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Preface
During 2020–2021 we received information about
the devastating COVID-19 pandemic in all possible forms of communication, including written, audio, and visual. We have been overloaded
with information related to the origin of SARSCoV-2, the efficacy of drugs for the treatment of
COVID-19, and the safety of the new generation
of vaccines developed against SARS-CoV-2.
In our book, COVID-19: From Bench to Bedside,
we seek to provide the reader with fact-based
information on various aspects of SARS-CoV-2
and the COVID-19 pandemic covering basic
research to applications, to give the reader
a clear overview from bench to bedside. We
certainly acknowledge that with the unprecedented resources and effort put into COVID-19
research, and the extraordinary data collection it
is impossible to provide the very detailed as well
as the absolutely latest information. However,
we have attempted to educate the reader with a
broad spectrum of topics related to SARS-CoV-2
and COVID-19, and hope to address exciting
new discoveries and breakthroughs in future
editions of the book.
It is obviously appropriate to start by describing
previous coronavirus outbreaks and epidemics,
such as SARS and MERS, and place the oncein-a-century COVID-19 pandemic in its correct
context (Chapter 1). Where did it start and how
did it spread so quickly and widely are important
questions. Most relevantly, Chapter 2 is dedicated
to the biology of coronaviruses, and particularly
to the unsolved origin of SARS-CoV-2.
The three cornerstones of prevention, treatment, and eradication of COVID-19 comprise
diagnostics, therapeutics, and vaccines. As
no antiviral drugs against SARS-CoV-2 were
available at the onset of the pandemic, different approaches have been taken to develop
drugs for the treatment of COVID-19 patients,
which have been covered in several chapters
in the book from different angles. The therapeutic challenges are enormous, which has
been laid out in Chapter 3. Therefore, we have
dedicated one chapter to prevention and control
strategies (Chapter 4) and another to rapid and
advanced diagnostic technologies associated
with COVID-19 (Chapter 6). To provide an overview on global efforts to encounter COVID-19,
we have also introduced a chapter (Chapter 5).
The “fast-and-dirty” approach has been
to revisit existing antiviral and antiparasitic
drugs to evaluate whether they might be repurposed for COVID-19 treatment. This approach
has generated some modest success but also

disappointments, as described in Chapter 7.
The potential use of convalescent plasma from
COVID-19 patients, and the highly promising
engineering of monoclonal antibody-based
therapy are discussed in Chapter 8. Similarly,
the alternative approach of therapeutic interventions based on stem cell and exosome technologies for COVID-19 has generated some exciting
results, which are presented in Chapter 9. An
insight into host and pathogen-specific drug
targets is presented in Chapter 10.
Technology and innovation are essential components in scientific research and development
in general. SARS-CoV-2 drug and vaccine development is no exception. It is therefore appropriate to include a description on computational
biology and stress its importance in modern
drug and vaccine development (Chapter 11).
Moreover, nanotechnology and nanomaterials
used in various fields of manufacturing have
become an essential component in our daily
lives, so it is important to highlight how nanotechnology can be implemented for COVID-19
drug development and manufacturing of personal protective equipment (Chapter 12).
Naturally, vaccine development plays a central role in finding a solution to prevent the
spread of infectious diseases and to seeing the
end of a pandemic. The unprecedented vaccine development against SARS-CoV-2, based
on efficient collaboration between academic
institutions, pharmaceutical companies and
governmental organizations, has allowed several efficacious vaccines to receive Emergency
Use Authorization in record time, as described
in Chapter 13. The execution of clinical trials
on and their limitations for both vaccines and
therapeutics are presented in Chapter 14.
Finally, we decided to close the book
(Chapter 15) by trying to make a consensus
of the whole experience of the COVID-19 pandemic. It is indeed important to try to summarize what has been learned from the pandemic.
It is always easy in hindsight to say what
should have been done and what should have
been left undone. However, we should use all
we have learned from COVID-19 to be better
prepared for potential emerging pandemics in
the future. It is hoped that with the knowledge
and novel technologies acquired we might be
able to stop future outbreaks reaching pandemic levels.
Debmalya Barh, Ph.D.
Kenneth Lundstrom, Ph.D.
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Ş ükrü Tüzmen
Faculty of Dentistry
Eastern Mediterranean University
and
GenBiomics R&D
Eastern Mediterranean University
TechnoPark
Famagusta, North Cyprus, Turkey
Bruce D. Uhal
Department of Physiology
Michigan State University
East Lansing, Michigan

Vladimir N. Uversky
Department of Molecular Medicine and Health
Byrd Alzheimer’s Institute
Morsani College of Medicine
University of South Florida
Tampa, FL, USA
and
Department of Biological Sciences
Faculty of Sciences
King Abdulaziz University
Jeddah, Saudi Arabia
Deekshit Vijaya Kumar
Nitte (Deemed to be University)
Nitte University Centre for Science Education
and Research (NUCSER)
Division of Infectious Diseases
Deralakatte, Mangaluru, India
Yong-Hui Zheng
Department of Microbiology and Molecular
Genetics
Michigan State University
East Lansing, MI, USA

xv

Chapter 1 Coronavirus Epidemics and the Current COVID-19
Pandemic
Aparna Bhardwaj, Prateek Kumar, Shivani Krishna Kapuganti, Vladimir N. Uversky, and
Rajanish Giri

1.1 EPIDEMIOLOGY OF CORONAVIRUSES
Coronaviruses cause a wide range of diseases
such as gastroenteritis, encephalitis, pneumonialike upper respiratory tract illnesses, and multiple
organ failures involving the lungs and kidneys
in a number of birds and some mammals [1].
Coronaviruses are enveloped viruses with a
positive sense single-stranded RNA genome and
club-like spikes that protrude from their surface
[1, 2]. They are members of the Nidovirales order,
including the Arteriviridae, Coronoviridae,
Mesoviridae, and Roniviridae families. Corona
virinae and Torovirinae are subfamilies of the
family Coronoviridae [2]. Coronaviridae is
further subdivided into four genera: alpha, beta,
gamma, and delta coronaviruses. The former
two genera affect mammals, and the latter two
are mainly responsible for disease in birds and
fish, with some exceptions such as porcine
deltacoronavirus (PDCoV), which belongs to the
deltacoronavirus genus, but infects mammals
[2, 3].
The name “coronavirus” was given because
of the crown-like appearance of the clubshaped spike (S) protein on the viral 
surface
(see Figure 1.1). Coronaviruses were previously thought to be associated only with mild

respiratory illnesses in humans, such as the common cold, that usually resolve on their own and
were not considered fatal or a dangerous threat
until the SARS outbreak in 2002–2003, MERS
in 2012, and recently COVID-19, which has
claimed millions of lives worldwide. Currently,
the whole world is locked in a pandemic situation. It has been over a year since the declaration
of the COVID-19 pandemic by the World Health
Organization (WHO) on March 11, 2020 [4, 5],
and we are still struggling to find a way out. The
first COVID-19 case was reported with diverse
pneumonia-like symptoms in December 2019,
in Wuhan City, Hubei province, China [4–7].
From its origin, COVID-19 has spread rapidly
worldwide since March 2020, with over 170 million cases and over 3.5 million deaths (as of May
28, 2021 Worldmeter Corona cases data) [4, 5].
Further, identification and detailed molecular
studies revealed that the causative agent for this
disease was a novel virus (hence being named the
Novel coronavirus 2019 or nCoV-2019) from the
known Coronaviridae family [8]. Five laboratories in China independently performed etiological and sequencing studies for its identification
[2, 8]. After taxonomic analysis, the Interna
tional Committee of Taxonomy of Viruses (ICTV)

Figure 1.1 Representation of a typical structural model of coronavirus depicting its structural
proteins: Spike, Envelope, Membrane, and Nucleocapsid, along with its RNA genome.
DOI: 10.1201/9781003190394-1
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later named the virus Severe Acute Respiratory
Syndrome Coronavirus-2 (SARS-CoV-2) [5], as
the earlier outbreak of another dangerous human
coronavirus, SARS-CoV, had occurred in 2002.
SARS-CoV-2 is closely related to SARS-CoV
and bat coronaviruses, and more distantly to
MERS-CoV. Bats are speculated to be the primary source of SARS-CoV-2, which possibly
spread to humans through an intermediate host.
As seen so far, the infected cases emerged over a
period of months, which put many countries on
the back foot. The introduction of travel restrictions, confinement, and lockdowns reduced the
spread of SARS-CoV-2, but many countries, such
as the USA, Brazil, India, etc. have already witnessed more than one wave of COVID-19. Several
SARS-CoV-2 mutations with higher transmissibility have been detected in various countries,
which has contributed to the appearance of new
waves of COVID-19 with the enhanced risk of
claiming more lives.
Early in the pandemic, a D614G variant in the
spike (S) protein of SARS-CoV-2 was reported,
which showed increased infectivity and replication efficiency. However, there were no significant differences in the pathogenicity of this
SARS-CoV-2 variant. Later, the B.1.1.7 variant
(alpha) was identified in the UK, which had
more than a dozen mutations, most of them
in the S protein. This variant reportedly had
increased transmissibility [9], and individuals infected with this variant faced increased
mortality. In late 2020, the B.1.351 variant (beta)
was detected in South Africa. One particular
mutation in this variant, E48K in the S protein,
showed a reduction in neutralization by antibodies. Therefore, the efficacy of predesigned
vaccines may be lowered. The P.1 variant
(gamma) is responsible for the chaotic outbreak
in Brazil. It has several mutations, including
N501Y, E484K, K417T in the S protein [10].
The B.1.617 variant (delta) was first detected
in India. It is speculated that this variant is
responsible for the onset of the second wave
of the pandemic in India and has been listed as
a variant of concern (VoC) by the WHO. This
variant has two prominent mutations, L452R
and E484Q in the S protein, which are responsible for increased transmission and enhanced
immune evasion [11].
SARS-CoV-2 spreads from person to person via direct contact, sneezing, coughing, or
touching contaminated surfaces. It also shows
airborne transmission. SARS-CoV-2 has been
detected in respiratory secretions, ocular secretions, excreta, blood, and semen. On average,
the virus can be detected in a patient after 18
days from the beginning of symptoms [10].
Furthermore, the transmission of SARS-CoV-2
2

by asymptomatic people is well documented,
even though the resulting infection may be less
severe. Risk of re-infection with the variants
of concern is high. Typical symptoms include
runny nose, sneezing, cough, breathlessness,
and fatigue. Nowadays, a black fungal infection called mucormycosis (previously known as
zygomycosis) has been increasingly reported in
COVID-19 patients [10]. Blood clots and multiorgan failure, especially involving the lungs,
kidney and heart, have proved fatal [12].
Because of the high mutation rate in RNA
viruses, SARS-CoV-2 has managed to adapt to
the environment, making complete eradication
of the virus difficult, so far. While both drug
repurposing strategies for existing antiviral
drugs and vaccine development approaches
have been executed, the expected success level
has not been reached, at least partly because of
new mutations appearing. Therefore preventative strategies such as wearing face masks/
shields, maintaining at least a six-foot physical
distance from other individuals, regular use of
hand sanitizers and washing hands, diligent
contact screening and treatment in isolation,
and vaccinations are important procedures to
keep the pandemic under control and to eradicate SARS-CoV-2 in the near future.
1.2 HISTORY AND EMERGENCE OF
COMMON HUMAN CORONAVIRUSES
(CoVs)
Human CoVs were first detected in 1965 in respiratory tract samples from patients with colds
or respiratory illnesses, by virologists David
Tyrrell and Mark Bynoe in Wiltshire, England
[13–15]. Many different respiratory infectious
viruses were identified, including the first coronavirus of human origin, B814 [14]. Furthermore,
after sample fluids were tested in standard
tissue cultures, volunteers were intra-nasally
infected and showed common cold-like symptoms [14]. At the same time, Dorothy Hamre
and John J. Procknow conducted serological
studies on samples from medical students with
respiratory illnesses at Chicago University [16].
The isolated virus showed a cytopathic effect,
unlike effects seen for respiratory viruses of that
time. The virus isolated from medical students
was named 229E [16]. For the determination
of genetic material, the two new strains were
subjected to DNA synthesis inhibitors. Neither
5-fluorodeoxyuridine (FUDR) nor 5-iododeoxyuridine (IUDR) inhibited the growth of B814
or 229E strains, indicating that they were RNA
viruses [16].
Tyrell and Bynoe, and Hamre and Procknow,
independently demonstrated ether lability and
sensitivity of the B814 and 229E viruses against

CHAPTER 1 CORONAVIRUS AND THE CURRENT COVID-19

FUDR and IUDR [14, 16]. Since both B814 and
229E viruses were ether-sensitive, it was hypothesized that they needed a lipid-containing coat
for infectivity. Morphological characterization of
isolated viruses was carried out in 1967 by electron microscopy using negative staining. [17].
The B814 strain isolated by Tyrell and Bynoe, and
the 229E strain isolated by Hamre and Procknow
were identified. The 229E resembled the avian
infectious bronchitis virus (IBV). Also, the B814
viral particles were indistinguishable from the
avian IBV and 229E virus particles [17]. They
were similar in terms of their pleomorphic shape,
the average particle size with a diameter of 800–
1200 Å, and 200 Å long surface projections [17].
Furthermore, the two viruses had similar features as the avian IBV virus, including size, resistance to DNA synthesis inhibitors, serological
properties, and morphology [17]. After receiving
approval from ICTV, Tyrell and Bynoe classified these viruses as coronaviruses. Roughly at
the same time, several ether-sensitive viruses
from human respiratory tracts were recovered
[18], which were grown in organ cultures. These
viruses were termed “OC” viruses to indicate
passage in organ culture, and under electron
microscopy they showed characteristic features
of coronaviruses [18]. Unfortunately, many of
the clinical samples collected and stored in the
1960s, which were positive for coronavirus-like
particles, were subsequently lost [19]. Therefore,
until the identification of SARS-CoV in 2003,
research on human coronaviruses was limited to

the analysis of HCoV-229E and HCoV-OC43 [20],
despite clear evidence of the presence of other
strains of HCoVs [21, 22].
So far, seven strains of CoVs are known to
infect humans (Figure 1.2). These are HCoV229E, HCoV-OC43, HCoV-NL63, HCoV-HKU1,
SARS-CoV, MERS-CoV, and SARS-CoV-2 [2, 23].
The first four viruses cause mild upper respiratory disease with severe conditions in children, elderly people, and immunocompromised
patients [24]. These viruses are prevalent and
infect humans repeatedly [24]. On the other
hand, the viruses responsible for the recent outbreaks in the past decade (SARS-CoV, MERSCoV), and SARS-CoV-2 severely attack the upper
and lower respiratory tracts in all age groups
[23, 25]. The first case of HCoV-NL63 was identified in 2003 [26]. It was isolated from a 7-monthold patient with acute respiratory infection [26].
It is speculated to have evolved from the HCoV229E strain, as it shares a genome similarity of
about 65% [27].
Further, the analysis and characterization of
the full genome from patient samples showed
that it has evolved from the already present
virus. There are two variable regions in the viral
genome and multiple recombination sites give
its genome a mosaic structure. The variability in
the genome of NL63 and analysis of the molecular clock suggested that this virus has been
prevalent for decades [27]. HKU1 is another
human coronavirus isolated from the nasopharyngeal aspirates of a 71-year-old pneumonia

Figure 1.2 Benchmarks in the history of human coronaviruses. The repeated emergence of these
coronaviruses has caused epidemics and pandemic-like situations worldwide.
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Table 1.1 Some specific features of seven known human CoVs

Causative
agent

Origin
(Year) Symptoms

HCoV-229E

1966

HCoV-OC43 1967

SARS-CoV

2002

HCoV-NL63 2003

HCoVHKU1

2004

MERS-CoV

2012

SARS-CoV-2a 2019

a

Total
Number
Infected

Mild fever,
42.9%–50.0%
cough,
of children of
headache,
6–12 months
runny nose, of age; 65%
sore throat
of children of
2.5–3.5 years
of age
Mild fever,
10%–15% of
cough,
common
headache,
cold cases
runny nose,
sore throat
Acute
8,098 people
respiration
infected,
problems
774 deaths
with cough,
fever, and
diarrhea
Mild
4.7% of
pneumonia- common
like
respiratory
symptoms
illnesses
Mild
2.6% of
pneumonia- respiratory
like
illnesses,
symptoms
mainly
during the
springsummer
period
Severe acute 2,468
respiratory
laboratory
and renal
reported
problems
cases, 851
deaths
Severe acute 169,880,483
respiratory
infected,
symptoms
3,530,154
deaths

Natural and
Intermediate
Mortality Country of Reservoir
Rate
Origin
Host
Status
—

Wiltshire,
England

—

United States Rodents and
cattle

Epidemic

9.6%

Guangdong
Province,
China

Epidemic

—

The
Bats
Netherlands

Outbreaks

—

Hong Kong

Rodents

Outbreaks

34.5%

Jeddah,
Saudi
Arabia

Bats and
dromedary
camels

Epidemic

Wuhan city,
Hubei
province,
China

Postulated but Pandemic
not confirmed
to be bats,
pangolins

a

2.1%

Bats

Bats and palm
civets

Outbreaks

Details of SARS-CoV-2 are reported as of May 28, 2021.

patient in 2004 who traveled to Hong Kong from
Shenzhen, China [28a]. Phylogenetic studies and
analysis grouped this virus with OC43 [28b].
SARS-CoV was the first HCoV to break the
host species barrier, spreading to humans from
the Chinese horseshoe bat in 2002 [29]. MERSCoV is the second known HCoV of zoonotic
origin, in which camels served as the intermediate hosts for the spread of the disease [30].
SARS-CoV-2 is the third HCoV spreading to
humans and causing a pandemic [4, 5]. Apart
from human CoVs, HKU2-related CoV is of animal origin, which also crossed the species barrier and infected pigs in China, first reported
in October 2016 [31]. It was responsible for
4

the outbreak of swine disease in pig farms of
Qingyuan, Guangdong province, China. This
Swine Acute Diarrhea Syndrome-Coronavirus
(SADS-CoV) is responsible for the death of
24,693 pigs [31]. It shares 98% similarity with
the CoV isolated from the horseshoe bat [31]. In
this chapter, we shall discuss the three recent
human CoV outbreaks, among the seven HCoVs
identified since the year 2000 (Table 1.1).
1.3 SEVERE ACUTE RESPIRATORY
SYNDROME CORONAVIRUS
(SARS-CoV)
The epidemic of SARS-CoV started in the
Guangdong Province of China in November
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2002 [32, 33]. Later in February 2003, the outbreak spread to Hong Kong [32, 33]. According
to WHO, 2,353 cases were detected in April
2003 in Vietnam, at which point it was officially
declared an epidemic [33, 34]. This epidemic
affected many countries across the globe, including Singapore, Thailand, Vietnam, Taiwan,
Hong Kong, Canada, and the USA [33, 35]. There
were about 8,000 clinically reported cases, with
7–17% mortality caused by respiratory system
failures and major alveolar damage [25, 33]. An
International Collaborative group formed by the
WHO in March 2003 investigated and identified
the causative agent [33]. The name ‘Severe Acute
Respiratory Syndrome’ (SARS) was then given
because of its severe respiratory effects [32].
SARS-CoV belongs to lineage b of the betacoronavirus genus. SARS-CoV has a similar genome
to all other CoVs, with a positive-sense singlestranded RNA genome [33]. It shares some partial sequence similarity with already known
HCoVs, such as 229E and OC43. However, it
has a considerable variation that required it
to be placed in a different group and be given
a unique identity. As a result of technological
advancement in serological tests, the virus can
be detected in the early stages of the onset of
the disease by RT-PCR (Reverse transcription
polymerase chain reaction) technique [33]. A
virus with 99.8% sequence homology was also
isolated from the sample study from animals in
Guangzhou. It suggests that this virus might be
of animal origin, and affects humans by crossing the species barrier. Civets were identified as
natural hosts for SARS-CoV [33]. Surveillance
and sample studies from patients revealed
that 100% viral infection was attained within 2
weeks. Also, asymptomatic patients were tested
positive for viral load by RT-PCR [33].
1.4 MIDDLE EAST RESPIRATORY
SYNDROME CORONAVIRUS
(MERS-CoV)
Ten years after the 2002 outbreak of SARSCoV, the first case of MERS-CoV, which is
believed to have originated in bats, transmitted to camels, and was reported in a patient
in a hospital in Jeddah, Saudi Arabia in June
2012 [36]. According to the 2019 WHO report,
since April 2012 (when the first MERS cases
were reported), 2,468 laboratory-confirmed
cases and 851 deaths are reported in 27 countries, of which 12 countries were in the Eastern
Mediterranean region (https://applications.
emro.who.int/docs/EMROPub-MERS-SEP2019-EN.pdf?ua=1&ua=1).
The infection was similar to SARS-CoV.
Molecular studies were conducted immediately, and diagnostic tests were developed. The

European Centre for Disease Prevention and
Control (ECDC) declared the Middle Eastern
countries a hotspot, which included Saudi
Arabia, Qatar, United Arab Emirates (UAE),
Kuwait, Iran, Jordan, and Syria [30]. Moreover,
an examination of nasal, lung, and rectal samples from camels in these countries showed positive RT-PCR results for 98%–100% of collected
samples [30]. These results supported the fact
that MERS-CoV is transmitted from camels to
humans [30]. MERS-CoV belongs to lineage c of
the betacoronavirus genus. Patients who suffer
from MERS had lethal pneumonia and direct
renal infections. Lung tissue studies revealed
infiltration of macrophages and neutrophils
with alveolar oedema [36].
1.5 SEVERE ACUTE RESPIRATORY
SYNDROME CORONAVIRUS 2
(SARS-CoV-2)
The current COVID-19 disease caused by the
outbreak of SARS-CoV-2 has been responsible
for over 3.5 million deaths, as of June 2021.
Furthermore, there are over 171.5 million confirmed cases globally [37]. The infection was
first detected in a seafood market in Wuhan,
China. SARS-CoV-2 bears a close resemblance to
bat CoVs, and similar coronaviruses have been
identified in pangolins, sold at Chinese seafood
markets as food and components of traditional
Chinese medication. This prompted the theory
that the infection probably began in bats, while
pangolins likely acted as intermediate hosts.
SARS-CoV-2 quickly spread from one individual to another [38]. Infected individuals show
common symptoms such as sore throat, fever,
shortness of breath, and pneumonia. Death is
caused by multi-organ failure, generally including lungs and kidneys. In the current pandemic,
the cases of infections and mortality are much
higher than in previous epidemics. Although the
mortality rates for SARS, MERS, and COVID-19
are 9.6%, 34.5%, and 2.1%, respectively, the number of infections and deaths are certainly higher
for COVID-19 than the two HCoV-related epidemics. Hence it is important to understand the
difference between molecular structures of the
different viruses. The section below compares
the SARS-CoV-2 proteome to the proteomes of
other HCoVs.
1.6 PROTEOMIC STRUCTURE OF SEVEN
HUMAN CoVs
CoVs are positive-sense, single-stranded RNA
viruses with a likely ancient origin, and HCoVs
have repeatedly emerged during the past 1,000
years. Table 1.2 presents proteomes of seven
HCoVs and shows that despite sharing a similar organization globally (being encoded by
5
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Table 1.2 Some characteristics and major functions of proteins of various HCoVs

ORF1a
ORF1ab
NSP1
(polyprotein pp1a) (polyprotein pp1ab)

NSP3

NSP4
NSP5

NSP6
NSP7
NSP8
NSP9
NSP10
NSP11

HCoV-OC43 SARS-CoV

HCoV-NL63

HCoV-HKU1 MERS-CoV

SARS-CoV-2

111 aa

246 aa

110 aa

222 aa

180 aa

180 aa

193 aa

Leader protein; host 40S ribosome binding, inhibition of the host mRNA translation, induction of the host mRNA
degradation
768 aa
605 aa
638 aa
788 aa
587 aa
660 aa
638 aa
RNA-binding protein that is accumulated in cytoplasmic inclusions (viroplasms) and is involved in CoV genome
replication, binds to PHBs 1, 2
1,587 aa
1,899 aa
1,922 aa
1,564 aa
1,979 aa
1,887 aa
1,945 aa
PLpro, papain-like protease responsible for processing the N-terminal region of polyproteins pp1a and pp1ab,
generating NSP1, NSP2, and NSP3
401 aa
496 aa
500 aa
477 aa
496 aa
507 aa
500 aa
Responsible for membrane rearrangement
302 aa
303 aa
306 aa
303 aa
303 aa
306 aa
306 aa
Mpro, main protease or 3C-like proteinase (3CLpro), responsible for processing the C-terminal region of polyproteins
pp1a and pp1ab, generating NSP4 through NSP16
279 aa
287 aa
290 aa
279 aa
287 aa
292 aa
290 aa
Generates autophagosomes from the endoplasmic reticulum
83 aa
89 aa
83 aa
83 aa
92 aa
83 aa
83 aa
Part of the RNA polymerase complex, interacts with NSP8 and NSP12
195 aa
197 aa
198 aa
195 aa
194 aa
199 aa
198 aa
Part of the RNA polymerase complex, interacts with NSP7 and NSP12, stimulates NSP12
109 aa
110 aa
113 aa
109 aa
110 aa
110 aa
113 aa
Binds to the host DEAD-box RNA helicase 5 (DDX5); important for viral replication
135 aa
110 aa
139 aa
135 aa
137 aa
140 aa
139 aa
Stimulates NSP16, interacts 2ith NSP14
17 aa
14 aa
13 aa
17 aa
14 aa
14 aa
13 aa
Function unknown
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NSP2

HCoV-229E

HCoV-229E
NSP12
NSP13

NSP14

NSP16
Spike

Membrane

Nucleocapsid

Envelope

ORF3a
ORF3
Non-structural protein 3b; ORF4a
Non-structural protein 3c; ORF4b

HCoV-NL63

HCoV-HKU1 MERS-CoV

SARS-CoV-2

927 aa
928 aa
932 aa
927 aa
928 aa
933 aa
932 aa
RNA-dependent RNA polymerase (RdRp) that copies viral RNA and possesses methylation (guanine) activity
597 aa
603 aa
601 aa
597 aa
603 aa
598 aa
601 aa
Possesses nucleoside triphosphatase (NTPase) activity and acts as helicase, possessing 5′-to-3′ RNA and DNA duplexunwinding activity
518 aa
521 aa
527 aa
518 aa
521 aa
524 aa
527 aa
3′ to 5′ exonuclease, S-adenosylmethionine (SAM)-dependent (guanine-N7) methyl transferase (N7-MTase),
incorporates the 5′-terminal cap structure to RNA
348 aa
375 aa
346 aa
344 aa
374 aa
343 aa
346 aa
EndoRNAse/endoribonuclease that degrade RNA to evade host defense
300 aa
299 aa
298 aa
300 aa
299 aa
303 aa
298 aa
2′-O-ribose-methyltransferase, that conducts methylation (adenine), shows 5′-cap RNA activity
1,173 aa
1,368 aa
1,255 aa
1,355 aa
1,351 aa
1,353 aa
1,273 aa
Surface glycoprotein that mediates attachment of the virus to the host cell via interaction with the human angiotensinconverting enzyme 2 (ACE2) receptor
225 aa
237 aa
221 aa
226 aa
223 aa
219 aa
222 aa
An integral membrane protein that plays an important role in viral assembly and can induce apoptosis; interacts with
the nucleocapsid protein to encapsulate the RNA genome
389 aa
441 aa
422 aa
377 aa
441 aa
413 aa
419 aa
A structural protein that binds directly to viral RNA and provides stability; inhibits the activity of cyclin-cyclindependent kinase (cyclin-CDK) complex; in SARS-CoV-2, can antagonize antiviral RNAi
77 aa
84 aa
76 aa
77 aa
82 aa
82 aa
75 aa
A small integral membrane protein that can oligomerize and create an ion channel; plays multiple roles in the viral
replication cycle, involved in viral assembly, virion release, and viral pathogenesis
Not present
Not present
274 aa
Not present
Not present
Not present
275 aa
An ion channel protein related to NLRP3 inflammasome activation that interacts with TRAF3
Not present
Not present
Not present
Not present
Not present
103 aa
Not present
Located in the host endoplasmic reticulum
Not present
Not present
Not present
Not present
Not present
109 aa
Not present
Inhibits the NF-κB function; inhibits IFN regulatory factor 3 (IRF-3)
Not present
Not present
Not present
Not present
Not present
246 aa
Not present
Inhibits IFN regulatory factor 3 (IRF-3)
(Continued)
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NSP15

HCoV-OC43 SARS-CoV
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Table 1.2 (Continued) Some characteristics and major functions of proteins of various HCoVs
HCoV-229E
Non-structural protein 3d; ORF5
ORF6

ORF7b
ORF8
ORF8a
ORF8b
ORF9b
ORF10
Non-structural protein 2a
Non-structural protein 3
Non-structural protein 4
Non-structural protein 4a

HCoV-NL63

HCoV-HKU1 MERS-CoV

SARS-CoV-2

Not present
Not present
Not present
Not present
Not present
224 aa
Not present
Inhibits IFN regulatory factor 3 (IRF-3)
Not present
Not present
63 aa
Not present
Not present
Not present
61 aa
An accessory protein that related to viral pathogenesis; can interact with NSP8 and promote RNA polymerase activity
Not present
Not present
122 aa
Not present
Not present
Not present
121 aa
A type I transmembrane protein acting as an accessory protein
Not present
Not present
44 aa
Not present
Not present
Not present
43 aa
An accessory protein that that is localized in the Golgi compartment
Not present
Not present
Not present
Not present
Not present
Not present
121 aa
Interacts with interferon regulatory factor 3 (IRF3) and inactivates interferon signaling
Not present
Not present
39 aa
Not present
Not present
Not present
Not present
Interacts with interferon regulatory factor 3 (IRF3) and inactivates interferon signaling
Not present
Not present
84 aa
Not present
Not present
112 aa
121 aa
Interacts with interferon regulatory factor 3 (IRF3) and inactivates interferon signaling
Not present
Not present
98 aa
Not present
Not present
Not present
Not present
Plays a role in the inhibition of host innate immune response by targeting the mitochondrial-associated adapter MAVS
Not present
Not present
Not present
Not present
Not present
Not present
38 aa
A potential viral accessory protein
Not present
278 aa
Not present
Not present
Not present
Not present
Not present
Shows high degree of sequence similarity to the phosphodiesterases (PDEs) from the mouse hepatitis virus (MHV)
Not present
Not present
Not present
225 aa
Not present
Not present
Not present
Accessory protein: multi-pass transmembrane protein embedded into host membrane
Not present
Not present
Not present
Not present
109 aa
Not present
Not present
133 aa
Not present
Not present
Not present
Not present
Multi-pass transmembrane protein embedded into host membrane

Not present

Not present
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ORF7a

HCoV-OC43 SARS-CoV

HCoV-229E
Non-structural protein 4b
Non-structural protein 5a

Hemagglutinin-esterase

HCoV-NL63

HCoV-HKU1 MERS-CoV

SARS-CoV-2

88 aa
Not present
Not present
Not present
Not present
Not present
Not present
A potential viral accessory protein
Not present
109 aa
Not present
Not present
Not present
Not present
Not present
Acts as membrane-anchoring region for structural proteins during virus assembly, or play a role in membrane
association of the viral polymerase during replication
Not present
424 aa
Not present
Not present
385 aa
Not present
Not present
Structural protein that makes short spikes at the surface of the virus; possesses receptor-binding and receptordestroying activities; serve as a secondary viral attachment protein for initiating infection
Not present
207 aa
Not present
Not present
205 aa
Not present
Not present
Structural protein not essential for the viral replication; encoded by a gene included within the N gene (alternative ORF)
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Protein I

HCoV-OC43 SARS-CoV
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exceptionally long non-segmented genomes),
they are not identical. In fact, in addition to a set
of common proteins found in all these HCoVs,
such as polyproteins pp1a and pp1ab (encoded
by the large overlapping open reading frames
ORF1a and ORF1ab occupying approximately
two-thirds of the genome), which are proteolytically cleaved to form 16 nonstructural proteins,
(NSP1 to 16) as well as 4 structural proteins, spike
(S), envelope (E), membrane (M), and nucleocapsid (N), there are virus-specific sets of accessory
proteins. Furthermore, even common proteins,
which are assumed to have similar or comparable functions during the viral life cycle are not
identical and typically share rather low sequence
identity levels. It is likely that the differences
between these human HCoVs affect their infectivity and pathogenicity. Moreover, the morbidity and mortality rates are determined by the
diversity of accessory proteins and by the dissimilarities of common proteins.
Since HCoVs are RNA viruses, they are characterized by high mutation rates caused either by
random replication errors or introduced by RNA
editing, which is utilized by the host as one of its
defense mechanisms. Both synonymous (when
nucleotide substitutions are not associated with
changes in the chemical nature of the encoded
amino acid) and non-synonymous (nucleotide
substitutions that generate amino acid changes)
mutations take place on a regular basis in the
viral genome. The reported rate of acquired new
mutations for SARS-CoV-2 is 0.9 × 10−3 substitutions/site/year, which corresponds to ~26 substitutions per year or ~2 changes per month, or
the appearance of a new SARS-CoV-2 mutation
every 11–15 days. While this mutation rate corresponds to about a half of the rate of the influenza virus and about a quarter of the HIV rate,
it is rather similar to the evolution rates of other
HCoVs, 0.80–2.38 × 10−3, 0.63–1.12 × 10−3, and
0.43 × 10−3 substitutions/site/year for SARS-CoV,
MERS-CoV, and HCoV OC43, respectively.
1.7 THE PROTEOMES OF SARS-CoV AND
SARS-CoV-2
SARS-CoV-2 also belongs to the genus betacoronavirus. The genomic make-up for CoVs has
been covered earlier in the chapter. This section
delves into this aspect in detail with respect to
SARS-CoV and SARS-CoV-2. More than 25 proteins are translated from the huge (~30kb) singlestranded RNA genome of SARS-CoV-2. According
to RCSB-PDB, there are 29 proteins in the SARSCoV-2 proteome. The genomic RNA has ~12 open
reading frames (ORFs) which encode multiple
nonstructural proteins (NSPs), structural proteins,
and accessory proteins. The 16 NSPs are cleaved
proteolytically from the two polyproteins, pp1a
10

(NSP1-11) and pp1ab (NSP12-16). Additionally,
four structural proteins are encoded, and accessory proteins are expressed separately from the
sub-genomic RNA [39, 40].
1.8 STRUCTURAL AND ACCESSORY
PROTEINS OF SARS-CoV AND
SARS-CoV-2
The structural and accessory proteins are translation products of ~10 kb from the 3′ end one-third
of the genome. The genes of these proteins are
interspersed along the genome. As mentioned
earlier, the structural proteins of SARS-CoV-2 are
the S, E, M, and N proteins, and the ORFs code
for accessory proteins ORF3a, ORF6, ORF7a,
ORF8, ORF9, and ORF10, which are involved
in the pathogenesis of the virus [40]. The structural proteins play crucial roles in pathogenesis,
replication, viral packaging, and assembly [26].
Docking studies have shown that all four structural proteins interact with each other during
their arrangement in the lipid bilayer [41]. The
crystal structures of proteins from SARS-CoV
and SARS-CoV-2 are presented in Figure 1.3.
The S protein forms homotrimers on the
virion surface, as shown in Figure 1.3A. It is a
transmembrane glycoprotein possessing subunits S1 and S2. S1 is an extracellular domain
that interacts with the host cell receptor, and the
S2 domain is involved in the fusion of the viral
membrane with the host cell membrane. Thus
S2 is known as a fusion peptide, which is further
cleaved into S2′ to become active and enhances
the membrane fusion process. SARS-CoV and
SARS-CoV-2 both use ACE2 as the entry receptor
[42]. The crystal structure has been resolved for
the SARS-CoV and SARS-CoV-2 E protein [43,
44]. In SARS-CoV, it is a single-transmembrane
protein forming homo-pentameric ion channel
(Figure 1.3B) with poor ionic specificity. The virulence is determined by the transmembrane or
the C-terminal domain sequences [43]. Gadhave
et al. proved experimentally that the C-terminal
domain (CTD) of the E-protein is unstructured
in an in vitro environment [45]. As the E protein
enters the cellular environment, its conformation
changes from disordered to ordered and amyloid
state [45]. The SARS-CoV M protein interacts with
other structural proteins such as S, E and N, and
is involved in viral assembly and budding [46].
It is glycosylated at its ectodomain N-terminal
and interacts with the other structural proteins
through its C-terminal [41]. It is also responsible
for membrane curvature formation and interacts internally with the N protein [46]. Alharbi
and Alraefaei used several methods to compare
the structures of SARS-CoV, MERS-CoV and
SARS-CoV-2 M proteins. Notably, they observed
that N-terminal domains of the M proteins of
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Figure 1.3 Depiction of some three-dimensional (3D) structures of structural and accessory proteins of SARS-CoV and SARS-CoV-2, retrieved from RCSB-PDB. (A) The S protein of
SARS-CoV-2 (PDB_ID: 6VYB); (B) The E protein of SARS-CoV (PDB_ID: 5X29); (C) The
N protein of SARS-CoV-2 (PDB_ID: 6VYO); (D) The ORF3a accessory protein of SARSCoV-2 (PDB_ID: 6XDC); (E) The ORF7a accessory protein of SARS-CoV-2 (PDB_ID:
6W37); and (F) The ORF8 accessory protein of SARS-CoV-2 (PDB_ID: 7JTL). The structures are for protein domains, not for full-length proteins. More residual details are
found at https://www.rcsb.org/ with PDB_ID of the respective protein.
SARS-CoV and SARS-CoV-2 are translocated
(outside) the cell, whereas it is inside (cytoplasmic side) in MERS-CoV. Further, they observed
differences in the predisposition of the proteins
to intrinsic disorder. In fact, meta-predictor of
intrinsic disorder has found two intrinsically
disordered regions in the SARS-CoV-2 M protein, residues 1–7 and 205–222, whereas, three
intrinsically disordered regions were found
in the SARS-CoV M protein, residues 1–6,
207–210, and 216–221. The predicted secondary
structure was characterized by three predicted
α-helical regions in the M protein of SARS-CoV
and SARS-CoV-2 and 4 in MERS-CoV [47]. The
N protein binds RNA through its N-terminal
domain, which plays a vital role in viral molecular processes. It forms a helical ribonucleoprotein
complex with genomic RNA and is involved in

