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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) emerged in Wuhan city of China in late December 2019 and identified as a
novel coronavirus. Due to its contagious nature, the virus spreads rapidly and causes coronavirus disease 2019 (COVID-19). The global tally
of COVID-19 was 28 million in early September 2020. The fears and stress associated with SARS-CoV-2 has demolished the socio-economic
status worldwide. Researchers are trying to identify treatments, especially antiviral drugs and/or vaccines, that could potentially control the
viral spread and manage the ongoing unprecedented global crisis. To date, more than 300 clinical trials have been conducted on various
antiviral drugs, and immunomodulators are being evaluated at various stages of COVID-19. This review aims to collect and summarize a
list of drugs used to treat COVID-19, including dexamethasone, chloroquine, hydroxychloroquine, lopinavir/ritonavir, favipiravir,
remdesivir, tociluzimab, nitazoxanide and ivermectin. However, some of these drugs are not effective and their use has been suspended
by WHO.
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China, has brought about serious threats to public health
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worldwide. Coronaviruses belong to the Nidovirales order,

twenty-first century, two B-coronaviruses have caused epi-

genus [B-coronavirus, which is comprised of crown-like,
enveloped, positive-sense  single-stranded RNA  viruses
(Fig. 1). In coronavirus particles, the nucleocapsid protein
packages the genome RNA to form a helical nucleocapsid.
Various factors are causing the situation to become more
serious. First, there is a shortage of effective point-of-care
The recent emergence of the novel coronavirus severe acute testing assays for rapid, highly accurate identification of SARS-
respiratory syndrome coronavirus 2 (SARS-CoV-2), which CoV-2-infected individuals. Moreover, asymptomatic and pre-
caused an outbreak of coronavirus disease 2019 (COVID-19) in asymptomatic SARS-CoV-2-infected patients are highly
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contagious, and there is a lack of appropriate detection assays.
SARS-CoV emerged in 2002 and caused the disease SARS to
spread to five continents, with a case fatality rate of 10% before
it was contained in 2003 (more cases reported in 2004). In
2012, the appearance of Middle East respiratory syndrome
coronavirus (MERS-CoV) in the Arabian Peninsula caused pe-
riodic epidemics in humans with a mortality rate of 35%. SARS-
CoV and MERS-CoV are zoonotic viruses, and they cross-
species barriers respectively through bat/palm fruit fly [I] and
dromedary camels [2]. Seven coronaviruses have been identi-
fied that cause human diseases. Four viruses—229E, OC43,
NL63 and HKU|—are ubiquitous and usually cause common
cold-like symptoms in individuals with immunity [3]. These
zoonotic viruses are endemic in the human population, account
for up to 30% of mild respiratory tract infections, and can lead
to serious complications or death in young children, and in aged
and immunocompromised individuals [3,4].

During the early period of the SARS-CoV-2 outbreak, many
SARS-CoV-2-infected individuals were identified promptly, due
to the rapid development and widespread use of DNA-
sequencing technology and the RT-PCR method [5].

Many molecular diagnostic companies and institutes are
devoted to developing integrated, random-access, point-of-care

molecular devices for fast and accurate diagnosis of SARS-CoV-
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2 infection [6]. As of |9 April 2020, the US Food and Drug
Administration had approved more than 37 SARS-CoV-2 RNA
detection kits (https://www.fda.gov/medical-devices/
emergency-situations-medical-devices/emergency-use-

authorizations).

Many institutes are keen to adopt isothermal nucleic acid
amplification technology for the point-of-care testing of SARS-
CoV-2, avoiding the need for a highly expensive thermal cycler.
Loop-mediated isothermal amplification (LAMP) may be the
most promising alternative to PCR, as it offers several advan-
tages, in terms of specificity, sensitivity, reaction efficiency and
product yield. For example, a reverse transcription (RT)-LAMP
assay has been developed, targeting Nsp3 for SARS-CoV-2
detection, of which the limit of detection was 100 copies per
reaction [7]. Yu et al. prepared an RT-LAMP assay targeting
ORFlab and the spike gene, of which the limits of detection
were 20 copies/reaction and 200 copies/reaction, respectively,
within 60 min. The evaluation of a small clinical sample has
demonstrated that some of the developed RT-LAMP assays
have 100% specificity and 100% sensitivity [5].

Coronaviruses use spikes of advanced glycoprotein (S)

(Fig. 1) homotrimers to promote binding, fusion and entry to
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the host cell. These spikes are the core antigen existing on
the viral surface and the target for neutralizing antibodies
during the infection. As a result, glycoprotein (S) acts as a
potential residue for vaccine design. Glycoprotein (S) syn-
thesized as a single polypeptide of ~1300 amino acids pre-
cursor belongs to class | viral fusion protein [8]. In most of
the coronaviruses, the S protein is processed by host pro-
teases and forms two subunits, named S| and S2, that remain
non-covalently bound in the pre-fusion conformation. The
S| N-terminal subunit contains four domains rich in 3,
respectively named as A, B, C and D, where the domain A
or B serves as a receptor-binding domain in different
coronaviruses. The S2 subunit transmembrane C-terminal is
a metastable spring-loaded fusion mechanism [9]. During the
entry process, the S2 subunit is further cleaved proteolyti-
cally at the S2 site instantly upstream of the fusion peptide
[10]. The second cleavage step occurs for all coronaviruses
and is believed to activate proteins for membrane fusion,
which occurs through irreversible conformational changes
[1'1,12]. Recently, cryo-electronic microscopy has led to the
determination of the extracellular domain structure of the
coronavirus S glycoprotein before and after fusion, providing
an image of the beginning and end of the fusion reaction
[9,13,14]. The entrance of coronavirus into the host cell is a
complex process, necessitating several cellular factors. First,
the attachment of the virus to the binding receptors, which
enhances the cell surface density of the viral particles and/or
promotes interaction with the fusion receptors. For
instance, the binding of HCoV-OC43 and bovine coronavirus
to N-acetyl-9-O-acetylneuraminic acid [I5], binding of
HCoV-NL63 and SARS-CoV to heparan sulphate pro-
teoglycans [16,17] and binding of HCoV-HKUI to O-acety-
lated sialic acid [I8]. In some cases, the attachment of the
viral particle to the host cell is redundant [2]. In other cases,
the reduction of adhesion receptors primes to a lack of
interaction between the virus and host cells, which leads to a
significant decline in viral infectivity [17,19,20]. Coronavi-
ruses use multiple fusion receptors, except for HCoV-NL63,
which similar to SARS-CoV uses human angiotensin-
converting enzyme 2, most O-coronaviruses use aminopep-
tidase N (CDI3) to enter cells [21]. According to reports,
HCoV-OC43 uses HLA class | molecules or sialic acid [22],
MERS-CoV uses dipeptidyl peptidase 4 (DPP4 or CD26) [23]
and the receptor for HCoV-HKUI is still unknown [I8].
Recognizing different receptors means not only different cell
orientations, but also different internalization pathways. It is
worth mentioning that the recent study also emphasizes the
importance of other cytokines for viral tissue specificity,

