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Abstract: COVID-19 is a respiratory disease caused by newly discovered severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2). The disease at first was identified in the city of Wuhan, China
in December 2019. Being a human infectious disease, it causes high fever, cough, breathing problems.
In some cases it can be fatal, especially in people with comorbidities like heart or kidney problems
and diabetes. The current COVID-19 treatment is based on symptomatic therapy, so finding an
appropriate drug against COVID-19 remains an immediate and crucial target for the global scientific
community. Two main processes are thought to be responsible for the COVID-19 pathogenesis. In
the early stages of infection, disease is determined mainly by virus replication. In the later stages
of infection, by an excessive immune/inflammatory response, leading to tissue damage. Therefore,
the main treatment options are antiviral and immunomodulatory/anti-inflammatory agents. Many
clinical trials have been conducted concerning the use of various drugs in COVID-19 therapy, and
many are still ongoing. The majority of trials examine drug reposition (repurposing), which seems to
be a good and effective option. Many drugs have been repurposed in COVID-19 therapy including
remdesivir, favipiravir, tocilizumab and baricitinib. The aim of this review is to highlight (based on
existing and accessible clinical evidence on ongoing trials) the current and available promising drugs
for COVID-19 and outline their characteristics.
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1. Introduction

Coronavirus Disease 2019 known as COVID-19 is caused by a novel severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) and identified in December 2019, in the
city of Wuhan, Hubei Province, China [1]. In March 2020, the World Health Organization
(WHO) announced a COVID-19 outbreak as a pandemic. For more than a year, the world
has been facing the COVID-19. According to the WHO report, in early March 2021, over
117 million confirmed cases of COVID-19 were reported, including more than 2,600,000
deaths [2].

Like other coronaviruses, SARS-CoV-2 particles are enveloped, spherical shaped
containing genetic material inside. Spike (S) proteins play an essential role in the process of
viral invasion. A large number of S proteins cover the virus surface and bind to angiotensin-
converting enzyme 2 (ACE2) host cell receptor, mediating viral cell entry [3]. While S
protein binds to the receptor, Transmembrane protease serine 2 (TMPRSS2), which is a type
2 transmembrane serine protease located on the membrane of the host cell, promotes virus
entry into the cell. When the virus enters host cell, viral RNA is released. The polyproteins
are translated from RNA genome, and the viral RNA genome is replicated and transcribed
by cleaving the protein and assembling the replicase–transcriptase complex. Viral RNA is
replicated, and structural proteins are synthesized, assembled, and packaged in the host
cell. Furthermore, viral particles are released from infected host cell [4].
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The transmission among people occurs through respiratory droplets, which are re-
leased when an infected person coughs, sneezes or speaks [5]. SARS-CoV-2 causes respira-
tory tract infections and clinical spectrum ranges from asymptomatic and nonspecific infec-
tion to critical conditions like acute respiratory distress syndrome (ARDS) (Figure 1) [6].
Symptoms in adults usually appear 2–14 days after exposure. Manifestations usually
begin with nonspecific flu-like symptoms like dry cough, fever, myalgia or fatigue [7].
Various systems may be involved, including respiratory (cough, short of breath, rhinorrhea,
sore throat, hemoptysis, and chest pain), musculoskeletal (muscle ache), gastrointestinal
(diarrhea, abdominal pain and vomiting), olfactory (hyposmia, anosmia or complete loss
of olfactory functions), ophthalmic (conjunctivitis, retinitis), dermatological (erythematous
rash, chickenpox-like vesicles), cardiovascular (arrhythmias), rheumatological (arthralgia)
and neurologic (headache and confusion) [8–10]. In case of pediatric patients, the disease
incubation period in comparison to adults is a little bit longer up to 14 days [11]. However,
disease course is mainly asymptomatic or mild [12]. Although, in April 2020 Pediatric
Inflammatory Multisystem Syndrome Temporally (PIMS-TS) associated with COVID-19
infection among children manifested by symptoms of Kawasaki disease, Toxic Shock Syn-
drome (TSS) and viral sepsis was firstly observed. The syndrome is very disturbing and
requires multidisciplinary setting, teams (pediatricians, cardiologists, and hematologists)
and further research in order to provide adequate treatment options [13].

Figure 1. The range of SARS-CoV-2 infection symptoms. The symptoms of SARS-CoV-2 infection are both nonspecific and
severe. Among the nonspecific symptoms, which can also be symptoms of a cold or flu, fever, headache, rhinorrhea,
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dry cough, chest pain, fatigue, dizziness and conjunctivitis can be distinguished. Severe symptoms include serious lung
condition (acute respiratory distress syndrome), cardiological problems (cardiac arrest, malignant ventricular arrhythmia)
and different serious disorders like multiple organ failure, septic shock and disseminated intravascular coagulation. ARDS:
acute respiratory distress syndrome; DIC: disseminated intravascular coagulation.

In adults, according to the study of 99 COVID-19 patients with mean age of 55 and
mostly men 68%, the disease in laboratory tests manifests by an increase in the total
number of C-reactive protein (CRP), Interluekin-6 (IL-6), neutrophils, and leucocytes [14].
Lymphocytes including CD4+ and CD8+ T cells, B cells and natural killer (NK) cells were
remarkably decreased [15]. Patients with severe COVID-19 symptoms demonstrate high
levels of Interluekin-2 (IL-2), Interluekin-7 (IL-7), Interluekin-10 (IL-10), granulocyte colony-
stimulating factor (G-CSF), tumor necrosis factor-α (TNF-α), IFN-gamma-inducible protein
10 (IP-10), monocyte chemoattractant protein 1 (MCP1), and macrophage inflammatory
protein 1α (MIP1α) in serum, that suggest that severe COVID-19 is a result of cytokine
release syndrome (CRS). This disorder is induced by cytokine storm [7]. Moreover, some
studies analyzing cytokine profiles from COVID-19 patients indicated that cytokine storm
is related directly with lung failure, multiorgan injury, and responsible for poor prognosis
in severe COVID-19 course [16–18]. Assessment and management of COVID-19 depends
on the course of the disease. The majority of the COVID-19 patients have mild or moderate
disease symptoms. Patients with mild course usually recover at home, while moderate
patients should be carefully monitored and occasionally hospitalized [19]. However,
up to 5–10% of cases present severe disease course. Patients with severe pneumonia
require hospitalization. Supportive care measures like ventilation oxygenation and fluid
management remain the standard of care. However, for these patients, pharmacological
treatment is definitely needed [20].