packaging of the viral genome, and in molecular
and metabolic pathways of the virus [48]. Yang et
al. determined the crystal structure of the SARSCoV-2 N protein C-terminal domain, which has
novel roles in RNA binding and transcription
regulation. It was observed that a self-assembled
higher order structure of SARS-CoV-2 N-CTD
is different from that of the SARS-CoV N-CTD.
SARS-CoV N-CTD forms octamers and a twin
helix in the crystal structure, whereas SARSCoV-2 N-CTD packs into a cylindrical shape in
the crystal packing [49].
Three putative viroporins are encoded by
the genome of SARS-CoV-2: E, ORF3a, and
ORF8. These ion channels alter the permeability of the host cell membrane and thus assist in
viral assembly [50]. ORFa is a cation (K+) channel, which has shown inhibition of apoptosis
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and autophagy in vitro. Figure 1.3D shows the
dimeric ORF3a channel [50].
ORF8 is an immune evasion protein that
has evolved very rapidly. The ORF8 of SARSCoV-2 is very distinct from ORF8 of SARS-CoV,
with a sequence similarity of less than 20%.
ORF8 of SARS-CoV-2 interrupts IFN-I signaling and decreases the level of MHC-I cells [51].
Figure 1.3C presents structures of structural
proteins, and Figures 1.3D, 1.3E, and 1.3F show
three of the accessory proteins of SARS-CoV
and SARS-CoV-2. Two of the accessory proteins
of SARS-CoV, ORF3b, and ORF6, have been
reported to act as interferon antagonists and
inhibit the expression downstream, i.e., signaling for innate immunity in host cells [52]. As
interferon antagonists, they block the movement
of STAT1 to the nucleus. STAT1 is a signal mediator of both IFN-α and IFN-β and acts as a transactivator. Thus because of viral interference, the
IFN pathway is downregulated [53]. ORF7a is a
type I transmembrane protein, which induces
apoptosis of host cells by inhibition of translation
and suppression of the cell cycle [54]. ORF9b is
translated from the bicistronic mRNA via leaky
ribosome scanning and plays an important role
in viral particle packaging [55].
1.9 NON-STRUCTURAL PROTEINS (NSPs)
OF SARS-CoV AND SARS-CoV-2
NSPs are translated from ~20 kb (comprising
two-thirds of the whole genome) of replicase
genes at the 5′ end. The virus has sixteen nonstructural proteins, NSP1-16, which are involved
in viral RNA synthesis by forming replication
transcription complexes (RTCs). The NSPs manage the complex replication process through
their enzymatic activities, including papain-like
proteinase (PLpro, NSP3), main protease (3CLpro,
NSP5), RNA-dependent-RNA polymerase (RdRp,
NSP12), RNA helicase (NSP13), guanine-N-7
methyltransferase (NSP14), endoribonuclease
(NSP15), and 2′-O-methyltransferase (NSP16) [40].
NSP1 is the cleavage product of the action of
PLpro from the divergent 5′ end sequence. The
physiological function of SARS-CoV-2 NSP1 is
not yet fully understood. Figure 1.4A shows
the crystal structure of the NSP1 N-terminal
region (polypeptide of residues 13–128) of
SARS-CoV [56]. It blocks the translation in the
host by binding to the ribosomal 40S subunit.
Correlated computational and experimental studies showed the C-terminal of NSP1 as
disordered, but it gains helical conformation
when provided with organic solvents in its surrounding environment [57]. Much less is known
about the NSP2 of SARS-CoV and SARS-CoV-2,
but NSP2 has been suggested to suppress the
host immune system, such as NSP1, and to
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interact with NSP3 [58]. NSP3 is a viral papainlike protease (PLpro) with cysteine in its active
site (Figure 1.4B). PLpro cleaves polyproteins for
the formation of mature proteins by identifying a specific motif sequence (LXGG) between
proteins. It triggers the host innate immunity by
its inhibitory action on the production of cytokines and chemokines [59]. It also interacts with
NSP4 (predicted to be a transmembrane protein)
along with NSP6 (which is also a transmembrane protein) to form a complex to modify the
ER into double-membrane vesicles [58]. NSP5 is
the main protease (Mpro), also known as 3C-like
protease (Figure 1.4C). It is one of the vital
enzymes for viral replication and transcription.
It cleaves 11 conserved sites on the proteome
after its autolytic cleavage from pp1a and pp1ab
[60]. These proteases are centrally placed targets
for antiviral drugs. However, it was recently
reported that viruses mutate at certain hotspots
in NSP5, resulting in impaired vaccine efficacy
[61]. NSP11 is a small disordered protein of only
13 amino acids, with disordered-like characteristics even in the presence of some natural
osmolytes [62].
The main active replication complex consists of the catalytic subunit NSP12 (RdRp),
along with accessory subunits NSP8 and NSP7,
as shown in Figure 1.4D [63]. The NSP12 is a
single subunit polymerase that resembles the
right hand: N-terminal domain (fingers), interface domain (palm), and C-terminal domain of
RdRp (thumb). The NSP8 and NSP7 bind to the
thumb-like domain to function [63]. NSP9 is a
dimeric protein when active, with inter-subunit
interactions via conserved helical motifs, as
shown in Figure 1.4E [64]. Alterations or disruptions of the sequence in this motif leads to a
reduction in RNA replication of the virus. This
shows its prominent role in RNA binding and
replication. It is one of the highly conserved
proteins of SARS-CoV-2, which shares 97%
similarity with SARS-CoV [64].
Viral RNA translation is improved by methylation of genomic RNA, which also facilitates
viruses to trick the host immune system. The
methylation is catalyzed by NSP16 and NSP10
(Figure 1.4F), which form a 2′O-methyltransferase
complex [65]. The methyl group is donated by
the S-adenosyl-L-methionine (SAM) [65]. NSP14
has two domains: the N-terminal for proof-
reading and the C-terminal for guanine-N7-
methyltransferase activity. It is also an important
protein linked to viral replication and transcription. NSP13 is the viral RNA helicase, belonging to the helicase superfamily 1 that unwinds
the intermediate double-stranded RNA through
the nucleotide hydrolysis process. It also has an
NTPase activity [39] (Figure 1.4H). NSP10 is a
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Figure 1.4 
Presentation of some of the 3D structures of non-structural proteins (NSPs) of
SARS-CoV and SARS-CoV-2, retrieved from RCSB-PDB. (A) NSP1 of SARS-CoV (PDB_
ID: 2HSX); (B) NSP3 of SARS-CoV (PDB_ID: 6WUU); (C) NSP5 of SARS-CoV-2 (PDB_
ID: 6LU7); (D) Complex of NSP12, NSP8 and NSP7 of SARS-CoV-2 (PDB_ID: 6YYT);
(E) NSP9 of SARS-CoV-2 (PDB_ID: 6WXD); (F) Complex of NSP16 and NSP10 of SARSCoV-2 (PDB_ID: 6WVN); (G) NSP13 of SARS-CoV-2 (PDB_ID: 6ZSL); (H) Complex
of NSP 14 and NSP 10 of SARS-CoV (PDB_ID: 5C8S); and (I) NSP 15 of SARS-CoV-2
(PDB_ID: 6WXC). Some of the proteins have truncated structures as full-length structures are not available because of missing electron density for some residues. More
residual details are found at https://www.rcsb.org/ with PDB_ID of the respective
protein.
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co-activator of NSP14 (Figure 1.4H) [66]. NSP15
endoribonuclease, when active, forms three
dimers and cleaves specifically at uridine residual sites (Figure 1.4I). The C-terminal domain has
catalytic activity with uridine-binding residues.
It is capable of cleaving both single and doublestranded RNA and belongs to the highly conserved EndoU family prevalent in all CoVs [67].
1.10 THERAPEUTIC TARGETS OF CoVs
Since the S protein is exposed and involved
in the first step of host cell infection, it is the
main therapeutic target for neutralizing antibodies [42]. Apart from the S protein, the E
protein, and other proteins can be targets for
protein-based vaccines or for virus-like particle (VLP) systems. The E protein is essential
for the pathogenicity and mortality caused by
the virus, as confirmed by studies in animal
models [43]. The M protein is complexed with
the host immune components like HLA1 and
β2-microglobulin, and has also been reported
to be a potential target [68]. Three ion channelforming proteins (E, ORF3a, and ORF8) offer
good targets, as these enhance the pathogenicity of the virus by altering the ionic balance in
host cells [50]. The active replication complex
(NSP12-NSP8-NSP7) is the main target for inhibition of virus growth, as it is the key enzyme
for virus survival [63]. The NSP12 is the main
target for drugs in this complex, but mutations rendering the virus resistant to drugs
have been described [69]. The current antiviral
approaches use the S protein and the two proteases, NSP3 (papain-like protease) and NSP5
(3CL protease), as the main targets. However,
these strategies can cause severe side effects, as
they act non-specifically on host cellular proteases [48]. As NSP15 acts as an endoribonuclease
its uridine-binding active site has been used
as a drug target because of its effect on host
immunity. Tipiracil, a synthesized drug that is
a uridine analogue derived from uridine itself,
binds to the active site of NSP15 and inhibits
its activity [67]. Computational drug screening and simulation studies have been carried
out against multiple targets of SARS-CoV and
SARS-CoV-2, such as the S protein, proteases,
helicases, RdRp, etc. [70, 71]. Moreover, computational methods have been applied for vaccine
design targeting multiple epitopes of the structural proteins of SARS-CoV-2 [72].
1.11 CONCLUSIONS AND FUTURE
PERSPECTIVES
So far, the human population has faced seven
HCoVs,. The recent outbreak of SARS-CoV-2
causing COVID-19 has proved to be very
deadly, causing more than 3.5 million deaths
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worldwide. Unfortunately, the death count
increases with every passing day. All developing, as well as developed countries, have been
hit extremely hard. The healthcare systems and
economy in the world have been stretched to
their limits. Therefore, a better healthcare infrastructure and economic system is required, as
other outbreaks of CoVs or other viruses may
emerge in the future as a result of their adaptive nature and high mutation rates. There are
no specific antiviral drugs available for the efficient prevention and treatment of COVID-19. In
the past year alone, several vaccines have been
developed for SARS-CoV-2, which is a huge
milestone achieved by the scientific community. The need of the hour is to develop efficient
drugs with minimal side effects, and vaccines
that would offer a broad range of immunity
against emerging variants and novel mutants.
Furthermore, we need to develop a positive attitude with complete awareness of necessary vaccine re-engineering, and well-managed, easily
available healthcare systems.
With this book chapter, we wish to express our
gratitude and special thanks to healthcare and
frontline workers for saving millions of lives
by risking their own.
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2.1 INTRODUCTION
The Coronavirus Disease 19 (COVID-19) pandemic has had a global impact, and has also
highlighted the importance of the Severe Acute
Respiratory Syndrome-Coronavirus-2 (SARSCoV-2), and coronaviruses (CoVs) in general. It is
therefore appropriate to dedicate a chapter to the
biology of CoVs, and to reflect on the origin of
SARS-CoV-2 to be better prepared for potential
emerging outbreaks or future pandemics. CoVs
were first described in 1969 based on their pleomorphic, circular, 80–160 nm in diameter shape
with 15-nm club-shaped projections (so-called
spike glycoproteins) that resemble a crown
(corona in Latin) [1]. SARS-CoV-2 is the seventh
coronavirus known to infect humans, but the
first and only one to cause a pandemic [2, 3]. The
first human pathogenic coronavirus HCoV-229E
was identified in 1962 in Chicago and possibly
originated from African Sundevall’s roundleaf
bat CoVs around 200 years ago, via zoonotic
transmission from the alpaca [2, 4–6]. The second human pathogenic CoV HCoV-OC43,
detected in 1964 in Maryland, possibly originated from Norway Rat CoVs, around 120 years
ago via zoonotic transmission from the cow [2,
7, 8]. The third human pathogenic CoV, SARSCoV detected in 2002 in Foshan, China possibly originated from Chinese horseshoe bat
CoV 35 to 20 years ago via zoonotic transmission from the civet [2, 9–11]. The fourth human
pathogenic CoV, HoV-HKU1 detected in 2002 in
Hong Kong, possibly originated from Norway
Rat CoV, 70 years ago via zoonotic transmission from the rodent [2, 12, 13]. The fifth human
pathogenic CoV, HCoV-NL63 was first isolated
in 1988 and identified in 2004 in Rotterdam
(The Netherlands) that possibly originated from
African trident bat CoV, 563–822 years ago via
an unknown zoonotic host [2, 6, 14]. The sixth
human pathogenic CoV, MERS-CoV, detected
in 2012 in the Kingdom of Saudi Arabia (KSA),
possibly originated from South African Bat CoV,
around 14 years ago via zoonotic transmission
from the camel [2, 8, 15]. Finally, SARS-CoV-2
was first detected in 2019 in Wuhan, China, and
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possibly originated from a recombination event
in an ancestor of SARS-CoV-2, a horseshoe bat
CoV, around 11 years ago via zoonotic transmission from the pangolins [16–18].
In 2003, the previously mentioned SARSCoV caused an epidemic of viral pneumonia
in humans in China and Hong Kong [19]. As
zoonotic pathogens, coronaviruses have a wide
range of hosts such as, birds, bats, mice, and
humans, and they mainly affect the respiratory
tract, the gastrointestinal tract, and the heart.
Coronaviruses are a broad group of viruses that
typically cause mild to severe illnesses in the
upper respiratory tract. Since the millenium,
SARS-CoV, MERS-CoV, and SARS-CoV-2 have
arisen from animal sources to cause severe respiratory disease and high mortality in humans.
2.2 BIOLOGY OF CORONAVIRUSES
2.2.1 Classification of Coronaviruses (CoVs)
The family Coronaviridae is one of three RNA
virus families within the order Nidovirales,
with two subfamilies known as Coronavirinae
and Torovirinae. CoVs are divided into four
genera (Table 2.1). The human coronavirus
(HCoV-229E), HCoV-NL63, and several animal
viruses belong to the Alpha-coronavirus genus.
Beta-coronaviruses comprise the prototype
mouse hepatitis virus (MHV), the HCoV-OC43,
the SARS-CoV, and HCoV-HKU1 variants. Alphacoronaviruses and Beta-coronaviruses mainly
infect mammals, while Gamma-coronaviruses
and Delta-coronaviruses infect birds [20, 21].
CoVs have been associated with respiratory
tract infections, including the common cold, and
more severe manifestations such as pneumonia
in humans. Because of the broad range of host
organisms infected by CoVs, diseases such as
gastroenteritis, renal diseases, and respiratory
infections have affected livestock, causing significant losses in the cattle and poultry industries
(Table 2.1) [22, 23]. Wildlife can also be infected
by CoVs. A novel CoV, SW1 was isolated from a
deceased Beluga whale, which had suffered from
a respiratory disease and acute liver failure [24].
According to phylogenetic analysis, the SW1
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Table 2.1 Examples of coronaviruses and coronavirus genera
Alpha-corona
Virus

Disease/Species

Effect

TGEV
PEDV
FCoV
FIPV
HCoV-229E
HCoV-NL63

Gastroenteritis in pigs
Gastroenteritis in pigs
Enteric infection in cats
Peritonitis in cats
Respiratory infection
Respiratory infection

High morbidity, high mortality
High morbidity, high mortality
Mild or asymptomatic disease in cats
Lethal peritonitis in cats
15%–30% of the annual common cold
Associated with croup

Virus

Disease/Species

Effect

PHEV
BCoV
RCoV
MHV
Bat CoV HKU4
Bat CoV HKU5
GD Pangolin CoV
GX Pangolin CoV
HCoV-OC43
HCoV-HKU1
SARS-CoV
MERS-CoV
SARS-CoV-2

Enteric infection
Respiratory tract infection
Respiratory tract infection in rat
Respiratory infection, enteritis
Respiratory tract infection
Respiratory tract infection
Potential natural reservoir
Potential natural reservoir
Respiratory infection
Respiratory infection
SARS
MERS
COVID-19

Diarrhea, encephalitis in pigs
Losses in the cattle industry
Useful model for studies on innate
immune responses
Severe respiratory infection,
encephalitis in mice
Potential threat of epidemics
Potential threat of epidemics
Potential threat of emergence of
novel coronaviruses
Potential threat of emergence of
novel coronaviruses
15%–30% of the annual common cold
15%–30% of the annual common cold
8,098 cases, 774 deaths in 2002–2003
855 cases, 333 deaths in 2013
142.8 million cases, > 3 million
deaths 2019–2021

Beta-corona

Gamma-corona
Virus

Disease/Species

Effect

IBV
BWCoV-SW1
TCoV

Respiratory infection, renal disease
Respiratory, acute liver failure
Enteric disease in turkeys

Losses in the poultry industry
Isolated from Beluga whale
Highly contagious in turkeys, closely
related to IBV

Delta-corona
Virus

Disease/Species

Effect

PDCoV
BuCoV HKU11
ThCoV HKU12
MunCoV HKU13
WECoV HKU16
SpCoV HKU17
WiCoV HKU20
CMCoV HKU21

Diarrhea in pigs
Natural reservoir
Natural reservoir
Natural reservoir
Natural reservoir
Natural reservoir
Natural reservoir
Natural reservoir

Co-infections with PEDV
Potential spread to poultry
Potential spread to poultry
Potential spread to poultry
Potential spread to poultry
Potential spread to poultry
Potential spread to poultry
Potential spread to poultry

Abbreviations: BCoV, bovine coronavirus; BuCoV HKU11, bulbul coronavirus; BWCoV-SW1, Beluga whale coronavirus SW1; CMCoV HKU21, common moorhen coronavirus; FCoV, feline enteric coronavirus, FIPV, feline
infectious peritonitis virus; IBV, infectious bronchitis virus; MERS-CoV. Middle East Respiratory SyndromeCoronavirus; MHV, murine hepatitis virus; MunCoV HKU13, munia coronavirus; PDCoV, porcine deltacoronavirus; PEDV, porcine epidemic diarrhea virus; PHEV, porcine hemagglutinating encephalomyelitis virus;
SARS-CoV. Severe Acute Respiratory Syndrome-Coronavirus; SpCoV HKU17, sparrow coronavirus; TCoV, turkey coronavirus; TGEV, transmissible gastroenteritis virus; ThCoV HKU12, thrush coronavirus; WECoV HKU16,
white-eye coronavirus; WiCoV HKU20, wigeon coronavirus.

belongs to the group of Gamma-coronaviruses.
Moreover, wild birds such as the bulbul act as
reservoirs for a number of Delta-coronaviruses
(BuCoV HKU11), common moorhen coronavirus
(CMCoV HKU21), thrush coronavirus (thCoV
20

HKU13), wigeon coronavirus (WiCoV HKU20)
and others (Table 2.1) [25].
Several human CoVs such as HCoV-229E,
HCoV-OC43, and HCoV-HKu1 have been associated with self-limiting infections responsible for
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15%–30% of annual common cold cases [4, 26].
The first major outbreak was caused by the
SARS-CoV, which resulted in the SARS epidemic
of 2002–2003 [27], followed a decade later by the
Middle East Respiratory Syndrome (MERS)
caused by the MERS-Coronavirus (MERS-CoV)
[28]. Both the SARS and MERS epidemics were
contained relatively quickly and never reached
pandemic proportions. SARS-CoV spread to
27 countries in 2002–2003 with 8,096 cases, 774
deaths, and a fatality rate of 10%, but disappeared in 2004 [9]. The MERS-CoV was found
to be less human-to-human transmissible compared to the SARS-CoV, and cases have been
detected in the Kingdom of Saudi Arabia (KSA),
Jordan, the UK, and South Korea since 2012 [9].
The MERS-CoV epidemic has recorded 2,494
cases and caused 858 deaths. The SARS-CoV-2
has a lower fatality rate (2%–3%) compared to
MERS-CoV (34.4%) and SARS-CoV (10%) despite
its pandemic spread [9]. Both SARS and MERS
epidemics were contained relatively quickly
and never reached pandemic proportions. In
contrast, the recent SARS-CoV-2 outbreak causing the COVID-19 pandemic has reached an
unprecedented scale with 240 million infections
and more than 4.9 million deaths (as of October
14, 2021) with devastating global social and economic consequences.
2.2.2 Genome Organization and Structure
of SARS-CoV-2 Particles
The SARS-CoV-2 genome showed approximately 88% similarity to those of two bat viruses,
bat-SL-CoVZC45 and bat-SL-CoVXC21, but it
was much lower for the SARS-CoV (79%) and
the MERS-CoV (50%), respectively [29]. CoVs
have three main structural proteins: a very large
(200 kDa) S glycoprotein (spike) forming the
bulky (15–20 nm) peplomer on the virus surface, an irregular transmembrane glycoprotein
(M) and an internal, phosphorylated nucleocapsid protein (N). There is also a small transmembrane envelope protein (E), and a few members
of the CoV family contain a further envelope
protein with both esterase and hemagglutinin
functions. The approximately 30 kb genome of
CoVs is a non-segmented, single-stranded RNA
(ssRNA) molecule with a positive-sense polarity [30] with a capped 5′ end and polyadenylated 3′-end. As a consequence of heterologous
RNA recombination, extensive rearrangements
can occur. At the 5′ end of the genome is located
an untranslated region (UTR) of 65–98 nucleotides. The 3′ end of the RNA genome contains
a poly (A) tail with another UTR sequence of
200–500 nucleotides. For the regulation of RNA
replication and transcription, both UTRs are
essential [31].

Two-thirds of the genome contain the replicase genes rep1a and rep1b, which encode the
non-structural proteins (NSP1-16), and one third
is represented by the structural genes (S, E, M,
and N), and various accessory genes (ORF3a,
ORF6, ORF7a, ORF7b, ORF8, and ORF10)
(Figure 2.1). The accessory genes have been suggested to play a role in virulence, infectivity, ion
channel activity, increased replication, virus particle assembly and release, and down-regulation
of the interferon pathway. Moreover, the SARSCoV-2 ORF8 and ORF10 are both unique among
CoVs and have been postulated to affect virus
spread and the degradation of antiviral proteins,
respectively [32, 33].
The structure of SARS-CoV-2 particles has
been determined by cryo-electron tomography
and microscopy, which identified approximately
125 nm spherical particles with prominent clubshaped spike proteins [34]. The helically symmetrical N protein enwraps the RNA genome,
the triple-spanning membrane M protein binds
to the N protein, while the small E protein, with
a postulated transmembrane structure and ion
channel activity, is associated with the assembly
and release of viral particles. Furthermore, the E
protein has been identified as an essential virulence factor in other CoVs, including SARS-CoV
[35]. Specifically, the PDZ-binding motif (PBM)
of the E protein, a domain involved in protein–
protein interaction, plays a role in pathogenicity
[36]. In the human OC43 coronavirus, this protein has also been linked to neurovirulence [37].
The S protein mediates the attachment to the host
cell angiotensin-converting enzyme 2 (ACE2)
receptor. In the case of SARS-CoV-2, a host cell
furin-like protease cleaves the S protein into
S1 and S2 polypeptides. There is evidence that
both ACE2 as well as transmembrane protease serine 2 (TMPRSS2) may be segregated in
membrane microdomains and the SARS-CoV-2
entry might be facilitated by tetraspanins,
transmembrane proteins clustered in membrane microdomains [38]. These microdomains
are not lipid rafts as they lack glycosyl-phosphatidylinositol (GPI)-linked proteins, caveolin and Src-kinases [39].
As with other viral proteins, one of the characteristic features of CoV proteins is their multifunctionality. This capability to execute multiple,
diverse functions is determined by the capability
of viral proteins to be engaged in a broad range
of interactions with a multitude of viral and host
partners, which, at least in part, can be explained
by the presence of intrinsically disordered protein
regions (IDPRs). In fact, three SARS-CoV-2 proteins, N, NSP8, and ORF6, are highly disordered,
and the remaining proteins also contain functional IDPRs. For example, cleavage sites in the
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Figure 2.1 The SARS-CoV-2 genome. The general organization of the SARS-CoV-2 genome with
ORFs and the corresponding proteins (top), a view of the viral surface (middle, left), a
cross-sectional view of the virion (middle, right) and the interaction of the S1 domain
of SARS-CoV-2 with its receptor ACE2 on the cellular surface (bottom).

replicase 1ab polyprotein are found to be highly
disordered, and almost all SARS-CoV-2 proteins
contain molecular recognition features (MoRFs),
which are the disorder-based protein–protein
interaction sites that are capable of folding at
interaction with specific partners, and are commonly utilized by proteins for target binding [40].
2.2.3 Life Cycle of SARS-CoV-2
The first step in the life cycle of SARS-CoV-2
is the initial attachment of the viral particle
by the receptor-binding domain (RBD) in the
S1 region to the ACE2 receptor on bronchial
epithelial cells and alveolar pneumocytes to
downregulate the receptor expression, which
leads to severe acute respiratory failure
(Figure 2.2) [41]. The virus tropism is determined by the location of the RBD and the target receptor. For example, the RBD is located at
the N-terminus of the S protein in the murine
hepatitis virus (MHV), but at the C-terminus of
22

the S1 region in SARS-CoV. Furthermore, carcinoembryonic antigen-related adhesion molecule-1 (CEACAM1) is the receptor for MHV
[42], while MERS-CoV targets dipeptidyl-peptidase 4 (DPP4) [43] and SARS-CoV, HCoVNL63,
and SARS-CoV-2 attach to ACE2 [44].
Following the initial attachment, the S protein is cleaved by cathepsin or another protease. Then fusion takes place in endosomes or
at the plasma membrane, and the viral RNA
is released into the cytoplasm. Expression of
non-structural proteins (NSPs) generates the
replicase-transcriptase complex, and initiates
synthesis of genomic and subgenomic RNA
and translation of structural and accessory
proteins. Specifically, while NSPs are transcribed directly from the genomic RNA, transcription of all other viral proteins is mediated
by nested, subgenomic RNAs located at the 3′
end. This is a shared feature of all viruses of
the Nidovirales order (from Latin nidus, “nest”).
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Figure 2.2 The life cycle of SARS-CoV-2. The SARS-CoV attaches to the host cell ACE2 receptor,
its RNA is released into the cytoplasm where genome replication and translation of
structural and accessory protein occurs. After assembly, mature viral particles are
released by exocytosis (see text for details).
Source: Created with BioRender.com.
The structural proteins are transported to the
endoplasmic reticulum (ER) and further to the
ER-Golgi intermediate compartment (ERGIC),
where the RNA is enwrapped by the N protein,
and assembled into viral particles with S, E, and
M proteins. Mature virions are transported to the
plasma membrane in vesicles and released by
exocytosis.
2.3 ORIGIN OF SARS-CoV-2
2.3.1 Homology to Other Coronaviruses
Sequence comparisons between bat, snake, and
pangolin CoVs and SARS-CoV-2 from infected
patients aim to identify potential animal carriers of SARS-CoV-2. The sialic acid–binding
domain of the SARS-CoV-2 S protein has a flat
and non-sunken N-terminal domain (NTD),
which is a unique feature compared to other
CoVs [45]. Furthermore, the structure of the
NTD of the SARS-CoV-2 S protein is similar to
human galectins, galactose-binding lectins, and
contributes to evading host immune recognition
by mutant versions sinking beneath the surface
according to the Canyon hypothesis [46, 47].

The alteration pattern of the depression of the
NTD of the S protein has been validated experimentally for MERS-CoV, HCoV-OC43, and
HCoV-HKU1 [47, 48].
Another unique aspect of the SARS-CoV-2
host tropism relates to recombination, which has
enabled the S protein to be cleaved by furin protease. The RNA recombination pattern in CoVs
has been explained by a template-
switching
(copy-choice) mechanism [45, 49]. During translation, CoV RNAs show discontinuous and
non-progressive replication in host cells, with replication pauses at specific RNA sites, creating free
RNA blocks This could allow recombination with
other CoVs, leading to novel recombinant CoV
strains [45, 49]. For example, the NTD sialic acid–
binding domain in the MHV S protein has been
suggested to have originated from recombination
with human galectin RNA sequences [45, 49].
On the other hand, as the S1/S2 site in the
SARS-CoV-2 S protein corresponding to the furin
recognition motif does not exist in other Betacoronaviruses such as the Pangolin-CoV and bat
RaTG13, it seems that the S1/S2 site is not a hot
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spot or RNA termination site [45, 49]. Moreover,
based on clinical isolates of SARS-CoV-2 S,
recombination does not occur in this area, indicating that the insertion of the furin recognition
motif represents a one-time event of particular
recombination. However, this does not exclude
other CoV host tropism events, which supports
the urgent need to investigate the host tropism
from samples collected from the sarbecovirus
subgenus in Southeast Asia [50].
2.3.2 Scientific Evaluation of Different
Theories of the Origin of SARS-CoV-2
SARS-CoV-2 was first detected in Wuhan, China
in December 2019 and has been postulated to
have originated naturally from wild animals
at the Huanan market in Wuhan and spread
by person-to-person transmission, causing the
COVID-19 pandemic [51]. However, an intermediate host has still to be found as the pandemic virus has lost its ability to infect bat cells
from which RaTG13, the most likely progenitor, has derived. In addition, the SARS-CoV-2 S
protein has gained peculiar structural features
among which a polybasic amino acid sequence
in a region unlikely to undergo recombination
events. Such a feature is also shared by influenza type A viruses grown in tissue culture for
several passages [52]. Recently, a delegation
from the WHO inspected the Wuhan Institute of
Virology in China for a possible laboratory leak
of SARS-CoV-2 and stated that “all available
evidence suggested its natural animal origin
and not being manipulated in the laboratory”
[53]. Furthermore, the WHO has pledged to collaborate with experts, member states, and other
partners to identify the source of origin of the
SARS-CoV-2. However, before definite proof is
available the debate of the natural or engineered
origin of the SARS-CoV-2 strain goes on.
2.4 CONCLUSION
The biology of CoVs and the origin of SARSCoV-2 provide essential information for a better understanding of CoVs, facilitating the
development of drugs and vaccines against
SARS-CoV-2, preparation for emerging novel
viruses, and the prevention of future spill-over
events and outbreaks. Comparison of genomic
structures and sequence homologies between
SARS-CoV-2 and other human CoVs, especially
SARS-CoV and MERS-CoV, facilitate the development of COVID-19–specific therapeutics and
vaccines. Moreover, investigating the origin of
SARS-CoV-2 is of utmost importance, not only
for determining where and from what species
SARS-CoV-2 originated but also for being prepared for any emerging outbreaks.
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Chapter 3

Therapeutic Challenges in COVID-19

Alaa A. A. Aljabali, Murtaza M. Tambuwala, Debmalya Barh, and Kenneth Lundstrom

3.1 INTRODUCTION
The current COVID-19 pandemic has resulted
in more than 240 million infections, more than
4.9 million deaths globally, and generated
socio-economic destruction [1]. In addition to
unpreparedness for a global pandemic related
to hospital equipment and personal protection awareness, no efficient antiviral drugs or
vaccines against SARS-CoV-2 were available at
the beginning of the pandemic. Because of the
high stakes, significant financial and scientific
investments were allocated to the research and
development of drugs and vaccines against
COVID-19 [1]. The urgent demands brought
together unprecedentedly global resources,
leaving no stone unturned and exploring all
possible avenues, including repurposing existing antiviral drugs, and a search for novel types
of drugs to target SARS-CoV-2 (Table 3.1). Drugs
showing efficacy against other viruses, parasites, and neurological disorders were retested
for drug efficacy against SARS-CoV-2 in preclinical animal models, and further in clinical
trials in COVID-19 patients [2]. The drug discovery process and in particular the search
for new drug molecules and the exploration of
novel signaling pathways have received strong
support from computational biology, structural
biology, and screening programs [3]. While vaccine development has been visualized as the
ultimate game-changer in preventing the spread
of SARS-CoV-2, and the best option for ending
the COVID-19 pandemic [4], the focus of the
chapter will be solely on antiviral therapeutics
as vaccines, and monoclonal antibodies against
SARS-CoV-2 will be described in other chapters of the book. The focus will also be on the
reasons behind the failures to develop antiviral
drugs against SARS-CoV-2, and the challenges
researchers face to achieve success. This chapter
will also address issues related to comorbidity,
personalized and asymptomatic management
of COVID-19, and the challenges related to treatment at home, in homes for the elderly, and in
intensive care units (ICUs).
3.2 SUMMARY ON ANTIVIRAL
COVID-19 DRUGS
Two major strategies have been pursued for
COVID-19 drug development. In one approach,
existing approved drugs for other indications,
such as viral and parasitic infections, have been
DOI: 10.1201/9781003190394-3

repurposed for targeting SARS-CoV-2 infections.
The apparent benefits of this strategy are the
swift production and approval of these products
for human use. The drawbacks are the unclear
consequences on SARS-CoV-2 of the repurposed
medications, and any negative effects caused
to COVID-19 patients. The other strategy has
been to developed novel antiviral pharmaceutical products based on computational biology,
structural biology, and high-throughput screening, targeting signaling pathways, and exploring new viral inhibitors for cellular entry and
replication. Examples of COVID-19 drugs are
summarized in Table 3.1. Chloroquine (CQ) and
hydroxychloroquine (HCQ) were developed
primarily for malaria treatment and initially
received much attention as prominent candidates for the treatment of COVID-19 patients
[2, 3]. Initial excitement related to reduced viral
load in COVID-19 patients treated with HCQ [6]
quickly disappeared when it was revealed that
the clinical study design was inadequate, and the
obtained results were not reliable [7]. Moreover,
a systematic review and meta-analysis based on
twelve observational studies and three randomized clinical trials in 10,659 COVID-19 patients
treated with HCQ showed no significant reduction in mortality, time to fever resolution, clinical
deterioration, and development of acute respiratory distress syndrome (ARDS) [8]. In contrast,
patients treated with HCQ posed a greater risk
of ECG abnormalities and arrhythmia.
RNA-dependent RNA polymerase (RdRp)
inhibitors have previously shown efficacy
against different viruses such as influenza
virus, hepatitis C virus (HCV), and Zika virus
(ZIKV), and are therefore potential targets as
antiviral drugs against COVID-19 [9]. Molecular
docking studies showed high binding affinity of
remdesivir (RDV) [15], ribavirin (RBV), favipiravir (FPV), sofosbuvir, galidesivir, and tenofovir to SARS-CoV-2, indicating their potency
as antiviral drugs for COVID-19 patients [10].
Moreover, RDV has demonstrated antiviral activity in human cell lines and primary
cell lines against HCoV-229E, HCoV-OC43,
SARS-CoV, and MERS-CoV [11] and reduction in
SARS-CoV and MERS-CoV viral loads in mice
and rhesus macaques, respectively [12]. RDV
has been evaluated for safety and efficacy in a
randomized, placebo-controlled clinical trial
in 1,062 COVID-19 patients [13]. Intravenous
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Table 3.1 Examples of drugs (excluding monoclonal antibodies) for COVID-19 treatment
Drug

Function

Findings

References

HCQ

Lysosomal enzyme
inhibition

[8]

RDV

RdRp inhibitor

No clinical benefits and no decrease in
mortality rates of HCQ based on a
meta-analysis of 15 trials
Higher arrhythmia risk of HCQ
Reduced recovery time in hospitalized
COVID-19 patients
RDV approved for the treatment of
hospitalized COVID-19 patients
Fewer adverse events, shorter viral
clearance in phase I
Superior recovery rates compared to
umifenovir
Clinical improvement in a retrospective
observational trial in Thailand
Reduced time of fever duration
Approval of FPV in Russia, Bangladesh,
Pakistan, Egypt, Jordan, and Saudi Arabia
SARS-CoV-2 inhibition in Vero E6 cells
Recovery time reduced from 12 to 7 days
RBV not associated with improvement in
negative conversion time or mortality rate
Shorter hospital stays (5 days) and lower
mortality rate (6%) compared to RBV
(9 days, 33%)
Improved clinical recovery (88%)
compared to standard care (67%), shorter
hospitalization (6 days versus 8 days)
No reduction in hospital stays, ICU
admissions, or deaths compared to
standard care
Inhibition of SARS-CoV-2 in molecular
docking studies
No clinical benefit compared to placebo in
phase I
Inhibition of SARS-CoV-2 in vitro and in vivo
Reduced viral load in SARS-CoV-2 infected
ferrets
Safe and tolerable drug administration in
phase I
Recruiting in progress for phase II
Potential shorter time of first NANC
90% reduced viral RNA in SARS-CoV-2
infected Vero cells
No clinical benefit compared to placebo in
phase I study
No reduction in recovery time or mortality
based on a meta-analysis of 12 clinical trials
Inhibition of SARS-CoV-2 replication in
Vero E6 cells
The combination of nafamostate mesylate
and FPV resulted in improvement of
critically ill COVID-19 patients
Nafamostate mesylate therapy improved
condition in elderly
Lower 28-day mortality compared to
standard care
Increase in ventilator-free days of
COVID-19 patients

FPV

RdRp inhibitor

RBV

RdRp inhibitor

Sofosbuvir

RdRp inhibitor

Galidesivir

EIDD-2801

Azvudine
Ivermectin

Naphthalene-based
L10
Nafamostate
mesylate

Dexamethasone

RdRp inhibitor

RdRp inhibitor

RdRp inhibitor
3CLPro inhibitor

PLpro inhibitor
TMPRSS2 inhibitor

Corticosteroid

[8]
[13]
[56]
[16]
[17]
[18]
[19]
[58]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[34]
[35]
[36]
[39]
[46]
[47]
[49]
[50]

Abbreviations: 3CLPro, 3-chymotrypsin-like protease; EIDD-2810, nucleotide analogue; FPV, Favipiravir: HCQ,
Hydroxychloroquine; ICU, intensive care unit; RBV, Ribavirin; RDV, remdesivir; TMPRSS2, transmembrane protease serine 2.
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administration of RDV significantly reduced
the recovery time from 15 to 10 days in hospitalized patients. However, interim results from the
WHO Solidarity Trial indicated that RDV, HCQ,
lopinavir (LPV), and interferon regimens had
minor or no effect on hospitalized COVID-19
patients based on overall mortality, the start
of ventilation, and length of hospital stay [14].
In clinical evaluations, it was demonstrated
that RDV was associated with significantly
enhanced recovery, with a 62% reduced odds of
death compared to standard care [4].
Combination therapy of FPV and interferon-α
(IFN-α) showed fewer adverse events, shorter
clearance time of virus, and improved chest
CT scans compared to LPV/ritonavir (RTV)
treatment in a phase I study [16]. FPV did not
show improvement in clinical recovery in other
clinical trials but provided superior relief in
pyrexia and cough compared to umifenovir [17].
Moreover, clinical improvement was observed
in studies in Thailand [18] and reduced time to
fever reaction in Japan [19].
RBV has been shown to inhibit SARS-CoV-2
replication in Vero E6 cells [20]. In an open-label,
randomized, phase II trial, the triple combination RBV, IFN-β-1b, and LPV/RTV was compared to treatment with LPV/RTV, IFN-β-1b,
and RBV alone, which resulted in the reduction
of time from the start of treatment to a confirmed negative nasopharyngeal swab test to
7 days for the triple combination compared to
12 days for LPV/RTV therapy [21]. In another
study, patients with severe COVID-19 received
intravenous RBV together with supportive care
in a retrospective cohort study [22]. The outcome
was that RBV therapy did not improve the negative conversion time for SARS-CoV-2 testing and
was not associated with an improved mortality
rate.
Other RdRp inhibitors such as sofosbuvir [23–
25], galidesivir [26, 27], and EIDD-2801 [28–31]
have all been subjected to preclinical evaluations
and clinical trials on COVID-19 patients, showing some benefits related to a shortened hospital stay and lower mortality rates for sofosbuvir
and EIDD-2801, as summarized in Table 3.1.
Moreover, preliminary results indicated that
azvudine might shorten the time of the first
nucleic acid negative conversion (NANC) in
mild and common COVID-19 patients [32].
As proteases such as 3-chymotrypsin-like
protease (3CLPro) play a role in SARS-CoV-2
replication, inhibitors such as ombitasvir, paritaprevir, tipranavir, ivermectin, and micafungin
have been suggested as potential antiviral drugs
for the treatment of COVID-19 patients [33].
Ivermectin, characterized for its anti-parasitic

and antiviral activities, has demonstrated a 90%
reduction in viral RNA levels in SARS-CoV-2
infected Vero E6 cells [34]. When subjected
to clinical evaluation, ivermectin showed no
superiority to placebo in non-severe COVID-19
patients in a pilot study [35]. Furthermore,
a systematic review and meta-analysis of 15
clinical trials did not show reduced mortality or shortened recovery time in COVID-19
patients receiving ivermectin compared to
the control group subjected to standard care
[36]. The mega-analysis further revealed that
the clinical trials were badly designed, biased,
and provided low certainty of evidence. The
papain-like protease (PLpro) is another potential target because of its involvement in viral
replication [37]. Computational biology identified 147 potential SARS-CoV-2 inhibitors from
the screening of FDA-approved drugs [38]. For
example, the naphthalene-based PLpro inhibitor L10 inhibited coronavirus replication in Vero
E6 cells [39]. The SARS-CoV-2 helicase has also
been evaluated as a target for COVID-19 therapy
[40]. In addition to lumacaftor, cepharatine, and
bananin, flavonoid phytomedicines such as caflanone, equivir, hesperitin, quercetin, and myricetin can inhibit SARS-CoV helicase [41, 42].
The 99.8% homology between SARS-CoV and
SARS-CoV-2 suggests that helicase inhibitors
could be potential COVID-19 therapeutics [40].
Herbal medicines have also been investigated
for the treatment of COVID-19 patients. In this
context, the combination of glycyrrhizic acid
(GA) from the Chinese herb Glycyrrhizae radix
and vitamin C has been approved for clinical trials in COVID-19 patients in China [43].
Moreover, Chinese traditional medicines like
Huoxiang Zhengqi (HXZQ), Jinhua Qinggan
Granules (JHQG), Xuebijing, and Huashi Baidu
(HSBD) have been used for relieving severe
symptoms in COVID-19 patients [44].
The involvement of the transmembrane protease serine 2 (TMPRSS2) in SARS-CoV-2 S protein priming, and S protein-driven cell entry has
made it a target for COVID-19 drug development
[45]. For example, nafamostat mesylate, in combination with FPV, allowed the removal of seven
critically ill COVID-19 patients from mechanical
ventilation, the release of nine patients from the
ICU, and only one death among eleven patients
treated [46]. Improvement was also detected in
three elderly COVID-19 patients treated with
nafamostat mesylate [47].
Dexamethasone, an abundant and cheap
steroid, was approved by the FDA as a broadspectrum immunosuppressor in 1958 and
has been repurposed for COVID-19 treatment
[48]. However, while short-term treatment with
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dexamethasone could be beneficial in seriously
ill intubated COVID-19 patients, it can be dangerous during recovery because of the prevention of protective antibody production. In a
recent clinical trial in hospitalized COVID-19
patients, 2,104 individuals received dexamethasone, and 4,321 were given standard care [49].
Overall, 482 (22.9%) patients died within 28
days in the dexamethasone group, compared to
1,110 (25.7%) individuals in the control group.
Dexamethasone treatment showed lower 28-day
mortality compared to the control group in
patients subjected to invasive ventilation or
receiving oxygen alone, However, no difference
was observed in patients receiving no respiratory support. In the CoDEX randomized clinical trial, use of intravenous dexamethasone and
standard care in COVID-19 patients with moderate or severe ARDS generated statistically significant increase in the number of ventilator-free
days over 28 days compared to standard care
alone [50].
3.3 CHALLENGES IN DRUG
DEVELOPMENT AGAINST COVID-19
While mass vaccinations with several COVID-19
vaccines are in full swing, there is high demand
for novel COVID-19 drugs. Despite the many
different attempts at repurposing drugs developed and approved for other indications, the
success rate has been modest. In contrast to
the impressively fast COVID-19 vaccine development, which targeted the viral surface, particularly the S protein, antiviral drugs aim at
targeting the SARS-CoV-2 replication representing a more complicated level of action. Therefore
there are several challenges in developing drugs
against coronaviruses. In the first place, coronaviruses are single-stranded RNA viruses,
which are prone to mutate, generating potentially novel drug and vaccine-resistant variants
[51]. Second, as many drug candidates show a
high EC50/Cmax ratio, they are likely to develop
severe side effects such as hemolytic anemia,
neutropenia, and cardiopulmonary distress, as
seen for high doses of RBV [52]. Viral research
can often be incredibly challenging and requires
high biosafety levels (BSL3-4) to conduct experiments with lethal viral pathogens in cell cultures and animal models. Bioinformatics and
genomics have been essential for establishing
several screening models for SARS-CoV and
MERS-CoV based on inhibitors of nucleic acids,
proteases, and polymerases. So far, the efficacy
of broad-spectrum antiviral medicines against
coronaviruses has been modest. Further additional research is needed to obtain more efficacious drugs and address potential toxic side
effects [5].
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Another challenge comprises the transfer of
in vitro activity to in vivo proof-of-concept. In
this context, though SARS-CoV, MERS-CoV, and
HCoV-OC43 have demonstrated sensitivity to
RBV in vitro, the doses needed for inhibition
in vivo exceed the tolerance of humans [53].
Another issue is that while several flavonoids
have demonstrated high binding affinity against
SARS-CoV helicase, their poor bioavailability
has limited in vivo applications [54]. However,
this shortcoming has been addressed by engineering nanoparticles for improved delivery
and bioavailability [55].
3.4 FDA APPROVED DRUGS
There are only a few examples of drugs
approved for the treatment of COVID-19 so far.
For example, RDV has been approved by the
FDA for the treatment of hospitalized adults
and children with COVID-19 [56]. Recently,
the European Commission granted conditional
marketing authorization in the EU countries
for RDV. Moreover, though mortality rates were
not reduced by RDV treatment, the European
Medicines Agency (EMA) approved RDV for
adults and children over 12 years of age with
severe COVID-19 who are suffering from pneumonia and need oxygen supplementation [57].
Despite the uncertainty of therapeutic benefits,
FPV has been approved by the Indian Drug
Regulator for the treatment of mild-to-moderate
COVID-19 under restricted emergency use [58].
Moreover, FPV has also been commercialized
in Russia, Bangladesh, Pakistan, Jordan, Egypt,
and Saudi Arabia for COVID-19 therapy [58]. In
contrast, the FDA has not approved ivermectin
for the prevention and treatment of COVID-19
patients because of insufficient certainty and
poor quality of evidence.
3.5 COMORBIDITY AND PERSONALIZED
COVID-19 DRUGS
The major challenges in COVID-19 management
are the yet unknown origin as well as the biology
of SARS-CoV-2 and the lack of a gold standard
COVID-19 drug. The third important concern is
the existing comorbid conditions of COVID-19
patients. Comorbid conditions are directly associated with the disease’s severity and outcomes
of COVID-19. Recent reports suggest that hypertension (28%–32%) is the most prevalent comorbid condition followed by obesity (25%), diabetes
(14%–18%), cardiovascular disease (CVD) (12%–
16%), and chronic kidney disease (5%) [59, 60].
Further, the severity and mortality of COVID-19
disease are associated with pre-existing chronic
kidney diseases (51% and 44%), cerebrovascular accidents (43% and 44%), and cardiovascular disease (44% and 40%), respectively [60].
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However, obesity may not correlate with mortality in COVID-19 [61]. It has also been reported
that geographic differences or ethnicity are associated with the prevalence of comorbidities, and
COVID-19 severity and mortality. The European
and Latin American COVID-19 patients (≥65
years and mostly male) with any comorbid condition show the highest mortality rate. Severe
COVID-19 with any comorbid condition was
detected in Asians, and the highest prevalence of
comorbidities in COVID-19 patients was found
in Americans [60]. Apart from these factors, host
genetic factors have also been associated with
COVID-19 susceptibility, severity, and resistance. The homozygous mutation in the IFITM3
gene (rs12252) correlates with disease severity
[62]. Genetic variations in human leukocyte antigen (HLA) genes are associated with COVID-19
susceptibility. The ***HLA-A*25:01, -B*15:27,
-B*46:01, -C*01:02, an-C*07:29 alleles correlate
with COVID-19 susceptibility, and HLA-A*02:02,
-B*15:03, and -C*12:03 may have a protective
role. Genetic polymorphisms that affect ACE2
and TMPRSS2 expression also increase the risk
of infection, and variations in cytokine genes
such as IL6, ILR, TNF etc. could be associated
with cytokine storm affecting disease severity. In
the GWAS (Genome-Wide Association Study),
two loci are found associated with COVID-19
severity. These are 3p21.31 harboring genes
such as FYCO1, SLC6A20, CCR9, LZTFL1, XCR1,
and CXCR6, and 9q34.2, where the ABO genes
are located [63]. It has also been reported that
people with blood group A are more susceptible
to SARS-CoV-2 infections [64]. Furthermore,
inborn errors of type I IFN immunity are associated with very severe COVID-19 [65].
Therefore it is evident that pre-existing
comorbidity, ethnicity, and patient genotype
are associated directly with susceptibility, disease severity, and outcomes of COVID-19. Since
no effective drug against SARS-CoV-2 is available and most COVID-19 patients are managed
based on the symptoms they develop, it is necessary to identify the COVID-19 phenotype based
on the genetic makeup of the patient to be able
to personalize management of the disease. To
achieve this goal, the global COVID-19 Host
Genetics Initiative has been initiated [66]. In this
context, in a recent study, targets and approved
drugs have been predicted for the first time for
COVID-19 patients with specific pre-existing
conditions as well as a combination of comorbid
conditions, using a multi-omics approach [67].
Drugs and their targets need to be validated
by applying all necessary caution to evaluate
drug efficacy in personalized COVID-19 management. Among several predicted targets and
drugs, interferon-α (IFN-α) therapy has recently

been approved by the Drugs Controller General
of India (DCGI) to treat moderate COVID-19
infections. However, IFN-α therapy could
be more beneficial if it is used for COVID-19
patients with kidney diseases.
Another issue relates to the disproportionately
high number of immunosuppressed patients,
including solid organ transplant recipients
(SOTR) impacted by COVID-19 [68]. The mortality among SOTR has been estimated to be as
high as 20.5%. Vaccination has been considered
as an option to reduce COVID-19 morbidity and
mortality [69]. In a recent study, SOTRs showed
poor immunogenicity against SARS-CoV-2 after
receiving two doses of the BNT162b2 mRNA
vaccine [70]. In a retrospective, observational
study SOTRs were subjected to vaccinations
with the adenovirus-based ChAdOX1 nCoV-19
and Ad26.COV2.S vaccines, and the mRNAbased BNT162b2 and mRNA-1273 vaccines,
and only 9 (1.6%) of fully vaccinated individuals tested positive [69]. These findings strongly
encourage the vaccination of SOTRs.
3.6 MANAGEMENT OF COVID-19
PATIENTS
In the initial phase of the COVID-19 pandemic,
panic struck the healthcare systems around the
world. There were no antiviral drugs or vaccines
against SARS-CoV-2, but more strikingly, the
world was not prepared for a pandemic of this
extent. Hospitals, healthcare centers, and retirement homes showed an alarming shortage of
basic materials such as personal protection equipment (PPE). Ventilators and other sophisticated
equipment for treating seriously ill COVID-19
patients were not available in sufficient quantities, and clinicians were forced to make awkward
decisions about who would have access to respirators and who would be left to die. Moreover,
many first-line responders among the healthcare
personnel were infected by SARS-CoV-2, and
more than 3,000 healthcare professionals have
died of COVID-19 [70]. It is therefore no surprise
that a full-blown crisis was encountered.
After half a year of experience of COVID-19
management, it seemed that the clinicians were
still perplexed about how to treat COVID-19
patients, as stated in a publication by Wiersinga
and co-workers in August 2020 [71]:
As of July 1, 2020, more than 10 million people worldwide had been infected with
SARS-CoV-2. Many aspects of transmission,
infection and treatment remain unclear.
Advances in prevention and effective management of COVID-19 will require basic and
clinical investigation and public health and
clinical interventions.
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Despite the success in developing several vaccines against SARS-CoV-2 and the approval of
some repurposed drugs such as RDV [56, 57]
and FPV [58], the management and treatment
of COVID-19 still mainly aims at reducing mortality [72]. In the early phases of the pandemic,
attention was paid to the significant abnormality
of coagulation function, which triggered intravenous administration of immunoglobulins and
low molecular weight heparin anticoagulation
therapy [73]. Multi-organ evaluation and treatment were also recommended in severe and
critically ill COVID-19 patients, in addition to
supportive respiratory treatment [74]. Moreover,
in a systematic review of full articles published
between December 1, 2019, and March 26, 2020,
of the 449 identified articles, 41 were included
[74]. According to the findings, corticosteroid
treatment was most frequently used, followed
by lopinavir and oseltamivir.
Nutrition also plays an essential role in stimulating the immune system, and 
nutritional
therapy should be implemented as a firstline treatment into the standard practice of
COVID-19 patients [75]. In the case of seriously
ill patients, guidelines have been published for
nutritional management. As several natural bioactive compounds interact with ACE2 and can
also reduce inflammatory responses induced
by SARS-CoV-2, nutritional management of
COVID-19 patients should not be overlooked.
Finally, COVID-19 management must also
deal with post-COVID-19 complications, the
so-called long COVID-19 phenomenon, and
organ injuries. In the context of the potential
for a post-viral syndrome that might manifest
after SARS-CoV-2 infection, it was discovered
that some patients, especially healthcare workers, developed an illness similar to chronic
fatigue 
syndrome/myalgic encephalomyelitis
(CFS/ME) [76]. Based on experience, a subgroup
of remitted COVID-19 patients is expected
to experience long-term adverse events, long
COVID-19, resembling CSF/ME symptoms
including persistent fatigue, widespread muscle pain, depression, and non-restorative sleep,
which prevent normal activities and return
to work for periods up to 20 months [76, 77].
Moreover, in a follow-up study on COVID-19
patients in France, patients experiencing a mild
disease complained about relapse with persistent muscle pain, intense fatigue, shortness of
breath, tachycardia, headaches, and anxiety [78].
SARS-CoV-2 might trigger a similar immune
response as seen for autoimmune diseases.
For this reason, patients with post-COVID-19
complications should be tested for antinuclear
antibodies in order to rule out any possible
underlying autoimmune disease. It has also
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been suggested that long COVID can be related
to the virus- or immune-based disruption of the
autonomic nervous system, which might trigger
orthostatic intolerance syndromes [79].
In the management of COVID-19, it is important to acknowledge that, in addition to causing
pneumonia, damage has been detected in other
organs such as the heart, liver, and kidneys [80,
81]. Moreover, the blood and the immune system are also affected. As COVID-19 patients
die of multiple organ failure, attention should
be paid to protecting and treating multi-organ
injuries.
3.7 CONCLUSIONS
At the beginning of the outbreak of SARS-CoV-2,
no antiviral drugs or vaccines were available for
the treatment and prevention of COVID-19, and
more than 3 million lives have been lost. Today,
the severity of disease and reduced hospital
stays have been possible as a result of advancements in restriction of the spread of SARSCoV-2, improved knowledge of treatment, and
the application of several repurposed drugs. A
limited number of drugs have been approved by
national authorities for treatment of COVID-19
patients. For example, RDV has been approved
by the FDA, and FPV by the EMA and national
drug administrations in Russia and other
countries. Though not the topic of this chapter, the approval of several vaccines has had a
significant impact on seeing light at the end of
the tunnel. However, the recently discovered,
more transmissible and potentially more deadly
SARS-CoV-2 variants/mutants and rare cases of
vaccine-induced thrombotic thrombocytopenia
(VITT) has added pressure to develop efficacious novel COVID-19 therapeutics and potentially personalized vaccines.
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Chapter 4 Prevention and Control Strategies for the
COVID-19 Pandemic
Isfendiyar Darbaz, Gizem Morris, and Şükrü Tüzmen

