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SUMMARY 

COVID-19 disease caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is one of the major emergencies 
that have affected health care systems and society in recent decades. At the end of winter 2021-2022, the number of patients 
infected with SARS-CoV-2 and especially those suffering from severe COVID-19 is decreasing in Europe. This is due to the 
protective effect of anti-SARS-CoV-2 vaccines and the increasing number of people who had COVID-19, thus developing 
a certain immunity. However, vaccines to prevent the disease did not appear until more than one year after the emergence 
of SARS-CoV-2, so the initial medical approaches to control the disease focused on the existing drugs that were considered 
suitable for controlling the pathological events caused by the virus as far as was known at the time. Unfortunately, due in 
part to the limited initial knowledge of the molecular details of the pathology of COVID-19, many of the proposed drugs fell 
short of expectations and were abandoned. Over time, the challenge of understanding the mechanisms behind COVID-19 
has generated a large body of knowledge about how this beta-coronavirus gains control of the host during infection, a 
knowledge that has been used to redefine treatment strategies by repurposing existing drugs and to explore new drugs.
Here, we draw a picture of the major strategies and groups of drugs studied and provide a critical overview of their 
efficacy and safety based on the available literature data. The main topics covered are repurposed drugs, anticoagulants, 
anti-cytokine agents, monoclonal antibodies against SARS-CoV-2, and small antiviral molecules.

Impact statement
The impact of the review is to collect together successes and failures in the 
use of drugs to treat COVID-19, the reasons for the repositioned drugs and 
the corresponding responses of the relevant clinical trials as well as the re-
sponses to new monoclonal antibodies and antiviral drugs.

Key words
COVID-19; drug repositioning;  
anti-inflammatory and anticoagulants; 
antiviral MoAbs; antiviral small molecules.

https://orcid.org/0000-0002-5138-6041


A. berGAMo, A. bitto, A. GrollA, et Al.

198

INTRODUCTION
Severe Acute Respiratory Syndrome due to 
CoronaVirus-2 (SARS-CoV-2) appeared as a 
novel, highly dangerous, virus that caused 
the coronavirus disease-2019 (COVID-19) in 
humans at the end of 2019. First identified 
in Wuhan, China, SARS-CoV-2 rapidly spread 
throughout the world, leading to a pub-
lic health emergency. SARS-CoV-2 infection 
caused patients to develop severe disease 
with an acute respiratory distress syndrome 
(ARDS), associated with coagulation disorders, 
an exuberant cytokine storm leading to multi-
ple organ failure, and resulting in fatal events 
in about 3% of the infected people (1). The 
risk for the severity of COVID-19 disease de-
pends on several comorbidities (diabetes, 
hypertension, lung-related diseases, cardio-
vascular diseases and obesity), older age, 
ethnicity, genetic factors, vaccination status 
and other conditions (2). The morbidity and 
mortality associated with the COVID-19 have 
pushed the development of SARS-CoV-2 vac-
cines as a priority for human health. As a result 
of that emergency, several effective vaccines, 
targeting the SARS-CoV-2 spike protein, rapid-
ly emerged and gained conditioned approvals 
by the regulatory agencies (3).
However, vaccines dedicated to the preven-
tion of the disease appeared after more than 
one year after SARS-CoV-2 appearance. There-
fore, the initial medical approaches to this vi-
rus and the COVID-19 were focused on the 
existing drugs suitable for the control of the 
pathological events caused by the virus. Un-
fortunately, also because of the limited initial 
knowledge of the molecular pathology details 
of COVID-19, many of the proposed drugs 
have often missed expectations and were 
abandoned. Indeed, it was crucial to under-
stand how this beta coronavirus gained con-
trol of the host during infection, a knowledge 
that was applied to the development of treat-
ment strategies by the repurposing of existing 
drugs but also to the study of new ones. The 
emergency of the pandemic made the mar-
keted drug repurposing the best approach to 

identify therapeutic options for COVID-19 in a 
limited time (4). In the absence of clear clini-
cal evidence, many treatment regimens have 
been explored in the treatment of COVID-19. 
Some of these treatments could refer to the 
experience gained with the Middle East Respi-
ratory Syndrome (MERS) and with the Severe 
Acute Respiratory Syndrome (SARS); some of 
them showed effects on COVID-19 patients 
(5). However, the published data often suf-
fered from limited rigorousness of the clinical 
trials, particularly regarding randomization, ge-
netic causes and differences in study design 
and treatment regimens, leading to contrast-
ing results (6). In other cases, side effects pre-
cluded the use of the drug itself (4).
Although vaccines have made a difference in 
significantly reducing SARS-CoV-2 diffusion 
and COVID-19 frequency, with the acquired 
and increased knowledge on the modalities of 
virus infection, it became possible for research-
ers and pharmaceutical companies worldwide 
to work and develop new drug candidates. 
There is still a need for effective therapies for 
COVID-19 for many reasons: 1) some people 
do not properly respond to vaccines, 2) the 
appearance of virus variants that escape or 
reduce the vaccine effectiveness and 3) some 
patients develop severe forms of the patholo-
gy (7). Also, drugs can be useful in patients on 
chemotherapy, patients with hematologic ma-
lignancies, immunocompromised people or in 
other pathologic conditions.
Drug development is mainly focused on differ-
ent strategies: i) to avoid the virus entry into 
the cells, ii) to inhibit viral replication and vital-
ity, and iii) to regulate the human immune sys-
tem. These drug categories include anticoag-
ulants, immunosuppressors, anti-inflammatory, 
corticosteroids, janus kinase inhibitors, immu-
noglobulins, monoclonal antibodies, antivirals 
and cell therapy (8). 
The aim of this review is to examine all the 
strategies adopted for the control and treat-
ment of COVID-19, with particular emphasis of 
the role and effectiveness of the different cat-
egories of drugs on the stages of the disease. 
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REPURPOSED DRUGS FOR THE 
CONTROL OF COVID-19
In the search for an effective treatment for 
SARS-CoV-2 infection, many attempts have 
been made using existing drugs which, on the 
basis of their mechanisms of action, or given 
some preliminary clinical evidence, seemed 
to be effective in managing the disease (9). If, 
before vaccination and up to the spread of the 
omicron variant, the medical need was urgent, 
nowadays clinicians are more cautious in pre-
scribing unapproved drugs for COVID-19. A 
database has also been developed (10) con-
taining all the available in in vitro anti-SARS-
CoV-2 activity and in vivo pharmacokinetic 
data to facilitate the extrapolation from in vitro 
antiviral activity to potential in vivo antiviral ac-
tivity for choosing drugs that could be useful 
in saving lives.
The main problem concerning repurposed, or 
any other drug treatment for COVID-19 is the 
need for mechanical ventilation or high flux, 
as the availability of resources and the real se-
verity of the patient respiratory function great-
ly influence the efficacy of the therapy. As an 
example, tocilizumab, an interleukin 6 antag-
onist, in randomized clinical trials has shown 
mixed results compared with control or usual 
care in hospitalized patients with COVID-19 
(11). However, the real benefit was evident only 
for those patients who did not require invasive 
mechanical ventilation (IMV) at randomization 
and no further details were provided regard-
ing the respiratory status. Despite the absence 
of these data, guidelines have suggested the 
use of tocilizumab in patients with either se-
vere or critical COVID-19 independent of their 
respiratory condition. From a re-analysis of the 
published evidence, it appears that the real 
benefit of using tocilizumab might have been 
overestimated also in subjects without IMV, as 
it was used in association with high doses of 
corticosteroids that by themselves blunt the 
inflammatory reaction (12).
Another drug that has been used for treat-
ing COVID-19 was Ivermectin, an inexpen-
sive, easy-to-administer, and widely available 

