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ARTICLE INFO ABSTRACT

Keywords: Cases of deaths due to COVID-19 (COrona VIrus Disease-19) infection are increasing gradually worldwide.
COVID-19 Immense research is ongoing to control this pandemic condition. Continual research outcomes are indicating that
Clinical research therapeutic and prophylactic agents are the possible hope to prevent the pandemic from spreading and to combat
ggﬁgﬁsgmfacdnes this increasing death count. Experience gained from previous coronavirus infections (eg., SARS (Severe Acute
SARS-CoV-2 Respiratory Syndrome), MERS (Middle Ease Respiratory Syndrome), accumulated clinical knowledge during this

pandemic, and research helped to identify a few therapeutic agents for emergency treatment of COVID-19.
Thereby, monoclonal antibodies, antivirals, broad-spectrum antimicrobials, immunomodulators, and supple-
ments are being suggested for treatment depending on the stage of the disease. These recommended treatments
are authorized under medical supervision in emergency conditions only. Urgent need to control the pandemic
condition had resulted in various approaches of repurposing the existing drugs, However, poorly designed
clinical trials and associated outcomes do not provide enough evidence to fully approve treatments against
COVID-19. So far, World Health Organization (WHO) authorized three vaccines as prophylactic against SARS-
CoV-2. Here, we discussed about various therapeutic agents, their clinical trials, and limitations of trials for
the management of COVID-19. Further, we have also spotlighted different vaccines in research in combating
COVID-19.

Passive immunization
Hyper immune serum preparations

communities worldwide are pointing towards purposeful manipulation
of the virus particle within the laboratory [1,5-7], with unknown mo-

1. Introduction

The spreading of a novel strain of coronavirus, Severe Acute Respi-
ratory Syndrome CoronaVirus-2 (SARS-CoV-2), has contributed to the
outbreak of a new pandemic condition. The disease caused by this virus
particle has been named COrona VIrus Disease-2019 or, in short, COVID-
19 by the World Health Organization (WHO) [1]. Infection of this virus
is known to cause an acute respiratory disease, which was first reported
in Wuhan, Hubei province, China in December 2019 [2]. COVID-19 has
been identified as a zoonotic disease and subsequent epidemiological
studies suggested that the outbreak of the disease might be associated
with a local seafood market in Wuhan [3,4]. Many of the scientific
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tives. The etiological agent was isolated from the broncho-alveolar
lavage fluid of the infected patients at the early stage of this pandemic
spread and metagenomic analysis of the pathogen genome revealed that
it is closely related to the severe acute respiratory syndrome-related coro-
naviruses (SARS-CoV), which belong to the family Coronaviridae [2-4].
The comparative sequence analyses of replicative proteins of the virus
by the Coronaviridae study group, a research group of the International
Committee on taxonomy of viruses, identified it as a new species of
SARS-CoV. Sequential analysis at the whole-genome level of this novel
Corona virus (CoV) showed 76.9% sequence identity with SARS-CoV.
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Fig. 1. Crown structure of Corona Virus [173].

Because of the similarity with SARS-CoV, this novel viral particle is
designated as SARS-CoV-2. This virus belongs to the realm Riboviria,
order Nidovirales, suborder Cornidovirineae, family Coronaviridae, genus
betacoronavirus, and the subgenus Sarbicovirus [8]. SARS-CoV-2 is a
positive-sense single-stranded RNA virus, which is round or oval and
approximately 60-140 nm in size. It is the seventh coronavirus known to
cause infection in human beings. The other six viruses are HCoV-229E,
HCoV-0C43, HCoV-NL63, HCoV-HKU1, SARS-CoV and MERS-CoV. The
last two viruses in the previously mentioned list are responsible for the
2002 and 2013 outbreaks, severe acute respiratory syndrome (SARS)
and Middle East respiratory syndrome (MERS), respectively, whereas
HCoV-229E, HCoV-0OC43, HCoV-NL63 and HCoV-HKU1 are associated
with mild symptoms in humans [1,9]. Spike proteins on the surface of
the virus particles give the appearance of a crown under electron mi-
croscope (Fig. 1) [10]; hence it has been named coronavirus [1,11].
Since SARS-CoV-2 is a respiratory tract pathogen, the infection starts
by inhaling virus-contaminated droplets released by an infected person
through coughing or sneezing. The infection can also result through
hands by touching contaminated areas and body parts, such as eyes,
nose, mouth, etc. Spike proteins (S-protein) of the inhaled pathogens
interact with angiotensin converting enzyme-2 (ACE2) receptors, which
are highly expressed surface receptors on the respiratory epithelium,
alveolar monocytes, vascular endothelium, intestine, and kidneys [4].
Interaction with the receptor followed by cell entry leads to replication
of the virus inside the cell. After that, the virus particles are released
from the infected cells in large numbers, which causes further infection
to the other healthy cells to proliferate further. [3,12]. Incubation period
of this virus in the human body is 14 days from the point of infection
with an average of 3-7 days for the onset of symptoms. Based on severity
of symptoms, the clinical presentation of SARS-CoV-2 infection can be
classified into different categories such as uncomplicated illness, mild
pneumonia, severe pneumonia, Acute Respiratory Distress Syndrome
(ARDS), sepsis, and septic shock. Uncomplicated illness is characterized
by non-specific symptoms like fever, headache, muscle pain, cough, sore
throat, fatigue, loss of smell, etc. [13]. Clinical progression to severe
conditions mainly depends on the association of comorbidities and risk
factors [3,13]. According to the WHO report, 15% of the COVID-19
patients progress to severe stage for whom clinical assistance is
needed. The severity of the disease is not only due to virus infection but
also due to associated host responses. Infection, replication, and release
of the virus (cytopathic pathogen) inside the alveolar cells have been
shown to cause damage (pyroptosis) to the host cells, which triggers
cytokines release, including IL-1, IL-18, GM-CSF, TNF, etc. [14].
Released cytokines induce inflammatory responses at the infection site,
which leads to the killing of the infected cells and controlling the virus
infection [15]. However, in some patients, uncontrolled release of in-
flammatory cytokines (dysfunctional immune system) leads to tissue
damage, which increases disease severity [14,15]. Several risk factors
contribute to clinical progressions of COVID-19, such as old age, diabetic

155

condition, immunocompromised system, and other underlying
co-morbidities. Some of the severe COVID-19 cases are further pro-
gressing to develop ARDS due to severe damage of the lungs within 8-9
days of symptom onset. ARDS is characterized by difficulty in breathing,
thereby leading to low blood oxygen levels [16,17]. According to the
literature, in 70% of the fatal cases, ARDS leads to respiratory failure
and death, In 28% of the fatal cases, released cytokines induce sepsis and
multiple organ failure, leading to death [17]. There is no compact
explanation for the differences in the disease presentation among the
infected individuals.

The current treatment for COVID-19 aims at symptomatic relief,
treatment of underlying diseases, active monitoring and prevention of
complications, maintaining the patient’s homeostasis, and providing
respiratory support whenever needed. Glucocorticoids are also being
used in the treatment to a limited extent because continuous usage leads
to immunodeficiency, leading to secondary infections [18].

Till now, there are no specific therapeutic agents available against
COVID-19 [1,19]. Remdesivir is the only antiviral agent approved for
the treatment of COVID-19 in emergency conditions under the super-
vision of physicians [20]. The increasing death toll worldwide indicates
an urgent need for effective and safe therapeutic and prophylactic agents
to grab the increasing claws for this viral particle. Developing new,
specific therapeutic and prophylactic agents is a tedious and
time-consuming process, so repurposing existing therapeutics for the
treatment of COVID-19 is considered the best choice to counteract the
consistent increase of infected people [1,21]. Many of clinical trials are
in progress to establish the efficacy of the existing antivirals and other
therapeutic agents in this pandemic scenario [1,4,9,22,23].

Recent news on new variants of SARS-CoV-2 is panicking people
worldwide [24]. For example, a team of experts in the UK (United
Kingdom) identified a new variant known as B.1.1.7, which increases
the risk of death compared to the initial variant. Furthermore, this
variant is known to spread more quickly than the other reported variants
[25]. In addition, new strains of coronaviruses, such as N440K and
E484K, have been detected in different parts of India. Therefore, to
understand the potential of such variants, extensive genome surveil-
lance is required to save humanity from this tiny danger [26]. Thus, in
this review, we focused on recent advances in repurposed therapeutic
agents and the current progress of vaccine development against
COVID-19 to support future researchers with a background of research
progress.