4.1 INTRODUCTION
Both physical and mental health have been
severely impacted by the COVID-19 pandemic.
COVID-19 has been shown to cause extrapulmonary manifestations in the cardiovascular, gastrointestinal, urinary, and nervous systems, as well
as serious respiratory pathology. Mental health
problems related to the pandemic include depression, anxiety, fatigue, and post-traumatic stress
disorder The development of specific, efficient,
and safe COVID-19 prevention and therapeutics,
such as vaccines, antiviral agents, and passive
immunotherapy, is extremely beneficial. Several
problems, however, remain unresolved, and systemic and effective prevention and care may prove
difficult to achieve in the immediate future [1].
School and business closure on a wide scale
and over a long period of time results in a drastic
decline in daily activities and lifestyle behaviors.
People who are affected by economic d
 ownturns,
quarantines, and curfews are more likely to
indulge in unhealthy activities such as overeating, smoking, and drinking. Psychological distress caused by COVID-19 has been linked to
increased energy intake and decreased physical
activity, resulting in weight gain and higher rates
of overweight and obesity [1].
At this time, avoiding virus exposure by
physical isolation, face masks, hand washing
and eye protection is unquestionably the most
effective way of reducing COVID-19 transmission and preventing associated chronic complications. Changes in lifestyle factors such as diet,
exercise, smoking, alcohol intake, screen time,
and sleep can also help to shift the COVID-19
risk distribution. These factors are also important in the treatment of mental disorders, which
are common in pandemics like this one [1].
In addition to mass vaccination, the best solution for controlling the pandemic would be to
use preventive strategies, responsive diagnostic
techniques, and currently available medications
at the same time. This segment contains the
most up-to-date details on COVID-19 transmission, prevention, and control.
4.2 PANDEMICS ARE EXPECTED TO
INCREASE IN FREQUENCY
4.2.1 Macro Environmental Analyses
The outbreak of COVID-19 has put a greater
social, economic, and psychological strain on
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society than ever before. The battle between
response – advanced technology and immediate
medical research – is still a long way from being
able to respond effectively to the assault of new
virus variants under time pressure. Researchers
warn that “pandemics are expected to become
more common” [2]. As a result, the unexpected
effect of COVID-19 increases the burden on the
medical and social capacities of global health
systems, which have become increasingly reliant
on global collaboration and are being harmed by
current insufficient systems [3]. Moreover, outbreaks and the transmission of new viruses are
expected to rise. This poses serious problems for
human populations that lack antibody defense,
and it is unclear how their immune systems can
cope [4].
4.2.2 Pre-Disposal Factors at Community
Level – Outbreak and Transmission
Economic and psychological effects on pastoral populations that are underserved as a
result of a shortage of health personnel, fewer
accessible health facilities, lack of diagnostic
testing kits and protective equipment, and an
overall inadequate healthcare delivery system.
Low- and middle-income countries are vulnerable and underserved, posing significant challenges to monitoring the spread of the disease.
These populations are overcrowded, with little
opportunity for physical separation. Similarly,
farming communities are more susceptible to
zoonotic diseases. Recent research suggests that
intensive animal husbandry and unregulated
animal-derived food intake may be a major factor in the spread of COVID-19. Furthermore,
the pastoral community’s close interaction with
these animal husbandries, such as camels, is
considered a significant exposure and risk factor for viral transmission to humans [5].
In comparison to the rest of the world,
Africa has a higher proportion of people with
health problems. Consequently, higher rates
of malnutrition, anemia, malaria, HIV/AIDS,
and tuberculosis in many African countries
could be linked to, and exacerbated by, ongoing COVID-19 pandemic prevention and control efforts [3].
Pastoral communities are also found to be
uneducated, or less likely to follow public health
recommendations for infection prevention and
DOI: 10.1201/9781003190394-4
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control. Furthermore, cultural and traditional
barriers associated with controversial health
theories and low health-seeking habits remain
a concern in these trying times [5].
The ramifications on social and economic
levels are also concerning. The COVID-19
pandemic in Africa has dramatically increased
unemployment rates, according to a World
Bank survey, and the African economy will be
severely impacted [3]. Economic conditions are
expected to worsen because of current fragile
healthcare and public health systems, insufficient healthcare facilities, lack of access to clean
water, sanitation, food protection, and political
unrest, as well as restrictions on primary commodity exports and imports [6].
4.3 COVID-19 POSING DIFFERENT
THREATS AND CHALLENGES FOR
CONTROL MECHANISMS
4.3.1 Unique Viral Characteristics
of the SARS-CoV-2
Severe acute respiratory syndrome-coronavirus
2 (SARS-CoV-2) is a single-stranded RNA virus
[7]. The word “corona” is derived from the Latin
word for “crown”, which refers to the crown-like
spikes on the surface of the virus. Coronaviruses
are zoonotic, which means that they can spread
from animals to humans. Since zoonotic diseases have an animal reservoir, eradication is
extremely difficult. For example, avian influenza virus can be eradicated in farmed animals,
turkeys, and ducks, but it returns every year
because of its presence in wild birds. Avian
influenza virus does not spread from person to
person, but outbreaks in poultry farms happen
every year all over the world [7]. Coronaviruses
have been associated with other outbreaks in
humans, including Severe Acute Respiratory
Syndrome (SARS) caused by SARS-CoV, and
Middle East Respiratory Syndrome (MERS)
caused by MERS-CoV [8].
Both direct and indirect contact (droplet and
human-to-human transmission) will spread
SARS-CoV-2 (contaminated objects and airborne contagion). SARS-CoV-2 is believed to
spread mainly through respiratory droplets,
which are produced when a patient coughs,
sneezes, or even speaks or sings. Droplets
will spread only a few feet and remain in the
air for a few seconds. SARS-CoV-2, on the
other hand, can remain stable and infectious
in droplets for up to three hours after being
suspended in the air. As a result, airborne isolation, good room ventilation, and proper disinfectant application (especially in restrooms,
bathrooms) can all help to keep the virus from
spreading [9].

SARS-CoV-2 can be transmitted from asymptomatic individuals (or individuals during the
incubation period). For this reason, faster and
more responsive diagnostic methods for detecting infected people are needed to address a
variety of problems for prevention and control
measures [9]. The SARS-CoV-2 spread may be
more complicated than in previous outbreaks.
The importance of a home quarantine requiring full society lockdown is highlighted by
the relatively long incubation period, the
prevalence of asymptomatic patients, and
the persistence of viral shedding after recovery [9]. The following section will concentrate
on non-vaccination-based prevention steps,
as vaccination alone cannot and will not stop
the COVID-19 pandemic. As a result, low-cost,
evidence-based, integrated control methods
will be required [10].
4.3.2 Aerosol Exposure Risk and
Mitigation Strategies
The COVID-19 pandemic has completely
changed people’s views on otorhinolaryngologic treatments and procedures. Respiratory
disease can be caused by contact (touching a
contaminated surface followed by self-inoculation of the eyes, nose, or mouth), droplets
(inhalation in the nasal/upper airway or direct
inoculation of the eyes, nose, or mouth), or aerosol transmission (inhalation into upper or lower
airways) (Figure 4.1) [11].
Four factors affect the likelihood of indoor
viral respiratory transmission: (1) the properties
of aerosols and droplets; (2) indoor airflow; (3)
virus-specific factors; and (4) host-specific factors
The transmission of a respiratory viral pathogen
requires both exposure to, and successful inoculation with, an infectious titer of virus. Protective
goggles and face shields are not currently differentiated in face safety guidelines; however,
we recommend using face shields because they
provide additional protection beyond just covering the eyes. Face shields prevent early exposure to cough or sneeze-generated aerosols by
intercepting droplets and high-velocity airborne
particles before they enter a face mask or respirator. Since aerosol particles will “slip” around the
face shield as particle transport associated with
bulk airflow takes over, face-shield effectiveness decreases with time. At this stage, wearing
a good face mask or respirator is needed. While
current clinical evidence on the effectiveness of
N95 masks versus surgical masks in preventing
disease transmission is inconclusive, a recent
study indicated that N95 masks may be more
effective than surgical masks in reducing coronavirus-associated disease transmission [11].
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Figure 4.1 There are three potential pathways for the transmission of respiratory pathogens.
Self-inoculation after contact with droplets that settle on surfaces, direct deposition/
inspiration of infectious droplets in the mouth or nose, and deposition on the skin, as
well as airborne transmission through inhalation of aerosols, are all possible modes of
transmission. Aerosol transmission over short distances (2 to 3 meters) can be difficult
to distinguish from droplet transmission. Long-range transmission of viral respiratory pathogens such as influenza and coronaviruses is still debatable.

Infectious aerosols can be reduced by the
rate of building ventilation (dilution) and using
higher-efficiency filtration. According to the
American Society for Heating, Refrigeration,
and Air-Conditioning Engineers (ASHRAE),
the key technique for building protection during the pandemic reopening process is to reduce
aerosol exposure. Most heating, ventilation, and
air-conditioning (HVAC) systems in homes use
intentional particle filtration, which decreases
aerosol concentrations even more. The most
powerful filter (MERV 16) can remove >95% of
particles when properly built [11].
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4.4 STRATEGIES FOR SHORT-TERM
IMMEDIATE ACTIONS REQUIRED
FOR PREVENTION AND CONTROL
In the current situation, infection prevention
measures are critical for disease management. To
minimize the risk of SARS-CoV-2 infection and
transmission, several preventive measures have
been recommended for general public health,
including hand and respiratory hygiene, as well
as good food practices (in relation to raw animal
products) [12]. In the meantime, there is a pressing need to recommend successful preventive
measures that could reduce the risk of COVID-19
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infection [13]. Education, separation, prevention,
transmission control, and treatment of infected
people, according to the WHO, are crucial measures in controlling infectious diseases like
COVID-19. Having the following guidelines will
help to limit the spread of infection [9].
Shielding entails remaining at home (home
quarantine) and avoiding direct contact with
someone who is either a potentially asymptomatic or symptomatic COVID-19 patient,
avoiding congested public places, excessive
travel, and keeping a distance of at least two
meters between people, particularly if they are
coughing or sneezing; hand shaking should be
avoided, hands should be washed for at least 20
seconds with soap and water, or a hand sanitizer containing at least 75% alcohol should be
used on a regular basis, particularly after touching common surfaces in public spaces. Touching
eyes, nose, and mouth should be avoided and
surfaces should be wiped with disinfectant
sprays. Use of medical masks (especially N95,
12–16-layer cotton or surgical masks) or a respirator may be necessary because of the long incubation period and the presence of asymptomatic
patients (especially FFP3). Furthermore, medical shields or protective suits are recommended,
particularly for healthcare workers. Since gloves
may easily become infected, wearing gloves in
public does not provide adequate protection
against COVID-19 [9, 14]
Effective preventative measures and health
responses from governments, physicians, and
the general public are expected to prevent the
spread of COVID-19 infection. The transmission of a virus from person to person is important, and super-spreading events can occur in
public gatherings. The following are some of the
critical measures that must be taken to prevent
COVID-19 from spreading across the population:
(a) Isolation of affected individuals or potential carriers as well as individuals traveling
from affected countries. COVID-19 is transmitted by asymptomatic carriers, according
to some reports.
(b) Prevention of transmission by ensuring a
high degree of hygiene at home and in public spaces and public transport.
(c) Avoidance of social gatherings because they
present high risk events for virus spread.
(d) Increase in public education and perception.
(e) Everyone, especially infected, elderly people, and immunocompromised individuals
should wear masks and protective clothing
to prevent infection and protect themselves
from COVID-19.
(f) Maintenance of good immunity by eating a nutrient-dense diet, and the intake of

vitamins, especially C and E, along with
physical exercise, to aid in the fight against
COVID-19.
(g) Maintenance of social isolation is strongly
recommended because of the spread of
SARS-CoV-2 from person to person [15].
4.4.1 Physical Avoidance
The goal of social distancing is to flatten the
curve of new infections, preventing an increase
in demand on healthcare services. [16, 17].
Masks and face shields cannot fully eliminate pathogen exposure, but they do minimize
the amount of exposure. Even if it fails to avoid
infection, wearing a mask will minimize the
amount of pathogen exposure, resulting in a
relatively mild disease. As a result, wearing
masks in the general population will reduce at
least a significant portion of COVID-19 infections [18–20].
Handwashing and wearing a mask are critical for slowing the spread of SARS-CoV-2.
However, washing hands in the correct manner
is often difficult, and existing medical masks,
also known as surgical masks, are in short supply in many countries. People in some countries have been encouraged to make their own
SARS-CoV-2 masks at home, but it is unclear if
these are successful at blocking the virus [21].
4.4.2 Lifestyles and Behavior
Appropriate nutrition is essential for a healthy
immune system, and both malnutrition and
overnutrition can have negative effects on
immune responses. Malnourishment and malnutrition can cause nutritional deficiencies in
energy, protein, and micronutrients, which can
weaken the immune system and make it more
susceptible to infections. Specific nutrients can
influence immune function by affecting gut
microbiota composition, cell activation, gene
expression, and signaling pathway activity [1].
Plants have been used as traditional medicines in almost all of the cultures around the
world for centuries to treat a variety of chronic
illnesses, including viral diseases. Scientists have
attempted to validate scientifically the healthimproving ability of functional and nutraceutical foods in recent decades. Different parts and
extracts from medicinal plants have demonstrated similar medicinal properties as synthesized pharmaceuticals [1]. Various groups of
compounds, such as alkaloids, flavonoids, terpenoids, and polysaccharides, exhibit immunomodulatory properties with fewer side effects
than allopathic medications, prompting a surge
in interest in using medicinal plants to modulate the human immune system. We believe that
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functional food plants can assist people in overcoming infection by: (1) modulating the immune
system, (2) producing antiviral activity against
the infection, and (3) reducing other respiratory
issues. The potential immunomodulatory activity of plants is a relatively new idea in the field
of phytomedicine. Immunomodulators not only
boost humoral and cell-mediated immunity,
but they also stimulate non-specific immune
responses including natural killer (NK) cells,
macrophages, granulocytes, and complement
systems, all of which boost infection resistance
in a non-specific way. Table 4.1 lists 20 popular
and easily accessible functional food plants with
immunomodulatory and antiviral properties
that can modulate the immune system and are
biologically active against a variety of medical
indications caused by respiratory tract infections. These plants have been shown to stimulate the immune system in a variety of ways.
However, their efficacy in humans may be limited. When used in large quantities, they can be
poisonous. As a result, caution should be exercised in their applications [1].
Probiotics are live microorganisms with
potential health benefits when ingested, primarily by enhancing or restoring gut flora. Probiotics
have been shown to stimulate multiple immune
pathways, influence host immunological networks, improve immune responses, and reduce
the frequency and length of viral respiratory
tract infections by a small amount. Microbial
dysbiosis has been found in some COVID-19
patients, with a decrease in Lactobacillus and
Bifidobacterium, and probiotics have been suggested in COVID-19 management guidelines.
However, it is unknown whether conventional
probiotics are effective in the prevention or
treatment of COVID-19 [1].
Obesity appears to have a significant negative
impact on pathogen protection and immunity,
and a correlation between obesity and various
infectious diseases has been established. Lowgrade chronic inflammation is a symptom of
obesity, and it can weaken innate and adaptive
immune responses, making the immune system more susceptible to infections. Obesity has
been shown to negatively impact host immunity, infection resistance, post-infection complications, and mortality from serious infections.
COVID-19 has a high chance of causing serious
or fatal outcomes in overweight and obese individuals. These individuals need special care,
with a focus on infection prevention and weight
loss [1].
While home confinement can help to prevent
the spread of SARS-CoV-2, it also alters exercise
habits and decreases physical activity. In reality, the COVID-19 pandemic is exacerbating an
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already-existing physical inactivity epidemic.
Restricted exercise lowers energy consumption
and raises the risk of gaining weight. Increased
eating as a result of boredom, depression, or anxiety may also lead to a rise in body weight. During
the pandemic, exercise is critical for avoiding the
health hazards associated with inactivity, as well
as for improving wellbeing and immunity, and
reducing stress and anxiety [1].
Individuals with elevated anxiety and those
dealing with anxiety disorders have demonstrated that aerobic exercise is successful in
treating behavioral illnesses, with high-intensity
exercise becoming more effective than lowerintensity activities [22]. A physically active lifestyle is also important for mental and physical
health during confinement. During the COVID-19
pandemic, regular physical activity can help with
infection prevention, mental health issues such
as anxiety and depression, body weight maintenance, and chronic disease prevention and
management. Given the negative effects of the
COVID-19 pandemic on the mobility and playing
habits of children, motivating children to engage
in physical activity deserves special consideration [1].
Long periods of confinement at home can
cause boredom, stress, and mental issues, which
can contribute to increased alcohol consumption. Alcohol is considered to have little benefit
on one’s health, and is a significant risk factor for
chronic illness and injury. However, according
to GBD 2016 Alcohol Collaborators (2018), moderate consumption of alcohol may provide some
benefits [23].
With increasing levels of alcohol consumption, the risk of all-cause mortality increases, and
only total abstinence reduces the risk of damage
to health. Chronic alcohol use, in particular, has
been shown to impair the ability to fight infections such as tuberculosis and pneumonia by
disrupting the innate and adaptive immune systems. Alcohol affects a variety of pathways that
impair immunity, and it is likely to be harmful in
the case of infection with the SARS-CoV-2. Acute
respiratory distress syndrome (ARDS), one of
the most serious COVID-19 complications, has
been shown to be substantially increased by high
chronic alcohol intake [1].
Various mechanisms can increase the risk of
respiratory tract infections in smokers. Smoking
impairs immune function and has been shown to
nearly double the risk of tuberculosis infection,
increase the risk 3–5-fold of several types of pneumonia infection, and enhance the risk by approximately 5-fold for influenza virus infection [24,
25]. In terms of COVID-19–related dangers, electronic cigarettes and other alternative devices are
unlikely to be a safer choice. They can cause the
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Table 4.1 Immunomodulatory and antiviral functional plant food

Plant Name

Plant Parts Used
(Preparation
Methods)

Onion
(Allium cepa L.)

Bulb (Crushed,
mixed with honey)

Quercetin,
thiosulfinates,
anthocyanins

Garlic
(Allium sativum L.)

Bulb (Crushed,
mixed with honey)

Diallyl disulphide,
alliin,
polyphenols,
proteins

Barberry
(Berberis vulgaris L.)

Fruit, stem and root
(Boiled extract,
poultice)

Berbamine,
berberine

Chemical
Content

Healing Benefits
Quercitin has been shown to lower
cholesterol, prevent heart disease, thin
the blood and ward off blood clots, good
for asthma, chronic bronchitis, diabetes,
and infections. It has even been linked to
prohibiting some forms of cancer.
Garlic has been used to treat bronchitis,
hypertension, TB (tuberculosis), liver
disorders, dysentery, flatulence, colic,
intestinal worms, rheumatism, diabetes,
and fevers.
Studies showed that barberries have
numerous health benefits, including
anti-inflammatory ones. Moreover, it can
be used as a medicinal herb to treat a
variety of disorders, such as diabetes,
liver disease, gallbladder pain, digestive,
urinary tract diseases, and gallstones.
The tea plant is a herb used in cancer
(prevention), cognitive improvement,
Crohn’s disease, diuresis, genital warts,
headaches, heart disease (prevention),
Parkinson’s disease (prevention), stomach
disorders, weight loss (combination
products), and hypercholesterolemia.
Papaya is used for preventing and treating
gastrointestinal tract disorders, intestinal
parasite infections, and as a sedative and
diuretic. It is also used for nerve pains
(neuralgia) and elephantoid growths.

Tea Plant
Leaf (Boiled,
(Camellia sinensis (L.) beverage)
Kuntze)

Catechins,
quercetin, gallic
acid,
theaflavin-3,3′digallate

Papaya
(Carica papaya L.)

Fruit and leaves
(Leaves, ground to
prepare juice; fruit
can be eaten
directly)

Bitter orange
(Citrus aurantium L.)

Fruit, peel (Dried
peel or fruit juice)

Caricaxanthin,
violaxanthin,
zeaxanthin,
carpaine,
dehydrocarpaine I,
II and cardenolide
Polysaccharides,
polyphenolic
compounds

Turmeric
(Curcuma longa L.)

Rhizome (Pounded,
tincture, powder)

Curcumin

Fig
(Ficus carica L.)

Fruit, leaves
(Decoction with
honey)

Terpenoids,
anthocyanins,
steroids

Fig leaves are used for diabetes, high
cholesterol, and skin conditions such as
eczema, psoriasis, and vitiligo. Some
people apply the milky sap (Latex) from
the tree directly to the skin to treat skin
tumors and warts.

Soybean
(Glycine max (L.)
Merr.)

Seeds (Cooked,
roasted)

Isoflavones,
flavonoids,
phytosterols,
organic acid,
saponins
Glycyrrhizin

Long-term use of soybean (Glycine max)
may prevent the progression of breast
cancer.

Liquorice
Root (Dried roots
(Glycyrrhiza glabra L.) extracted. The
extract is vacuum
dried to a dark
paste, then dried to
a powder)

Bitter orange and its extracts are used in
Traditional Chinese Medicine (TCM) to
treat indigestion, diarrhea, dysentery, and
constipation. In other regions, the fruit is
used to treat anxiety and epilepsy.
Taken orally, turmeric is used as treatment
for indigestion (dyspepsia), abdominal
pain, hemorrhage, diarrhea, flatulence,
abdominal bloating, loss of appetite,
jaundice, hepatitis, and liver disease,
gallbladder complaints, headaches,
bronchitis, colds, respiratory infections,
fibromyalgia, leprosy, fever.

Efficient hepatoprotective medication in
patients with chronic hepatitis C and
more broadly to protect from a variety of
hepatic diseases such as chronic viral
hepatitis, drug- or chemical-induced liver
injury, nonalcoholic fatty liver disease,
autoimmune hepatitis, and hepatocellular
(Continued)
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Table 4.1 (Continued) Immunomodulatory and antiviral functional plant food

Plant Name

Plant Parts Used
(Preparation
Methods)

Wolfberry
(Lycium barbarum L.)

Fruit (Fresh fruit
eaten directly)

Mango
(Mangifera indica L.)

Mulberry
(Morus alba L.)

Black Cumin
(Nigella sativa L.)

Long pepper
(Piper longum L.)

Black pepper
(Piper nigrum L.)

Chemical
Content

Healing Benefits

PolysaccharideNourishing the eyes, kidney, lungs, and
protein complexes, liver.
phenolic
compounds
Bark, leaves, roots,
Flavonoids,
Used as a dentrifrice, antiseptic, astringent,
fruits, flowers
xanthones
diaphoretic, stomachic, vermifuge, tonic,
(Boiling, powdering (Mangiferin),
laxative and diuretic and to treat diarrhea,
of bark, leaves, root
phenolic acids,
dysentery, anemia, asthma, bronchitis,
and flowers; fruit
triterpenes
cough, hypertension, insomnia,
can be directly
rheumatism, toothache, leucorrhoea,
eaten)
haemorrhage and piles.
Fruit leaf, root (Fruit Carotene, vitamin
In folk remedies, have been traditionally
juice, leaves, root
B1, folic acid, folinic used for the treatment of fever, cough,
bark decoction or
acid, vitamin D,
hyperlipidaemia, hypertension, and
tea)
polyhydroxylated
hyperglycaemia.
alkaloids,
glycoprotein,
Anthocyanins,
benzofurans,
stilbenes
Seeds (Roasted)
Quinones,
The medicinal use of black cumin seeds in
alkaloids,
various traditional herbal systems is
saponins
known for a wide range of ailments which
include different airway disorders, for pain
such as chronic headache and back pain,
diabetes, paralysis, infection, inflammation,
hypertension, and administered in
digestive tract related problems.
Fruit, root
Piperine
Long pepper is used to improve appetite
(Decoction)
and digestion, as well as treat stomach
ache, heartburn, indigestion, intestinal
gas, diarrhea, and cholera. It is also used
for lung problems including asthma,
bronchitis, and cough
Fruit (Dried, used as Piperine
Oral use for arthritis, asthma, upset
spice)
stomach, bronchitis, cholera, colic,
depression, diarrhea, gas, headache, sex
drive, menstrual pain, stuffy nose, sinus
infection, dizziness, discolored skin
(vitiligo), weight loss, and cancer.

Plum
(Prunus domestica L.)

Fruit (Eaten fresh)

Anthocyanins,
protocatechuic
acid

Guava
(Psidium guajava L.)

Fruit, shoots, leaves
(Fruit can be eaten
directly. Decoction
and poultice of
leaves, shoots)
Fruit, seeds, bark
(Fruit juice,
decoction of seeds,
dried bark)
Root (Dried, roasted,
eaten with honey)

Phenolic, flavonoid, Compounds in guava leaf extract may
carotenoid,
have a positive effect on a range of
terpenoid,
illnesses and symptoms, including
triterpenes
menstrual cramps, diarrhea, the flu, type
2 diabetes, and cancer.
Anthocyanins, fatty Used as an antiparasitic agent and to treat
acids, alkaloids,
diarrhea, ulcers, diabetes and
vitamins
cardiovascular disease.

Pomegranate (Punica
granatum L.)
Ginger
(Zingiber officinale
Roscoe)

Essential oil, crude
fiber proteins,
fatty oils,
carbohydrates

Used for the treatment of leukorrhea,
irregular menstruation, and debility
following miscarriage

Ginger extract reduces inflammation in
rheumatoid arthritis, inflammatory gut
disease, asthma, and certain cancers

Notes: (1) The immunomodulatory properties of these plants are for the overall immune system of the body, not
for any specific disease, illness, or organ. (2) Antiviral properties are often used against viruses that infect the
respiratory tract.
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contagious lung damage seen with conventional
cigarettes because they also use tobacco and emit
smoke or vapor [1, 26].
In the context of homeschooling, teleworking or
home-offices, and online socializing, prevention
and lockdown initiatives implemented in several
countries resulted in a growing dependence on
screens. Sleep and immunity are intertwined,
and sleep deprivation and irregular sleeping patterns can increase susceptibility to SARS-CoV-2
infection [27]. Sleep quality may be compromised
during the pandemic as a result of COVID-19–
related anxiety and stress, and it can be damaged
even more by repetitive screen-related behaviors
such as watching television, using computers and
mobile devices, and playing electronic games. A
controlled management of screen time, adequate
sleep quality and quantity, and regular daily
sleep cycles should be encouraged, to provide the
best possible function of the immune system to
reduce SARS-CoV-2 infections [1].
4.4.3 Medical Supplements
Micronutrients, such as vitamins and trace elements, are known to play important roles in both
innate and adaptive immune responses, and
maintaining micronutrient homeostasis is critical
for immune system health. Micronutrient deficiencies can lower immunity to disease, but supplementation has been shown to boost immunity
against viral infections. Vitamin D deficiency,
for example, tends to be linked to weakened
immune responses and an increased risk of systemic infections. Vitamin D supplementation can
help to prevent respiratory infections by reducing the development of proinflammatory cytokines and thus the risk of pneumonia caused by
cytokine storm [1, 28, 29].
N-acetyl-L-cysteine (NAC) is a common health
supplement that has been proposed as a nutraceutical that can help in the control of RNA
viruses such as influenza and coronaviruses
[30]. Based on a systematic literature search, a
possible function of NAC and copper in combination with antiviral drugs, such as remdesivir has been hypothesized for treatment of
COVID-19 [30].
SARS-CoV-2 is a deadly virus that has spread
around the world. This virus, on the other hand,
is vulnerable to increased body heat, which
boosts the immune system. According to
researchers, repeated treatments of heat accompanied by cold are the most successful firstline treatment for mild SARS-CoV-2infections.
They suggest using the most available form of
hydrothermotherapy treatments for all stages
of COVID-19 [31]. However, studies involving
larger-scale populations are needed in order to
obtaining more representative results.

4.5 STRATEGIES FOR LONG-TERM
PREPAREDNESS AND READINESS
IN RESPONSE TO ONE HEALTH AND
WORLD HEALTH SYSTEMS (WHO)
In practice, preventative approaches seek to
enhance communicable and zoonotic disease
monitoring and response by coordinating multisectoral and inter-disciplinary health prevention and intervention efforts. The One Health
initiative is a movement to form all-inclusive,
co-equal alliances between physicians, osteopathic doctors, veterinarians, dentists, nurses,
and other scientific-health and environmental
disciplines. To determine the feasibility of multisectoral interventions, other relevant fields must
be included in discussions of methodologies, the
definition of benchmarks, and the actual implementation of multicenter pilot studies. Since
each region, such as countries and continents, is
unique, potential synergies with COVID-19 public health strategies and other sector goals will
need to be evaluated and adapted to each socialecological background. Future potential strategies will need to reconsider the determinants
of health in neglected tropical diseases (NTDs)
in order to galvanize efforts and develop comprehensive, well-defined programs that will lay
the groundwork for a multi-sectorial approach.
These multi-sectorial approaches may involve
medical developmental sectors, environmental
sectors, agricultural sectors, education, economy, communications, bilateral agribusiness,
and public–private partnerships [32].
4.6 CONCLUSION
To summarize, SARS-CoV-2 is a new and highly
contagious virus, and while vaccines for prevention of COVID-19 disease have now been developed, there is no perfectly successful treatment.
Sporadic social distancing will most likely continue until 2022 if no substantial action is taken.
As a result, before the world at large has been
vaccinated and successful medications are discovered, it is advisable to continue using preventive methods and public health programs.
COVID-19 will ultimately be defeated by a combination of therapies that include all of the above
drugs or supplements, as well as a proper immunomodulatory diet, adequate mental support,
and adherence to standards [9].
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Chapter 5 Global Focus and Interdisciplinary Approaches in
COVID-19 Research and Their Outcomes
Hülya Şenol and Şükrü Tüzmen

5.1 INTRODUCTION
5.1.1 Challenges and Strategies Taken by
Different Countries to Combat the
Effects of the COVID-19 Pandemic
The deadly Severe Acute Respiratory SyndromeCoronavirus 2 (SARS-CoV-2), which triggered the
current COVID-19 pandemic, belongs to the family of coronaviruses (CoVs) and is the third human
zoonotic coronavirus to have caused an outbreak
[1]. In late December 2019, the first COVID-19
patients were registered in Wuhan, China. The
majority were market workers, stall owners, or
tourists to the city’s Huanan Wholesale Seafood
Market. However, later research revealed that
many of the first human cases had no prior contact with the Huanan Wholesale Seafood Market
and began experiencing symptoms on December
1, 2019. As a result, they contracted the SARSCoV-2 virus in November after coming in contact
with previously undetected cases. The SARSCoV-2 virus has most likely not been manipulated
or engineered, according to investigations, but it
has an ecological reservoir in bats. The World
Health Organization (WHO) declared on January
30, 2020, that the COVID-19 outbreak was an
international public health emergency, and on
March 11, 2020, it was declared as a pandemic disease. COVID-19 has spread to 221 countries and
territories, with 140,322,903 confirmed cases and
3,003,794 deaths registered by the World Health
Organization (WHO) on April 18, 2021 [2]. At the

time of writing, the number of cases and deaths
continues to rise on a daily basis as a result of
rapid human-to-human transmission (Figure 5.1),
there are critical issues that must be addressed
immediately in many parts of the world.
In this chapter, we present the challenges and
strategies used by various countries to tackle the
issues of COVID-19 in order to assist other states
in adjusting and improving their preparedness
policies for the pandemic.
5.1.1.1 China, Thailand, and Korea
China, Thailand, and Korea showed a lower total
number of COVID-19 cases on April 13, 2021 than
86 countries on the WHO list. During the pandemic, China has responded rapidly, conducting
an epidemiological inquiry on December 29, 2019,
shutting the seafood market in Wuhan, South
China, on January 1, 2020, and putting the city
on lockdown on January 23, 2020. Using digital
media, the pandemic crisis was tracked and publicized in real time, and government-planned epidemic prevention strategies were implemented,
with people actively cooperating throughout the
country. By February 19, 2020, China’s national
emergency response had slowed the spread
of COVID-19 and averted numerous cases [3].
Thailand was the first country outside China to
report a new case of COVID-19, on January 13, 2020.
In the first week of April 2020, national lockdown
was declared, and all international airports were

Figure 5.1 Global situation on April 18, 2021.
Source: WHO, 2021. https://covid19.who.int/
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Table 5.1 Strategies used by China, Thailand, and Korea
Thailand [4]

− Monitoring of wildlife sources
− National lockdown
− International cooperation
− Collection of data from all domestic
− Lockdown of communities/cities at the national level,
airports
travel restrictions
− Use of applications such as Facebook, Line,
− Speedy mobilization of healthcare personnel
Tik Tok, and Twitter to inform the public
− Development of guidelines
about outbreaks, to provide accurate
− Use of cloud computing and big data
information and preventive measures
− Minimizing of social contacts, aggressive quarantine, − Use of the Chiang Mai Hospital infor
mask wearing, regular disinfection, and efficient hand
mation system (CMC-19)
washing
− Use of Self-
Screening application (SSA)
− Early testing, reporting, isolation and treatment
provided in Thai, Chinese, and English
− Nucleic acid testing and CT examination for diagnosis − Use of Self-Health Check (SHC) application
− Use of public facilities as flexible temporary hospitals
by the public
− Admittance of patients with mild/moderate disease to
mobile, temporary, or field facilities, and admittance
of patients with severe disease to COVID-19 dedicated
hospitals
− Critical care medicine, multi-
disciplinary, multi-
organ treatment, supplementation with oxygen, and
mechanical ventilation for patients having severe/
critical disease
− Treatment with traditional Chinese medicine (TCM)
and Western medicine
− Acceleration of development of vaccines

Korea [5]
− Aggressive screening and immediate testing
− Testing of employees at hospitals and in-patients
− Contact tracing of patients
− Fast treatment and quarantining of patients
− Conversion of private hospitals into COVID-19 dedicated hospitals
− Creation of group chatroom for the control team experts
− Implementation of walk-in and drive-in testing centers
− Implementation of mobile screening centers
− Providing care to self-quarantined patients by video calls
− Management of residential treatment centers by each local
government independently
− Use of the self-quarantine protection app and mandatory use of self-
diagnosis app
− Dashboard developed to send patient data (self-
assessed body
temperature, blood pressure, pulse) to healthcare providers
− Collection and release of relevant information on COVID-19 patients
in real time
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ordered to shut down [4]. Korea had previously
struggled to manage the Middle East Respiratory
Syndrome (MERS) outbreak, so the Korean government managed to respond to COVID-19 on
February 23, 2020, at the highest level. To respond
to pandemic emergencies, the Central Disaster
and Safety Countermeasure Headquarters collaborated with the KCDC (Korea Center for Disease
Control and Prevention). China, Thailand, and
Korea increased the quality of their public health
and medical staff through effective strategies [5]
(Table 5.1).
Finland, Mongolia, Norway, Iceland, Vietnam
and New Zealand have implemented multiple effective measures and restrictions, managed the pandemic very well and have been
very successful in restraining the pandemic
(Tables 5.2–5.4). Several lessons can be learned
from their COVID-19 management, and these
lessons could be useful to other countries who
are struggling with the pandemic.