antiparasitic drug, because an in vitro study 
showed inhibitory effects against SARS-CoV-2. 
Despite the initial reports on its supposed effi-
cacy in reducing viral load in 45 patients (13), 
a 5-day course of ivermectin, compared with 
placebo, did not significantly improve the time 
to resolution of symptoms in 400 patients (14). 
Further evidence on 490 high-risk hospitalized 
patients with mild to moderate COVID-19, 
demonstrated no benefit from this treatment 
regarding the need for mechanical ventilation, 
intensive care unit admission, or death (15).
Among the drugs used to treat COVID-19, the 
anti-malarial drugs chloroquine (CQ) and hy-
droxychloroquine (HCQ) deserve special atten-
tion. These have been suggested as promising 
agents, from early trials in China, for shorten-
ing the duration of the viral disease,  reducing 
the fever duration, and improving lung health 
(16) also in combination with azithromycin, a 
commonly prescribed antibiotic for lung infec-
tions (17). The antiviral effects of CQ and HCQ 
have been demonstrated in vitro due to their 
ability to block viruses like coronavirus SARS in 
cell culture (18, 19). Given this preliminary ev-
idence and considering the low cost of HCQ, 
most pharmacies, as a detrimental conse-
quence of the rapid dissemination of over-in-
terpreted data, in Europe and Italy have been 
struck by people asking for this drug, hoping 
for a miraculous cure for the deadly virus (20). 
However, a few months later, emerging clinical 
evidence demonstrated the ineffectiveness of 
HCQ, together with the severe adverse events, 
including death, when used at high dose. Cur-
rently, no direct supporting data on the effec-
tive role of CQ and HCQ in the treatment for 
COVID-19 exist, and the international RCTs for 
COVID-19 treatments launched by WHO (21) 
concluded that HCQ had little or no effect on 
overall mortality, initiation of ventilation, and 
duration of hospital stay in hospitalized pa-
tients (22, 23).
Finally, also azithromycin, a macrolide anti-
biotic with alleged antiviral efficacy against 
COVID-19, was widely prescribed up to the 
second quarter of 2021 because several 
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guidelines in 2020 recommended the use of 
empirical antimicrobial treatment (24). Howev-
er, its alleged efficacy was eventually unsup-
ported by the results of the Recovery trial that 
enrolled over 7000 patients that did not bene-
fit from azithromycin treatment, in terms of the 
need for IMV or death (25). The same trial in-
deed revealed that corticosteroids are indeed 
useful in the treatment of COVID-19. In fact, 
before Recovery trial results were available, 
there was a wide debate regarding the role 
of corticosteroids in mitigating inflammatory 
organ injury (26, 27) and these were general-
ly not included in most guidelines. However, 
the first results obtained in 2104 hospitalized 
patients showed that dexamethasone lowered 
mortality among those who were receiving ei-
ther invasive mechanical ventilation or oxygen 
alone at randomization (28).
Considering the great medical need, a special 
effort has been made in these past 2 years to 
assess the safety and efficacy of drugs pro-
posed or used to treat COVID-19, but little 
evidence exists to date on the prescribing pat-
terns for repurposed and adjuvant drugs in 
routine clinical practice.

ANTICOAGULATION TREATMENTS IN 
COVID-19
Since the beginning of the COVID-19 pan-
demic, altered coagulation has been reported 
in hospitalized patients, with both thrombot-
ic as well as hemorrhagic events. In some pa-
tients, a pro-thrombotic status was the alleged 
cause, but for many others, the problems seem 
related to the cytokine storm, leading to hy-
perinflammation, endothelial disruption, plate-
let activation, and thrombotic complications 
(29). Arterial and venous thrombotic complica-
tions are common in hospitalized patients with 
COVID-19 and are an independent predictor 
of poor outcome. Microvascular thrombi also 
determine multi-organ dysfunction, starting 
with acute respiratory distress and then involv-
ing other tissues (30). Early studies also indi-
cated that standard prophylactic doses of anti-

coagulant therapy appeared to be inadequate 
for preventing thrombotic events in hospital-
ized patients (31). 
More recently, larger trials have been pub-
lished, providing more insight into treat-
ment strategies for hospitalized patients with 
COVID-19. The ACTION trial (32) showed 
that clinically stable hospitalized patients with 
COVID-19 receiving rivaroxaban, compared 
to unstable patients receiving enoxaparin, did 
not improve the primary efficacy outcome on 
the death rate, duration of hospitalization, or 
duration of supplemental oxygen. Therapeutic 
anticoagulation was associated with increased 
bleeding in both clinically stable and clinically 
unstable patients.
The ATTACC, ACTIV-4a, and REMAP-CAP In-
vestigators in 2 trials (33, 34) using therapeu-
tic-doses anticoagulation compared with “usu-
al-care” thromboprophylaxis in noncritically ill 
patients, defined as not needing respiratory 
or cardiovascular support, showed that thera-
peutic dosing improved survival and reduced 
the use of cardiovascular or respiratory organ 
support as compared with usual-care thrombo-
prophylaxis.
In the HEP-COVID study (35), adult patients 
with evidence of coagulopathy (by laboratory 
means) affected by COVID-19 and random-
ized to receive standard prophylactic or inter-
mediate-dose low-molecular-weight heparin 
(LMWH) or unfractionated heparin (UFH) or 
therapeutic-dose LMWH throughout hospital-
ization, demonstrated interesting results. The 
primary efficacy outcome of thromboembolic 
occurrence, or all-cause mortality, was reached 
only in non-severe patients with therapeu-
tic-dose anticoagulation, but ICU patients did 
not improve with this therapeutic regimen. 
Anticoagulation with LMWH or UFH at a thera-
peutic dose in COVID-19 hospitalized patients 
with an elevated D-dimer level did not signifi-
cantly reduce the rate of death or severe con-
sequences such as ICU admission, noninvasive 
or invasive mechanical ventilation, as demon-
strated in the RAPID Trial (36). Also, consider-
ing the results of the INSPIRATION trial in ICU 
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patients, no benefit was obtained from using 
an intermediate dose of LMWH over standard 
prophylactic-dose anticoagulation in prevent-
ing thromboembolic events or death (37).
Despite the methodological differences in de-
fining the criteria for considering critically or 
non-critically ill COVID-19 patients in these 
studies, the take-home message regarding the 
efficacy and safety of anticoagulant therapy in 
hospitalized patients can be summarized in 3 
crucial points. First, patients that are non-crit-
ical and have elevated D-dimer levels benefit 
of therapeutic anticoagulation with LMWH or 
UFH; second, critically ill and/or ICU patients 
do not benefit from therapeutic anticoagula-
tion and have a higher risk of hemorrhage; fi-
nally, a dose between prophylactic and ther-
apeutic is not recommended in either ICU or 
non-ICU patients.
The use of LMWH in the prophylaxis of throm-
boembolic events or in patients with an acute 
respiratory infection is recommended by the 
main guidelines in the absence of contraindi-
cations. LMWH or UFH are necessary in case 
of thromboembolic manifestations; it is indeed 
reasonable to recommend enoxaparin prophy-
laxis or an intermediate dose when pneumo-
nia is present and hypomobility occurs in the 
bed rest patient (38).
Although many limitations and a small number 
of high-quality, well-designed studies, heparin 
treatment should be preferred to anticoagu-
lants in the treatment of COVID-19 patients at 
high risk or with thromboembolism.

ANTI-CYTOKINE AGENTS FOR COVID-
19 TREATMENT 
SARS-CoV-2 virus infection triggers an inflam-
matory response and subsequent produc-
tion of immune mediators such as cytokines, 
chemokines, and complement, initially local-
ly and in moderate amounts: this response 
is essential to fight the infection. Howev-
er, in severe COVID-19 infection, cytokines 
and chemokines are released in increased 
amounts, leading to massive recruitment of 

immune cells and consequent hyperinflam-
mation, which eventually causes the cytokine 
storm (CS) (39). This increased inflammatory 
response leads to severe complications such 
as acute respiratory distress syndrome (ARDS) 
in the lungs, intravascular coagulation, mul-
tiorgan failure, and ultimately death. Higher 
concentrations of cytokines in the plasma of 
patients have been associated with disease 
severity (40, 41). These pro-inflammatory cyto-
kines and chemokines include tumour necrosis 
factor alpha (TNF-α), interleukin 1beta (IL-1β), 
IL-6, IL-10, IL-17, Granulocyte/macrophage 
colony-stimulating factor (GM-CSF), interfer-
on gamma (IFN-γ), monocyte chemoattractant 
protein-1 (MCP-1), and macrophage inflamma-
tory protein-1-alpha (MIP-1α) (42-45). The IL-1/
IL-6 axis is probably one of the most biologi-
cally relevant signalling pathways in the SARS-
CoV-2-induced hyperinflammatory response 
(44, 46, 47). Consequently, monoclonal anti-
bodies or drugs targeting specific cytokines 
among the host defence immune mediators 
triggered by the virus were considered early 
on as a potential class of adjunctive therapies 
for COVID-19 (48).

