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The deadly pandemic, coronavirus disease 2019 (COVID-19), caused due to
the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has
paralyzed the world. Although significant methodological advances have been
made in the field of viral detection/diagnosis with 251 in vitro diagnostic tests
receiving emergency use approval by the US-FDA, little progress has been
made in identifying curative or preventive therapies. This review discusses the
current trends and potential future approaches for developing COVID-19
therapeutics, including repurposed drugs, vaccine candidates,
immune-modulators, convalescent plasma therapy, and antiviral
nanoparticles/nanovaccines/combinatorial nanotherapeutics to surmount the
pandemic viral strain. Many potent therapeutic candidates emerging via
drug-repurposing could significantly reduce the cost and duration of
anti-COVID-19 drug development. Gene/protein-based vaccine candidates
that could elicit both humoral and cell-based immunity would be on the
frontlines to prevent the disease. Many emerging nanotechnology-based
interventions will be critical in the fight against the deadly virus by facilitating
early detection and enabling target oriented multidrug therapeutics. The
therapeutic candidates discussed in this article include remdesivir,
dexamethasone, hydroxychloroquine, favilavir, lopinavir/ritonavir, antibody

1. Introduction

The entire world is facing the pandemic
coronavirus disease of 2019 (COVID-19)
due to the outbreak of 2019 novel coro-
navirus (2019-nCoV; SARS-CoV-2) and
an international health emergency has
been declared. The disease has touched
nearly every corner of the world. 2019-
nCoV infection is highly contagious and
containment efforts mostly deal with
identification and quarantine of exposed
and asymptomatic suspects, contact trac-
ing, detection, and strict isolation of
infected patients to limit its spread.!'™

World Health Organization (WHO), on
30th January 2020, declared the disease
caused by 2019-nCoV as the sixth interna-
tional public health emergency. Due to its
rapid escalation across the globe, the WHO
declared the 2019-nCoV outbreak a global
pandemic on the 11th of March 2020. So
far, i.e., from 31st December 2019 to 21st
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September 2020, more than 30 949 804 in-
dividuals were afflicted by 2019-nCoV, and
959 116 deaths have occurred worldwide.l*!
On the 11th of February 2020, the WHO
officially declared a name for the ongoing
2019-nCoV related disease pandemic as coronavirus disease 2019
(COVID-19) whereas, the International Committee on Taxonomy
of Viruses (ICTV) has renamed 2019-nCoV as severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2) based on its close
genetic resemblance with another coronavirus SARS-CoV.[2°]
SARS-CoV-2 can transfer from an infected person with or
without symptoms to another individual, with a high basic
reproduction number (R,) value. Although the initial R, was es-
timated to be between 2.2 and 2.7 for SARS-CoV-2, one estimate
published in February 2020 indicated that the R, value is as high
as 4.7 to 6.6, with the infected individual doubling time of 2.4
d.[%7] The R, value indicates that each individual can spread the
infection to 4.7-6.6 individuals on average. More recent studies
published in August 2020 indicated that COVID-19 has a higher
transmission rate than severe acute respiratory syndrome (SARS)
and middle east respiratory syndrome (MERS) with a basic
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Figure 1. Scheme showing various strategies to tackle COVID-19 pandemic.

reproduction number of 3.32 and an incubation period of 5.24 2, SARS-CoV-2 and COVID-19

d.”] Globalization and the convenience of country to country ) ) )
travel had additionally fueled the worldwide spread of the  Coronaviruses (CoVs) are a large family of viruses and are known
disease.128-10] causative agents for respiratory, hepatic, intestinal, and neuro-

logical diseases of altering severity in several animal species.
Tyrell and Bynoe in 1966 were the first to cultivate and de-
scribe the CoVs from patients having common colds.['! CoVs are
single-stranded ribonucleic acid (RNA) viruses. Morphologically,
they are spherical virions, having a core of RNA that is being
surrounded by a membrane decorated with protein projections
(called spike proteins) like a ring/crown (Latin: corona = crown).

This article discusses SARS-CoV-2 nanostructure, the virus
biology in connection to its epidemiology, clinical manifes-
tations, and potential and future therapeutic options includ-
ing repurposed drugs, vaccine/protein therapies, immune
therapies, and nanotherapeutics. Additionally, the recom-
mended preventive and protective measures are presented
(Figure 1).
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CoVs are currently classified into four genera, alphacoronaviruses
(a-CoV), betacoronaviruses (B-CoV), gammacoronaviruses (y-CoV),
and deltacoronaviruses (6-CoV). a-CoV and f-CoV originate partic-
ularly from bats and other mammals, whereas y-CoV and §-CoV
mostly originate from animals like pigs and birds. The genus g-
CoV is further classified into lineages A to D.[110.12-15]

SARS-CoV-2 comes under the subgenus sarbecovirus, belongs
to lineage B of the genus betacoronavirus (f-CoV), family coro-
naviridae, and the order nidovirales.['! Before the discovery of
SARS-CoV-2, other known lineage B f-CoVs were severe acute
respiratory syndrome CoV (SARS-CoV), SARS-related to palm
civet CoV (SARSr-CiCoV), and SARS-belonging to rhinolophus
bat CoV HKU3 (SARSr-Rh-BatCoV HKU3).[¢]

Coronaviruses (CoVs) that can infect humans are HCoV-NL63
and HCoV-229E belonging to a-CoVs, HCoV-OC43 and HCoV-
HKU1 belonging to f-CoVs lineage A, SARS-CoV belonging to
p-CoVs lineage B, and MERS-CoV belonging to f-CoVs lineage
C. SARS-CoV-2 is the seventh CoV known to cause human in-
fection, second in the lineage B p-CoVs, and the third in the
past three decades to cross interspecies barriers to infect humans
(animal-to-human transmission).[!>15-17]

Bats are major reservoir of diverse a-CoVs and #-CoVs of lin-
eage B, C, and D; but not g-CoVs lineage A.[*®/ The close re-
semblance of bat CoVs to MERS-CoV and SARS-CoV indicates
that bats can be the natural reservoir hosts of both the viral pan-
demics (SARS and MERS). At the same time, there could be other
animal based intermediate or middle hosts for the virus facili-
tating animal-to-human transmission, e.g., palm civets and rac-
coon dogs in the instance of SARS, /12"l and dromedary camels in
the instance of MERS.[2!] However, the evolutionary paths of the
virus transferring from bats to intermediary hosts and then to hu-
mans have not been fully elucidated.¥] Among the seven CoVs
carrying the ability to infect humans, the g-CoVs can cause mild
to severe illness and higher fatalities, whereas a-CoVs mostly
cause asymptomatic infections or those with mild symptoms.[1-1¢]

Two immensely pathogenic viruses emanating from animal
reservoirs, SARS-CoV in 2002 affecting 8096 patients globally
with 774 deaths(?223] and MERS-CoV in 2012 affecting 2519 pa-
tient globally (as of January 2020) with 866 deaths, resulted in
global pandemics in the last two decades with high mortality
rates.[?224] According to the WHO, SARS-CoV and MERS-CoV
have mortality rates of 9.6% and 34.3%, respectively.

SARS-CoV-2, the pathogen behind the current pandemic, is a
positive-sense, single-stranded RNA virus (+ssRNA virus) with
a lipid-based envelope. CoVs contain the largest known RNA
genome, with SARS-CoV-2 genome size being around 30 000
bases long. SARS-CoV-2 poses two notable genomic features;
first, its receptor-binding domain (RBD) binds with a very strong
affinity to angiotensin-converting enzyme 2 (ACE2) receptors
in humans, cats, and other species carrying inflated receptor
homology, second, incorporation of a polybasic cleavage site at
S1/S2 junction. S1 and S2 are the two spike protein subunits.
These genome-based features of SARS-CoV-2 make them unique
among the known f-CoVs and may explain the reason behind
heightened infectivity and transmission ability of the virus in
humans.[-27]

Viruses with their size in nanometers are nature’s own prefab-
ricated smart and capable nanovectors, associated with several
diseases and carry a negative connotation. These are natural
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nanomaterials with very complex structures. They are efficient
nanovectors capable of transferring their genetic materials to
the infected host cells, followed by hijacking host-cell machinery
to express their proteins.’®] Many viruses have proven their
worth in the field of drug, gene, and vaccine delivery.**3% Each
SARS-CoV-2 virion has an average diameter of 50-150 nm
(Figure 2).11*31:32] Similar to other CoVs, SARS-CoV-2 carries
four major structural genes encoding major structural proteins,
known as the spike protein (S), an envelope protein (E), the
membrane protein (M), and the nucleocapsid protein (N); N pro-
tein embraces the genome consisting of ssRNA and the proteins
S, E, and M constitute the envelope of the virus (Figure 3). The
S protein enables the virus to bind to and amalgamate with the
host cell membrane. It is the key immunogenic antigen and has
a decisive role in defining virulence, tissue tropism, host range,
and protective immunity.[®! The trimeric S protein belongs to
a class I fusion protein consisting of S1 (receptor binding) and
S2 (membrane fusion) subunits. The subunit S1 consists of a C
domain carrying the RBD, and an N domain. S2 contains fusion
peptide, the heptad repeat (HR-1 and HR-2), transmembrane,
and cytoplasmic domains. The locking of the RBD to the ACE2
receptor of the host cell initiates conformational modifications
in the S2 subunit that further facilitates fusion among viral and
host cell membranes. The S1/S2 juncture is the cleavage site for
proteases and is also required to trigger membrane fusion, viral
entry, and in the formation of syncytium.[16-27]

Other structural proteins, like E, M, and N, are involved in the
viral assembly. Alternatively, nonstructural proteins constituting
viral cysteine proteases such as papain-like protease (PL pro), 3-
chymotrypsin like protease (3CL pro), RNA-dependent RNA poly-
merase (RdRp), helicase, and other accessory proteins, partici-
pate in the viral transcription followed by replication. To counter
the hostimmune response, the M protein and PL pro, antagonize
the host interferon (IFN) response and help the virus to control
in vivo replication efficacy and pathogenesis.['®]

Alike SARS-CoV, SARS-CoV-2 ingress into target cells is also
aided by the S protein. Viral entry depends on i) the locking of
S1 unit of S protein to host cell ACE2 receptors; ii) the S protein
priming by host cellular protease TMPRSS2, which facilitates S
protein cleavage right at the S1/S2 juncture and the S2’ site, fa-
cilitating the merger between viral and cellular membranes.

Following cellular entry, CoVs disassemble to release their
genome (nucleocapsid and viral RNA) into the cytoplasm of the
infected host cell for initiating the translation of viral polypro-
teins and subsequent replication of genomic RNA (Figure 4).33]
Replicase polyproteins of SARS-CoV-2 are processed by PL pro
and 3CL pro to form nonstructural proteins (helicase/RdRp).!¢!
Various 3CL pro inhibitors can be expected to repress viral repli-
cation by obstructing the cleavage function of the protein. RdARp
is a fundamental enzyme of the RNA synthesizing machinery
of RNA viruses, and it is highly conserved in all HCoVs. There-
fore, it served as a prime target in various viral infections to halt
genome replication and can be inhibited by various polymerase
inhibitors (favilavir, remdesivir).[1633-34]

SARS-CoV-2 utilizes the ACE2 receptors to gain entry into the
host cells.3] ACE2 is a counteractive component of the renin an-
giotensin system (RAS) that is responsible for maintaining a bal-
ance between fluid volume and pressure by utilizing the cleavage
products of angiotensin (AGT) and their receptors.**38] Among
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Figure 2. lllustration of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2).

these peptides, angiotensin II (Ang-II) causes vasoconstriction
and helps in sodium retention by means of AGTR1 receptor and
results in vasodilation and natriuresis by binding to the AGTR2
receptor. The enzyme ACE is responsible for producing Ang-II.
After infecting host cells, the virus also uses its protease 3CL pro
to suppress NFkappaB by degrading the activating factor IKK-
gamma.l*! Since, NFkappaB is involved in the induction of ACE
by attaching to its promoter and enhancing transcription.[*”] The
virus thus reduces the expression of ACE. ACE further downreg-
ulates the expression of ACE2 in-part by Ang-II, which is its cat-
alytic product.*!l Thus, the viral infection results in upregulation
of ACE2 and downregulation of ACE.

It has been shown that, bradykinin, another important
molecule that forms an important component of vasosuppres-
sor system involved in inducing hypotension and vasodilation, is
being regulated by ACEs. Bradykinin is degraded by ACE and its
concentration is enhanced in presence of angiotensinl-9 a pep-
tide produced by ACE2. Thus, the enhanced ACE2 expression
caused by the virus leads to increased levels of bradykinin caus-
ing “bradykinin storm.” This is because SARS-CoV-2 increases
the amount of bradykinin in the infected tissues. Bradykinin
causes vasodilation leading to swelling and inflammation of the
tissue and induces pain. It also increases the production of
hyaluronic acid. The bradykinin storm induced leakage of fluid
and hyaluronic acid induced formation of hydrogel into the lungs
may be the reason behind low oxygen uptake in severe COVID-19
patients and generation of severe symptoms like hypokalemia as-
sociated with arrhythmia and sudden cardiac death.[*>-*5] Hence,
the drugs which can take care of the bradykinin storm can also
be considered as potential therapeutics for COVID-19.