5.1.1.2 Australia
The first positive case was confirmed in Australia
on January 25, 2020, but the rates of COVID-19–
related cases and deaths were substantially lower
than in Italy, the United Kingdom, the United
States, and China [2]. This disparity may be a
result of successful measures taken in Australia
that have resulted in a lower infection rate. For
example, decisive and rapid lockdown procedures that enabled Australians to leave the house
for only five reasons (shopping only for essential supplies; work or study that cannot be done
remotely; visiting friends or family with a limited
number of people; exercise; and medical or care
needs). Individuals who violated these restrictions were fined AUD$1,000, and all travelers
were quarantined for 14 days. The federal government invested AUD$1 billion in telehealth, a
suicide prevention telephone service, and crisis
support, as well as AUD$10 million in training
volunteers to communicate with elderly people

Table 5.2 Strategies used by Vietnam and Iceland
Vietnam [6]

Iceland [7]

− Formation of the Taskforce Group for prevention and
control
− Suspension of flights from epidemic areas
− Health check and 14 days of quarantine for people
returning from abroad
− Closure of schools and introduction of online education
− Financial support to individuals affected by COVID-19
− Aggressive testing, tracing and treatment
− Coverage of testing and treatment by health insurance
− Reduction of the scale of festivals and gatherings
− Mandatory mask wearing in public places
− Limited travel in spring 2020
− Clear leadership
− Activation of the Emergency Public Health Operations
Center
− Application of measures to suspend visa exemption
and restriction of entry
− Daily broadcasting of COVID-19–related information
by all national media, MOH’s website, newspapers,
governmental website
− Public installment of NCOVI health notification
software to report on health status daily
− Implementation of social isolation measures from
April 1 to April 15, 2020
− Issuing clinical guidelines on diagnosis and treatment
of COVID-19 patients in February 2020 and adjusting
it according to upgraded global scientific reports
− Provision of health education about preventive mea
sures to all people
− Mobilizing provision of medical equipment and
protective measures for health facility workers
− Hand washing
− Promotion of social distancing, at least 2 m apart in
public places and avoiding gathering in large numbers
− Creation of an official account on social media (Zalo),
providing SMS to all citizens
− Changing waiting ringtones/music to a voice message
to remind of COVID-19 measures
− Applying research to active treatment and improve
ment of survival rates

− Purchase of substantial amounts of medical supplies,
increase in intensive care unit (ICU) beds and
ventilators, creation of special COVID-19 wards in
two large hospitals
− Suspension of outpatient clinics and elective sur
gery, establishment of a contact tracing unit and case
management teams
− Travel vouchers given to all citizens to increase
national tourism
− Quarantine of 14 days for arriving passengers and
COVID-19 testing at borders
− Reduced schedule at airports during first wave
− Reduced freight at ports during first wave
− Restrictions in the number of people allowed at
gatherings
− Adherence to personal hygiene
− Social distancing (2 m from May to August 2020: 1 m
from September 7, 2020)
− Closure of universities and high schools
− Preschool, elementary schools remained open
during first wave; on August 14, 2020, all schools
opened
− Closing of non-essential retail during first wave
− No mask recommendation during first wave, but
mandatory on public transport, in high schools and
universities between May and September 2020
− May 4, 2020: maximum 4 individuals doing sport
together, September 7, 2020: 75% capacity of sport
complexes
− Religious venues and services to remain open with
social distancing and restricted number of people
between May and September 2020
− Setting up swab hubs, conducting a high daily
appointment-
based swab rate, undergoing two
border COVID-
19 swab tests five days apart for
visitors who did not opt for a 14-day quarantine
− Providing swab test results within a 24-hour period
while individuals remained in quarantine
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Table 5.3 Strategies used by Mongolia and Finland
Mongolia [8]

Finland [9]

− Initiation of precautionary measures before the
WHO declaration of pandemic
− Governmental meeting for emergency prepared
ness
− One-window policy - all announcements at a set
time through all media and channels
− Text message alerts sent nationwide to the public’s
mobile phones
− Closure of educational institutions at all levels
− Restriction of travel to China
− Chinese border restrictions with ban on import of
foods
− Isolation of incoming travelers from countries with
COVID-19 cases
− Restriction of Tsagaan Sar lunar New Year
celebrations
− Increased health system preparedness
− Setting up isolation camps and isolation of travelers
at high risk for 2 weeks in these camps
− Widespread public face mask wearing
− Banning domestic travel between provinces and
inter-cities until March 3, 2020
− Providing disinfection protocols for trains and
trucks
− Preparation of risk assessment for all provinces
− Banning of all religious gatherings
− Cancellation of international flights, land travel and
rail travel
− Establishment of emergency call service with a
4-digit number
− Contact tracing
− Closing of public businesses (except grocery stores)
− Seven measures to protect public health and
income
− Preparation of a 300-bed emergency hospital
− Hospitalization of all confirmed, suspected cases
and their primary contacts by the National Centre
for Communicable Diseases
− Introduction of legislation with sanctions and
criminal charges for intentionally falsifying health
conditions and misreporting
− Testing of incoming travelers in quarantine
− Random community testing and walk-
in testing
sites
− Coverage of most of healthcare and emergency
expenses of children, pregnant women, patients
with tuberculosis, and cancer, by government
− Provision of COVID-19 related healthcare, isolation
and quarantine services free of charge

− Support of government to all municipalities
− Funding of all measures by municipalities
− Selection of five university hospitals to plan and
coordinate care and all hospital districts for epidemic
preparedness and management
− Production of materials for use by public health officials
− Provision of guidance for healthcare and social providers
− Provision of guidelines for COVID-19 prevention in
workplaces
− Implementation of early lockdown
− Physical distancing interventions
− General advice on hygiene, respiratory etiquette,
physical distancing by the Finnish Institute for Health
and Welfare (THL, Terveyden ja Hyvinvoinnin Laitos)
− Issuing guidance on testing patients with severe res
piratory tract infection symptoms, social and health
care personnel and elderly individuals
− Effective testing, contact tracing, isolation, and treatment
− Effective testing at airports, land borders and harbors
− Drive-in testing by hospitals and the public sector
− Mandatory mask wearing
− Isolation of patients at their homes or in hospitals
− Healthcare resource prioritization
− Two-
week quarantine for all exposed people, four
economic packages (one for emergency measures,
three as strong economic stimulus packages)
− Stay-
home advice to people developing respiratory
symptoms
− Information of public and media on THL website
− Nationwide use of the digital self-
assessment tool
“Omaolo” available in Finnish, Swedish and English
− Contacting of patients using this tool by physicians
and nurses
− Medical helpline (116117)
− Sharing information between municipalities by an
open access Innokylä website moderated by THL
− Use of the app “Koronavilkku” to alert people who
have come into contact with COVID-19 cases
− Quarantine-like conditions for persons over 70 years
− Self-quarantine for 14 days after traveling abroad
− Instructing private-sector employees to work from home
− Closing sports centers, libraries, youth centers, clubs,
rehabilitative work facilities, museums, swimming
pools, daycare services for the elderly, restaurants
(except takeaway), and workshops
− Ban public events
− Prohibition of visiting people in high-risk groups
− Closure of all educational institutions
− Severe punishable measures

over the phone and online. However, the federal
government took a long time to provide housing
for the homeless and to support mental health
services for individuals under 16 years of age [12].
Government subsidies promoted and supported
diabetes services via telehealth and included diabetes educators in sponsored telehealth support.
Australian health professionals collaborated with
consumer groups to develop guidelines and educational resources for COVID-19 [13].

only a quarter of all COVID-19 patients were
confirmed between June 1 and June 15, 2020.
The majority of the new cases were Asian, black,
minority ethnic, and South Asian residents
in 10 wards in Leicester’s east end. Testing of
patients admitted to hospital by National Health
Service hospital laboratories (Pillar 1 testing)
and community-based swab testing by remote
lighthouse laboratories (Pillar 2 testing) were the
subject of the national plan for COVID-19 management. The major issue revealed during the
second peak was the inadequacy of information
exchange regarding Pillar 2 data to local authority and local health organizations, which did not

5.1.1.3 United Kingdom
On June 18, 2020, the Health Secretary announced
a COVID-19 outbreak in Leicester, England, but
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Table 5.4 Strategies used by New Zealand and Norway
New Zealand [10]

Norway [11]

− Rapid and science-based risk assessment
− Early decisive government action
− Emphatic leadership of Prime Minister
− Border control by keeping international
incoming travelers in government-
managed
quarantine or isolation for 14 days
− Limitations on mass social gathering
− Encouraging physical distancing (on March
21, 2020)
− Implementing countrywide lockdown on
March 26 for a total of 7 weeks
− Closing all schools
− Closing non-essential workplaces
− Severe movement and travel restrictions on
March 25, 2020
− High case and contact follow-up
− Rapid contact tracing and quarantine of
contacts
− Widespread testing, rapid case detection and
isolation
− Intensive handwashing
− Cough etiquette
− Provision of hand hygiene facilities for the
public
− Intensive physical distancing
− Well-
coordinated communication with the
public
− Use of mobile phone technology to speed up
contact tracing and quarantine
− Enhancing infection control measures at
hospitals
− Outsourcing of staff and equipment to
hospitals
− Expansion of intensive care unit (ICU) and
ventilator spaces for patients
− Governmental spending program to support
businesses and employees, who lost their jobs
or whose jobs were threatened

− Nationwide lockdown
− Isolation of cases and close contacts
− High-
trust of society in government (Trustworthy
Leadership)
− Contact tracing, widespread testing, and surveillance
− Social distancing (in public places, 1 m apart and indoors
2 m)
− Self-isolation following travel
− Restrictions of mass gatherings (no more than five people in
a group)
− Closure of childcare centers, primary schools, lower second
ary schools, upper secondary schools, universities and
colleges, and other educational institutions with the
exception of childcare for children of parents working in
healthcare services
− Ban on cultural and sports events
− Closing restaurants, bars, pubs, and nightclubs, with the
exception of restaurants where food is served; applying social
distancing of at least 1 m between guests
− Closure of hairdressing, skin care, massage, tattooing,
piercing and similar services
− Closure of gyms, swimming pools, water parks, etc.
− Early border closure
− Continuation of domestic transport, avoidance of unneces
sary leisure travel and journeys
− Mandatory 14-
day quarantine for everyone entering
Norway from other countries
− Ban on healthcare professionals traveling abroad
− Border control of the international Schengen borders
− Rejection at the borders of foreign nationals who do not live
or work in Norway
− Continuation of public transport for people with critical
functions in society
− Ban on using public transport
− Public should work from home
− Ban on visiting vulnerable groups (elderly people, psychiat
ric institutions, prisons)
− Ban on visitors entering health institutions
− Safeguarding of infection control for all patients
− Daily government press conferences to inform the public

provide demographic information such as ethnicity, age, address, or place of work. Increase in
Pillar 2 testing capacity including mobile testing
was ineffective so that lockdown measures were
reintroduced on June 30, 2020. Local authorities,
clinicians, and public health teams should have
been empowered to implement area-
specific
and context-specific approaches in existing pro
grams. Tests, and track-and-trace systems should
also have been done in a culturally sensitive
manner, allowing ethnic minority communities
to readily access these resources [14].
5.1.1.4 Spain
COVID-19 first emerged in Barcelona, Spain, on
February 25, 2020, and healthcare professionals were unable to protect themselves during
visits of many patients who did not meet the
epidemiologic requirements of Primary Health
care Centers (PHCs), resulting in over 40,000
50

healthcare professionals being contaminated
and many dying by May 21, 2020 [15]. General
Practitioners and nurses avoided physical contact
with the patients and used telemedicine as one of
the recommendations of the European Centre for
Disease Prevention and Control. Separate areas
were built for patients with respiratory problems.
In periods when safety equipment was scarce,
nurses and General Practitioners wore selfmade facemasks. The number of patients visiting
centers decreased as a result of a high number of
virtual consultations via phone or e-mail. PHCs
opened at weekends, and patients were visited at
their homes by healthcare professionals. A chest
X-ray was ordered for patients who had serious
symptoms. Primary Healthcare professionals
(PCs) called their COVID-19 patients every 24, 48,
or 72 hours, depending on their clinical status.
Patients and their families were taught to take
hygienic precautions, isolate themselves, control
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their symptoms, and contact PHCs if their condition worsened. PHC professionals looked after
the elderly in 200 nursing homes, while PCs
provided emotional support to the patients and
their families. Patients with social issues, as well
as disabled people with multi-morbidity or other
conditions, were put in specially designed hotels.
5.1.1.5 Africa
Egypt’s Minister of Health and Population
announced the first case of SARS-CoV-2 in Africa
on February 14, 2020. Because of their close ties
with China, 13 countries, including Kenya, the
Democratic Republic of the Congo, Nigeria, and
South Africa were designated as high-risk priority zones. Because of lessons learned from the
2014–2016 Ebola outbreak and other previous
outbreaks, as well as significant investments in
monitoring and preparedness, Africa was better prepared than ever before. Personal protective equipment, diagnostic kits, and positive
controls were sent by the WHO, while reagents
were shipped by Charité–Universitätsmedizin
Berlin Institute of Virology, a PANDORA-IDNET partner in Germany. The African Union
and the Africa Centres for Disease Control and
Prevention convened on February 22, 2020, in an
emergency ministerial conference. The WHO
Strategic Preparedness and Response Plan was
developed to assist Africa’s most vulnerable
countries, and the WHO trained African health
workers via free online courses on COVID-19 [1].
Several SARS-CoV-2 variants have been reported
globally. One of them is B.1.351, known as 20H/
501Y.V2. This variant was first reported in
Nelson Mandela Bay, South Africa and surrounding areas in October 2020. The B.1.351 variant has multiple mutations in the spike protein
such as K417N, E484K, and N501Y. Computer
models showed that the B.1.351 variant is 50%
more transmissible and 20% better at evading
the immune response than previous variants.
Early reports found no evidence to prove that
this variant impacts disease severity. This variant is responsible for all current COVID-19 cases
in South Africa and has spread to the UK and the
USA. The rise in the number of cases because of
the B.1.351 variant has increased the burden on
the healthcare system in South Africa.
5.1.1.6 United States
COVID-19, which was announced on January
20, 2020 in the United States, demonstrated the
inequities in the healthcare system. The fatality
rate was 3.6% on April 10, 2020. Delay in testing increased the spread of COVID-19, healthcare demand, and fatality rates. Obesity and
diabetes are serious, common chronic diseases
in the USA, increasing the risk of having severe

symptoms from COVID-19 and tripling the risk
of hospitalization because of COVID-19 infections. In addition, obesity is linked to impaired
immune function, decreases lung capacity
making breathing more difficult. Recently, the
Centers for Disease Control and Prevention
reported that 30.2% of hospitalizations were
attributed to obesity in the USA. Hispanic and
non-Hispanic black adults are more likely to suffer severely from COVID-19 because of a higher
prevalence of obesity. The American Diabetes
Association also reported that while there is not
enough data to prove that people with diabetes
are more likely to get COVID-19, people at any
age with multi-morbidities including type 2
diabetes, are at increased risk of having serious
symptoms and complications from COVID-19.
The increase in the fatality rate may be because of
the lack of hospital resources in some US states.
In many US states such as in New York, Illinois,
and Louisiana, documented prison-related outbreaks occurred because 17% of prisons across
the US operate at or above 100% capacity. There
are disparities in access to employment, education, housing, and healthcare in the United
States historically, and COVID-19 has reinforced
health disparities. African Americans, Native
Americans, and Latino people have higher
exposures to COVID-19 and higher mortality
rates because of limited access to preventive
services and an inability to obey physical distancing recommendations. There are hundreds
of thousands of immigrants, refugees and asylum seekers in the USA, and viral transmission
among these communities was heightened by
overcrowding, unsafe and unsanitary living
conditions, and medical neglect. In the USA,
one in four adults has a mobility, cognitive or
independent living disability and most of them
are African Americans. The death rate caused
by COVID-19 among people with disabilities
was very high in late April because these people
are unable to socially distance, they are unemployed, and poor, so that they cannot afford or
access essential medical equipment, specialty
care, and prescription medications. In addition,
COVID-19 epidemic posed an increased threat
to the lives of millions of unsafely housed and
homeless people in the USA. Many of them died
because of their unsafe and unsanitary living
conditions, and by not obeying critical measures
such as social distancing. The slow implementation of plans such as emergency housing reinforced the risks of transmission of COVID-19
among these people. States should take measures to provide homes, adequate cleaning
supplies and care for prisoners, people with disabilities, and homeless people to protect human
rights and public health [16].
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5.1.1.7 India, Brazil, and Sweden
Several countries, such as Brazil could not implement effective interventions to reduce transmission of the virus during early waves and have
confirmed cumulative total cases are still increasing. India and Brazil have the second and third
highest numbers of COVID-19 cases in the world.
The huge population (1.3 billion) and population
density in India are big barriers in fighting the
pandemic. However, India has quickly overcome
the pandemic through the CoWiN tracking and
surveillance platform, providing free food for
months to 800 million citizens during lockdown,
converting stadiums and train coaches to COVID
specialty hospitals with millions of beds and
emergency medical facilities, adopting holistic
preventive approaches through Ayurveda and
other Indian traditional medicines along with
yoga, installing oxygen plants even in remote
hospitals, rapid testing, developing and mass
production of indigenous vaccines like Covaxin

and vaccinating 100 million people per day. On
April 15, 2021, Sweden, one of the most developed countries and highly rated for its medical awareness in the world, has been reported
to have one of the highest COVID-19 infection
rates in Western Europe. The number of cases
and deaths are still rising. Many critical voices
have addressed the lack of government-led legal
interventions such as reinforcing lockdown and
quarantine. The challenges faced by these countries are presented in Table 5.5.
5.1.1.8 Iran
COVID-19 was discovered in Iran on February
20, 2020, prompting the President to create the
Corona National Headquarters. After that,
several steps were taken to respond gradually to and control the disease, including the
establishment of 16- and 24-hour health centers for face-to-face and telephone contacts
with patients, enlisting external help from

Table 5.5 C
 hallenges of India, Brazil, and Sweden during the initial phase of the COVID-19
pandemic
India [17–20]

Brazil [21–23]

Sweden

− Sudden shortage of healthcare
services due to high infection rate
− Inappropriate ratio of patients to
medical professionals
− Shortage of hospital beds and
medical equipment (ventilators)
due to high volume of patients
− Low testing rate
− Burden of high population den-
sity and COVID-19 transmission
Difficulty to adhere to social dis
tancing before national lockdown
− High urban living density com
plicates social distancing
− Absence of cough hygiene
− Political and religious events
Shortage of personal protective
equipment

− No cohesive political leadership
at national and local levels (presi
dent, governors, and mayors)
− Lack of efficient prevention and
control measures
− Limited testing capacity
− Limited contact tracing
− High urban density
− High number of urban slums
with poor sanitation and limited
healthcare access – large house
hold sizes and crowding in urban
slums
− Poor social distancing in areas
where the poorest populations live
− Poor hygiene measures in areas
where the poorest populations
live
− High number of homeless people
living in insecure, unhealthy
conditions
− Overcrowded and precarious
housing conditions
− Clean water not available to all
people
− Patients turned away by oversat
urated healthcare systems
− Inability to self-isolate
− Relaxation of social distancing
measures from April 13 onwards
− Untested large number of samples
− Failing of municipalities to take
into consideration the surveil
lance and monitoring indicators
of the pandemic
− Large prison population with
limited social distancing

− Allowing uncontrolled community
transmission
− No mandatory measures in
crowded places until March 29,
2020
− Limited and inadequate source
identification, testing, contact trac
ing, and reporting
− Insufficient recognition of face
mask use, aerosol transmission,
presymptomatic and asymptoma
tic transmission by the national
strategy
− Start of the use of facemasks in
healthcare facilities and care homes
only on November 11, 2020, in
Stockholm and on public transport
at certain times from January 7, 2021
− Unresolved
structural
factors
related to the organization of the
care of older people
− Government did not put the trans
lation of the WHO’s hygiene re
commendations into practice until
December 18, 2020
− Failures in the legal frameworks
and governance of social services
and health, problems in sharing
responsibilities, and transparency
problem in policy-
making and
decision-making processes
− Insufficient
participation
and
engagement of key stakeholders
(informed scientists, change in
behavior, communications exper
tise, civil society)
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the Medical System Organization, the Armed
Forces, donors and nongovernmental organizations, the Red Crescent Society and the Social
Security Organization, forming an epidemiology committee, and implementing a “4030”
response system for responding to and counseling the general public, forming a scientific
committee to establish recommendations in
collaboration with the Ministry of Health and
Medical Education (MOHME) and universities.
Activities included holding scientific webinars
and video conferences with the media, establishment of a committee for documentation,
expansion of laboratory networks, enhancement of the electronic data registration system,
and provision of emergency professionals with
instructions [24].
5.1.1.9 Turkey
The first COVID-19 patients in Turkey were
reported on March 10, 2020. Within 30 days of
the outbreak, the number of patients increased
dramatically, and Turkey was listed in the top
ten countries with community transmission.
Turkey had the opportunity to benefit from
the experience of Europe and China, and had
280 hospitals with intensive care unit beds,
equivalent to 40 beds per 100,000 people.
Public measures taken to mitigate COVID-19
included a meeting of the National Scientific
Board for risk assessment; the preparation of
National COVID-19 Guidelines; the suspension
of all flights to and from countries with high
COVID-19 incidences, including China, Iran,
Spain, Iraq, and Italy; the use of thermal cameras on all international arrivals at airports; the
closure of the land border with Iran; and adherence to the 14 Rules, which included social distancing, restriction on access to recreational
areas, public places, and shopping malls; and
advice to stay at home for people aged 20 and
below, and 65 and above; school closures and
starting distance-education at universities;
a travel ban between 31 cities and total lockdown in 31 cities. However, there was a need
to expand management strategies including
sharing available data, timely analyses, and
conducting and analyzing data obtained from
epidemiologic field research in Turkey [25].
Recently, weekend lockdowns and Ramadan
restrictions were reinstated, following the confirmation of an increasingly high number of
new cases. Turkey recorded 22,388 new cases,
4,977,982 confirmed cases, and 42,187 confirmed
deaths on May 7, 2021, the highest numbers in
the country since the beginning of the pandemic [2]. The Turkish Health Minister stated
that the increase in the number of cases was
because of a new, more transmissible, strain of

SARS-CoV-2. In addition, there have been other
reasons that led to an increase in confirmed
cases and deaths. The hidden asymptomatic
cases in the population, easing of restrictions,
violation of social distancing and hygiene rules,
exemption of travel restrictions for short tourist trips to Turkey, gatherings in crowded places
and organization of indoor political party congresses across the country has added to the
increase of cases.
5.1.1.10 North Cyprus
A female German tourist was the first COVID-19
case in North Cyprus, on March 10, 2020. People
who had come into contact with the patient,
including any passengers on the same plane,
were quarantined on March 10 in three separate hotels (TRNC Ministry of Health). Foreign
nationals have been prohibited from entering
North Cyprus since March 11, 2020 with the
exception of those with valid Alien Resident
Certificates, diplomatic credentials, or other official documents or special permits.
All international flights to North Cyprus, as
well as cross-border trips from the island’s southern sections, were prohibited. On March 12, the
country’s second case was registered, this time
the spouse of the German tourist who was diagnosed with COVID-19. To avoid the spread of the
SARS-CoV-2, the Turkish Republic of Northern
Cyprus government closed schools and outlawed mass gatherings on March 12, 2020.
On-site teaching was suspended at all educational levels, from nursery to university level. The
digital online system was implemented in primary schools, middle schools, high schools and
universities. North Cyprus has over 20 higher
education institutions. There are 18 universities in
total, with about 100,000 foreign students. For the
international university students, restrictions have
since been eased by allowing them to enter the
country and stay in quarantine hotels for 15 days.
The Ministry of Health confirmed on March
13, 2020 that five people had tested positive for
the SARS-CoV-2. Due to the outbreak, the 2020
Northern Cypriot presidential election was
postponed for six months on March 17. After
being quarantined for 14 days at the expense of
the Northern Cyprus Ministry of Health, over
840 German tourists were sent back to Germany
on March 24, 2020. On March 28, 2020, the first
COVID-19–related death in the country was
registered. There were no COVID-19 cases after
76 days of curfew and countrywide quarantine,
but the cases rose dramatically after the ports
were reopened to foreign arrivals.
Northern Cyprus had 5,410 confirmed cases,
4,593 recoveries, 28 deaths, and a death rate of
87 per million people as of April 16, 2021, one
53

COVID-19: FROM BENCH TO BEDSIDE

of the lowest rates in the world (Coronavirus
[COVID-19] deaths worldwide per one million
population as of April 12, 2021, by region,
Statista; “Mortality Analyses”, Johns Hopkins
University, 2021). The ensuing surge of infections has not yet threatened to overwhelm the
North Cyprus healthcare system.
5.2 FOCUSED AREAS OF RESEARCH
The use of technologies including artificial
intelligence (AI), 5G technology, telemedicine,
Internet of Medical Things (IoMT), geospatial
technology, big data, blockchain, smart applications, and robotics are vital for the diagnosis
of COVID-19, screening, monitoring, tracking,
mapping, and for the creation of awareness [26].
The COVID-19 pandemic has resulted in an
increase in the number of people suffering from
post-traumatic stress disorder (PTSD) [27], traumatization, psychological distress, suicide [28],
depressive symptoms, and extreme anxiety
[29], all of which have negative psychological
consequences because of the fear of contracting the virus, lack of sufficient knowledge about
COVID-19, and long quarantine periods [30].
Many environmental studies analyzed and
reported the effects of lockdown measures on
the quality of air and water. Many researchers
observed a decrease in air pollutants and other
gaseous pollutants in India [31], nitrogen dioxide,
and nitrogen oxides in Ontario, Canada, and fine
particulate matter (PM2.5) and NO2 in New York
[32]. Also, an increase in ozone concentrations
(O3) was reported in Brazil [33] and in China [34].
Decrease in levels of suspended particulates in
Vembanad Lake, Kerala, in India [35]. Reduced
levels of As, Se, Pb, and Fe metals and in NO3, and
fecal coliforms and total coliforms in 22 groundwater samples collected from Tuticorin city in
Southern India [36] were also observed during
the COVID-19 lockdown. Recovery around existing policy frameworks such as climate change
conventions and agreements, Sendai Framework
for Disaster Risk Reduction, and United Nations
Sustainable Development Goals, investing in
preparedness and multi-sector pandemic planning, strengthening international communication, collaboration and cooperation are also
essential. In addition, there is a need to determine
the inequalities in the disaster risk management
cycle, design information, risk communication
systems, and data sharing systems accepted by
the community [37].
5.2.1 Research Challenges and
Recommendations
The literature on COVID-19 research supports
the need for developing and maintaining quality
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health systems for effective control and mitigation of the COVID-19 pandemic. In this part of
the chapter we review the experiences and recommendations of several authors from different
disciplines.
5.2.1.1 Geriatric Care
Geriatric care is a serious concern globally
because older people are very fragile, vulnerable to infections, and the fatality rate of older
people is higher compared to other age groups.
All countries need a country-level geriatric policy and effective urgent measures to address all
challenges related to healthcare of the geriatric
population, such as providing financial security,
increasing the capacity of domiciliary health
workers, and the establishment of an integrated
multi-sectoral network [38].
These essential strategies were addressed to
battle the challenges of geriatric care in Hong
Kong [39]:
◾ Long-term care services were expanded and
provided at a nominal fee for all residents
under the control of Hong Kong government.
◾ “The money follows the older person” project was initiated. Funds were given to older
people in the form of vouchers, which could
be used by signing a contract with care
providers.
◾ Hong Kong’s Social Welfare Department
provided financial support and prepared
guidelines for nonprofit nongovernmental
care organizations, and announced many
measures such as keeping daycare centers
open for elderly people who do not have
any help with providing home-delivered
meals, the administration of medicine, nursing care, and having an escort to medical
appointments.
◾ All face-to-face visits were terminated and
remote meetings organized between patients
and their visitors.
◾ Very strict hygiene practices, such as wearing
masks, washing hands, and checking body
temperatures were observed in all care services. Most of the time residents stayed and
ate their meals in their rooms [39].
In Japan, more than a quarter of the population
is elderly and they follow strict hygiene rules
and stay at home, but they may lose their muscle
strength, flexibility, and aerobic capacity because
of reduced physical activity. A home-version
video including 10-minute exercises each day for
a week has been introduced to elderly people to
promote antiviral immunity and prevent functional decline [40].
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In the USA, COVID-19 revealed the importance and need for strengthening the workforce of caretakers for the elderly. Their
socio-
economic conditions and skills can be
improved by increasing Medicaid and other
healthcare support programs, and revamping
training and regulation for the caretakers [41].
5.2.1.2 Medicine, Health Equity, and
Management
COVID-19 has caused severe disruption and
inequalities in healthcare delivery services globally. Recommendations to enhance the quality
and equity of healthcare delivery will be critical.
Some of these recommendations are as follows:
◾ Serving people in their own neighborhood
through mini-clinics and increasing the role
of school-based clinics [41]
◾ Enhancement and support of telemedicine
capability, use of communication platforms
based on tiered urgency, the speedy enabling
of novel electronic workflows, and suspension
of noncritical administrative functions [42]
◾ Creation of well-equipped and well-funded
scientific and medical research centers, discontinuing or reducing import and export of
foods to reduce the spread of COVID-19 via
foodstuffs, providing homes for homeless people who are at high risk of being infected, and
locking down non-essential industrial activities to reduce potential airborne infections [43]
◾ Ensuring displaced populations and refugees access to testing and treatment, effective
communication, public trust, transparency,
and community partnership for COVID-19
control, the thoughtful application of isolation and safe quarantine by respecting
rights and specific circumstances, and
ensuring quarantined individuals have continued access to basic needs [44]
◾ Strengthening integrated health care systems,
the rapid reorganization of service delivery,
enhancing technology use, engagement of
talented management and employees, community involvement, development of effective housing and labor 
regulations, and a
need for agile leadership [45]
◾ Suspension of new treatments, non-urgent
diagnostic procedures, and elective surgeries, cancellation of embryo transfers, increasing the utilization of telehealth, minimizing
in-person interactions [46]
◾ Understanding and resolution of barriers to
recognize the role of nurse leaders in infection prevention and control [47]

5.2.1.3 Psychiatry and Psychology
COVID-19 has caused loss of social connectedness, personal autonomy and impacted mental
health and wellbeing of individuals resulting
from unemployment, loss of income, and the
fear of falling victim to COVID-19 in many
countries. In a study, many Australians reported
depression and mild-level anxiety, of which
30% reported moderate to high depression and
anxiety levels during the pandemic. In addition,
negative mental health effects have increased in
disabled, homeless, elderly, unemployed people,
teachers, and frontline medical workers. Easily
accessible and coordinated online mental health
services, training the workforce in providing
support, online interventions, and research to
determine factors that predict psychological distress are needed [12].
As Spain had the second-highest number of
COVID-19 deaths recorded on April 2, 2020 the
following effective measures were taken to control the pandemic:
◾ The number of intensive care units were
increased, and new beds were set up in
recovery rooms, operating theatres, libraries,
and rehabilitation gyms of hospitals
◾ Only patients with serious conditions were
admitted to hospitals, and COVID-19 positive
patients were sent to nearby hotels or homes
converted for patient treatment
◾ Rehabilitation units, day hospitals, and
vocational units were closed for psychiatric
patients, and COVID-19 patients occupied
most of the beds. There were three programs
(the first related to the mental health of staff,
the second related to relatives of patients and
setting up video conference call systems for
them, and the third for arrangements related
to persons who had passed away) available
24/7 in the Psychiatric Liaison Department
Appointments were handled by telephone or
videoconference, and nurses provided health
services to patients at their homes.
Psychiatric in-patients diagnosed with
COVID-19 should be separated from COVID-19
negative patients, with their own staff and space.
Replacement staff need to be trained ahead
of time [48]. People infected by SARS-CoV-2
may present diverse psychiatric conditions. In
a study based on experiences of Early Career
Psychiatrists from 10 countries, the importance
of worldwide preparedness regarding mental
health during pandemics was pointed out, and
it was suggested that good mental health services such as telepsychiatry, enhanced community services, and proactive consultation–liaison
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units can be adopted by all countries, and new
guidelines should be developed to manage psychiatric conditions during pandemics [49].
5.3 CONCLUSIONS
The COVID-19 pandemic has had catastrophic
effects on many facets of life, and it will most
likely be a long-term global threat. COVID-19 has
exposed fundamental inequities, shortcomings,
and flaws in global healthcare systems. Countries
have been increasingly implementing a variety
of policies to combat the disease. Some countries were able to react effectively to COVID-19
pandemics by implementing efficient policies,
but the majority were unable. Examining global
COVID-19 interventions is important for adapting effective policies, improving healthcare services, and developing national preparedness
plans for future crises. We discovered that using
facemasks, physical distancing, social distancing, hygiene procedures, lockout steps, screening individuals, and quarantine are all effective
ways to reduce the risk of COVID-19 transmission from person to person. Pandemic management and control necessitate the participation of
many stakeholders, including the government,
the general public, accountability and access to
accurate data, risk evaluation and communication, and healthcare staff training. To mitigate
and stop the spread of COVID-19, the successful implementation of application technologies
(telehealth, self-screening application) in multiple languages are needed to handle an enormous
amount of data. A significant number of studies
has been carried out over a brief period of time
to reveal the detailed structure of SARS-CoV-2
and its effects on human health. Many vaccines
and drugs have been developed in a single year.
Mass vaccinations are in progress in many parts
of the world. However, recommendations and
actions described in this chapter are still important to minimize the effect of the pandemic and
to save lives.
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6.1 INTRODUCTION
Coronaviruses are a family of single-stranded
RNA (ssRNA) viruses capable of causing mild to
lethal infections in mammals and birds. The first
case of human coronavirus was reported in the
1960s, and since then, seven coronaviruses have
emerged with the potential of causing mild to
severe diseases in humans. Since the year 2000,
three highly pathogenic coronaviruses (CoV),
namely, Severe Acute Respiratory Syndrome-
Coronavirus (SARS-CoV), Middle East Respira
tory Syndrome-Coronavirus (MERS-CoV), and
SARS-CoV-2 have emerged. The SARS-CoV first
appeared in 2003 in Guangdong, China; the
MERS-CoV emerged in 2012 in Saudi Arabia;
and the SARS-
CoV-
2 emerged in 2019 in the
Wuhan province of China. While SARS-CoV and
MERS-CoV did not cause pandemics, they had a
very high mortality rate of 9.7% and 34%, respectively, which is in fact much higher compared
to the mortality rate observed in the ongoing
COVID-19 pandemic caused by SARS-CoV-2 [1].
The diseases caused by the three CoVs range
from the mild common cold to severe diseases
such as Severe Acute Respiratory Syndrome
(SARS), Middle East Respiratory Syndrome
(MERS), and COVID-19.
6.2 CORONAVIRUS DISEASE 2019
(COVID-19)
SARS-
CoV-
2, initially named as 2019-
nCoV,
quickly spread across international borders,
infecting people in a number of countries, and
prompting the World Health Organization
(WHO) to declare SARS-CoV-2 infection as “a
very high-risk global pandemic” [2]. As of May
21, 2021, 166,492,036 cases, including 3,458,041
deaths caused by COVID-19 have been registered worldwide, with a case fatality rate of
2.05%. Transmission of SARS-
CoV-
2 occurs
primarily via respiratory droplets or aerosols
(<5 μm) exhaled by an infected individual [3].
The virus can also be transmitted to a healthy
individual via fomites carrying the virus, or
by direct contact between an infected and a
healthy individual. The incubation period for
SARS-CoV-2 ranges from two to fourteen days
with a median incubation period of 5–6 days,
but an infected individual starts shedding the
virus before the onset of symptoms or even if
he or she is asymptomatic. Individuals infected
DOI: 10.1201/9781003190394-6

with SARS-CoV-2 may be an asymptomatic carrier or may exhibit mild, moderate or severe
acute respiratory syndrome distress (ARDS).
The patients usually show symptoms such as
a high fever above 39°C (102°F), headache, dry
cough, sore throat, chest congestion, chest pain,
shortness of breath, loose motions, runny nose,
redness in eyes, pneumonia etc. In severe cases,
the patients may show a respiratory rate above
30/min, oxygen saturation in blood below 95%
and in this critical stage, severe pneumonia,
septic shock, respiratory failure, cardiac arrest
and multiple organ failures, leading to the death
of the individual [4]. Health complications have
also been observed in cases of asymptomatic
infections, where the patients show relatively
normal lung function without dyspnea, but
with low blood oxygen saturation level, a condition referred to as ‘silent hypoxia’ and indicates
severe respiratory failure, which may lead to the
sudden death of the patient [5].
6.3 EMERGENCE AND STRUCTURAL
FEATURES OF SARS-CoV-2
SARS-
CoV-
2 is a new member of the genus
Betacoronavirus in the Coronaviridae family of
the order Nidovirales [6]. SARS-CoV-2 and other
two human CoVs, SARS-CoV and MERS-CoV,
have most likely originated from bats and have
been transmitted to humans through intermediates, with pangolin being the potential
intermediate for SARS-CoV-2. Whole-genome
analysis reveals that SARS-CoV-2 is 79% similar
to SARS-CoV and 50% similar to MERS-CoV. It
is 96.2% similar to the RaTG13 bat coronavirus,
which indicates that RaTG13 could be the origin
of SARS-CoV-2 [7]. SARS-CoV-2 like other CoVs
has a crown-
shaped appearance through the
uniform distribution of spike proteins on the
virion surface as observed by electron microscopy (Figure 6.1). SARS-CoV-2 is an enveloped
virus with a non-
segmented positive-
sense
ssRNA genome of 29,891 bases encoding 9,860
amino acids. The genome encodes four structural proteins, namely the spike protein (S), the
Envelope protein (E), the Nucleoprotein (N)
and the Membrane protein (M), in addition to
six accessory and sixteen non-
structural proteins. The trimeric S glycoprotein is responsible
for host cell tropism and entry into the target
cells via the angiotensin-converting enzyme 2
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Figure 6.1 Schematic representation of SARS-CoV-2. The spike protein (S), Membrane glycoprotein (M) and Envelope protein (E). The nucleoprotein (N) wraps the positive sense
single stranded RNA genome in the viral core and constitutes the ribonucleoprotein
(RNAP) complex.
(ACE2) receptor. The S glycoprotein consists of
two subunits (S1and S2) and shows a structural
difference from the S protein of other similar
CoVs by having a furin cleavage site (S1/S2) rich
in basic amino acid residues (SPRRARSVAS),
which favors efficient viral entry into host cells
[3]. There are six crucial amino acid residues in
the Receptor-Binding Domain (RBD) of the S
protein, responsible for viral attachment to the
ACE2 receptor on the host cells. Five of them are
different between SARS-CoV and SARS-CoV-2,
while all six are identical for SARS-CoV-2 and
Pangolin CoV, which suggest that pangolin is
the intermediate host [8]. Other structural proteins, such as the N and E proteins, are relatively more conserved between SARS-CoV and
SARS-CoV-2, with a sequence identity of 89.6%
and 96%, respectively [7].
6.4 LABORATORY DIAGNOSIS OF
COVID-19
Molecular and serological assays are available for the diagnosis of COVID-
19. Though
the specimens required for these tests depend
on the clinical presentations in affected individuals, respiratory specimens are the most
common for the diagnosis of SARS-
CoV-
2
infection. The nucleic acid amplification test
(NAAT) is the most accurate test available for
the diagnosis of COVID-19. It involves procedures such as sample collection, sample processing, RNA extraction, and real-time Reverse
Transcriptase-
Quantitative Polymerase Chain
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Reaction (RT-qPCR) and its analysis. As far as
possible, the patients suspecting SARS-
CoV-
2
infection should be diagnosed based on
RT-qPCR. Amplification of more than one target on the SARS-CoV-2 genome is needed for
an accurate diagnosis of viral infection. The
commonly used RT-
qPCR targets in SARS-
CoV-2 include the E, N, RNA dependent RNA
Polymerase (RdRP) and S genes (Table 6.1).
Because of the enhanced rate of mutation in the
viral genome, at least three of the mentioned targets must be included in the diagnosis to avoid
any false-negative results [9]. Recently, a fully
automated NAAT system has been developed
that integrates the stages of sample processing, RNA extraction, amplification, and reporting. This automated system can be installed
in remote resource-limited areas with limited
numbers of high-performance trained staff.
Additionally, other amplification methods for
the detection of SARS-CoV-2 are under development or undergoing the process of commercialization. These methods involve technologies
such as Reverse Transcription Loop-Mediated
Isothermal Amplification (RT-LAMP), Clustered
Regularly Interspersed Short Palindromic
Repeats (CRISPR), and molecular microarray
assays. An overview of the nuclei acid–based
diagnostic assays available for the diagnosis of
COVID-19 infection is presented in Figure 6.2.
The serological assays include the detection
of viral protein in respiratory tract specimens.
These are rapid tests that are based on Lateral

Table 6.1 Comparison of nucleic acid amplification tests for the detection of SARS-CoV-2

Method

LOD (Limit
of
Clinical
Target
Detection) Sensitivity Specificity Regions

Limitations

High throughput; highly sensitive and
specific; detects active cases; useful in
clinical decision-making

Labor intensive; requires
[20]
numerous reagents;
specialized equipment; costly;
less accurate after ~ 5 days
since symptom onset
None
[28]

RT-PCR

0.15–100
copies/μL

90–100

100

RdRp, N, E, S
and ORF1b
or ORF8

TMA

5.5 × 103
copies/mL

98–100

100

N1 and N2

90–100

100

RT-NEAR 0.13 copies/μl 95–100

100

Provides an effective, highly sensitive
means of detection of SARS-CoV-2 in
nasopharyngeal specimens
N, S and orf1 ab Rapid, simple and sensitive method for
large screening in public domain and at
hospitals
RdRp
Compact, integrated hands-on technique

RT-HDA

1.16 × 104
copies/mL

95–100

100

Pp1ab

Simple cost-efficient method

CRISPR

0.9 copies/μL

90–100

100

N

ddPCR

1.8 copies/
reaction
20 copies/μL
1 copy/μL

83–99

100

ORF1ab

Simple and efficient; low cost; low
turnaround time; improved specificity;
visual readout
Highly sensitive and accurate method

95–100

100

RdRp
N

10 copies/
reaction

95–100

100

N

RT-LAMP 80 copies/mL

RT-RPA

SDA

References

Requires multiple detection
primers

[23]

Formation of nonspecific
products that limits the
sensitivity and thereby
increases the threshold of
detection methods
Negative results do not
preclude infection with
SARS-CoV-2 and should not
be the sole basis of a patient
treatment decision.
Risk of contamination

[30]

Expensive

[37]

One tube rapid detection method, can be
None
used for high-throughput clinical testing
or combined with lateral flow strips for
individual testing
Alternative method for rapid diagnosis
Requires standardization
while maintaining the advantages of
aligner-mediated cleavage and
isothermal amplification in terms of
simplicity, convenience, and affordability

https://www.quidel.
com/molecular-
diagnostics/
helicase-dependent-
amplification-tests
[35]

[39]

[43]
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Figure 6.2 
Overview of the nucleic acid–based diagnostic assays available for diagnosis of
COVID-19 infection.
Flow Immunoassays (LFI) and can be completed
within 30 minutes. However, the sensitivity of
LFI-based rapid tests is lower than for NAAT
[9]. Moreover, false-
positive results can also
exist for the rapid tests if the antibodies on the
test strip cross-react with the antigen of other
viruses than SARS-CoV-2.
6.4.1 Computed Tomography (CT) Scans
Chest computed tomography (CT) scans are
presently one of the first live imaging techniques to detect pneumonia-
related illnesses
in the lung. It was found to be more sensitive
than X-rays in detecting lung defects in SARS
and MERS [10]. Recently the technique has also
been used for the diagnosis and management
of COVID-19. However, this technique has its
own set of limitations. Though the RT-qPCR
assay is considered to be the gold standard for
the detection of SARS-CoV-2, recently several
studies have shown the importance of chest CT
scans in COVID-19 patients with false-negative
RT-qPCR results and showed a sensitivity of
98% [11]. In addition, chest CT scans can be
used in complicated cases of COVID-19.
Chest CT scans play an essential role in
promptly detecting lung abnormalities in
COVID-19 pneumonia. CT scan features include
bilateral, peripheral, and basal predominant
ground-glass opacities (GGOs) with or without
consolidation in nearly 85% of patients, with
superimposed irregular lines and interfaces
or mixed pattern evolve with crazy-
paving,
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architectural distortion and perilobular abnormalities superimposed on GGOs with slow
resolution [12]. In addition, thickening of the
bronchial wall, mucoid impactions, and centrilobular nodules are common during infection,
whereas lymphadenopathy and pleural effusion
are uncommon [13]. It is important to note that
the results of chest CT scanning are dependent
on the patient’s stage of infection. Figure 6.3
shows the lung abnormalities in COVID-
19
pneumonia and other lung diseases.
In a recent meta-
analysis, the effectiveness
of RT-PCR and chest CT scan in the diagnosis
of COVID-19 was evaluated [14]. For chest CT
scans, the pooled sensitivity was 94% (95 % CI:
91%, 96%; I 2 = 95%) and for RT-PCR, it was 89%
(95% CI: 81%, 94%; I 2 = 90%), but the pooled
specificity for chest CT scans was low 35% (95%
CI: 26%, 50%; I 2 = 95%). The positive predictive
value (PPV) of chest CT scans ranged from 1.5%
to 30.7%, while the negative predictive value
(NPV) was 95.4% to 99.8%. The PPV ranged from
47.3% to 96.4% for RT-PCR, while the NPV was
96.8% to 99.9%. Considering the huge difference
in PPV between chest CT scans and RT-PCR, as
well as the low specificity of CT scans, the use of
chest CT scans can result in a high percentage
of false-positive results, demanding additional
diagnostic investigations, higher medical costs,
hospital load, and patient anxiety [14].
Another meta-analysis study compared chest
CT scans to RT-PCR. The overall sensitivity, specificity, PPV, and NPV were 87% (95% CI 85–90%),
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Figure 6.3 Chest CT scan images. (A) Normal cross-sectional image shows both lung fields,
which are normally aerated and applied to the chest wall on all sides. There is no sign
of pleural thickening (yellow arrow) and no fluid collection. The pulmonary structure is normal (red arrows) and shows normal vascular markings. No intrapulmonary
nodules or patchy opacities are present. The mediastinum is centered and of normal
width (white arrows). The hilar region on each side and the main broncho remain
normal. The thoracic skeleton and soft tissues show no abnormalities (green arrows).
(B) Patient with COVID-19 pneumonia shows patchy subpleural ground-glass opacities (red arrow) and consolidation in both lungs predominantly involving peripheral
and suggestive of infectious etiology (CORAD 6 – moderate disease [17/25]). (C) Patient
with COVID-19 pneumonia shows patchy ground-glass opacities involving right lung
(red arrows), predominantly in the periphery and a patch of consolidation in the right
lower lobe and suggestive of infectious etiology (CORAD 6 – mild disease [06/25]).
(D) Patient with malignant etiology shows heterogeneously enhancing lesion (red
arrows) of left lung upper lobe involving pleura (green arrow), perihilar structures
with multiple enlarged mediastinal lymph nodes (yellow arrows).