IL-1 blockers
IL-1 induces local effects such as macrophage 
activation, endothelial leakage, and fluid ex-
travasation, as well as systemic effects such 
as fever, drowsiness, and synthesis of acute-
phase proteins. Blocking IL-1 signals reduces 
inflammation, which in turn may reduce the 
need for respiratory support and deaths from 
COVID-19. Three IL-1 blockers are available: 
anakinra, canakinumab, and rilonacept.
Anakinra is a recombinant soluble IL-1 recep-
tor antagonist (IL -1Ra) that competitively in-
hibits the binding of both IL-1α and IL-1β to 
their receptor (IL-1 type I) (49-51) and is cur-
rently approved for rheumatoid arthritis and 
other autoinflammatory diseases. Randomized 
trials with anakinra, compared to placebo, 
in patients with mild to moderate COVID-19 
pneumonia reported no significant effect on 
the proportion of patients who died or re-
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quired non-invasive or mechanical ventilation, 
or on survival without the need for mechani-
cal or non-invasive ventilation, or on discharge 
from organ support in the intensive care unit 
(ICU) (52, 53). These findings are consistent 
with a Cochrane systematic review that ex-
amined the effects of IL-1 blockers compared 
with standard of care (SoC) alone or placebo 
on efficacy and safety in patients with mod-
erate to severe COVID-19 (54). Overall, there 
was no evidence of a significant beneficial ef-
fect of IL-1 blockers or of adverse effects. Sim-
ilarly, a study on canakinumab, a monoclonal 
antibody that blocks only IL -1β, did not reach 
significance for its primary outcome, surviv-
al without invasive mechanical ventilation at 
day 29 (55). Again, the results are supported 
by the findings of the Cochrane systematic re-
view, which states that canakinumab is likely 
to result in little or no improvement in COVID 
-19 symptoms, defined as improvement on a 
clinical scale or discharge from hospital at day 
28 after treatment. No studies of rilonacept in 
COVID-19 were found in either the EU Clini-
cal Trials Register or on ClinicalTrials.gov (ac-
cessed February 17, 2022).
In contrast to these disappointing results, a dif-
ferent approach based on stratifying patients 
by immunologic profiles identified patients 
who would likely benefit from IL-1 blockade. 
In the SAVE-MORE trial, treatment with anak-
inra was guided by plasma levels of soluble 
urokinase plasminogen receptor (suPAR) as a 
biomarker of risk of progression to severe re-
spiratory failure (56-58). Treatment with anak-
inra resulted in significant clinical improvement 
on the 11-point WHO clinical outcome scale, 
both toward complete resolution and toward 
critical illness or death at 28 days (59). In this 
study, anakinra also improved outcomes in pa-
tients treated concomitantly with dexametha-
sone, suggesting that suPAR-based treatment 
with anakinra is a therapeutic strategy before 
critical illness occurs. Other useful information 
on the use of anakinra comes from a retro-
spective observational study suggesting that a 
shorter time between hospitalization and treat-

ment with anakinra in patients with moderate/
severe COVID-19 is associated with a signifi-
cantly lower number of intensive care admis-
sions and lower mortality (60).

IL-6 blockers
In severe COVID -19 patients, a significant in-
crease in the levels of IL-6 is observed (47, 61). 
IL-6 is a strong predictive marker of acute se-
vere systemic inflammatory response requiring 
support by mechanical ventilation. Moreover, 
elevated levels of IL-6 activate the coagulation 
cascade and increase the risk of death (62-64). 
Accordingly, blockade of IL-6 has emerged 
as a potentially promising approach to con-
trol SARS-CoV-2-associated cytokine release 
syndrome (CRS). IL-6 promotes monocyte 
differentiation into macrophages, recruits im-
mune cells to the site of injury, and increases 
cytokine production. Interaction of IL-6 with 
its transmembrane IL-6 receptor (IL-6R) leads 
to dimerization of glycoprotein 130 and the 
“classical” signalling process via JAK /STAT, 
MAPK and RAS /RAF. However, cells that do 
not express IL-6R also respond to IL-6 through 
circulating soluble IL-6Rα (sIL-R), known as 
“trans-signaling”. Recently, three drugs have 
been used to treat COVID-19 infections and 
are in clinical trials: tocilizumab, sarilumab, 
siltuximab. 
Tocilizumab is a humanized IgG1-type mAb 
that targets both the membrane-bound and 
soluble forms of IL-6R (63), inhibiting both 
classical and trans-signalling. It is used to treat 
rheumatoid arthritis (RA) and CRS concomi-
tant with CAR-T therapy in cancer, a syndrome 
similar to the hyperinflammatory phase of 
COVID-19 (64, 65). A prospective meta-anal-
ysis of clinical trials of patients hospitalized for 
COVID -19 showed an association with lower 
28-day all-cause mortality in patients treated 
with IL-6 antagonists compared with patients 
receiving usual care or placebo (65). Tocili-
zumab resolved respiratory symptoms and 
improved overall health (11). In addition, pa-
tients with hypoxemia requiring oxygen ther-
apy have benefited from anti-IL-6 strategies, 
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as shown by the results of two large-scale ran-
domized clinical trials (65, 66). In the open-la-
bel trial RECOVERY, which enrolled predom-
inantly non-critically ill patients, a significant 
reduction in mortality was observed in the to-
cilizumab arm compared with the usual care 
arm (66). In the REMAP-CAP trial, both tocili-
zumab and sarilumab were effective compared 
with the control group and likely equivalent 
in improving survival and discharge from or-
gan support (67). In the same study, treatment 
with anakinra was not effective, as previously 
reported. Overall, these data support the use 
of blockade of IL-6 in patients with COVID-19 
who are hospitalized and require oxygenation.
Unlike tocilizumab and sarilumab, which target 
the IL-6 receptor, siltuximab modulates IL-6 
signalling by directly binding the cytokine (68). 
The COV-AID study examined the effects of 
tocilizumab and siltuximab within the anti-IL-6 
therapy group and found no significant differ-
ence between the two different anti-IL-6 strat-
egies (69).

Inhibitors of JAK /STAT
Several studies suggest that activation of host 
NF-kB and IL-6/JAK/STAT signalling pathways 
by SARS-CoV-2 viral proteins is likely a critical 
factor in virulence, promoting overexpression 
of proinflammatory cytokines, viral replica-
tion, and pathogenicity. The JAK/STAT path-
way transmits extracellular signals conveyed 
by a large number of cytokines, lymphokines, 
and growth factors, with IL-6 being one of the 
most important activators (70). Binding of IL-6 
to its receptor activates STAT3, which contrib-
utes to the cytokine storm, then the ability of 
STAT3 to promote IL-6 gene expression leads 
to an autocrine loop that enhances cytokine 
expression (71). JAK/STAT signalling pathway 
in COVID-19 has also been implicated in the 
inflammatory response of IFN-γ, the signalling 
of which involves JAK1 and JAK2 as well as 
STAT1 (72). Last but not least, detachment of 
ACE2 from the cell surface after endocytosis 
increases angiotensin II levels (Ang II), whose 
effects are also mediated by the JAK/STAT 

pathway and contribute to the development 
of ARDS (73). Therefore, it is not surprising 
that one of the therapeutic strategies being 
investigated for COVID-19 is targeting the 
JAK/STAT pathway, whose inhibition may have 
pleiotropic effects on the actions of multiple 
cytokines, including IL-6 and GM-CSF, while 
overcoming the limitations of mAbs that nor-
mally target only one cytokine. There are sev-
eral JAK/STAT inhibitors that differ in their se-
lectivity toward members of the family, namely 
JAK1, JAK2, JAK3, and Tyk2 (74).
The efficacy and safety of the pan-JAK inhib-
itor tofacitinib were evaluated in a clinical tri-
al of 289 patients hospitalized with COVID-19 
pneumonia (75). Tofacitinib resulted in a lower 
risk of death or respiratory failure than place-
bo by day 28, with serious adverse events oc-
curring in 14.1% in the tofacitinib group and 
12.0% in the placebo group. Further promising 
results were also obtained in combination with 
hydroxychloroquine (76). Further evidence is 
available on the use of ruxolitinib and barici-
tinib, both inhibitors of JAK1 and JAK2. Rux-
olitinib is a potent JAK1/2 inhibitor and sig-
nificantly suppresses the increase in IL-6 and 
TNF-α levels in COVID-19 patients. Compared 
with placebo, treatment with ruxolitinib result-
ed in significantly improved chest computed 
tomography and faster recovery from lymph-
openia (77). In addition, ruxolitinib in combi-
nation with steroids reduced mortality and 
resulted in a 75% recovery rate in COVID-19 
patients enrolled in the MAP program (78). 
Nevertheless, ruxolitinib failed to significant-
ly reduce inflammation in patients who expe-
rienced respiratory failure or ICU admission. 
Baricitinb is not only a JAK inhibitor but also 
impedes the entry of SARS-CoV-2 into target 
cells (73). Although the virus enters the host 
cell mainly through ACE2 receptors, JAK and 
AP-2 (Adaptor Protein Complex 2) associated 
protein kinase-1 (AAK1) are also involved in vi-
ral attack and endocytosis (79, 80). Baricitinb 
inhibits viral endocytosis and assembly by in-
hibiting AAK1 and cyclin G-associated kinase 
(GAK). Baricitinib treatment attenuates the cy-
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tokine storm by decreasing expression levels 
of IL-6, IL-1β, and TNF-α, resulting in improve-
ment in lymphocyte counts in patients with 
COVID-19 (81). A double-blind, randomized, 
placebo-controlled trial of 1,033 adults hospi-
talized with COVID-19 who were randomized 
to receive either baricitinib or placebo showed 
that patients receiving this JAK inhibitor had 
a shorter time to recovery than patients in the 
placebo group (82). Importantly, the effect was 
more pronounced in the subgroup that re-
quired high-flow oxygen or non-invasive ven-
tilation compared with placebo. Encouraging 
results came from a double-blind phase 3 trial 
of 1,525 participants randomized to baricitinib 
or placebo (83). The relative reduction in mor-
tality was 38.2% for baricitinib versus placebo 
when considering 28-day all-cause mortality; 
this effect is in addition to standard treatment, 
including corticosteroids. Positive feedback 
comes from the use of baricitinib in combi-
nation with remdesivir, better than baricitinib 
alone, in accelerating recovery time and im-
proving the clinical condition of COVID-19 pa-
tients dependent on high-flow oxygen or non-
invasive ventilation, with fewer adverse events 
(82). The FDA recently approved baricitinib for 
the emergency treatment of COVID-19 (July 
2021). On the other hand, it should also be 
considered that baricitinib, as a potent immu-
nosuppressant, may lead to an additional risk 
of infection in critically ill patients.
One concern with the use of pan-JAK in-
hibitors for COVID-19 is that such inhibitors 
may interfere with host responses mediated 
by type I and type II interferons, which have 
important antiviral effects through their abili-
ty to inhibit viral replication in infected cells 
(84,85). Because JAK2 is not involved in cell 
signalling that regulates type I interferons and 
is not essential for type II and III interferons 
in host immunity, selective JAK2 inhibitors 
might be preferred over other JAK inhibi-
tors to block signalling by cytokines such as 
IL-6 and GM-CFS, leading to suppression of 
COVID-19-associated CRS. The hypothesized 
benefits of JAK2 inhibition in the treatment of 