SARS-CoV-2 phylogenetic analysis showed that it is metic-
ulously related to two bat-derived SARS-like CoVs (bat-SL-
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CoVZC45 and bat-SL-CoVZXC21) found in horseshoe bats
(Rhinolophus) with ~89% nucleotide sequence resemblance
with bat-SL-CoVZC45. It exhibits ~79% nucleotide sequence re-
semblance with SARS-CoV and ~50% with MERS-CoV. Further,
a 98.7% nucleotide sequence resemblance to the partial RdRp
gene of the bat-CoV strain BtCoV/4991 was also observed.[>1]

3. Epidemiology

Gaining in-depth insight into the SARS-CoV-2 virus epidemiol-
ogy, and characterizing its possible impact, is a pressing need of
the current time in order to expand health care measures to tackle
the pandemic. The overall impact of a pandemic is governed by
the total number of infected persons, transmissibility, and its
medical severity (asymptomatic, mild-to-severe symptomatic, re-
quiring hospitalization, or fatal).[*¢]

COVID-19 pandemic is continuously evolving, with massive
number of cases and deaths each day. Based on data from the
initial outbreak and considering worldwide incidence, the trend
of an increasing incidence of COVID-19 principally follows expo-
nential growth in the number of reporting cases.[>*’]

The present mean incubation time for COVID-19 is 5.5 d,
and the median incubation time is 5.1 d, with the potential
asymptomatic transmission. Following SARS-CoV-2 infection,
most patients (x97.5%) develop symptoms within 11.5 d and
almost every patient shows symptoms within 14 d. Very few
(~2.5%) SARS-CoV-2 infected patients develop symptoms within
2.2 d.[1,2,31,48]

As of 21st September 2020, 216 countries/areas/territories/
regions have reported confirmed cases of the disease. USA has
reported the largest number of confirmed COVID-19 patients
(6 703 698), followed by India (5 487 580), Brazil (4 528 240),
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Figure 3. A scheme showing different SARS-CoV-2 proteins.

Russian Federation (1 109 595), Peru (762 865), Colombia (758
398), Mexico (694 121), South Africa (661 211), Spain (640 040),
Argentina (622 934), Chile (446 274), and France (432 424)
surpassing China’s total number of COVID-19 patients (90 876).
This highlights how rapidly the virus can spread throughout the
world. As of 21st September 2020, a total of 959 116 mortalities
have been confirmed globally, showing 3.09% mortality rate,
with 530 373 deaths in the American region, the highest being
reported from USA (198 094) and Brazil (136 532).1*!
SARS-CoV-2 can affect all age groups especially the higher
risk groups which include: i) children <59 months, ii) preg-
nant women, iii) elderly, iv) people with chronic medical
ailments (cardiac, pulmonary, hepatic, renal, metabolic,
hematologic, neurodevelopmental diseases, or weak im-

Adv. Therap. 2021, 4, 2000172

2000172 (5 of 30)

nsp: non-structural protein

RdRp: RNA-dependent RNA polymerase
ExoN: exonuclease
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3CLpro: 3C-like protease

E=envelope

EndoU: endoribonuclease
M=membrane
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mune system), v) people with immunosuppressive conditions
(HIV/AIDS, under chemotherapy or steroids), and vi) health
care professionals.**”>% Lower risk groups should self-isolate
themselves at home, drink plenty of fluids, and follow general
good-health guidelines to keep their immune system strong and
healthy.

4, Clinical Manifestations

SARS-CoV-2 infection is highly contagious, and containment ef-
forts mostly emphasize on quarantine of exposed and asymp-
tomatic suspects and strict isolation of infected patients dur-
ing the incubation period to limit the disease spread. Prelimi-
nary clinical feature of the SARS-CoV-2 infection in humans is
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Figure 4. SARS-CoV-2 virus and host cell interaction and replication mechanism. The red-colored cross marks represent potential therapeutic targets.

pneumonia, which formed the basis of identification, detection
as well as isolation of patients. SARS-CoV-2 infection manifests
varied clinical features, extending from asymptomatic to a condi-
tion with acute respiratory distress syndrome (ARDS).!]

In symptomatic patients so far, the clinical manifestations con-
sist of fever >39.1 °C (most common symptom), dry cough, nasal
congestion, sore throat, dyspnea, headache, myalgia, fatigue, up-
per respiratory tract infections, smell/taste dysfunctions, and di-
arrhea. Very few patients are reported with rhinorrhea. Pneu-
monia mostly occurs by 2-3 weeks following the initial infec-
tion with prominent signs of hypoxemia and deviations in blood
gas.[12475052]

Visible changes observed in chest X-rays and computed tomog-
raphy demonstrating deterioration in lung tissue are observed
to be the ground glass irregularities of the disease. Pulmonary
consolidation, alveolar exudates, and interlobular involvements
have also been observed. Patients also show low white blood
cell count (leukopenia), and elevation in inflammatory markers
(C-reactive proteins, proinflammatory cytokines, etc.) and forma-
tion of blood clots in some cases. COVID-19 patients seeking in-
tensive care unit (ICU) are particularly older and more likely to
carry pre-existing comorbid conditions like hypertension and re-
lated heart diseases followed by diabetes. Although, certain epi-
demiological features were identified, additional studies are still
warranted.[1:24¢]

Recent reports have also revealed the existence of asymp-
tomatic infections and gastrointestinal symptoms, specifi-
cally among youngsters.**! The occurrence of asymptomatic
individuals with the ability to spread the infection may be a
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great hurdle in the control and containment of the disease and
are posing significant public health threats. However, detailed
studies on the extent of asymptomatic persons, their viral loads,
and share in transmission need further evaluation. This allows a
better understanding of the viral pathogenesis and will aid policy
makers to develop scientifically sound guidelines.[®!

5. Strategies for Infection Control and Prevention

Currently, there is no specific approved therapeutic agent avail-
able to treat SARS-CoV-2. Treatment is supportive and based on
the patient’s medical condition to alleviate symptoms. Proper
public health measures to check the viral infections are of an ur-
gent need to tackle the growing pandemic. Additionally, stringent
measures must be taken to check the human-to-human transmis-
sion to minimize secondary infections and prevent community
transmission among near contacts, and health care profession-
als, and to prevent further spread.

Based on earlier knowledge of the MERS and SARS outbreak,
the WHO recommends adaptation of various infection control
measures to lessen the overall risk of the disease transmission
and prevent overall spread. This includes avoiding close prox-
imity with people showing symptoms of acute respiratory in-
fections, washing hands with soap frequently (minimum for a
span of 20 s), using 60-95% alcohol-based hand sanitizers af-
ter contacting infected people, and avoiding contact with infected
inanimate surfaces and pet/wild animals without having proper
protection.>4]
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The practice of cough etiquettes by people suffering from acute
respiratory tract infection, maintaining distance from these pa-
tients, proper covering of cough or sneezes, and washing hands
frequently are few other disease preventive and control measures
being recommended. The WHO further recommends proper
and consistent adoption of environmental disinfection and clean-
ing methods like cleaning of supposedly infected surfaces with
water, soaps, disinfectants, and detergents. People are recom-
mended to stay at home, avoiding social contact (stay home stay
safe). While the governments have imposed lockdown measures,
travel bans, and ban on people gathering in parks and public
places. People should leave their homes putting facemasks and
only for essential/basic commodities or medical needs. People
should avoid unnecessary journeys and travel to or from work
only when they cannot work from home. People going outside
should maintain a social distancing of more than 2 m apart from
anyone other than members of their own family.

A person showing SARS-CoV-2 symptoms (fever of >37.8 °C,
a persistent cough or breathing problems) should take extra pre-
cautions and self-isolate (quarantine) himself/herself for 10-14 d
including his family members.[>!

6. Potential Therapeutics/Vaccines in Pipeline for
COVvID-19

Although, significant methodological advances have been made
in the field of viral detection of COVID-19 with many compa-
nies receiving emergency use approvals for their in vitro diag-
nostic tests, molecular-based high complexity laboratory tests, or
antibody tests as mentioned by the US-FDA website (a total of
251 as of September 21, 2020), little progress has been made in
identifying curative or preventive therapies.l*®! Thus, there is a
definite need to find therapeutic agents directly targeting SARS-
CoV-2, and several scientists around the world are focusing on
the development of fruitful prevention/treatment strategies and
finding new drugs/antivirals/vaccines against SARS-CoV-2, to
halt the ongoing outbreak. The US-FDA website lists dozens
(a total of 100 companies as of September 21, 2020) of com-
panies involved in developing antiviral or vaccine therapies for
COVID-19.557]

Antivirals can be broadly categorized into two classes, i.e., 1)
virus targeting antivirals, which target the viral life cycle, machin-
ery and pathways or directly inactivate viral structural proteins;
and 2) host targeting antivirals, which either target the host cel-
lular machinery important for viral infection or target the host’s
immune response pathways and cascades elicited toward the vi-
ral infection.!'>8] In the course of viral infection, various events
in the viral life cycle and virus-host protein—protein interactions
have been identified as the potential targets for antivirals.[**! Cel-
lular events such as virion adsorption, intracellular transport, un-
coating, genome and protein synthesis, and assembly inside in-
fected host cells play a decisive role in the viral pathogenesis and
targeting these can be a good strategy in the development of cur-
rent therapies for tackling viral infections. The existence of a po-
tentially small number of viral targets and fast mutating genes
sometimes make the business of finding and developing novel
and potent antivirals a challenging task. Viruses offer limited in-
trinsic targets for engineering antivirals.[®*] As viruses are greatly
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dependent on the host cellular machinery for replication,®!! tar-
geting various host factor(s)(®*) and molecular pathways hijacked
by the virus opens a pandora of opportunities to construct novel
antivirals.[12:62.63]

Potential therapeutic targets in SARS-CoV-2: Mostly various
genes and their encoded proteins of SARS-CoV-2 can act as fa-
vorable diagnostic, therapeutic, or vaccine targets for the virus
(Figures 4 and 5).

Mechanisms such as inhibition of viral enzymes (DNA and
RNA polymerases, 3CL pro, TMPRSS2, reverse transcriptase,
neuraminidase, endonucleases, and other proteases) or pro-
cesses such as ACE2 cellular receptor inhibitors and endosomal
acidification mediators prohibiting viral fusion; molecules inter-
fering with glycosylation of the viral protein, viral assembly, new
viral particle transport, and release, and immunomodulation of
cytokine release can be potential targets in developing various an-
tiviral drugs for the SARS-CoV-2.164-66]

TMPRSS2 inhibitors (camostat, nafamostat) and furin in-
hibitors can abrogate the S1/S2 proteolytic cleavage, thereby
blocking the viral entry.®! In addition, the viral entry can be
curbed by using carbohydrate-binding protein inhibitors such as
griffithsin, which bind to the spike glycoprotein.l’] Endosomal
cell entry and S protein activation inside endosomes depend on
the pH-dependent endosomal protease cathepsins and might be
clogged using lysosomotropic agents like ammonium chloride,
chloroquine, and cathepsin inhibitors.[®! Antibodies against the
RBD and other viral proteins can effectively inhibit virus entry
into the host cell. The enzyme 3CL pro, one of the essential pro-
teases of the SARS-CoV life cycle, plays a crucial role in the pro-
teolysis of various viral polyproteins, controlling viral replication.
The 3CL pro enzyme is considered as a key drug target in the
case of SARS-CoV and MERS.[*] Recent studies revealed that
SARS-CoV-2 3CL pro is conserved and carries 99% nucleotide
sequence identity with SARS-CoV 3CL pro. Hence, 3CL pro in-
hibitors that impede the cleaving ability of 3CL pro might repress
virus replication, rendering this enzyme an attractive therapeutic
target against COVID-19.[%97]

However, most of the potential drugs/vaccines in the spotlight
as potential COVID-19 therapeutics are only experimental candi-
dates, and vigorous clinical studies are warranted to verify their
efficacy and safety. The antivirals being investigated may be toxic
and many of them can merely alleviate certain conditions.

To date, apart from the emergency use approval of the antivi-
ral drug favilavir in China, India, Russia, and parts of the Mid-
dle East and the emergency use approval of remdesivir by the
US-FDA and Japan in COVID-19 patients, there are no approved
therapeutic molecules to treat the COVID-19 pandemic.[>¢7]

Thus far, therapeutic modalities including various western,[”?!
natural product-based (NCT04382040), and traditional Chinese
medicines”>7# with some potential activity against COVID-19
have been briskly tested clinically, and they exhibited preliminary
efficacy against COVID-19.1%]

6.1. Repurposed Drugs for SARS-CoV-2
Drug repurposing (repositioning, or retasking) expedites drug

product development by identifying new uses for existing ap-
proved or experimental drugs in the current global crisis. This
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Figure 5. The replication of SARS-CoV-2 inside lower respiratory tract cells and potential target sites for antivirals.

strategy could significantly reduce the cost and duration of drug
development compared to discovering and developing entirely
new therapeutics.[””]

The following are the lists of various drugs/therapeutics under
consideration and testing to be repositioned against COVID-19.