In adults, multisystem inflammatory syndrome (MIS-A) as a result of COVID-19
postinfectious processes observed 2–5 weeks later from probable COVID-19 infection is
also disturbing. The syndrome is manifested by hyperinflammation and extrapulmonary
organ dysfunction and can be fatal [21]. This will lead to the conclusion concerning not
only the disease course but also the post COVID-19 recovery process. Even in patients
with introduced recovery training program, the full recovery can last for months [22].
In this point, it should be outlined that investigational new drugs or more probable
repurposing COVID-19 drugs is crucial not only in disease treatment but also in prevention
of appearance of PIMS-TS or MIS-A. The drug repurposing is the crucial strategy, which
lowers the costs, reduces the time to reach the market due to the fact that the phase I
and II of clinical trials may not be required [23]. This article is aiming to analyze current
pharmacological therapies for COVID-19 patients, focusing mainly on antiviral agents and
drugs with immunomodulatory/anti-inflammatory properties, their mechanisms of action,
and clinical trials developments.

2. Antiviral Agents

Antiviral drugs seem to be an essential group of medicaments used in the COVID-19
treatment. The principal role of antiviral drugs is to block at any of the stages the viral
replication cycle (Figure 2) [24]. Since the viral replication may be particularly active in
the early COVID-19 stages, antiviral therapy administered shortly after symptoms onset
may have the greatest impact on disease control process and lack of the progression to the
hyperinflammatory state [25]. There are number of antiviral drugs available and approved
for the treatment of different viral human infections. More than 50% of these drugs are
used in immunodeficiency virus (HIV) infection, and the rest are used against influenza
A and B, Ebola virus (EBOV), cytomegalovirus (CMV), hepatitis A (HAV) and C (HCV)
and herpes simplex virus (HSV) [24]. Current available COVID-19 treatment options come
from repurposing antiviral drugs using the advanced computational methods and assays
for protein–protein interactions [26]. Performed clinical trials are focusing to evaluate the
effectiveness of the available antiviral drugs against COVID-19 [27].
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Figure 2. The mechanism of action of different antiviral agents against COVID-19. Chloroquine/Hydroxychloroquine have a
wide range of action and can reduce the viral infectivity and immunomodulation or inhibit the viral entry or release into the
host cell. Lopinavir inhibits protease that is essential for the production of mature virus particles. This drug is formulated in
combination with ritonavir which increases the half-life of lopinavir. Remdesivir and favipiravir interfere with the RdRp that is
crucial to the RNA replication and thus prevent the virus from multiplying. ACE2: angiotensin-converting enzyme 2; pp1a:
replicase polyprotein pp1a; pp1ab: replicase polyprotein pp1ab; TMPRSS2: transmembrane serine protease 2.

2.1. Remdesivir

Remdesivir, formerly known as GS-5734, is a monophosphoramidate prodrug of an
adenosine analog (Figure 3). It was initially developed and used in treatment of disease
caused by EBOV and Marburg virus [28]. Remdesivir has been identified as a promising
antiviral drug against a wide range of RNA viruses including Middle East respiratory
syndrome coronavirus (MERS) and severe acute respiratory syndrome coronavirus 1 (SARS-
CoV-1) [29–31]. What is more, in nonhuman primate studies, remdesivir initiated 12 h
post MERS-CoV inoculation reduced virus replication in the lungs and severity of lung
lesions [32].
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Figure 3. Chemical structure of remdesivir. The structure has been generated using InChI code
available on https://pubchem.ncbi.nlm.nih.gov/ (accessed on 15 April 2021).

Remdesivir, as a nucleotide analog, is able to inhibit RNA-dependent RNA poly-
merase (RdRp), essential for replication and transcription of viral RNA genome [33,34].
Remdesivir undergoes intracellular metabolic conversion to an active metabolite nucleo-
side triphosphate (NTP) analog, referred to as remdesivir triphosphate (RTP). Nucleoside
analogs are synthetic compounds, which compete with endogenous nucleosides pools in
integration into replicating viral RNA process. Furthermore, remdesivir monophosphate
(RMP) mimics adenosine monophosphate (AMP) and forms typical Watson–Crick base
pairs with uridine monophosphate (UMP) in the RNA template strand [35]. Although
these synthetic compounds mimic their physiological equivalents, the inclusion of that
analog molecule disturbs further molecular processes [36]. MERS-CoV studies have re-
vealed that responsible for delayed chain termination upon incorporation into replicating
RNA is remdesivir credible mechanism of action [30]. Gordon et al. have shown that in
SARS-CoV-2, remdesivir causes the termination of RNA synthesis at three positions after
the position where it is incorporated (I + 3). Premature termination of RNA synthesis abol-
ishes subsequent transcription and translation processes that are essential to generate new
virions. The mechanism was almost identical in SARS-CoV and MERS-CoV RdRps [37].

Since the beginning of the pandemic, many studies have been conducted using remde-
sivir and it has been identified as a potential COVID-19 therapeutic candidate due to its
ability to inhibit SARS-CoV-2 in vitro [38]. The current recommendation is to administer in
a 10-day regimen: 200 mg on day 1 followed by 100 mg daily for the following 9 days [39].
The first case report of SARS-CoV-2 infection confirmed in the United States and remdesivir
application has been described by Holshue and colleagues [40]. The patient remained stable
for the first 6 days after admission. However, the disease progressed with persistent fever
and the need for oxygen supplementation was observed. Remdesivir was administered
on day 7 due to patient’s clinical status worsening with significant clinical improvement
over the next 24 h after administration. Beigel et al. [41] have conducted a double-blind,
randomized, placebo-controlled trial of intravenous remdesivir in adults with COVID-19
lower respiratory tract infection symptoms. The data showed that the remdesivir was su-
perior in comparison to placebo in reducing recovery time from 15 to 11 days. It suggested

https://pubchem.ncbi.nlm.nih.gov/
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that remdesivir treatment could prevent progression to more severe respiratory disease by
reducing the rate of serious adverse respiratory failure among remdesivir-treated patients’
events. Goldman et al. [42] in a randomized, open-label, without placebo trial among
hospitalized patients with confirmed SARS-CoV-2 infection, oxygen saturation of 94% and
radiologic evidence of pneumonia have demonstrated a clinical improvement. However,
prolonged 10-days remdesivir therapy did not show a significant difference from 5-days
regimen in severe but not requiring mechanical ventilation COVID-19 patients.