COVID-19-associated CRS are currently being 
investigated with FDA-approved inhibitors. 
Fedratinib is an FDA-approved JAK2 inhibitor 
that has nanomolar activity in the treatment of 
myelofibrosis (MF) (86); it has also been report-
ed to prevent the worsening outcomes that 
follow Th17 cell differentiation and the associ-
ated cytokine storm, helping to control pulmo-
nary oedema in COVID-19 (87). Several other 
JAK2 inhibitors are currently under investiga-
tion for the treatment of various human dis-
eases, including acute myeloid leukemia, MF, 
psoriasis, GvHD (graft versus host disease) (88, 
89). Given that JAK2 inhibitors likely do not 
interfere with the type I interferon response in 
immunity but inhibit cytokines including IL-6 
and GM-CSF in COVID-19 associated CRS, 
JAK2 inhibition should be an attractive thera-
peutic option for blocking the cytokine storm 
in COVID-19.
The need to find effective therapies against 
COVID-19 in the shortest possible time has 
forced the entire scientific community to 
make great efforts. The experience accumu-
lated so far suggests that host-specific thera-
py is a rather complex approach and that the 
heterogeneity of the immunological milieu 
of COVID-19 patients must be taken into ac-
count. It is now clear that not all patients ben-
efit from the same immunomodulatory treat-
ment and that the same patient may respond 
differently depending on the stage and sever-
ity of the disease. In particular, the experience 
with the IL-1 antagonist anakinra points to the 
need to evaluate and use biomarkers to guide 
patient-specific immunotherapy.

ANTI-SARS-CoV-2 MONOCLONAL 
ANTIBODIES
Soon after the discovery that SARS-CoV-2 en-
ters the cells, after binding the human angio-
tensin-converting enzyme 2 (ACE2) receptor 
through the spike protein (90) the idea of pre-
paring monoclonal antibodies (MoAb) capa-
ble of binding the Spike protein in the recep-
tor-binding domain (RBD) and inhibiting the 
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Spike/ACE2 binding was pursued. Neutraliz-
ing MoAbs (NMoAbs) would inhibit viral rep-
lication and cure patients. However, in the fol-
lowing months, it became progressively clear 
that what might seem a simple and successful 
idea presented some critical issues: 1) the role 
of antibodies in the fight against SARS-CoV-2 
infection, 2) the decreasing efficacy of the 
MoAbs during the development of the infec-
tion so that the treatment has become half a 
way between cure and prevention, 3) the cost 
of antibodies considering the relatively low 
mortality rate also in patients at high risk of 
death, 4) the need to use the parental route, 
making more difficult the administration, 5) rel-
evant changes in the Spike protein over time. 
Point 1. The role of antibodies in COVID-19 
remains to be fully defined. After SARS-CoV-2 
appearance, it was clear within months that 
the more severe the COVID-19 disease, the 
higher the anti-Spike antibody titers (91), pos-
sibly suggesting that naturally arising antibod-
ies were not protective. The idea seemed to 
be confirmed when several studies demon-
strated that administration of polyclonal anti-
body-containing sera of patients who recov-
ered from COVID-19 did not cure patients 
(92-94). In addition, some data suggest that 
certain patient-produced antibodies may lead 
to antibody-dependent potentiation (ADE) of 
the disease, favoring the entry of the virus into 
cells, as observed for other viruses, including 
coronavirus (95-98). On the contrary, some 
studies suggested a protective role of natu-
rally arising antibodies. For example, hospi-
talized patients with no anti-Spike antibodies 
showed a mortality rate almost twice that of 
patients with anti-Spike antibodies (99).
Thus, it seemed reasonable to conclude that 
antibodies inhibiting ACE2/Spike binding and 
the entry of virus in the cells are protective if 
devoided of ADE effect. Indeed, the first clin-
ical studies using one monoclonal antibody 
(MoAb) or two MoAbs in association demon-
strated a relevant protective activity (100, 101).
A second crucial issue (point 2) was the timing 
of antibody administration relative to the evo-

lution of the infection. Some studies demon-
strated that antibodies were effective when 
administered early (e.g., in the patient positive 
for SARS-CoV-2 but with few symptoms) and 
inactive when the patient is hospitalized and/
or in intensive care (102,103). Therefore, all 
antibodies entered in the clinical use must be 
given as soon as possible, even if the patient 
does not have a serious disease. The need for 
early administration made it necessary to es-
tablish the type of patients that need to be 
treated. Indeed, it was and is still impossible 
to treat all the COVID-19 patients with antiviral 
MoAb, due to the shortage of the drugs (par-
ticularly soon after their approval) and their 
cost. Moreover, considering the very low mor-
tality rate of COVID-19 in a large portion of 
the young-adult population, the administration 
may be non-ethical due to the very low bene-
fit versus the potential risk of adverse events. 
Therefore, each Health Organization estab-
lished the patient categories that should be 
treated, including old patients and those with 
co-morbidities known to increase the mortality 
rate (see below). Nonetheless, when treating 
paucisymptomatic patients, the NNT of antivi-
ral monoclonal antibodies is quite high, rang-
ing between 25 and 29 in the hypothesis of 
5% risk of hospitalization (104). Therefore, the 
cost of the treatments is rather high (point 3).
The need for MoAb administration as soon as 
possible means that they are given to patients 
still at home and in a relatively good condi-
tion (see below for details). Considering that 
they must be given through the endovenous 
route, home administration of the drug to a 
patient positive for SARS-CoV-2 was a critical 
issue (point 4), considering the susceptibility of 
specialized personnel to CoViD-19 (especially 
before vaccination) and the lack of available 
medical and paramedical personnel, especial-
ly during the pandemic peaks.

The emerging SARS-CoV-2 variant: the 
most relevant issue
A crucial issue concerning antibodies effica-
cy is the appearance of variants of concern of 
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SARS-CoV-2 (point 5). Errors (point mutation) 
in RNA viruses such as SARS-CoV-2 are a rule. 
Despite SARS-CoV-2 codes for a polymerase 
with proofreading activity (105, 106), SARS-
CoV-2 variants are quite frequent. 
The issue was well known at the beginning 
of the pandemic. Now we know that the fre-
quency of mutation in the viral RNA coding 
the Spike is much higher than the frequen-
cy of mutation in the RNA coding the other 
viral proteins (107). In particular, comparing 
303,250 human SARS-CoV-2 spike protein se-
quences with the reference sequence of Wu-
han-Hu, authors found mutations of each of 
the 195 amino acid residues forming the RBD, 
including the amino acid residues crucial for 
ACE2 binding (8 residues), which is somewhat 
surprising. We can conclude that: 1) no amino 
acid residues are indispensable to bind ACE2, 
2) more importantly, we cannot bet on the ef-
ficacy over time of neutralizing MoAbs bind-
ing the RBD. Reasonably, the high frequency 
of mutation is due to a selective advantage for 
the virus having a Spike with a higher affinity 
for the ACE2 receptor, more able to favor virus 
entry or not recognized by anti-SARS-CoV-2 
Abs produced by the host following infection 
with another variant of SARS-CoV-2 or the vac-
cination with a vaccine expressing the Spike of 
Wuhan-Hu virus.
In theory, the same use of monoclonal anti-
bodies favors the appearance of variants, but 
we believe that their use in the population 
had been so infrequent that it did not exert 
sufficient selective pressure. Moreover, most 
MoAbs are administered as an association of 
two antibodies, making unlike the appearance 
in one virus particle of mutations conferring re-
sistance to both antibodies (108). The conse-
quence of the appearance of specific variants 
on the efficacy of the antibodies in clinical use 
will be discussed later.
Interestingly, forty-four invariant residues are 
present in the Spike protein outside the RBD 
and correspond to ten domains/regions in the 
SARS-CoV-2 Spike protein (107),  possibly sug-
gesting that MoAbs binding these amino acid 

residues may be effective not only against the 
present but also future SARS-CoV-2 variants. 