46% (95% CI 29–63%), 69% (95% CI 56–72%), and
89% (95% CI 82–96%), respectively [15]. It was
also concluded that, mainly in negative samples,
it is critical to rely on three rounds of RT-qPCR to
achieve 99% accuracy. Bollineni et al. [16] found
that chest CT imaging shows high sensitivity
and NPV for diagnosis of COVID-19 and can be
used as an alternative primary screening tool in
epidemic areas. Furthermore, despite a negative
RT-qPCR examination, positive CT scan findings can still indicate COVID-19 infection [16].
In a retrospective study of 64 patients conducted
in Hong Kong, chest radiography had a sensitivity of 69% compared to 91% for RT-qPCR. On a
chest radiograph, 20% of the RT-qPCR positive

cases showed no lung anomalies [17]. In another
study, 75% of RT-qPCR negative cases had chest
CT scan findings, with 48% of those likely to be
COVID-19 positive cases [18].
Even though the chest CT scan can have a
role in the diagnosis of COVID-19 where initial
RT-qPCR testing has been inconclusive, there
are a few major challenges associated with CT
scans for COVID-19, as listed below:
◾ Possible danger of radiation exposure.
◾ The risk of infection from surface contamination and aerosolization during the process of
a CT scan of a COVID-19 patient, and exposure to healthcare workers.
63

COVID-19: FROM BENCH TO BEDSIDE

◾ Challenges in the interpretation of CT scan
data and possible false-positive results as the
pathology can overlap with other infections
such as SARS, influenza, MERS and bacterial
pneumonia.
◾ Lower sensitivity of CT scans for COVID-19
diagnosis in children.
6.4.2 Molecular Diagnosis
6.4.2.1 Reverse Transcription Real-Time
Quantitative Polymerase Chain
Reaction (RT-qPCR)
As per the WHO recommendation, the most
widely used nucleic acid–
based test for the
detection of SARS-
CoV-
2 is RT-
qPCR [19].
Several RT-
qPCR assays targeting different
genes of the SARS-CoV-2 genome, such as RdRp,
N, E, and S genes, and ORF1b or ORF8 regions,
have been used for the detection of SARS-CoV-2
from clinical samples. However, the WHO
recommends an RT-
qPCR-
based assay targeting the E gene for screening the RdRp gene to
confirm SARS-CoV-2. While the US Centers for
Disease Control and Prevention (CDC) recommends an RT-qPCR assay based on two nucleocapsid protein genes (N1, N2) [19], to minimize
the chances of false-positive results, CDC has
developed a new RT-
qPCR diagnostic panel
including No Template Control (NTC) and
Human Specimen Control (HSC). The method
has also undergone tremendous modifications
to improve the sensitivity, specificity, and feasibility of the technique. A multiplex RT-qPCR
has been developed recently, targeting different
regions of SARS-CoV-2 and seasonal influenza
virus simultaneously with a limited quantification range between 5 and 10 copies per reaction for influenza and SARS-CoV-2, respectively
[20]. Furthermore, a significant improvement
has been made in the technique to achieve the
results with greater accuracy in a short period
of time at a low cost to detect SARS-
CoV-
2
RNA directly from samples without involving
an extraction procedure [21]. The HID-RT-PCR
(Heat Inactivated Direct-RT-PCR) developed in
this study had an accuracy, sensitivity and specificity of 98.8%, with a limit of detection of 0.009
TCID50/ml for the ORF1 and 0.003 TCID50/ml
for E genes.
6.4.2.2 Reverse Transcription Loop-Mediated
Isothermal Amplification (RT-LAMP)
LAMP is a rapid DNA amplification technique
that has been widely used to detect pathogens such as viruses, bacteria, and protozoan
malarial parasites. The technique works by the
principle of using four different primers specifically designed to bind six different regions of
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the target DNA [22]. The method is widely used
for the detection of SARS-CoV-2 viral RNA by
incorporating the reverse transcriptase enzyme
in the LAMP reaction and can be completed
within 20 minutes with a detection limit of 80
copies of viral RNA per ml of the sample [23].
Since then, several modifications to this assay
have been introduced to achieve a greater level
of specificity and sensitivity. For example, an
RT-LAMP assay was developed, wherein swabs
are dipped into synthetic nasal fluid spiked with
the virus, moved to a viral transport medium,
and then a volume of sample is used to perform
the RT-LAMP without the RNA extraction step.
The assay showed a detection limit of around 50
copies of viral RNA per μl of the sample within
30 minutes. Similarly, an RT-LAMP was developed for the detection of ORF8 and N genes of
SARS-CoV-2 directly from the nasopharyngeal
swabs with a sensitivity of detection of about
100 copies/μl [24]. An RT-LAMP was developed
that targets the NSP3 region of the virus. The
technique could detect 100 copies/reaction of
SARS- CoV-2 RNA [25]. A commercially available RT-
LAMP (Loopamp® 2019-SARS-CoV-2
Detection Reagent Kit [http://loopamp.eiken.
co.jp/]) showed high sensitivity with a detection
limit of 1.0 × 101 copies/μl within 35 minutes.
More recently, the RT-
LAMP technique was
developed to detect SARS-
CoV-
2 on heat-
inactivated samples using non-commercial RT-
LAMP reagents [26]. Though the study showed
low sensitivity, it aimed mainly at detecting
samples with high to medium SARS-
CoV-
2
content in a global setting to curb the spread
of infection. Similarly, a field-
deployable
High-Performance Loop-Mediated Isothermal
Amplification (HP-LAMP) technique was developed to detect SARS-CoV-2 rapidly from saliva
[27]. The technique has a limit of detection of
1.38 copies/ml of saliva. This simple one-step
protocol may allow samples to be analyzed at
home with pooling strategies (involves mixing
several samples together).
6.4.2.3 Transcription Mediated
Amplification (TMA)
TMA refers to the isothermal amplification
of RNA by the process of reverse transcription and generation of multiple transcripts by
RNA polymerase. Following amplification,
these transcripts are hybridized with oligonucleotide probes with a chemiluminescent
tag for detection. This technique has a capacity to produce 100–1,000 copies/cycle with a
10-billion-fold increase within 15–30 minutes of
reaction. The technique has been used widely
in food and water safety laboratories to detect
pathogens such as Listeria, Salmonella, and
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Campylobacter. However, more recently, the
method has also been used efficiently for the
detection of SARS-
CoV-
2. Recently, a highly
sensitive transcription-
mediated amplification
method, Hologic Panther, was developed for the
detection of SARS-CoV-2 [28]. It showed high
analytical sensitivity of 98.1%, and less inconclusive results when compared to real-time PCR. In
addition, the assay was found to process and
generate results for >1,000 samples within a day,
thereby enabling healthcare sectors to process
a large volume of samples for the detection of
SARS-CoV-2 RNA [29].
6.4.2.4 Nicking Endonuclease Amplification
Reaction (NEAR)
NEAR is an isothermal method used for the
amplification of short ON (Base modified oligonucleotides) sequences. The technique mainly
utilizes the combination of both strand displacement DNA polymerase (Bst) and a nicking endonuclease, which is based on the primer extension
of the longer primer in the presence of a template, cleavage of the extended primer by nicking endonuclease, and release of the resulting
short oligonucleotides caused by insufficiently
stable duplexes below the elevated reaction
temperature (55°C). The primer is then regenerated and undergoes another round of extension and nicking, and so on, resulting in linear
amplification of the short oligonucleotides. The
technique was found to be highly efficient with
the analytical sensitivity of 0.13 copies/μl, specificity of 100% for the detection of SARS-CoV-2
at an operating temperature range of 55–59°C
in less than 15 minutes. However, the major
limitation of this technique is the formation of
non-specific products that limits the sensitivity
and thereby increases the threshold of detection
methods [30].
6.4.2.5 Helicase-Dependent
Amplification (HDA)
The helicase dependent isothermal DNA amplification technique uses DNA helicase to separate double-
stranded DNA and to generate a
single-stranded template for hybridization of a
primer with subsequent primer extension by a
DNA polymerase, resulting in an exponential
amplification of a selected DNA target [31]. This
method helps to maintain a constant temperature from the beginning to the end of the reaction by eliminating the initial PCR denaturation
step [32]. Quidel has developed an isothermal
helicase dependent amplification with fluorescence detection of SARS-CoV-2 (https://www.
quidel.com/molecular-d iagnostics/helicase-
dependent-amplification-tests). The technique
operates in individual tubes at one temperature

reducing the time required to 25 minutes. It
also avoids the need for specialized training in
molecular techniques.
6.4.2.6 Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR)
CRISPR is short palindromic repeat DNA
sequences usually found in prokaryotes as a part
of their defense mechanism. CRISPR requires
a small RNA fragment called the guide RNA
(gRNA), which binds to the complementary target sequence, and a nuclease enzyme cleaves at
the precise site. In the case of viral nucleic acid
detection, the gRNA in turn binds to the target
segment of the viral gene. Several CRISPR associated Cas proteins (cas9, cas12 or cas13) have
been shown to exert nonspecific endonuclease
activity to cleave DNA or RNA. More recently,
it was reported that the CRISPR-
Cas12a protein could detect nucleic acids of exogenous
viruses, like the human papillomavirus from
cervical cancer patients in raw plasma, without
the need for RNA extraction [33]. Recently, a
CRISPR-based technology DETECTR was used
to detect SARS-CoV-2 in RNA extracted clinical
specimens [32]. Subsequently, a combination of
CRISPR-Cas13a with a reader device based on
a mobile phone was developed for detection of
SARS-CoV-2 RNA extracted from nasal swabs
[34]. Furthermore, SHERLOCK (Specific High
sensitivity Enzymatic Reporter unlocking) a
CRISPR-Cas12b-based test for detecting SARS-
CoV-
2, was developed [35]. In addition, Ding
et al. developed the All-In-One Dual CRISPR-
Cas12a (AIOD-CRISPR) assay for SHERLOCK
Testing in One-Pot (STOP) and visual detection
of SARS-CoV-2 [32]. However, the majority of
these methods involve isolation of SARS-CoV-2
RNA from the specimens that might further
increase the risk of cross-
contamination and
virus transmission. To avoid such complications, a CRISPR-
Cas12a-based point of care
SARS-CoV-2 test was developed recently, where
CRISPR Cas-
12a was combined with RT-
RPA
to directly analyze lysed samples without the
need for any RNA extraction. The test showed
a sensitivity of 0.1 copies /μl for the detection of
SARS-CoV-2 from clinical specimens in 60 minutes [36].
6.4.2.7 Digital Droplet PCR (ddPCR)
The ddPCR is a third-
generation polymerase
chain reaction technique based on the principles
of limited dilution, endpoint PCR, and Poisson
statistics with absolute quantification. In the
technique, the sample is divided into discrete
partitions of thousands of droplets. Some droplets might contain no template and others one
or more templates. This will allow the technique
65

COVID-19: FROM BENCH TO BEDSIDE

to detect even very low (1.8 copies/reaction)
amount of viral nucleic acid from the sample.
The partitioned droplets are amplified by PCR
and counted by a droplet reader to determine
the number of positive droplets, and then estimated by modelling as a Poisson distribution.
The feasibility of ddPCR was mainly assessed to
improve the diagnostic accuracy of SARS-CoV-2
nucleic acid in specimens with low viral load
[37]. The technique was found to be effective in
detecting low viral load during the convalescent
stage of the disease, where RT-PCR would otherwise fail to detect the virus.
6.4.2.8 Reverse Transcription – Recombinase
Polymerase Amplification (RT-RPA)
RT-RPA is a technique developed using proteins involved in DNA synthesis, repair and
recombination. In this technique, a recombinase protein uvsX from T4-like bacteriophages
was used to bind to primers in the presence of
ATP and a crowding agent (polyethylene glycol), forming a recombinase-
primer complex.
The complex is then allowed to interact with
the double-stranded DNA with a homologous
sequence that in turn promotes strand invasion by the primer. The proteins in the complex will stabilize the displaced DNA strand.
Finally, the recombinase enzyme disassembles, and a strand displacing DNA polymerase
binds to the 3′ end of the primer to elongate it
in the presence of dNTPs. The process is then
repeated in several cycles to achieve exponential amplification [38]. The technique has been
widely used in combination with reverse transcription for the detection of SARS-CoV-2 on
an OR-DETECTR platform that combines RPA
and CRISPR/Cas12 technologies for two transcripts, the RdRp and N genes. The limit of
detection for RdRp was found to be 20 copies/μl
and 1 copy/μl of the N gene. A similar one-t ube
method based on RT-RPA and SHERLOCK (OR-
SHERLOCK) combines RT-RPA and CRISPR/
Cas13a detection with the same level of sensitivity and specificity as that of OR-DETECTR
[39]. A microfluidic-
i ntegrated lateral flow
recombinase polymerase amplification (MI-IF-
RPA) assay was developed for rapid detection
of SARS-
CoV-
2. The technique combines RT-
RPA and a universal lateral flow (LF) dipstick
detection system into a single microfluidic chip.
The RT-
RPA reaction components are mixed
with running buffer and then delivered to the
LF detection strips for biotin-and FAM-labeled
amplified analyte sequences, which can provide
easily interpreted positive or negative results.
The technique showed the limit of detection of
1 copy/μl or 30 copies per sample with 97% to
100% specificity [40].
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6.4.2.9 Strand Displacement
Amplification (SDA)
SDA is another isothermal amplification method,
where a nicking endonuclease is used to generate a nick in one strand of the double-stranded
DNA followed by an extension of sequence from
the nicking site catalyzed by strand displacement polymerase [41]. In this method, two pairs
of primers that recognize the target regions are
designed. The first is a bumper primer, and the
second an SDA primer that binds next to the
bumper primer at the target sequences. The two
enzymes, HincII and Exo Klenow, are added
to cleave at the recognition site of the phosphorothioate of the DNA probe, and to initiate
the replication of the sequence, respectively.
Subsequently, the exponential reaction begins
with the repeated cycle of nicking, extension,
and strand displacement. This amplification is
enhanced by additional primers flanking the
inner region of the target sequence. The final
product can be amplified 107-fold within 2 hours
[42]. This principle of SDA has been used in combination with other nucleic acid–based methods
as a hybrid amplification technique to improve
the detection of SARS-CoV-2 nucleic acid. For
example, a PCDR (polymerase chain displacement reaction) is a modified SDA method developed for the detection of SARS-CoV-2, where
PCR and isothermal amplification was carried
out in one assay. The method showed tenfold
increased sensitivity compared to RT-
qPCR
with the detection limit of 5 copies/reaction.
Another modified SDA method is aligner mediated cleavage-
SDA (AMC-
SDA), wherein specific recognition sequences will be created in the
template nucleic acid for nicking endonucleases
by using aligner primers [43]. The method can
detect 10 copies/reaction of SARS-CoV-2 nucleic
acid under isothermal amplification through a
real-time fluorescence detection system within
25 minutes.
6.5 SEROLOGICAL ASSAYS
While RT-
qPCR is the gold standard technique used to detect SARS-CoV-2 active cases,
it comes with its own set of challenges when
used in resource-constrained settings and sero-
epidemiological studies. The test protocol for the
laboratory diagnosis of COVID-19 is complex
and expensive, placing high demands on experimental instruments, testing reagents, and the
skills of research personnel [44]. The assay typically takes 4–6 hours to complete, but the logistical requirement to ship clinical samples leads to
a turnaround time of more than 24 hours, which
delays the reporting [9]. Further, false-negative
results because of low viral load in the upper
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respiratory tract region may occur using RT-PCR
analysis [45]. Hence several intergovernmental
organizations have encouraged researchers and
clinicians to develop and investigate the use of
serology tests in community settings [46, 47].
The development of serological assays continues
apace internationally; to date, over 400 assays
have been commercialized for the rapid diagnosis of COVID-19 (https://www.finddx.org/).
The fundamental principle behind serological
assays is the detection of antibodies developed in
response to viral infection (IgG and IgM) and/or
viral antigen through means of immunodiagnostic techniques [47]. Studies have shown that
antigen-specific antibodies could be detected in a
COVID-19 patient after 3–6 days, and IgG could
be detected at the later stages of infection [48,
49]. Though positive IgM and IgG ELISA results
have been seen as early as the fourth day after
symptom onset, serological tests with high sensitivity are seen in the second and third weeks
of illness [50, 51]. The presence of IgM antibodies indicates recent exposure to viral infection,
whereas IgG antibodies indicate earlier exposure to SARS-CoV-2 viral infection [47]. Because
of the simplicity of the testing protocol, serological assays can be ramped up to analyze thousands of samples at labs with resource-limited
settings [46, 52]. Besides, serological assays are
becoming an increasingly valuable method for
determining the degree of COVID-19 infection
in the community, and identifying individuals
who are immune and potentially “protected”
from infection. Given the incredible demand for
rapid tests for the diagnosis of COVID-19 infections, R&D companies around the world have
launched many rapid diagnostics technologies
with varying degrees of sensitivity. Comparative
data on the analytical and clinical performances
of the immunoassays is essential to evaluate
the utility of the diagnostic test in diagnosing
COVID-
19 infection with the lowest possible
error rate. Padoan et al. [53] have conducted a
study to evaluate the analytical and clinical performances of five commercially available serological assays for the detection of SARS-CoV-2
antibodies [53]. Their findings indicated that all
immunoassays had excellent specificity, while
sensitivity differed between immunoassays and
was highly dependent on the time between the
onset of symptoms and the sample selection. An
overview of the serological diagnostics assays
available for the diagnosis of COVID-19 infection is depicted in Figure 6.4.
6.5.1 Enzyme-Linked Immunosorbent
Assay (ELISA)
There are several ELISA-based methods available, with high levels of reproducibility and

enduring sensitivity, which makes the test an
excellent tool for the diagnosis of various infectious diseases. ELISA-based IgM and IgG antibody tests have proved to have more than 95%
specificity in the diagnosis of COVID-
19. To
detect SARS-CoV2 specific antibodies in patient
serum, a known capture antigen is immobilized
on the ELISA microtiter plate. On the addition
of a patient serum sample, virus-specific antibodies bind to the immobilized capture antigen.
Subsequently, the addition of enzyme-labelled
detection antibody specific to antibody isotypes
(i.e., IgG, IgM, etc.) forms a complex with the
patient antibodies. Next, the interaction of the
enzyme and its substrate causes a colorimetric
change that can be quantified and correlated to
the presence and/or concentration of the antibody. This assay can be qualitative or quantitative, with a turnaround time of 2−5 hours.
The analytical specificity and clinical performances of the various commercially available
ELISA have been reviewed by several researchers [9, 19, 53]. In India, the National Institute
of Virology, Pune, in collaboration with Zydus
Diagnostics, has developed an indigenous IgGbased ELISA (COVID KAVACH ELISA) for the
detection of antibodies in COVID-19 infection.
Preliminary validation of the COVID KAVACH
ELISA has shown to have high sensitivity and
specificity in detecting SARS-CoV-2 infections.
The systematic review and meta-analysis of the
diagnostic accuracy of ELISA for the detection
of COVID-19 showed that ELISA had a pooled
sensitivity of 84.3% in measuring the SARS-
COV-2 specific IgM and IgG [54].
6.5.2 Point-of-Care Serological Assays
Point-
of-
care (POC) serological assays are
simple and rapid tests based on lateral flow
immunoassay (LFIA) technology. The primary
advantage of these assays is their simplicity,
with a time-to-result anywhere between 10 and
30 minutes. A typical lateral flow test strip is
made of overlapping membranes mounted on a
backing card. When a sample is added to the lateral flow, it migrates through the conjugate pad,
which includes antibodies unique to the target
analyte that has been conjugated to colored or
fluorescent particles. The analyte-bound conjugated antibody then flows through the immobilized antibody in a test and control line of the
nitrocellulose membrane. The read-
out, represented by the lines appearing with different
intensities, can be assessed by eye or by using a
dedicated reader. The utility of low-cost, rapid,
and accurate POC tests prompted the development and marketing of several lateral flow
immunoassays for the diagnosis of COVID-19.
However, the study by Bastos et al. [54] raised
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Figure 6.4 Overview of the serological diagnostics assays available for diagnosis of COVID-19
infection.
concerns about detection sensitivity of the commercially available lateral immunoassays as
they demonstrated the pooled sensitivity of
66% in detecting COVID-19 cases [54].
6.5.3 Chemiluminescence Immunoassay
Over the past few years, chemiluminescence
immunoassays (CLIAs) have gained increasing attention as a rapid and sensitive PoC test
in different fields, including clinical diagnosis.
The detection of the analyte is based on the
reaction wherein enzymes used for the immunochemical reaction converts the chemiluminescence substrate to a reaction product, which
emits a photon of light instead of color development [55]. Based on this principle, few CLIAs
are available for the detection of serum immunoglobulin IgG and IgM against SARS-CoV-2
[56–58]. The performance of four different chemiluminescence immunoassay systems for the
detection of COVID-19 showed varying degrees
of diagnostic accuracy, thereby suggesting the
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necessity of evaluation of the performance of
diagnostic tests before actual use [58].
6.6 CHALLENGES WITH EXISTING
TECHNOLOGIES
To date, RT-qPCR is considered the gold standard for the detection of SARS-CoV-2 globally.
This is primarily because it offers a high level of
sensitivity with a very low limit of detection and
specificity. Additionally, several other assays
based on an array of technologies have either
been developed or are in the process of development. Many of these have also been commercialized and approved for emergency use by the
respective authorities. Existing methods available for the diagnosis of COVID-19 may comprise
(a) NAAT including RT-
qPCR and isothermal
amplification-
based assays, (b) immunoassays
including antibody tests (serology) and antigen
tests, or (c) imaging-based diagnosis including
CT scans. However, all these methods have their
own limitations and challenges (Table 6.2).
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Table 6.2 K
 ey challenges with existing technologies for the detection of
SARS-CoV-2
Name of the
Detection
Technology

Key Challenges

▪ Do not qualify as a PoC or for
bedside testing in resource-limited
setting
▪ Technical complexity, high testing
costs, and requirement of skilled
research personnel
▪ It may require up to one full day
or beyond to provide a final result
report
Isothermal
▪ Not able to generate accurate
Amplification-
quantitative results data
Based Assays
▪ If not optimized well, it can
generate a false-positive result
Antibody Tests ▪ Do not offer high specificity
▪ Less sensitive compared to other
technologies
Antigen Tests
▪ Relatively less specific and can
cross-react with other RNA viruses
▪ Less sensitive compared to NAAT
assays
CT Scan
▪ Limited availability in diagnostic
Examination
centers and hospitals
▪ It cannot be used for field-level or
bedside diagnosis of COVID-
19
disease
RT-qPCR

6.6.1 Challenges with RT-qPCR
RT-qPCR is considered to be the best method
for detection of SARS-
CoV-
2. In addition to
the sensitivity and specificity, the assay can be
used for quantitative estimation of viral load.
However, the method has several limitations,
which include:
◾ It cannot be deployed as a PoC or for bedside
testing in resource-limited settings.
◾ Technical complexity and high costs place a
high demand on experimental instruments,
testing reagents, and the skill of research
personnel.
◾ Tests typically take 4–6 hours to complete,
but the logistical requirement to ship clinical
samples leads to a turnaround time of more
than 24 hours that delays the reporting.
6.6.2 Challenges with Isothermal
Amplification-Based Assays
Isothermal amplification-
based assays such
as the LAMP assay are another NAAT-based
emerging method that can be considered a good
alternative for the detection of SARS-CoV-2 [59].

The US Food and Drug Administration (US-
FDA) has recently approved this assay for
commercial use (https://www.fda.gov/media/

138248/download). Despite having several
advantages, it also has a few limitations, such as:
◾ The assays usually provide only qualitative
results.
◾ Can be susceptible to contaminations and
chances of generating false-positive results.
◾ The sensitivity of the assays can be slightly
on the low side compared to the gold standard RT-qPCR.
6.6.3 Challenges of Antibody Tests
Serological tests for COVID-19 have also been
recommended by the CDC as an indirect
method of detecting SARS-CoV-2, as it detects
the presence of antibodies in patients’ blood
[60]. Though this is a rapid testing method, there
can be limitations, such as:
◾ Cross-reactivity to other coronaviruses can
be challenging.
◾ Less sensitive than other methods.
◾ Test results are sometimes difficult to correlate with the patient’s condition.
6.6.4 Challenges of Antigen Tests
Immunoassays such as antigen tests are rapid
and can detect the presence of the SARS-CoV-2.
While the assays can be a good alternative to
NAAT assays, they have a few disadvantages,
such as:
◾ The assays are less specific and can cross-
react with other coronaviruses, which can be
challenging.
◾ Less sensitive compared to other NAAT
assays.
◾ Negative results may require further confirmation by NAAT.
6.6.5 Challenges of CT Examination
CT examination has also been considered by
various clinicians for the diagnosis of COVID-19
through the early screening and to assess the
disease’s severity. This type of examination
is very useful to deal with the disease and to
detect lung lesions. However, there are major
limitations of this technology, such as:
◾ The CT examination can be used for the
specific detection of SARS-
CoV-
2 but only
performed in few diagnostic centers and
hospitals.
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◾ Another shortcoming of the technology is
that it cannot be used for field level or bedside
diagnosis of COVID-19 disease. This is primary because of the requirement for sophisticated instruments and well-trained personnel
to carry out the examination.
6.7 CONCLUSIONS AND FUTURE
PERSPECTIVES
As the ongoing COVID-19 pandemic has profoundly impacted human life, the use of accurate,
quality diagnostics is paramount in the development and implementation of strategies for
the treatment and control of COVID-19. Several
nucleic acid–based and antigen/antibody-based
diagnostic methods for COVID-
19 identification have been approved by health authorities
around the world in order to meet the need
for rapid testing in a variety of healthcare settings, and the selection of appropriate methods
should be based on patients’ medical history or
the purpose of investigation, type of sample to
be analyzed, and turnaround time of the test.
It is essential to perform the correct test at the
correct time in the right biological sample to
fight COVID-19. Even though RT-qPCR remains
the frontline and gold standard technique for
the detection of SARS-
CoV-
2 infections, considering its limited capacity for laboratory-
based molecular testing and high turnaround
time, several alternative detection modalities
for screening for SARS-CoV-2 infections have
been established, and more are in the pipeline.
By integrating different disciplines, it is possible to formulate an “ASSURED” (Affordable,
Sensitive, Specific, User-
friendly, Rapid and
robust, Equipment-free, and Deliverable to end-
users) COVID-
19 diagnostics to manage the
pandemic effectively. All of the recent breakthroughs in COVID-
19 research, whether in
diagnostics or vaccines, offer a ray of hope and
will be a giant leap forward for combating the
current COVID-19 pandemic.
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7.1 INTRODUCTION
The threat of a deadly coronavirus outbreak
was experienced in 2003 with the severe acute
respiratory syndrome coronavirus (SARS-CoV)
causing SARS. It was recognized as a highly
infectious virus with propensity to spread rapidly. The first case was reported in China and
later spread to five continents, with the calculated fatality rate of 9.6% during the outbreak
period. As there were very few drugs to combat SARS, containment was the main strategy
to stop its spread. Soon enough, in 2012, the
second outbreak of the Middle East respiratory
syndrome coronavirus (MERS-CoV) occurred
on the Arabian Peninsula, with a fatality rate of
about 34.4%. Again, the strategy was to prevent
virus spread and the testing of some experimental drugs, plus containing the outbreak to a small
geographical area. Then, in December 2019, the
SARS-CoV-2 outbreak, which started in Wuhan,
China and spread quickly around the world,
was on March 11, 2020 declared the COVID-19
pandemic by the World Health Organization
(WHO) [1, 2].
In the past, efforts have been made in the
fields of immunology, genetics, medical biotechnology, molecular engineering, nutrition,
nanotechnology, and regenerative medicine to
answer the questions of origin, diagnosis, treatment and management of coronaviruses, but
these initiatives were not focused. For this reason, management of the spread was again the
main strategy at hand, and the lack of specific
preventive guidelines contributed to the global
spread of COVID-19. Integration of knowledge
from different disciplines has therefore become
important for the eradication of COVID-19.
Currently, the combination of symptomatic
treatment and supportive measures have shown
satisfactory responses in mild COVID-19 cases
but in moderate to severe cases in patients with
high risk, an effective disease-specific therapy is
warranted. The process of de novo drug design
and its approval is a time-consuming process
so the alternative at hand is repurposing or
re-profiling drugs already approved for human
use for other indications. Drug repurposing by
definition is a systematic method in drug discovery that aids in determining the new indications for an existing drug. With a known safety
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profile, pharmacokinetics, adverse effects, drug
interactions etc. the time and expenditure in
drug development is drastically reduced and in
desperate times such as a pandemic this seems
like a good choice.
We searched for published literature in
PubMed, Google Scholar and EMBASE with the
following search keywords:
coronavirus/COVID-19/SARS, CoV-2 with
treatment/therapy/antiviral/hydroxychloroquine/
chloroquine/lopinavir/ritonavir/
Arbidol/azithromycin/remdesilvir/oseltamivir/steroid/medication/clinical
trial/
interferon/novel antiviral therapy/stem cell
therapy with COVID-19
We included studies in analysis, which met the
following criteria:
1. Pre-clinical, clinical studies i.e., on confirmed
COVID-19 human cases/cell lines and animal models
2. Original articles (clinical trials, case series,
and case reports, etc.)
3. Where a specific existing therapeutic agent
(drug) along with some outcome (clinical or
virological) is mentioned
7.2 VARIOUS REPURPOSED DRUGS AND
THEIR CHARACTERISTICS UTILIZED
AGAINST COVID-19
Drug repurposing generally follows two concepts. Either a single drug interacts with several
targets, which provide a way to investigate new
target sites of action for the available compound,
or targets associated with an illness are commonly
relevant to a number of biological processes of
pathogenesis. Thus the search for repurposing
drugs was centered around the causal agent,
which is a coronavirus, and common symptoms
including inflammation, acute respiratory distress syndrome (ARDS) with many others.
7.2.1 Hydroxychloroquine (HCQ)/
Azithromycin (AZ)
Chloroquine (CQ) and its derivative HCQ are
aminoquinoline compounds used for the treatment of malaria and systemic lupus erythematosus (SLE) [3]. Data on the antiviral potential of
DOI: 10.1201/9781003190394-7
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CQ were generated from experiments on human
immunodeficiency virus (HIV), hepatitis A, and
influenza viruses [3]. HCQ is not a competitive blocker of the virus at the ACE-2 receptor
inhibitor receptor. Rather, its antiviral activity
is proposed to be related to a change in pH,
and with increased acidity the viral spike protein degrades and the virus can neither bind to
the ACE2 receptor nor can it survive and infect
other cells. The in vitro evidence of efficacy of
CQ on SARS-CoV-2 was presented as early as
February 2020. It was observed that a with therapeutic dose of CQ, an effective concentration
(EC90) value of 6.90 μM was achievable. These
observations were subsequently strengthened by
other authors, who showed that HCQ was more
potent than CQ in attaining lower EC 50 values.
This was postulated to be because of a higher
intracellular concentration of HCQ. Along with
HCQ, a combination therapy with Azithromycin
(AZ), which acts through competitive binding at
ACE2 receptors on the host cell, was proposed
for the prophylaxis and treatment of mild to
moderate COVID-19 infections.
During the initial spread of COVID-19 in
France, two hospitals conducted an open-label
non-randomized clinical trial that suggested
combined treatment with HCQ and AZ was
effective in patients [3]. Oral administration
of 200 mg HCQ sulfate three times daily for
10 days along with 500 mg AZ on the first day
followed by 250 mg per day for the next 4 days
was given to PCR-confirmed COVID-19 patients
aged >12 years in the intervention arm. On the
sixth day post-inclusion, all patients treated with
the HCQ-AZ combination were virologically
cured as compared to 57.1% in patients treated
with HCQ alone, and 12.5% in the control group
(P < 0.001). Though labelled as a clinical trial
this study sounded more like a trial-and-error
attempt with retrospective analysis of treatment in desperate times. The study had a small
sample size (total 36, intervention arm: 20, and
control arm: 16) and was non-randomized, yet it
provided a faint clue for research and treatment
in the early days of the COVID-19 pandemic.
Following the trend, another randomized control trial [4] with HCQ alone was conducted in
China on 62 patients (31 in each arm), which
reported significant improvement in recovery
time for fever and cough in the HCQ group. The
improvement rate of pneumonia in the HCQ arm
(80.6%, 25 of 31) was much higher than in the control arm (54.8%, 17 of 31). However, this publication was not peer reviewed. A multi-center case
series of 100 patients from 10 hospitals in China
also showed that treatment with CQ phosphate
at a therapeutic dose was effective in averting
exacerbations of pneumonia, minimizing lung

involvements in radio-
imaging and accelerating virus-negative conversion thereby shortening the illness’s course and severity, without any
adverse effects [5].
However, further studies refuted many initial
claims. In a multi-center, open label, randomized controlled trial [6] on HCQ with or without
macrolide from different nations, no significant benefit of intervention over standard care
in terms of intubation, mortality, survival, and
negative virological outcome could be proven.
In a few other studies [12] HCQ and non-HCQ
groups were matched for their age and comorbid
conditions (hypertension, diabetes, and chronic
lung diseases, etc.). The HCQ groups reported
adverse effects such as arrhythmia, cardiac
arrest, other electrocardiogram (ECG) changes,
and diarrhea. With similar results in other
studies, there was a bias as HCQ was administered to the patients with a higher frequency
of comorbidities. A multi-center randomized
controlled clinical trial (RCT) conducted in the
US reported therapeutic failure of HCQ among
1,309 asymptomatic COVID-19 patients. A study
in China reported no significant improvement
of HCQ treatment over placebo. Hence the noteworthy conclusion is that the efficacy of HCQ
or CQ in COVID-19 treatment is unclear at the
present time, and more clinical trials are needed
to demonstrate efficacy and approval [7].
7.2.2 Lopinavir/Ritonavir
Protease inhibitors lopinavir and ritonavir are
approved as antiretroviral drugs for HIV. In few
in vitro studies lopinavir also showed inhibitory
effect on both SARS-CoV and MERS-CoV. This
inhibitory action was prolonged by combination
therapy with ritonavir that competitively binds
to the cytochrome P450-3A4 enzyme delaying the metabolism of lopinavir and prolonging
plasma half-life.
In a study in Wuhan, 94 adult persons
with confirmed cases of COVID-19 (100 cases
in the control arm received standard care
only) received lopinavir/ritonavir (400 mg and
100 mg) twice a day for 14 days. No significant
benefit was observed in the intervention arm
compared to the control arm (hazard ratio for
median time to clinical improvement: 1.39; 95%
CI: 1.00–1.91). In a retrospective study in 78
patients in China a significant decrease in viral
shedding duration was observed when lopinavir/ritonavir treatment was started within
10 days of the onset of symptoms (median: 19
days versus 28.5 days, log-rank P < 0.001) [8].
Furthermore, in a randomized controlled study
in China involving 86 patients, no clinical
benefit of using lopinavir/ritonavir compared
to umifenovir was seen among patients with
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mild to moderate COVID-19 [9]. A small retrospective case series reported improvement in
viral load, radiography, and eosinophil count
following the treatment with lopinavir, though
the patients were on combination therapy with
IFN- α2b atomization inhalation, Arbidol, meth
ylprednisolone and immunoglobulin [9].
In an attempt to solve the puzzle, the WHO
embarked on an ambitious global “megatrial” called SOLIDARITY in January 2020. In
the trial, confirmed cases of COVD-19 were
randomized to standard care or one of four
active treatment arms (remdesivir, CQ or HCQ,
lopinavir/
ritonavir, or lopinavir/ritonavir plus
interferon beta-1a). In early July 2020, the treatment arms in hospitalized patients that included
HCQ, CQ, or lopinavir/ritonavir were discontinued. Interim results released in mid-October 2020
stated that the four aforementioned repurposed
antiviral agents appeared to have little or no effect
on hospitalized patients with COVID-19 in comparison to standard care, as indicated by overall
mortality, initiation of ventilation, and duration
of hospital stay [10]. With weak evidence and
theoretically unfavorable pharmacodynamics the
NIH Panel for COVID-19 Treatment Guidelines
and Infectious Diseases Society of America (IDSA)
did not recommend use of lopinavir/ritonavir or
any other HIV protease inhibitors for the treatment of COVID-19 patients. IDSA also mentioned
that CYP3A inhibition can result in increased risk
of severe cutaneous reactions, QT prolongation,
and potential drug interactions. Various combinations of methylprednisolone with umifenovir
or lopinavir/ritonavir are still being studied to
improve the treatment outcomes [11].
7.2.3 Umifenovir (Arbidol) versus Favipiravir
Umifenovir is an antiviral drug that binds to
hemagglutinin protein. It is used in China and
Russia to treat influenza. In a structural and
molecular dynamics study, Vankadari corroborated that the drug target for umifenovir is the
spike glycoprotein of SARS-CoV-2, similar to
that of H3N2. A retrospective study of non-ICU
hospitalized COVID-19 patients (n = 81) conducted in China did not show any improvement
in viral clearance or prognosis. Another study
(n = 86) that compared lopinavir/ritonavir or
umifenovir monotherapy with standard care
in patients with mild-to-moderate COVID-19
showed no statistical difference between the
treatment groups [11].
Favipiravir (Avigan; Appili Therapeutics) is an
oral antiviral drug approved for the treatment of
influenza in Japan. It is approved in Russia for
treatment of COVID-19. Favipiravir selectively
inhibits RNA polymerase, which is necessary
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for viral replication. An adaptive, multi-center,
open label, randomized, phase II/III clinical
trial on favipiravir compared with standard
of care in hospitalized patients with moderate
COVID-19 was conducted in Russia. Both dosing regimens of favipiravir demonstrated similar virologic responses. Viral clearance on day
5 was achieved in 25/40 (62.5%) patients in the
favipiravir group compared with 6/20 (30%)
patients in the standard care group (P = 0.018).
Viral clearance on day 10 was achieved in
37/40(92.5%) patients treated with favipiravir
compared with 16/20 (80%) in the standard care
group (P = 0.155) [12].
A prospective, randomized, controlled, openlabel multi-center trial compared the efficacy
of umifenovir (Arbidol) to favipiravir among
240 (120 each drug) adult confirmed COVID-19
patients. Each patient received either umifenovir (Arbidol) as 200 mg thrice daily or favipiravir
1,600 mg twice daily on the first day followed by
600 mg twice daily for 10 days. On day 7 of followup, the clinical recovery rate did not differ significantly between the favipiravir group (61.2%)
and the Arbidol group (51.6%). Favipiravir was
associated with shorter latencies for recovery
from fever (difference: 1.70 days, P < 0.0001) and
cough (difference: 1.75 days, P < 0.0001). Rise in
the level of serum uric acid was also reported
in the favipiravir group. Otherwise, both drugs
were found to be similarly effective so far and a
clinical decision needs to be made based on the
disease status and comorbidity of the patient [7]
[REF: use original ref, not review].
7.2.4 Remdesivir
Remdesivir is a nucleoside analogue inhibitor of
RNA polymerases with a large viral spectrum,
exhibiting antiviral effects against filoviruses,
paramyxoviruses, pneumoviruses, and coronaviruses originally developed for the treatment of
Ebola virus disease,. This drug has been tested
both in vitro and in vivo in mice and rhesus monkeys against SARS-CoV-2. Furthermore, clinical trials have been performed in SARS-CoV-2
infected adults and children at different dose
ranges, demonstrating low toxicity. Additionally,
double-blind, randomized, multi-center clinical
studies observed a significant improvement in
the reduction of viral load during the infection
but without a considerable reduction in the mortality rate compared to patients who received
placebo in the same period. Moreover, antiviral
activity was demonstrated in Vero-E6 cells with
an EC50 of 1.76 μM [13].
Remdesivir may have a place in treatment
of patients with mild to moderate COVID-19
disease. Conversely, the initial studies with
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remdesivir failed to demonstrate clinical benefit
over placebo; initially, daily doses of remdesivir for 10 days did not show any statistically
significant improvement compared to standard care. However, a 5-day course showed
improved outcomes compared to standard care,
but the clinical impact was uncertain. On the
other hand, Grein et al. (2020) found that 68% of
the enrolled 61 patients with severe COVID-19
showed significant improvement after remdesivir treatment [14]. More recently, a US-based
study conducted by the National Institutes of
Health (NIH) with 1,062 COVID-19 patients
showed encouraging results, including a reduction in recovery time and a trend towards lower
mortality. This resulted in an emergency use
authorization (EUA) by the US Food and Drug
Administration (FDA) and an endorsement by
the European Medicines Agency (EMA) and
the National Health Service (NHS) in the UK.
However, more recent evidence has caused the
WHO no longer to recommend the use of remdesivir in hospitalized patients with COVID-19.
This is based on reports that remdesivir could
not reduce mortality, the need for mechanical
ventilation, or the duration of hospital stay.
Consequently, further large-scale randomized
clinical trials are needed to better understand
the role of remdesivir in the management of
patients with COVID-19.
7.2.4.1 Remdesvir in Children
Remdesivir EUA includes pediatric dosing that
was derived from pharmacokinetic data in
healthy adults. Remedesivir has been available
for compassionate use to children with severe
COVID-19 since February 2020. A phase II/III
trial (CARAVAN) of remdesivir was initiated in
June 2020 to assess safety, tolerability, pharmacokinetics, and efficacy in children with moderateto-severe COVID-19. CARAVAN is an open-label,
single-arm study of remdesivir in children from
birth to 18 years of age. Results were presented
in July 2020 showing improvements in most of
the 77 children with severe COVID-19. Clinical
recovery was observed in 80% of children on
ventilators or ECMO (Extracorporeal membrane
oxygenation), and in 87% of those not on invasive oxygen support [15].
7.2.4.2 Remdesivir Use in Pregnant Women
The effect of Remedesivir was studied from
March 21 to June 16, 2020 in 86 hospitalized
pregnant women who had confirmed diagnosis (Real-Time PCR) of COVID-19. Remdesivir
treatment was provided for 10 days (200 mg on
day 1, followed by 100 mg for days 2–10, given
intravenously). After 28 days of follow-up, the

level of oxygen necessity decreased in 96% of
pregnant women. Of pregnant women who
were on mechanical ventilation, 93% were extubated, 93% recovered, and 90% were discharged.
Remdesivir was well tolerated, with no severe
complication of adverse events (AEs) [15].
7.2.5 Molnupiravir
Molnupiravir (MK-4482 [previously EIDD2801]; Merck) is an oral antiviral agent
that is a prodrug of the nucleoside derivative
N4-hydroxycytidine. It elicits antiviral effects
by introducing copying errors during viral RNA
replication of the SARS-CoV-2. Preliminary
results from the phase II dose-ranging MOVeOUT study (n = 2,020) showed at an average of
10 days after symptoms onset, 24% of patients in
the placebo group remained positive for infectious SARS-CoV-2, whereas no infectious virus
could be detected in any molnupiravir-treated
outpatient. The in-patient molnupiravir study
(MOVe-IN) has been discontinued, but the
phase III trial in outpatients who have at least
one risk factor for poor outcomes (for example,
advanced age, obesity, diabetes) is proceeding
with patients receiving 800 mg molnupiravir
orally twice daily [16].
7.3 OTHER MISCELLANEOUS AGENTS IN
THERAPY AGAINST COVID-19
7.3.1 Interleukin Inhibitors
COVID-19–associated systemic inflammation
and hypoxic respiratory failure can be associated with heightened cytokine release, as indicated by elevated blood levels of interleukin-6
(IL-6), C-reactive protein (CRP), D-dimer, and
ferritin. It is hypothesized that modulating
the levels of IL-6 or its effects may alter the
course of disease. Several studies have indicated a “cytokine storm” with release of IL-6,
IL-1, IL-12, and IL-18, along with tumor necrosis factor-alpha (TNFα) and other inflammatory
mediators in COVID-19 patients as the main
pathogenetic factor resulting in severe damage to lung tissues. The increased pulmonary
inflammatory response may result in increased
alveolar-
capillary gas exchange, making oxygenation difficult in patients with severe illness. Interleukin inhibitors may ameliorate this
damage caused by cytokine release. There are
two classes of FDA-approved IL-6 inhibitors:
anti-IL-6 receptor monoclonal antibodies (e.g.,
sarilumab, tocilizumab) and anti-IL-6 monoclonal antibodies (siltuximab). Currently, the NIH
panel guidelines have recommended against the
use of anti-IL-6 receptor monoclonal antibodies
or anti-IL-6 monoclonal antibody for the treatment of COVID-19, except in a clinical trial [17].
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7.3.1.1 Anti-Interleukin-6 Receptor
Monoclonal Antibodies
7.3.1.1.1 Sarilumab
The efficacy and safety of sarilumab 400 mg
IV and sarilumab 200 mg IV versus placebo
were evaluated in patients hospitalized with
COVID-19 in an adaptive Phase II and III, randomized (2:2:1), double-blind, placebo-controlled
trial (ClinicalTrials.gov Identifier NCT04315298).
Randomization was stratified by severity of illness (i.e., severe, critical, multisystem organ dysfunction) and use of systemic corticosteroids for
COVID-19. The Phase II component of the trial
verified that sarilumab reduces CRP levels at
both 200 mg and 400 mg doses. The primary
outcome for the Phase III part of the trial was
changed on a seven-point ordinal scale, and this
phase was modified to focus on the dose of 400
mg sarilumab among critically ill patients [18].
According to the latest information, the trial
findings do not support a clinical benefit of sarilumab for any of the disease severity subgroups
or dosing strategies studied.
7.3.1.1.2 Tocilizumab (TCZ)
Tocilizumab (TCZ) is another humanized monoclonal antibody that inhibits the IL-6 receptor.
TCZ has been used successfully for the treatment of rheumatoid arthritis and other autoinflammatory processes. It has also been useful
for the treatment of severe cytokine release syndrome (CRS) induced by the chimeric antigen
receptor. Consequently, TCZ, an IL-6 receptor
blocker, may be suitable for treating patients
with severe pneumonia. A recent retrospective, observational study demonstrated that
TCZ significantly reduced mortality among
630 COVID-19 patients admitted to an ICU
[19]. Another study demonstrated that TCZ
decreased mortality and duration of hospital
stay in critically ill patients but seemed to have
a high risk of serious infections [20]. Similar
outcomes were reported in another related
study involving 158 severe COVID-19 patients
claiming significantly decreased mortality with
TCZ [21]. Furthermore, in research carried out
by Yale University School of Medicine, reduced
need for mechanical ventilation and improved
inflammatory biomarkers were noted in
patients on TCZ [22]. A study in China revealed
that TCZ significantly improved clinical outcomes and reduced mortality among patients
with severe COVID-19 [23]. It also reduced
the risk of cytokine storms among COVID-19
patients in another study. The abilities of the
TCZ to relieve inflammation and cytokine
storms among COVID-19 patients were further
justified in many meta-analyses [24–26].
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In contrast, Colaneri et al. (2020) reported
that TCZ did not reduce mortality or the number of ICU admissions among 112 patients
with severe COVID-19 [24]. Moreno Perez et al.
(2020) also found that critically ill patients
receiving TCZ appeared to have a high risk of
severe infections [25]. Consequently, despite
the promise shown by TCZ in relieving inflammation, decreased mortality, and shorter duration of hospital stay in some studies, we believe
more research is needed before TCZ treatment
is approved for patients with COVID-19.
TCZ is a recombinant humanized anti-IL-6
receptor monoclonal antibody that is approved
by the FDA for use in patients with rheumatologic disorders and CRS induced by chimeric antigen receptor T cell (CAR-T) therapy.
A press release on July 29, 2020 described the
industry-sponsored Phase III COVACTA trial
(ClinicalTrials.gov Identifier NCT04320615) in
450 adult patients with severe COVID-19–related
pneumonia. The patients were randomized to
receive TCZ or placebo. The primary outcome
measured using a seven-point ordinal scale to
assess clinical status based on the need for intensive care and/or ventilator use and the requirement for supplemental oxygen over a 4-week
period thus depicting improved clinical status. Key secondary outcomes included 4-week
mortality. Differences in the primary outcome
between the TCZ and placebo groups were not
statistically significant (OR 1.19; 95% CI, 0.81–
1.76; P = 0.36). Consequently, despite the promise shown by TCZ in relieving inflammation,
decreased mortality, and duration of hospital
stay in some studies, we believe more research is
needed before to the use of TCZ in the treatment
of patients with COVID-19 [26].
7.3.1.1.3 Siltuximab
Siltuximab is a recombinant human–mouse chimeric monoclonal antibody that binds to IL-6
and is approved by the FDA for use in patients
with Castleman’s disease. Siltuximab prevents
the binding of IL-6 to both soluble and
membrane-bound IL-6 receptors, inhibiting IL-6
signaling [27]. Siltuximab has also been investigated as a potential drug for the treatment of
severe COVID-19 [28].
7.3.1.1.4 Sarilumab
A study on sarilumab and standard of care in
28 patients showed no significant overall clinical improvement and mortality in patients with
severe COVID-19. However, it demonstrated
faster recovery in a subset of patients showing
minor lung consolidation at baseline [28].
Preliminary results from the REMAP-CAP
international adaptive trial evaluated efficacy
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of 8 mg/kg TCZ (n = 353), 400 mg sarilumab
(n = 48), or standard care (n = 402) in adult critically ill hospitalized COVID-19 patients receiving organ support in intensive care. Hospital
mortality at day 21 was 28% (98/350) for TCZ,
22.2% (10/45) for sarilumab, and 35.8% (142/397)
for the control group. Of note, corticosteroids
became part of the standard of care midway
through the trial. Estimates of the treatment efficacy for patients treated with either TCZ or sarilumab and corticosteroids in combination were
greater than for any single intervention [29]
7.3.1.2 Interleukin-1 Inhibitors
Endogenous IL-1 levels are elevated in individuals with COVID-19 and other conditions, such
as severe CAR-T-cell-mediated cytokine-release
syndrome. In June 2020, the NIH guidelines were
against the use of interleukin (IL)-1 inhibitors,
such as anakinra, for the treatment of COVID-19.
A retrospective study in Italy reported that in
patients with COVID-19 with moderate-tosevere ARDS, who received anakinra (5 mg/kg
IV BID [high-dose] or 100 mg SC BID [low-dose])
plus standard treatment (i.e. HCQ 200 mg PO
BID and lopinavir/ritonavir 400 mg/100 mg PO
BID) showed reduced serum C-reactive protein
levels and progressive improvements in respiratory function by 72% (21 of 29 patients) [30].
7.3.2 Interferon Alone or in Combination
A randomized, double-blind, placebo-controlled
phase II pilot trial of nebulized interferon beta1a was conducted in 101 adults admitted to
hospital with COVID-19. It was observed that
patients receiving nebulized interferon beta1a had significantly greater odds of clinical
improvement than those who received placebo,
both on day 15/16 (odds ratio [OR] 2.32 [95% CI
1·07–5·04]; P = 0·033) and on day 28 (3.15 [1.39–
7.14]; P = 0·006). However, there was no significant difference between treatment groups in the
odds of hospital discharge by day 28: 39 (81%)
of 48 patients had been discharged in the nebulized interferon beta-1a group compared with 36
(75%) of 48 in the placebo group (OR 1·84 [95% CI
0·64–5.29]; P = 0.26) [31].
Type 1 interferons are among the first cytokines produced during a viral infection and
promote both innate and adaptive immunity.
Interferon beta has shown an antiviral effect
against SARS-CoV and MERS-CoV in in vitro
studies and animal models. Clinical studies of
SARS-CoV-2 found that a proportion of patients
with severe COVID-19 had impaired type I interferon activity. However, preliminary results from
the SOLIDARITY randomized clinical trial with
200 patients showed no efficacy of subcutaneous interferon alone or with lopinavir–ritonavir