Many different clinical trials concerning application of remdesivir in COVID-19 treat-
ment are undergoing and their characteristics are summarized in Table 1.

Table 1. Characteristics of main clinical trials involving the use of remdesivir in COVID-19 patients.

ID Official Title Phase Recruitment
Status Location Reference

NCT04410354

A phase 2, randomized,
double-blinded, placebo-controlled
study on efficacy and safety of oral
merimepodib in combination with
intravenous remdesivir in adult
patients with advanced coronavirus
disease 2019 (COVID-19)

Phase 2
Terminated due to
the failure to meet
primary endpoint

United States [43]

NCT04575064

An international randomized trial of
additional COVID-19 treatments for
hospitalized patients, who are
receiving the local Standard Care—
WHO-SOLIDARITY-GERMANY

Phase 2/3 Active, not
recruiting Germany [44]

NCT04492475

A multicenter, adaptive, randomized
blinded controlled trial on safety and
efficacy of investigational COVID-19
therapeutics in hospitalized adults
(ACTT-3)

Phase 3 Completed United States [45]

NCT04678739

Efficacy and safety of remdesivir and
tociluzumab for the management of
severe COVID-19 cases: a randomized
controlled trial

Phase 3 Recruiting Bangladesh [46]

NCT04501952

A Phase 3 randomized, double-blinded
placebo-controlled trial aiming to
evaluate the efficacy and safety of
remdesivir (GS-5734™) inCOVID-19.
An outpatient setting

Phase 3 Recruiting United States [47]

Remdesivir is the first drug that obtained U.S. Food and Drug Administration (FDA)
approval for use in COVID-19 treatment. FDA approved the remdesivir for use in adult
and pediatric patients above 12 years old and weighing at least 40 kg requiring hospitaliza-
tion [48].

2.2. Favipiravir

Favipiravir is a prodrug of purine nucleotide, which was discovered by chemical
modification of pyrazine analog (Figure 4). It was initially used for screening anti-influenza
virus activity. It was approved in 2014 in Japan, for the treatment of the new or reemerging
pandemic influenza [49]. Although favipiravir was initially developed against influenza
virus infections, it shows antiviral activities against other RNA viruses such as arenaviruses,
filoviruses and bunyaviruses [50].
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Figure 4. Chemical structure of favipiravir. The structure has been generated using InChI code
available on https://pubchem.ncbi.nlm.nih.gov/ (accessed on 15 April 2021).

The drug is converted by intracellular phosphoribosylation into active favipiravir
ribofuranosyl-5B-triphosphate (F-RTP). Then, it is recognized by RdRp as purine nucleotide
and interferes with viral replication by getting incorporated into the viral RNA; thereby
inhibits the activity of RdRp enzyme, which blocks the viral RNA synthesis [51]. Although
the exact interaction mechanism of F-RTP with RdRp has not been explained yet, it is
considered that F-RTP may be misincorporated in nascent viral RNA or binds to the
RdRp catalytic domain. Thus, preventing further addition of nucleotides in the viral RNA
replication process [52].

Several clinical trials have been launched in order to evaluate favipiravir efficacy and
safety. In a multicenter, randomized controlled study patients with COVID-19 were ran-
domly assigned into chloroquine and favipiravir groups. Patients who received favipiravir
had lower duration of hospitalization than the chloroquine group. Furthermore, none of
the patients in the favipiravir group needed mechanical ventilation [53]. In prospective, ran-
domized, controlled, open-label, multicenter trial comparing favipiravir with umifenovir
(an influenza virus entry inhibitor), favipiravir showed an improved clinical recovery rate,
and reduced fever and cough duration compared to the umifenovir group in COVID-19
moderate symptoms patients. However, there was no statistical difference in supportive
oxygen therapy or noninvasive mechanical ventilation [54].

At least 40 different clinical trials on the use of favipiravir in the treatment of COVID-19
are already registered in United States National Library of Medicine ClinicalTrials.gov [55].
The characteristics of main trials are summarized in Table 2.

Table 2. Characteristics of favipiravir clinical trials in patients with COVID-19.

ID Official Title Phase Recruitment
Status Location Reference

NCT04336904

A multicenter, randomized,
double-blinded, placebo-controlled,
phase III clinical study evaluating the
efficacy and safety of favipiravir in the
treatment of patients with COVID-19
moderate type

Phase 3 Active, not
recruiting Italy [56]

NCT04558463

The effectivity and safety of favipiravir
compared to oseltamivir as adjuvant
therapy for COVID-19: an open label
trial

Phase 3 Recruiting Indonesia [57]

NCT04349241 Efficacy and safety of Favipiravir in
management of COVID-19 Phase 3 Completed Egypt [58]

https://pubchem.ncbi.nlm.nih.gov/
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Table 2. Cont.

ID Official Title Phase Recruitment
Status Location Reference

NCT04499677

Favipiravir, lopinavir/ritonavir or
combination therapy: a randomized,
double blinded, 2 × 2 factorial
placebo-controlled trial of early
antiviral therapy in COVID-19

Phase 2 Recruiting United
Kingdom [59]

NCT04600895
Favipiravir for patients with mild to
moderate disease from novel
coronavirus (COVID-19)

Phase 3 Recruiting United States [60]

2.3. Lopinavir/Ritonavir

Lopinavir, an inhibitor of human immunodeficiency virus-1 (HIV-1) aspartate protease,
has been used in HIV treatment (Figure 5) [61]. Lopinavir binds to the substrate site
of the viral protease. Protease is responsible for the post-translational proteolysis of
polyprotein precursor and the release of functional viral proteins. Thus, allowing them to
function properly in replication/transcription and maturation processes. The consequence
of inhibition is the production of immature virus particles [62]. Due to low lopinavir oral
bioavailability and its extensive metabolism by the CYP3A4 isoenzyme, this drug is usually
given in combination with low booster doses of ritonavir (Figure 6). That increases lopinavir
plasma concentration by slowing its hepatic metabolism by inhibition of cytochrome P450
3A4 enzyme [63].