Patients for which MoAbs treatment is 
indicated
As reported above, not all patients affected 
by COVID-19 are treated with MoAbs. Treat-
ment is indicated soon after the occurrence of 
COVID-19 symptoms in non-hospitalized pa-
tients with laboratory-confirmed SARS-CoV-2 
infection who are at high risk for progressing 
to severe disease and/or hospitalization. The 
patients must be aged > 64 years or aged 12-
64 years with relevant comorbidities or con-
ditions, such as obesity (BMI > 25), diabetes, 
cardiovascular and chronic lung diseases, in-
cluding hypertension. Other patients poorly 
represented in the study leading to MoAb au-
thorization but considered to be at high risk 
when infected with SARS-CoV-2 are patients 
under immunosuppressive treatment or immu-
nocompromised, with chronic kidney disease, 
pregnant, with neurodevelopmental disorders, 
conditions that confer medical complexity and 
dependant on medical-related technologi-
cal devices. Even infants with less than 1 year 
are considered at high risk. For sure, the an-
ti-SARS-CoV-2 MoAbs are not authorized for 
use in the patients hospitalized for COVID-19 
and/or who require oxygen therapy due to 
COVID-19, because MoAbs do not improve 
any parameter, including survival.
More recently, some anti-SARS-CoV-2 MoAbs 
have been found to be effective in reducing 
the risk of infection when used as pre-expo-
sure prophylaxis (109) and as post-exposure 
prophylaxis in a household and other high-risk 
settings (110, 111).
The list of patients who are to be treated with 
anti-SARS-CoV-2 monoclonal antibodies over-
laps with that of patients that should be treat-
ed with anti-SARS-CoV-2 small molecules (see 
paragraph Antiviral small molecules). Future 
studies will indicate which drug class has to 
be preferred in a specific category of patients 
also regarding the safety, the cost, and avail-
ability of the drugs.



Pharmacological approaches to SARS-CoV-2 infection

207

Anti-SARS-CoV-2 MoAbs with 
emergency use authorization/full 
authorizations from EMA/FDA
Eight anti-SARS-CoV-2 MoAb products have 
received emergency use authorizations from 
EMA and/or FDA. They are bamlanivimab 
plus etesevimab given in association (previ-
ously called LY-CoV555 and LY-CoV016, re-
spectively), casirivimab plus imdevimab given 
in association (previously called REGN10933 
and REGN10987, respectively), regdanvimab 
(previously called CT-P59), tixagevimab and 
cilgavimab (previously called COV2-2196 
and COV2-2130, respectively), and sotro-
vimab (previously called VIR-7831, the parent 
MoAb of S309).
Bamlanivimab, etesevimab, casirivimab, im-
devimab, regdanvimab, tixagevimab, and cil-
gavimab are neutralizing mAbs binding to 
the RBD of SARS-CoV-2 Spike protein. Bam-
lanivimab and etesevimab bind to different but 
overlapping epitopes, whereas casirivimab/
imdevimab and tixagevimab/cilgavimab bind 
to non-overlapping epitopes. Regdanvimab is 
not given in association. 
Phase 3 BLAZE-1 trial had demonstrated that 
bamlanivimab plus etesevimab, compared 
to placebo, was associated with 4.8% abso-
lute reduction and 70% relative reduction in 
COVID-19-related hospitalizations or all-cause 
deaths (112). Casirivimab plus imdevimab, 
compared to placebo, was associated with 
7.5% absolute reduction and 70% relative risk 
reduction in COVID-19-related hospitalizations 
or all-cause deaths (113). Regdanvimab, com-
pared to placebo, was associated with 2.2% 
absolute reduction and 78% relative risk re-
duction in progression to severe COVID-19 
disease (114).
In March 2021 EMA’s Committee for Medici-
nal Products for Human undertook the review 
of data on bamlanivimab plus etesevimab as 
part of a rolling review and supported the use 
at the National level before market authoriza-
tion. On November 2, 2021, the manufacturer 
informed the EMA of the decision to withdraw 
from the approval process. The broad distri-

bution of bamlanivimab plus etesevimab has 
been paused in the United States because the 
Omicron variant has markedly reduced in vitro 
susceptibility to this mAb regimen (see below) 
(115). In Italy, the authorization for the tempo-
rary use of bamlanivimab as monotherapy was 
revoked in May 2021, while, on March 1, 2022, 
the authorization for the use of the association 
has not yet been revoked.
On November 11, 2021, EMA’s CHMP has rec-
ommended authorizing regdanvimab and the 
association of casirivimab with imdevimab for 
treating patients with COVID-19. The recom-
mended dosage of regdanvimab in adults is a 
single IV infusion of 40 mg/kg within 7 days of 
developing symptoms of COVID-19. Casiriv-
imab and imdevimab are administered at the 
dose of 600 mg each by IV infusion or by SC 
injection within 7 days of developing symp-
toms of COVID-19. Moreover, Casirivimab and 
imdevimab can be used to prevent COVID-19 
after contact with an infected person or even 
when no contact has occurred. Moreover, a 
recent study demonstrated that hospitalized 
patients receiving high doses of casirivimab 
plus imdevimab (4,000 mg each) showed a 
significant reduction in 28-day all-cause mor-
tality when seronegative for the anti-spike pro-
tein antibody (24% mortality in the mAb-treat-
ed group vs. 30% mortality in the standard 
care group) (99). However, the treatment of 
hospitalized patients is authorized by neither 
EMA nor FDA.
Tixagevimab and cilgavimab are in rolling re-
view at EMA and have received emergency 
use authorization by FDA for the pre-exposure 
prophylaxis of COVID-19. In Italy, its temporary 
distribution was authorized for the prophylaxis 
of COVID-19 on 28 January 2022. Tixagevimab 
and cilgavimab were optimised using a pro-
prietary half-life extension technology, which 
could afford up to 12 months of protection. An 
interim analysis of the PROVENT phase III tri-
al having as the primary efficacy endpoint the 
first case of any SARS-CoV-2 RT-PCR positive 
symptomatic illness occurring post-dose prior 
to 6 months, demonstrated a reduced risk of 
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developing symptomatic COVID-19 (HR 0.23 
with a median follow-up 83 days and HR 0.17 
with a median follow-up 6.5 months) (116). 
Moreover, there were no severe or critical 
COVID-19 events in the antibody group com-
pared to 5 in the placebo group. Tixagevimab 
and cilgavimab should be given as separate, 
sequential IM injections at different injection 
sites, preferably one in each of the gluteal 
muscles. The recommended dosage is 150 mg 
of each mAb every 6 months. The incidence of 
serious cardiac adverse events (e.g., myocar-
dial infarction, cardiac failure, arrhythmia) was 
higher in the antibody group than in the pla-
cebo group (0.6% vs. 0.2%) (116).
Sotrovimab is a neutralizing mAb binding to 
SARS-CoV-2 Spike protein outside the RBD. 
In particular, it recognizes an epitope that is 
highly conserved within the Sarbecovirus sub-
genus and prevents the virus from entering 
the cell by inhibiting the mechanisms down-
stream of the spike/ACE2 bond (117). Inter-
estingly, it was derived from a parent antibody 
(S309) isolated for the first time in 2003 from 
an individual who recovered from SARS (118). 
Sotrovimab was designed to possess an Fc LS 
mutation (M428L/N434S) which confers great-
er binding to the neonatal Fc receptor result-
ing in prolonged half-life. Sotrovimab also 
demonstrated antiviral activity through anti-
body-dependent cellular cytotoxicity (ADCC) 
and antibody-dependent cell phagocytosis 
(ADCP) of virus-infected cells. In the first stud-
ies demonstrating the efficacy of Sotrovimab, 
three patients (1%) in the sotrovimab group, 
as compared with 21 patients (7%) in the pla-
cebo group had disease progression leading 
to hospitalization or death with a relative risk 
reduction of 85%. Moreover, only in the place-
bo group, five patients were admitted to the 
intensive care unit, including one who died 
(119). On December 17, 2021, EMA’s CHMP 
has recommended sotrovimab for treating 
patients with COVID-19. The recommended 
dosage of sotrovimab in adults is a single IV 
infusion of 500 mg within 5 days from the de-
veloping symptoms. 

Safety
The safety of anti-SARS-CoV-2 antibodies is 
quite high. Anaphylaxis and infusion-related 
reactions have been reported in a few patients 
who received anti-SARS-CoV-2 mAbs. More 
frequently, it is observed nausea, vomiting, 
diarrhea, dizziness, hyperglycemia, rash, and 
pruritis (120-124).