[32]. This result contrasted with the findings
from another study by Monk et al. 2021 [31],
which supported the in vitro study results and
suggested that the interferon pathway is an
important inflammatory factor in SARS-CoV-2
infection, and IFN-β-1 may be considered as a
safe and effective treatment against SARS-CoV-2
in the early phases of the illness.
7.3.3 Nitazoxanide
Nitazoxanide, a small-molecule (nitrothiazolylsalicylamide) antiprotozoal drug marketed as
tablets (500 mg) and suspension (100 mg/5 ml),
is mainly indicated in protozoa Cryptosporidium
or Giardia diarrhea in adults and children. In in
vitro studies, the molecule has demonstrated a
broad spectrum of antiviral efficacy against respiratory syncytial virus (RSV), parainfluenza virus,
coronavirus (CoV), rotavirus, norovirus, hepatitis
B virus (HBV), hepatitis C virus (HCV), Dengue
virus (DENV), yellow fever virus (YFV), Japanese
encephalitis virus (JEV), and human immunodeficiency virus (HIV). Few clinical trials have proved
its role in gastroenteritis, hepatitis and influenza. A special quality is its ability to promote
balance between pro-inflammatory and anti-
inflammatory mediators in acute conditions and
this is potentially helpful in management of hyper
inflammatory cytokine storm in patients with
COVID-19. Repurposing nitazoxanide against
COVID-19 has been reported in many studies.
Two phase III trials for prevention of COVID-19
in high-risk, elderly populations, and healthcare
workers are ongoing [33, 34] Another multi-
center, randomized, double-blind phase III study
was initiated in August 2020 for the treatment of
COVID-19 patients aged 12 years and older [35].
7.3.4 Niclosamide
Niclosamide (NIC) (FW-1002 [First Wave Bio];
ANA001 [ANA Therapeutics]) is a well-known
anthelmintic agent used for tapeworm infestations. The action of niclosamide against SARSCoV-2 is by S-phase kinase-associated protein
2 (SKP2)-inhibition preventing autophagy and
blocking endocytosis, thus disrupting replication. This mode of action is thought to decrease
the gut viral load. AzurRx BioPharma has
started its Phase II clinical trial to evaluate
safety and the potential of micronized oral NIC
tablets to improve outcomes and reduce hospital
stay in patients with COVID-19 gastrointestinal
(GI) infections [36].
7.3.5 Corticosteroids
Corticosteroids have a definite anti-inflammatory
property, but their immunosuppressant effects
have caused problems in other viral epidemics,
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such as for infections of RSV, influenza virus,
SARS-CoV, and MERS-CoV. Hence the use of
corticosteroids is not generally recommended
for treatment of viral pneumonia. However, definite evidence to support their use in COVID-19
patients is based on the randomized control
trial RECOVERY in the UK with good sample
size (n = 6,425) of hospitalized patients with
COVID-19 for which differences in mortality
rate at day 28 with dexamethasone (6 mg PO
or IV daily for 10 days) compared to standard
care alone were assessed. There was no significant difference between the two arms in general, but an important observation was that the
incidence of death among patients receiving
invasive mechanical ventilation was lower in
the dexamethasone arm than in the standard
care group (29.3% versus 41.4%) [37]. Several
trials examining the use of corticosteroids in
COVID-19 patients were halted following the
publication of the RECOVERY trial results [38].
However, a prospective meta-analysis from the
WHO rapid evidence appraisal for COVID-19
therapies (REACT) pooled data from 7 trials (for
example, RECOVERY, REMAP-CAP, CoDEX,
CAP COVID) and, based on that, prepared
guidelines for the management of seriously ill
patients [39]. It concluded that dexamethasone
and hydrocortisone (glucocorticoids in general)
reduced mortality in severe cases (32% absolute mortality for corticosteroids versus 40%
assumed mortality for controls). Researchers at
Henry Ford Hospital in Detroit used early, shortcourse, methylprednisolone 0.5–1 mg/kg/day
divided into 2 IV doses for 3 days in patients
with moderate to severe COVID-19. The primary outcome measure was a composite endpoint of escalation of care from ward to ICU, a
new requirement for mechanical ventilation, or
mortality. From the 213 eligible patients the composite endpoint was reached at a significantly
lower rate in the post-corticosteroid group than
in the pre-
corticosteroid group (34.9% versus
54.3%; P = 0.005). Additionally, a significant
reduction in median hospital length of stay was
also observed in the post-corticosteroid group
(8 versus 5 days; P < 0.001) [40]. A retrospective
study at Montefiore Hospital, New York evaluated the role of early glucocorticoid treatment
(within 48 hours of admission) in reduction of
mortality rates or the need for mechanical ventilation in hospitalized patients with COVID-19.
Of the 1,806 patients included in the study, 140
(7.7%) received glucocorticoid steroids. Patients
with initial C-reactive protein (CRP) levels of
20 mg/dL or greater receiving glucocorticoids
showed significant reduction in mortality or
mechanical ventilation (OR, 0.23; 95% CI, 0.08–
0.70). In contrast, patients with a CRP level of less
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than 10 mg/dL receiving glucocorticoid showed
an increased risk of mortality or mechanical ventilation (OR, 2.64; 95% CI, 1.39–5.03) [41].
7.3.6 Convalescent Plasma
Convalescent plasma contains antibody-rich
plasma products collected from eligible donors,
who have recovered from COVID-19. In a
US-based retrospective study of anti-SARSCoV-2 IgG antibody levels in convalescent
plasma and their effect in the treatment of
hospitalized adults with COVID-19 was determined. The primary outcome was death within
30 days after plasma transfusion. Among
patients hospitalized with COVID-19 who did
not receive mechanical ventilation, transfusion
of plasma with higher anti-SARS-CoV-2 IgG
antibody titers was associated with a lower risk
of death than transfusion of plasma with lower
antibody levels. Among 3,082 patients in the
analysis, death within 30 days occurred in 115
of 515 patients (22.3%) in the high-titer group,
549 of 2,006 patients (27.4%) in the medium-titer
group, and 166 of 561 patients (29.6%) in the lowtiter group. High plasma titer was defined as 250
or greater in the Broad Institute’s neutralizing
antibody assay or an S/C cut-off of 12 or higher
in the Ortho VITROS IgG assay [42]. The FDA
granted EUA on August 23, 2020, for use of convalescent plasma in hospitalized patients with
COVID-19 [43].
7.3.7 Immune Modulator Trials
In October 2020, the NIH launched an adaptive
phase III trial (ACTIV-Immune Modulators [IM])
to assess safety and efficacy of three immune
modulator agents (infliximab (Remicade), abatacept (Orencia), and cenicriviroc) in hospitalized
patients with COVID-19. Repurposing of these
drugs would require a lot of RCT-based evidential support as the proposal of use in COVID-19
patients stems from retrospective observational
studies of occurrence of COVID-19 in patients
already receiving these drugs for other recommended indications. A summary of immune
molecule-based trials is presented in Table 7.3.
7.3.7.1 Infliximab
Infliximab is a monoclonal antibody which
binds a TNF-α receptor and prevents TNF-α
activation (pro-inflammatory) by TNF-α signaling. Infliximab was initially approved in 1998 for
the treatment of various chronic autoimmune
inflammatory diseases (rheumatoid arthritis, psoriasis, inflammatory bowel diseases).
The CLARITY study, recruited 6,935 patients
with Crohn’s disease and ulcerative colitis
from 92 UK hospitals between September and
December 2020, and noted that fewer than half
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of the people with inflammatory bowel disease
who were treated with infliximab had detectable antibodies after SARS-CoV-2 infection [44].

ethical constraints. The choice to select MSCs
(Mesenchymal Stem Cells) [51] may be related to
the availability, high rate of multiplication, low
invasive procedure, and no ethical issues.
7.3.7.2 Abatacept
The various benefits and characteristics of
Abatacept is a selective T cell costimula- using MSC-based therapy are (i) MSCs are eastory immuno-modulator with an extracellu- ily accessible and can be extracted from many
lar domain of human cytotoxic T cell-associated tissues, for example from bone marrow, periphantigen 4 fused to a modified immunoglobulin. eral blood, and adipose tissues, such as abdomiIt prevents full activation of T cells, resulting in nal fat, infrapatellar fat pad, and buccal fat pad.
inhibition of the downstream inflammatory cas- Other sites include neonatal birth-associated tiscade. An epidemiological survey performed in a sues such as placenta, umbilical cord, Wharton’s
large tertiary hospital in Barcelona, Spain, indi- jelly, amniotic fluid, and cord blood. Isolated
cated that abatacept-treated patients (42 patients MSCs can be stored for forthcoming promisfrom a cohort of 959 patients treated with bio- ing applications; (ii) MSCs are multipotent stem
logical and synthetic disease-modifying anti- cells, with the capacity to self-renew by division
rheumatic drugs [DMARDs]) exhibited the lowest to evolve into multiple specialized cells; (iii)
frequency of COVID-19–compatible symptoms MSCs can easily be expanded to required clini[45]. Similar data were also obtained from a hos- cal and scientific volumes in a suitable period
pital in Madrid, Spain, where it was noted that of time; (iv) MSCs can be preserved for recurnone of the 27 abatacept-treated patients (among rent therapeutic applications; and (v) No severe
802 DMARD-treated patients) were admitted to adverse reactions to allogeneic MSC have been
hospital with COVID-19 symptoms [46].
reported in any clinical trials to date.
In the context of viral diseases, it is well estab7.3.7.3 Cenicriviroc
lished that the innate and adaptive immunity
Cenicriviroc (CVC), an immunomodulator that defense becomes impaired during viral infections
blocks the CCR2 and CCR5 chemokine receptors, of high replicative and potent virulence power.
is proposed to help in the respiratory sequelae There is a failure of orchestrated immune playin COVID-19 patients. In an in vitro study CVC ers, especially APCs (Antigen Presenting Cells:
was found to be a selective inhibitor of SARS- Dendritic cells, Macrophages etc.) to engulf, proCoV-2 replication. The 50% effective concentra- cess and present antigens to adaptive immune
tions of CVC were 19.0 and 2.9 μM, in the assays players (T cells and B cells). This failure in innate
based on the inhibition of virus-induced cell and ultimately adaptive immune systems allow
destruction and viral RNA levels in culture viruses to proliferate and aggravate the infection.
supernatants of the infected cells, respectively It has been suggested that imbalance in innate
[47]. The drug has now been included in the and adaptive immune systems, which cause the
I-SPY COVID-19 clinical trial [48].
mounting of an aggravated cytokine storm as
in other infective diseases and cancer, can trig7.4 NOVEL STRATEGIES AGAINST
ger similar phenomena after COVID-19 infecCOVID-19
tion. This is mainly projected as being caused by
This situation is like a novel clueless puzzle. excessive amounts of inflammatory factors such
From the first reported case of COVID-19 infec- as interleukins [52–54]. The cytokine storm thus
tion to the present date, several antiviral drugs produced eventually impairs APCs and adaphave been used to tackle SARS-CoV-2, by means tive immune cells. Thus development of MSCof the repurposing of drugs, but none have based therapy with either natural APCs or APCs
shown acceptable efficacy [49]. So relentless is in progress to evoke appropriate immune
efforts are dedicated to the exploration of novel responses, see Table 7.2.
approaches to treat COVID-19 for the managePrevious studies on viral diseases including
ment of emerging viral outbreaks.
COVID-19 have shown that MSCs retain
immune-regulatory potential by modifying
7.4.1 Stem Cell Therapy: Significance
immune responses with the help of proliferation
in COVID-19
and function of numerous immune cells, such
Recently, stem cell therapy has emerged as one as inhibiting the differentiation of monocytes
of the promising therapeutic strategies in man- into dendritic cells (DCs), changing the cytokine
agement of several diseases [50] including viral profiles of DCs with upregulation of reguladiseases. However, the development and prog- tory cytokines, and suppression of inflammaress for cell-based therapies, especially appli- tory cytokines. Thus MSCs also induce tolerant
cation of pluripotent stem cells, has been quite phenotypes of naive and effector T cells, conslow because of limited sources and related straining antibody production by B cells, and
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diminishing NK cell proliferation and NK cellmediated cytotoxicity [55]. These immunomodulatory activities are mediated by both cell–cell
communications and secreted cytokines including interferon- 𝛾 (IFN-𝛾), indoleamine 2,3-dioxygenase (IDO), transforming growth factor-𝛽
(TGF-𝛽), IL-6, IL-10, and prostaglandin E2 [56].
Thus several COVID-19 trials on MSCs in the
United States, China, Israel, Iran, Italy, and Iraq
are in progress (Table 7.1).
Moreover, a recent case study was reported
in which a 65-year-old female patient was diagnosed with severe COVID-19. The patient had
an 87% increase in neutrophil count and a 9.8%
decrease in lymphocyte count. Despite being
treated with antiviral drugs such as lopinavir/
ritonavir, IFN-α and oseltamivir, her condition worsened. The patient was treated three
times with cord MSCs alone and with α1 thymosin 5 × 107 cells (not clear). The results of the
study showed that after the second injection,
serum albumin, CRP, and ALT/AST gradually
decreased, and other vital signs improved. The
patient was disconnected from life supporting
devices and was able to walk. The number of
white blood cells and neutrophils in the patient
decreased to a normal level, while the number
of lymphocytes increased to their normal level.
Above all, CD3 + T cell, CD4 + T cell and CD8 + T
cell numbers were significantly increased and
based on CT images, the pneumonia resolved
significantly after the third injection of UC-MSCs.
Ultimately the patient was discharged from the
ICU ward. This result also implied that UM-MSCs
could be an attractive option alone or in combination with other immune modulators for the treatment of acute COVID-19 patients [55].
Recently researchers from China (Beijing,
Shanghai, and Hubei) completed a study in which
they successfully transplanted human MSCs [57]
(Table 7.2). The study noted improvement in the
outcome of seven treated patients with COVID-19
pneumonia in Beijing Youan Hospital, China,
from January 23, 2020 to February 16, 2020. After
MSC injection, the alterations in inflammatory,
immune function levels as well as adverse effects
of the patients were evaluated for 14 days. All
seven patients showed significant improvements
in pulmonary function and reduction in symptoms within two days of MSC transplantation
without any adverse effects. After transplantation, peripheral lymphocyte counts increased,
with a decrease in the C-reactive protein (infection
and inflammatory marker). Moreover, it triggered
cytokine secreting immune cells CXCR3 + CD4
+ T cells, CXCR3 + CD8 + T cells, and CXCR3 +
NK cells disappeared in 3–6 days. Increase in a
group of CD14 + CD11c + CD11bmid regulatory
DC population was also noticed. Additionally,
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the level of pro-inflammatory TNF-α was
reduced, and anti-inflammatory IL-10 levels were
increased remarkably in the MSC treated group
compared to the control placebo group. Thus the
very first study of safe and effective intravenous
transplantation of MSCs has opened new horizons for the treatment of patients with COVID-19
pneumonia [58].
Another trial on MSCs in March–April 2020
was reported by Pluristem Therapeutics Inc.,
a leading regenerative medicine company in
Haifa, Israel. Successful treatment was obtained
in patients suffering from COVID-19 complications in the United States [59]. The treatment
was conducted according to the US FDA Single
Patient Expanded Access Program, also called
the Compassionate Use Program. This is part
of the US Coronavirus Treatment Acceleration
Program (CTAP), an emergency program for
encouraging therapies that explore every existing method to move new treatments to patients
as quickly as possible.
PLX cells are allogeneic mesenchymal-like
cells that have immunomodulatory properties
and are able to incite the immune system’s natural regulatory T cells and M2 macrophages
and. may pause or reverse the perilous aggravation of the immune system [60]. The incidence
and\or severity of COVID-19 pneumonia and
pneumonitis may potentially be reduced by PLX
cells, which may lead to a better prognosis for
patients. Before treatment with PLX, the patient
was reported critically ill with respiratory failure resulting from ARDS and was on life support ventilation in ICU for three weeks. In order
to explore PLX cell–based therapy for COVID-19,
Pluristem Therapeutics is planning to work with
the BIH Center for Regenerative Therapy (BCRT)
and the Berlin Center for Advanced Therapies
(BeCAT) at Charité University of Medicine,
Berlin. Recently, a randomized, double-blind,
placebo-controlled, multi-center, parallel-group
phase II study to evaluate the efficacy and safety
of intramuscular injections of PLX-PAD for the
treatment of severe COVID-19 was registered by
the company after being given FDA clearance. In
this trial, 140 intubated and mechanically ventilated adult patients suffering from COVID-19
induced respiratory failure and ARDS will be
treated. The primary efficacy endpoint of the
study is the number of ventilator-free days from
day 1 through day 28 of the study [61].
The above-mentioned and a few more stem
cell–based trials are summarized in Table 7.3.
The results from these MSC-based therapy trials will hopefully confirm that the strategy is
a good option for the treatment of COVID-19
patients and potentially for other similar novel
virus outbreaks.

Table 7.1 Major repurposed drugs and their proposed mechanism of action on COVID-19 infection
Name of Drug

Class/Type

Mechanism of Action

Chloroquine and
4-aminoquinoline
Hydroxychloroquine

Lopinavir/
Ritonavir

Protease inhibitors

Blocks viral cellular entry.

Zanamivir

Amprenavir

Protease inhibitor
(HIV)

Darunavir

Second-generation
protease inhibitor

It binds to the protease active site and
inhibits the activity of the enzyme. This
inhibition prevents cleavage of the
viral polyproteins resulting in the
formation of immature non-infectious
viral particles.
Darunavir can adapt to changes in the
shape of a protease enzyme because of
its molecular flexibility. It prevents HIV
replication.

Faldaprevir

Protease inhibitor

Pinpointed mechanism is still
unknown, though it has been tried
against chronic hepatitis C virus.

Galidesivir

Protease inhibitor
Adenosine analogue

Initially developed for Zaire Ebolavirus, it
binds to viral RNA polymerase in place
of natural nucleotide, leading to
disruption of viral RNA polymerase
activity. Results in premature termination
of the elongating RNA strand.
Indinavir inhibits the HIV viral protease
enzyme which prevents cleavage of the
gag-pol polyprotein, resulting in
non-infectious, immature viral
particles.

Favipiravir

Nitazoxanide

Baloxavir marboxil

Mechanism of Action

The post-translational alteration of newly
synthesized proteins via glycosylation
inhibition.
Neuraminidase
Zanamivir acts via inhibition of
inhibitor
neuraminidase thus affects virus particle
aggregation and release. The drug
renders the influenza virus, and thus
virus is unable to escape its host cell and
infect others.
Neuraminidase
A selective inhibitor of influenza virus
inhibitor
neuraminidase enzymes which is
important for viral entry into uninfected
cells, for the release of recently formed
virus particles from infected cells.
RNA dependent
Favipiravir is a prodrug that is ribosylated
RNA polymerase and phosphorylated intracellularly to
inhibitors
form the active metabolite favipiravir
ibofuranosyl-5’-triphosphate, which
competes with purine nucleosides and
interferes with replication by
incorporation into the virus RNA and thus
potentially inhibiting the RNA-dependent
RNA polymerase (RdRP) of RNA viruses.
Polymerase
It inhibits replication of respiratory
inhibitor
viruses in cell cultures, including
SARS-CoV-2.

RNA polymerase
inhibitor
(Endonuclease
inhibitor)
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It is a CAP endonuclease inhibitor. The
Indinavir
influenza endonuclease is an essential
subdomain of the viral RNA polymerase
enzyme. CAP endonuclease processes host
pre-mRNAs to serve as primers for viral
mRNA and therefore has been a common
target for studies of anti-influenza drugs.
Inhibiting the activity of endonuclease can
block the transcription of mRNA and
inactivate the influenza virus.

Protease inhibitor

(Continued)
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Name of Drug

Oseltamivir

Class/Type
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Table 7.1 (Continued) Major repurposed drugs and their proposed mechanism of action on COVID-19 infection
Class/Type

Ribavirin

Nucleoside
It inhibits viral mRNA polymerase by
analogue
binding to the nucleotide binding site of
(guanine)
the enzyme, leading to a reduction in viral
–inhibits viral
replication and it inhibits de novo
RNA-dependent
synthesis of guanine nucleotides and
RNA polymerase decreased intracellular GTP pools, leading
to a decline in viral protein synthesis.
Nucleotide
It is a nucleotide analogue inhibitor, which
analogue
inhibits HCV NS5B protein, RNAinhibitor and
dependent RNA polymerase. After
NS5B RNAmetabolism it is converted into uridine
dependent RNA
analogue triphosphate (GS-461203), it
polymerase
incorporates into HCV RNA by NS5B
inhibitor
polymerase and acts as a chain terminator.
Adenosine
It is metabolized into an active form
nucleotide
known as GS-441524, an adenosine
analogues
analogue. The GS-441524 interferes with
the action of viral RdRP and evades
proofreading by viral exoribonuclease
(ExoN), thus decreasing viral RNA
production.
Nucleotide
Acyclovir becomes acyclovir
analogue
monophosphate through the action of
viral thymidine kinase, and ultimately
converted into acyclovir triphosphate,
which has a higher affinity for viral DNA
polymerase than cellular DNA
polymerase, fits into the DNA and causes
the DNA chain termination.
Guanine analogue Anti-Hepatitis B agent. By competing with
(HCV)
the natural substrate deoxyguanosine
triphosphate, entecavir functionally
inhibits all three activities of HBV
polymerase (reverse transcriptase, rt): (1)
base priming, (2) reverse transcription of
the negative strand from the pre-genomic
messenger RNA, and (3) synthesis of the
positive strand of HBV DNA.

Sofosbuvir

Remdesivir

Acyclovir

Entecavir

Mechanism of Action

Name of Drug

Class/Type

Mechanism of Action

Nelfinavir

Protease inhibitor

Nelfinavir inhibits the HIV viral
proteinase enzyme which prevents
cleavage of the gag-pol polyprotein,
resulting in non-infectious, immature
viral particles.

Tipranavir

Nonpeptidic
protease inhibitor

It inhibits the processing of the viral gag
and gag-pol polyproteins in HIV-1
infected cells, thus preventing
formation of mature virions.

Umifenovir

Fusion inhibitor

Viral fusion inhibition with the targeted
membrane, which blocks virus entry
into the cell.

Thalidomide

Immunomodulatory It has an anti-inflammatory action
through its ability to speed up the
degradation of messenger RNA in
blood cells and thus reduce tumor
necrosis factor-α (TNF-α). Thalidomide
can increase the secretion of
interleukins (IL), such as IL-12, and
activate natural killer cells.
Methylprednisolone Corticosteroids
Prolongs the survival time and prevents
complications of clinical cases through
its anti-inflammatory and
immunomodulatory action.
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Name of Drug

Class/Type

Mechanism of Action

GS-441524

Adenosine
nucleoside
analogue

GS-441524 is phosphorylated 3 times to
Amantadine
form the active nucleoside triphosphate,
which is incorporated into the genome of
virions, terminating its replication.

Tenofovir

Acyclic nucleoside After activation, it acts as an antiviral
analogue
acyclic nucleoside phosphonate. It is a
adenosine
potent inhibitor of the viral reverse
monophosphate
transcriptase and it also has a role in the
inhibition of viral polymerase causing
chain termination and the inhibition of
viral synthesis.
Anti-helminthic
Niclosamide is thought to disrupt
agent
SARS-CoV-2 replication through S-phase
kinase-associated protein 2 (SKP2)inhibition, by preventing autophagy and
blocking endocytosis.

Niclosamide

Umifenovir

Direct-acting
Ability to interact with both viral proteins
antiviral (DAA),
and lipids, it may also interfere with later
host-targeting
stages of the viral life cycle.
agent (HTA), and
Hemagglutinin
inhibitor
(influenza)

Source: https://go.drugbank.com/drugs.

Name of Drug

Interferon

Pleconaril

Class/Type

Mechanism of Action

Antiviral used in the It helps in releasing dopamine, together
prophylactic or
with stimulation of norepinephrine
symptomatic
response. It also has NMDA receptor
treatment of
antagonistic effects. The drug interferes
influenza A, and
with a viral protein, M2 (an ion
also used as an
channel), needed for the viral particle
anti-parkinsonian
to become “uncoated” once it is taken
agent
inside the cell by endocytosis.
Low molecular
The expression of the interferonweight protein
stimulated genes (ISGs) lead to
development of an antiviral
environment, thus inhibiting further
viral replication. The interferons
augment the immune system.
Viral capsid
inhibitor

It binds to a hydrophobic pocket in viral
protein 1, the major protein which
makes up the capsid (shell) of
picornaviruses. This renders the viral
capsid rigid and compressed, and
prevents the uncoating of its RNA. As
a result, the virus is stopped from
attaching to the host cell and causing
infection.
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Table 7.2 Stem cell therapy–based trials on COVID-19 patients (updated list on April 30, 2021 and removal of cancelled trials from the trials registry)
Study
Phase

ID

Project Title

Cell Type

2020-03-15

Phase 1

NCT04313322

Treatment of COVID-19
patients using Wharton’s
jelly-mesenchymal stem
cells.

WJ-MSCs

Enrollment: 5
Age: 18 years
to older
Sex: All

2020-01-27

Phase 1

NCT04252118

MSCs

2020-04-02

Phase 1
Phase 2

NCT04339660

2020-02-24

Phase 2

NCT04288102

Mesenchymal stem cell
treatment for pneumonia
patients infected with
COVID-19.
Clinical research of human
mesenchymal stem cells in
the treatment of COVID-19
pneumonia.
Treatment with mesenchymal
stem cells for severe
corona-virus disease 2019
(COVID-19).

Enrollment: 20
Age: 18–70
years
Sex: All
Enrollment: 30
Age: 18–75
years
Sex: All
Enrollment: 90
Age: 18–75
years
Sex: All

2020-02-07

Phase 2

NCT04269525

UC-MSCs

Enrollment: 10
Age: 18–75
years
Sex: All

2020-04-13

Phase
1Phase 2

NCT04355728

Umbilical cord (UC)-derived
mesenchymal stem cells
(MSCs) treatment for the
2019-novel coronavirus
(nCOV) pneumonia.
Use of UC-MSCs for
COVID-19 patients.

UC-MSCs

Enrollment: 24
Age: 18 years
to older
Sex: All

UC-MSCs

MSCs

Participants
(Number,
Age, Sex)

Intervention
WJ-MSCs will be derived from cord tissue of
newborns, screened for HIV1/2, HBV,
HCV, CMV, Mycoplasma, and cultured to
enrich for MSCs.
WJ-MSCs will be counted and suspended in
25 ml of saline solution containing 0.5%
human serum albumin, and will be given to
patients intravenously.
Biological: MSCs
3 times of MSCs (3.0 × 10E7 MSCs
intravenously at Day 0, Day 3, Day 6).
Biological: UC-MSCs
1 × 10E6 UC-MSCs/kg body weight
suspended in 100 ml saline
Other: Placebo 100 ml saline intravenously.
Biological: MSCs 3 times of MSCs (4.0 × 10E7
cells per time) intravenously at Day 0, Day
3, Day 6.
Biological: Saline containing 1% Human
serum albumin solution of MSC 3 times of
placebo intravenously at Day 0, Day 3,
Day 6.
Biological: UC-MSCs
After enrollment, each subject will receive
UC-MSC infusion intravenously on Day 1,
Day 3, Day 5, and Day 7.
Biological: Umbilical cord mesenchymal
stem cells
UC-MSC will be administered at 100 × 106
cells/infusion administered intravenously
in addition to the standard of care treatment.
Other: Standard of care
Standard of Care treatment per the treating
hospital protocol.
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First Submitted
Date/Date of
Registration

First Submitted
Date/Date of
Registration

Study
Phase

ID

Project Title

Cell Type

Participants
(Number,
Age, Sex)

Phase 1
Phase 2

NCT03042143

Repair of acute respiratory
distress syndrome by
stromal cell administration
(REALIST) (COVID-19).

Human
UC-MSCs
CD362
enriched

Enrollment: 75
Age: 16 years
to older
Sex: All

2020-04-20

Phase 2
Phase 3

NCT04366063

Mesenchymal Stem Cell
Therapy for SARS-CoV-2related acute respiratory
distress syndrome.

MSCs

Enrollment: 60
Age: 16–65
years
Sex: All

2020-03-29

Phase 1
Phase 2

NCT04333368

Cell therapy using umbilical
cord-derived Mesenchymal
Stromal Cells in SARS-CoV2-related ARDS.

UC-MSCs

Enrollment: 60
Age: 18 years
to older
Sex: All

2020-02-14

–
(No
informa
tion on
trial
registry)

NCT04273646

Study of human umbilical
cord mesenchymal stem
cells in the treatment of
severe COVID-19.

Human
UC-MSCs

Estimated
Enrollment:
48
Age: 18–65
years
Sex: All

2020-02-27

Phase 1

NCT04302519

Novel coronavirus induced
severe pneumonia treated
by dental pulp mesenchymal
stem cells.

Dental pulp
mesenchymal
stem cells

Enrollment: 24
Age: 18–75
years
Sex: All

Biological: Human umbilical cord derived
CD362 enriched MSCs Infusion of human
umbilical cord derived CD362 enriched
MSCs
Biological: Placebo (Plasma-Lyte 148)
infusion of placebo.
Biological: Cell therapy protocol 1.
Cell therapy protocol 1(n = 20). Patients will
receive two doses of MSCs 100 × 10e6
(±10%) at Day 0 and Day 2 plus
conventional treatment.
Biological: Cell therapy protocol 2
Patients will receive two doses of MSCs
100 × 10e6 (±10%) at Day 0 and Day 2,
intravenously plus two doses of EVs at Day
4 and Day 6 plus conventional treatment.
Biological: Umbilical cord Wharton’s
jelly-derived human umbilical cord
Wharton’s jelly-derived human MSC (at the
dose of 1 million/kg) will be administered
via a peripheral or central venous line over
30–45 minutes, using tubing with a 200-μm
filter. Cells, in a 150 ml volume, will be
delivered at D1 – D3 – D5.
Other: NaCl 0.9%
NaCl 0.9% (150 ml) given via an intravenous
route at D1 – D3 – D5.
Biological: UC-MSCs
4 times of UC-MSCs (0.5 × 10E6 UC-MSCs/
kg body weight intravenously at Day 1,
Day 3, Day 5, Day 7).
Drug: Placebo
4 times of cell-free stem cell suspension
(saline containing 1% human albumin)
intravenously at Day 1, Day 3, Day 5, Day 7).
Biological: Dental pulp mesenchymal stem
cells.
On the basis of clinical standard treatment,
the injection of dental mesenchymal stem
cells was increased on Days 1, 3 and 7 of
the trial.
(Continued)
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Table 7.2 (Continued) Stem cell therapy–based trials on COVID-19 patients (updated list on April 30, 2021 and removal of cancelled trials from the trials
registry)
First Submitted
Date/Date of
Registration

Study
Phase

Participants
(Number,
Age, Sex)

Project Title

Cell Type

Clinical trials of mesenchymal
stem cells for the treatment
of pneumonitis caused by
novel coronavirus
pneumonia (COVID-19).
Clinical study for natural
killer (NK) cells from
umbilical cord blood in the
treatment of novel
coronavirus pneumonia
(COVID-19).

MSCs

Safety and efficacy study of
allogeneic human dental
pulp mesenchymal stem
cells to treat severe novel
coronavirus pneumonia
(COVID-19) patients.
Safety and effectiveness of
human embryonic stem
cell-derived M cells
(CAStem) for pulmonary
fibrosis correlated with
novel coronavirus
pneumonia (COVID-19).

hDPSC

Enrollment: 20
Age: 18–65
years
Sex: All

Human
embryonic
stem
cell-derived
M cells

Enrollment: 20
Age: 18–80
years
Sex: All

Clinical study of human NK
cells and MSCs
transplantation for severe
novel coronavirus
pneumonia (COVID-19).
Key techniques of umbilical
cord mesenchymal stem cells
for the treatment of novel
coronavirus pneumonia
(COVID-19) and clinical
application demonstration.

NK cells and
MSCs

Enrollment: 20
Age: 4–80
years
Sex: All

UC-MSCs

Enrollment: 60
Age: 18–70
years
Sex: All

2020-02-18

Phase 1
Phase 2

ChiCTR2000029990

2020-04-08

–
(Not
available
on trial
registry)

ChiCTR2000031735

2020-03-27

–
(Not
available
on trial
registry)

ChiCTR2000031319

2020-03-22

–
(Not
available
on trial
registry)

ChiCTR2000031139

2020-03-18

Phase 1

ChiCTR2000030944

2020-02-24

–
(Not
available
on trial
registry)

ChiCTR2000030173

NK cells

Enrollment:
120
Age: 18 years
and 95 years
Sex: All
Enrollment: 20
Age: 18 years
and older
Sex: All

Intervention
Experimental group: MSCs
Control group: Saline

Experimental group:
NK cells were injected by intravenous drip
once a day for 2 to 3 times in total, each
dose was 4 107 pieces/kg body weight,
100 ml normal saline suspension.
Control group:
100 ml normal saline intravenous drip.
hDPSCs group: Routine treatment +
intravenous injection of human dental pulp
stem cells
Control group:
Routine treatment + placebo.
Case series:
The cell dose was 3 × 106 cells/kg. It was
intravenously infused twice in a row. The
interval between each infusion was 1 week
(+/−2 days). If the investigator considered
it necessary, an additional infusion could be
performed. Infusion interval 1 week (+/−2
days) from the previous time.
Experimental group:
On the basis of the current clinical treatment
of SNCP, NK cells and MSCs were increased.
Control group:
current clinical treatment of SNCP.
Experimental group:
Umbilical cord mesenchymal stem cells
Control group:
Conventional treatment.
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ID

Study
Phase

ID

Project Title

Cell Type

2020-02-24

Phase 2

ChiCTR2000030138

UC-MSCs

Enrollment: 60
Age: 16–75
years
Sex: All

2020-02-23

–
(Not
available
on trial
registry)

ChiCTR2000030116

MSCs

Enrollment: 16
Age: 16–75
years
Sex: All

2020-02-22

–
(Not
available
on trial
registry)

ChiCTR2000030088

Clinical trial for human
mesenchymal stem cells in
the treatment of severe novel
coronavirus pneumonia
(COVID-19).
Safety and effectiveness of
human umbilical cord
mesenchymal stem cells in
the treatment of acute
respiratory distress
syndrome of severe novel
coronavirus pneumonia
(COVID-19).
Umbilical cord Wharton’s
jelly-derived mesenchymal
stem cells in the treatment of
severe novel coronavirus
pneumonia (COVID-19).

Wharton’s
jelly MSCs

Enrollment: 40
Age: 18–80
years
Sex: All

2020-02-20

–
(Not
available
on trial
registry)
–
(Not
available
on trial
registry).

ChiCTR2000030020

The clinical application and
basic research related to
mesenchymal stem cells to
treat novel coronavirus
pneumonia (COVID-19).
Clinical study for human
menstrual blood-derived
stem cells in the treatment of
acute novel coronavirus
pneumonia (COVID-19).

MSCs

Enrollment: 20
Age: 18–70
years
Sex: All

Human
menstrual
bloodderived stem
cells
preparations

Enrollment: 63
Age: 1–99
years
Sex: All

2020-02-07

ChiCTR2000029606

Participants
(Number,
Age, Sex)

Intervention
Experimental group:
Intravenous injection of human umbilical
cord mesenchymal stem cells (UC-MSC).
Control group:
Routine treatment + placebo.
Two groups:
Different stem cell doses.

Experimental group:
Iv injection of Wharton’s jelly mesenchymal
stem cells (1 × 106/kg), cell suspension
volume: 40 ml
Control group:
Iv 40 ml saline.
Case series:
Mesenchymal stem cells therapy.

Experimental group A: Conventional
treatment followed by intravenous infusion
of human menstrual blood-derived stem
cells preparations.
Control group A: conventional treatment
Experimental group B1:
Artificial liver therapy + conventional
treatment.
Experimental group B2:
Artificial liver therapy followed by
Intravenous infusion of Human Menstrual
Blood-derived stem cells preparations +
conventional treatment.
Control group A:
Conventional treatment.
(Continued)
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Table 7.2 (Continued) Stem cell therapy–based trials on COVID-19 patients (updated list on April 30, 2021 and removal of cancelled trials from the trials
registry)
First Submitted
Date/Date of
Registration

Study
Phase

Participants
(Number,
Age, Sex)

Project Title

Cell Type

Severe novel coronavirus
pneumonia (COVID-19)
patients treated with
ruxolitinib in combination
with mesenchymal stem cells:
a prospective, single blind,
randomized controlled
clinical trial.
Safety and efficacy of
umbilical cord blood
mononuclear cells in the
treatment of severe and
critically novel coronavirus
pneumonia (COVID-19): a
randomized controlled
clinical trial.
Safety and efficacy of
umbilical cord blood
mononuclear cells
conditioned medium in the
treatment of severe and
critically novel coronavirus
pneumonia (COVID-19): a
randomized controlled trial.

Mesenchymal
stem cells

Enrollment: 70
Age: 18–75
years
Sex: All

Experimental group:
Ruxolitinib combined with mesenchymal
stem cell.
Control group:
Routine treatment.

Umbilical cord
blood
mononuclear
cells

Enrollment: 30
Age: 18 years
to older
Sex: All

Experimental group:
Conventional treatment combined with
umbilical cord blood mononuclear cells
group
Control group:
Conventional treatment.

Umbilical cord
mesenchymal
stem cells

Enrollment: 30
Age: 18 years
to older
Sex: All

Experimental group:
Conventional treatment combined with
umbilical cord mesenchymal stem cell
conditioned medium group.
Control group:
Conventional treatment.

2020-02-05

–
(Not
available
on trial
registry)

ChiCTR2000029580

2020-02-05

–
(Not
available
on trial
registry)

ChiCTR2000029572

2020-02-04

–
(Not
available
on trial
registry)

ChiCTR2000029569

Intervention

Source: NIH: http://cli.nicaltrials.gov, http://www.coronavirus.gov, Chinese clinical trial registry http://www.chictr.org.cn/ and also based on institutional websites.
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ID

Table 7.3 Miscellaneous interventions in COVID-19 patients
Study Phase/
Recruitment
Status

2020-04-27

Participants
(Number, Age,
Sex)
Intervention

ID

Project Title

Phase 1
Phase 2

NCT04368728

Study to describe the
RNA
safety, tolerability,
immunogenicity, and
potential efficacy of RNA
vaccine candidates against
COVID-19 in healthy
adults.

Enrollment: 7600
Age: 18–85 years
Sex: All

2020-02-21

Phase 1

NCT04283461

Safety and immunogenicity mRNA
study of 2019-nCoV
vaccine (mRNA-1273) for
prophylaxis of SARSCoV-2 infection
(COVID-19)

Enrollment: 105
Age: 18–99 years
Sex: All

2020-03-05

Phase 1

NCT04299724

Safety and immunity of
COVID-19 aAPC vaccine.

artificial antigen
presenting cells
(aAPC)

2020-04-03

Phase 1

NCT04336410

Safety, tolerability and
immunogenicity of
INO-4800 for COVID-19
in healthy volunteers.

