sections will detail only the most popular 
approaches specifically focused on drugs whose pri-
mary or only role is immunomodulatory.

Dexamethasone
Dexamethasone is a synthetic corticosteroid 
immunosuppressant that is widely used to reduce 
inflammation and immune responses in a pleth-
ora of conditions, particularly autoimmune, res-
piratory, and severe allergic syndromes.92 Owing 
to its low cost and high potency, dexamethasone 
was quickly proposed to treat COVID-19 patients 

and was the first drug to show a significant benefit 
in the large RECOVERY trial.93 Specifically, this 
trial demonstrated that a moderate dose of dexa-
methasone (6 mg daily for 10 days intravenous 
administration) can decrease mortality in hospi-
talized patients with COVID-19 and respiratory 
failure who required supplemental oxygen or 
mechanical ventilation.94

A subsequent trial further demonstrated that 
intravenous dexamethasone plus standard of 
care, compared with standard of care alone, 
resulted in a statistically significant increase in 
the number of ventilator-free days (days alive 
and free of mechanical ventilation) over 28 days 
in patients with moderate COVID-19 or 
ARDS.95 Moreover, also a short course of dexa-
methasone was demonstrated to decrease inflam-
mation levels (as shown by lower C-reactive 
protein levels) and accelerate recovery time.96 

Figure 4.  Inhibition of SARS-CoV-2-mediated cytokine storm by immune-modulating drugs. A 
hyperinflammatory response or ‘cytokine storm’ has been proposed as a significant pathogenetic contributor 
and as a cause of ARDS in COVID-19 patients. Toll-like receptors (TLRs) in macrophages recognize ssRNA 
from viruses such as SARS-CoV-2 and activate nuclear factor B (NF-κB) signaling, via BTK-dependent 
activation, as well as other pro-inflammatory pathways (JAK/STAT), resulting in the production of a variety 
of inflammatory chemokines and cytokines (e.g. IL-6). Anti-inflammatory drugs – including dexamethasone, 
acalabrutinib, baricitinib, and tocilizumab (TCZ) – inhibit the activation of pro-inflammatory cytokines at 
different steps, as shown in the figure.
Source: Created with BioRender.com.
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Based on this evidence, dexamethasone (and 
corticosteroids in general) were the first drugs 
recommended by the WHO, in November 2020, 
for the treatment of severe or critical COVID-19 
(COVID-19: living guideline WHO). 
Dexamethasone is now routinely used to man-
age the cytokine storm and hyperinflammation 
in COVID-19 patients, and it is also recom-
mended as a treatment for immune thrombocy-
topenic purpura caused by COVID-19.97

Tocilizumab
Tocilizumab (TCZ, commercialized as Actemra) 
is a humanized monoclonal antibody (mAb) that 
belongs to the immunoglobulin G1K subclass 
and binds to the soluble and membrane-bound 
interleukin-6 receptor (IL-6R)98 (Figure 4). The 
repurposing of TCZ was driven by its well-known 
clinical efficacy, pharmacokinetics and favorable 
safety profile for treatment of rheumatoid arthri-
tis.99 Apart from rheumatoid arthritis, TCZ is 
also used to treat cytokine release syndrome/sys-
temic inflammatory response syndrome that can 
occur as a side effect of cancer immunotherapy100 
or chimeric antigen receptor (CAR)-T therapy.101 
Importantly, IL-6 levels have been linked to 
ARDS severity and outcome in COVID-19 
patients.102 In line with this, TCZ has been rec-
ommended as an effective treatment for hospital-
ized COVID-19 patients, especially for those who 
display high levels of circulating IL-6.103

In a study conducted in China during the early 
stages of the pandemic, TCZ treatment 
improved oxygen intake, lung lesion opacity and 
lymphocyte counts, and decreased the inflam-
matory marker C-reactive protein.104 All patients 
were discharged on average 15.1 days after 
receiving TCZ.104 Moreover, another open-
label, noncontrolled trial conducted in China 
showed that a single intravenous dose of 400 mg 
TCZ can be effective in COVID-19 patients 
with mild-to-moderate ARDS.105 On the con-
trary, placebo-controlled phase III studies 
showed mixed results of TCZ in hospitalized 
patients with severe COVID-19 pneumo-
nia.106,107 Heterogeneous results were also 
observed in other randomized trials.108–114 
Despite these mixed results, recent meta-analy-
ses suggest that TCZ use might be associated 
with lower mortality,115 and the WHO has rec-
ommended its use in COVID-19 patients 
(COVID-19: living guideline WHO).