Figure 5. Chemical structure of lopinavir. The structure has been generated using InChI code
available on https://pubchem.ncbi.nlm.nih.gov/ (accessed on 15 April 2021).

Figure 6. Chemical structure of ritonavir. The structure has been generated using InChI code available
on https://pubchem.ncbi.nlm.nih.gov/ (accessed on 15 April 2021).

After the appearance of SARS in 2003, screening of approved drugs showed that the
lopinavir has in vitro inhibitory effects against SARS-CoV [64]. Lopinavir also exhibits

https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/
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activity, both in vitro [65] and in an animal model [66], against MERS-CoV. Choy et al. also
have shown that lopinavir can inhibit SARS-CoV-2 replication in Vero E6 cell line [67].

Further trials have been executed after promising in vitro studies. Cao et al. [68] have
conducted a randomized, controlled, open-label trial involving hospitalized adult patients
with confirmed SARS-CoV-2 infection. In this study, 199 COVID-19 patients with pneumo-
nia symptoms with oxygen saturation ≤94% in ambient air received lopinavir/ritonavir or
standard care. According to the study’s results, no differences between the lopinavir/ritonavir
treatment and the standard care, in terms of clinical improvement, 28 days mortality rate,
and detectable viral load were observed. The results from different trials have shown
that lopinavir/ritonavir monotherapy is not an effective treatment for COVID-19 patients
admitted to hospital. Furthermore, it was not associated with reductions of hospital stay
duration [69]. The results of efficacy of lopinavir/ritonavir treatment in human coronavirus
infections are not convincing, however, clinical trials are still ongoing and focusing on use
of a combination of these drugs. The main ongoing clinical trials are listed in Table 3.

Table 3. Lopinavir/Ritonavir trials in the treatment of COVID-19.

ID Official Title Phase Recruitment
Status Location Reference

NCT04499677

Favipiravir, lopinavir/ritonavir or
combination therapy: a randomized,
double blinded, 2x2 factorial
placebo-controlled trial of early
antiviral COVID-19 therapy

Phase 2 Recruiting United
Kingdom [70]

NCT04372628
Trial of early therapies of COVID-19
non-hospitalized patients during
outpatient window (TREAT NOW)

Phase 2 Recruiting United States [71]

NCT04403100

Hydroxychloroquine and
lopinavir/ritonavir for hospitalization
and mortality rate reduction in patients
with COVID-19 mild disease
symptoms: “The Hope Coalition”

Phase 3 Recruiting Brazil [72]

NCT04321174 COVID-19 ring-based prevention trial
with lopinavir/ritonavir Phase 3 Recruiting Canada [73]

NCT04738045

Comparative therapeutic efficacy and
safety of remdesivir versus
lopinavir/ritonavir and remdesivir
combination in COVID-19 patients

Phase 4 Recruiting Egypt [74]

2.4. Chloroquine and Hydroxychloroquine

Chloroquine and hydroxychloroquine are authorized as antimalarial drugs and for the
treatment of autoimmune diseases, including lupus and rheumatoid arthritis [75]. Their
exact antiviral mechanisms of action are not fully understood, but evidence suggests that
4-aminoquinolines such as chloroquine (Figure 7) and hydroxychloroquine (Figure 8) have
at least four mechanisms by which they can act. These mechanisms include inhibition of
viral entry, inhibition of viral release into the host cell, reduction of viral infectivity and
immunomodulation [76]. These drugs can be engulfed into endosomes and lysosomes,
which lead to increased endosomal and lysosomal pH. It results in impaired release of the
virus from the endosome or lysosome. As the virus release requires a low pH, the virus
is unable to release its genetic material into the cell and replicate. Moreover, chloroquine
and hydroxychloroquine decrease cytokine release, which could help mitigate the cytokine
storm, which can occur in COVID-19 patients [77,78]. Chloroquine also promotes the
cytosolic uptake of zinc, which has an antiviral effect by disrupting RdRp activity [79].
Chloroquine has been shown to interfere with terminal glycosylation of the cellular re-
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ceptor ACE2. It negatively affects the virus–receptor binding process and abrogate the
infection [80]. Fantini et al. [81] have proposed that chloroquine and hydroxychloroquine
can prevent SARS-CoV-2 from binding with gangliosides, which in turn may inhibit virion
contact with the ACE-2 receptor.

Figure 7. Chemical structure of chloroquine. The structure has been generated using InChI code
available on https://pubchem.ncbi.nlm.nih.gov/ (accessed on 15 April 2021).

Figure 8. Chemical structure of hydroxychloroquine. The structure has been generated using InChI
code available on https://pubchem.ncbi.nlm.nih.gov/ (accessed on 15 April 2021).

Another study has shown that hydroxychloroquine has been found to be more potent
than chloroquine in in vitro inhibition of SARS-CoV-2 [82]. What is more, hydroxychloro-
quine clinical safety profile appears to be better than chloroquine (during long-term use)
and allows to administer higher daily dose [83]. Gautret et al. [84] have conducted a
small open-label nonrandomized trial performed on 36 COVID-19 patients. The obtained
results showed the viral load was significantly lower in 20 cases treated with hydroxy-
chloroquine at day 6 post inclusion compared to controls. Furthermore, azithromycin
added to hydroxychloroquine was significantly more efficient in virus elimination process.
According to Gao et al. [85] chloroquine phosphate is superior to the control treatment in
inhibiting the COVID-19 exacerbation associated pneumonia. Moreover, it is improving
lung imaging findings, promoting a virus negative conversion, and shortening the disease
course. Furthermore, severe adverse reactions to chloroquine phosphate were not noted
in trial patients. The different study was carried out on 84 COVID-19 patients receiving
oral hydroxychloroquine and azithromycin. Patients were followed up with electrocardio-
graphy (ECG) and the results displayed the prolongation of QTc interval in comparison
to baseline average. Eleven percent of patients experienced significant QTc prolongation,
resulted in arrhythmia and sudden cardiac death. Therefore, hydroxychloroquine should
be used with extreme precaution, particularly in patients taking QT-prolonging drugs and
with existing comorbidities [86]. Moreover, FDA warns of use of hydroxychloroquine or
chloroquine for COVID-19 outside of the hospital setting or a clinical trial due to risk of
heart rhythm problems [87].