6.1.1. Favilavir
Favilavir (also known as favipiravir, T-705) a guanosine nu-

cleotide analogue, is an antiviral with broad-spectrum activity. It
is a pyrazine carboxamide derivative and is currently being mar-
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keted in China and Japan as Avigan for treating influenza. It be-
came the first antiviral drug to gain approval from the National
Medical Products Administration of China for clinical trials in
treating SARS-CoV-2. Favilavir is highly effective in treating RNA
virus infections by inhibiting the RdRp. Favilavir, originally was
formulated to battle catarrhal (inflammation in nose and throat),
has shown efficacy in clinical trials carried out in COVID-19 pa-
tients. ChiCTR2000029600 and ChiCTR2000029544 are ongoing
clinical studies evaluating the safety profile and efficacy of fav-
ilavir. It has been approved in Italy by Italian Medicines Agency
(AIFA) for experimental use against COVID-19 and clinical
trials are underway (NCT04336904). It is being administered to
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moderate COVID-19 patients at 1800 mg twice a day on the first
day, and thereafter 600 mg thrice a day up to 14 d; however, the
dose may vary based on indications. Favilavir is one of the po-
tential treatment options currently being tried for possible use in
the treatment of patients suffering from COVID-19. Despite its
potential effectiveness and mass production in China, favilavir is
not yet approved as a drug product for COVID-19. NCT04310228
is another ongoing clinical trial assessing the usefulness and
safety of favilavir in combination with tocilizumab. Vero E6 cells
infected with nCoV2019BetaCoV/Wuhan/W1V04/2019 exhibited
a half-maximal effective concentration value (EC;) of 61.9 x 10~¢
M against favilavir.l”2]

6.1.2. Remdesivir

Remdesivir has been labeled as the most promising antivi-
ral by the WHO for the ongoing SARS-CoV-2 caused COVID-
19 pandemic.”®) Remdesivir (development code GS-5734), an
adenosine nucleotide analogue, is a broad-spectrum antiviral
drug. A study reported the EC;, value of remdesivir against Vero
E6 cells infected with nCoV2019BetaCoV/Wuhan/WIV04/2019
to be around 0.77 X 107® M and also showed its antiviral
effect against 2019-nCoV infected human liver cancer Huh-
7 cell line.”?l 1t is a monophosphoramidate prodrug and is
metabolized to the active form, GS-441524, which disguises
and gets incorporated in new RNA strand by viral RNA poly-
merase, thereby escapes proofreading by viral exonuclease, halt-
ing genome replication.l”77]

Originally, remdesivir was developed and synthesized to battle
Ebola and was reported to have treated an American COVID-19
patient, who has now fully recovered after receiving the drug.®"!
However, more clinical data are required before the drug can
be approved and is considered as an effective and official drug
to treat either SARS-CoV-2 or Ebola virus. Warren and group
reported the ECy, of remdesivir against Ebola virus infected
macrophages, human endothelial and liver cells to be around
0.01 X 107° t0 0.20 X 107 M, and demonstrated its therapeutic ef-
ficacy in an Ebola virus infected monkey model of the disease.[®!]

Initially China planned Phase III clinical studies to estimate
the safety profile and efficacy of remdesivir in COVID-19 patients
based on its promising preclinical data in SARS-CoV and MERS-
CoV infections,#2#3] evaluating remdesivir in severe COVID-
19 (NCT04257656) and in mild/moderate COVID-19 patients
(NCT04252664). However, these trials were either terminated or
suspended due to the unavailabilty of eligible COVID-19 patients.

Similarly, in February 2020, the U.S. National Institute of
Allergy and Infectious Diseases (NIAID) carried out a Phase
IIT adaptive COVID-19 treatment trial (ACTT) globally to as-
sess the efficacy of various investigational molecules compared
to the control arm (NCT04280705). Preliminary results from
the trial indicated that remdesivir was superior as compared to
placebo in shortening the recovery time in hospitalized COVID-
19 patients.[®*]

Another multicentric trial for remdesivir compared the drug
with the standard of care treatment, which includes supplemen-
tary oxygen and ventilator support when indicated, in severe
COVID-19 (NCT04292899) patients and patients with moderate
COVID-19 (NCT04292730). In the trial, along with the standard
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care, a 200 mg loading dose of remdesivir was administered on
day 1, followed by 100 mg dose administered as intravenous (IV)
infusions every 24 h for 2-5 or 2-10 d.I%] Results of the trials in-
dicated no significant difference in clinical status of COVID-19
patients compared to the standard of care.[3¢%7]

6.1.3. Chloroquine

Other drugs like chloroquine or hydroxychloroquine are also
under consideration in the global hunt to discover an effective
COVID-19 therapy!®®! after their approval for limited and emer-
gency use for COVID-19 by the US-FDA.

Chloroquine a “4-aminoquinoline” is an old drug used in the
prevention and therapy of malaria. It is further prescribed in
systemic lupus erythematosus (SLE) and rheumatoid arthritis
(RA) due to its anti-inflammatory activity. In preliminary studies,
the drug has shown efficacy and tolerable safety profile against
COVID-19 associated pneumonia.®]

Wang and group reported effective in vitro inhibition of
the virus, using chloroquine. Vero EG6 cells infected with
nCoV2019BetaCoV/Wuhan/WIV04/2019 and treated with
chloroquine exhibited an ECg, of 1.13 X 107° m.[7%!

Chloroquine also acts as zinc ionophore, and allows passage of
extracellular zinc to the cytoplasm and inhibits viral RdRp.[**92] Tt
also interferes with viral entry by inhibiting host receptor glycosy-
lation. Administered to a patient orally ata dose of 500 mgin 12 to
24 h for 5 to 10 d.1%5] Hydroxychloroquine, a chloroquine deriva-
tive carrying a similar mechanism of action as well as therapeutic
activity as chloroquinel®®! but with minimal adverse effects, has
also been evaluated as an anti-COVID-19 therapeutic.’*

In a study by Yao and group, hydroxychloroquine inhibited
SARS-CoV-2 infected Vero cells in vitro after 48 h of growth with
a lower ECs, value (0.72 x 107® M) as compared to chloroquine
(5.47 x 107 ). Multicentric clinical trials in China have also
revealed that the drug shows a potent broad-spectrum antiviral
effect. The mechanism of action may be increased endosomal
pH, thereby interfering with the fusion process of the virus with
the cell membrane. Thus, the virus is incapable of releasing its
genetic payload inside the cell and replicate further.

Unlike the US-FDA, European regulators restricted the gen-
eral use of chloroquine for COVID-19 without significant data
and limited their use to clinical trials only. Therefore, clinical
research at a large-scale is still looked-for to elucidate its mode
of action and potential prophylactic/therapeutic efficacy against
COVID-19.

A study (ChiCTR2000029559) in China has tested the drug
in 62 COVID-19 patients showing mild to moderate symptoms.
All the patients received treatments like antiviral and antibac-
terial drugs, oxygen therapy, immunoglobulin as standard care,
whereas only half of them received hydroxychloroquine (400 mg
per day) together with standard care up to 5 d. Clinical symp-
toms like the rate of recovery of the body temperature, the time
required for cough remission were significantly shortened in
patients receiving hydroxychloroquine. Larger percentage of pa-
tients (80.6%) with improved pneumonia symptoms in the treat-
ment group compared to the control was reported (54.8%).1°]

Another Phase II clinical study (NCT04335084) testing the ef-
ficacy of hydroxychloroquine in combination with vitamin C, D,
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and zinc toward the prevention of COVID-19 infection is under-
way. A report by Dr. Raoult from France further demonstrated sig-
nificant improvements in COVID-19 patients administered with
hydroxychloroquine at a dose of 600 mg kg for 6 d along with
azithromycin. %8

However, WHO has pulled out the drugs from their Solidarity
trial due to lack of efficacy in treating COVID-19.[%¢]

6.1.4. NP-120

NP-120 (Ifenprodil—brand name Cerocal), a potential therapeu-
tic option for idiopathic pulmonary fibrosis (IPF), acute lung in-
jury (ALI), and persistent coughs may be repurposed for COVID-
19. NP-120 is N-methyl-d-aspartate (NDMA) receptor glutamate
receptor antagonist, which targets the NMDA-type subunit 2B
(Glu2NB).I’I Ifenprodil is a vasodilator, originally developed by
Sanofi as an oral medication to treat blood circulation disorders
in French and Japanese markets. Itis no longer sold in France but
is still marketed in Japan. Ifenprodil is an approved drug in coun-
tries like Japan and South Korea to treat certain neurological con-
ditions. An independent animal study showing a considerable
reduction in ALI and enhanced survivability in Avian H5NT1 in-
fected mice encourages researchers to expand clinical programs
to ALI and ARDS associated with COVID-19 infection.””] An
adaptive Phase IIb/III study assessing the safety and efficacy of
ifenprodil (20/40 mg three times a day) together with standard
of care in comparison to standard of care alone in the treatment
of hospitalized COVID-19 patients is underway (NCT04382924).
Ifenprodil is already being tested in clinical trials in patients suf-
fering from IPF and its associated cough (NCT04318704).

6.1.5. Lopinavir/Ritonavir and Others

A repurposed drug combination treatment against SARS-CoV-2,
lopinavir and ritonavir (protease inhibitor combination; Kaletra),
is currently used as both first- and second-line antiretroviral med-
ication for HIV. Lopinavir is given in conjunction with ritonavir
to increase its half-life.%%]

Several clinical trials of lopinavir/ritonavir, either alone or
with various combinations, are underway. China launched a
controlled trial (ChiCTR2000029308) to test the efficacy of
lopinavir/ritonavir and IFNa-2b combination in patients hos-
pitalized with COVID-19. The most commonly studied dos-
ing regimen of lopinavir/ritonavir for COVID-19 infection is
200 mg/50 mg orally twice daily for 14 d.[®]

Some other antiretrovirals were also screened for anti-
SARS-CoV-2 activity.!®! A randomized controlled Phase III
trial (NCT04252274) assessing the efficacy and safety of
darunavir/cobicistat combination (PREZCOBIX) for treatment
of COVID-19 is underway. However, due to the lack of ef-
ficacy in hospitalized COVID-19 patients, WHO withdrew
lopinavir/ritonavir from their Solidarity trial.[¢!

6.1.6. Viral Entry Protein Inhibitors

Hoffmann and co-workers showed that SARS-CoV-2 infection re-
lies on the host cellular factors, such as ACE2 and TMPRSS2,
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and could be successfully blocked by using protease inhibitors. ]

ACE2 enzyme is a protein recognized by various CoVs (SARS-
CoV and SARS-CoV-2) to gain cell entry.?”:19) ACE2 receptor is
expressed by the epithelial cells covering organs like lung, intes-
tine, and blood vessels.l"°!l In addition to ACE2 as the entry re-
ceptor, the virus also requires cellular proteases for the priming
of S protein to enter the host cells. TMPRSS2 is a serine protease
employed by CoVs for S protein priming.[*! Therefore, it is an-
ticipated that the viral entry inside host cells can be obstructed by
serine protease TMPRSS2 inhibitors.

The marketed TMPRSS2 inhibitors, nafamostat and camostat
have been demonstrated to be effective in blocking the SARS-
CoV-2 cellular entry.'%2 A Phase Ila trial studying the impact of
camostat mesilate (Foipan) on 180 COVID-19 patients was initi-
ated during March 2020 (NCT04321096). Nafamostat exhibits in-
hibitory effect against nCoV2019BetaCoV/Wuhan/WIV04/2019
infected Vero E6 cells with an ECy, value of 22.5 X 107° m.l"2!

6.1.7. Leronlimab

Leronlimab (PRO 140) is used to treat breast cancer and HIV.
Leronlimab is a humanized monoclonal antibody (MAD) capable
of blocking CCR5 (CCRS5 antagonist). It is in clinical trials for
mild to moderate COVID-19 patients (NCT04343651) and it is
expected to benefit patients showing respiratory complications
by diminishing the cytokine storm.

Currently, leronlimab has received fast track approval by the
US-FDA as a combination therapy with antiretroviral therapy for
HIV and triple-negative metastatic breast cancer and has com-
pleted nine clinical trials, including a Phase III trial in HIV-
infected patients.[1%]

6.1.8. Umifenovir

Another promising repurposed antiviral drug is umifenovir, also
known as Arbidol which inhibits the virion membrane fusion to
host cell by targeting the interaction between S protein/ACE2 re-
ceptors. Arbidol is currently approved in China and Russia as pro-
phylactic and treatment drug against influenza. In vitro cellular
models showed antiviral activity against SARS and therefore it is
anticipated to have promising results against SARS-CoV-2. The
most studied dosing regimen of umifenovir for COVID-19 infec-
tion is 200 mg orally every 8 h. Ongoing clinical trials are further
evaluating the efficacy of umifenovir.®]

A randomized, placebo-controlled, Phase IV clinical trial
assessing the safety and efficacy of umifenovir as an adju-
vant therapy to the combined therapeutic regimen of IFNf1a,
lopinavir/ritonavir and hydroxychloroquine in moderate to se-
vere COVID-19 patients (NCT04350684) is underway.