Neutralizing activity of MoAbs on 
SARS-CoV-2 variants
The above-mentioned MoAbs have been test-
ed in clinical studies when the SARS-CoV-2 
variant of concern Omicron was not present 
and most of them were effective in the treat-
ment of patients infected with variants other 
than the Omicron variant. The Omicron vari-
ant encodes 37 amino acid substitutions in 
the Spike protein, 15 of which are in the RBD, 
and represents a major antigenic shift in SARS-
CoV-2. Indeed it determines a marked reduc-
tion in neutralizing activity in plasma from con-
valescent patients and individuals who had 
been vaccinated against SARS-CoV-2. Due to 
the high infectivity of Omicron, currently, most 
patients are infected by this variant.
Some studies evaluated whether the above-de-
scribed MoAbs retain neutralizing activity 
against Omicron variant (125, 126). For all the 
MoAbs binding the RBD of the Spike protein, a 
significant drop in the neutralizing activity was 
described (in practice, loss of activity), with the 
only exception of cilgavimab, which showed a 
slight drop only (about 12 fold decrease). Inter-
estingly, the neutralizing activity of sotrovimab, 
binding to the Spike protein outside the RBD, 
was minimally affected. Consequently, FDA 
assessed that “the broad distribution of bam-
lanivimab plus etesevimab and casirivimab 
plus imdevimab has been paused because the 
products have reduced activities against Omi-
cron variant of concern” (115, 127).

Anti-SARS-CoV-2 MoAbs in the clinical 
study
Several MoAbs are still in the clinical study. Two 
approaches appear very interesting: 1) MoAbs 
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binding to the Spike protein outside the RBD 
and active against Omicron variants (128); 2) 
The MoAbs MAD0004J08 showing an extreme-
ly high affinity for the RBD of the S protein and 
being one of the most potent antibodies se-
lected by screening 453 neutralizing antibodies 
produced by B lymphocytes from 14 COVID-19 
survivors (129). Its potency allows administra-
tion by i.m. injection and lower production cost. 

ANTIVIRAL SMALL MOLECULES
At the outbreak of the pandemic, the avail-
able antiviral drugs seemed the obvious choice 
to fight the SARS-CoV-2 virus responsible for 
COVID-19. The virus was new, but it was an 
RNA virus of which much was known about bio-
logical and pathological characteristics. The pa-
thology caused by SARS-CoV-2 infection, that 
is COVID-19, indeed showed entirely new and 
unexpected characteristics. We were therefore 
faced with a new virus and a new pathology. 
Obviously, neither against the first nor against 
the second there were already specific drugs 
available. The biological characteristics of the vi-
rus, in particular being an RNA virus, have how-
ever suggested the possibility of contrasting it 
with anti-retroviral drugs developed for similar 
viruses, such as those against HIV. This is why 
the WHO immediately suggested carrying out 
a multicenter study using the Lopinavir-Ritona-
vir combination, a drug capable of inhibiting 
viral- RNA-dependent RNA-polymerase. Also, 
the fact that SARS-CoV-2 was a member of the 
beta coronavirus family suggested that it could 
be contrasted with other drugs such as those 
developed for the treatment of the less-lethal 
but very widespread influenza viruses. Thus, 
antiviral drugs such as Favipiravir, Oseltamivir, 
Umifenovir and Ribavirin have been studied 
in different combinations. Obviously, antiviral 
drugs with activity on liver RNA viruses, such as 
those for hepatitis B (Remdesivir) and for hepa-
titis C (Sofosbuvir), have not been ignored.
The results obtained using these antiviral drugs 
have often been very disappointing. These 
drugs were expected to reduce the spread of 

the virus in the body and, consequently, the se-
verity of COVID-19. Indeed, in the various clin-
ical studies of which the outcomes have been 
reported, there have been no significant advan-
tages both in reducing the severity of the dis-
ease and even less in mortality. In some studies, 
the lack of therapeutic success was attribut-
ed to the viral load, while in others to the ad-
vanced state of the disease. Ultimately, regard-
less of the drug combinations used, the state 
of the temporal course of the infection or the 
state of the pathology, with the exception of 
Remdesivir, which, in some cases, has reduced 
the risk of aggravation of the disease and con-
sequent hospitalization of the patient, all other 
approaches have reported negative or unsuit-
able results for planning the use of these drugs 
in an appropriate and more extensive manner.
Of these antiviral drugs, their pharmacolog-
ical and therapeutic characteristics and their 
effects in patients with COVID-19 have been 
revised in an exhaustive review that summariz-
es their value in controlling COVID-19 and in 
the progression of this disease to more severe 
stages leading to hospitalization and/or death 
(130). Indeed, another review (131) written at 
the end of 2020, already anticipated the often 
discordant and almost always negative results 
of the use of these drugs in patients with differ-
ent statuses of COVID-19 severity. In this work, 
the reader can find the tables that summarize 
the results of clinical studies, often well-con-
trolled, which highlight Remdesivir, among all 
the antiviral drugs examined, for which a cer-
tain response, expressed as a reduction in hos-
pitalization and the risk of disease progression, 
was found in 3 of the four studies examined.
In the present review we will focus on the 
three antivirals currently authorized by regu-
latory agencies, remdesivir, molnupiravir and 
paxlovid; the second with a mechanism similar 
to that of remdesivir, and the third totally new 
and with a new and different molecular target.

Remdesivir
Remdesivir is the first antiviral medicine to be 
authorised by the European Medicines Agen-
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cy (EMA) with specific indication for the “treat-
ment of coronavirus disease 2019 (COVID-19) 
in adults and adolescents (aged 12 years and 
over and weighing at least 40 kg) with pneu-
monia requiring supplemental oxygen thera-
py”. In December 2021, the EMA authorized 
an extension of indication relating to the treat-
ment of coronavirus disease 2019 (COVID-19) 
in “adults who do not require supplemental 
oxygen therapy and have an increased risk of 
progression to severe COVID-19”.
Remdesivir is a monophosphoramidate nu-
cleoside analogue prodrug that was originally 
developed for Ebola virus and utilized in re-
sponse to the 2014–2016 outbreak in West 
Africa (132, 133). It displayed broad-spectrum 
activity against different coronaviruses in pre-
clinical models and has been suggested for 
COVID-19 clinical trials (132,134,135). It com-
petes with endogenous nucleotides for incor-
poration into replicating viral RNA through 
the RNA-dependent RNA polymerase (RdRp) 
and inhibits viral replication (132). The RdRp 
is an attractive target for antiviral drugs, as it 
is highly conserved across coronaviruses. As 
a prodrug, remdesivir undergoes intracellular 
conversion by kinases to its active nucleoside 
triphosphate metabolite. Remdesivir and its 
metabolites display higher selectivity for RdRp 
compared to human polymerases (132).
Coronaviruses express a unique exoribonucle-
ase (ExoN) which functions as a proofreading 
enzyme correcting errors in the growing RNA 
chain (136). The development of effective nu-
cleoside analogues is, therefore, particularly 
challenging. Remdesivir is able to partly evade 
proofreading and maintain potent antiviral ac-
tivity in the presence of ExoN. The reason rem-
desivir’s activity is only modestly decreased by 
ExoN relates to two unique properties: i) it is 
incorporated into replicating RNA more effi-
ciently than natural nucleotides (136-138); ii) 
it functions as a non-obligate or delayed RNA 
chain terminator (136-138). The incorporation 
of the delayed chain terminators perturbs the 
RNA structure, and synthesis is halted at some 
point downstream (138). In SARS-CoV-1, SARS-

CoV-2, and MERS-CoV, remdesivir consistently 
induces chain termination after the addition 
of three nucleotides (136, 137), thus escaping 
ExoN excision.
Remdesivir is administered intravenously and 
is a substrate of several cytochrome P450 en-
zymes in vitro, however clinical implications 
are unclear since the prodrug is rapidly me-
tabolized by plasma hydrolases (139). Conse-
quently, hepatic impairment has little effect 
on remdesivir plasma levels, although specific 
studies have not been conducted in patients 
with hepatic impairment, and the drug is con-
traindicated in patients with severe hepatic im-
pairment (139). Remdesivir exhibits low renal 
excretion (< 10%) (140). To date, there are no 
recommendations for dose adjustments in pa-
tients with mild to moderate renal impairment. 
There are no PK data available for children or 
women who are pregnant or breastfeeding.
The main randomized studies that evaluated 
the clinical efficacy of remdesivir in the treat-
ment of hospitalized subjects, albeit open and 
with different primary endpoints, consistently 
did not show clinical benefit of remdesivir re-
garding mortality (141-145), with the exception 
of a clinical trial carried out among non-hos-
pitalized patients who were at high risk for 
COVID-19 progression (146). In this study, a 
3-day course of remdesivir had an acceptable 
safety profile and resulted in an 87% lower risk 
of hospitalization or death than placebo (146). 
Beneficial effects on time to recovery are con-
firmed in a single study, especially in the low-
er-risk population (subjects receiving low-flow 
oxygen therapy and starting treatment within 
10 days of the onset of symptoms) (147).
Remdesivir is generally well tolerated and ad-
verse effects are rare. However, since early 
reports, transient asymptomatic alanine ami-
no-transferase (ALT) elevations were observed 
in most subjects in PK studies (148, 149). Trans-
aminase increases have also been reported in 
COVID-19 patients treated with compassionate 
use remdesivir (150-152). Although transami-
nase elevation has been reported as a feature 
of COVID-19, there is a concern for possible 



Pharmacological approaches to SARS-CoV-2 infection

211

hepatotoxicity associated with remdesivir (152, 
153). Based on the data regarding the adverse 
effects of remdesivir on hepatic function, cau-
tion must be taken by evaluating baseline liver 
function, avoiding the use of potentially hep-
atotoxic drugs, and monitoring liver function 
when using remdesivir in patients hospitalized 
with COVID-19 (153).