including tissue-specific proteases [24,25] (Fig.3).
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In late December 2019, some local health centres in Wuhan,
China, reported groups of patients with pneumonia with un-
familiar sources. These were epidemiologically related to a
wholesale seafood and wet animal market by the European
Centre for Disease Prevention and Control [26]. Soon after,
unbiased sequencing technology was used to identify an un-
known [3-coronavirus from samples taken from individuals with
pneumonia. Epithelial cells from the human respiratory tract
were used to isolate a new coronavirus, initially called 2019-
nCoV, which has formed an additional clade within the subge-
nus sarbecovirus, the subfamily Orthocoronavirinae. Unlike
MERS-CoV and SARS-CoV, 2019-nCoV, now named SARS-
CoV-2 by WHO, is the seventh member of the coronavirus
family that infects humans.

Like other RNA viruses, SAR-CoV-2 has a high mutation
rate, which is closely linked to increased virulence and virus
evaluability [27]. Mutation in the S protein is of significant
clinical and public health concern as it may alter a virus’s
tropism, including the adaptation of the virus to new hosts, or
increase the virus’'s pathogenesis [28]. Recently Yao et al.
accounted for a direct link of genetic mutation and variation of
SARS-CoV-2 pathogenicity. They investigated || samples from
SARS-CoV-2-infected individuals [29]. Interestingly six different
mutations were detected in the S protein. Two of these mu-
tations were single nucleotide variants that led to similar
missense mutations [30].

Importantly these isolates resulted in varied cytopathic ef-
fects and viral loads in Vero-E6 cells, which revealed that ge-
netic mutation in SARS-CoV-2 causes substantial changes to
enhance the pathogenicity of the virus [29,30]. With such vast
genetic mutations, recurrent recombination of their genomes,
and increased interface activity between humans and animals,
new coronaviruses may emerge from time to time in humans
[31,32]. By early September 2020, more than 28 million people
had contracted COVID-19, and about 0.91 million had died.
Despite substantial efforts by the global health community, the
impact of COVID-19 in terms of morbidity and mortality rates
remains high, especially in high-income countries compared
with low-income countries. It was reported that in the first 5
months of the pandemic, the high-income and upper-middle-
income countries had higher incidences and death rates per
million compared with low-income and middle-income coun-
tries [33].

Fig. 2 demonstrates the continent-wise distribution, deaths
and recoveries of COVID-19 up to 2 September 2020 (https:/

www.worldometers.info/coronavirus/).
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Currently, there is no specific and effective antiviral therapy
available for COVID-19. However, most individuals with
COVID-19 have a mild/asymptomatic or moderate course of
the disease; in up to 5%—10% of individuals the course of the
disease is severe and can lead to death in vulnerable sections of
the community. The immediate need for effective drugs is
crucial at this stage (www.covidreference.com) [34].
Enhanced supportive care remains the mainstay of treat-
ment. More than 300 clinical trials for drugs have been con-
ducted, some of which will be published in the coming months.
WHO launched the Solidarity clinical trial for COVID-19
treatment to further evaluate

remdesivir, hydroxy-

chloroquine/chloroquine and lopinavir-ritonavir with and
without interferon-3. However, various other antiviral agents
and immunomodulators are being evaluated for use at various
stages of COVID-19. The registry of international clinical trials
can be found on the WHO website and at ClinicalTrials.gov
[35]. Currently, it is strongly recommended to recruit patients
to participate in ongoing trials because we cannot determine
whether the benefits of most treatments outweigh the hazards,
and these studies will provide much-needed evidence for the
efficacy and safety of various treatments for COVID-19 [36].

Chloroquine phosphate

Chloroquine phosphate is an old drug used to treat malaria, it
has been verified in a multicentre clinical trial conducted in
China, with excellent efficacy and adequate safety in the
treatment of COVID-19-related pneumonia [37]. Chloroquine
phosphate was also used against the SARS-CoV and Zika virus

epidemics as an important controlling agent. The role of

© 2020 The Authors. Published by Elsevier Ltd, NMNI, 38, 100770
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continent-wise distribution.

chloroquine is to increase the pH of intracellular vacuoles and
to change the protein degradation pathway by acid hydrolase in
the lysosome, macromolecular production in the endosome,
and post-translational protein modification in the Golgi. It also
interferes with macrophages and other antigen-presenting cells,
thus having an anti-rheumatic response [38]. Other studies
reported that chloroquine has potential activity against various
viruses by deceleration of the endosomal pH needed for
virus—cell fusion, also interfering with cellular SARS-CoV re-
ceptor glycosylation [39]. The activity of chloroquine against
viruses and as an anti-inflammatory agent might be one of the
reasons for its effective efficacy to treat individuals with
COVID-19 pneumonia. Over the last 70 years, chloroquine has
been found to be a cost-effective and safe drug [37] and in
China, chloroquine phosphate at a dose of 500 mg/day in
numerous clinical trials has shown potential activity against
COVID-19. Hence, it is postulated that chloroquine could be
used as a possible treatment for individuals with COVID-19-
related pneumonia [40].