6.2. Vaccines/Protein Therapeutics for SARS-CoV-2 Prophylaxis
Our immune system relies on two vital pillars: 1) the in-
nate/general immunity; and 2) the adaptive/specialized

immunity. Recent literature suggests that innate immunity
can also influence the nature of adaptive responses apart from
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Figure 6. The immune responses generated against SARS-CoV-2. Mainly two types of immune responses are generated in the host against the virus.
One is the normal or positive immune response, which leads to virus neutralization and ceasing of the disease progression and the other one is the
abnormal or aggressive immune response that gives rise to disease associated complications like the ARDS during a severe COVID-19 infection.

protecting the host against viruses during early infection when
the initial adaptive immune responses take effect.l'% The syn-
chronized activities of innate and adaptive immunity are vital for
gaining overall protection against viruses.

Innate immunity gives early reactions by enabling the detec-
tion and destruction of pathogens quickly within hours and con-
sists of the skin and mucous membranes in the body openings
forming external barriers, phagocytic cells, natural killer (NK)
cells, various substances in the blood and body fluids.['%! Adap-
tive immunity takes more time in the detection and destruction
of pathogens, but it targets the pathogen more precisely and can
patrol the body against antigens for months/years by producing
memory cells. Adaptive immunity consists of T cells, B cells,
antibodies, and cytokines as soluble proteins in the blood and
tissue.[1%]

Upon virus entry inside host cells, here most specifically the
airway epithelial cells for SARS-CoV-2, two types of immune re-
sponses are being observed (Figure 6). One is the positive and
healthy immune response and the other is the negative and de-
fective immune response.

In the case of RNA viruses, after the virus entry and repli-
cation and further release inside the host cells, the infection
is detected by a set of pattern/pathogen recognition receptors
(PRRs) of innate immune system comprising first-line of de-
fense against viral infection. Inside the cell, PRRs like toll-like
receptors (TLRs) and retinoic acid-inducible gene I (RIG-I)-like
receptors (RLRs) sense the viral ss/dsRNA genome and its repli-
cation intermediates. Upon cellular entry, the virus is recognized
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by the endosomal ssRNA sensor (TLR7/8), the cytosolic dsSRNA
sensor (RIG-I, MDA-5), and the cytosolic inflammasome sensor
(NLRP3). Subsequently, these different sensors recruit adaptor
proteins including myeloid differentiation primary response 88
(MyD88) and mitochondrial antiviral signaling protein (MAVS)
respectively to further activate downstream signaling pathways.
This causes activation of the transcription factors like nuclear fac-
tor kappa B (NF-«xB) and IFN regulatory factors (i.e., IRF3 and
IRF7), and subsequently triggers the production of type I/III in-
terferons (IFN-a and IFN-f) and proinflammatory cytokines like
interleukin 1 beta (IL-1f), IL-6, and tumor necrosis factor alpha
(TNF-a), respectively.l1%]

The antiviral activity of IFN-a and IFN-f is further amplified by
the expression of IFN stimulated genes (ISGs) such as ribonucle-
ase L (RNAse L) and the proinflammatory chemokine (CXCL10)
and is vital in limiting the spread and replication of the virus and
modulating the innate/adaptive immune responses. Cytokines
released by infected cells further modulate the adaptive immune
response by recruiting and activating immune cells in eliminat-
ing the virus. This comprises the positive immune response,
wherein the infection attracts T cells specific to the virus, and
destroys the virus checking the infection. Neutralizing antibod-
ies are also produced against the viruses, which block the viral
infection, and alveolar macrophages further clear the viruses by
phagocytosis.!1?7]

The virus additionally activates the inflammasome sen-
sor, NLRP3, that lead to the secretion of highly inflamma-
tory cytokine IL-14 and the initiation of pyroptosis (highly
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The immune response to SARS-CoV-2 is not yet elucidated. However,

\ l,’ predictions can be made using studies on SARS-CoV and MERS-CoV.
/ ’,’, Upon entry into the alveolar epithelium, the virus is recognized by innate
‘ immune receptors, h as the RNA sensors TLR7/8 and RIG-I/MDA-5,
and the inflammasome sensor, NLRP3. This leads to the activation of NF-kB
and IRF3/7 and the subsequent production of pro-inflammatory cytokines
(e.g. IL-1f3 and 1L-6) and type | IFNs, respectively. The antiviral activity of
type | IFNs is essential in limiting the propagation of the virus and is further

amplified by the expression of a plethora of ISGs such as RNAse L.

Cytokines released by infected cells modulate the adaptive immune
response by recruiting and activating immune cells such as macrophages, B
cells, and T cells to orchestrate the elimination of the virus. However, an
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unbalanced immune response can lead to hyper-inflammation causing some
of the severe clinical symptoms of COVID-19.
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Figure 7. Predicted host immune responses to SARS-CoV-2. Reproduced with permission.['%7] Copyright 2020, InvivoGen.

inflammatory form of programmed cell death). This comprises
the negative immune response, wherein the host cells undergo
pyroptosis, elicited against cytopathic viruses, in response to
the viral release. Then pathogen-associated molecular patterns
(PAMPs) like viral m-RNA and damage-associated molecular
patterns (DAMPs) like ATP, nucleic acids, and ASC oligomers
are released from the host cells in reaction to the virus. These
molecular patterns are then recognized by other neighboring
cells, which include macrophages, epithelial and endothelial
cells causing them to release various chemokines and proinflam-
matory cytokines like IFN gamma-induced protein 10 (IP-10),
macrophage inflammatory protein la (MIP-la), MIP-1f, and
MIP-1y, and IL-10. These chemokines and cytokines attract
immune cells like macrophages, monocytes, and T-cells to the
infection site leading to further inflammation and additional
production of IFNy by T cells. In a defective response, higher
accumulation of immune cells causes overproduction of the
proinflammatory cytokines causing a cytokine storm that dam-
ages the organ being infected, and then it circulates to other
organs causing multiorgan damage. It has also been observed
that non-neutralizing antibodies produced against the virus
by the activated B cells further enhance the damage by SARS-
CoV-2 infection by a phenomenon called antibody-dependent
enhancement.[1%8]

Downregulation of the host IFN response can cause an
unbalanced immune response producing high levels of
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proinflammatory cytokines and infiltration of inflammatory
cells leading to hyperinflammation causing more severe clinical
symptoms of COVID-19. CoVs have evolved many mechanisms
to stop type I IFN induction and signaling. Severe COVID-19
patients demonstrated unusually impaired type I IFN signatures
in comparison to mild or moderate cases.[*"”]

Therefore the category of host immune response generated
against the virus (Figure 7) defines the disease severity in the
SARS-CoV-2 infection, and aggressive immune response against
the virus causes significant damage to the lung airways.['® So,
the adoption of immune therapeutic strategy against the virus
could be either based on fortifying the positive immune response
or minimizing the dysfunction immune response by means of
immune-suppressive therapies. The process of vaccine develop-
ment against the virus should be dealt with caution. Following
are some of the list of therapeutic molecules/drug candidates that
are meant to target the immune response generated against the
virus and under consideration in the present scenario.

6.2.1. Fusogenix DNA Vaccine

One promising vaccine candidate for COVID-19 is the Fuso-
genix DNA vaccine (Covigenix). Fusogenix is a proteo-lipid
vehicle (PLV), formulated with well-tolerated neutral lipids
and Entos proprietary fusion-associated small trans-membrane
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proteins (FAST proteins), which have a novel fusion mechanism
to deliver therapeutic nucleic acid payloads directly into target
cells, intact and unmodified.

Fusogenix DNA vaccine utilizes plasmid DNA, which encodes
several protein epitopes (antigen) from key immunogenic SARS-
CoV-2 proteins to develop an advanced therapeutic payload with
maximum protection. These protein epitopes will help activate
the body’s inherent antibody production and elicitation of a pro-
tective immune response against COVID-19. Further, in compar-
ison to traditional vaccines, the DNA-based vaccine avoids the use
of the infectious agent, shows enhanced stability, easy large-scale
production, and is expected to stimulate both B- and T-cell re-
sponses.

In preclinical in vivo studies, Covigenix showed high immuno-
genicity, efficacy, and safety. In Phase I/II human clinical trials,
Covigenix will be further evaluated for its safety, tolerability, im-
munogenicity, and efficacy.!*%]

6.2.2. mRNA-1273 Vaccine

Another vaccine candidate developed against SARS-CoV-2 is
mRNA-1273. It is a lipid nanoparticle (LNP) loaded with an
mRNA that encodes for a complete, prefusion stabilized form of
the S protein of the SARS-CoV-2. mRNA-1273 is in Phase I hu-
man clinical trial to examine the safety and immunogenicity of
its five dose levels (10, 25, 50, 100, and 250 pg) on a double-dose
vaccination schedule (NCT04283461).

On 12th May 2020, mRNA-1273 was granted fast track des-
ignation by US-FDA. Data from the Phase 1 study (first clinical
batch), with 25 pg and 100 pg dose levels, have shown the pres-
ence of well-tolerated neutralizing antibodies titers at or above
convalescent sera. Safety data obtained from the Phase 1 study
led to the discontinuation of the 250 pg dose level in the subse-
quent Phase II studies.!"!%! Phase 111 trial was next launched to
assess the efficacy, safety, as well as immunogenicity of the vac-
cine at a dose of 100 pg in adult participants (NCT04470427).

6.2.3. Ad5-nCOV Vaccine

Another vaccine for COVID-19 is based on an adenovirus and
is named as Ad5-nCOV. This vaccine is being developed by the
Chinese company CanSino Biologics in partnership with China’s
Institute of Biology at the country’s Academy of Military Medi-
cal Sciences. Results from a Phase I safety (NCT04313127) and
Phase IT (NCT04341389) trials conducted for the vaccine, demon-
strated strong immune response against SARS-CoV-2. There-
fore, in an unprecedented move, the Chinese military approved
the vaccine as a “specially needed drug.”(''1'112] Tts Phase III trial
in Saudi Arabia is underway (NCT04526990).

6.2.4. BNT162b2 Vaccine

Another RNA based vaccine candidate developed against SARS-
CoV-2 is BNT162b2. It is based on LNPs loaded with nucleoside-
modified messenger RNA (modRNA) that encodes for an opti-
mized SARS-CoV-2 full length S protein and RBD.
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Based on preclinical and Phase I/II studies (NCT04380701)
data and in consultation with the US-FDA’s Center for Biologics
Evaluation and Research (CBER), BNT162b2 has received fast-
track designation by the US-FDA and will be tested at a 30 pg
dose level (in a two dose regimen) in a global Phase II/III study
(NCT04368728).1113]

6.2.5. CoronaVac Vaccine

Another vaccine candidate against COVID-19 is a purified in-
activated SARS-CoV-2 virus vaccine called CoronaVac (formerly
called as PiCoVacc). Preclinical studies for the vaccine showed the
induction of specific neutralizing antibodies against SARS-CoV-
2 in rats, mice, and macaques (nonhuman primates) those were
able to neutralize 10 representative SARS-CoV-2 strains. Three
immunizations with the vaccine at two different doses (3/6 pg
per dose) provided partial or complete protection in non-human
primates (macaques) against SARS-CoV-2 infection.[!1#]
Preliminary results of Phase I/1I clinical trials (NCT04383574
and NCT04352608), which was tested at three/two different
doses in a two doses regimen either scheduled on day 0/28 or
on day 0/14 or both. (antigen content of 300, 600, 1200 SU/0.5
mL) showed promising immunogenicity and no severe adverse
events. CoronaVac got an emergency approval for limited use by
the Chinese government. Phase III clinical trial (NCT04456595)
is underway to assess its safety and tolerability. The immuniza-
tion schedule is two doses IM (600 SU/0.5ml) with a 14 d interval.

6.2.6. INO-4800 DNA Vaccine

INO-4800 DNA vaccine is designed in such a way to directly
deliver optimized DNA plasmids into cells using Inovio’s
trademarked device called CELLECTRA. CELLECTRA utilizes
a transitory electric pulse to reversibly open tiny cellular pores,
enabling the plasmids to enter. Once inside the cell, the plasmids
begin replicating along with the cell’s DNA and are translated
into proteins (MADbs), producing a specific immune response.
This methodology has the potential to generate therapeutic
MAbs in vivo. Clinical trials are underway to assess its safety,
tolerability, and immunogenicity (NCT04336410).