2. Recent advancements in therapeutics against COVID-19 in
clinical research

SARS-CoV-2 contains non-segmented, single-stranded, positive-
sense RNA as genetic material. The genome consists of 5’-terminal
end, partially overlapping Open Reading Frames 1a and 1b (ORF 1a and
1b), region encoding structural and accessory proteins, and 3’-terminal.
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Fig. 2. Life cycle of Corona viruses and different targets for developing therapeutic agents.

The ORF 1a and 1b occupy two-thirds of the genome and encode Poly-
Protein (PP) 1a (PP 1a) and PP lab (Fig. 2) [27]. The remaining genome
encodes structural proteins, such as spike protein (S), envelop protein
(E), membrane protein (M), nucleocapsid protein (N), and accessory
proteins. The virion releases its genetic material into the cytoplasm upon
entering the cell via endocytosis. After that, the ORF la and 1b are
translated into PP 1a and PP lab, where these PP 1a and PP 1lab are
cleaved by virus proteases, Papain-Like protease (PLpro), and 3C-like
serine protease (3CLpro), to generate Non-Structural Proteins (NSPs).
These NSPs include RNA-dependent RNA polymerase (RdRp) and heli-
case (Hel), which play a lead role in the transcription and replication of
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the virus genome inside the host cells [27,28]. SARS-CoV-2 shares
94.4% amino acid sequence identity with the SARS-CoV in the ORF 1ab
region of the genome [19]. Thus, RdRp and helicase enzymes are highly
conserved across the coronaviruses. Hence, broad-spectrum antivirals,
which are capable of inhibiting these enzymes, can probably inhibit
SARS-CoV-2. Repurposing of drugs is a better option to meet the global
demand to fight against COVID-19. Therefore, WHO and other health
agencies recommended repurposing drugs [29]. Therefore, nucleotide
analogs (e.g., Favipiravir, Ribavirin, Remdesivir, Galidesivir) are known
to inhibit the RdRp enzyme in a wide range of RNA viruses [30-33],
several pieces of research are prompted to establish their efficacy.
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Fig. 3. Mechanism of antiviral action of Favipiravir indicating its role against COVID-19.
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Fig. 4. Effective role of Remdesivir in the control of COVID-19.

Based on effective control of COVID-19 in clinical trials, Remdesivir
was approved for emergency use for hospitalized patients by Food and
Drug Administration (FDA) in October 2020 [20,34]. HIV protease in-
hibitors, Lopinavir, and Ritonavir were also considered to inhibit
SARS-CoV-2 proteases (PLpro, 3CLpro), but WHO’s solidarity clinical
trials had shown that treatment with Lopinavir and Ritonavir was no
better than standard treatment [35,36]. Other small molecules that were
considered for repurposing are Chloroquine and HydroxyChloroquine.
Although these treatments were initiated in emergency conditions,
WHO’s solidarity clinical trials concluded that Chloroquine and
HydroxyChloroquine are not effective in reducing mortality [36].
Various types of existing pharmacological agents can be repurposed for
the treatment of COVID-19. Apart from Remdesivir, other drugs were
also considered, such as Favipiravir, Elbasvir, Cepharanthine; drugs
acting on viral entry, such as Arbidol, Darunavir, Nafamostat;
anti-inflammatory agents like Tocilizumab, Barcitinib for their efficacy
against COVID-19 [29]. The following section of the article has been
elaborated on different therapeutic agents in the management of
COVID-19.

2.1. Favipiravir

It is a broad-spectrum antiviral agent known to inhibit viral RNA
synthesis by impeding the RARp enzyme of RNA viruses. Favipiravir is a
prodrug that undergoes intracellular metabolism to transform to the
active parent molecule triphosphate. RdRp identifies this triphosphate
as a purine analog and includes it in the nascent viral RNA strand
competitively with adenine and guanine. Inclusion of Favipiravir
triphosphate into nascent RNA strand inhibits further growth of RNA
strand [37].

It was originally developed to treat the influenza virus in Japan [37].
It was tested as a treatment option during 2013 against the SARS
outbreak, and its therapeutic potential against SARS-CoV was estab-
lished. Since SARS-CoV-2 conserves the RdRp enzyme, repurposing
Favipiravir as a treatment for COVID-19 is justified (Fig. 3) [30]. Around
the world, a considerable number (forty-eight, 48) of clinical trials are in
progress to test the efficacy of this drug against COVID-19 (www.clin-
icaltrials.gov). However, the results of these clinical trials suggest that
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Favipiravir is not effective in critically ill patients, and there is no evi-
dence that it can reduce the COVID-19 associated mortality [38].
Despite these results, India and Russia have approved this drug for
emergency use against COVID-19 [39,40].

2.2. Remdesivir in the treatment of COVID-19

Remdesivir (GS-5734) was first developed by Gilead Sciences, USA,
to treat ebolavirus disease [41]. It is a 1’-cyano substituted adenosine
nucleotide prodrug, which interferes with the viral RNA replication
catalyzed by RdRp in various RNA viruses like ebolavirus, respiratory
syncytial virus (RSV), SARS, MERS, etc. Recent in vitro studies showed
that it could inhibit the SARS-CoV-2 (ECsp = 0.77 uM in Vero cells) [42,
43]. Another contemporary animal study on rhesus macaques showed
that early administration of Remdesivir could prevent the advancement
of the disease [44]. The mechanism of action of Remdesivir depicted
that this antiviral agent can cause termination of premature RNA
strands, which inhibits further replication of virus [45]. Similar to
Favipiravir, this nucleotide analog also undergoes intracellular meta-
bolism to form the triphosphate of the parent nucleoside. This Nucleo-
side TriPhosphate (NTP) is the pharmacologically active form that
competes with Adenosine TriPhosphate (ATP) in RNA synthesis. Selec-
tivity of ATP over NTP by RdRp is ~4 folds (Fig. 4) [43]. Incorporating
NTP in the RNA chain does not affect the incorporation of immediately
next nucleotide but leads to inhibition of the 5th nucleotide. This effect
leads to the termination of the RNA progression. Hence, the mechanism
of action of Remdesivir is considered delayed termination. The 1’-cyano
group increases the selectivity towards viral RNA polymerase. Human
mitochondrial RNA polymerase can efficiently distinguish between NTP
and ATP. The selectivity of ATP over NTP is over 500 folds in the case of
human RNA polymerase. Thus, Remdesivir does not interfere with
human RNA polymerase [43].

Clinical trials are in progress to establish the efficacy of Remdesivir
toward COVID-19 treatment. There are eighty-nine registered clinical
trials to test the efficacy of Remdesivir against COVID-19. However, the
results of the clinical trials are sometimes conflicting [46]. A preliminary
data of a Chinese clinical trial reported that Remdesivir treatment is not
better than a placebo. However, this clinical trial was not completed



R. Bandaru et al.

because of difficulty in recruiting patients as the infection was subsided
in China [47]. The preliminary results from a clinical trial of the Na-
tional Institute of Allergy and Infectious Diseases (NIAID) showed a 31%
faster recovery in Remdesivir treated patients compared to the placebo
group. A compassionate study from Gilead Sciences showed a higher
recovery rate (68%) in Remdesivir treated patients [48]. Recently,
several clinical trials were conducted to evaluate the efficacy of
Remdesivir when compared to standard care. The studies were con-
ducted on moderate [49] (NCT04292730) as well as severe patients [50]
(NCT04292899) of COVID-19 to study the anti-viral activity of
Remdesivir. The findings from these clinical trials encounter several
limitations, such as lack of uniformity in indexing the disease severity in
the group. In contrast, some clinical trials had small sample sizes, some
open-label studies, and some used concomitant medications. Despite
these limitations, most clinical trials showed some improved efficacy
against COVID-19 in hospitalized patients [51]. Moreover, there is no
hard evidence that Remdesivir does not helpful in treating COVID-19.
However, with the supporting evidence, US-FDA approved for emer-
gency use authorization on 22nd October 2020 [20].

Use of Remdesivir is associated with adverse effects such as nausea,
delayed blood clotting, increased transaminase level, and hypersensitive
reactions in some. On the other hand, the patient’s liver function and
renal function of the patients should be closely monitored before and
after administration. Thus, Remdesivir is not recommended for patients
whose renal function is disturbed (glomerular filtration rate <30 mL/
min) [52]. Co-administration of Chloroquine and HydroxyChloroquine
had shown to reduce the antiviral activity of Remdesivir hence
concomitant administration is not recommended [53]. Alternatively,
co-administration of corticosteroids did not show any effect [51].
Remdesivir is primarily recommended to hospitalized patients who
require supplementary oxygen without any inflammatory signs. The
basis for this recommendation is to facilitate viral clearance, as this is
important to prevent the disease from progressing to a severe inflam-
matory stage. Combination therapy of Remdesivir and Dexamethasone
(corticosteroid) has been recommended for patients with inflammatory
responses who require high flow oxygen support [51].