Molnupiravir
On 19/11/2021, the EMA’s Committee for Me-
dicinal Products for Human Use issued an opin-
ion on the use of Lagevrio (the trade name of 
molnupiravir) for the treatment of COVID-19. 
The medicine can be used to treat adults with 
COVID-19 at high risk of developing severe 
forms of the disease.
Molnupiravir is an oral antiviral also known by 
the names EIDD-2801 and MK4482. The drug 
was originally developed by Drug Innovation 
Ventures at Emory University and subsequent-
ly acquired by Ridgeback Therapeutics in part-
nership with Merck & Co, USA. It belongs to 
the class of ribonucleoside analogues with 
broad-spectrum antiviral activity against a se-
ries of RNA viruses, including coronaviruses. 
MK-4482 was first developed as a flu shot and 
later “repositioned” as an oral treatment for 
adults with COVID-19 in a mild to moderate 
form. MK-4482 is a prodrug that is rapidly ab-
sorbed in the intestine and hydrolyzed into the 
ribonucleoside analogue N-hydroxycytidine  
(NHC) (154), which is widely distributed to tis-
sues (including lungs and brain) and, similarly 
with remdesivir, converted to the pharmaco-
logically active triphosphate form (NHC-TP).
The mechanism of the antiviral activity of MK-
4482 is a two-step process that inhibits the 
RdRp through an accumulation of viral muta-
tions beyond a biologically tolerable thresh-
old, with consequent impairment of the nor-
mal fitness of the virus, leading to its death 
(154, 155). In fact, coronaviruses use the RdRp 
for the replication and transcription of their 
RNA genomes and it is therefore clear that 
this enzyme represents an important target for 
hitting the virus (156). This mechanism is dis-

tinct from that of remdesivir in which its incor-
poration into nascent RNA causes premature 
termination of RNA synthesis, stopping the 
growth of the RNA strand after the addition of 
some nucleotides. Because of this, MK-4482 
has demonstrated in vitro activity against rem-
desivir-resistant SARS-CoV-2. Given its unique 
mechanism of action, NHC is expected to be 
active against viruses resistant to other antivi-
ral agents.
At the start of the pandemic, MK-4482 was in 
the preclinical phase as an anti-flu drug, but 
a number of factors helped to move the mol-
ecule quickly into phase 1. These include: i) 
the favorable characteristics of the molecule 
to meet public health needs, 2) the in-depth 
non-clinical program that included model test-
ing of various viral diseases and 3) collabora-
tion between sponsors, multinational CROs 
and regulatory agencies in the US and UK 
(157,158). Based on the results of the planned 
interim analysis of the Phase 3 MOVe-OUT 
study (NCT04575597), Merck has discontin-
ued patient enrollment and sought approval 
from the FDA. The planned interim analysis 
evaluated data from 775 patients enrolled in 
the Phase 3 MOVe-OUT study through August 
5, 2021. Specifically, molnupiravir significant-
ly reduced the risk of hospitalization or death 
in non-hospitalized at-risk adult patients with 
COVID-19 mild to moderate. In the interim 
analysis, molnupiravir reduced the risk of hos-
pitalization or death by approximately 50%; 
7.3% of patients receiving molnupiravir were 
hospitalized or died until day 29 after ran-
domization (28/385), versus 14.1% of patients 
treated with placebo (53/377); p = 0.0012. Up 
to day 29, no deaths were reported in patients 
who received molnupiravir, compared with 8 
deaths in patients who received placebo. The 
incidence of any adverse events was compa-
rable in the molnupiravir and placebo groups 
(35% and 40%, respectively). Similarly, the inci-
dence of drug-related adverse events was also 
comparable (12% and 11%, respectively). Few-
er subjects discontinued study therapy due to 
an adverse event in the molnupiravir group 
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(1.3%) compared to the placebo group (3.4%). 
On the recommendation of an independent 
data monitoring committee and in consulta-
tion with US FDA, recruitment into the study 
was terminated early based on these positive 
results. In England, on November 4, 2021 mol-
nupiravir was approved by the UK drug reg-
ulatory agency (Mhra) under the trade name 
of Lagevrio.
Molnupiravir displays in vitro activity against 
SARS-CoV-2 variants of concern such as 
B1.1.529 (omicron) (159-164), and B.1.1.7 (al-
pha), B.1351 (beta), P.1 (gamma) and B.1.617.2 
(delta) (Merck Sharp & Dohme (UK) Limited. 
Lagevrio 200 mg hard capsules: UK prescrib-
ing information 2021) (165).

Paxlovid
Paxlovid, is the combination of Pfizer’s inves-
tigational antiviral PF-07321332 (nirmatrelvir) 
and a low dose of ritonavir, an antiretroviral 
drug traditionally used to treat HIV. On April 6, 
2021, Pfizer released the structure of an inhib-
itor of the 3-CLPRO enzyme of the SARS-CoV-2 
virus, named PF-07321332, which has been 
shown to be able to suppress the replication of 
the virus in human cells at submicromolar con-
centrations (166-168). PF-07321332 is the first 
molecule to target the SARS-CoV-2 main pro-
tease (3-CLPRO). 3-CLPRO is responsible for the 
cleavage of SARS-CoV-2 polyproteins 1a and 
1b. Without the activity of SARS-CoV-2 3-CL-
PRO, non-structural proteins 1a and 1b (includ-
ing proteases) cannot perform their functions 
and, consequently, viral replication is inhibited 
(169-170). In particular, PF-07321332 is an in-
hibitor of a cysteine   residue of 3-CLPRO respon-
sible for the enzymatic activity of the protease. 
The co-administration of a low dose of ritona-
vir (a drug used to treat HIV) helps slow down 
the metabolism, in which cytochrome p450 
enzymes are involved, and breakdown of PF-
07321332 and, consequently, to maintain high-
er concentrations for longer times resulting in 
a prolongation of its activity. A Phase 1 study 
(NCT04756531), conducted in double-blind 
and in which both single and multiple doses 

were tested, evaluated the safety, tolerabili-
ty and pharmacokinetics of PF-07321332 in 
healthy individuals (171).
On November 5, 2021, Pfizer announced 
the first results of the NCT04960202 EP-
IC-HR (Evaluation of Protease Inhibition for 
COVID-19 in High-Risk Patients) trial. The EP-
IC-HR trial is a quadruple-blind study (NB: 
double-blind is specified in the title of the trial, 
but under MASK it is reported that the study 
was conducted so that the “Participant, Care 
Provider, Investigator, Outcomes Assessor” 
the type of treatment proposed was masked 
(171)) on non-hospitalized adult patients with 
COVID-19, who are at high risk of developing 
severe disease. The interim analysis assessed 
data from 1219 adults enrolled by September 
29, 2021. By the time of the decision to stop 
patient recruitment, enrollment had reached 
70% of the expected 3,000 patients from clin-
ical trial centers throughout North and South 
America, Europe, Africa and Asia, with 45% of 
patients in the United States. Enrolled individ-
uals had a laboratory-confirmed diagnosis of 
SARS-CoV-2 infection within a five-day period, 
with mild to moderate symptoms, and must 
have had at least one medical condition as-
sociated with an increased risk of developing 
COVID-19 severe. Each patient was random-
ized (1:1) to receive orally Paxlovid or placebo 
every 12 hours for five days. The scheduled in-
terim analysis showed an 89% reduction in the 
risk of hospitalization or death from any cause 
related to COVID-19 compared to placebo in 
patients treated within three days of symptom 
onset (primary endpoint). On day 28, 0.8% of 
patients treated with Paxlovid went into hos-
pitalization (3/389 hospitalized and 0 deaths), 
compared with 7.0% of patients who received 
placebo and were hospitalized or died (27/385 
hospitalized with 7 subsequent deaths) (p < 
0.0001). Similar rates of COVID-19-related 
hospitalization or death have been observed 
in patients treated within five days of symptom 
onset. Specifically, 1.0% of patients treated 
with Paxlovid were hospitalized (6/607 hospi-
talized, 0 deaths), compared to 6.7% of pa-
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tients who received placebo (41/612 hospital-
ized with 10 subsequent deaths). (p < 0.0001). 
Overall, in the global population, no deaths 
were reported in patients who received Pax-
lovid compared with 17 (1.6%) deaths in pa-
tients who received placebo.
The review of the safety data included a larg-
er cohort of 1881 patients in EPIC-HR, whose 
data were available at the time of the analy-
sis. Treatment-associated adverse events were 
comparable between Paxlovid (19%) and pla-
cebo (21%), most of which were mild in inten-
sity. Among patients evaluable for av events, 
fewer serious adverse events (1.7% vs. 6.6%) 
and fewer study drug discontinuation (2.1% vs. 
4.1%) were observed in patients treated with 
Paxlovid versus those receiving placebo, re-
spectively.
Paxlovid will be administered twice daily for 
five days at a dose of 300 mg (two 150 mg 
tablets) of PF-07321332 with one 100 mg tab-
let of ritonavir.