Smith and co-workers in a preclinical study testing humoral
immunogenicity in both mice and guinea pigs have shown the
successful generation of neutralizing antibodies and T cell im-
mune responses against SARS-CoV-2. These encouraging pre-
clinical results further supportits translation to large randomized
clinical trials.l!%]

6.2.7. ChAdOx1 nCoV-19 Vaccine

An adenoviral vaccine candidate AZD1222 (provisionally named
ChAdOx1 nCoV-19) based on the SARS-CoV-2 S protein that
was originally developed to target MERS is also a potential vac-
cine candidate for COVID-19. It is a weakened and safer form
of a common cold adenovirus (ChAdOx1) that cannot reproduce
within the body but can produce CoV S protein after vaccination
resulting in the formation of antibodies against the S proteins.
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The vaccine’s seed stock was in production at Oxford Univer-
sity’s Biomanufacturing Facility, UK, and Phase I/1I clinical trials
(NCT04324606/ISRCTN15281137 and NCT04444674) assessing
its safety, efficacy, and immunogenicity against SARS-CoV-2 are
underway. ChAdOx1 nCoV-19 is being administered intramus-
cularly (IM) either at a single dose of 5 x 10'° viral particles (vp)
or a single dose of 5 x 101 vp followed by a booster dose.

The preliminary results from Phase I/II trial (NCT04324606)
showed an acceptable safety profile, and a second vaccine dose
(boosting dose) further enhanced the antibody responses induc-
ing both humoral and cellular immune responses.['1°]

Doremalen and co-workers in a study successfully demon-
strated a robust humoral and cell-mediated response from a sin-
gle dose of an investigational vaccine, AZD1222. A single vacci-
nation has prevented pneumonia caused by SARS-CoV-2 in six
rhesus macaques by halting SARS-CoV-2 replication.!'”]

The vaccine has progressed to Phase II/III (NCT04400838)
as well as Phase III trials (ISRCTN89951424). On September 6,
2020 AstraZeneca stopped global trials of the vaccine after find-
ing a volunteer, who developed a type of inflammation called
transverse myelitis. The British trial resumed on September 12,
2020, but trials in other countries are still on hold.

6.2.8. Plant-Based Coronavirus Vaccine

Another vaccine in progress is based on virus-like particles (VLP).
It is a protein-based vaccine developed using Medicago’s propri-
etary plant-based technology that uses VLPs grown in Nicotiana
Benthamiana. VLP mimic viruses without genetic material and
enables the body’s immune system to generate an immune re-
sponse. VLPs cannot replicate and are noninfectious.

In this plant-based approach, the genetic sequence of a virus
is inserted into agrobacterium, which then enters into the plant
tissues. The plant begins to produce the protein that is used as
a vaccine. In case the virus begins to mutate, the production
may be updated in new plants. Using plants and genetically en-
gineered agrobacteria, the mass-production of vaccines is easy,
faster, and inexpensive. The Phase I trial (NCT04450004) eval-
uating safety, tolerability, and immunogenicinity at dosages of
3.75,7.5, or 15 pg of the vaccine candidate alone or followed by a
booster dose in healthy human volunteers is underway. Medicago
is also planning to initiate its Phase I1/II1 trials.['8]

6.2.9. Avian Coronavirus Infectious Bronchitis Virus (IBV) Vaccine

A genetically modified infectious bronchitis virus (IBV) vaccine
is also in the pipeline to treat COVID-19. IBV was originally de-
veloped to treat avian coronavirus. It is available in oral form and
has shown efficacy in preclinical trials. The new vaccine is antic-
ipated to turn SARS-CoV-2 infection into a very mild cold.['""]

6.2.10. COVID-19 S-Trimer

Another potential protein-based vaccine candidate in the pipeline
is COVID-19 S-Trimer (SCB-2019). It is a recombinant subunit
vaccine developed using Clover’s patented Trimer-Tag technol-
ogy via a prompt mammalian cell expression system. S-Trimer
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vaccine is based on the S protein of the SARS-CoV-2. The com-
pany also identified the antibodies against the trimeric S protein
in the serum of patients fully recovered from COVID-19. A ran-
domized, placebo-controlled Phase I trial of SCB-2019 has been
launched and will be evaluating the safety, reactogenicity, as well
as immunogenicity at multiple dose levels (3, 9, and 30 pg) with
and without the adjuvant (NCT04405908).1103-118]

6.2.11. Oral Coronavirus Vaccine

VAAST, oral recombinant vaccine tablets based on the genome
COVID-19 causative virus using Vaxart’s proprietary oral vaccine
platform, are in preclinical trials. Each vaccine constructs is a
nonreplicating viral vector based on a different SARS-CoV-2 anti-
gen combination.[10%118]

6.2.12. AdCOVID

AdCOVID is another potent single dose, intranasal vaccine can-
didate in preclinical trials to protect against COVID-19. It is an
adenovirus-based vaccine expressing SARS-CoV-2 S protein.!1%]

6.2.13. Sputnik V

Sputnik V a COVID-19 vaccine was registered on 11th August
2020 and approved for early use by the Russian Ministry of Health
under the adopted emergency rules during the pandemic. Itis a
dual adenovirus vectors (rAd26 and rAd5) based vaccine loaded
with a fragment of gene coding S protein of the SARS-CoV-2. The
use of two dissimilar forms of adenovirus vectors, for the firstand
second vaccination doses is a unique technology of the Gamaleya
National Center for ensuring long lasting immunity.

On 1st August 2020, Phase I/II clinical trials of Sputnik V
(NCT04437875 and NCT04436471) have been completed and re-
sults suggested the induction of strong antibody and cellular im-
mune responses. Postregistration Phase III clinical trial compris-
ing > 40000 people in Russia was expected to get started 31st
August, 2020 onwards (NCT04530396). Other countries (UAE,
Saudi Arabia, Philippines, India, and Brazil) may also join the
Phase II1 clinical trial locally.['®]

6.3. Monoclonal Antibodies (MAbs) for SARS-CoV-2

The key focus of developing therapeutics against the virus has
been revolving around finding antivirals and vaccines. However,
many reports point toward various patients associated complica-
tions such as cytokine storm syndrome (CRS) and macrophage
activation syndrome (MAS), which lead to ARDS during severe
COVID-19 infection.

COVID-19 patients developing CRS secondary to COVID-19
pneumonia show increased production of various proinflamma-
tory cytokines, chemokines, and other growth factors. Therefore,
treatment of hyperinflammation or the aggressive immune dys-
functions raised in response to the viral infection using immuno-
suppression mechanism can be advantageous and aid in reduc-
ing the mortality.[5120]
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Although immunomodulatory therapy is not recommended
in COVID-19 pneumonia in general, the compassionate use of
immunomodulators might be advantageous in COVID-19 pa-
tients exhibiting CRS complications, decreasing the high levels
of proinflammatory cytokines, and thereby preventing multior-
gan failure.'?!] The following are some of the immunomodula-
tors under consideration as anti-COVID-19 therapeutics.

6.3.1. Gimsilumab

Gimsilumab (KIN 1901), a human MAb, working by targeting
granulocyte macrophage colony stimulating factor (GM-CSF), is
under clinical trials to prevent and treat ARDS in COVID-19
patients. As GM-CSF elevated levels in blood further augment
the expression of other proinflammatory cytokines causing the
progression of ARDS and serum from COVID-19 patients have
shown high levels of GM-CSF; therefore, gimsilumab is antic-
ipated to reduce the mortality rate by reducing lung damage.
A multicenter, Phase II trial (NCT04351243) is underway to as-
sess gimsilumab’s efficacy and safety profile in patients with
ARDS/lung injury secondary to COVID-19.1%3]

6.3.2. /M2

TJM2 (TJ003234) is a neutralizing antibody against human
GM-CSF. TJM2 shows a high affinity towards human GM-CSF,
thereby blocking GM-CSF binding to its receptor. This will
further prevent downstream signaling cascades resulting in re-
sponse to GM-CSF binding, halt target cell activation, resulting
in inhibition of inflammatory responses causing reduced tissue
inflammation and death. TJM2 is in clinical trials to study its
efficacy in reducing the severity of complications associated
with COVID-19.[1] A Phase I/1I, randomized, multicenter trial
(NCT04341116) will assess the efficacy of TJM2 under supportive
care when administered as an IV infusion (3 mg kg! or 6 mg
kg!) in subjects with severe COVID-19.

6.3.3. Lenzilumab

Lenzilumab, another GM-CSF neutralizing immunotherapy, is
being studied in minimizing and treating the cytokine storm
and associated lung dysfunction/ARDS in COVID-19 patients.
Lenzilumab is Humanigen’s proprietary Humaneered MAD tar-
geting GM-CSF and is being approved by US-FDA for sympa-
thetic use in COVID-19 patients.'®’] Currently, it is being stud-
ied in a multicentric, Phase III trial in comparison to the current
standard of care for taking care of respiratory failure and preven-
tion of death in hospitalized COVID-19 patients (NCT04351152).

6.3.4. Namilumab

Namilumab (IZN-101, AMG203) is another fully human im-
munoglobulin G1 MAD targeting GM-CSF, which has received
compassionate use approval from US-FDA in the treatment of
critical as well as hospitalized COVID-19 patients before their ad-
mission to [CU.1% The double center compassionate use study of

Adv. Therap. 2021, 4, 2000172

2000172 (15 of 30)

www.advtherap.com

the drug will be conducted in Bergamo and Milan cities in Italy.
It is currently in later stages of clinical development programs
against RA and ankylosing spondylitis.[*??]

6.3.5. TZLS-501

TZLS-501 is another antibody in progress as a potential treat-
ment for COVID-19. TZLS-501 is a humanized MAD targeting
interleukin-6 receptor (anti-IL-6R). Early clinical studies chan-
neled in China suggest that anti-IL-6R MAbs might be used clin-
ically for treating COVID-19 patients. TZLS-501 binds to both
forms of IL-6R (membrane-bound or soluble), thereby speedily
depleting the levels of IL-6 in blood. Overproduction of IL-6 leads
to the elicitation of long-lasting inflammation, causing lung dam-
age following SARS-CoV-2 infection.!1%!

6.3.6. AT-100

Another immunotherapeutic candidate explored for COVID-19
is AT-100. AT-100 is a human recombinant surfactant protein D
(thSP-D). Initially, AT-100 was developed for broncho-pulmonary
dysplasia (BPD) in premature infants who requisite mechanical
ventilation and oxygen therapy.[1%?]

6.3.7. Tocilizumab

Tocilizumab (Actemra) is a recombinant version of a humanized
MAD targeting the IL-6 receptor, which binds to IL-6R, thereby
inhibiting signal transduction. US-FDA has approved it for the
treatment of CRS, rheumatoid arthritis, giant cell arthritis, pol-
yarticular juvenile idiopathic arthritis, and systematic juvenile id-
iopathic arthritis.[121:123]

Xu and group from China in their pilot study used tocilizumab
(single dose of 400 mg IV) to treat a total of 21 COVID-19 pa-
tients. Tocilizumab treated patients showed a significant reduc-
tion in fever and IL-6 levels. Lymphocyte counts in the patients
returned to normal after treatment and they demonstrated an
improvement in lung function.?*! A multicentered randomized
Phase III trial of tocilizumab is underway in China to assess
its efficacy and safety in COVID-19 patients with pneumonia
and elevated IL-6 (ChiCTR2000029765). Another proof of con-
cept study (TOSCA) in Italy is underway for its efficacy and safety
profile assessment in the treatment of patients with ARDS and
CRS secondary to COVID-19 (NCT04332913). Another multicen-
tric Phase III placebo-controlled clinical trial, called COVACTA
(NCT04320615), is underway to evaluate tocilizumab (maximum
single dose of 800 mg IV and one more dose only if clinical symp-
toms deteriorate/or exhibits no improvements) along with stan-
dard of care versus placebo along with standard of care in severe
COVID-19 patients globally.

6.3.8. Sarilumab
Sarilumab (Kevzara) is another IL-6 receptor blocker under clin-

ical trials for its ability to lessen the effect of the inflammatory
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immune response against SARS-CoV-2 infection. It is a fully hu-
man MADb against the IL-6 receptor. It has been approved by US-
FDA toward the treatment of rheumatoid arthritis, but its use to
treat COVID-19 patients is investigational. Sarilumab was devel-
oped using proprietary VelocImmune technology (Regeneron’s)
using a genetically engineered mouse equipped with a genetically
humanized immune system to produce fully human antibodies.
A multicenter, double blind, Phase II/III trial (NCT04327388) is
underway to assess the efficacy and safety of a single IV dose
of sarilumab compared to supportive care plus placebo in se-
vere/critical COVID-19 patients. In Phase II, patients were dis-
tributed into three groups at random, with two doses of sar-
ilumab (200 and 400 mg) and placebo. Preliminary data from the
trial led to its immediate amendment to enroll only critically ill
COVID-19 patients (either on ICU or requiring mechanical venti-
lation/high flow oxygenation) receiving a higher dose of the drug
(400 mg) or placebo.[1%]

6.3.9. Cytosorb

CytoSorb is an extracorporeal blood purification technology
based on hemo-adsorbent polymer to treat uncontrolled inflam-
mation in patients those have undergone cardiac surgery. It con-
sists of polymer beads with high porosity those can successfully
adsorb and remove toxic substances and inflammatory media-
tors from blood and other bodily fluids. CytoSorb has received
US-FDA’s emergency use authorization in the US for use in
severely ill COVID-19 patients approaching or confirmed respi-
ratory/multiple organ failure and are admitted to ICU. It is ap-
proved in the European regions as an adjuvant therapy designed
to lessen the complications associated with CRS by absorbing a
wide range of cytokines, PAMPs and DAMPs, thereby reducing
their levels in circulation.!'?*]

6.3.10. Convalescent Sera

The use of convalescent sera is a promising treatment strategy
against SARS-CoV-2. It consists of patient derived serum en-
riched with passive neutralizing antibodies against the virus,
obtained from COVID-19 recovered patients.'>) Many reports
from China suggest the use of convalescent serum as therapy for
patients with COVID-19. China has offered convalescent plasma
therapy to 200 COVID-19 patients (ChiCTR2000029757). Conva-
lescent plasma therapy is promising, but its safety and efficacy
as a treatment modality for COVID-19 are yet to be established.
Therefore, it is important to study and establish the safety as well
as efficacy of convalescent plasma therapy in COVID-19 patients
in clinical trials. The US-FDA based on encouraging results from
early trials has given it the emergency use authorization against
COVID-19.