Hydroxychloroquine

Hydroxychloroquine, an aminoquinoline, is less toxic; with the
N-diethyl chain of chloroquine substituted by an N-hydrox-
yethyl side chain. This alteration in the side chain makes the
hydroxychloroquine more soluble than chloroquine. The anti-
viral activity of hydroxychloroquine is similar to that of chlo-
roquine; by increasing the pH the hydroxychloroquine affects
the activated immune cells and Toll-like receptor-mediated
signal transduction, down-regulating Toll-like receptor expres-
sion and reducing the production of interleukin-6 (IL-6) [41].
Even though hydroxychloroquine and chloroquine have the
same antimalarial action, hydroxychloroquine is preferred over
chloroquine for its low ocular toxicity [42]. Prolonged
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treatment (at least 5 years) with hydroxychloroquine may cause
retinopathy, which is a dose-limiting adverse effect of hydrox-
ychloroquine, and a safe daily dose appears to correspond to
6.5 mg/kg of ideal body weight and 5.0 mg/kg of actual body
weight [40]. Although in their activity against coronaviruses
both chloroquine and hydroxychloroquine have the same
theoretical application, the anti-coronaviral activity of chloro-
quine is supported by more clinical data [43]. Availability of
hydroxychloroquine and chloroquine is low in some countries,
and chloroquine has a more adverse effect than hydroxy-
chloroquine. For instance, in individuals with COVID-I9,
chloroquine leads to prolongation of the QT interval when
interacting with lopinavir/ritonavir. Consequently, it is crucial
when unable to treat COVID-19 patients, to consider using
hydroxychloroquine instead of chloroquine. In Iran, it was
necessary to use hydroxychloroquine instead of chloroquine
due to scarcity. Hydroxychloroquine hindrance by other anti-
viral agents, such as oseltamivir, lopinavir/ritonavir, ribavirin,

and by interferons and intravenous immunoglobulins is

currently under investigation. Million et al. conducted a
comprehensive meta-analysis on the use of chloroquine de-
rivatives in COVID-19 patients. It was observed that the
combined therapy of hydroxychloroquine with azithromycin
was more effective than hydroxychloroquine alone and the
combined therapy was considered more important than mon-
otherapy [44]. The synergistic approach was supported by an
in vitro study and this combination should not be neglected in
COVID-19 therapy [45]. Despite controversy as the virus
spreads across borders, chloroquine derivatives are used by
physicians on a large scale [46].

Remdesivir

The novel pro-drug remdesivir, a nucleotide analogue intra-
cellularly activated to adenosine triphosphate analogue, which
hinders the viral RNA polymerase, was initially developed as an
antiviral drug against Ebola virus and Marburg virus infections.
Remdesivir has potential activity against a broad range of virus

families such as filoviruses (e.g. Ebola) and coronaviruses (e.g.

© 2020 The Authors. Published by Elsevier Ltd, NMNI, 38, 100770
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SARS-CoV and MERS-CoV), displaying an effective therapeutic
and prophylactic action against these coronaviruses in non-
clinical models. An in vitro analysis of remdesivir demon-
strated activity against SARS-CoV-2 in Vero E6 cells with an
ECs value of 1.76 pM, which suggests that in non-human pri-
mate models the working concentration is expected to be
achieved [47]. According to the report, an individual with
COVID-19 in the USA exhibited substantial improvement when
treated with remdesivir intravenously [48], after which a rapid
assessment was made to check the effectiveness and safety of
remdesivir in hospitalized individuals with COVID-19. The
group of patients severely affected by COVID-19 were treated
with remdesivir, and it was found that among 53 individuals, 36
(68%) showed clinical improvement [49]. Because there are no
placebos or active comparators in this study, it is difficult to
draw any specific conclusions, and the determination of efficacy
will require ongoing randomized, placebo-controlled results of
remdesivir treatment. At present, four clinical trials recruiting
patients in the USA and two other trials enrolled only in China
have been registered on ClinicalTrials.gov: NCT04257656
(serious disease) and NCT04252664 (mild to moderate dis-
ease) [36]. Brouqui et al. have also compiled the critical data
published on remdesivir use in COVID-19 patients. They found
that no research supports convincingly the use of remdesivir in
seriously ill patients. Treatment at the time of diagnosis is the
key outcome for individuals with COVID-19; however, the
adverse reaction associated with remdesivir sometimes leads to
the interruption of treatment, and the intravenous route in this

regard would probably restrict the use of remdesivir [50].