Despite this information, clinical trials concerning use of chloroquine and hydroxy-
chloroquine in the treatment of COVID-19 are being conducted and some main examples
are listed in Table 4.

https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/
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Table 4. Examples and clinical trials characteristics concerning the use of chloroquine and hydroxychloroquine in COVID-19
patients.

ID Official Title Phase Recruitment
Status Location Reference

NCT04420247

Multicentric pragmatic randomized
controlled trial aiming to evaluate the
efficacy of chloroquine or
hydroxychloroquine for five days
treatment of pneumonia caused by
SARS-Cov-2—COVID-19

Phase 3 Completed Brazil [88]

NCT04342221

Randomized controlled trial of
hydroxychloroquine versus placebo for
the treatment of adult patients with
acute coronavirus disease
2019—COVID-19

Phase 3 Recruiting Germany [89]

NCT04447534

Does zinc supplementation enhance the
clinical efficacy of
chloroquine/hydroxychloroquine in
treatment of COVID-19?

Phase 3 Recruiting Egypt [90]

NCT04330144
A study of hydroxychloroquine as post
exposure prophylaxis for SARS-CoV-2
(HOPE Trial)

Phase 3 Not yet recruiting Not provided [91]

NCT04344951

Chloroquine phosphate against
infection by the novel coronavirus
SARS-CoV-2 (COVID-19): the HOPE
open-label, nonrandomized clinical
trial (HOPE)

Phase 2 Recruiting France [92]

3. Immunomodulatory/Anti-Inflammatory Agents

The later course of SARS-Cov-2 infection is likely to be related with excessive inflam-
matory and dysregulated immune responses with the exaggerate activation of inflam-
matory processes and the development of cytokine storm [93]. This is the basis for the
immunomodulating/anti-inflammatory properties drugs’ implementation in the treatment
of COVID-19 patients, as the immunomodulatory agents target the inflammatory response
in patients’ lungs as well as the cytokine storm in severe cases [94]. A number of agents
more commonly used in inflammatory conditions include both synthetic and biological
medicaments, which are able to modulate specific inflammatory pathways by the IL-6 and
IL-1 or janus kinase (JAK) and TNF-α inhibition is conducted [95]. However, despite the
fact that preliminary results showed the immunomodulatory drug’s efficacy, the reports
were diversified, and findings were not published yet [91].

3.1. Tocilizumab

Tocilizumab is a humanized monoclonal antibody against the interleukin-6 receptor
(IL-6R). The drug is approved for the treatment of giant cell arteritis, rheumatoid arthritis,
and CRS during chimeric antigen receptor T cell therapy (CAR-T) [96]. IL-6 is one of
the major mediators of inflammatory and immune response initiated by infection. The
increased IL-6 levels are found in more than half of COVID-19 patients. Data suggest that
the IL-6 plays a pivotal role in guiding the inflammatory immune response at the level
of pulmonary alveoli. This immune response causes the lung parenchyma injuries that
significantly reduce respiratory function [97]. Increased IL-6 levels appear to be associated
with respiratory failure resulting in the need for mechanical ventilation and escalating the
mortality rate of COVID-19 patients [98].
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IL-6R has two forms: membrane-bound interleukin-6 receptor (mIL-6R) and soluble
interleukin-6 receptor (sIL-6R). IL-6 binds to sIL-6R to form a complex, which binds to
glycoprotein 130 (gp130) on the cell membrane to complete signal transduction and plays
a proinflammatory role [99]. Tocilizumab selectively and competitively binds sIL-6R and
then inhibits the IL-6 mediated signal transduction. Thereby, drug reduces the availability
of IL-6 and regulates immunological activity [100]. Therefore, some authors recommended
the use of tocilizumab in critical COVID-19 cases with significantly elevated IL-6 [101].

To date, several independent trials have been initiated toward investigating the
tocilizumab efficacy and safety. In one study, the drug usage has been retrospectively
analyzed in 21 patients with severe and critical disease stage. Clinical data showed that the
symptoms like hypoxygenmia and opacity visualized in computed tomography (CT) were
improved immediately in most of the cases after the treatment with tocilizumab. The treat-
ment was also associated with normalization of lymphocyte count and reduction of CRP
levels, suggesting that tocilizumab could be an effective agent in COVID-19 treatment [99].
De Rossi et al. [100] have conducted a retrospective cohort study. Patients with COVID-19
related pneumonia at the early stage of respiratory failure were included. In this compara-
tive study involving two groups of a total of 158 patients, 90 were treated with a single, low
dose of tocilizumab and 68 patients were treated with the combination of hydroxychloro-
quine, lopinavir plus ritonavir. The study has found that the risk of death for patients
treated with tocilizumab is 94% lower than the group with combination therapy. What is
more, the drug effect on inflammatory indices is very quick, and low dose of tocilizumab
is safe and not associated with adverse drug events. In conclusion, early treatment with
tocilizumab may be helpful in preventing excessive inflammation and death in COVID-19
related to pneumonia. On the other hand, in some studies, tocilizumab has not shown a
beneficial effect. Multicenter, randomized, open label, parallel group, superiority trial has
been conducted in Brazil [96] among 129 adult patients with confirmed SARS-CoV-2. They
experienced severe or critical COVID-19 form, with evidence of pulmonary infiltrates and
were receiving supplemental oxygen or had been receiving mechanical ventilation for less
than 24 h before analysis. They had also abnormal levels of at least two serum biomarkers
(CRP, lactate dehydrogenase, D dimer or serum ferritin). The use of tocilizumab was not
associated with an improvement in mechanical ventilation or decreased death rate in the
tocilizumab group and in the control group. Adverse events were reported in 43% of
patients, who received tocilizumab and 34% who did not receive tocilizumab. The drug
is not superior to standard care alone in improving clinical outcomes and might increase
mortality. Another study performed by Stone et al. [102] was a randomized, double-blind,
placebo-controlled trial involving adult patients with confirmed SARS-CoV-2. Patients
had pulmonary infiltrates, or a need for supplemental oxygen. The observed outcomes of
completed clinical trials NCT04445272 and NCT04730323 were associated with intubation
or death, clinical worsening, and discontinuation of supplemental oxygen among patients,
who had been receiving drug at baseline. The data from completed studies do not allow to
conclude that tocilizumab is an effective drug in moderately ill hospitalized patients.

Despite diverse information, many trials are currently underway, and details are
presented in Table 5.
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Table 5. The details of some clinical trials evaluating tocilizumab in COVID-19 treatment.