6.4. Anti-Inflammatory Drugs for SARS-CoV-2
6.4.1. Dexamethasone

Glucocorticoids may modulate inflammation-mediated lung in-
jury in COVID-19 patients and thereby reduce progression to
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respiratory failure and the resulting death. However, there is un-
certainty about the effectiveness of glucocorticoids in COVID-19.
Dexamethasone is a corticosteroid used in a wide range of condi-
tions for its anti-inflammatory along with immunosuppressant
effects.

Preliminary findings of the Phase II/III RECOVERY trial
(NCT04381936), a randomized, controlled, open-label study con-
ducted in the UK, noted a survival benefit with the use of dex-
amethasone (oral or IV at a dose of 6 mg per day for up to 10
d) as compared to standard care alone (invasive mechanical ven-
tilation or oxygen) in hospitalized COVID-19 patients. Patients
on ventilators showed one third and patients requiring only oxy-
gen showed one fifth reductions in the 28 day mortality. Dex-
amethasone can also be used in both children and elderly, but
in pregnancy/breast-feeding cases, the recovery trial used pred-
nisolone (40 mg orally) or hydrocortisone (80 mg twice daily IV)
instead of dexamethasone.[120)

6.4.2. N-acetylcysteine

Among several drugs employed for the treatment of
COVID-19, N-acetylcysteine (NAC) is a potential therapeu-
tic/preventive/adjuvant against SARS-CoV-2.

NAC is a precursor of reduced glutathione (GSH). It has anti-
inflammatory, antioxidant, antiviral, and anticoagulant/platelet-
inhibiting properties. It is approved as an over-the-counter
dietary supplement and is in the WHO list of essential medi-
cations. The US-FDA has approved the usage of NAC to treat
acetaminophen overdose associated liver side effects, and also as
mucolytic agent (due to its free sulfhydryl group) in cystic fibrosis
or chronic obstructive pulmonary disease (COPD). It has been
also used as an antioxidant in a variety of disorders involving
GSH depletion and oxidative stress. Thiols can block ACE2 recep-
tors thereby blocking penetration of SARS-CoV-2 into cells. NAC
can act as a potential therapeutic agent in the treatment and/or
attenuating the risk associated with COVID-19 through a variety
of potential mechanisms, including increasing glutathione
level, improving T cell response, and modulating inflammation
thereby preventing COVID-19 patients from moving to ICUs.1?7]

An ongoing Phase II clinical trial (NCT04374461) is as-
sessing the number of successful COVID-19 patients dis-
charged/transferred from critical care units after receiving NAC
(6 g per day IV) in addition to supportive or other treatments as
prescribed against COVID-19. Other Phase III (NCT04455243)
and Phase IV (NCT04419025) clinical trials of NAC are assess-
ing NAC’s anti-inflammatory effect and its efficacy in minimiz-
ing the severity associated with COVID-19, respectively.128]

6.4.3. Cyclosporine A

Cyclosporine A (CsA) is a calcineurin inhibitor and is used to
avert organ rejection and for treating T-cell associated autoim-
mune diseases. Anti-inflammatory and immunosuppressive ef-
fects of CsA are exerted due to its bonding to cyclophilin-A (Cyp-
A), thereby preventing the activation of nuclear factor of activated
T-cell (NFAT) and production of IL-2 (a cytokine crucial for the
proliferation of T-cells). CsA has shown potent antiviral activity
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at noncytotoxic micromolar concentrations against many CoVs
including SARS-CoV in cell cultures. CsA may be successful in
COVID-19 due to the close resemblance between SARS-CoV-2
and SARS-CoV. This antiviral property might have resulted due
to the inhibition of Cyp-A-dependent viral assembly and inhibi-
tion of the NFAT pathway.['29-131]

Ongoing Phase I safety study of CsA (oral or IV) is assessing
the tolerability and clinical effects in COVID-19 patients requir-
ing oxygen supplementation (NCT04412785). A Phase Ila ran-
domized clinical trial (NCT04492891) is underway for the treat-
ment of non-ICU hospitalized COVID-19 patients. Patients will
receive CsA orally for up to 7 d at 2.5 mg kg'! body weight twice a
day along with standard of care. Another ongoing Phase IV clini-
cal trial (NCT04392531) is assessing the efficacy and safety of CsA
plus standard treatment in comparison to standard treatment in
hospitalized COVID-19 patients.

6.4.4. Budesonide

Another corticosteroid in pipeline is inhaled budesonide. It may
directly inhibit the viral replication or may exert the inflammatory
effect. Steroids reduce the effect of cytokines and thereby modu-
late immune response. Budesonide may prevent the ARDS asso-
ciated with COVID-19. Inhaled corticosteroid’s therapeutic effect
against COVID-19 is limited and still need to be explored. Various
clinical trials assessing their efficacy in COVID-19 are ongoing
(Phase IV: NCT04355637).

6.4.5. Vitamin D

Vitamin D is a steroid hormone. Vitamin D is being evaluated
as an adjuvant therapy for COVID-19 based on its immunomod-
ulatory, anti-inflammatory, antifibrotic, and antioxidant effects.
Vitamin D exerts direct effect on immune cell proliferation and
activity, and ACE2 expression.['*?]

The aim of one of its ongoing randomized Phase III trial
(NCT04385940) in COVID-19 patients is to assess its efficacy at
daily low dose (1000 IU) versus weekly high dose (50000 IU)
for 3 weeks and to determine the correlation between vitamin
D deficiency and clinical characteristics. Another Phase III trial
(NCT04344041) assessing the efficacy of vitamin D3 at high dose
(400000 IU) in comparison to standard dose (50000 IU) is under-
way.

7. Future Potential Therapeutics

Apart from the currently available drugs, immunomodulators,
and vaccine candidates, there are many other potent molecules
like novel protein or peptide therapeutics and even nanoparticu-
late based strategies yet to be tested against the virus. These new
therapeutics, once proven, can be the game changers in tackling
the pandemic. Below we list some of the potential future thera-
peutics for treating COVID-19 patients.

7.1. Peptides Based Therapeutics for COVID-19

In the last decades, peptides as therapeutics and diagnostic
molecules have gained massive interest in drug development
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due to the dynamic research conducted by pharmaceutical and
biotech companies.[**] Currently, a large number of both natu-
ral as well as synthetic therapeutic peptides are in clinical devel-
opment for various diseases ranging from cancer, neurodegen-
erative, cardiovascular, metabolic disorders, autoimmune disor-
ders, hormonal deficiencies, to infectious diseases.['3%13* Peptide
based therapeutics offer numerous benefits over other molecules
such as high selectivity and specificity, high efficacy and safety,
tolerability, less immunogenicity, biocompatibility, low toxicity,
easy, and cost-effective production. According to their source and
method of production, peptide based therapeutics can be classi-
fied as: 1) natural peptides (derived from peptide hormones, plant
proteins, animals, and human-derived peptides); 2) recombinant
peptides; and 3) synthetic peptides.[}33-13]

Peptides are relatively easy to modify structurally. Improved
therapeutic performances can be achieved by utilization of
modified amino acids, cyclization, etc. Many antiviral peptides
are being explored for viral diseases like hepatitis, influenza,
and HIV.3 Peptides exhibit a reduced possibility of devel-
oping resistance during the treatment. Antiviral activities of
the peptides can be attributed to three major mechanisms: 1)
inhibition of viral attachment and penetration into host cells; 2)
inhibition of replication by interacting with viral polymerases,
and 3) disruption of the viral envelope. They can be presented
as a new generation of antiviral agents with broad-spectrum
activities.[136:137]

Potential peptide-based therapeutics which are in the pipeline
against COVID-19 include FlowVax peptide vaccine from Flow
Pharma, /'] Corvax signal peptide vaccine from Vaxil Bio, (Vax-
Hit platform),l1%! epitope-based peptide vaccine from Onco-
Gen (Vaccinomics strategy),['®®! Ii-Key peptide vaccine from
Generex Biotechnology (EpiVax’s computational tools and li-Key
technology),!118138 etc. Peptide-based therapeutics can be effec-
tive alternatives for COVID-19 prophylaxis.

7.2. Nanoparticle Based Therapeutics for COVID-19

Nanotechnology, as one of the ground-breaking approaches, can
be really promising in offering remedial solutions toward fight-
ing the on-going COVID-19 outbreak and future pandemics.
Nanotechnology allows a number of tactics to fabricate highly
advanced therapeutic options to cope with SARS-CoV-2 both
outside and inside the host. The scope of nanotechnology against
COVID-19 includes conventional as well as advanced biomimetic
approaches and engineered nanomaterials with versatile chemi-
cal functionalities. Therefore, nano intervention will be extremely
relevant in advancing COVID-19 prophylaxis, diagnosis, and
treatment (Figure 8). In view of what we know so far about
the SARS-CoV-2 structure, its pathophysiology, life cycle, and
related immunological response, we envisage key steps where
nanotechnologist and nanotechnology could play a pivotal part.
Herein, nanotechnology is discussed in terms of fabricating
engineered nanocarriers to overcome the limitations associated
with conventional antiviral and other biological therapeutics,
nanomaterials as novel therapeutics, risk free immunization
techniques, engineered nanomaterials in the development of
point-of-care diagnostics, and alternative advanced disinfection
methodologies. Nanotechnology aims toward safe, effective, and
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Figure 8. Schematic showing the areas where nanotechnology can significantly benefit the fight against COVID-19.

targeted delivery of existing as well as future therapeutics, fab-
ricating risk-free vaccines for safe and effective immunization,
curbing the interactions between viruses and host cells, and
permanent disruption of viral particles.[3%-141]

In the recent past, many nanoparticulate systems have been
tested for their efficacy and made their way to preclinical studies
against several pathogenic viruses such as HIV, herpes simplex,
human papilloma virus, and respiratory viruses.[140-142]

7.3. Nanocarrier-Based Delivery Systems

In the dearth of a specified/broad spectrum antiviral agent
against SARS-CoV-2, current therapy focusses on repurposing
existing molecules. Therefore, to make the repurposed therapeu-
tics more effective and safer, an appropriate nanocarrier deliv-
ery system might be useful. Successful delivery of therapeutics
especially peptide/protein, DNA/RNA, and other biologicals to
the target site is most often hampered due to their poor aqueous
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solubility, degradation, fast-clearance, low-bioavailability leading
to subtherapeutic concentrations. Nanomaterials with large sur-
face area to volume ratios, versatile functionalities and sur-
face modification, unique physicochemical properties, and suit-
able for various routes of administration can easily address
the challenges associated with conventional therapeutics. Bio-
compatible organic/inorganic nanoparticles can be potentially
tuned to encapsulate therapeutics with large payloads, con-
trol release, minimize drug resistance, and improve pharma-
cokinetic/pharmacodynamic properties and patient compliance.
Further actively targeted nanocarriers can cross the biological bar-
riers thereby reaching the protected target sites with higher speci-
ficity excluding the unwanted exposure to nontargeted areas re-
sulting in dosage reduction, reduced systemic toxicity, improved
bioavailability, and enhanced efficacy. Nanotechnology further
makes it possible to tailor the therapy according to individual
needs.[1*0]

Itani and group have demonstrated the potential role of
different nanoparticles as efficient delivery agents for potential
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therapeutics or immunomodulators against COVID-19.142l
Nanoparticle based delivery of therapeutics (drugs, vaccines,
RNA/DNA, and peptides) ensures targeted and optimized
concentration in the desired site while minimizing adverse
effects and unwanted degradation enhancing efficacy. Donal-
isio et al. demonstrated nanotechnological approach for the
tropical treatment of herpes simplex virus (HSV-1 and HSV-2)
by encapsulating acyclovir in chitosan nanoparticles. The ob-
tained gel formulation showed enhanced penetration across
the porcine skin as compared to the commercial cream prod-
uct, and revealed increased efficacy as compared to its free
form.['*] LaBauve and group used a lipid-coated mesoporous
silica nanocarrier system to deliver antiviral molecule ML336
for inhibiting Venezuelan equine encephalitis virus (VEEV),
in order to improve its solubility and stability. The designed
ML336 loaded nanosystem showed enhanced circulation time,
biocompatibility, and viral inhibition in vivo in a murine model
of VEEV infection.'*] Kumar et al. demonstrated the fabrication
of zidovudine loaded lactoferrin nanoparticles. Zidovudine is
a highly bioavailable antiretroviral drug, which shows serious
side effects and toxicity. Results revealed higher efficacy and
reduced toxicity of nanocarrier based formulation as compared
to their free soluble counterparts.!*! Liu et al. demonstrated
the fabrication of liposomes encapsulating cholesterol modified
hydroxychloroquine for the treatment of bleomycin induced
pulmonary fibrosis. The engineered nanosystem inhibited the
proliferation of rat lung fibroblasts and reduced any toxicity
associated with hydroxychloroquine thereby, providing evidence
as a possible therapeutic agent for pulmonary fibrosis.[1*°]
Encapsulation in a nanosystem enhances nucleic acid-based
vaccine stability and offers a newer fusion mechanism to trans-
port the genetic material loaded inside them directly to the cells.
Similarly, the efficacy of other mRNA/siRNA vaccines can be
significantly enhanced via complexing them with lipid/polymer-
based nanoparticles. These lipid/polymer-based nanoparticles
are based on ionizable monomers, which complex negatively
charged RNA/DNA and thus facilitate escape of the entrapped
RNA/DNA from endosomes into the cytosol where the genetic
material can be translated.*®! The successful inhibition of viruses
achieved with nanoplatforms could have extensive advantage in
combatting various viral infections including SARS-CoV-2.