CONCLUSIONS AND PERSPECTIVES
The pharmacologic approach to control the 
SARS-CoV-2 diffusion in humans and the con-
sequent COVID-19 pathology has been chal-
lenging the scientific community in the last 
couple of years. Here we focus on the two 
main aspects governing the pharmacological 
approach to this pandemic: i) the possibility of 
using drugs already available and ii) the need 
for new and appropriate drugs for this specific 
virus. After two years of a considerably high 
number of experiences (clinical trials of differ-
ent kinds with a number of drug candidates, 
mainly based on the concept of “try-and-er-
ror” research) we can conclude that we have 
selected and adapted old drugs (treatment of 
COVID-19) and we have developed new drugs 
for the SARS-CoV-2 (prevention of COVID-19). 
It is reasonable to think that the results ob-
tained are the best we could get in this short 
time-lapse.
The main medical aspects of the SARS-CoV-2 
infection are a strong inflammation, variably 

distributed in different organs but with a par-
ticular propensity for the respiratory system, as-
sociated with the risk of blood coagulation. We 
were prepared for treating such diseases since 
anti-inflammatory drugs were available either 
from the panel of anti-cytokine medicines (small 
molecules or MoAbs) or with corticosteroids. By 
generalizing the observed results, we can admit 
that corticosteroids helped COVID-19 patients 
much more than the anti-cytokine drugs. The 
anticoagulants were the other family of drugs 
that made the difference between life and 
death in COVID-19 patients. All major interna-
tional Societies on thrombosis rapidly produced 
and diffused the guidelines for the best use of 
anticoagulation in high-risk patients.
These approaches can be considered the best 
treatment options for patients with COVID-19.
It must be said that all the other drugs test-
ed on COVID-19, all of them selected on the 
basis of their mechanism of pharmacological 
action, almost failed or showed minimal effec-
tiveness, often because of the low degree of 
the trial with which they were examined.
Better results, considering the appearance of 
new drugs, were observed with the preven-
tion of the COVID-19, namely the control of 
SARS-CoV-2 infectivity. In this case, we have 
two separate approaches being developed: 
MoAbs directed to control the virus’s ability to 
bind to the target cells and small molecules 
(conventional antiviral drugs) hampering the 
viral replication inside the infected cells. The 
knowledge of the virus’s chemical structure 
and the molecular biology of its replication 
has considerably helped the research for opti-
mal treatment options.
Similar to what was shown with anti-COVID-19 
drugs, also these approaches suffered from 
successes and failures. At the beginning of the 
pandemic, when the only available data simply 
indicated that SARS-CoV-2 was a RNA corona-
virus, the idea of the control of the infection 
lead to the use of antiviral agents already in our 
hands and known to be active against virus-
es with similar replicative steps. Unfortunate-
ly, among all the antiviral drugs tested, only 
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remdesivir showed some activity, sufficient to 
convince the regulatory agencies to suggest 
its use to contain the viral diffusion inside the 
body of the infected patients. Similar success 
has been documented with another reposi-
tioned anti-viral small molecule, molnupiravir. 
The target is the same as remdesivir, e.g. the 
RdRp, but the consequences on the viral rep-
lication, at least from the molecular aspect of 
this interaction, are dramatically greater, lead-
ing to the accumulation of mutations ending 
with a sort of replicative catastrophe. However, 
the most real advantage in the control of viral 
diffusion in the body is given by the new an-
ti-viral small molecule nirmatrelvir that, when 
used in combination with ritonavir (namely 
Paxlovid), warrants a greater than 90% pro-
tection against the development of a severe 
COVID-19. The target of nirmatrelvir (the viral 
protease) is a specific locus of the protein that 
is relevant for SARS-CoV-2, and this makes the 
difference from the other re-positioned drugs 
that were tested and found inactive.
On the other hand, the control of patient’s 
infection towards a severe COVID-19 with 
MoAbs showed the most intense activity by 
the pharmaceutical companies. A number of 
MoAbs became rapidly available, mostly tar-
geting the viral proteins responsible for the vi-
ral attack on the target cells. The chapter on 
these drugs is exhaustive and here we simply 
remark the advantages and limitations of these 
therapies. The most important advantage 
is the high specificity of the MoAbs therapy 
and the rapid washout of the viruses from the 
body. At the same time, the high specificity of 
these drugs is also their weakness, given the 
high rate of mutations of their target operat-
ed by the SARS-CoV-2. In fact, the experience 
with these drugs showed how the virus mutat-
ed the target proteins without losing its ability 
to infect the target cells. This viral behaviour 
made the MoAbs to rapidly reduce their effec-
tiveness with the appearance of the new vari-
ants of SARS-CoV-2, a process that forced the 
use of combinations of these MoAbs to pre-
vent the viral escape.

In conclusion, the take-home messages of the 
pharmacological experience for the control of 
the SARS-CoV-2 pandemic, a very important 
message also for the pharmacological disci-
pline as a whole, can be summarized as fol-
lows. Drug repositioning cannot be success-
ful simply based on the knowledge of their 
molecular mode of action and the new drugs, 
even though based on a specific and selec-
tive target, may need a continuous arrang-
ments in order to fulfill a complete therapeu-
tic success.
Nonetheless, the experiences gained during 
these two years in the pharmacological treat-
ment of the virus responsible for the pandemic 
and COVID-19 has demonstrated the possibili-
ty of significantly accelerating the development 
of new drugs with measurable innovation.
The MoAbs have highlighted the rapid versa-
tility of their curvature on the targets of the 
virus in constant evolution and, in perspec-
tive, solve the pharmacokinetic problems of 
the earlier preparations with measures that 
significantly extend the therapeutic range. It 
is hoped that the new MoAbs under devel-
opment will meet the needs of prescribers 
and patients and, together with the develop-
ment of new vaccines, will prevent the spread 
of the virus in the body, hospitalizations and 
deaths of patients. In this context, an import-
ant role is attributed to the new antiviral drug 
nirmatrelvir, whose most intriguing advantage 
over existing antivirals is that it has a pecu-
liar mechanism of action on a specific target 
of SARS-CoV-2 and can be easily taken oral-
ly compared to MoAbs. Considering that the 
SARS-CoV-2 pandemic may stabilize with an 
annual frequency very similar to winter flu, it 
is desirable that this molecule provides the 
inpetus for the development of other specific 
agents against SARS-CoV-2. Thus, this virus 
can be expected to offer a range of thera-
peutic options for its control, regardless of 
the type of mutations that will occur in the fu-
ture. Indeed, in addition to nirmaltrevir, other 
products could be developed that target con-
served viral pathways or whose mutations are 
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extremely rare, ensuring the stability of the 
product in therapy.
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Figure 1. The main drugs studied and/or recommended for the treatment of CoViD-19 and their therapeutic targets. 
This figure summarizes the available or proposed medications for COVID-19 prevention or treatment and their sites 
of action.
(A) Drugs that inhibit viral replication. Remdesivir, paxlovid (nirmatrelvir/ritonavir) and molnupiravir are small antiviral 
molecules recommended by AIFA for the treatment of adults with CoViD-19 at high risk to develop severe disease. These 
drugs inhibit viral replication. Chloroquine (CQ) or hydroxychloroquine (HCQ) are not recommended. (B) Monoclonal 
antibodies (mAbs) to prevent virus attachment to cellular proteins. Monoclonal antibodies directed towards the 
RBD of the SARS-CoV-2 Spike proteins are approved as an early treatment or as pre-exposure or post-exposure prophylaxis 
in high-risk patients (see text for further details). (C) Drugs that modulate the host inflammatory response. A 
number of IL-1 blockers, IL-6 blockers, Jak-Stat inhibitors have been tested as repurposed drugs to dampen the host 
inflammatory response and the “cytokine storm” that might lead to severe complications such as acute respiratory distress 
syndrome (ARDS) in the lungs, intravascular coagulation, multiorgan failure, and ultimately death. Corticosteroids are also 
standard therapy for hospitalised patients requiring supplemental oxygen therapy (with or without mechanical ventilation) 
and are also recommended for home management of patients with severe CoViD-19 disease requiring supplemental 
oxygen. (D) Anticoagulants. Unfractionated heparins (UFH) or low molecular weight heparins (LMWH) are approved 
for the prophylaxis of thromboembolic events in patients with an acute respiratory infection and limited mobility. Oral 
anticoagulants such as rivaroxaban have also been tested in clinical trials but showed no evidence of efficacy.
CQ: chloroquine; HCQ: hydroxychloroquine; LMWH: low molecular weight heparins; UFH: unfractionated heparins.
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