INO-4800 (DNA)

Enrollment: 100
Age: 6 months to
80 years
Sex: All
Enrollment: 40
Age: 18–50 years
Sex: All

Biological:BNT162a1
0.5 ml intramuscular injection.
Biological: BNT162b1
0.5 ml intramuscular injection
Biological: BNT162b2
0.5 ml intramuscular injection.
Biological: BNT162c2
0.5 ml intramuscular injection.
Other: placebo
0.5 ml intramuscular injection.
Biological: mRNA-1273
Lipid nanoparticle (LNP) dispersion
containing an mRNA that encodes for the
prefusion stabilized spike protein 2019nCoV. mRNA-1273 consists of an mRNA
drug substance that is manufactured into
LNPs composed of the proprietary
ionizable lipid, SM-102, and 3 commercially
available lipids, cholesterol, DSPC, and
PEG2000 DMG.
Biological: Pathogen-specific aAPC.
The subjects will receive three injections of
5 × 106 each COVID-19/aAPC vaccine via
subcutaneous injections.
Drug: INO-4800
INO-4800 will be administered ID on Day 0
and Week 4.
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7.4.2 Synthetic Nano Stem Cell–Based
Therapy
LIF (leukemia inhibitory factor) is documented
in an animal-based study as an essential factor
to neutralize the cytokine storm in lungs during
viral pneumonia [62]. MSCs are known to release
LIF, but the costs of processing and maintaining
MSCs is too high to be generally applicable and
affordable for common patients. Introduction
of LIFNano offers a plausible solution to this. It
involves the application of nanotechnology-based
synthetic stem cells as “LIFNano” which are a
thousand times more potent than soluble LIF [63].
As a cutting-edge technology, LIFNano could be
utilized as an alternative to cell-based therapy, for
replacement of the need for high volume and offthe-shelf therapeutic agents. Thus this therapy
may be able to rejuvenate injured tissues and suppress cytokine storms in pneumonia.
7.5 CONCLUSIONS
In summary, extensive data from in vitro and in
vivo studies in cell lines and animal models, and
clinical trials on more than 25 drugs and compounds can support the correct clinical management of COVID-19 patients. Additionally, we
hope that this might facilitate future prophylactic studies in large clinical settings. Many compounds, including FDA approved drugs and
drug-like molecules subjected to repurposing
for COVID-19 have been included. This amalgamation of in silico, in vitro, in vivo screenings
and experimentation, and data from clinical
trials can help in the design and development
of new antiviral drugs for various stages of the
current pandemic. Furthermore, this chapter
presents the concomitant use of drugs associated with polypharmacy, which can lead to significant adverse effects, sometimes with toxic
and degenerative drug interactions for humans.
The role of MSCs in lowering the inflammation
through activation of APCs could be a major
breakthrough representing an entirely new biological approach to the treatment of COVID-19
patients, and to raise the awareness of better
preparation for future emerging outbreaks.
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Chapter 8 Convalescent Plasma and Antibody Therapy in COVID-19
Didem Rıfkı, Eymen Ü. Kılıç, and Şükrü Tüzmen

8.1 INTRODUCTION
SARS-CoV-2 is defined as the etiological agent
that caused the COVID-19 pandemic at the
end of 2019. Considering its dramatic consequences on people’s health, economics, daily
life, education, and politics, scientists all over
the world have been working hard to understand the physiopathology of this disease in
order to develop efficient treatment strategies.
Immunomodulation has gained importance as
a potential therapeutic strategy for this disorder, as the main battle of care is the cytokine
storm. Specific and nonspecific immunotherapies, such as convalescent plasma (CP) and specific immunoglobulins, are being investigated
for the treatment of extreme COVID-19 disease,
but no conclusive proof of their efficacy has yet
been found, with the exception of the approval
of Regeneron’s monoclonal antibody (mAb)
cocktails. CP therapy is focused on the concept of using antibodies produced from naturally recovered individuals to prevent and cure
COVID-19. It has also decreased viral antigen
levels, improved blood oxygen saturation, and
increased lymphocyte ratio [1]. CP treatment,
which involves transfer of antibodies to the
recipient, provides both antiviral and immunomodulatory activities through anti-inflammatory cytokines and antibodies [1].
After plasma transfer, the National People’s
Health Commission of the People’s Republic
of China (NHCPRC) recorded a substantial
decrease in symptoms such as fever, cough,
sputum, muscle pain, and weakness [1]. A clinical trial investigating the efficacy and effectiveness of CP in patients with mild to moderate
COVID-19 symptoms admitted to a hospital
emergency unit has been suspended by the
National Institutes of Health after showing no
benefits at all. The independent Data and Safety
Monitoring Board (DSMB) decided on February
25, 2021, that while the CP intervention did not
cause any harm, it was unlikely to help this
group of patients. CP has the best chance of
demonstrating efficacy for the early treatment of
patients who are at the greatest risk of serious
disease and mortality [2].
Zhikun Zeng et al. in 2020 [34] published the
first study on specific anti-SARS-COV-2 antibodies, detecting SARS-CoV-2 specific IgM and
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IgG at days 9 and 15, respectively, after the
onset of the disease [1]. Anti-SARS-CoV-2 IgG
can be detected on day 11, or 18–21 days after
infection, according to another study [3]. Until
symptomatic recovery, serum levels of IgM and
IgG antibodies that can neutralize SARS-CoV-2
were also identified. SARS-CoV-2 anti-spike (S)
protein receptor-binding domain (anti-RBD)
IgG/IgM seropositivity and anti-nucleoprotein
(anti-NP) IgG/IgM seropositivity were detected
14 days or later after disease onset, and anti-NP/
RBD IgG levels correlated with virus neutralization titers [1].
Despite the demonstrated therapeutic efficacy
of immunoglobulins against COVID-19, the efficacy of single agent therapy has yet to be fully
established. Remdesivir (RDV) in combination with an mAb may improve outcomes over
single-agent therapy by causing less weight loss,
lower virus lung titers, less acute lung injury,
and improved pulmonary function, thereby
extending the therapeutic window [4].
8.2 EFFECTS OF COVID-19 ON THE
IMMUNE SYSTEM
The SARS-CoV-2 replicates in the early stages
of COVID-19. In the later stages, known as the
“cytokine storm”, the host’s immune response to
viral infection becomes uncontrolled, marked by
sharp increases in proinflammatory cytokines
such as the interleukins IL-1β, IL-1RA, IL-2, IL-4,
IL-6, IL-7, IL-8, IL-10, interferon-γ (IFN-γ), granulocyte macrophage-colony stimulating factor
(GM-CSF), and tumor necrosis factor-α (TNF-α).
The condition worsens, progressing from a mild
infection to a systemic inflammatory response
and, eventually, to multi-system organ failure [5].
IFNs (IFN-I, IFN-α/β) provide a form of natural antiviral protection during the early stages of
viral infection. In the later stages of the disease,
the number of proinflammatory interleukins
(IL-1 β, IL-6), TNF-α, and C-C motif chemokine
ligands (CCL-2, CCL-3, and CCL-5) increase
while IFNs decrease. Along with the decreased
secretion of IFN, antiviral responses are also
hampered by the reduced IFN secretion, which
in return is accompanied by a rise in chemokine
release attracting a large number of inflammatory cells, such as monocytes and neutrophils.
This will result in an excessive inflammatory
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response. Mononuclear macrophages are activated by the delayed release of IFN-α/β via
receptors on their surfaces. CCL2, CCL7, and
CCL12, which are monocyte chemoattractants,
are released by activated mononuclear macrophages, causing an increase in the number
of mononuclear macrophages, which leads to
increased levels of proinflammatory cytokines
(IL1-, IL-6, and TNF-α) [5].
Inflammatory cytokines activate the development of GM-CSF, which functions as a co-regulator
alongside TNF-α, IL-6, and IL-1 in a positive feedforward inflammatory loop involving monocytes/
macrophages, fibroblasts, endothelial cells, dendritic cells, and T helper cells. The GM-CSF
receptor (GM-CSFR), which consists of a basic
ligand-binding α-chain and a signal-transducing
β-chain, mediates GM-CSF signals [6].
The downstream signaling of GM-CSFR is
mediated by Janus kinase 2 (JAK2)/signal transducer and activator of transcription 5 (STAT5),
nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-κB), extracellular signalregulated kinase (ERK), and the phosphoinositide 3-kinase (PI3K)-Akt pathway. Higher levels
of GM-CSF were observed in the early stages
(1–3 days), with a steady decrease in the late
stages (day 14). GM-CSF may also have unintended consequences. As activated neutrophils
play a major role in the microvascular injury
that contributes to lung damage, they may contribute to acute respiratory distress syndrome
(ARDS) by suppressing neutrophil apoptosis [6].
Proinflammatory cytokines cause cell death
of cytotoxic T lymphocytes, preventing viral
particle clearance. IFN-α/β and IFN-γ trigger apoptosis of alveolar and airway epithelial
cells, resulting in hypoxemia throughout the
body. Furthermore, IL-6 forms a complex with
its receptor, activating the IL-6-sIL-6R-Janus
Kinase (JAK)-Signal Transducer and Activator of
Transcription 3 (STAT3) signaling pathway. This
causes endothelial cells to secrete VEGF, MCP-1,
IL-8, and additional IL-6, as well as leading to a
decrease in E-cadherin expression. The cytokine
storm is aggravated by increased vascular permeability and leakage as a result of this chain of
events. Multiple organ failure is caused by leakage in the systemic circulation [5].
8.3 IMMUNOTHERAPY
A variety of drugs approved for other indications as well as various investigational agents
have been repurposed for the treatment of
COVID-19 in clinical trials around the world.
Despite the large amount of data from clinical
trials, the results are insufficient to draw firm
conclusions about the effectiveness and safety
of potential therapeutics.

Many unknowns surround the application
of immunotherapy, including dosage adjustments for patients with organ failures or those
who need extracorporeal equipment, as well
as the possible consequences and safety of
combination therapies. Agents that modulate
immune responses are being investigated as
adjunctive therapies for the management of

moderate to serious COVID-19 disease, because
of the hyperactive inflammatory effects of
extreme COVID-19 disease. Human blood–
derived products and immunomodulators are
potential agents. Individuals who have recovered from SARS-CoV-2 infections can provide
certain COVID-specific and COVID-nonspecific
human blood-derived products such as CP and
immunoglobulin products.
8.3.1 Convalescent Plasma
8.3.1.1 Definition, Extraction, and
Applications of Plasma in Viral
Infections
Passive immunization by transfer of antibodies
from recovered patients is a century-old technique for treating bacterial/viral infections dating back before the discovery of antibiotics and
vaccines. In principle, plasma from recovered
patients is the source of antibodies for a particular viral infection at sufficient titers. The aim is
to transfer the same immunity to new patients,
ensuring exposure to a particular virus. It has
been revealed that plasma transfusions into sick
patients elicit neutralizing antibodies as well as
the ability to manage excessive inflammatory
cascades from infectious agents [7].
The CP treatment reemerged for the prevention and management of COVID-19 because of
the lack of sufficient antiviral drugs or vaccines
at the beginning of the pandemic. Compared to
convalescent blood products such as mAbs and
intravenous immunoglobulins, CP can be procured in simpler terms as a first-choice emergency treatment as it has been used widely in
earlier coronavirus outbreaks [7].
Clinical application and criteria for CP donation eligibility show differences internationally,
while newly updated regulations are released
by the FDA for donor recruitment in workflow
protocols. Recently, the FDA updated their
issuance with a new guidance on February 11,
2021, to provide recommendations for healthcare providers during the public health emergency. CP is not an approved therapy but only
under Emergency Use Authorization (EUA) and
Investigational New Drug (IND) regulation.
Donors have to be tested for the presence of antibodies against virus following 14 days of confirmed infection as well as a negative molecular
test to guarantee safety, though the number of
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days is relaxed since antibody titer seroconversion becomes available around 8–21 days after
the onset of symptoms, ideally confirmed with
CLIA certified validated tests such as ELISA.
Moreover, antibody testing brings its own complications to the equation in the context of eligibility to become a donor, as the question remains
unanswered as to whether total antibody or subclasses are most relevant [8, 9].
8.3.1.2 Efficacy and Safety
FDA-authorized (non-approved) use of CP therapy came into operation for hospitalized patients
upon EUA in the emergence of COVID-19 on
April 23, 2020. Application of CP began as early
immediate interventions in COVID-19 patients.
However, in recent randomized, doubleblind, placebo clinical trials and meta-analysis
(RECOVERY, PLACID), conclusive benefits from
CP have not been confirmed [10, 11]. Decisive
factors from recent research reemerged related
to the effectiveness of CP therapy. Ahead of
these multi meta-analysis studies, proof of benefit was inconsistent. The RECOVERY trial independent Data Monitoring Committee (DMC)
discontinued CP trials on January 14, 2021, after
seeing no convincing evidence of the conclusive
proof of worthwhile mortality benefits either
in normal overall care or in any pre-specified
subgroup. Moreover, NIH announced in a press
release the halting of clinical trials of COVID19 CP(C3PO) in emergency patients on February
25, 2021 (launched in August 2020), also claiming CP therapy caused no harm but neither did
it offer any benefits [10, 12].
Previously, observational evidence pointed
to the effectiveness of CP in “standard of care”
against precedent viral infections but in such
nonrandomized studies, the patients were also
administered additional treatments such as
steroids, antivirals, and other drugs simultaneously with CP treatment, consequently causing
inferential complications. In an FDA sponsored
study involving 100,000 patients, efficacy of
CP did not meet with a clear prospect. While
many patients showed clinical improvement,
the study could not provide answers as to which
treatments the patients were responding [13].
CP therapy remains an official treatment in the
COVID-19 pandemic, as seen in prior infectious
diseases. With respect to other drugs/preventive
measures, CP will likely continue to be a relevant treatment at times of first responses to a
possible pandemic outbreak prior to antivirals
and vaccines becoming available. Nevertheless,
there are still some issues to consider in making the final decision on the advisability of CP
transfusion programs. The fact that CP consists of more than just antibodies makes it a
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difficult therapeutic choice since it is essentially blood plasma from recovered patients,
whereas mAbs are solitary products. Hence,
CP contains complex components, which may
possibly also contribute to immune response.
Such elaborate prophylaxis measures will most
likely cease to be necessary once a certain level
of immunity is reached within the population,
depending on how soon vaccines will fulfil the
expectation of herd immunity. The scientific
committees have delivered mixed opinions and
results. Angus et al. called out clinical research
and enterprise setups by comparing them to a
marketplace where researchers face each other
in terms of competing for funding, hence recommend facilitating national data sharing and
interoperability between research and clinical
care for optimal operation [14]. Despite competition from trials, further multi-center-controlled
trials are needed to implement the optimal conditions (timing and dose) in case of proven efficacy [14].
8.3.2 Immunoglobulins
8.3.2.1 Non-SARS-CoV-2 Specific
Yun Xie et al. [15] announced the first study of
administration of intravenous immunoglobulin
(IVIG) combined with a glucocorticoid adjuvant
treatment to 58 patients with extreme COVID-19.
Within 48 hours of admission of patients to
the ICU, this treatment decreased the use of
mechanical ventilation and reduced the length
of hospital stay, resulting in substantial clinical
efficacy and a reduction in 28-day mortality [1].
The effectiveness of IVIG in the management
of COVID-19 and MIS-C (Multisystem inflammatory syndrome in children) is still being
investigated.
8.3.2.2 SARS-CoV-2 Specific
SARS-CoV-2 immunoglobulins (human mAbs)
are produced from plasma obtained from
recovered COVID-19 patients. This method of
immunization using virus-specific concentrated
antibodies has previously been applied safely and
effectively for viral infections. IL-6, IL-1RA, IL8,
IL-1, IL-17A, IL-33, IFN-γ, TNF-α, CTGF, plasma
kallikrein, TNFSF14, GM-CSF, CSF-1R, CD14,
CD147, VEGF, PD-1, human factor XIIa, complementary protein 5, NKG2A, HER2, ILT7 receptor,
C5aR, and viral attachment to the human cell are
among the targets for immunoglobulins under
investigation.
8.3.2.2.1 Interleukin-6 Inhibitors
The IL-6 cytokine is the most studied cytokine
that has been linked to viral load, incidence,
severity, and prognosis in COVID-19 patients.
Many clinical trials have focused on IL-6 for
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the treatment of extreme stages of COVID-19.
As a result, tocilizumab is thought to be the
most promising candidate for cytokine storm
control in COVID-19 [5]. Tocilizumab blocks
the IL-6 receptor signaling pathway. It has been
tested in COVID-19 patients alone or in combination with other antiviral therapies including
hydroxychloroquine, remdesivir, and favipiravir, as well as a broad-spectrum of antibiotics
and dexamethasone to treat ARDS. It has been
approved by the FDA for the treatment of cytokine storm caused by a variety of diseases [5].
The safety of the tocilizumab and dexamethasone combination for immunocompromised
patients is unknown. In addition to this, the risk
of superinfection when including steroids in the
therapy must be kept in mind [5]. Initial studies resulted in conflicting conclusions because
of standardization problems, while other trials
with chronically ill patients yielded mixed findings. Tocilizumab therapy, on the other hand,
was found to reduce the frequency or length of
stay in intensive care units (ICU) and hospitals,
as well as the composite rate of mechanical ventilation or death in some studies. Tocilizumab
or sarilumab is used to minimize mortality and
length of stay in the ICU, as well as to increase
the number of organ-support-free days. It has
been demonstrated that intravenous administration of tocilizumab at an 8 mg/kg dose
results in lower serum IL-6 levels and rapid
clinical improvement in patients with COVID-19
pneumonia with ARDS [17].
Chimeric antigen receptor (CAR) T-cell
therapy can greatly reduce the rate of cytokine
release syndrome (CRS). CRS is characterized
by a systemic inflammatory response caused by
a large cytokine release, such as IL-6, GM-CSF,
and IFN-γ. Tocilizumab, an IL-6 receptor inhibitor, has been approved for the treatment of
extreme CRS following CAR T-cell therapy
because of its association with rapid improvement of clinical manifestations and a decrease in
cytokines, as well as low CAR T-cell toxicity [18].
Sarilumab is a human mAb that binds to the
IL-6 receptor and blocks it. The efficacy and protection of sarilumab in adult COVID-19 patients
with severe complications is currently being
studied in a phase II/III trial [19]. Tocilizumab
can cause acute pancreatitis, hypertriglyceridemia, cytopenia, hypofibrinogenemia, elevated
ferritin levels, and lactate dehydrogenase in
COVID-19 patients. Sarilumab and tocilizumab
can cause a dose-dependent increase in liver
enzymes in long-term use, which are temporary and/or reversible (occurring during the use
of medication) (Table 8.2). Thrombocytopenia
and neutropenia are uncommon complications.
Long-term use of these medications has also

been linked to severe bacterial or fungal infections, and bowel perforation [20].
Siltuximab, another mAb, blocks IL-6 signaling by preventing IL-6 from binding to both soluble and membrane-bound IL-6 receptors. This
drug is currently being tested in four clinical trials in COVID-19 patients [21].
8.3.2.2.2 Casirivimab and Imdevimab Combination
Casirivimab and imdevimab (together called
REGN-COV2), an mAb combination, are currently
being tested in a Phase-III clinical trial. The aim is to
stop SARS-CoV-2 in its early stages by focusing on
the S protein on the viral surface [22]. Casirivimab
and imdevimab bind to non-overlapping epitopes
of the SARS-CoV-2 S protein RBD. The combination of casirivimab and imdevimab prevents the
SARS-CoV-2 from binding to the host cell ACE2
receptor. The FDA released an EUA on November
21, 2020, for the casirivimab and imdevimab
combination available for the treatment of non-
hospitalized COVID-19 patients, adults and children aged 12 years or over and weighing 40 kg,
who are at high risk of developing serious disease and/or in need of hospitalization (Table 8.2).
Safety protocols for casirivimab and imdevimab
can be found in Table 8.1.
The combination of casirivimab and imdevimab
is not considered standard of care treatment.
However, if the clinicians believe that the potential value of the drug combination outweighs the
potential harm, it should not be withheld from
pregnant women with disorders that put them
at high risk of developing serious COVID-19. At
both low and high doses, the safety profile was
stated to be close to that of placebo. Because of
the small number of patients in early phase trials
and the low number of hospitalizations or ICU
treatment, the clinical value of this combination
therapy is not yet recognized [23].
In patients hospitalized due to COVID-19,
there was no benefit seen of treatment with
the casirivimab and imdevimab combination.
Furthermore, mAbs, including casirivimab and
imdevimab, have been linked to worse clinical
results in hospitalized COVID-19 patients, who
need high-flow oxygen or mechanical ventilation.
8.3.2.2.3 Bamlanivimab
Bamlanivimab (also known as LY-CoV555 and
LY3819253) is an mAb that targets the RBD of
the SARS-CoV-2 S protein. This drug can prevent SARS-CoV-2 from infecting host cells. The
FDA released an EUA on November 9, 2020, to
make bamlanivimab available for the treatment of non-hospitalized patients with mild to
moderate COVID-19 in adults and children who
are at high risk of developing serious disease
and/or requiring hospitalization. According to
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Table 8.1 Safety protocols for casirivimab-imdevimab and bamlanivimab
For casirivimab and imdevimab, individuals classified as high risk under the EUA must meet at least one of
the following criteria [23]:
• Body mass index (BMI) of 35 or less
• Kidney failure (chronic)
• Diabetes mellitus
• Conditions that weaken the immune system
• Currently undergoing immunosuppressive therapy
• 65 years of age or older
55 years old and older, and have:
• Cardiovascular disease (CVD), or
• Hypertension (high blood pressure), or
• COPD (chronic obstructive pulmonary disease) or another chronic respiratory condition
Between the ages of 12 and–17 years and have:
• BMI in the 85th percentile for their age and gender; or
• Sickle cell disease; or
• Heart disease either congenital or acquired; or
• Neurodevelopmental conditions, such as cerebral palsy; or
• A medical-based technical reliance, such as tracheostomy, gastrostomy, or positive pressure ventilation (not
related to COVID-19); or
• Asthma, allergic airway disease, or any chronic respiratory disease that necessitates regular medication.
Casirivimab and imdevimab are not authorized for use in patients:
• Hospitalized as a result of COVID-19; or
• Under oxygen therapy as a result of COVID-19; or
• Who need an improvement in baseline oxygen flow rate as a result of COVID-19; or
• On chronic oxygen therapy as a result of an underlying non-COVID-19 associated comorbidity.
For bamlanivimab, individuals under the age of 12 who have one of the following conditions are
considered high risk according to the EUA [24]:
• BMI≥35
• Chronic kidney disorder
• Diabetes mellitus
• Disease-inhibiting immune system
• Patients presently receiving immunosuppressive treatment
• People ≥65 years
People ≥55 years who have:
• Heart disease; or
• High blood pressure; or
• COPD (chronic obstructive pulmonary disease) or another chronic respiratory condition.
People between the ages of 12 and 17 who have:
• BMI ≥ 85th percentile based on their age and gender; or
• Sickle cell anemia; or
• Heart disease, either congenital or acquired; or
• A neurodevelopmental condition, cerebral palsy, for example; or
• A medically induced technical dependency, such as tracheostomy, gastrostomy, or positive pressure ventilation (not linked to COVID-19); or
• Asthma, allergic airway disease, or any chronic respiratory disease that necessitates regular medication.

previous reports, among those who received
bamlanivimab there were fewer ICU visits and
fewer deaths within 28 days of treatment than
among those who received placebo. The safety
profile of bamlanivimab at all three doses
was reportedly close to that seen after placebo
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treatment. The currently available evidence on
the effects of bamlanivimab is insufficient, and
because of the lack of demonstration of clinical
benefit in hospitalized patients, bamlanivimab
should not be considered as the standard of care
treatment for COVID-19 patients [24] (Table 8.2).

Table 8.2 mAbs, target, findings, and development stages
Target

Finding

Stage of Development

References

Tocilizumab

IL-6 inhibition

Eighty-one concurrent planned/in-process
clinical trials are underway. Under evaluation of
clinical trials and currently recruiting for
REMAP-CAP trials (NCT02735707) in phase IV
studying mortality.

[5, 12, 37]

Sarilumab

IL-6 inhibition

Currently recruiting for REMAP-CAP trials
(NCT02735707) in Phase IV.

[12, 37]

Siltuximab

IL-6 inhibition

Up to now, 4 clinical trials of this drug are
underway in COVID-19 patients with one that is
testing for Efficacy and Safety at phase II
(NCT04329650).

[1, 12]

Casirivimab –
Imdevimab

Non-overlapping
epitopes of Spike
Protein RBD

This monoclonal antibody combination is
currently being tested in a Phase-III
clinical trial.

[13, 16]

Bamlanivimab

RBD of S protein

Maximum clinical studies are on tocilizumab among
all the mAbs candidates, as well as mAbs targeting
IL-6. Tocilizumab is considered to be the most
promising candidate for the management of
cytochrome storm in COVID-19. Tocilizumab
intervention was frequently associated with
improved outcomes and reduced mortality.
Evidence for the efficacy in COVID-19 is currently
insufficient, and adequately powered high-quality
randomized clinical studies are urgently needed.
A single sarilumab RCT demonstrated that
intervention was associated with improved
outcomes and reduced hospital stays. The data for a
trial of sarilumab are not yet available, but press
releases indicated no benefit in the whole
population, but there was a trend
towards reduced mortality in the critically ill group
and a trend towards harm in a subgroup
not mechanically ventilated.
Evidence for the efficacy in COVID-19 is currently
insufficient and adequately powered high-quality
randomized clinical studies are urgently needed.
No randomized studies were identified for
siltuximab.
In patients hospitalized because of COVID-19,
there was no benefit of treatment with the
casirivimab and imdevimab combination.
Furthermore, mAbs including casirivimab and
imdevimab have been linked to worse clinical
results in hospitalized COVID-19 patients who
need high-flow oxygen or mechanical ventilation.
Because of a lack of demonstration of clinical
benefit in hospitalized patients, bamlanivimab
should not be considered the standard of care
treatment for COVID-19 patients, and safety
profile reports close to placebo effect.

Currently 13 clinical trials reported for COVID-19
patients, 3 of them are at phase IV.

[14]
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Table 8.2 (Continued) mAbs, target, findings, and development stages
Target

Finding

Stage of Development

References

Anakinra

Recombinant human
IL-1R antagonist

A randomized Phase 2 and 3 clinical trial of
intravenous anakinra in COVID-19
(NCT04324021) have terminated and other
27 out of 35 trial phases are ongoing.

[12]

Canakinumab

Inflammation with
IL-1β inhibition

Two Phase III non-small cell lung cancer
clinical trials are ongoing in first-line and
adjuvant settings.

[15, 22]

Emapalumab

IFN-γ Neutralizer

One multi-center randomized clinical trial
(NCT04324021) is currently being terminated
after Phase 3.

[24]

TJ003234(TJM2)

Anti-GM-CSF

I-Mab Announces IND Clearance from FDA for
TJM2 to Treat Cytokine Release Syndrome
(CRS) Associated with Severe Coronavirus
Disease. Currently at Phase II and III (Placebo).

[6]

Mavrilimumab

Anti-GM-CSF

Five ongoing placebo trials are currently at
Phase II.

[25]

Lenzilumab

Anti-GM-CSF

Two Phase III are currently being studied for
evaluation efficacy and safety of Lenzilumab
in COVID-19 patients (NCT04351152).

[27]

Gimsilumab

Anti GM-CSF, CSF2

The high-dose Anakinra group survival rate: 90%
standard treatment group (did not receive
anakinra) survival rate: 56%. (Evidence for the
efficacy in COVID-19 is currently insufficient, and
adequately powered high-quality randomized
clinical studies are urgently needed.)
The treatment was associated with:
• Rapid reduction in systematic inflammatory response
• Increase in oxygenation
• Reduced need for intrusive mechanical ventilation
and earlier hospital discharge
Anakinra is tested in COVID-19 patients combined
with Emapalumab targeting Interferon gamma to
block binding to cell surface receptors and
activation of inflammatory signals.
Directly bind GM-CSF with the final common result
of blocking the intracellular signaling. Based on
current knowledge, this agent can be used to
reduce the hyperinflammation caused by
SARS-CoV-2 in the course of the disease.
Improved oxygenation and reduced hospitalization
in COVID-19 patients as a result of binding to
GM-CSF receptor. It was also well received by the
patients, showing clinical benefits in these patients.
GM-CSF neutralization with lenzilumab was safe
and associated with clinical benefits related to
oxygen demand, and cytokine storm in high-risk
patients with serious pneumonia.
No worthwhile finding yet from solitary trial.

[28]

Meplazumab

Anti-CD147

The only registered clinical trial (NCT04351243)
was completed on April 1, 2021, with no
shared results.
A new Safety and Efficacy trial is in Phase 3
(NCT04275245), due to be completed in
September 2021.

One study (NCT04275245) reported that giving
meplazumab to patients with COVID-19 may lead
to a decrease of CRP, increase the virological
clearance rate while boosting lymphocytopenia,
and result in recovered chest radiography.

[1, 30]
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Bamlanivimab should not be provided to
COVID-19 patients who are not enrolled in a
clinical trial. When mAbs such as bamlanivimab
are provided to hospitalized COVID-19 patients
who need high-flow oxygen or mechanical
ventilation, they can have worse clinical outcomes. Bamlanivimab, on the other hand,
should not be withheld from pregnant women
who have diseases with high risk of progressing to extreme COVID-19 and where clinical
evaluation indicates that possible advantages of
the drug outweigh the risk. The EUA requires
healthcare providers to prescribe and administer bamlanivimab as a single intravenous dose.
Anaphylaxis and infusion-related reactions,
nausea, diarrhea, dizziness, headache, itching,
and vomiting are all possible side effects [24].
Bamlanivimab has been approved by the
FDA for the care of non-hospitalized adults and
children aged 12 years and above and weighing
40 kg who are at high risk of developing extreme
COVID-19 or requiring hospitalization. Safety
protocols for bamlanivimab can be found in
Table 8.1.
8.3.2.2.4 Anakinra
Anakinra is an antagonist for the interleukin
IL-1 receptor. This recombinant antibody is used
to treat autoinflammatory disorders by blocking the action of IL-1α and IL-1β (proinflammatory cytokines). Anakinra has the advantage of
a shorter half-life compared to other cytokine
blockers and is therefore suitable for the treatment of critically ill patients [25]. Treatment with
high-dose Anakinra was linked to lower serum
C-reactive protein levels and improved respiratory function over time (72%) in a retrospective
longitudinal analysis of COVID-19 patients with
ARDS and hyperinflammation [26]. In addition,
the high-dose anakinra group had a survival
rate of 90%, while the standard treatment group
showed a survival rate of 56% [26] (Table 8.2).
Treatment with anakinra after non-response
to corticosteroids or corticosteroids-tocilizumab
combination therapy may be a choice for patients
with moderate hyperinflammation associated
with extreme COVID-19 pneumonia and may
result in improved prognosis [27]. Additional
studies showed no improved condition from
patients with mild to moderate COVID-19 pneumonia treated with anakinra [28].
8.3.2.2.5 Canakinumab
Subcutaneous canakinumab administration
(against human IL-1) was associated with a rapid
reduction in the systemic inflammatory response
and an increase in oxygenation without causing
any serious side effects [29]. It was also associated
with a reduced need for intrusive mechanical

ventilation, earlier hospital discharge, and a better prognosis than standard of care, according
to previous studies [29] (Table 8.2). As a result, it
represents a therapeutic alternative for adult hospitalized patients with moderate to serious nonICU complications [30].
8.3.2.2.6 Emapalumab
Emapalumab is an anti-IFN-γ antibody that
works by preventing IFN-γ from binding to cell
surface receptors and activating inflammatory
signals. Emapalumab combined with anakinra
is being tested in COVID-19 patients currently
in a Phase II/III multi-center randomized clinical trial (NCT04324021) [31] (Table 8.2).
8.3.2.2.7 GM-CSF Inhibitors Gimsilumab, Otilimab,
Namilumab, Lenzilumab, TJ003234
CSL311 targets the GM-CSF receptor, which is
the common receptor for GM-CSF, IL-3, and
IL-5. TJ003234 (also known as TJM2), received
FDA approval to begin a COVID-19 clinical trial
[18] (Table 8.2).
Since GM-CSF is widely recognized as a key
mediator in inflammation and is secreted by
a variety of cells, a single intravenous dose
of mavrilimumab improved oxygenation and
reduced hospitalization in COVID-19 patients.
Thirteen non-mechanically ventilated patients
with median age of 57 years (IQR 52–58) were
given mavrilimumab. Compared to the control
group of 26 patients with similar characteristics
who did not receive mavrilimumab, the thirteen treated patients showed earlier improvement. The study concluded the result of eight
days mean time to improvement in patients
treated with mavrilimumab. The treatment was
well received, as mavrilimumab therapy presented clinical benefits in patients with serious
COVID-19 pneumonia and systemic hyperinflammation [32].
Lenzilumab was approved by the FDA for
compassionate use in COVID-19 patients with
moderate or serious COVID-19 pneumonia. Lenzi
lumab, was authorized to be used as a first-line
care alternative in hospitalized patients [33].
GM-CSF neutralization with lenzilumab was
safe and associated with clinical benefits related
to oxygen demand, and cytokine storm in highrisk patients with serious pneumonia [34].
Gimsilumab (MORAb-022) is a fully human
IgG1 mAb, which has been studied for its ability
to treat a variety of inflammatory diseases and
cancers. In a Phase II clinical trial, gimsilumab
was studied for lung injury or ARDS caused by
COVID-19 (NCT04351243). The research was
carried out in an adaptive design with a planned
interim review with no results yet available [35]
(Table 8.2).
103

COVID-19: FROM BENCH TO BEDSIDE

Meplazumab is an anti-CD147 antibody that
has been humanized. Since CD147 is a spike
protein receptor for proinflammatory 
factor
Cyclophilin A, meplazumab can prevent virus
invasion and replication in host cells by inhibiting viral replication and suppressing inflammation storm. The proinflammatory factor
Cyclophilin A binds to the CD147 receptor
(CyPA). Since CD147 attracts leukocytes to the
stimulated site, it is the intended target for binding inhibition. As a result, meplazumab can protect against cytokine storm [36] (Table 8.2).
According to Huijie Bian et al., adding
meplazumab reduced C-reactive protein levels,
increased viral clearance rates, facilitated lymphocytopenia, and improved chest radiography
recovery [37].
8.4 CONCLUSIONS
REGN-COV2 (casirivimab and imdevimab combination) showed reduced viral load in patients
with uninitiated immune response, and subcutaneous administration, reduced the risk
of symptomatic infection by 81% in those who
were not infected when entering the trial [38,
39]. These results supported the FDA to provide
an EUA for REGN-COV2. Other success reports
from mAbs are also emerging from recent
interim trials. Tocilizumab, for example, is considered to be the most promising among mAbs,
with reports indicating significantly reduced
mortality rates [5].
Immunology itself is a highly complicated
field, and recently has been one of the main topics of research globally. The deadly COVID-19
pandemic further accelerated the studies on
understanding immunopathology of many diseases, thus consequently leading to various possible treatment methods. More in-depth studies
are required to understand the mechanism of
COVID-19 immunopathogenesis in order to
implement the most successful immunotherapy
strategies [1]. Until now there has been no single
molecule or antibody sufficient on its own for
the treatment of COVID-19 disease. Moreover,
each COVID-19 case needs to be evaluated individually to assess the prognosis and progress of
the disease, and to design the immunotherapy
accordingly, whether monotherapy or combination therapies.
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Chapter 9 Application of Stem Cell and Exosome-Based Therapy
in COVID-19
Suleyman Gokhan Kara and Ayla Eker Sariboyaci

9.1 WHAT IS COVID-19? PATHOGENESIS,
IMMUNE RESPONSE, AND
THERAPEUTIC STRATEGIES
COVID-19 is an infectious disease caused by
SARS-CoV-2. The transmission occurs mainly
through respiratory droplets, and results in
respiratory tract infection. The spectrum of
the disease ranges from asymptomatic to critical illness. Patients with mild illness have mild
symptoms such as fever, cough, and fatigue. The
severe form of COVID-19 progresses rapidly
to acute respiratory distress syndrome (ARDS)
because of the infiltration of monocytes and macrophages, diffused alveolar damage, and cellular
fibromyxoid exudates. ARDS is a life-threatening
condition characterized by acute onset of respiratory failure, unexplained volume overload,
severe hypoxemia requiring ventilation support,
and diffuse opacities in chest radiography. In
ARDS, the lung will have some injuries such as
diffused alveolar and endothelium damage, and
vascular permeability will be increased, causing
poor oxygenation. Most of the severe COVID-19
patients develop ARDS. Patients with severe illness develop dyspnea, have a respiratory rate of
30/min, SaO2 <93%, PaO2/FiO2 <300, and/or
lung infiltrates >50% within 24–48 hours [1]. In
critical cases, respiratory failure, septic shock,
and/or multiple organ dysfunction are additionally seen [1].
In COVID-19 patients, the SARS-CoV-2 infects
type II pneumocytes and other cells that express
ACE2. The SARS-CoV-2 binds to host cell ACE2
receptors via its Spike (S) protein and interferes
with the host’s immune response via nucleocapsid (N) and envelope (E) proteins. The immune
response against SARS-CoV-2 occurs as a combination of cell-mediated immunity and antibody production. Chemokines secreted from
infected cells cause the influx of neutrophils,
macrophages, and T cells. The accumulation of
inflammatory cells causes the production of a
large number of pro-inflammatory cytokines,
which in turn induce a cytokine storm. IL-1,
IL-2, IL-6, TNF-α, and IFN-γ, are components of
normal immune responses which unintentionally trigger the cytokine storm. The cytokine
storm may lead to death via the immune reaction, and it can cause ARDS and multiple organ
failures. Cytokine storms are the main reason
for the progress of ARDS in COVID-19 patients.
DOI: 10.1201/9781003190394-9

Glucocorticoids, remdesivir, baricitinib, tocili
zumab, hydroxychloroquine/chloroquine, favi
piravir, and interferons are medicines used for
the treatment of COVID-19. Despite all these
available drugs, mortality has remained high,
especially in severe and critically ill patients.
Anti-inflammatory treatment has been proposed but challenged with the dilemma of balancing the risk of secondary infections. The use
of immunosuppressant agents has been associated with an increased risk of severe disease of
other respiratory infections. Therefore effective
treatment methods are needed. Theoretically,
the critical role of mesenchymal stem cell
(MSC)-based treatment of COVID-19 is that it
creates an anti-inflammatory effect without
causing secondary infections. MSCs and MSCsderived exosomes are being tested in clinical
trials for treating COVID-19, and the results are
promising.
9.2 MESENCHYMAL STEM CELLS (MSCs)
AND MSC-DERIVED EXOSOMES
MSCs were first mentioned in 1867 by the
pathologist Julius Friedrich Cohnheim. While
MSCs were described long ago in the literature,
their first use in clinical trials was in 1995. The
main characteristics of MSCs that made them
attractive for therapeutic use are self-renewal,
regeneration, multidirectional 
differentiation,
immunomodulation, antimicrobial effect, and
homing properties. MSCs are thought to
have possibilities for broad clinical applications, including the treatment of ARDS. MSCs
are effective in treating ARDS because they
increase alveolar fluid clearance and regulate pulmonary vascular endothelial permeability. Similarly, MSC-derived exosomes have
also demonstrated a strong ability to repair,
regenerate, and immunomodulate organ damage, which also play essential roles in treating ARDS. MSCs migrate to the damaged area
because of the homing effect, and studies are
ongoing to increase this effect. Pre-treatment
of MSCs with hypoxia, activation of the FAK/
ERK signaling pathway, binding CD90 to specific integrins b3 and b5, activation of integrin
b1 and b5, and using nanotechnological carriers represent attempts to increase the effect.
However, despite all these approaches, the efficacy of MSC engraftment is still unsatisfactory.
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Engraftment rates in lung injury models were
less than 1%. Therefore studies have focused on
the ability of MSCs to secrete paracrine factors
such as antiapoptotic, angiogenic, immunoregulatory, and cell migration factors. The beneficial effects of MSCs are thought to be mainly as
a result of paracrine mechanisms.
MSCs can be isolated from various sources of
tissue, such as bone marrow, umbilical cord, adipose tissue, dental pulp, and other tissues. MSCs
from different sources have significant similarities, but some studies have shown that minor
differences have been discovered depending on
the MSC source. Therefore it is essential to indicate the source from which MSCs are isolated in
studies.
Minimal criteria for defining MSCs were
established by ISCT (International Society
for Cell & Gene Therapy) in 2006. MSCs must
ensure adherence to plastic, and they are characterized by the presence of cell surface markers (≥95% must expresses CD105, CD73, CD90,
and ≤2% must lack expression of CD45, CD34,
CD14 or CD11b, CD79α or CD19, and HLA
class II). Additionally, MSCs must differentiate
into osteoblasts, adipocytes, and chondroblasts
under standard in vitro–differentiating conditions [2].
Both allogeneic and autologous MSCs are
used in clinical studies. Many studies have
shown that allogeneic MSC treatments do not
stimulate significant alloimmune reactions, and
do not show more severe side effects than autologous MSC treatments. The main advantage of
the allogeneic treatment is that it can be used
immediately in acute cases without waiting for
the production process.
MSC-derived exosomes have recently been
used in clinical trials. Since exosomes cannot
replicate, they cannot transform into malignant
cells. Furthermore, they are less likely to trigger
an immunogenic response, have no teratogenic
activity, cannot be infected with microbes, and
they contain no adventitious agents. Also, exosomes have been used for immunomodulation.
MSC-derived exosomes overcome most limitations of MSC treatment. Exosomes have similar
functions to their origin cells, and they carry the
cell’s genomic components. Exosomes are produced by all cell types, particularly by MSCs.
Accordingly, exosomes could provide an alternative treatment strategy for MSC-based therapies, since the MSC-based therapies still have
hurdles to overcome, including unintentional
differentiation of cells, large-scale production,
reconstitution limitations of cryopreserved
cells, storage of cells, gene mutations, immune
rejection, and tumorigenesis or tumor promotion. The use of MSCs has shown promise as
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they target multiple pathways such as regeneration, immunomodulation, and antimicrobial
effects.
9.3 CHARACTERISTICS OF MSCs AND
MSC-DERIVED EXOSOMES IN
COVID-19: CLINICAL EFFICACY
9.3.1 Immunomodulation
The term immunomodulation is used to restore
the immune response and maintain homeostasis. Immunomodulators are used as immunosuppression in autoimmune diseases and organ
transplant rejection. Moreover, they can be used
for immunostimulation in cancer and immunodeficiency. Immunosuppressants inhibit the
immune response, whereas immunostimulants
increase the immune response.
In clinical studies, MSC-based treatment interventions have been used for years for immunomodulation. First, in 2002, MSCs were demonstrated to modulate immunosuppression, In

particular, the suppression of mixed lymphocyte
response in vitro, and prevention of rejection
in a baboon skin allograft model in vivo were
demonstrated [3]. In 2006, they were used in
steroid-refractory GvHD in humans, and promising results were obtained [4]. Since then, MSCs
have been tested as immunomodulators for
many diseases. Consequently, MSC-mediated
immunomodulation has been approved for
GvHD, type 1 diabetes, and Crohn’s disease in
New Zealand, Canada, and Japan [5].
The balance of the immune reaction in sepsis
is crucial. When immunosuppression is domi
nant, the infection increases, and when immunostimulation is dominant, life-
threatening
systemic inflammatory syndromes develop,
such as cytokine storm and ARDS. Therefore,
the use of immunomodulators in infectious diseases is essential. ARDS and secondary bacterial
infections are among the most common causes
of death in COVID-19 patients; because of the
immunomodulation effect of MSCs, these lifethreatening situations can be prevented.
MSCs can modulate the entire immune system, including both innate and adaptive immune
responses. In particular, they can reduce the
inflow and aggregation of neutrophils, can suppress pro-inflammatory cells (CD4 T helper cells,
CD8 cytotoxic T cells, and macrophages), induce
their differentiation into anti-inflammatory variants (regulatory T cells (Treg), and M2 macrophages), and inhibit the activity of dendritic
cells (DCs) and natural killer (NK) cells, as well
as inhibiting the proliferation of T cells, B cells,
DCs, and NK cells [6–9].
MSC-mediated immunomodulation is regulated through cell-to-cell contact and various soluble factors. It has been found that the
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stimulation of the surface receptors of MSCs
by RNA viruses leads to immunomodulation.
The immunomodulation of MSCs is mediated by TLRs (mainly TLR3 and TLR4) present
on the surface of MSCs [10]. RNA viruses activate these TLRs, which leads to secretion of
chemokines (MIP-1α, MIP-1β, CXCL9, CXCL10,
CXCL11, and RANTES), and these initiate the
anti-inflammatory immune response [10]. This
response can be beneficial in a cytokine storm,
where a hyper-proinflammatory response is
triggered by SARS-CoV-2 in COVID-19 patients.
Hypersecretion of pro-inflammatory cytokines stimulates MSCs to release IL-10, and soluble factors such as PGE2, NO, and IDO. MSCs
decrease the production of TNF-α and IL-12 by
secreting IL-10, which mediates cell cycle arrest
by repressing the transcription of STAT-5 in
T-cells, and decreasing the proliferation of activated T-cells. Similarly, PGE2 acts with IDO to
alter the proliferation of T cells and NK cells, as
IDO leads to apoptosis of the activated T-cells,
and PGE2 leads to the suppression of T cells, NK
cells, and macrophages [11].
MSCs are also effective for fibrosis treatment.
MSCs have strong antifibrotic effects and can
alleviate lung fibrosis. Remarkably, the immunomodulation effect of MSCs prevents fibrosis
by inhibition of the TGF-β1 pathway and the
reduction of oxidative stress.
9.3.2 Regeneration and Repair
MSCs have the properties of regeneration and
repair by reducing inflammation, decreasing
cell death, the secretion of cell-protective substances, anti-oxidative effects, regulating the
microenvironment, and performing regeneration of irreversible damage.
Oxidative stress, which is the primary cause
of cell damage, is reduced by MSCs in several
ways. MSCs can transfer their mitochondria to
damaged cells. So, the damaged cell reduces
reactive oxygen species (ROS) levels and shifts
the metabolism to oxidative phosphorylation,
promoting cell survival, and reducing cell death.
Moreover, MSCs activate antioxidant signaling
pathways such as AKT/pAKT and ERK1/2/
pERK in damaged cells. Though the mechanisms are not completely clear, the regulation of
the microenvironment and the released mediators make MSCs responsible for therapy. MSCbased therapeutic applications are currently
being tested in clinical trials on neurodegenerative diseases because of their oxidative-stressreducing effects, and the results of these trials
are promising.
The homing effect of MSCs is much lower
than expected. So, how can it repair tissue
without migrating sufficiently to the damaged