7.4. Nanoparticle-Based Combinatorial Therapy

Combinatorial therapy aims in suppressing more than one path-
way simultaneously, thereby, producing synergistic effect. There-
fore, combinatorial therapy may represent another therapeutic
approach against SARS-CoV-2. It displays numerous advantages
such as dose reduction of the individual therapeutics, leading
to fewer adverse events. It may also overcome drug resistance.
Nanocarriers are very promising systems for the co-delivery of
multiple drugs with different physicochemical properties. They
enable encapsulation and sequential release of both hydropho-
bic and hydrophilic drugs in a single platform. Nanoparticles
can also be instrumental in attaining combinatorial multidrug
therapeutics for controlling uncontrolled inflammation and
manage disease severity. A very recent work by Dormont et al.
developed targeted multidrug nanoparticles composed of an en-
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dogenous lipid squalene, an immunomodulator adenosine and
an antioxidant a-tocopherol for treating acute viral inflammation
(Figure 9).1*] Freeling et al. fabricated a lipid-drug nanoparti-
cle system comprising of three antiretroviral drugs (lopinavir,
ritonavir, and tenofovir) to overcome lymphatic drug insuffi-
ciency and reported 50-fold higher and sustained intracellular
concentrations in lymph nodes compared to current oral therapy
of free drugs. This combinatorial nanotherapy can be used to
target SARS-CoV-2.1*8] Bearing in mind the risk of random
mutations in SARS-CoV-2 genome, which may result in varia-
tion in antigenic protein, nanoparticle functionalization with a
varied number of antigenic moieties/proteins concurrently will
enhance the efficacy of vaccines against viral infections. These
next-generation nanocarrier-based vaccines will not only help in
guarding the antigenic proteins against metabolism/degradation
but will also help in greater exposure of antigenic proteins to
antigen-presenting cells, thereby improving their delivery and
efficacy.

7.5. Nanomaterials as Risk-Free Immunization Techniques

Nanomaterials have emerged as a favorable tool both as im-
mune stimulators and immune suppressors for immune
modulation. Nanomaterial based nonviral vectored vaccines can
successfully overcome two major limitations associated with
conventional vaccines of weak immunogenicity and reversion
risk associated with live/attenuated viral vectors, and can be
a reliable alternative to viral vaccines. Nanosystems can imi-
tate the genome transfer ability of viral vaccines which show
high pathogenicity and can also deliver molecular adjuvants
simultaneously.['**] Recombinant protein and inactivated vac-
cines in general necessitate the use of adjuvants to enhance
their immunogenicity. Many nanomaterials depending on their
functionalization possess an intrinsic adjuvant property and
can amplify the immune response in a host. Therefore, fab-
ricating nanomaterials with intrinsic ability to amplify host’s
immune response will be very helpful in enhancing the effi-
cacy of vaccines especially in patients with impaired immune
system. Nanosystems can also enhance the targeted delivery
of immunosuppressants to both adaptive and innate immune
systems.[1¥]

7.6. Nanomaterials with Intrinsic Antiviral Properties

Various nanoparticles like graphene oxide, silver, gold, copper,
and zinc nanoparticles show intrinsic antiviral/antibacterial
properties and can act as potential therapeutics against the
disease.1**1%0] They may offer alternative methods to traditional
disinfection protocols used in healthcare sites. Nanoparticles
can potentially sustain release, enhance cell entry, and reduce
efflux of toxic metal ions. The use of metal nanoparticles would
be particularly advantageous as antiviral agents because metals
may attack a wide range of viral targets. Also, there is a lower risk
of developing drug resistance in the case of metals as compared
to conventional antivirals.[*

Silver nanoparticles (AgNPs) have been investigated for
their antimicrobial potency against bacteria, but many reports
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Figure 9. Fabrication and characterization of multidrug SQAd/VitE nanoparticles. A) Schematic illustration of SQAd bio-conjugation and VitE encapsula-
tion to form SQAd/VitE nanoparticles. B) VitE encapsulation efficiency (weight%) in SQAd/VitE nanoparticles as measured by HPLC. C) Hydrodynamic
size (diameter, nanometers) of SQAd/VitE nanoparticles measured by dynamic light scattering (DLS). D) Measurement of surface zeta potential of
SQAd/VitE and SQAd nanoparticles. E) cryo-TEM images of SQAd/VitE nanoparticles. F) Stability of SQAd/VitE nanoparticles in 50% fetal bovine
serum (FBS) over 5 days as measured by DLS. G) Release profile of Ad from SQAd/VitE nanoparticles in 50% FBS. Reproduced with permission.['47]

Copyright 2020, The Authors.

point toward their antiviral activities against viruses, which in-
cludes HIV, herpes simplex virus, respiratory syncytial virus,
hepatitis B virus, etc.>*52 Li and group have demonstrated
efficient in vitro inhibition of HIN1 infection utilizing AgNPs
based codelivery of oseltamivir (neuraminidase inhibitor) by in-
hibiting viral attachment and release.!'>*] The fact that AgNPs are
less toxic and are nontoxic at lower concentrations to humans,
vouch for their possible usage for therapeutic purposes. Given
the fact that silver ion itself attacks a broad range of targets in
the microbial entry, microorganisms generally do not develop
resistance against silver.['>?) Nanocolloid AgNPs have also been
shown to be effective in controlling viral proliferation in the respi-
ratory tract after inhalation delivery, thus controlling the disease
progression. 14

Another study by Levina and group demonstrated in vitro an-
tiviral activity of DNA decorated titanium dioxide (TiO,) nanosys-
tem against different influenza A virus subtypes infected MDCK
cells. The nanosystem was found to be highly efficient in deliv-
ering nucleic acids directly inside the cells without the aid of any
transfection agent with an IC, value of 1.5 pg mL! (30 X 10~ M
for DNA).[1>]
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Another nanostructured material, graphene, has shown
promising antimicrobial/antiviral properties.['>*158] Recently,
the efficacy of Cu to inactivate HuCoV-229E was demonstrated.
It was found that the HuCoV-229E (10° plaque forming units)
was inactivated irreversibly in less than 60 min on brasses/alloys
containing at least 70-90% Cu, whereas the virus was shown to
persist on surfaces like glass, rubber, and stainless steel in an
infectious state for at least 5 d.'**) Dhanasezhian et al. fab-
ricated biogenic gold and AgNPs using the seaweed Sargas-
sum wightii. Their cytotoxic and antiviral activity against HSV-
1 and HSV-2 strains on Vero cells showed that functional-
ized metallic nanoparticles act as antiviral agents by hindering
virion attachment and cellular entry, depending on their particle
size.[160]

7.7. Nanomaterials as Diagnostic Agents
Nanotechnology can be influential in early viral detection,

disease monitoring, and targeted destruction of the viruses.
Early and efficient detection using nanoparticle enabled
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Figure 10. Schematic illustration for the selective naked-eye detection of SARS-CoV-2 RNA facilitated by the suitably designed ASO-capped Au nanopar-
ticles. Reproduced with permission.[183] Copyright 2020, American Chemical Society (ACS). https://pubs.acs.org/doi/10.1021/acsnano.0c03822

technologies will accelerate patient management and identi-
fication and containment of infection hotspots. Nanoparticle
based disease monitoring mediated by various metallic nanopar-
ticles carrying magnetic, fluorescence, and surface-enhanced
Raman scattering features would aid in tracking treatment
response.[101:162]

Moitra and group reported the development of gold nanopar-
ticles (AuNPs) based colorimetric assay for rapid, selective, and
visual diagnosis of positive COVID-19 patients within 10 min
after the isolation of viral RNA. In the presence of targeted RNA
from the virus, thiol-modified antisense oligonucleotides against
N protein of SARS-CoV-2 capped AuNPs exhibited selective
agglomeration leading to altered surface plasmon resonance.
Subsequent addition of RNaseH further cleaved the RNA from
the RNA-antisense oligonucleotides complex leading to the
formation of a precipitate (Figure 10).!% Graphene sheets
conjugated to antibodies can rapidly detect targeted viral pro-
teins and viral targeting antibody functionalized graphenes
can further be useful in the development of biosensors against
COVID-19.[1%*] Similarly, utilizing theranostic nanoparticles,
both therapy and diagnosis can be combined in order to detect
and neutralize the virus in a single go, halting the virus to survive
and reproduce within the host. The theranostic nanoparticles can
efficiently complex with SARS-CoV-2, detecting and disrupting
their structure.!'*?!

Potential nanoparticle based therapeutics which are in
the pipeline against the current COVID-19 outbreak in-
clude proteo-lipid nanovehicle based fusogenix DNA vaccine,
lipid nanoparticle-loaded mRNA vaccine (mRNA-1273), plant-
based virus-like particles (VLP), recombinant protein nanopar-
ticle vaccine (NVX-CoV2373),[193165] and nanomicelles based
antiviral.[138]
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Analogous to cancer nanotherapeutics, COVID-19 can also
be managed successfully by exercising 3D nanotechnology-
based approaches that include efficient detection, diagnosis,
and delivery. The tissue and cell targeting principle achieved
by targeting antibodies and peptides in handling other dreaded
diseases like cancer and neurodegeneration can be adopted in
the case of the antiviral nanoparticles for achieving targeted and
effective therapy of infected patients. Furthermore, theranostic
nanoparticles can be developed to detect and kill the virus simul-
taneously. Nanoparticle based kits can be developed to detect the
virus at an early stage in asymptomatic patients with lesser viral
loads. Nanoparticle based antiviral material can be developed for
fabricating superfine filters for face masks, personal protective
equipment, and surface coatings. Further, nanotechnology may
assist in large-scale production of therapeutics and equipment
addressing COVID-19 and similar pandemics.

Thus, there are varieties of therapeutic molecules against
COVID-19. The list of these potential therapeutic molecules un-
der consideration for COVID-19 is summarized in Table 1.