Baricitinib
Baricitinib (commercial name: Olumiant) is an 
anti-inflammatory drug that is approved for treat-
ment of rheumatoid arthritis.116 At the molecular 
level, baricitinib acts as a selective inhibitor of the 
Janus kinase 1 and 2 (JAK 1/2) (Figure 4) at 
nanomolar concentrations.117 Through its inhibi-
tions of JAKs, baricitinib impairs the downstream 
activation of signal transducers and activators of 
transcription (STATs), thus impairing their 
nuclear translocation and the response of immune 
cells to pro-inflammatory cytokine secretion.118 
Owing to its anti-inflammatory effect, favorable 
route of administration (oral), and safety,119 
baricitinib was proposed as a therapeutic candi-
date for COVID-19. After proving effective in 
resolving lung inflammation in SARS-CoV-2–
infected rhesus macaques,120 baricitinib, plus 
standard of care, proved able to reduce mortality 
of hospitalized COVID-19 patients in a rand-
omized placebo-controlled phase III clinical 
trial.121 Recently, in January 2022, the WHO has 
included baricitinib as one of the recommended 
therapeutic options for treatment of severe 
COVID-19, a list previously including corticos-
teroids and TCZ (COVID-19: living guideline 
WHO).

Acalabrutinib
Acalabrutinib (also known as ACP-196, mar-
keted as Calquence) is an irreversible covalent 
inhibitor of Bruton’s tyrosine kinase (BTK) 
(Figure 4). Three BTK inhibitors – ibrutinib, 
zanubrutinib, and acalabrutinib – are approved 
by the FDA to treat B-cell malignancies such as 
chronic lymphocytic leukemia and mantle B-cell 
lymphoma.122 Acalabrutinib is a second genera-
tion BTK inhibitor and is characterized by better 
oral absorption, higher selectivity, and lower 
adverse effects, as compared with ibrutinib.122,123 
Interestingly, before the outbreak of SARS-
CoV-2, BTK inhibitors have been shown to pro-
tect against severe lung injury in preclinical 
research.124,125

At the molecular level, BTK inhibition might mit-
igate COVID-19 by decreasing macrophage acti-
vation. Macrophages contribute to the COVID-19 
inflammatory response through phagocytic 
absorption of viral particles or cellular debris har-
boring viral ssRNA. Using double-stranded areas 
in its secondary structure, the viral ssRNA can 
bind to TLR7 and TLR8, as well as TLR3, thus 
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recruiting and activating BTK.126 BTK in turn 
can activate NF-κB signaling, leading to the gen-
eration of pro-inflammatory cytokines and 
chemokines and potentially to a cytokine storm by 
boosting monocyte/macrophage and neutrophil 
recruitment during the late stages of severe 
COVID-19 infection127 (Figure 4).

Early data on the off-label clinical use of acalabruti-
nib showed improved oxygenation, normalization of 
IL-6 levels, and reduction of lymphopenia in patients 
with severe COVID-19.128 In this small study, 8/11 
treated patients in the supplementary oxygen cohort 
could be discharged on room air and 4/8 patients in 
the mechanical ventilation cohort could successfully 
undergo extubation.128 Unfortunately, in subse-
quent phase II randomized trials (CALAVI pro-
gram, NCT identifiers: NCT04380688 and 
NCT04346199), acalabrutinib did not decrease 
mortality and respiratory failure (https://www.astra-
zeneca.com/media-centre/press-releases/2020/
update-on-calavi-phase-ii-trials-for-calquence-in-

patients-hospitalised-with-respiratory-symptoms-of-
covid-19.html). Therefore, the use of acalabrutinib, 
as well as that of other BTK inhibitors, is currently 
not recommended for treatment of COVID-19.