2.3. Use of monoclonal antibodies in COVID-19

Monoclonal antibodies are suggested for non-hospitalized patients
with mild to moderate COVID-19 who are at high risk of progression to
severe conditions. Currently, three monoclonal antibody therapies are
approved on an Emergency Use Authorization (EUA) basis, including
Bamlanivimab plus Etesevimab, Casirivimab plus Imdevimab, and
Sotrovimab. This category of drugs plays a vital role in neutralizing
SARS-CoV-2 by binding to the viral S-protein. However, supportive and
symptomatic treatment was suggested for patients who were not hos-
pitalized, devoid of any risk factors for progressing to severe conditions.
However, not enough clinical data is available to support any specific
treatment in this group of patients [51].

BLAZE-1 is a placebo-controlled, double-blind, randomized clinical
trial to evaluate the efficacy of Bamlanivimab plus Etesevimab in non-
hospitalized patients with high-risk factors. Surprisingly, this study
showed a 70% relative reduction in the incidence of hospitalization or
death. However, the results of the study were neither peer-reviewed nor
published. Alternatively, the dose of Bamlanivimab plus Etesevimab
utilized in this trial was 2800 mg, and 2800 mg, respectively, which
were much higher than that of EUA approved dose (700 mg and
1400 mg, respectively). Additionally, in vitro study results demon-
strated that Bamlanivimab possesses less neutralizing activity toward
variants that exhibit E484K mutation. However, till now, no variants
showed reduced susceptibility towards the combination of Bamlanivi-
mab plus Etesevimab, and the clinical impact of this mutation is not
identified [54].

R10933-10987-COV-2067 is another randomized placebo-
controlled, parallel study to test the safety and efficacy of Casirivimab
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plus Imdevimab in non-hospitalized patients with high-risk factors. Data
from this study showed a 71% relative reduction in hospitalization or
death in the Casirivimab plus Imdevimab treated patients compared to
the placebo group. However, because of its parallel assessment design,
the study design possesses some limitations, and thus, the study results
are neither peer-reviewed nor published [55].

Sotrovimab was a recently (on May 26, 2021) approved anti-SARS-
CoV-2 monoclonal antibody under EUA by USFDA. It targets highly a
conserved epitope of the receptor-binding domain (RBD) of SARS-CoV-
2. Interestingly. This epitope is not a part of mutation sites of SARS-CoV-
2 variants. In vitro studies on Sotrovimab showed neutralizing activity
against B.1.1.7 (alpha), B.1.351 (beta), P.1 (gamma), B.1.427/429
(epsilon), and B.1.526 (iota) variants. The evidence for approving
Sotrovimab under EUA was documented via the COMET-ICE trial
(NCT04545060). COMET-ICE is a phase 3 randomized, placebo-
controlled clinical trial to test the efficacy of Sotrovimab against
COVID-19 in non-hospitalized patients with high-risk factors. The study
showed an 85% relative reduction in the hospitalization or death of the
patients [56,57].

Studies comparing the efficacies between monoclonal antibodies are
not done yet. Hence one of the above monoclonal antibodies is suggested
for treatment against COVID-19 in non-hospitalized patients with high-
risk factors. The criteria of considering risk factors is not uniform in the
above-mentioned clinical trials; hence it is difficult to compare these
treatment methods. Treatment with monoclonal antibodies is not rec-
ommended hospitalized patients due to the severity of COVID-19 [51].

2.4. Dexamethasone against COVID-19

Dexamethasone is a corticosteroid, which has been approved and
enlisted by WHO as an essential medicine for its immunosuppressant
and anti-inflammatory properties [58]. Usually, Dexamethasone is used
to treat conditions like rheumatism, allergies, skin problems, respiratory
issues, ulcerative colitis, cancer, liver fibrosis, etc. [59,60]. As COVID-19
is affecting the lives of a large population, Dexamethasone has shown
the potential to rescue the lives of some critically ill patients. A clinical
study at Oxford University, UK, “RECOVERY” (Randomized Evaluation
of COVid 19 thERapY) had established the promising role of Dexa-
methasone. In the study, patients treated with Dexamethasone and
standard treatment were compared with the outcome of patients who
received only standard care [61,62]. From the reported results of the
clinical trial, it was demonstrated that the co-treatment of Dexametha-
sone and standard treatment to the patients on ventilator resulted in the
reduction of mortality rate to one-third compared to the patients who
received standard care. On the other hand, the mortality was reduced to
one-fifth in patients who required oxygen support [61]. The results are
quite promising to incorporate in reducing the death toll due to
COVID-19 infection.

Moreover, Dexamethasone is inexpensive and can be easily acces-
sible worldwide. However, it is not suitable for asymptomatic patients
with mild symptoms [62]. Dexamethasone exhibits high affinity towards
glucocorticoid receptors [63,64]. This binding inhibits the enzyme
phospholipase A2, which, in turn, is responsible for preventing the
secretion of arachidonic acid. Such action of Dexamethasone further
suppresses the formation of cytokines [65]. It has been well documented
that increased production of cytokines results in ‘cytokine storm,” which
can affect healthy cells leading to inflammation [66]. Mortality in
COVID-19 is due to the uncontrolled inflammatory response of the im-
mune system [67]. Concurrently, another randomized trial of this drug
was performed comparing with and without standard intensive care.
This clinical trial revealed the reduction in duration of mechanical
ventilation in patients with COVID-19 [22]. Dexamethasone can sup-
press immune responses in critically ill patients. Thus, it is being
repurposed as a treatment option for hospitalized COVID-19 patients.

Furthermore, the dosing regimen of this corticosteroid is highly
essential. A high dose of this corticosteroid can cause harm to the patient
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rather than a beneficial deed. The usage of this drug can be fatal if there
is a low level of inflammation and replication of the virus is fast [68].
Patients receiving the dose of a corticosteroid (e.g., Dexamethasone)
may face minor risks of secondary infections, including invasive fungal
and bacterial infection or worsening the pre-existing condition [69].

A total of fifty-five clinical trials are registered (www.clinicaltrials.
gov) to establish the efficacy of Dexamethasone in COVID-19, where a
few of the studies are already completed. Most of the studies are at
recruiting stage of COVID-19 patients in establishing its positive po-
tential. To specify, these studies are primarily conducted on moderate to
severe cases of COVID-19 cases (NCT04603729) [70] or in conditions
with ARDS (NCT04395105) [71]. Furthermore, clinical trials using
different doses of Dexamethasone are also performed with standard
intensive care. According to the study, the dosage of Dexamethasone
should be high (20 mg) during the initial five days and low (10 mg)
during the next five days, which could shorten the duration of respira-
tory system failure, hence, can be used for the treatment of SARS-CoV2
[72]. Also, investigation on this steroidal agent is ongoing in severe
hypoxic patients at a lower dose to establish its prominent role
(NCT04509973) [73].

Based on various clinical trials, WHO and National Institute of Health
(NIH) have encouraged and appreciated the use of Dexamethasone alone
or combined with Remdesivir to treat COVID-19 [58]. There is a ratio-
nale for suggesting the combination of Remdesivir and Dexamethasone.
Corticosteroid delays the viral clearance; hence if Dexamethasone alone
was administered it would take long time for viral clearance. Thus,
co-administration of Remdesivir is suggested. However, for critically ill
patients, Dexamethasone is only suggested [51]. One of the subgroup in
clinical trials RECOVERY and ACTT-2 tested the efficacy of Barcitinib
and Remdesivir and Tocilizumab and Remdesivir combination therapies
instead of Dexamethasone on a small subgroup of patients who were
hospitalized and receiving oxygen therapy [74]. Study results showed
the benefit of using Barcitinib and Tocilizumab. However, these studies
are underpowered. Hence, there is insufficient data to suggest Barcitinib
and Tocilizumab in the treatment of COVID-19. Some experts suggested
useing of Barcitinib and Tocilizumab when Dexamethasone is contra-
indicated, where these drugs should be given with Remdesivir [51]. For
critically ill patients, Dexamethasone might be the only therapeutic
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option because corticosteroids play an important role in suppressing the
body’s inflammatory responses.