ID Official Title Phase Recruitment
Status Location Reference

NCT04445272

A multicenter, open-label clinical trial
aiming to evaluate the effectiveness
and safety of intravenous tocilizumab
for treating patients with COVID-19
pneumonia: the BREATH-19 study

Phase 2 Completed Spain [103]

NCT04479358

COVIDOSE-2: a multicenter,
randomized, controlled Phase 2 trial
comparing early administration of
low-dose tocilizumab to standard care
in hospitalized patients with COVID-19
pneumonitis not requiring invasive
ventilation

Phase 2 Recruiting United States [104]

NCT04412772

A randomized, controlled clinical trial
on the safety and efficacy of
tocilizumab for the treatment of severe
COVID-19 cases

Phase 3 Recruiting United States [105]

NCT04730323

TOCILIZUMAB—an option for
COVID-19 patients with associated
cytokine release syndrome; A single
center experience

Phase 4 Completed Pakistan [106]

NCT04332094

pilot, randomized, multicenter,
open-label clinical trial of combined
usage of hydroxychloroquine,
azithromycin, and tocilizumab for the
treatment of SARS-CoV-2 infection
(COVID-19)

Phase 2 Recruiting Spain [107]

3.2. Anakinra

Anakinra is a high molecular weight recombinant of IL-1 receptor antagonist (IL-1RA),
which is currently used in the treatment of rheumatoid arthritis and cryopyrin-associated
periodic syndrome (CAPS). The drug has been found to be effective in severe sepsis in the
patients’ subgroup with multiple organ dysfunction syndrome, in which the inflammasome
pathway is also involved [108,109].

IL-1 is the prototypical inflammatory cytokine consisting of two distinct ligands (IL-1α
and IL-1β), which bind the IL-1 type 1 receptor (IL-1R1) and numerous secondary inflam-
matory mediators such as cytokines, chemokines, and prostaglandins. IL-1α is present in
epithelial and endothelial cells, while IL-1β is inducible in myeloid cells and released after
cleavage by caspase-1. Anakinra as IL-1RA binds to the IL-1R and consequently prevents
the binding of IL-1α as well as IL-1β to IL-1R1 and blocks their activity [110,111].

According to numerous studies, anakinra may be effective in treating severe forms
of COVID-19. In the case report of critical COVID-19, anakinra was used after ineffective
antiviral therapy. The invasive mechanical ventilation and hemodynamic support was
required. After 72 h, rapid reduction of inflammatory markers and ferritin and increase of
lymphocyte count were observed. Respiratory parameters improved by day 13 and at day
18 the patient was discharged from the intensive care unit (ICU) [112]. Kooistra et al. [113]
have shown that anakinra can be effective in reducing clinical signs of hyperinflammation in
critical forms of COVID-19. The conducted prospective cohort study involved mechanically
ventilated COVID-19 patients with hyperinflammation. Among the group of patients
enrolled in the study, 21 received anakinra and 39 standard care. Clinical outcomes
were recorded until 28 days after alignment day. Anakinra treatment resulted in decreased
clinical inflammatory response in comparison to control group, including a decrease in body
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temperature, ferritin, white blood cell counts, and procalcitonin plasma levels. Moreover, in
the anakinra group, an improvement in kidney and liver function was observed. In another
study, Huet and colleagues [114] confirmed the effectiveness of anakinra in the treatment
of severe COVID-19 course. Fifty-two patients in the anakinra group were treated with
anakinra and standard treatment, whereas the remaining 44 patients received standard
treatments and supportive care. The results showed that in severe course of COVID-19
related to pneumonia, patients required oxygen therapy. A 10-day therapy with anakinra
was related with significant reduction of both crucial factors: need of mechanical ventilation
and mortality rate in comparison with the other group with similar features. The need for
invasive mechanical ventilation or death occurred in 25% of patients in the anakinra group
compared to 73% of patients observed in the comparison group. Moreover, the treatment
with anakinra was not associated with serious side-effects [114]. In a different study, the
authors examined whether anakinra could improve hospital patients’ outcomes with mild-
to-moderate COVID-19 pneumonia. The performed multicenter, open-label randomized
clinical trial included 116 patients: 59 were assigned to the anakinra group and 57 were in
the standard care group. Results suggest that anakinra was not effective in reducing the
need for mechanical or noninvasive ventilation or death rate in patients with COVID-19
and mild-to-moderate pneumonia. What is more, serious adverse events occurred in 46%
patients in the anakinra group and 38% in the standard care group. Bacterial and fungal
sepsis occurred in 11 patients in the anakinra group and in four patients in the standard
care group [115].

Clinical trials concerning the usage of anakinra in COVID-19 are ongoing, but mainly
focusing on severe courses, as shown in Table 6.

Table 6. Anakinra trials in COVID-19 treatment.

ID Official Title Phase Recruitment
Status Location Reference

NCT04339712

Efficiency in management of organ dysfunction
associated with infection caused by the novel
SARS-CoV-2 virus (COVID-19) through
personalized immunotherapy approach: the
ESCAPE clinical trial

Phase 2 Completed Greece [116]

NCT04148430

A Phase II study of IL-1 receptor
antagonist—anakinra aiming to prevent severe
neurotoxicity and cytokine release syndrome in
patients receiving CD19-specific chimeric antigen
receptor (CAR) T cells and to treat systemic
inflammation associated with COVID-19

Phase 2 Recruiting United States [117]

NCT04680949

suPAR-guided anakinra treatment for validation of
the risk and early management of severe respiratory
failure caused by COVID-19: the SAVE-MORE
double-blinded, randomized, Phase III confirmatory
trial

Phase 3 Recruiting Greece [118]

NCT04443881

Clinical trial concerning the use of anakinra in
cytokine storm syndrome secondary to COVID-19.
A Phase 2/3, randomized, open-label, parallel
group, 2-arm, multicenter study investigating the
efficacy and safety of intravenous administrations of
anakinra, an Interleukin-1(IL-1) receptor antagonist,
added to standard care versus standard care in
reducing hyper-inflammation and respiratory
distress in patients with SARS-CoV-2

Phase
2/3 Recruiting Spain [119]

NCT04603742
Anakinra in adults with severe COVID-19 form and
features of cytokine storm syndrome: a randomized,
double-blinded, placebo-controlled trial