Fostamatinib
Severe COVID-19 is often associated with throm-
bocytopenia.129 Fostamatinib (marketed as 
Tavalisse or Tavlesse) is an FDA-approved inhibi-
tor of the spleen tyrosine kinase (SYK) and is typi-
cally used to prevent chronic immune-mediated 
destruction of platelets.130 In several immune cells, 
such as, neutrophils, platelets, monocytes, and mac-
rophages, SYK signaling occurs via Fc receptors or 
c-type lectin receptors.131 By inhibiting FcRIIA 
receptor-mediated SYK signaling, the active metab-
olite of fostamatinib (R406) has been shown to 
reduce inflammatory cytokine production in human 
macrophages stimulated by COVID-19 plasma132 
(Figure 5). Interestingly, Kost-Alimova et  al.133 
reported that fostamatinib can also drastically 

Figure 5.  Activity of fostamatinib in decreasing thrombocytopenia. The metabolically active component of 
fostamatinib, R406, inhibits the enzyme spleen tyrosine kinase (SYK). This prevents the destruction of platelets 
induced by the SYK-dependent cytoskeletal reorganization during phagocytosis.
Source: Created with BioRender.com.
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reduce Mucin-1 (MUC1) protein abundance. 
MUC1 is a member of the mucin family of proteins 
and is responsible for the production of protective 
mucus on the epithelial apical membrane of several 
tissues, including lungs.134 The overexpression of 
MUC1 has been observed in COVID-19 patients,135 
potentially explaining the excessive mucus produc-
tion in the airways of COVID-19 patients displaying 
symptoms of ARDS. Therefore, fostamatinib might 
mitigate COVID-19 progression through a dual 
effect, by reducing both thrombocytopenia and 
excessive airway epithelium mucus production.

In line with this, a randomized placebo-controlled 
trial of fostamatinib, plus standard of care, was 
associated with lower mortality and faster recov-
ery in hospitalized COVID-19 patients.136 Despite 
these promising results, the number of enrolled 
patients was small, and definitive evidence of the 
efficacy of fostamatinib is still lacking. An ongo-
ing phase III clinical trial is expected to provide 
additional data on the potential of fostamatinib in 
treating COVID-19.137

Drug combinations
Combining effective, or partially effective com-
pounds might provide several advantages over 
monotherapies. Combinations of antivirals could 
increase the barrier to resistance mutations and 
extend the time window in which treatment is 
effective, potentially leading to full suppression of 
viral replication. Previous experience with other 
RNA viruses22 or retroviruses138 suggests that a 
combination of two/three antivirals might be 
required to achieve reproducible results in wide 
patient cohorts and across different viral subtypes/
variants. On the contrary, only sporadic cases of 
drug resistance mutations have been observed so 
far in SARS-CoV-2,139 possibly due to the short 
period of administration or of evolutionary con-
straints of the viral enzymes targeted. Moreover, 
data on drug–drug interaction and efficacy of anti-
viral combinations in SARS-CoV-2–infected 
patients are still scarce.140 Initial guidelines rec-
ommended avoiding the combination of remdesi-
vir and CQ/HCQ, due to potential toxicity. In 
addition, combining favipiravir and HCQ did not 
provide any clinical benefit in hospitalized patients 
with moderate-to-severe COVID-19.141 Similarly 
disappointing results were obtained by combining 
HCQ and the antibiotic azithromycin.142 On the 
contrary, a combination of lopinavir/ritonavir and 
IFN-β1b showed more effective than single 

treatments in an open-label, randomized, phase II 
trial enrolling hospitalized adults with mild or 
moderate COVID-19.143