2.5. HydroxyChloroquine against COVID-19

Although WHO has declared through the solidarity clinical trials that
HydroxyChloroquine is unable to produce benefits in terms of reducing
mortality, however, there are two hundred sixty-two studies registered
for human trials. Amongst, ten studies were suspended, fourteen were
terminated, and nineteen were withdrawn due to safety reasons. Around
one hundred seventy-nine studies are in the active stage of recruiting or
will be recruiting.

HydroxyChloroquine is a USFDA approved drug for treating malaria,
rheumatoid arthritis, and lupus. It was initially thought to be a treat-
ment option for patients with COVID-19. This agent’s predicted mech-
anism of action to control COVID-19 demonstrated an increase in
endosomal pH to restrict fusion of the viral particle to the cells at the
respiratory epithelium (Fig. 5) [75-77]. It has also been reported that
the endocytosis of the SARS-CoV-2 could be interfered by the action of
this agent [78], and also known to block sialic acid receptors and finally
prevent the formation of cytokine storm. The major limitation of this
agent includes QT interval prolongation, retinopathy, and gastrointes-
tinal complications [76]. Some clinical studies were carried out that
raised the question of the efficacy of HydroxyChloroquine in COVID-19
(NCT04340544) [79,80]. After observing a large group of randomized
clinical trials and retrospective observational studies, NIH (National
Institute of Health) suggested that Chloroquine and Hydroxy-
Chloroquine are not recommended for the treatment of COVID-19 pa-
tients either alone or in combination with Azithromycin [51,81].

2.6. Other agents

Clinical progress towards the treatment of COVID-19 has not been
limited to the above-mentioned therapeutics. Several other therapeutic
agents have also been considered for clinical research. A recent study
started recruiting patients in October 2020 to evaluate the efficacy of
immune modulators in combating COVID-19 [82]. It has been shown
positive response in controlling pathological immune response in
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patients. It has been reported that administration of Infliximab to
COVID-19 patients with concomitant inflammatory bowel disease had
shown marked improvement in the symptoms associated with COVID-19
[83,84]. Thus, clinical trials are in the process of recruiting patients to
establish the efficacy of Infliximab in COVID-19 [82]. Baricitinib, a
Janus kinase (JAK) inhibitor, is also known to suppress immune re-
sponses. The clinical trial data [74,85] of this drug showed that it is
effectively reduces mortality in hospitalized patients who require
non-invasive ventilation. US-FDA issued a EUA for this agent. Further-
more, NIH recommended Barcitinib or Tocilizumab (JAK inhibitors) in
combination with Remdesivir when corticosteroids are contraindicated
[51,86].

Several study reports demonstrate the efficacy of the combination of
baricitinib and Remdesivir in the treatment of COVID-19. The clinical
outcome of combination therapy in patients has revealed better results
than the patients who received Remdesivir alone. Reduction in recovery
time was observed when the combination of these two drugs was used
[87]. Thus, combination drug therapy is being encouraged to increase
the effectiveness of individual drugs. Therefore, the combination of
HydroxyChloroquine and nitazoxanide is also expected to have efficacy
against COVID-19. Hence, clinical trials are in progress to test the effi-
cacy of this combination [88,89].

Patients infected with SARS-CoV-2 face several other complications,
such as gut microbiota dysbiosis, pulmonary fibrosis, venous thrombo-
embolism (VTE), etc. [90,91]. A meta-analysis report depicted a 14.1%
prevalence of VTE in hospitalized COVID-19 patients. COVID-19 asso-
ciated VTE is characterized by an increase in fibrin and fibrin degra-
dation products, D-dimers in the blood. Based on the meta-analysis of
pooled data and results obtained from randomized clinical trials, NIH
recommended using a prophylactic dose of anticoagulation therapy for
hospitalized and critically ill COVID-19 patients [51,92].

Interferons (alfa, beta) are a group of cytokines that show antiviral
properties. These were also tested in various clinical trials for their ef-
ficacy against COVID-19 in hospitalized and critically ill patients. Some
clinical trials [93] showed a reduction in the severity of COVID-19
disease but the sample size of the study was not sufficient to derive a
clinical conclusion. In contrast, an opposite outcome was reported based
on another study’s clinical trial data [94]. Furthermore, another clinical
study showed the benefit of survival using interferon. However, the
interferon utilized in that study was not USFDA approved [95]. Hence,
there is no sufficient data suggesting interferons as a treatment option
for COVID-19. Moreover, interferons produce toxic effects when
administered in high doses [51].

It has been well understood that the severe stage of COVID-19 in-
cludes an unregulated immune response which may cause inflammation
and sepsis. Interleukin inhibitors are a group of immunosuppressants,
prone to suppress interleukins (1 and 6). Interleukin-1 (IL-1) inhibitor
(Anakinra) was tested for its efficacy against COVID-19 in hospitalized
patients with inflammatory indications. According to NIH, clinical data
is not sufficient to recommend Anakinra as a treatment option because
of the poor design of clinical trials [51,96,97]. As discussed earlier,
Tocilizumab is an anti-IL-6 receptor monoclonal antibody, approved by
the FDA for rheumatoid arthritis and other immune-related disorders.
This was also tested as a treatment option for COVID-19 in combination
with corticosteroid (Dexamethasone) in hospitalized patients with in-
flammatory indications. Data from clinical trials indicated that Tocili-
zumab in combination with Dexamethasone effectively reduces
mortality. Hence, this combination treatment was recommended by NIH
to treat COVID-19 in hospitalized patients [29,98,99].

Along with the antiviral and immunomodulatory agents, other
adjunctive therapeutic agents like vitamins (C and D) [100-102] and
minerals (Zinc) [103] are also considered for the treatment against
COVID-19. Clinical trials to test the efficacy of these adjunctive agents
are mostly open-label, small sample size, heterogeneous study popula-
tion. Hence there is no rigorous evidence to suggest them as a treatment
option for COVID-19 [51]. Therefore, many clinical trials are in progress
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to establish the efficacy of those agents.

An antiparasitic drug, ivermectin, was also thought to be a possible
treatment for COVID-19. It is an FDA-approved antiparasitic drug for
helminthiasis, onchocerciasis, and scabies. Despite its in vitro evidence,
ivermectin was not approved for treatment against COVID-19 because of
the high dose requirement. Based on in vitro studies, the effective dose
to achieve antiviral activity is 100 fold more than the safe dose pre-
scribed in humans. In addition, the clinical trials that investigated the
efficacy of ivermectin are poorly designed, i.e., low sample size,
administration of different doses of ivermectin, open-label studies,
concomitant medications, etc. [51,104,105].

Lopinavir/Ritonavir are retroviral protease inhibitors, which were
also investigated for COVID-19 treatment. The clinical trial data [35,
106,107] from the solidarity trial and RECOVERY trial [108] revealed
that these drugs are ineffective in reducing the mortality or progression
to severe disease. A pharmacodynamic study demonstrated that the
plasma concentration of these drugs achieved through oral administra-
tion is very low compared to in vitro concentration required to inhibit
SARS-CoV-2 [109] effectively. Hence, Lopinavir and Ritonavir are not
recommended for the treatment against COVID-19.

Overall, scientists worldwide are in search of therapeutic agents
against this pandemic causing viral particles to save humanity. Con-
necting section of the review has been focused on the progress of vac-
cines against this coronavirus.

3. Vaccines for COVID-19

A vaccine is a preparation that induces an immune response towards
a particular disease-causing pathogen by exposing specific antigens to
the body’s adaptive immune system. After that the adaptive immune
system develops antigen-specific immune responses, such as cell
mediate, and anti-body-mediated immune responses. These responses
protect the person from future infection of that particular pathogen
[110]. Generally, vaccines are prophylactic agents, where vaccination is
considered the best strategy to stop a pandemic from spreading,
particularly when there are no specific therapeutic agents available
[111]. Nevertheless, vaccine development includes a wide range of
research and evaluation, which normally takes years for a single vaccine
as COVID-19 is spreading like wild blaze around the world, developing
the vaccine in the middle of the pandemic was a real challenge. With the
concepts of developing a vaccine against coronavirus or other viruses,
certain vaccines have already been authorized for protecting mankind
from this SARS-CoV-2. Recently, WHO approved using a viral vector
vaccine called ChAdOx1-S developed by AstraZeneca-SKBio (republic of
Korea) and Serum Institute, India which has proved to show the efficacy
of 63.09% [112]. COVAXIN is another vaccine of Indian origin, devel-
oped by Bharat Biotech in collaboration with the Indian Council of
Medical Research, India, and the National Institute of Virology. This
vaccine is done in various countries such as Srilanka, Myanmar, Bahrain,
Oman, etc. [113]. Apart from the vaccines mentioned above, certain
vaccines were approved in other countries as well. Comirnaty
(BNT162b2) is an m-RNA based vaccine (nucleoside-modified) devel-
oped by Pfizer/BioNTech in the US and Germany. After testing into
several subgroups, the efficacy of this vaccine was estimated to be in the
range of 91.2-100%. The shelf life of this vaccine at — 90 °C to — 60 °C
is 6 months and is stable up to 5 days after removing from freezer and
kept at 2-8 °C [114]. Different country’s National Regulatory Author-
ities approved 19 vaccines based on EUA against COVID-19; however,
out of those 19, WHO authorized only 6 vaccines [115]. Those
WHO-recommended vaccines are Pfizer/BioNTech BNT162b2 vaccine,
Moderna’s mRNA-1273 vaccine, Johnson & Johnson’s Ad26. COV2. S
vaccine, AstraZeneca’s AZD1222, Sinopharm COVID-19 vaccine, and
Sinovac COVID-19 vaccine.