Phase 2 Not yet
recruiting United States [120]



Int. J. Mol. Sci. 2021, 22, 5434 15 of 26

3.3. Baricitinib

Baricitinib is a selective, efficient and safe janus kinase 1 (JAK1) and 2 (JAK2) inhibitor
approved for usage in rheumatoid arthritis treatment (Figure 9) [121]. This enzyme trans-
duces intracellular signals for cytokines and growth factors involved in processes such as
hematopoiesis, inflammation and immune functions [122]. Baricitinib inhibits the intracel-
lular signaling pathway of cytokines implicated in severe COVID-19, including IL-2, IL-6,
IL-10, IFN-γ, and granulocyte-macrophage colony-stimulating factor (GM-CSF). Baricitinib
also acts against SARS-CoV-2 by inhibition of both AP2-associated protein kinase 1 (AAK1)
and cyclin G-associated kinase (GAK). Thus, preventing endocytosis and reducing viral
assembly [123,124].

Figure 9. Chemical structure of baricitinib. The structure has been generated using InChI code
available on https://pubchem.ncbi.nlm.nih.gov/ (accessed on 15 April 2021).

Studies on the usage of baricitinib in COVID-19 treatment are limited. The accessible
ones concern a double-blinded, randomized, placebo-controlled trial evaluating baricitinib
plus remdesivir in COVID-19 hospitalized adults. Patients, who received baricitinib and
remdesivir recovered a day faster than patients who received remdesivir and placebo.
The combination treatment also showed clinical benefits like accelerating improvement in
clinical status among patients receiving noninvasive or high-flow oxygen ventilation. Their
recovery time was shortened from 18 days to 10 days. Moreover, the combination therapy
was associated with significantly lower incidence of adverse events [125]. The FDA has
issued an emergency use authorization (EUA) for the baricitinib combined with remdesivir
for the treatment of suspected or confirmed COVID-19 cases in hospitalized adults and
pediatric patients aged two or older requiring supplemental oxygen, invasive mechanical
ventilation, or extracorporeal membrane oxygenation (ECMO) [126].

Several trials concerning the use of baricitinib in COVID-19 treatment are currently
underway and the examples are listed in Table 7.

https://pubchem.ncbi.nlm.nih.gov/
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Table 7. Examples and characteristics of clinical trials concerning use of baricitinib in the COVID-19 therapy.

ID Official Title Phase Recruitment
Status Location Reference

NCT04421027

A randomized, double-blinded,
placebo-controlled, parallel-group
Phase 3 study of baricitinib in
COVID-19 patients

Phase 3 Recruiting United States [127]

NCT04373044

A Phase II randomized double-blinded
trial on baricitinib or placebo combined
with antiviral therapy in patients with
moderate and severe COVID-19 forms

Phase 2 Recruiting United States [128]

NCT04393051

BARICIVID-19 STUDY: multcenter,
randomized, phase IIa clinical trial
evaluating efficacy and tolerability of
baricitinib as add-on treatment of
COVID-19 in-patients in comparison to
standard therapy

Phase 2 Not yet recruiting Italy [129]

NCT04321993
Treatment of moderate to severe
coronavirus disease (COVID-19) cases
among hospitalized patients

Phase 2 Recruiting Canada [130]

NCT04640168

A multicenter, adaptive, randomized
blinded controlled trial on safety and
efficacy of investigational therapeutics
for the treatment of COVID-19
hospitalized adults (ACTT-4)

Phase 3 Recruiting United States [131]

3.4. Dexamethasone

Dexamethasone is a steroid compound, which belongs to the class of corticosteroids
(Figure 10). This drug is widely used in the treatment of many inflammatory and autoim-
mune conditions, including asthma, chronic obstructive lung disease, rheumatic problems,
different forms of allergies, some skin diseases and also in brain edema [132].

Figure 10. Chemical structure of dexamethasone. The structure has been generated using InChI code
available on https://pubchem.ncbi.nlm.nih.gov/ (accessed on 15 April 2021).

The mechanism of action of dexamethasone strictly depends on the dose used. At
low doses, the drug binds to the glucocorticoid receptor (GCR) on the cell membrane,
and the formation leads to translocation of the drug into the cell, where it moves to the
nucleus. There, dexamethasone reversibly binds to several specific DNA sites resulting
in transactivation and trans-repression of various gene transcription. Dexamethasone can
inhibit the production of proinflammatory cytokines such as interleukin IL-1, IL-2, IL-6,

https://pubchem.ncbi.nlm.nih.gov/


Int. J. Mol. Sci. 2021, 22, 5434 17 of 26

IL-8, IFN-γ, vascular endothelial growth factor (VEGF) and prostaglandins. On the other
hand, it can also induce the activation of anti-inflammatory cytokine synthesis, especially
IL-10 and lipocortin-1 [133,134]. At high doses, the drug binds to membrane associated
GCR cells such as T cells, resulting in impairment of receptor signaling and T cell mediated
immune responses [133,135].

The number of studies on the drug usage in the COVID-19 treatment is very limited.
However, it seems to be a promising drug. A controlled, open-label randomized evaluation
of COVID-19 therapy (RECOVERY) trial concerning the use of dexamethasone in patients
hospitalized with COVID-19 has been conducted. A total of 2104 patients were assigned
to the dexamethasone group and 4321 to standard care. It has been shown that the use of
dexamethasone for up to 10 days resulted in lower 28-day mortality rate among COVID-19
patients, who received either random invasive mechanical ventilation or oxygen alone.
Among patients who were receiving oxygen, the use of dexamethasone was related with
lowering the risk of invasive mechanical ventilation or, for patients receiving invasive
mechanical ventilation, a greater chance of successful cessation. Additionally, patients in
the dexamethasone group had a day shorter hospitalization in comparison to those in the
standard care group and a greater probability of discharging within 28 days. However,
there was no evidence that dexamethasone showed any beneficial effects in patients,
who were not receiving respiratory support [136]. The CoDEX multicenter, randomized,
open-label clinical trial, which included 299 patients with moderate or severe ARDS and
COVID-19 has been conducted in 41 intensive care units (ICUs) in Brazil. Patients received
dexamethasone plus standard care or standard care alone. The primary outcome was
ventilator-free days during the first 28 days. Among patients with moderate or severe
ARDS due to COVID-19, use of dexamethasone plus standard care vs. standard care alone
resulted in significant increase in the number of ventilator-free days over 28 days. What
is more, dexamethasone was not related to increased risk of adverse effects in this group
of patients. Nevertheless, mortality rates were high and not significantly differ between
groups, in contrast with the RECOVERY trial [137].