Favipiravir

The pro-drug favipiravir (6-fluoro-3-hydroxy-2-pyrazine car-
boxamide) is activated by intracellular phosphoribosylation to
favipiravir ribofuranosyl-5B-triphosphate (Favipiravir-RTP),
which acts as a substrate for RNA-dependent RNA polymerase
(RdRp) and potentially inhibits the activity of RdRp in RNA
viruses. Among several types of RNA viruses, the catalytic
domain of RdRp is conserved, so the broad antiviral activity of
favipiravir is supported by this mechanism of action. The active
Favipiravir-RTP with an ICsq of 0.022 pg/mL hinders influenza
virus RdRp, although up to 100 pg/mL does not affect the
human DNA polymerase a, 3, y subunits. Additionally, favi-
piravir has a broad range of inhibitory effects on RNA viruses,
e.g the arena-, bunya-, flavi- and filoviruses causing haemor-
rhagic fevers [51,52], and to some extent it is effective against
Ebola virus [51,53,54]. Favipiravir is one of the possible drugs
for COVID-19, as SARS-CoV-2 has been identified as a single-
stranded RNA virus with an RdRp gene like SARS-CoV and
MERS-CoV. However, there are no authentic in vitro and

preclinical animal studies available. In an in vitro study,

© 2020 The Authors. Published by Elsevier Ltd, NMNI, 38, 100770

favipiravir inhibited SARS-CoV-2 in Vero E6 cells with an ECyq
of 61.88 UM [48], but other studies showed that in vitro at
concentrations under 100 pYM favipiravir did not affect SARS-
CoV-2 [55]. At present, the existing knowledge is not suffi-
cient to endorse the use of favipiravir to treat COVID-19, and
further research is needed.

Lopinavir and ritonavir

Lopinavir are protease inhibitors that are usually used to treat
human immunodeficiency virus infection with and a booster
drug ritonavir. Lopinavir and/or ritonavir have in vitro anti-
coronaviral activity; they inhibit the proteases, which are
important enzymes for polyprotein processing in coronavi-
ruses. In vitro studies have reported that lopinavir can inhibit
SARS-CoV, and the ECs, of lopinavir is acceptable. Against
SARS-CoV-2, lopinavir showed efficacy in Vero E6 cells, with an
estimated ECsq of 26.62 uM [56].

In Singapore, five individuals with COVID-19 were treated
with lopinavir and ritonavir within 1-3 days of duration, but
evidence of clinical use was ambiguous. Although fever devel-
oped within | to 3 days after the onset of lopinavir/ritonavir, in
two patients disease progression was not prevented. The
decrease in viral load indicated by the circulation threshold in
lopinavir/ritonavir-treated and untreated individuals, and also
nasopharyngeal swab results, were similar [57]. In a retro-
spective study of 134 COVID-19 patients, it was found that
improving symptoms and reduced viral load were not signifi-
cantly different among the lopinavir/ritonavir treatment group
(n = 52), arbidol treatment group (n = 34) and control group
(n = 48) [58].

Another study of 47 individuals with COVID-19 compared
the standard of care (arbidol plus interferon-a inhaler) in five
patients with combined treatment of lopinavir/ritonavir plus the
standard of care (arbidol plus interferon-a inhaler) in 42 pa-
tients, and reported shorter times to normal body temperature
and negative test in clinical samples for SARS-CoV-2 [59]. In
another report, 44 patients with mild/moderate COVID-19
were randomly assigned to receive lopinavir/ritonavir (21 pa-
tients), arbidol (16 patients) or no antiviral drugs (7 patients as
controls). There was no statistically significant difference in the
fever reduction rate, cough relief rate, chest CT scan
improvement rate, or clinical condition deterioration rate
among the three groups (all p > 0.05). Overall, 5 (23.8%) pa-
tients in the lopinavir/ritonavir group experienced adverse
events during follow up whereas no obvious adverse events
occurred in the arbidol or control groups. The study concluded
that lopinavir/ritonavir or arbidol monotherapy seemed to have
little benefit in improving the clinical outcome of mild/moderate
COVID-19, but lopinavir/ritonavir may cause more adverse
events [60].
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In a randomized trial of 199 individuals with severe COVID-
|9, compared with standard treatment alone, lopinavir/ritona-
vir (400/100 mg) was added to standard treatment twice a day
for 14 consecutive days and did not decrease clinical
improvement time [61]. Lopinavir/ritonavir had a tendency to
reduce mortality (19% versus 25%, respectively), and there was
a greater difference in mortality within 12 days of symptom
onset, although the difference was not statistically significant.
The rate of SARS-CoV-2 decrease was similar between the
group receiving lopinavir/ritonavir and the group not receiving
lopinavir/ritonavir. The proportion of early discontinuation for
with lopinavir/ritonavir treatment was 14%. The patients
engaged in this study had a progressive infection and previously
had considerable tissue damage (as shown by compromised
lung function and a 25% death rate in the control group). Even
highly active antibacterial agents have limited efficacy in
advanced bacterial pneumonia [62].

Enhanced clinical recovery (from 16.0 to 17.0 days) and
reduced fatality (from 19.0% to 27.1%) were detected in an ad
hoc subgroup of patients who received treatment within 12
days of symptom onset, but not in patients who received
treatment later [63]. In another study of 280 individuals with
COVID-19, the time from onset to antiviral treatment was
considered a risk factor for serious illness. Patients in the mild
group received antiviral treatment earlier (Severe group
[.19 £ 0.45 days compared with 2.65 + 1.06 days, p < 0.001)
[62]. Whether early COVID-19 treatment with lopinavir/rito-
navir has clinical applications is an important question that

required further research.

Nitazoxanide
Nitazoxanide and its active metabolite tizoxanide have been
shown to have effective in vitro activity against SARS-CoV-2 and
MERS-CoV in Vero E6 cells, with ECgg of 2.12 yM and 0.92 pM,
respectively. In addition to coronavirus, it also exhibits broad-
spectrum antiviral activity against influenza virus, respiratory
syncytial virus, parainfluenza virus, rotavirus and norovirus [63].
It is believed that this broad-spectrum antiviral activity is due to
the following characteristics. The basis of its activity is to
interfere with the host regulatory pathways associated with
viral replication, rather than virus-specific pathways [64].
Nitazoxanide up-regulates the innate antiviral mechanism
through extensive amplification of cytoplasmic RNA induction
and the type | IFN pathway. Nitazoxanide interferes with viral
infection by up-regulating the specific host mechanism of viral
targeting to avoid host cellular defence [65].