During the spreading of this pandemic since December 2019, a total
of 17 different variants (clads) of SARS-CoV-2 were identified around
the world [24]. On 14th December 2020, a new variant (B.1.1.7) of
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Fig. 6. Various vaccine platforms which are under development for COVID-19.

SARS-COV-2 was identified in the UK, and later, it was found that this
variant is more transmissible and causes less severe disease [116]. All
the variants exhibit mutations in different regions of the viral genome.
Most mutations are observed in the spike protein region [24]. Variants
present a challenge to vaccines and therapeutic agents for their pre-
vention and efficacy against this viral particle. It is uncertain that the
approved vaccines will show their effectiveness towards the new mu-
tants or variants. However, continuous research is going on to test the
efficacy of these vaccines against new variants.

Around 120 vaccine candidates have been proposed worldwide for
COVID-19 [117]. These vaccine candidates are based on different ap-
proaches; some are conventional, whereas some are relatively new.
Fundamentally, vaccines can be classified into 4 categories virus-based,
viral-vector based, nucleic-acid based, and protein-based [118]. We
have summarized different categories of vaccines hereafter.

3.1. Virus based vaccines

This type of vaccine utilizes an inactivated or weakened (attenuated)
pathogen (SARS-CoV-2), with no disease-causing ability. It keeps anti-
genic properties to stimulate the immune system once injected into the
biological system (Fig. 6). Polio and measles vaccines were developed by
this approach [118]. This is a conventional approach for developing
vaccines, where the virus particle is inactivated or killed by applying of
heat, solvent treatments (formaldehyde), acidic pH, steam, or a combi-
nation of these [119]. Alternatively, the virus can be weakened by
passing through animal or human cells to pick up mutations, which
makes the virus’s genome weak enough that it would not be able to
cause the disease anymore. Table 1 shows the virus-based vaccine can-
didates under different phases of clinical trials.

Five inactivated virus-based vaccine candidates crossed preclinical
and clinical studies and have been approved for emergency use in
different countries. Sinovac, a Chinese biopharmaceutical company, is
developing an inactivated virus-based vaccine candidate named Coro-
naVac. CoronaVac has already passed phase III clinical trials, and effi-
cacy was found to be 91.25% and was approved for commercial
production in China. In February 2021, CoronaVac was used in Brazil,
Turkey and Chile under EUA [120]. Sinopharm-BBIBP has been
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developed by the China National Pharmaceutical Group and the Beijing
Institute of Biological Products. Bharat Biotech, India has developed
Covaxin. Sinopharm-WIBP has been developed by the China National
Pharmaceutical Group and the Wuhan Institute of Biological Products.
Alternatively, Covivac was developed by the Russian Academy of Sci-
ences, Russia. These are some other virus-based vaccines progressed so
far to combat this pandemic situation [119].

The main advantage of the virus-based vaccine candidates is to mass
production of the vaccine upon successful completion of clinical trials.
This is possible because of the existing infrastructure as they are licensed
platforms for vaccine production. However, the production of inacti-
vated or weakened virus particles requires many pathogenic virus
clones. Extensive safety testing is required before the approval of this
type of vaccine candidates [121].

3.2. Viral vector vaccines

Developing vaccines based on other vaccine platforms, such as viral
vector-based, nucleic acid-based, and protein-based vaccines requires
complete knowledge of SARS-CoV-2 genome. The genome carries all the
information of the proteins that make up the virus particle in a coded
form. The complete genetic sequence of the etiological agent (SARS-
CoV-2) was made available by the middle of January 2020 (GenBank:
MN908947.3) [122]. The viral genome is around 30k nucleotides long
and encodes structural and NSPs, whereas the structural proteins
include S, E, M and N. Non-structural proteins include 3CL pro, PLpro,
helicase, and RdRp. NSPs play an important role in the transcription and
translation of the viral genome inside the host cell. Among the structural
proteins, S protein facilitates the infection and entry into host cells by
ACE2 host receptors. Therefore, S protein and NSPs can be used as tar-
gets for vaccine development [123]. Most vaccine candidates are using
spike protein as an antigen to stimulate adaptive immune system.

Viral vectors are genetically modified viral particles, which can pro-
duce SARS-CoV-2 proteins inside the host cells [124-132]. These viral
vectors are non-pathogenic that carry the particular SARS-CoV-2 gene
(mostly S-protein gene) to produce the protein in the host cells. These
vectors can be replicating or non-replicating in nature (Fig. 6). Ac-
cording to WHO, three non-replicating viral vector-based vaccine
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Table 1
Inactivated virus vaccine candidates in clinical trials [174,175].
S. Vaccine Developer Current status
No.
1. CoronaVac Sinovac Phase 3 clinical trial in Hong
(Inactivated + Kong, Indonesia, Brazil,
alum) Turkey, China and Chile. It is
approved in 32 countries.
Validated by WHO for
emergency use [176].
2. Inactivated Wuhan Institute of Approved use in China [177]
(Vero Cells) Biological and phase 3 clinical trial in
Products/ many countries such as UAE,
Sinopharm Peru, Bahrain, Egypt, Jordan,
Morocco.
3. BBIBP-CorV Beijing Institute of Phase 3 clinical trial in UAE,
Biological Peru, Bahrain, Egypt, Jordan,
Products/ China and Argentina. It is
Sinopharm approved in 53 countries.
ChiCTR2000034780
NCT04612972
NCT04510207
4. COVAXIN Bharat Biotech Phase 3 clinical trial in India.
Whole-virion Approved to use in India [113]
inactivated and other 8 countries.
NCT04641481
5. Inactivated Institute of Medical ~ Phase 3 Clinical trial in Brazil
(Vero Cells) Biology, Chinese and Malaysia. It is not
Academy of approved in other countries.
Medical Sciences NCT04659239
NCT04412538
6. KoviVac Chumakov Federal Phase 1/2 clinical trial by
Scientific Center Russian Federation and
for Research and approved to be used in Russian
Development federation.
502
7. QazVac Research Institute Phase 3 Clinical trial in
for Biological Kazakhstan and approved to be
Safety Problems, used in Kazakhstan.
Kazakhstan NCT04691908
8. SARS-CoV-2 Minhai Phase 3 clinical trial in China
Vaccine (Vero Biotechnology Co. and approved to be used in
Cells) China.
NCT04852705
9. COVID-19 Shifa Pharmed Phase 2/3 clinical trial in Iran
Inactivated Industrial Co and approved to be used in
Vaccine Iran. IRCT20201202049567N3
10.  VLA2001 Valneva Phase 3 clinical trial in UK and
North Ireland and not approved
in any country yet.
NCT04864561
11. KD-414 KM Biologics Co Phase 1/2 clinical trial in Japan
Ltd and not approved in any
country yet.
jRCT2071200106
12.  ERUCOV-VAC Health Institutes of ~ Phase 1 and 2 clinical trial in
Turkey Turkey and not approved yet.
NCT04824391
NCT04691947
13. FAKHRAVAC Organization of Phase 1 Clinical trial in Iran.
(MIVAC) Defensive IRCT20210206050259N1
Innovation and
Research
14. Recombinant Laboratorio Avi- Phase 1 clinical trial in Mexico.
NDV Vectored Mex NCT04871737
Vaccine
15. Kocak-19 Inaktif =~ Kocak Farma Phase 1 clinical trial in Turkey.
Adjuvanl NCT04838080
COVID-19
Vaccine
16.  Adjuvanted The Scientific and Phase 1 clinical trial in Turkey.
Inactivated Technological NCT04866069
Vaccine Research Council of
Turkey
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Non-replicating viral vector based vaccine candidates that are approved and in

clinical trials [174,175].