Encouraging results were also obtained by associ-
ating lopinavir/ritonavir and IFN-α with RBV.30 
In another trial, however, the combination of 
RBV and IFN did not appear to improve clinical 
results in COVID-19 patients.144 Indeed, current 
guidelines indicate that the combination of RBV 
and IFN should be avoided in patients with 
COVID-19 (National Institute of Health, 2020; 
WHO, 2021b). More generally, the evidence of 
the benefit of combination treatments including 
IFN for SARS-CoV-2 patients is limited, and the 
use of IFN can be associated with significant tox-
icities.145 Also attempts to further increase the 
efficacy of the combination by adding HCQ and 
umifenovir (i.e. another repurposed drug used to 
inhibit fusion of RNA viruses)146 were not suc-
cessful.147 Similarly unsuccessful was the attempt 
to potentiate the effect of RBV by repurposing the 
direct acting antivirals sofosbuvir and daclatasvir, 
which are typically used to HCV infection.148 
Despite this, other trials suggest that combining 
sofosbuvir and daclatasvir with a standard of care 
including other repurposed compounds – such as 
HCQ, remdesivir, ivermectin, or lopinavir/ritona-
vir – might have a marginal benefit.149,150 The evi-
dence is, however, still insufficient to support the 
addition of sofosbuvir and daclatasvir to antiviral 
combinations for treating COVID-19 patients.

Overall, clinical data on purely antiviral combina-
tions have been underwhelming so far. Some 
recent lines of preclinical evidence suggest that 
other repurposed compounds in the pipeline 
might help to fill this gap. In this regard, a recent 
study showed that the use of pyrimidine biosyn-
thesis inhibitors, such as brequinar, can signifi-
cantly potentiate the effect of the RdRp inhibitors 
remdesivir and molnupiravir in a mouse model of 
SARS-CoV-2 infection.151 Although brequinar is 
not approved by the FDA and can be associated 
with high toxicity,152 the dose used in the study 
was well tolerated and effective.

In another study, conducted by some of us, the 
CYP3A inhibitors cobicistat was shown to decrease 
viral replication and disease progression in a Syrian 
hamster model of SARS-CoV-2 infection, as well 
as to increase the potency of remdesivir.153 The 
doses of cobicistat required to achieve an antiviral 
effect were higher than those employed to boost 
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Figure 6.  Mechanism of action, effectiveness, and stage of development of the drug combinations described in 
the review. Color codes and bar lengths indicate, respectively, the available results/approval status and stage 
of development of each drug combination.
Source: Created with BioRender.com.
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the effect of HIV protease inhibitors in antiretrovi-
ral therapy, thus potentially explaining lack of 
effect of the lower doses that had been observed in 
the early phases of the pandemic, when SARS-
CoV-2 patients received cobicistat with darunavir 
in the standard formulation.154 Of note, although 
this in vitro and in vivo study tested only the com-
bination of cobicistat and remdesivir, more than 
50% of all drugs are metabolized by the main cel-
lular target of cobicistat (CYP3A),155 thus poten-
tially paving the way to the design of multidrug 
combinations in which cobicistat could play a dual 
role as antiviral and pharmacoenhancer.

Other approaches at drug combinations, typically 
used in more advanced stages of COVID-19, 
include associating antivirals and immune-modulat-
ing drugs or a cocktail of immune-modulating 
drugs. Most trials of this type have been conducted 
by associating remdesivir with immune modulators 
such as the TCZ or other monoclonal antibodies 
targeting pro-inflammatory pathways. None of 
these combinations, however, proved a significant 
clinical benefit in hospitalized patients with COVID-
19156 (https://www.roche.com/media/releases/med-
cor-2021-03-11). On the contrary, the combination 
of remdesivir and baricitinib accelerated clinical 
improvement in hospitalized COVID-19 patients as 
compared with remdesivir only.157 These promising 
results led to the approval of Emergency Use 
Authorization of this drug combination by the FDA. 
Similarly, positive results were obtained in an obser-
vational clinical trial by testing the combination of 
baricitinib with corticosteroids, which led to 
improved pulmonary function.158

Conclusion
The Herculean efforts in drug repurposing have 
led to the identification of several antiviral and 
immune-modulating compounds to treat SARS-
CoV-2/COVID-19. Although many of the pro-
posed compounds could not pass rigorous clinical 
scrutiny, a subset of drugs proved able to decrease 
the mortality and morbidity of the infection, thus 
confirming the potential of the drug repositioning 
approach as a fast-response framework to con-
front sudden viral outbreaks or novel epidemics. 
Despite their promise, drug combinations have so 
far yielded only sporadic or early-stage results 
(Figure 6). Research is ongoing on the optimal 
compounds/formulations that could allow to 
improve current treatments at both the early and 
the advanced infection stages.
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