Because of its broad-spectrum antiviral activity, nitazoxanide
is being studied in clinical trials, including randomized
controlled trials, to control influenza and other acute respira-

tory infections, although the results are either not encouraging
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or unavailable. However, the in vitro activity of nitazoxanide
against SARS-CoV-2 is encouraging, it is clear that more data
are needed to determine its role in the management of COVID-
19 [55].

Ivermectin

Ivermectin is a broad-spectrum antiparasitic drug approved by
the US Food and Drug Administration. In recent years, it has
shown in vitro antiviral activity against various viruses. Initially, it
was considered to be an inhibitor of the interaction of importin
| heterodimer (accountable for nuclear importation of inte-
grase protein) and human immunodeficiency virus |. This
confirms that ivermectin is responsible for inhibiting the nu-
clear import of integrase protein and human immunodeficiency
virus type-| replication. Other effects of ivermectin have been
reported, other than the inhibition of the nuclear import of
host and viral proteins. It has been shown to limit the infection
of certain RNA viruses (including influenza virus, dengue fever
virus and West Nile virus). Ivermectin has been similarly
proven to be effective against the DNA virus pseudorabies virus
both in vitro and in vivo and increased survival of pseudorabies
virus-infected mice [66]. An in vitro study reported that iver-
mectin was found to be an inhibitor of SARS-CoV-2. A single
addition to Vero-hSLAM cells 2 hours after their infection with
SARS-CoV-2 can effectively reduce the viral RNA approxi-
mately 5000 times for 48 hours. The authors assumed that this
may be accomplished by inhibiting importin-o/f | -mediated
nuclear importation of viral proteins and that this inhibition
would disrupt the immune escape mechanism of the virus [67].
Additional in vitro, in vivo and clinical trials are required to
conclude its role in COVID-19 treatment.

Tocilizumab

Tocilizumab is a recombinant humanized monoclonal antibody
IL-6 receptor inhibitor used to treat rheumatoid arthritis.
Tocilizumab binds to the soluble and membrane-bound IL-6
receptors, ultimately binding to gpl130 on the cell membrane,
thereby inhibiting signal transduction and acting as a pro-
inflammatory agent [56,68]. Similar to the alterations in SARS
and MERS, the plasma of an individual with COVID-19 had high
levels of the cytokines IL-6, IL-2, IL-7, IL-10, tumour necrosis
factor-a, interferon-y-inducible protein, macrophage inflam-
matory protein |0, monocyte chemoattractant protein and
granulocyte colony-stimulating factor, which suggests a cyto-
kine storm [69], and is associated with the severity and prog-
nosis of the disease. In autopsy samples from individuals who
died from severe COVID-19, histological examination revealed
bilateral diffuse alveolar injury with fibrinous mucus-like exu-
dates. Mononuclear inflammatory lymphocytes were observed
in both lungs [70]. Some studies have reported the immune

© 2020 The Authors. Published by Elsevier Ltd, NMNI, 38, 100770
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properties of individuals with COVID-19 and found that T cells
and inflammatory monocytes are highly activated, resulting in
excessive production of cytokines and inflammatory storm.
Among the cytokines, IL-6 is the significant cytokine that causes
an inflammatory storm, which may lead to increased pulmonary
alveolar—capillary blood gas exchange dysfunction, particularly
impaired oxygen diffusion, which ultimately leads to pulmonary
fibrosis and organ failure [71].

A recent study of 21 individual with COVID-19 treated with
tocilizumab, who had a fever, dyspnoea, and CT image deteri-
oration showed a remarkable improvement in body tempera-
ture, respiration and chest tightness after receiving tocilizumab
treatment. Of the 21 infected individuals, 15 recovered from
respiratory diseases, and two were withdrawn from the
ventilator after 5 days of treatment [72].

Low number of lymphocytes is an important sign of severity
and diagnosis in COVID-19 patients [73]. In a study with toci-
lizumab, 85% of the patients had low lymphocyte counts.
Although in 52.6% of patients the lymphocyte counts had
returned to normal after 5 days of treatment, and their C-
reactive protein levels had also returned to normal. Although
CT scanning showed lung turbidity in 90.5% of the patients,
suggesting that it takes a long time to recover. However, in this
study, there were no reports of adverse reactions and subse-
quent lung infections and 90.5% of patients displayed significant
progress and good prognosis, together with two critical in-
dividuals. Hence, tocilizumab can be an efficient treatment for
severe COVID-19, which may be due to the blocking of IL-6-

related fever and inflammatory storm response [72].

Dexamethasone

Dexamethasone is a steroid that has been used in many diseases
since the 1960s, including inflammatory disorders and certain
cancers, to alleviate inflammation. Since 1977, it has been listed
in multiple formulations on the WHO Model List of Essential
Medicines, and is currently off-patent and available in most
countries [74].