S. Vaccine
No.

Developer

Current status in
development

1. Ad5-nCoV

2. Ad26. COV

3. Adeno-
based
SPUTNIK-V

4. AZD1222

5. Covishield

6. GRAd-COV2

7. MVA-SARS-
2-ST

8. COVIVAC

9. LV-SMENP

10. hAd5-Covid-

19

11. AdCOVID

12. BBV154

13. SAM-LNP-S

14. ChAdV68-S

15. VXA-

CoV2-1

16. Ad5-nCoV

17. SC-Ad6-1

18. MVA-SARS-
2-S

CanSino Biologics

Janssen (Johnson & Johnson)

Gamaleya Research Institute

Oxford/AstraZeneca

Serum Institute of India

Rei Thera and Lazzaro
Spallanzani national institute
of infectious diseases

Universitatsklinikum
Hamburg-Eppendorf (UHE)

Institute of Vaccines and
Medical Biologicals

Shenzhen Geno-Immune
Medical Institute

ImmunityBio Inc

Altimmune Inc

Bharat Biotech

National Institute of Allergy
and Infectious Diseases
(NIAID)

NIAID

Vaxart (American
biotechnology company)

Institute of Biotechnology,
Academy of Military Medical
Sciences, China

Tetherex Pharmaceuticals
Corporation

UHE

Phase 3 Clinical trial in
Russia, Moscow
NCT04540419.
Approved in 8 countries.
Phase 3 in South Africa
and other countries.
NCT04838795
NCT04614948 Approved
in 52 countries

Phase 3 clinical trial in

UAE and Russia
NCT04656613

NCT04741061

Approved in 68 countries
Phase 3 clinical trial in
many countries and
approved in 115
countries.

NCT04864561
NCT04800133
NCT04536051

Phase 2/3 clinical trial in
India and approved 43
countries.
CTRI/2020/08/027170
Phase 2/3 clinical trial in
Italy and other countries.
It has not been approved
in any country yet.
NCT04791423

Phase 1/2 clinical trial in
Germany and not
approved by in any
country yet.
NCT04895449

Phase 1/2 clinical trial in
Vietnam and not
approved yet.
NCT04830800

Phase 1/2 clinical trial in
China and not approved
in any country yet.
NCT04276896

Phase 1/2 clinical trial in
America and south-
Africa. Not approved in
any country.
NCT04845191
NCT04710303

Phase 1 clinical trial in
Us

NCT04679909

Phase 1 clinical trial in
India.

NCT04751682

Phase 1 clinical trial in
Us.

NCT04776317

Phase 1 clinical trial in
Us.

NCT04776317

Phase 1 clinical trial in
Us.

NCT04563702

Phase 1 clinical trial in
China.

NCT04552366

Phase 1 clinical trial in
Australia.

NCT04839042

Phase 1 clinical trial in
Germany.

NCT04569383
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Table 3

Nucleic acid based vaccines under clinical trials [174,175].

S.
No.

vaccine
candidate

Developer

Current status in the
development

1.

10.

11.

12.

mRNA-1273 (RNA
- LNP-
encapsulated
mRNA)
mRNA-1283
mRNA-1273.351

BNT162b2(RNA -
3 LNP-mRNAs)

CVnCoV (RNA -
mRNA)

Covigenix VAX-
001

GLS-5310 (DNA
based)

COVID-eVax (DNA
based)

GX-19(DNA - DNA
Vaccine)

LUNAR-COV19/
ARCT-02(RNA -
mRNA)

DS-5670a

mRNA vaccine
(RNA - mRNA)

TAK-919

BNT162b1

Moderna/NIAID

BioNTech/Fosun
Pharma/Pfizer

Curevac

Entos Pharmaceuticals
Inc

GeneOne Life Science
Inc

Takis

Genexine Consortium

Arcturus Therapeutics
Inc

Daiichi Sankyo Co Ltd

People’s Liberation
Army (PLA) Academy of
Military Sciences/
Walvax Biotech.

Takeda

Pfizer/BioNTech

Phase 3 clinical trial in
US, Canada and
Switzerland. It is
approved to be used in
53 countries.
NCT04805125
NCT04470427
NCT04806113

Phase 1 clinical trial in
US and not approved.
NCT04813796

Phase 1 clinical trial in
US and approved.
NCT04785144

Phase 3 clinical trial in
Switzerland, Hong Kong
and US.

It is approved in 89
countries.
NCT04805125
NCT04800133
NCT04713553

Phase 3 Clinical trial in
Germany, Argentina,
Columbia and Peru. It is
not approved in any
countries.
EUCTR2020-004066-19,
NCT04674189
NCT04848467

Phase 1/2 clinical trial
in Canada and not
approved yet.
NCT04591184

Phase 1/2 Clinical trial
in Republic of north
Korea and not approved
yet.

NCT04673149

Phase 1/2 Clinical trial
in Italy and not
approved yet.
EUCTR2020-003734-20,
NCT04788459

Phase 1/2 clinical trial
in Republic of Korea and
not approved.
NCT04445389

Phase 2 Clinical trial in
Singapore, US.
NCT04668339
NCT04728347

Phase ! Clinical trial in
Japan and not approved
yet.

NCT04821674

Phase 3 and 2 clinical
trial in China but not
approved in any
countries.
ChiCTR2100041855
NCT04847102

Phase 1/2 clinical trial
in Japan, Approved in
Japan.

NCT04677660

Phase 2/3 clinical trial
in Argentina, Brazil,
Germany, South Africa,
Turkey and US. It is not
approved in any
countries.
NCT04368728
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candidates are in various stages of clinical trials and another twenty are
in the pre-clinical stage [117,133]. The University of Oxford in part-
nership with AstraZeneca PLC, has developed a non-replicating viral
vector-based vaccine candidate for the management of COVID-19,
named ChAdOx1 nCoV-19 (AZD1222) [117]. They have chosen genet-
ically modified chimpanzee adenovirus as a vector, which carries the
whole SARS-CoV-2 spike protein gene. The reason behind choosing
chimpanzee adenovirus as a vector is based on their previous experience
on MERS vaccine which was developed using the same adenovirus as a
vector with the MERS spike gene. However, the vaccine development
was not progressed as the infection subsided by the time it reaches
phase-I clinical trials. On 28 January 2021, FDA approved ChAdOx1-S
[recombinant] under EUA [134]. The severity of COVID-19 is particu-
larly high in old and immunocompromised people. Therefore, a
non-replicating adenovirus vector is a good choice for immunogenicity.

Table 3 (continued)

S. vaccine
No. candidate

Developer

Current status in the
development

13. ChulaCov19

14. BNT162al
BNT162b3

15. Elixirgen
Therapeutics Inc

16. MRT5500

17.  HGCO19 (RNA
based)

18. PTX-COVID19-B
(RNA based)

19. CoV2 SAM (LNP)
(RNA based)

20. AG0302-COVID19
(DNA based)

21. ZyCoV-D (DNA-
DNA Plasmid
vaccine)

22. INO-4800 (DNA -
DNA plasmid
vaccine with
electroporation)

23. CORVax12 (DNA
based)

24. COVIGEN (DNA
based)

25.  bacTRL-Spike

Chulalongkorn
University

Pfizer/BioNTech

EXG-5003

Sanofi Pasteur

Gennova
Biopharmaceuticals
Limited

Providence
Therapeutics Holdings
Inc

GlaxoSmithKline

AnGes

Zydus Cadila

Inovio

Providence Health &
Services

University of Sydney

Symvivo

Phase 1/2 clinical trial
in Thailand and not
approved.
NCT04566276

Phase 1/2 clinical trial
in Germany and not
approved yet.
EUCTR2020-001038-36,
NCT04380701
NCT04537949,
EUCTR2020-003267-
26-DE

Phase 1/2 clinical trial
in Japan and not
approved yet.
NCT04863131

Phase 1/2 clinical trial
in US and not approved
yet.

NCT04798027
Phasel/2 clinical trial in
India and not approved
yet.
CTRI/2021/04/032688
Phase 1 clinical trial in
Canada and not
approved.

PRO-CL-001,
NCT04765436

Phase 1 clinical trial in
US and not approved.
NCT04758962

Phase 2/3 clinical trial
in Japan and not
approved.
NCT04655625

Phase 3 clinical trial in
India and not approved.
CTRI/2021/01/030416
Phase 2/3 clinical trial
in US and Phase 2 in
China. It is not approved
it.