Dexamethasone is on the WHO guideline on COVID-19 drugs, however, it is suggested
not to use corticosteroids in the treatment of patients with non-severe COVID-19 form [138].
Due to the limited data, further research is needed. Clinical trials are ongoing and some
examples with short characteristics are listed in Table 8.

Table 8. Examples of ongoing dexamethasone trials in the treatment of COVID-19.

ID Official Title Phase Recruitment
Status Location Reference

NCT04603729
Comparison of efficacy of dexamethasone
and methylprednisolone in moderate to
severe COVID-19 cases

Phase 3 Completed Pakistan [139]

NCT04663555

Effect of dexamethasone in patients with
ARDS and COVID-19—prospective,
multicenter, open-label, parallel-group,
randomized controlled trial (REMED Trial)

Phase 4 Recruiting Czech
Republic [140]

NCT04726098
Efficacy of low or high dose of
dexamethasone in patients with respiratory
failure caused by COVID-19

Phase 4 Recruiting Spain [141]
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Table 8. Cont.

ID Official Title Phase Recruitment
Status Location Reference

NCT04347980

dexamethasone combined with
hydroxychloroquine compared to
hydroxychloroquine alone for treatment of
severe acute respiratory distress syndrome
induced by coronavirus disease 19
(COVID-19): a multicenter, randomized
controlled trial

Phase 3 Recruiting France [142]

NCT04452565

Randomized controlled phase 2/3 clinical
trial of NA-831 alone or with atazanavir, or
NA-831 with dexamethasone, or atazanavir
with dexamethasone in the COVID-19
treatment

Phase 2/3 Recruiting United States [143]

4. Conclusions and Future Perspectives

Currently, decision makers of countries around the world are taking precautions
against spreading COVID-19. The scientific community is focusing on research aimed at
repurposing of effective drugs against the SARS-CoV-2 virus. To date, many reports have
been published on specific drugs’ efficacies and trials have been focusing on drugs with
antiviral and immunomodulatory/anti-inflammatory effects. Moreover, several of these
agents were repurposed to face the new COVID-19 health emergency. Overall, the results
indicate that antiviral therapies have the greatest effect in the early stages of the disease,
while immunomodulatory/anti-inflammatory agents are more effective in the later stages
of the disease. A combination of these types of drugs also seems to be a good approach.
However, the results of some studies are inconclusive or contradictory. Therefore, for the
greater safety of COVID-19 patients, further clinical trials and large randomized controlled
studies are required to verify their effective role, safety profile and side effects. In regard to
appearance of PIMS-TS and MIS-A, the role of antiviral drugs remains unclear. PIMS-TS
and MIS-A are clinically distinct from acute COVID-19, that may represent a post-COVID-
19 immunological disease. Furthermore, there is no evidence concerning which treatment
will be beneficial and prevent the appearance of PIMS-TS and MIS-A, so the recovery
trials are needed. It should also not be forgotten that vaccines are an important aspect of
combating the SARS-CoV-2 pandemic. Vaccines that are authorized and recommended are
developed by BioNTech and Pfizer, Moderna, AstraZeneca and Johnson and Johnson. It is
believed that the use of appropriate drugs depends on the severity of COVID-19 form and
a global vaccination campaign will stop and overcome the pandemic that we have been
facing for over a year now.
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AAK1 AP2-associated protein kinase 1
ACE2 Angiotensin-converting enzyme 2
AMP Adenosine monophosphate
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ARDS Acute respiratory distress syndrome
CAPS Cryopyrin-associated periodic syndrome
CAR-T Chimeric antigen receptor T cell therapy
CD4 Cluster of differentiation 4
CD8 Cluster of differentiation 8
CMV Cytomegalovirus
CRP C-reactive protein
CRS Cytokine release syndrome
CT Computed tomography
CYP3A4 Human cytochrome P450 3A4
DIC Disseminated intravascular coagulation
EBOV Ebola virus
ECG Electrocardiography
ECMO Extracorporeal membrane oxygenation
EUA Emergency use authorization
FDA U.S. Food and Drug Administration
F-RTP Favipiravir ribofuranosyl-5B-triphosphate
GAK Cyclin G-associated kinase
GCR Glucocorticoid receptor
G-CSF Granulocyte colony-stimulating factor
GM-CSF Granulocyte-macrophage colony-stimulating factor
gp130 Glycoprotein 130
HAV hepatitis A
HCV hepatitis C
HIV Human immunodeficiency virus
HIV-1 Human immunodeficiency virus-1
HSV Herpes simplex virus
ICU Intensive care unit
IL-10 Interluekin-10
IL-1R1 IL-1 type 1 receptor
IL-1RA IL-1 receptor antagonist
IL-2 Interluekin-2
IL-6 Interluekin-6
IL-6R Interleukin-6 receptor
IL-7 Interluekin-7
IP-10 IFN-gamma-inducible protein 10
JAK Janus kinase
JAK1 Janus kinase 1
JAK2 Janus kinase 2
MCP1 Monocyte chemoattractant protein 1
MERS Middle East respiratory syndrome coronavirus
mIL-6R Membrane-bound interleukin-6 receptor
MIP1α Macrophage inflammatory protein 1α
MIS-A Multisystem inflammatory syndrome
NK Natural killer
NTP Nucleoside triphosphate
PIMS-TS Pediatric Inflammatory Multisystem Syndrome Temporally
pp1a Replicase polyprotein pp1a
pp1ab Replicase polyprotein pp1ab
RdRp RNA dependent RNA polymerase
RECOVERY Randomized evaluation of COVID-19 therapy
RMP Remdesivir monophosphate
RTP Remdesivir triphosphate
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S Spike
SARS-Cov-1 Severe acute respiratory syndrome coronavirus 1
SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2
sIL-6R Soluble interleukin-6 receptor
TMPRSS2 Transmembrane protease serine 2
TNF-α Tumor necrosis factor-α
TSS Toxic Shock Syndrome
UMP Uridine monophosphate
VEGF Vascular endothelial growth factor
WHO World Health Organization
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