According to new studies, dexamethasone was the first
agent to be proven to cause ‘significant reduction in mortality’
in individuals with COVID-19 who require oxygen or ventila-
tion. As part of the random evaluation of the Oxford Uni-
versity’s COVID-19 treatment (RECOVERY) trial, some
patients are being treated with steroids. During the trial, a total
of 2104 patients were randomly assigned to receive oral or
intravenous dexamethasone, 6 mg once a day for 10 days, and
were randomized with 4321 patients in the control group.
Dexamethasone reduced the mortality of ventilated patients by
35% (rate 0.65, 95% ClI 0.48-0.88; p 0.0003), whereas it
decreased by 20% among patients who received oxygen only
(0.80, 95% CI 0.67-0.96; p 0.0021). No benefit was seen in

© 2020 The Authors. Published by Elsevier Ltd, NMNI, 38, 100770

patients who do not require respiratory support (1.22, 95% CI
0.86—1.75; p 0.14) The Oxford University research on various
drugs that may help against COVID-19 found that dexameth-
asone improves the survival of patients with COVID-19 who
are receiving oxygen or using ventilators. For those receiving
oxygen therapy, it saved the lives of one patient among 25
patients who were treated (reducing the number of deaths by
about one-fifth). For patients using a ventilator, it saved the lives
of eight patients (reducing deaths by approximately one-third).
In particular, it seems to help avoid the damage caused by
cytokine storms in the most severely affected patients https://
www.recoverytrial.net [75]. Physicians must ensure the
laboratory-confirmed SARS-CoV-2 status of patients and their
medical history, and must consult the official recommendations
of WHO for dexamethasone clinical use, because from time to
time drugs are suspended and new drugs are approved. It was
also explained in the study that dexamethasone does not help
those who are mildly infected with the virus, indicating that it
works by treating specific symptoms rather than the virus itself
[76]. The researchers shared preliminary observations with
WHO on the test findings and look forward to completing data
analysis. WHO may coordinate a meta-analysis to improve our
overall understanding of the intervention. In addition, WHO
clinical guidance will be updated to reflect how and when the
drug should be used in COVID-19 [74].

Worldwide research approaches have been adopted to
respond to the rapidly growing COVID-19 pandemic based on
testing capabilities, public health resources and the spread of

viruses among populations.

Molecular based laboratory testing

Currently, the US CDC recommended strategy for identifying
individuals with COVID-19 is to test respiratory samples to
diagnose the presence of one or several specific nucleic acid
targets for SARS-CoV-2 [77]. Nasopharyngeal samples are the
first choice for swab-based SARS-CoV-2 testing, but samples of
the middle turbinate, oropharynx or anterior nostrils are also
acceptable [78].

Flocking swabs are the best choice for sample collection; it is
best to use a swab with a plastic shaft or aluminium. Cotton
swabs containing calcium alginate should be avoided as it may
affect PCR testing. After collecting the sample, it should be
transferred to a universal transport medium to preserve the
viral nucleic acid. Samples collected from endotracheal aspi-
rates, sputum and bronchoalveolar lavage fluid can also be sent
directly to the laboratory for processing, which may be more

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Profile of antivirals investigated for COVID-19 treatment in clinical trials or in vitro studies. Source: WHO, adapted from

landscape analysis 17 February 2020 https://www.who.int/blueprint/priority-diseases/key

Structure and Route of ECsp value in Being
Group Drugs PubChem CID administration Current use Mechanism of action Vero E6 cell tested?
Inhibitors of viral RNA Remdesivir PubChem Intravenous COVID-19 A prodrug, adenosine 1.76 uM Approved
polymerase/RNA CID:121304016 nucleotide analogue, which acts
synthesis as an RdRp inhibitor
H, H

o).
“0—H
\j\/o\n)"" O:P\mno
’ u é
Favipiravir PubChem CID:492405 Intravenous influenza A prodrug, guanosine nucleotide 61.88 uM Yes
H H analogue, which acts as an RdRp
SN inhibitor
N Fi
o A
i
o= N
H

Inhibitors of viral Lopinavir/ritonavir HIV Inhibition of protease 26.62 uM Yes
protein synthesis
Viral entry inhibitors Hydroxychloroquine PubChem CID:3652 Orally Antimalarial Increase the endosomal pH 451 yM yes

required by the virus/Cell
fusion, and interference

OH Glycosylation of SARS-CoV
(ACE-2) cell receptor

Chloroquine PubChem CID:2719 Orally Antimalarial 271 yM
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Continued

Structure and
Group Drugs PubChem CID

Route of
administration Current use

ECsp value in Being

Mechanism of action Vero E6 cell tested?

Immunomodulatory Nitazoxanide

PubChem CID:41684 Orally

Anti-parasitic and Interference involves viral 2.12 yM yes
antiviral replication, amplification of

cytoplasmic RNA sensing, and

host regulation pathways of type

o | interferon
O=N_+
ot
o NH
\n/o
o
Ivermectin PubChem CID:6321424  Orally Anti-parasitic Inhibit the import of nuclear NA yes
proteins into hosts and viruses
o H OH by suppressing importin |
) Heterodimer
Immunomodulatory Tocilizumab Intravenously Rheumatoid inhibit signal transduction by NA Approved
arthritis; COVID- specifically binding to sIL-6R and
19 miL-6R
Anti-inflammatory Dexamethasone Intravenously ~ Anti- Act as an inflammatory agent  NA yes

and orally

inflammatory

Note: Not applicable- NA.

sensitive than the upper respiratory tract specimens [79].
Samples are subjected to RNA extraction, followed by target-
specific nucleic acid detection through qualitative RT-PCR.
The CDC and WHO have developed the most widely used
SARS-CoV-2 detection method. The kit designed by CDC
contains PCR primer probes for the two regions (NI and N2)
of the viral nucleocapsid gene, but the WHO PCR primer
probes are different, and probe the SARS-CoV-2 envelope (E)
gene and RNA-dependent RNA polymerase (RdRP) [77].
Both detection methods have high detection sensitivity and
specificity for SARS-CoV-2 and have limited cross-reactivity
with other circulating coronavirus strains, and both have a
circulation threshold of <40 as a positive standard (https:/
www.fda.gov/media/I 35659/download). In another report,
SARS-CoV-2 was studied by inspecting a strong correlation
between Ct and sample infectivity in a cell culture model. Ac-
cording to that study, infected individuals are can be detected
up to 20 days after the onset of symptoms using PCR; however,

isolation of the virus is not possible after day 8 because of high

© 2020 The Authors. Published by Elsevier Ltd, NMNI, 38, 100770

viral loads of approx. 10° RNA copies per mL. RT-PCR can
show that patients with a Ct value > 34 can be discharged. It
has been suggested that the sensitivity of amplification on gene
E detection would be less than on gene N. Moreover, the
correlation between the viral RNA load and cell culture model
for each centre can be performed independently [80].