8. Conclusion

The exceptional speed, with which the SARS-CoV-2 pandemic is
escalating across the world, is causing global anxiety to attain new
heights. COVID-19 has become the reason for the globally preva-
lent fear, stress, and concern. All these are natural and common
reactions to the fast-changing and undefined situation that all of
us find ourselves in. Further, there is a noticeable degree of fear,
stress, and apprehension in certain groups with the higher risk
factor, such as children, older people, health care professionals,
frontline workers, and people with pre-existing maladies (such as
asthma, diabetes, heart diseases, and hypertension). The impact
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Table 1. List of potential therapeutic molecules under consideration for COVID-19.
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Potential candidates Platform Type of candidate Company/ Current stage of clinical Same platform Refs.
Developer evaluation/ regulatory  targeting other viruses
status
Repurposed drugs
Favilavir (favipiravir, Antiviral Guanosine analogue; Fujifilm Toyama Phase 0 Influenza, Catarrhal [71.72]
T-705) RNA-dependent RNA Chemical's ChiCTR2000029600
polymerase (RdRp) inhibitor ChiCTR2000029544
Phase IlI
NCT04336904
Remdesivir (GS-5734) Antiviral Adenosine analogue; Gilead Sciences Phase Il Ebola 172.77-87]
RNA-dependent RNA NCT04280705
polymerase (RdRp) inhibitor Phase IlI
NCT04257656
NCT04252664
NCT04292899
NCT04292730
Chloroquine/ Anti-malarial/ Antiviral Quinine derivative Bayer/Sanofi Phase Il Malaria, SLE, and RA ~ [72:35.83-96]
hydroxychloroquine NCT04335084
Phase IlI
NCT04345692
Phase IV
ChiCTR2000029559
NP-120 (Ifenprodil) Anti-fibrotic N-methyl-d-aspartate (NDMA) Algernon Phase II Blood circulation 00971
receptor glutamate receptor NCT04318704 disorders,
antagonist Phase I1b/Ill idiopathic
NCT04382924 pulmonary fibrosis
Lopinavir and ritonavir Antiretrovirals Protease inhibitors (3CLpro Fujifilm Toyama Phase 0 HIV, SARS-CoV and ~ [85:96:98:99]
inhibitor) Chemical’s ChiCTR2000029308 MERS-CoV
Camostat and Serine protease TMPRSS2 inhibitors Ono Pharmaceutical Phase lla Pancreatitis and 172,102]
nafamostat inhibitors NCT04321096 postoperative reflux
esophagitis
Leronlimab (PRO 140) Humanized 1gG4 CCRS antagonist CytoDyn/ AGC Phase Il Cancer and HIV 1103]
monoclonal antibody Biologics NCT04343651
Umifenovir (Arbidol) Antiviral Targets S protein/ACE2 Pharmstandard Phase IV Influenza 185]
interaction and inhibits NCT04350684
membrane fusion of the viral
envelope
APNO1 Mimics the ACE2 Recombinant human ACE2 Apeiron Biologics/ Phase Il Acute lung injury [103,138]
enzyme (rhACE2) University of NCT04335136 (ALI), ARDS, and
British Columbia EudraCT: PAH
2020-001172-15
EIDD-2801 Antiviral Ribonucleoside analogue Ridgeback Phase | MERS and SARS [57,103]
Biotherapeutics NCT04392219
Phase Il
NCT04405739
Vaccines
Fusogenix DNA vaccine DNA Proteo-lipid vehicle (PLV) Entos Preclinical - 1103]
(Covigenix) encapsulated DNA plasmid Pharmaceuticals
that encodes several protein
epitopes for SARS-CoV-2
mRNA-1273 RNA Lipid nanoparticle carrying Moderna/ Vaccine  Phase | NCT04283461 - [mo]
mRNA for (S) protein Research Center ~ Phase 11l NCT04470427
(NIAID)
Ad5-nCOV Nonreplicating viral Recombinant adenovirus type 5 CanSino Biologics/ Phase | Ebola 2]
vector vector Beijing Institute ChiCTR2000030906
of Biotechnology NCT04313127
Phase Il
NCT04341389
Phase IlI
NCT04526990
(Continued)
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Potential candidates Platform Type of candidate Company/ Current stage of clinical Same platform Refs.
Developer evaluation/ regulatory  targeting other viruses
status
BNT162b2 RNA Lipid nanoparticle carrying BioNTech in Phase I/Il NCT04380701 - s
nucleoside-modified mRNA collaborations Phase I1/111
(modRNA) for S protein and with Pfizer, and NCT04368728
RBD Fosun Pharma
CoronaVac (PiCoVacc) Inactivated virus Purified inactivated SARS-CoV-2  Sinovac Biotech Phase 1/11 - [114]
vaccine NCT04383574
NCT04352608
Phase IlI
NCT04456595
INO-4800 DNA Optimized DNA plasmids Inovio/ Advaccine Preclinical - 1]
delivery directly into cells Biotechnology Phase |
using device called NCT04336410
CELLECTRA
AZD1222 (ChAdOx1) Nonreplicating Adenovirus vector and the AstraZeneca/ Phase I/I1 MERS, Influenza, TB, ~ [116177]
adenoviral vector SARS-CoV-2 spike protein University of NCT04324606 Chikungunya, Zika,
Oxford/ NCT04444674 MenB, plague
Advent SRL Phase I1/111
NCT04400838
Phase IlI
ISRCTN89951424
Plant-based vaccine Protein Virus-like particles (VLP) Medicago/ Laval Phase | - (18]
University NCT04450004
Modified avian Protein Genetically modified infectious Migal/ Volcani Preclinical Avian coronavirus [ma
coronavirus vaccine bronchitis virus vaccine (IBV) Institute infectious
bronchitis virus
(1BV)
COVID-19 S-trimer Protein Recombinant subunit on the Clover Biopharma- Phase | - [103,118]
trimeric S protein (S-trimer) of ceuticals/ NCT04405908
the SARS-CoV-2 GlaxoSmithKline
(GSK)/ Dynavax
Oral recombinant Nonreplicating Based on a different SARS-CoV-2  Vaxart/ Emergent Preclinical - [103,118]
vaccine (VAAST) adenovirus vector antigen combination BioSolutions
AdCOVID Nonreplicating viral Adenovirus-based vaccine Altimmune/ Preclinical - 1103]
vector expressing SARS-CoV-2 spike University of
protein Alabama
Sputnik V Nonreplicating Two different types of Gamaleya National Phase I/I1 - s
(Gam-Covid-Vac) adenoviral vector adenovirus-based vaccine Research Institute NCT04437875
expressing SARS-CoV-2 spike of Epidemiology NCT04436471
protein and Microbiology Phase Ill
NCT04530396
Linear DNA vaccine DNA Based on SARS-CoV-2 spike (S) Applied DNA Preclinical - [ms
protein Sciences/ Takis
Biotech
ZyCoV-D DNA Plasmid DNA vaccine Zydus Cadila Phase 1/I1 [103,118]
CTRI/2020/07/026352
Bacillus Calmette-Guerin  Live-attenuated vaccine Weakened strain of bovine University of Phase IlI Tuberculosis (TB) (18]
(BCG) vaccine tuberculosis bacillus, Melbourne / NCT04327206
Mycobacterium bovis Murdoch NCT04328441
Children’s
Research Institute
and Radboud
University
Inactivated novel Inactivated virus Inactivated SARS-CoV-2 virus  Sinopharm/ Wuhan Phase Il - (3]
coronavirus (Vero cell) Institute of ChiCTR2000034780
pneumonia Biological
(COVID-19) vaccine Products
(Continued)
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Table 1. Continued.
Potential candidates Platform Type of candidate Company/ Current stage of clinical Same platform Refs.
Developer evaluation/ regulatory  targeting other viruses
status
BBIBP-CorV Inactivated virus Inactivated SARS-CoV-2 vaccine  Sinopharm/ Beijing Phase I1I - [103,118]
Institute of
Biological
Products
Covaxin Inactivated coronavirus Whole-Virion inactivated Bharat Biotech Phase I/Il - ms
SARS-CoV-2 Vaccine (BBV152) NCT04471519
NVX-CoV2373 Protein Recombinant SARS-CoV-2 Novavax Phase 1/I1 - [103,165]
nanoparticle vaccine NCT04368988
consisting of trimeric
full-length SARS-CoV-2 spike
glycoproteins and saponin
based Matrix-M1 adjuvant
FlowVax peptide vaccine Adjuvanted microsphere Adjuvanted microsphere peptide Flow Pharma Preclinical Ebola, Marburg, HIV, [103]
peptide vaccine vaccine targeting SARS-CoV-2 Zika, Influenza,
targeting SARS-CoV-2 nucleocapsid HPV
nucleocapsid
Signal peptide vaccine Peptide Signal peptide vaccine using Vaxil Bio Preclinical - 1103]
(VXL-301, 302, 303) VaxHit bioinformatics
platform
Epitope-based peptide Peptide Synthetic long peptide vaccine OncoGen Preclinical - 1103]
vaccine candidate for S and M proteins
(Vaccinomics strategy)
li-Key peptide Peptide Synthetic peptides that mimic Generex/ EpiVax Preclinical Influenza, HIV, [138]
the epitopes of the SARS-CoV
SARS-CoV-2 using EpiVax's
computational tools and li-Key
technology
Monoclonal antibodies
Gimsilumab (KIN 1901) Human Mab Targets GM-CSF Roivant Sciences Phase II - 1103]
NCT04351243
TJM2 (TJ003234) Neutralizing antibody Neutralizing antibody against I-Mab Phase I/11 - 1103]
human GM-CSF NCT04341116
Lenzilumab Neutralizing antibody Neutralizing antibody against Humanigen Phase 11 - 1103]
human GM-CSF NCT04351152
Compassionate use
Namilumab (IZN-101, Human Mab Targets GM-CSF Izana Bioscience Compassionate use RA and ankylosing 1103,122]
AMG203) spondylitis
TZLS-501 Human monoclonal Mab against IL-6 receptor Tiziana Life Sciences Preclinical Autoimmune diseases 1103]
antibody
AT-100 Protein Human recombinant surfactant  Airway Therapeutics Preclinical Bronchopulmonary [103]
protein D (rhSP-D) dysplasia (BPD) in
premature infants
Tocilizumab (Actemra) Human Mab Mab against IL-6 receptor Roche Phase I1I RA, giant cell arthritis ~ [121123]
NCT04320615
ChiCTR2000029765
Sarilumab (Kevzara) Human Mab IL-6 receptor blocker Sanofi and Phase 11/111 RA 1103]
Regeneron NCT04327388
Convalescent sera Passive neutralizing Passive neutralizing antibody - Phase 0 - 1123]
antibody developed in COVID-19 ChiCTR2000029757
recovered patients Phase Il
NCT04343755
Anti-inflammatory molecules
Dexamethasone Glucocorticoid Anti-inflammatory and - Phase 11/111 - [126]
immunosuppressant NCT04381936
(Continued)
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Potential candidates Platform Type of candidate Company/ Current stage of clinical Same platform Refs.
Developer evaluation/ regulatory  targeting other viruses
status
N-acetylcysteine Amino acid (Glutathione ~ Anti-inflammatory, antioxidant, - Phase II - [127,128]
precursor) antiviral, and anticoagulant NCT04374461
Phase 11l
NCT04455243
Phase IV
NCT04419025
Cyclosporine A Calcineurin inhibitor Anti-inflammatory and Phase Ila [128-131]
immunosuppressant NCT04492891
Phase IV
NCT04392531
Budesonide Corticosteroid Anti-inflammatory - Phase IV
NCT04355637
Vitamin D Steroid Anti-inflammatory, antioxidant, - Phase |1l - [132]
immunomodulatory, NCT04385940
NCT04344041

of the crisis on people’s mental health is also of major concern.
As the new measures to prevent the infection are being intro-
duced, such as quarantine (social isolation), cases of depression
and loneliness are expected to rise.

The disruptive effects of the COVID-19 outbreak are dominat-
ing our daily lives; therefore, it is of prime importance that we
should manage and react properly to this challenging situation
unfolding fast in our lives. The world is in total chaos, lives have
frozen, and everything around us has come to a standstill situa-
tion. Nature has forced us to stay indoors. Let us hope, together;
we will be able to find a cure and curb the grave epidemic as soon
as possible.

Many drug candidates are under investigation for the disease.
Initial reports suggest some of them are promising at this
juncture. However, whether these drugs will act following virus
dynamics and host response is a big question. How they will
behave in a clinical trial is yet another long-term debate. Besides,
their affordability in developing countries is a significant con-
cern. Antiviral therapy shows a wide margin of ineffectiveness as
many viruses possess extraordinary genetic adaptability, which
endows them with the ability to escape antiviral repression. In
some instances, the viruses reclaim advantage over the host by
online mutagenesis, which creates novel strains with additional
acquired resistance to the existing antivirals. Therefore, finding
new and multifaceted antiviral agents is the unmet need of
the hour. An approach analogous to cancer nanotechnology,
including early diagnosis, targeted delivery, and combinatorial
approaches can be followed to tackle this deadly viral nanovector.

US-FDA’s extraordinary speed in reviewing emergency use
authorization (EUAs) and investigational new drug (IND) ap-
plications and their prompt approval to expedite anti-COVID-19
therapeutics into the clinical development is highly apprecia-
ble. WHO and partners had launched an international clinical
trial named Solidarity, for comparing potential options against
standard of care to find an effective treatment for COVID-19.
The trial’s aim is to expedite the discovery of any potential drugs
that can slow down the disease progression or improve patient’s
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survival rate. On 4th July 2020, WHO has withdrawn hydroxy-
chloroquine and lopinavir/ritonavir from their Solidarity trial.
The Solidarity Trial’s committee found that these drugs were
ineffective in treating the infection. Similar findings were also
reported from the UK’s Recovery trial. Further, US-FDA’s ap-
proval for the emergency use of remdesivir and other drugs, and
other medical countermeasures (MCMs) and facilitating their
availability is another noteworthy move in combating COVID-19
and is an example of using science and technology at its best
in protecting and rescuing the world from emerging chemical,
biological, radiological and nuclear (CBRN) threats. With the
current focused, rapid, worldwide discoveries in basic science,
translational research, and clinical studies, and the expedited
regulatory scrutiny, it is anticipated that preventive and curative
therapies for COVID-19 will be a reality in the near future.
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