NCT04642638
ChiCTR2000040146
Phase 1 clinical trial in
US and not approved.
NCT04627675

Phase 1 clinical trial in
Australia and not
approved.
NCT04742842

Phase 1 clinical trial
Australia and not
approved.
NCT04334980
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However, booster shots are required to induce long-lasting immunity
[135]. CanSino Biological Inc. and Beijing Institute of Biotechnology are
jointly developing a COVID-19 vaccine using adenovirus type 5 as a
vector. This vaccine candidate has been reached in phase 1/2 clinical
trial [117]. This platform has been previously explored to develop a
vaccine against the Ebola virus [117,136]. Similarly, Gamaleya
Research Institute is also developing an adenovirus-based vaccine
candidate, where they are using human adenovirus types 5 and 26 as
vectors [137]. However, this platform is not licensed. A few of the
non-replicating viruses, which are at the clinical progress are mentioned
in Table 2. Alternatively, Ad26. COV2. S is a recombinant viral vector
vaccine developed by Johnson & Johnson, which WHO has approved.
This vaccine uses non-replicating human adenovirus type Ad26 as a
vector and expresses SARS-CoV-2 spike protein. This vaccine is admin-
istered as a single dose intramuscular injection [138].

According to the WHO, 17 replicative viral vector-based vaccine
candidates are in pre-clinical evaluation for COVID-19. Attenuated
measles virus, influenza virus, horsepox virus etc. are being used as
vectors to carry SARS-CoV-2 whole S-gene or the RBD of SARS-CoV-2
[117]. The disadvantage of the viral-based vaccines observed in a per-
son having existing immunity for the vector, which may suppress the
immunogenicity of the vaccine [118].

3.3. Nucleic acid-based vaccines

This vaccine platform uses nucleic acids (RNA or DNA), which
encode pathogen (SARS-CoV-2) proteins. These nucleic acids induce the
production of pathogen proteins in vivo, which stimulate the adaptive
immune system. This platform is relatively new and currently, a few of
these vaccines are licensed based on this technology [128,131,
139-143]. This technology allows the rapid development of vaccines
because millions of copies of protein-specific nucleic acids can be
generated from a template using the polymerase chain reaction (PCR)
technique. According to WHO, nine nucleic acid-based vaccine candi-
dates are in different stages of clinical trials. Among these, five are
RNA-based vaccine candidates, and the remaining are DNA-based vac-
cine candidates.

Moderna and Inovio are the main players in the development of
nucleic acid-based vaccines. Moderna’s messenger-RNA (mRNA) vac-
cine [144] (mRNA-1273) encodes prefusion stabilized form of
SARS-CoV-2 spike protein [145]. Moderna’s vaccine (mRNA-1273) was
developed in collaboration with the US National Institute of Allergy and
Infectious Diseases. It has shown 94% efficacy to treat patients of
COVID-19 [146]. As cells do not accept mRNA, lipid nanoparticles (LNP)
are used to deliver the mRNA inside the cells [145]. Few nucleic
acid-based vaccines are presented in Table 3, which are at different
stages of clinical research. Similarly, Pfizer-BioNTech has also devel-
oped another mRNA vaccine, BNT162b2. It is also LNP formulated
nucleoside modified mRNA vaccine encoding PS2 spike protein of
SARS-CoV-2. In the preclinical trials, the vaccine showed a good
cell-based immune response. The results of conducted clinical trials
showed safety and immunogenicity in humans [147]. BNT162b2 and
mRNR-1273 are now WHO-approved mRNA vaccines.

Inovio’s DNA vaccine candidate, INO-4800, uses the entire S protein
gene of SARS-CoV-2 [118,148]. This S protein gene is introduced into an
optimized plasmid, where these plasmids would be introduced into the
host cell by electroporation [118,149]. This DNA will trigger the cell to
synthesize virus spike protein, which will act as an antigen to stimulate
the immune system (Fig. 6).

3.4. Protein-based vaccines

Protein-based vaccines are of two types, protein subunit vaccines and
virus-like particles (VLP) (Fig. 6). Protein subunit vaccines use a virus
protein, which is specific to the pathogenic virus or a subunit of a protein
(epitope) as an immune-stimulating antigen. These proteins can be

164

Table 4

Process Biochemistry 118 (2022) 154-170

Protein based vaccines in clinical trials and approved [174,175].

S. vaccine Developer Current status in
No. candidate development
1. RBD-Dimer Anhui Zhifei longcom Phase 3 Clinical trial China,
(Protein subunit ~ Biopharmaceutical/ Ecuador, Indonesia, Pakistan
— Adjuvanted Institute of and Uzbekistan. Approved in
recombinant Microbiology, Chinese ~ China and Uzbekistan.
Protein) Academy of Sciences ChiCTR2000040153,
NCT04646590
NCT04445194
2. (NVX- Novavax Phase 3 Clinical trial in
CoV2373) United Kingdom of Great
Protein subunit Britain, Northern Ireland,
— Full length Mexico and Puerto Rico.
recombinant EUCTR2020-004123-16,
SARS-CoV-2 NCT04583995
glycoprotein NCT04611802
nanoparticle
vaccine
adjuvanted with
Matrix M
3. KBP-201 Kentucky Phase 1/2 Clinical Trial in
(Protein subunit  Bioprocessing, Inc. Us.
— RBD based) NCT04473690

4. (SCB-2019)
Protein subunit
— Native like
Trimeric
subunit spike
protein vaccine

5. (COVAX-19)
Protein subunit
— Recombinant
spike protein
with Advax
adjuvant

6. UB-612 (Protein
Subunit)

7. MVC-COV1901
(Protein subunit
— S-2 P protein
+ CpG 1018)

8. QazCoVac-P
(Protein
Subunit)

9. EpiVacCorona
(Protein subunit
— Peptide)

10. Protein subunit
- RBD
(baculovirus
production
expressed in Sf9
cells)

11. COVOVAX

12.  CIGB-66
CIGB-669

13. Recombinant
Protein

14.

Clover
Biopharmaceuticals
Inc./GSK/Dynavax

Vaxine Pty Ltd/
Medytox

COVAXX

Medigen Vaccine
Biologics
Corporation/NIAID/
Dynavax

Instituto Finlay de
Vacunas, Cuba

FBRISRC VB VECTOR,

Rospotrebnadzor,
Koltsovo

West China Hospital,
Sichuan University

Serum Institute of
India

Center for Genetic
Engineering and
Biotechnology (CIGB)

Sanofi/GSK

Nanocovax

Phase 2/3 Clinical trial in
Belgium, Brazil, Colombia,
Dominican Republic,
Germany, Nepal, Panama,
Philippines and Poland. It is
not approved yet.
NCT04672395
PHRR210209-003334
Phase 2 and Phase 1 clinical
trial in Iran and Australia
respectively. It is not
approved yet.
IRCT20150303021315N23
NCT04453852

Phase 2 Clinical trial in
Taiwan.

NCT04773067

Phase 2 clinical trial in
Taiwan and Vietnam.
NCT04695652
NCT04822025

Phase 1

IFV/COR/04

Phase 3 clinical trials in
Russian Federation. It is
approved in Russian
Federation and
Turkmenistan.
NCT04780035

Phase 3 and 2 Clinical trials
in China but not approved
yet.

NCT04887207
NCT04904471
ChiCTR2000039994,
NCT04640402

Phase 2/3 Clinical trials in
India and not approved.
CTRI/2021/02/031554
Phase 3 Clinical trial in Cuba
and not approved.
RPCEC00000359

Phase 1/2 clinical trial in
Cuba and not approved yet.
RPCEC00000345

Phase 3 Clinical trial in US
and Kenya. It is not approved
yet.