Antigen-detection-based tests

Diagnosis approaches that identify antigens for respiratory
syncytial virus infection or influenza virus infection directly
from clinical samples through immunoassays have been
commercialized for decades; they are capable of showing re-
sults in a few minutes and have low complexity [81]. Current
methods for identification of influenza and respiratory syncytial
viruses suffer from suboptimal sensitivity to rule out disease
[82,83], and SARS-CoV-2 may have the same problem. Ex-
periments with specific guidance for proper interpretation need
to be introduced. Test prototypes for other new coronaviruses
have not yet obtained permission and regulatory approval is still
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in progress [84,85] (www.finddx.org/covid-|9/pipeline on 23
March 2020). Monoclonal antibodies against the SARS-CoV-2
nucleocapsid protein have been developed and may form the

basis of future rapid antigen detection tests [86].

Serology

Serological tests, such as ELISA, can detect antibodies against
SARS-CoV-2 (such as IgG, IgM and IgA) from clinical specimens,
which may not be as complicated as molecular tests and may be
used in some cases for diagnosis [87]. However, at the onset of
symptoms, when the risk of viral shedding and transmission
seems to be highest, their use in the diagnosis of acute in-
fections may be limited [78]. Antibody response to viral infec-

tion may take several days to be reliably detected [87]. A

List of candidate vaccines currently under clinical trials
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negative result cannot sort out SARS-CoV-2 infection, espe-
cially in people who have recently been exposed to the virus.
Antibodies that cross-react with non-SARS-CoV-2 coronavirus
proteins are also a possible problem, and the results of past or
current contact with other human coronaviruses are encour-
aging [88].

In patients with advanced disease complications during drug
therapy, serological testing may be more important, because
RT-PCR may be false negative as the virus decreases over time
[89]. For epidemiological research, continuous monitoring,
vaccine research and risk assessment of potential medical
personnel, it is necessary to develop serological tests that can
accurately assess previous SARS-CoV-2 infection and immunity.

In some countries/regions, immunoassays are already on the

The current stage of clinical

Platform

Type of candidate vaccine

Developer

Coronavirus
target

evaluation/regulatory status
Coronavirus candidate

Same platform for non-
coronavirus candidates

Non-replicating
viral vector

Non- Replicating
Viral Vector

RNA
DNA
Inactivated
Inactivated
Inactivated

Protein Subunit

RNA

Inactivated

DNA

Non- Replicating
Viral Vector

Protein Subunit

Protein Subunit

Protein Subunit

RNA

RNA

RNA

ChAdOxI-S

Adenovirus Type 5 Vector

LNP-

encapsulated mRNA
DNA plasmid vaccine with
electroporation
Inactivated

Inactivated
Inactivated + alum

Full-length recombinant SARS
CoV-2

glycoprotein nanoparticle
vaccine adjuvanted with
Matrix M

3 LNP-mRNAs

Inactivated

DNA Vaccine
(GX-19)
Adeno-based

Native like Trimeric subunit
Spike Protein vaccine
Adjuvanted recombinant
protein (RBD-Dimer)

Recombinant spike protein
with Advax™

Adjuvant
LNP-nCoVsaRNA

mRNA

mRNA

University of Oxford/AstraZeneca

CanSino Biological Inc./Beijing Institute

of Biotechnology

Moderna/NIAID

Inovio Pharmaceuticals/International

Vaccine Institute

Wouhan Institute of Biological
Products/Sinopharm

Beijing Institute of Biological
Products/Sinopharm

Sinovac

Novavax

BioNTech/Fosun Pharma/Pfizer

Institute of Medical Biology

, Chinese Academy of Medical Sciences

Genexine Consortium

Gamaleya Research Institute

Clover Biopharmaceuticals Inc./GSK/

Dynavax
Anhui Zhifei Longcom
Biopharmaceutical/Institute of

Microbiology, Chinese Academy of

Sciences

Vaxine Pty Ltd/Medytox
Imperial College London
Curevac

People’s Liberation Army (PLA)

Academy of Military
Sciences/Walva x Biotech.

SARS-CoV-2  Phase 3 ISRCTN89951424 MERS, influenza, TB,
Phase2b/3 Chikungunya, Zika, MenB, plague
2020-001228-32
Phase 1/2
PACTR202006922165132
2020-001072-15

SARS-CoV-2  Phase 2 ChiCTR2000031781 Ebola
Phase |
ChiCTR2000030906

SARS-CoV-2  Phase 2 NCT04405076 multiple candidates
Phase | NCT04283461

SARS-CoV-2  Phase 1/2 NCT0444778I multiple candidates
NCT04336410

SARS-CoV-2  Phase 1/2 ChiCTR200003 1809

SARS-CoV-2  Phase I/2 ChiCTR2000032459

SARS-CoV-2  Phase /2 NCT04383574 SARS
NCT04352608

SARS-CoV-2  Phase 1/2 NCT04368988 RSV; CCHF, HPV, VZV, EBOV

SARS-CoV-2  Phase /2
2020-001038-36
NCT04368728

SARS-CoV-2  Phase | NCT04412538

SARS-CoV-2  Phase |
NCT04445389

SARS-CoV-2  Phase | NCT04436471
NCT04437875

SARS-CoV-2  Phase | NCT04405908 HIV, REV Influenza

SARS-CoV-2  Phase | NCT04445194 MERS

SARS-CoV-2  Phase | NCT04453852

SARS-CoV-2  Phase | EBOV; LASY, MARY,
ISRCTN17072692 Inf (H7N9), RABV

SARS-CoV-2  Phase | NCT04449276 RABYVY, LASV, YFV; MERS, InfA,

ZIKV,
DENYV, NIPV
SARS-CoV-2  Phase | ChiCTR2000034112

Abbreviations: CCHF, Crimean—Congo haemorrhagic fever virus; DENV, dengue virus; EBOV, Ebola virus; HIV, human immunodeficiency virus; HPV, human papillomavirus; Inf
(H7N9), influenza virus H7N9; LASV, Lassa mammarenavirus; MARY, Marburg virus; MenB, meningitis B; MERS, Middle East respiratory syndrome; NIPV, Nipah virus; RABYV, rabies
virus; REV, reticuloendothelial virus; RSV, respiratory syncytial virus; SARS, severe acute respiratory syndrome; TB, tuberculosis; VZV, varicella zoster virus.
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market, but their diagnostic reliability and optimal usage are still
unclear.

Radiographical analysis

The image features reported in COVID-19 are variable and
uncertain, and there is a great overlap with the image features
of SARS and MERS. Early evidence suggests that initial chest
imaging will show abnormalities in at least 85% of patients and
that, initially, 75% of patients will have bilateral lung involve-
ment, most often occurring in the sub-pleural and peripheral
areas as ground-glass appearance with distortion and conver-
gence. Older age and gradual merger can predict a poorer
prognosis. In addition to the acute phase, CT monitoring of
individuals recovering from COVID-19 is recommended to
assess long-term or permanent lung injury, including fibrosis,
such as in SARS and MERS [90]. An analysis of five people who
were initially diagnosed with COVID-19 with a negative viral
swab test showed the importance of early CT results for dis-
ease diagnosis. This study suggests that the presence of typical
CT findings in people suspected of having the virus may be
useful for initial screening [91]. However, early reports indicate
that preliminary imaging examinations can show normal findings
in 15% of people, so standard chest imaging examinations
cannot eliminate infections. Because chest imaging of individuals
with COVID-19 is an important part of patient care, further
research is needed to expand the understanding of imaging
results during disease. SARS and MERS results indicate that
people recovering from COVID-19 should be followed to
check for signs of repeated lung injury (i.e. interlobular trapped
air, thickening or fibrosis). Preventive measures may play a key
role in reducing the spread of disease from person to person in
the hospital. Radiologists should pay attention to all procedures
and techniques to reduce the risk of infection by medical staff
and patients [73].

SARS-CoV-2 has caused a continuing public health crisis, but
because of the novelty of the virus, there is currently no SARS-
CoV-2-specific therapy or vaccine.

Researchers are working with different technologies, some
of which have not previously been used in licensed vaccines. Six
or more groups of volunteers have been injected with prepa-
rations; others have begun testing in animals (https://www.
nature.com/articles/d41586-020-01221-y).Research teams
from different universities and companies around the world
have produced more than |18 SARS-CoV-2 vaccines. The 18
candidate vaccines currently in clinical evaluation (Table 1)

© 2020 The Authors. Published by Elsevier Ltd, NMNI, 38, 100770

(Table 2) and 129 pre-clinical candidate vaccines included
inactivated vaccines, recombinant subunit vaccines, 203 nucleic
acid vaccines, adenovirus vector vaccines and recombinant
influenza viruses 204 carrier vaccine (https://www.who.int/
publications/m/item/draft-landscape-of-covid- | 9-candidate-

vaccines).

There is an intensifying health crisis around the globe caused by
COVID-19, mainly distressing economically developed coun-
tries and responsible for high morbidity and mortality rates. An
escalating threat to global COVID-19 control mandates the
development and application of new tools. At the forefront, the
diagnosis of SARS-COV-2 from clinical samples must be rapid
and accurate. Urgency is required for investigations to unravel
the complex pathways that hamper not only the clinical appli-
cation of available drugs but also the development of new anti-
COVID-19 treatments. The absence of effective drugs is the
prime reason for the rapid spread of COVID-19. In this review,
we discuss drugs used against COVID-19 and their mechanisms
of action, both those used initially and those drugs that are still
in use, such as chloroquine, hydroxychloroquine, lopinavir/ri-
tonavir, favipiravir, remdesivir, tociluzimab, nitazoxanide and
ivermectin [92]. We also discuss diagnostic procedure such as
molecular based tests, serology, radiography and antigen base
detection and vaccines. Some of the drugs are not effective and
have been suspended by WHO. New knowledge along with
detailed understanding of COVID-19’s mechanisms would be
tremendously helpful in the development of new, highly effec-
tive anti-COVID-19 drugs. Studying coronaviruses will assist in
understanding the principles of cross-species transmission and
adaptation to humans and prepare for possible outbreaks of
zoonotic diseases in the future and their treatment.

From the perspective of the current pandemic, designing
effective therapies for SARS-CoV-2 is another challenge for
scientists. Although many antiviral treatments against SARS and
MERS have been reported to have strong in vitro activity, there
are limited options with clinical potential. Treatment options
are now available that can be used clinically during the ongoing
SARS-CoV-2 epidemic. Some of the broad-spectrum antiviral
drugs may be effective against SARS-CoV-2, and the current
scenario of COVID-19 around the globe provides an oppor-
tunity to test them. The design and development of new broad-
spectrum antiviral drugs that could potentially target all coro-
naviruses may be the only treatment option to prevent re-
emerging and circulating coronaviruses. Moreover, new data
on the clinical characteristics, treatment options and outcomes
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of COVID-19 appear constantly, and doctors working in patient

care should keep up to date with the latest information on this

issue. Finally, people should practice good hygiene, frequently

washing their hands, maintaining social distances and wearing

masks.
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