NCT04904549
PACTR202011523101903

(continued on next page)
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Table 4 (continued)

S. vaccine Developer Current status in
No. candidate development
Nanogen Phase 3 Clinical Trials in
(Protein Vietnam and not approved
Subunit) yet.
NCT04922788
NCT04683484

15. FINLAY-FR-1A
(Protein subunit
- RBD +
Adjuvant)

16. EuCorVac-19
(protein
subunit)

17.  GBP510
(protein
subunit)

18.  S-268019

19. QazCoVac-P

20. Razi Cov Pars

21.  Recombinant

SARS-CoV-2
Vaccine (CHO
Cell)

22. IVX-411

23.  V-01

24.  AKS-452

25. COVAC-2

26. TAK-019

27.  BECOV2A

BECOV2D

28. AdimrSC-2f

29.  ReCOV

30.  SpFN COVID-19
Vaccine

31. CoVac-1

32.  NBP2001

33. CoVepiT

34.  CoV2-OGEN1

Instituto Finlay de
Vacunas Cuba

EuBiologics Co Ltd

SK Bioscience Co Ltd

Shionogi

Research Institute for
Biological Safety
Problems

Razi Vaccine and
Serum Research
Institute

National Vaccine and
Serum Institute

Icosavax

Livzon Mabpharm Inc
University Medical
Center Groningen
University of
Saskatchewan

Takeda

Biological E Limited

Adimmune
Corporation

Jiangsu Rec-
Biotechnology Co Ltd

US Army Medical
Research and
Development
Command
Tuebingen

SK Bioscience Co Ltd

OSE

Immunotherapeutics

VaxForm

Phase 3 Clinical trials in
Cuba and not approved yet.
IFV/COR/09

Phase 1/2 Clinical trials in
Republic of Korea and not
approved yet.
NCT04783311

Phase 1/2 clinical trial in
Republic of Korea and not
approved yet,
NCT04742738
NCT04750343

Phase 1/2 clinicals trial in
Japan and not approved yet.
jRCT2051200092

Phase 3 clinical trial in
Kazakhstan and not
approved yet.
NCT04930003

Phase 2 clinical trial in Iran
and not approved yet.
IRCT20201214049709N2
Phase 1/2 clinical trial in
China and not approved yet.
NCT04869592

Phase 1/2 Clinical trial in
Australia and not approved
yet.
ACTRN12621000738820
Phase 2 clinical trial in China
and not approved yet.
ChiCTR2100045107

Phase 1/2 clinical trial in
Netherlands and not
approved yet. NCT04681092
Phase 1/2 clinical trial in
Canada and not approved
yet.

NCT04702178

Phase 1/2 clinical trial in
Japan and not approved yet.
NCT04712110

Phase 1/2 Clinical trial in
India and not approved yet.
CTRI/2020/11/029032
Phase 1/2 Clinical trial in
India and not approved yet.
CTRI/2020/11/029032
Phase 1 Clinical trial in
Taiwan.

NCT04522089

Phase 1 Clinical trial in New
Zealand.

NCT04818801

Phase 1 Clinical trial in US.
NCT04784767

Phase 1 Clinical trial in
Germany.
NCT04546841

Phase 1 clinical trial in
Republic of Korea.
NCT04760743

Phase 1 clinical trial in
Belgium.
NCT04885361

Phase 1 clinical trial in US.
NCT04893512
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produced by recombinant technology [150-155]. These protein subunit
vaccines need adjuvants for better immunogenicity and multiple doses
must be administered [156,157]. According to WHO (7th July 2020),
three protein subunit-based vaccine candidates are in clinical trials and
51 are in pre-clinical evaluation. All the subunit vaccines in clinical
trials use SARS-CoV-2 spike protein or RBD of spike protein [158-162].

VLPs are multi-protein structures similar to native virus particles
except that they lack genetic material, so they cannot replicate. VLPs can
stimulate strong immune responses because the protein structure of
VLPs mimics the native virus particle. Therefore, when these are intro-
duced into the body, they can stimulate strong immune responses [163].
These vaccine candidates are safe because of the lack of genetic material
thereby they cannot cause any disease; however, these are difficult to
manufacture [118]. Medicago Inc. is developing a VLP vaccine, which is
currently in phase I clinical trials, where these VLPs are plant-based
[164]. Other protein-based vaccines are listed in Table 4.

4. Significance of considering SARS-CoV-2 spike protein as an
antigen in vaccine development

Being S protein is a structural component of the SARS-CoV-2 virus
particle, it enables the virus to infect the host cells by latching with the
ACE2 receptor of host cells. Similarly, the SARS virus also uses the same
receptor; however, SARS-CoV-2 S protein shares only 73% similarity
with SARS [165], and the binding affinity of SARS-Cov-2 S protein with
ACE2 receptor is more than that of SARS S protein [166]. Inmunogenic
experiments in mice had revealed that the S protein of both SARS-CoV-2
and SARS are known to trigger the immune system to generate specific
antibodies. SARS-CoV-2 S protein-specific antibodies and SARS S
protein-specific antibodies did not exhibit any cross neutralization
[167]. This lack of cross-neutralization between the two spike
protein-specific antibodies indicates that SARS-CoV-2 spike protein has
unique antigenic properties [167]. Hence, it is justified to consider
SARS-CoV-2 spike protein as a specific antigen for vaccine development.

5. Passive immunization

Persons, who recovered from COVID-19 disease, exhibit SARS-CoV-2
specific antibodies in their plasma. Passive immunization injects the
plasma of recovered patients to those critically ill or those with a high
chance of infection [168]. Passive immunization is an age-old practice.
This practice was followed in 1918 for the HIN1 influenza virus
pandemic. During the outbreak of SARS in 2002-03, this approach was
evaluated [169]. Passive immunization is mainly prophylactic rather
than a therapeutic option. Convalescent plasma therapy may be effective
for those in the early stages of infection or those susceptible to infection
[1,4,168,170]. This approach might not provide a good prognosis for
those already critically ill. Mechanism of action of passive immunization
includes neutralization of virus particles by convalescent antibodies and
induction of antibody-dependent cellular cytotoxicity [168]. Serum
containing high titer virus-neutralizing antibodies can be administered
prophylactically to prevent infection in vulnerable individuals,
including healthcare providers susceptible individuals (e.g., hospital
staff), or can be used in patients with mild conditions to reduce symp-
toms and mortality [168].

The advantage of passive immunization includes ready availability
[168]. On the other hand, risks of passive immunization include the
possibility of other infections that can be transferred via plasma con-
stituents, immunological reactions such as serum sickness,
transfusion-elated acute lung injury (TRALI), and antibody-dependent
disease enhancement (ADE). ADE is a condition in which antibodies
fail to neutralize the virus and facilitate disease enhancement; however,
there is no evidence for this until now [168]. According to FDA and NIH
guidelines, only high titer convalescent plasma therapy is suggested for
non-hospitalized patients based on randomized clinical trials, but these
clinical trials had some limitations such as small sample size and poor
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Table 5
VLP based vaccine in clinical trials [175].
S. Vaccine Developer Status of development.
No candidate
1. Plant-based Medicago Phase 2/3 clinical trial in
VLP Canada and US.
NCT04636697
NCT04450004
2. RBD SARS- SpyBiotech Phase 1/2 clinical trial in

CoV-2 HBsAg
VLP
3. VBI-2902a

VBI Vaccines Inc

Australia.
ACTRN12620000817943
Phase 1/2 clinical trial in
Canada.

NCT04773665
4. SARS-CoV-2 The Scientific and Phase 1 clinical trial in
VLP Vaccine Technological Research Turkey.
Council of Turkey NCT04818281
5. ABNCoV2 Radboud University Phase 1 clinical trial in
Netherland.
NCT04839146

design [51].

6. Hyperimmune serum preparations (hyper-immune globulin,
H-Ig preparations)

Plasma contains several components along with various antibodies.
Hyperimmune serum preparations contain polyclonal SARS-CoV-2 spe-
cific immuno-globulins derived from the convalescent plasma [171].
Plasma-derived therapies help treat rare, life-threatening, complex ge-
netic diseases. Convalescent plasma from patients with mild symptoms
is collected and tested for adequate titers of virus-neutralizing anti-
bodies [172]. However, the large-scale production of H-Ig preparations
is complicated. Till now no hyperimmune serum preparations are
available for COVID-19 treatment [51]. Table 5 presents some of the
products which are in the developmental stage.

7. Conclusion

Overall, it can be concluded that the research progress to combat this
pandemic situation has brought several leads for different stages of the
disease condition. The monoclonal antibodies are essential tools to
reduce the clinical progress of COVID-19 to severe conditions in non-
hospitalized patients with high-risk factors. At the same time, Remde-
sivir in combination with Dexamethasone could be recommended for
hospitalized patients with standard oxygen therapy. Alternatively,
Dexamethasone and other immunomodulators could be recommended
for severely ill patients in intensive care. All the recommended drugs are
authorized on an emergency basis only and should be administered
under medical supervision. Alternatively, different approaches have
been made to develop vaccines against COVID-19 where different cat-
egories are associated with advantages and limitations. So far, 19 vac-
cines have been developed by scientists around the globe; only 6 out of
them are authorized by WHO to vaccinate people to protect them
against this harmful disease. Continuous research is ongoing to evaluate
the efficacy of these vaccines towards newly emerging variants; how-
ever, nothing has nothing been reported yet. However, most of the
vaccines are sufficiently effective against known variants. Present un-
derstanding of these therapeutic agents and vaccines gives hope to the
world to get rid of the pandemic soon.
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