area? The answer is the paracrine effect; MSCs
can release soluble factors for repair-damaged
cells. The best-known factors secreted from
MSCs are fibroblast growth factor-2 (FGF2),
hepatocyte growth factor (HGF), keratinocyte
growth factor (KGF), insulin-like growth factor (IGF), vascular endothelial growth factor
(VEGF), pigmented epithelium-derived factor
(PEDF), placental growth factor (PLGF), stromal cell-derived factor-1 (SDF1), tumor necrosis factor-inducible gene 6 protein (TSG6),
matrix metalloproteinases (MMP), tissue inhibitor of metalloproteinases (TIMP), angiogenin,
a ngiopoietin-1 (Ang-1), and thrombospondin-1.
These factors have many functions, including
cell repair, microenvironment regulation, promoting regeneration, tissue vascularization,
prevention of fibrosis, reduction in inflammation, and anti-apoptotic effects. In addition to
these factors, because exosomes carry genomic
elements of the MSCs, the MSC-derived exosomes stimulate gene-mediated repair.
If the cell damage is irreversible or the cell
is dead, regeneration is the only option. MSCs
are used in regeneration because of their multipotency and differentiation properties. MSCs
were first tried in experiments because of their
regenerative properties. Initially, the focus was
on the ability of MSCs to differentiate in vivo
and transform into musculoskeletal system cells
such as osteoblasts, chondrocytes, adipocytes,
and myoblasts. Accumulated experience confirmed that the regeneration ability of MSC is
effective even in neurons that are thought to be
non-regenerative.
MSCs that migrate to the damaged areas can
regenerate tissue by differentiation into the target cells. Regeneration can occur even when stem
cell transplantation cannot be applied directly
to the damaged tissue. The reason is that MSCs
can differentiate themselves into tissue cells as
well as stimulate local stem cells in the tissue
to differentiate. MSC-derived exosomes, which
are not cellular structures and therefore cannot
differentiate, regenerate tissue in this way. For
example, it has been shown that lung stem cells
(LSC) play an active role in lung regeneration,
and that regeneration is promoted by exogenous
stem cell transplantation.
MSCs are being tested in lung damage caused
by COVID-19 through their ability of endothelial and epithelial repair, bacterial and alveolar
fluid clearance, and their anti-inflammatory
and anti-apoptotic effects. COVID-19 pneumonia occurs because of damage to the alveoli.
It is necessary to know alveolar histopathology to understand the mechanism of damage.
The alveolar epithelium consists of Type I and
Type II pneumocytes. Type I pneumocytes
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occupy 95% of the alveolar surface and are
responsible for gas exchange, while Type II
pneumocytes secrete surfactant, reduce alveolar
surface tension, and protect from alveolar collapse. In COVID-19 pneumonia, Type II pneumocytes become infected by the virus, and cell
death occurs. The decrease in surfactant causes
alveolar collapse. The migration of inflammatory cells and mediators into the alveoli results
in the development of alveolar oedema. As a
result of these events, cell death also occurs in
Type I pneumocytes. Lung alveolar epithelium
has limited regeneration. Type I pneumocytes
are unable to replicate. In the event of damage,
Type II pneumocytes can proliferate and differentiate into Type I pneumocytes. The function
of this repair mechanism changes according to
the extent of the damage. When alveolar damage is mild, a repair mechanism preserves lung
function. However, if there is extensive alveolar
damage, fibrosis or emphysema develops, and
the alveoli lose their function.
Inflammation in the alveoli also damages the
capillary vessels. VEGF and HGF released from
MSCs stabilize endothelial barrier function by
restoring pulmonary capillary permeability.
MSCs protect the lung endothelial barrier by
inhibiting capillary endothelial cell apoptosis, and enhance VE-cadherin recovery. MSCs
also secrete FGF7 and Ang-1 for the clearance
of alveolar fluid [12]. Also, Ang-1 restores epithelial and endothelial permeability. MSCs
can promote the regeneration of Type II pneumocytes by secreting KGF, VEGF, and HGF to
repair the alveolar epithelial barrier in injured
lung tissue and prevent the apoptosis of endothelial cells in COVID-19 patients. Alveolar
damage in COVID-19 pneumonia can cause
permanent lung damage to the patient. The
treatment strategy should be to prevent permanent damage to the alveoli and to regenerate the damage. For these reasons, MSCs are
promising in COVID-19 pneumonia.
9.3.3 Antimicrobial Activity
MSC-based therapy has already shown promise in viral infections such as HIV, hepatitis B
virus, virus-associated ARDS, influenza, and
coronavirus-associated lung injuries. The effec
tiveness of MSC-based treatments in virusassociated ARDS is the reason why it is used
for COVID-19 studies. MSCs have been thought
to neutralize free virus particles by producing
antibiotic proteins such as LL37, which bind
to virus and lung cell-binding sites [13]. LL37
can also inhibit neutrophil intravasation and
NET formation, favoring bacterial clearance
[14]. MSCs show most of their antimicrobial
effect by immunomodulation. MSCs increase
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phagocytosis and support bacterial clearance
by modulating M1 macrophages [14].
9.4 CLINICAL TRIALS USING MSCs AND
MSC-DERIVED EXOSOMES
Since the COVID-19 pandemic started, many
strategies have been tried to treat the disease.
Among these treatment strategies, MSC-based
therapy has been used in the clinical trials of
ARDS since 2014, which has attracted attention.
These treatment methods, which were previously only cell-based, went down to the level
of vesicles with the advancement of medicine
and have been tried in clinical studies. Both
MSCs and MSC-derived exosomes as a cell-free
approach, have been subjected to clinical trials.
The MSC-derived exosomes have hypoimmunogenic properties and are enclosed in a lipid
bilayer, which make them extraordinarily stable
and suitable for transport to the target organ
rather than via accumulation through the bloodstream. MSC-derived exosomes could attenuate
the inflammatory response, switch it to a reparative phenotype, heal the alveolar epithelium,
implement its regeneration, repair lung vascular damage, ameliorate and prevent pulmonary
fibrosis. For these reasons, MSC-derived exosomes can be beneficial to treat lung injury.
Recent studies have demonstrated the importance of stem cells in the restoration of lung function. Thus the published data where stem cells
were applied to treat virus-related ARDS point
to a possible role of MSC-based therapies for
COVID-19 [14]. Some case reports on the safety
and efficacy of stem cells in COVID-19 have
shown that stem cell–based therapies reduce
inflammation by lowering cytokine levels without causing allergic reactions. Consequently,
these reports have provided the opportunity
for large-scale studies. While the results of clinical trial data are motivating, it will still be too
early to predict the potential therapeutic role of
MSCs in COVID-19. Therefore, large-scale trials
of MSC therapy should be conducted to confirm
their clinical efficacy. Considering the properties of MSCs and their exosomes, they are theoretically suitable for ARDS treatment. However,
because of the lack of large-scale clinical studies,
the MSC-based approach still cannot be used as
routine therapy. Sufficiently robust clinical trials
are urgently needed to test clinical outcomes in
patients with COVID-19, and should use wellcharacterized MSC products with documented
safety profiles from FDA-approved studies.
There are many studies where MSCs and MSCderived exosomes are used in the treatment of
COVID-19 (Table 9.1). The mechanisms behind
MSC therapy and MSC-derived exosome therapy in COVID-19 are illustrated in Figure 9.1.
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Figure 9.1. Graphical illustration of mechanisms behind MSC-therapy and MSC-derived exosome therapy in COVID-19. As a result of SARS-CoV-2 infecting Type II pneumocytes, neutrophils, lymphocytes, and macrophages migrate to the alveoli. Cytokine
storm occurs as a result of excessive release of pro-inflammatory cytokines such as
IL-1, IL-2, IL-6, TNF-a, and IFN-y. Pneumocytes and capillary endothelium are damaged, and as a result of impaired permeability, intra-alveolar edema fluid develops.
Bacteria can cause secondary infections. MSCs suppress pro-inflammatory cells by
secreting soluble factors such as IL-10, PGE2, NO, IDO. MSCs indirectly increase the
release of anti-inflammatory factors by promoting the transformation of cells of antiinflammatory phenotypes such as M2 macrophage and Treg. MSCs maintain bacterial clearance by secreting LL-37 and by inducing phagocytosis of neutrophils and
macrophages. Fibroblast growth factor-2 (FGF2), hepatocyte growth factor (HGF),
keratinocyte growth factor (KGF), insulin-like growth factor (IGF), vascular endothelial growth factor (VEGF), pigmented epithelium-derived factor (PEDF), placental
growth factor (PLGF), stromal cell-derived factor-1 (SDF1), tumor necrosis factorinducible gene 6 protein (TSG6), matrix metalloproteinases (MMP), tissue inhibitor
of metalloproteinases (TIMP), angiogenin, and angiopoietin-1 (Ang -1) regulate epithelial and endothelial permeability by secreting thrombospondin-1. MSCs suppress
apoptosis of epithelium, endothelium, and neutrophils and transfer their mitochondria to damaged cells. MSCs differentiate into cells and provide regeneration. The
immunomodulation and antimicrobial effects of MSCs occur through the exosomes
they secrete. MSC-derived exosomes also support regeneration by stimulating lung
stem cells. MSC: Mesenchymal stem cells. COVID-19: Coronavirus disease. SARSCoV-2: Severe acute respiratory syndrome coronavirus 2.
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Table 9.1 Clinical trials of stem cell–based therapy in COVID-19
Intervention/
Details of Stem
Cell Use
Outcomes

Aim

Study Groups

Design

A prospective
nonrandomized
open-label
cohort study

Safety and efficacy
of exosomes
derived
mesenchymal
stem cells for the
treatment in
COVID-19

24 severe COVID-19
patients

Open-label,
individually
randomized,
standard
treatmentcontrolled
trial

Safety and efficacy
of hUC-MSCs for
the treatment in
COVID-19

Total: 41 COVID-19
patients
Treatment Group: 12
severe COVID-19
patients
Control Group: 29
severe COVID-19
Patients

The Nonrandomized
parallel trial,
Phase 1 trial

To show UC-MSCs
are safe for use in
moderate and
severe COVID-19
patients

Patients who
ExoFlo™,
The survival rate was 83.71%
ExoFlo is safe
[15]
received MSCExosomes derived patients recovered, 13%
and effective in
derived exosomes
from allogeneic
patients remained critically ill,
COVID-19
were evaluated
human bone
16% of patients expired.
for safety and
marrow
Patients’ PaO2/FiO2 increase of
efficacy from days mesenchymal
192%. Lymphocyte counts
1–14
stem cells,
increased. CRP, ferritin, and
Commercial
D-dimer reduced
product, 15 ml
Progression of
hUC-MSCs were
28-day mortality rate was 0 in the Intravenous
[16]
disease, mortality,
suspended in 100
treatment group, while the
transplantation
CRP, lymphocyte
ml of normal
mortality rate was 10.34% in the
of hUC-MSCs
number, and IL-6,
saline, and the
control group. In the treatment
is safe and
and imaging
total number of
group, the time to clinical
effective in
changes were
transplanted cells
improvement was shorter than
severe
observed
was calculated as
control. CRP and IL-6 levels
COVID-19.
2 × 106 cells/kg.
were lower from day 3 and
lymphocyte count return to the
normal range, and lung
inflammation absorption was
shorter on CT imaging in the
treatment group than the control
Side effects have
Received
UC-MSC has not been found
The use of
[17]
been evaluated
intravenous
effective but is safe
UC-MSCs to
infusion of
treat COVID-19
allogeneic 3 × 107
is safe
UC-MSCs cells
infusion on days
0, 3, and 6

Total: 18 COVID-19
patients
Treatment Group: 5
moderate, 4 severe
COVID-19 patients
Control Group: 5
moderate, 4 severe
COVID-19 patients
Randomized, To assess the
Total: 100 severe
double-blind, efficacy and safety
COVID-19 patients
and
of UC-MSCs to
Treatment group: 65
placebotreat severe
patients
controlled
COVID-19 patients Placebo Group: 35
Phase 2 trial
with lung damage
patients

Lung lesions and
capacity were
monitored from
baseline to day 28

4 × 107 UC-MSCs
cells per
intravenous
infusion
Receive treatment
or placebo on
days 0, 3, and 6

UC-MSCs reduced lesion
volume in the lung compared
with placebo. Lung capacity
increased in patients treated
with UC-MSCs. The adverse
events were similar in the two
groups

Conclusion

UC-MSCs
treatment is
safe and
effective in
COVID-19

References

[18]
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Study Type

Aim

Study Groups

Design

Phase 1 Trial

To demonstrate the
effects and safety
of stem cell
therapies

11 patients critically ill
COVID-19–induced
ARDS

Mortality, clinical
symptom
improvement,
laboratory and
imaging changes
were observed

Phase 1 Trial

Investigate whether Total: 10 COVID-19
MSC
patients
transplantation
Treatment Group: 7
improves the
patients
outcome in
Placebo Group: 3
COVID-19
patients
patients

Patients were
followed for 14
days

The patients
received three
intravenous
infusions 2 × 108
cells every other
day for a total of
6 × 108 MSCs
UC-MSCs; 6 cases
PL-MSCs; 5 cases

No serious adverse events
reported. Reduced dyspnea
and increased SpO2 after
treatment in 7 patients. Of
these 7 patients, 5 were
discharged from the ICU in 4
days, one patient was
discharged from the ICU on
day 18, and one patient
suddenly developed cardiac
arrest on day 7. Four patients
died on day 10.
1 × 106 cells per kg The pulmonary function and
MSCs in 100 ml
symptoms improved in 2 days
normal saline for
after MSC transplantation.
intravenous
Lymphocytes were increased,
infusion. The type CRP decreased, and
of MSC is not
overactivated cytokinedescribed in the
secreting immune cells
article, but it has
disappeared. TNF-α was
been reported as
decreased, while IL-10
ACE2- and
increased
TMPRSS2

Conclusion

References

Multiple
[19]
infusions of
MSCs are safe
and effective in
critically ill
COVID-19–
induced ARDS
patients

The intravenous [20]
transplantation
of MSCs was
safe and
effective for
treatment in
COVID-19

Note: Clinical trials that have been completed and published in the literature are shown in the table.
Abbreviations: MSC: Mesenchymal stem cell; CRP: C-reactive protein; UC-MSC: Umbilical cord-derived mesenchymal stem cell; IL-6: Interleukin-6; hUC-MSC: Human umbilical
cord-derived mesenchymal stem cell; CT: Computerized tomography; ARDS: Acute respiratory distress syndrome; PL-MSC: Placenta-derived mesenchymal stem cel; SpO2:
Pulse oximetry; ICU: Intensive care unit; ACE2: Angiotensin-converting enzyme 2; TMPRSS2: Transmembrane protease serine 2; TNF-α: Tumor necrosis factor-α; IL-10:
Interleukin-10.
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Study Type

Intervention/
Details of Stem
Cell Use
Outcomes
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9.5 UNIQUE CHALLENGES OF MSCs AND
MSC-DERIVED EXOSOME THERAPY
FOR COVID-19
Chemical agents are used primarily in the treatment of diseases. Unlike other treatments, MSC
treatments are cell-based, but the use of living
cells generates many problems. Unfortunately,
as time passes, cells may become less effective
because of senescence. If appropriate conditions
are not provided, the cells can die and lose their
effectiveness completely. Storage conditions at
low temperatures such as −196°C are required
for cell preservation. It may not be easy to provide these conditions everywhere. Also, after
thawing the cryopreserved cells, it is necessary
to evaluate their viability.
For MSCs to be used in clinical trials, they
must be of human origin and produced under
sterile conditions according to GMP laboratory
standards. It is not always possible to follow
these standards.
Stem cells can be isolated from different sources.
They may show different effectiveness depending
on the isolated tissue. Also, the age of the isolated
source can affect the efficiency of the cells. For
example, fetal stem cells have a greater differentiation capacity than adult stem cells. That is why it
is essential to specify the source of stem cells used
in studies.
Different doses of cells have been used in different studies [21]. Generally, the applied doses
were based on those demonstrated effective and
safe in previous studies. There is no consensus on
the appropriate dosage. A study that is ineffective because of an insufficient dose use, or a study
that is found not to be safe because of high doses
may distract us from MSC-based treatments.
Therefore, Phase 1 studies are of great importance and they should be designed for treatment
safety, focusing explicitly on pharmacokinetics
and pharmacodynamics. It is crucial to establish
the therapeutic index to study the safety of MSCs
as a drug, so the amount of MSCs that provides
the therapeutic effect does not cause toxicity.
Another difficulty encountered with MSCbased treatments is the optimal route of administration. MSCs can be applied directly to the
target tissue, or by intravenous administration
expected to reach the target tissue via the bloodstream. In COVID-19 clinical trials, MSC-based
therapies were administered both intravenously
and by inhalation. While MSC-based therapies in COVID-19 studies have been reported
to be efficacious with both intravenous and
inhalation routes, both have advantages and
disadvantages. The inhalation route has the
benefit of delivering the MSC-based treatment
topically, without the possible risk of diluting
the MSCs and their exosomes throughout the
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body. However, if the MSC-based treatment is
delivered in an aerosolized form, there is a risk
that MSCs and their exosomes would localize primarily in the proximal airways without
sufficiently reaching the lower airways, which
are more affected. However, the direct effect of
intravenously administered MSCs on inflamed
lungs is uncertain, as MSCs have limited ability of homing on target tissue. The activity seen
may be caused by the paracrine effect of MSCs.
It is not easy to determine if the origin of the
effect is paracrine or cell–cell contact.
COVID-19 also affects organs other than
the lung. MSC-based clinical trials have so far
focused on treatment only of the lung, and other
organs have not been evaluated. MSC therapy
has been shown to be beneficial on lung tissue.
However, these results were shown depending on
the records taken during the patient’s treatment.
Long-term results of the studies are not available.
The current COVID-19 pandemic has demonstrated the potential of SARS-CoV-2 to mutate
as a number of multi-mutant variants have
appeared in different parts of the world. The
efficacy and safety of MSC-based therapies in
relation to the novel SARS-CoV-2 variants have
not yet been investigated.
9.6 FUTURE PERSPECTIVES
MSC-based therapies have been used extensively in many fields, which has enabled us to
understand the mechanisms of action of stem
cells. In the context of the COVID-19 pandemic,
accelerated clinical trials have allowed analysis of the efficacy and safety of stem cell–based
therapy. If studies continue at this speed, stem
cells will be included in the treatment guidelines for most diseases soon. It is predicted that
stem cells will alter most treatment modalities.
Significantly, the immunomodulatory effects
of stem cells are promising for the treatment of
inflammatory diseases.
On the other hand, exosomes are seen as the
future approach for MSC-based treatments. The
therapeutic efficacy of MSC-derived exosomes
has been shown in the lung, brain, kidney, heart,
muscle, skin, and many tissues. Exosomes can
be manipulated by preconditioning of MSCs.
CRISPR/Cas9, a genome editing technology, can
also be applied to improve the therapeutic efficacy of MSC-derived exosomes. For these reasons, we will most likely see plenty of activities
related to MSC- and exosome-based therapy in
the coming years.
9.7 CONCLUSIONS
The use of MSC-based therapies in clinical trials for the treatment of COVID-19 has increased
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remarkably. There is a real possibility that it will
be common clinical practice in the near future.
In this way, it is estimated that many diseases
can be included in the treatment practices. If we
can improve the mechanisms of action of MSCs
and develop appropriate treatment methods, it
will play an important role in routine clinical
practice. It is fascinating that MSCs are effective
even in such respiratory failure as ARDS caused
by COVID-19. We believe that current evidence
from clinical evaluations has confirmed the
potential of MSC-based therapies use for the
treatment of COVID-19 patients.
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10.1 INTRODUCTION
A number of pharmacologic therapies for
COVID-19 have either been approved for use,
are currently in clinical trials or undergoing various stages of development. These are
designed to act through a wide variety of targets on the SARS-CoV-2 virus as well as within
the host. Drug targets include the primary viral
receptor ACE-2, alternative receptors, sialic
acids, viral and host proteases, the furin cleavage site within the SARS-CoV-2 spike (S) protein, and the viral replication machinery. Other
drug targets are under study, but because of
space limitations the discussion here is limited
to the targets mentioned above.
10.2 ACE-2
Angiotensin-converting enzyme-2 (ACE-2) has
been widely accepted as the primary receptor
to which both SARS-CoV and SARS-CoV-2
bind and use to cross the plasma membrane
of epithelial cells in the respiratory tract
and other organs [1–3]. In humans, ACE-2 is
a membrane-bound carboxypeptidase which
modulates the renin-angiotensin system (RAS)
by converting the octapeptide angiotensin-II to
the heptapeptide angiotensin 1-7 via its large
extracellular enzymatic domain [4]. Angiotensin
1-7 is protective against injury to lungs and other
organs [4], and thus the effect of SARS-CoV-2
binding to ACE-2 on its normally protective
activity is also implicated in the pathogenesis
of COVID-19 organ damage in the lungs, heart,
kidney, and other organs [5].
The SARS-CoV-2 spike protein (S protein) contains key domains that enable high affinity binding to ACE-2, including the receptor-binding
domain (RBD). The RBD of the S protein binds
to two “hotspots” in the extracellular domain
of ACE-2: Lys31 and Lys353 [1, 6]. It therefore
stands to reason that compounds, which inhibit
or interfere with SARS-CoV-2 binding to ACE-2
might inhibit the entry of the virus into host cells.
Accordingly, a number of in silico drug discovery studies have attempted to identify candidate
inhibitors of SARS-CoV-2-ACE-2 interaction that
might be druggable [7, 8].
In addition, the administration of exogenous
ACE-2 could potentially be a viable strategy
to inhibit SARS-CoV-2 binding and/or host
cell entry. Systemic administration of exogenous
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ACE-2 would be expected, at least theoretically,
to provide a “decoy” receptor to bind the
virus and thereby inhibit its entry into host
cells. At the time of writing, there were several
ongoing clinical trials utilizing ACE-2-based
products as potential pharmacologic therapies
for COVID-19. One such clinical trial, being
conducted by Apeiron Biologics (ClinicalTrials.
gov ID: NCT04335136) [9], utilizes intravenous
administration of recombinant human ACE-2
(rhACE-2) to treat patients infected with SARSCoV-2. The hypothesis of this trial is that the
exogenous, soluble rhACE-2 will act as a “decoy”
to bind the circulating SARS-CoV-2 virion. In
this way, the RBD of the S protein would be
occupied, and therefore could not infect human
cells. In support of this hypothesis, a recent study
showed that entry of SARS-CoV-2 pseudovirions
into HEK293 cells was significantly decreased
if the pseudovirions were pre-incubated with
soluble human ACE-2, and suggested that
soluble rhACE-2 could be a valuable inhibitor of
SARS-CoV-2 infection [10].
This interpretation is complicated, however, by
the documented presence of soluble ACE-2 in the
serum [11], which is believed to be a cleaved form
of the enzyme released from cells by the action
of various proteases such as the disinte
grin
and metalloproteinase domain 17 (ADAM-17).
Serum-borne soluble ACE-2 (sACE-2) is believed
to be capable of binding SARS-CoV-2 as tightly as
cellular ACE-2 [12], and thus might be expected
to compete with cell-bound ACE-2 for available
virions. Moreover, sACE-2 has shown elevated
levels in patients with known risk factors for
poor outcome in COVID-19, such as hypertension and obesity [13]. Thus it is difficult to predict
the overall effect of adding exogenous ACE-2 to
a system that is already composed of both cellassociated and soluble, serum-borne forms of
the main viral receptor.
Adding to this complexity and uncertainty,
a recent cell culture study indicated that soluble ACE-2 enhanced, rather than inhibited,
SARS-CoV-2 infection in human cell lines [14];
the data suggested that soluble ACE-2 may facilitate infection via receptor-mediated endocytosis. Indeed, these experiments indicated that
inhibition of ADAM17 “sheddase” – thereby
decreasing the concentration of soluble ACE-2 –
suppressed infection of human kidney cell lines,
DOI: 10.1201/9781003190394-10
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rather than enhancing it as might be expected
[14]. In light of these surprising findings, there is
clearly a need for further research to determine
the effect that soluble recombinant human ACE-2
would have on SARS-CoV-2 entry and infection
in the human body. In addition to ACE-2 and the
S protein domains that bind to it, other domains
in the S protein facilitate viral entry, as do other
host factors such as proteases, sialic acids, and
gangliosides [6], as discussed below.
10.3 OTHER PUTATIVE VIRAL
RECEPTORS AND CELL ENTRY
COFACTORS
While ACE-2 is known to be the primary receptor for SARS-CoV-2 that exhibits high affinity
binding to the viral S protein, host cell entry
by the virus has been shown to be mediated,
in some cell types, by other molecules that can
act as cofactors with ACE-2, or in some cases, as
alternative receptors in the absence of ACE-2.
For example, heparan sulfate proteoglycans
(HSPGs) can bind to both the prefusion and
ACE-2 bound conformations of the SARS-CoV-2
S protein [15]. Indeed, Kim et al. [16] showed that
various preparations of heparin can block SARSCoV-2 interactions with ACE-2 and cell infection
in vitro, suggesting that such preparations might
have potential as therapeutics. The roles of host
cell sialic acid interactions with HSPGs will be
discussed in the next section.
Neutropilin-1 (NRP-1) has been shown to
function as a “detour receptor”, in the absence
of ACE-2, for Epstein-Barr virus infection of
olfactory neuronal cells of the nasal epithelium.
Since the SARS-CoV-2 S protein contains the
C-terminal sequence 676-TQTNSPRRAR-685, the
binding site for NRP-1 [17], it seems likely that
SARS-CoV-2 may also be capable of NRP-1dependent cell entry, but at the time of writing
no strategies for inhibiting this pathway have
yet entered the drug pipeline. Another pathway
for viral cell entry is that mediated by C-type
lectin receptors (CLRs), which are specialized
for pathogenic interactions with sialic acid [18,
19], as discussed in the next section.
10.4 SIALIC ACIDS
Sialic acids are a family of monosaccharides
attached to various glycolipids and glycoproteins on epithelial cell membranes. That is
why sialic acids are considered a highly accessible cell membrane component for receptor–
ligand and protein–ligand interactions. In the
context of virology, sialic acids were the first
characterized receptors promoting the viral

entry process [20]. Viral entry through the sialic
acid-dependent manner has been shown in

several types of coronaviruses based on enzymatic activities of hemagglutinin esterase [21].
Concerning SARS-CoV-2, specific sialic acids
[22] on the respiratory tract’s epithelium could
be employed as co-receptors for the S protein
so that virus clustering is facilitated. Moreover,
ACE2, as the primary receptor for SARS-CoV-2
attachment, is heavily sialylated on N- and
O-linked sugar chains. Consequently, the sialic
acid-mediating targeted therapies may inhibit
SARS-CoV-2 invasion by inhibiting virus–host
cell interaction and modulation of endocytosis.
However, the host sialome could also play a protective role against viral infections by providing
a large layer of sialylated residues on mucosal
cell surfaces and interfering with virus entry
by offering an alternative binding site. This section aims to summarize the potential sialic acidmediating targeted therapies in COVID-19 and
provides insight into their molecular mechanisms (Figure 10.1).
Sialic acid-blocking drugs: Chloroquine (CLQ)
and hydroxychloroquine (HCQ) could interfere
with the viral pre-entry step by inhibiting the
biosynthesis of sialic acid [23]. CLQ inhibits the
quinone reductase 2 enzyme and consequently
prevents terminal glycosylation. Structural and
molecular modeling has revealed a new mechanism of action of CLQ and HCQ against SARSCoV-2 infection through direct interaction with
the N-terminal domain of the S protein, hence
interfering with high-affinity S protein binding
to sialylated ganglioside GM1 [24].
This drug has been used for several years
in malaria therapy with acceptable safety and
efficacy. In the current global crisis, CLQ and
HCQ were among the early options of repurposing drugs. Several clinical trials investigated
the therapeutic potential of CLQ and HCQ in
COVID-19 patients. The results indicated incon
sistent outcomes, and the randomized controlled
trials have failed to confirm its therapeutic
usefulness in patients [25, 26]. Moreover, some
reports imply probable cardiomyopathy as a
severe adverse effect caused by CLQ. HCQ
remains among the available candidates to prevent the severity of SARS-CoV-2 infections in
humans, and additional clinical and molecular
observations are needed to identify relevant subgroups that may benefit from HCQ, if any such
groups exist. This seems unlikely, as the study of
Elavarasi et al. [27], based on a systematic metaanalysis of 12 observational and 3 randomized
trials including 10,659 patients, revealed that
HCQ did not generate a significant reduction
in mortality, time to fever resolution, or clinical
deterioration or development of acute respiratory distress syndrome (ARDS).
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Figure 10.1 Sialic acid-targeted therapeutic strategies in SARS-CoV-2 infection. (A) Sialic acidblocking drugs through inhibition of terminal glycosylation; (B) Sialic acid decomposing drugs by cleavage of sialic acid residues; (C) Sialic acid mimicking drugs
through competition for cell surface receptors; HCQ, hydroxychloroquine.
Sialic acid decomposing drugs: One of the
potentially broad-spectrum groups of a ntiviral
drugs is decomposing sialic acid agents that
target the virus entry pathway. The most
common isoform of sialic acid in humans is
N-acetylneuraminic acid (Neu5Ac). DAS-181,
also known as Fludase, is a recombinant neuraminidase, which consists of a sialidase catalytic
domain and a glycosaminoglycan-binding tag.
The FDA has approved DAS181 as a therapeutic
approach in hypoxic patients with lower respiratory tract parainfluenza infection.
It is proposed that inhalation of nebulized
DAS181 could cleave sialic acids in the lung epithelium and interfere with the entry of viruses
targeting sialic acid glycoconjugates [27]. There
fore SARS-CoV-2 could be sensitive to DAS181.
The results from a pilot study of a small case
series of patients indicated the potential clinical
benefit of DAS181 in COVID-19 patients [28]. It
seems that more investigations in double-blind,
randomized controlled studies are needed to
clarify the effects of DAS181 on clinical recovery, inflammatory markers, and adverse events.
Notwithstanding these concerns, DAS-181 is currently the only medication to tackle COVID-19
by targeting the sialic acid receptor itself.
Sialic acid mimicking drugs: Another strategy to inhibit the virus attachment to cell
surface receptors is sialic acid mimicking compounds as a decoy, thereby competing with
the host cell receptors to bind the virus. The
first investigated sialic acid–receptor analogues
118

are exogenous mucins and surfactant proteins,
which are part of the innate immune system.
These compounds are naturally secreted by
respiratory epithelial cells and contain a wide
variety of phospholipids and carbohydrates,
including sialic acid. The next generation of sialic
acid–receptor analogues are synthetic sialic acid
compounds which are optimized by nanoparticle or liposome formulations. The concept of
sialic acid mimicking antiviral drugs is promising, and some studies have been conducted
to investigate their possibility for treating viral
infections, especially influenza virus. So far, this
concept has not been investigated for COVID-19.
Some groups are investigating the effects of
surfactant administration on the 
outcome of
patients with COVID-19 (ClinicalTrials.gov IDs:
NCT04375735, NCT04362059, NCT04384731). It
is suggested that using exogenous surfactant
in COVID-19 patients with acute respiratory
distress syndrome (ARDS) and on mechanical ventilation could improve their outcome by
restoring surfactant damaged by lung infection, reducing pulmonary edema, and blocking
spread of the virus particles to healthy cells in
the lung [29]. Overall, the results of ongoing trials could indicate if this therapy is effective for
COVID-19 patients or not. It should be noted that
more in vitro and in vivo studies are needed
to evaluate the benefits of nanotechnology in
sialic acid–receptor analogues, e.g. sialic acid–
functionalized dendrimers, for treatment strategies against COVID-19 [30].
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Collectively, at the current level of knowledge, it can neither be confirmed nor excluded
that sialic acid-mediating targeted therapies
could reduce COVID-19 clinical manifestations.
Profound knowledge about the role of the
human sialome in this pandemic could result
in developing the combined therapies to reduce
viral load and inflammation. However, whether
or not manipulation of sialic acids has clinical
significance in COVID-19 patients remains to be
determined.
10.5 VIRAL AND HOST PROTEASES
10.5.1 SARS-CoV-2–Specific Viral Proteases
While many of the protease-inhibitor based
antiviral drugs exert their effects on multiple
viruses, it is still important to design more
specific inhibitors targeting SARS-CoV-2 proteases. This is especially important because
many of the popular effective inhibitors such
as ganciclovir, ribavirin, and peramivir, while
effective in containing influenza virus, failed
to show any effectiveness against SARS-CoV-2
[31, 32]. Despite significant progress in understanding the SARS-CoV-2 genome and specific
viral proteins, there is still limited knowledge
on SARS-CoV-2-specific proteases. In fact, most
of our understanding about proteases is based
on SARS-CoV. To better design therapeutics to
target SARS-CoV-2, we first must understand
what is known about specific proteases and
their functions in SARS-CoV-2 virions. Two
viral proteases, Mpro and PLpro, stand out,

and knowledge about their function may provide insights for better design of SARS-CoV-2
therapeutics.
Mpro: The SAS-CoV-2 main protease, Mpro,
also known as chymotrypsin-like or 3CL protease or non-structural protein 5 (NSP5), is a
member of the cysteine protease family. Upon
SARS-CoV-2 entry and translation of the viral
polyprotein complex, Mpro is one of the first
viral NSPs that are released from the complex
[33] (see Figure 10.2). On release from the polyprotein complex, Mpro dimerizes with itself and
becomes enzymatically active [34]. Activated
Mpro has 11 known cleavage sites on the viral
polyprotein [35]. It also cooperates with another
viral protease Papain-like protease (PLpro) to
release the NSP7-10 complex [36]. This is important, since NSP7-10 contains the critical domains
for the assembly of the viral replication-transcription complex (RTC), which is vital for
replication of the SARS-CoV-2 genome and the
transcription of viral genes. Mpro is a 306 amino
acid protein and is structurally conserved
between SARS-CoV and SARS-CoV-2.
I. Entry. SARS-COV-2 binds the host ACE2
receptor via the S protein. Host proteases
ADAM17 and TMPRSS2 cleave ACE2 at the
ecto and intracellular domain, respectively,
allowing viral entry into endosome. Host
proteases cathepsin and furin further break
down the S protein to allow endosomal
fusion and release of the viral genome into
the cytoplasm.

Figure 10.2 Critical pathways of the SARS-COV-2 infection cycle and key proteases involved: The
four stages of SARS-COV-2 infection cycle.
119

COVID-19: FROM BENCH TO BEDSIDE

II. Polyprotein synthesis/processing. The viral
genome is capped at the 5’ end, contains a
poly-A tail at the 3’ end and is translated to a
viral polyprotein complex by the host. NSP3/
PLpro cleaves and frees viral NSPs 1-5. Freed
NSP5/Mpro dimerizes and becomes activated. Activated Mpro partners with PLpro
to process NSPs to form the viral replication
and transcription complex (RTC).
III. Viral genome and protein synthesis. RTC
synthesizes the viral genome allowing production and packaging of virions in the
host ER. Viral PLpro down-regulates the
host IFN-1 signaling cascade by preventing
ISGlylation of viral RNA sensing/binding
proteins such as MDA5. (It is unknown
whether direct ISGlylation occurs on the
RTC and whether PLpro directly inhibits it.
IV. Viral assembly and release. Packaged virions enter host lysosomes where they mature
and are released to the surface to re-infect
host cells and spread of viral infection.
Some progress has been made on identifying
specific inhibitors against Mpro. Computer
models based on X-ray crystallography showed
that Mpro has three functional domains.
Domains one and two contain a chymotrypsinlike domain [37], implying that the alphaketoamide-based protease inhibitor effective
against viral 3CL-family proteases [38], may be a
candidate for SARS-CoV-2 as it effectively binds
to Mpro [39, 40]. Additionally, Mpro contains
docking sites for HIV protease inhibitors such
as lopinavir, ritonavir, and saquinavir. In fact,
remdesivir, the viral RNA polymerase inhibitor can also bind to the docking site [41]. Indolebased inhibitors such as GRL-1720 are known
to both interact with Mpro molecularly and to
inhibit the viral infectivity of cultured cells [42].
In silico analysis identified a synthetic octopeptide AT1001 (Larazotide acetate) to interact with
Mpro, which showed inhibition of this protease
[43]. AT1001 is an investigational drug for ARDS
[43]. Many inhibitors contain a carboxyl group,
commonly seen in the design of anti-HIV proteases [44]. Recently, a GC-376 analogue was discovered with inhibitory activity against Mpro.
This analogue is also active against human
cathepsin L, a host protease that is important
for viral entry [45]. N3, a synthetic Aza-peptide
Michael acceptor inhibitor, irreversibly competes with the Mpro substrate-binding site
[46]. Other candidate protease inhibitors such
as ebselen, disulfiram, armofur, and PX-12 are
currently being tested and have shown positive
binding results with Mpro [47, 48]. Given their
cost-effectiveness in production, these small
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molecule–based protease inhibitors may prove
to be beneficial candidates in treating SARSCoV-2 in the near future.
Alongside synthetic inhibitors, naturalforming inhibitors have also been investigated.
Several plant-based compounds such as quercetin show crystal structure homology to Mpro
as well as binding affinity [49]. Molecular docking assay screening of phytochemicals against
SARS-COV-2 proteases showed over 50 potential candidates of plant-based compounds with
the ability to bind to Mpro with the potential
of inhibition [50]. These include procyanidins,
flavornoids found in berries, and rutin, a flavornoid found in buckwheats. In fact, some of
these phytochemicals contain hydroxyl groups
similar to the synthetic inhibitors, exerting similar functions in inhibiting Mpro. Extracts from
herbal medicine Crofton weed, A. adenophora,
has also been shown to bind and inhibit SARSCoV-2 Mpro [51]. These findings indicate a
potential of herbal-based medicine as effective
SARS-CoV-2 therapies.
PLpro: The aforementioned “partner” of Mpro,
papain-like protease (PLpro) aka NSP3, is
another important SARS-CoV-2 specific protease
involved in processing of the viral polyprotein.
Similar to Mpro, PLpro needs to be released from
pro-enzyme complexes. Studies on SARS-CoV
revealed PLpro to be the first protease, which is
released from the polyprotein complex. PLpro
cleaves the NSP1-NSP2, NSP2-NSP3 while the
NSP3-NSP4 junction still remains in the complex
form. However, NSP3/PLpro is free from the
complex. PLpro then cleaves the NSP 4-6 domain
to release NSP5/Mpro [52]. PLpro then coordinates with Mpro in the initial release of other
viral NSPs to form the viral RTC. Therefore,
like Mpro, PLpro is another potential target for
antiviral therapies for SARS-CoV-2
Unlike Mpro, fewer candidate inhibitors seem
to be known for PLpro. Anti-HIV drugs such
as lopinavir and darunavir seem to have some
inhibitory effect on PLpro [53]. Interestingly,
docking site computer simulation has implicated
CLQ, the controversial malaria drug, as one of
the potential candidates [54]. Recently, the small
molecule GRL0617 was shown to be a promising
inhibitor for PLpro [55]. Molecular docking studies revealed that available clinically approved
protease inhibitors nafamostat and VR23 bind to
the inhibitor sites of both PLpro and Mpro [56].
Besides being a viral protease, PLpro has been
shown to exert its effects on the host antiviral
immunity. It was discovered that PLpro functions as a deubiquitinating agent (DUB). This
was further validated since both GRL0617 and
Z93, another potential inhibitor for PLpro,
were used as inhibitors for human ubiquitin
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carboxyl-terminal hydrolase 2 (USP)-2 [57].
However, PLpro shows more homology to
the USP18 and its primary target is the host
Ubiquitin-Like Protein interferon stimulated
gene ISG15. ISG15 is induced by type I interferon
(IFN-I) signaling via interferon-response factor
(IRF) and functions like ubiquitination processing K48 [58], a process known as ISGlylation
[59]. ISGlylation has two major antiviral functions. It can be directed to viral transcriptases/
replicases to inhibit viral protein synthesis.
Examples of that are seen for the influenza
virus, where ISGylation of the replication complex protein NS1 shuts down virion production [59]. ISGlylation of host viral RNA sensors
RIG-1 and MDA5 provides positive feedback of
IFN-I responses as well as directly inhibits viral
replication [60]. PLpro has been demonstrated
to be a de-ISGlylation agent which directly
cleaves ISG15 [61] (Figure 10.1). The role of PLpro
and how it downregulates ISG15 was starting
to merge, as a protease beside cleaving viral
polyprotein, alternatively it antagonizes IFN1-induced antiviral activities [58, 62, 63]. This
implies that targeted drugs that inhibit PLpro
are very important, as they are not only controlling viral replication but also restoring host
responses to viral infections. Currently, it is not
clear whether ISGlylation occurs directly at the
SARS-CoV-2 RTC complex. Nevertheless, the
role of PLpro and its antagonism on ISGlylation
needs to be further studied.
10.5.2 Host Cell Proteases in SARS-CoV-2
Infection
Most of these host proteases affect viral entry/
binding to the cell surface, providing targets
for inhibiting the early stages of viral infection. Host proteases are also important, since
some of the antiviral drugs (i.e. aprotinin) also
affect host proteases. Since the beginning of the
COVID-19 pandemic, several studies have been
conducted on host protease candidates and how
they may interplay with the viral proteases as
potential therapeutics [64].
TMPRSS2: One of the best studied host proteases involved in RNA virus infection is the Type
II transmembrane serine protease (TMPRSS2).
This trypsin-like enzyme expressed on plasma
membranes, functions by cleaving the intracellular domains of host receptors and is critical for
SARS-CoV-2 infections [65]. Later, TMPRSS2 was
identified as a therapeutic target for coronavirus
and influenza virus infections [66]. TMPRSS2
was identified to be associated with SARS-CoV
infected primate airways and its expression is
increased after viral infection [67, 68]. The enzymatic cleavage of ACE2 by TMPRSS2 is critical
for viral internalization. Such a cleavage of the

ACE2 ectodomain facilitates the intracellular
uptake of SARS-CoV-2. Furthermore, TMPRSS2
antagonizes ADAM17, an ecto-domain sheddase
(discussed below), by preventing the ectodomain
shedding of ACE2. In fact, camostat, the inhibitor of TMPRSS2, is known to inhibit replication
of influenza virus in vitro [69] and was one of
the first drugs discovered to have inhibitory
effects against SARS-CoV-2. Recently, molecular
modeling and crystallography showed camostat
to bind directly to TMPRSS2. Besides camostat,
nafamostat is another potential TMPRSS2 inhibitor and it has been shown in cell culture studies
to block SARS-CoV-2 infection [70]. TMPRSS2 is
also known to cleave the SARS-CoV-2 S protein
directly, thus affecting the free/unbound virus.
This cleavage by TMPRSS2 gives the virus two
advantages: first it allows better fusion with host
cell membranes, and second, better immune evasion by host immunoglobulins [71]. Therefore,
TMPRSS2 involvement in SARS-CoV-2 pathogenesis is two-fold. Inhibitors against TMPRSS2
should both block viral binding/entry as well as
improve humoral responses against the virus.
ADAM17 is a transmembrane protease that
functions as an ecto-domain sheddase. Its expression level is upregulated when the SARS-CoV-2
S-protein binds to ACE-2. Whereas TMPRSS2
cleaves the cytoplasmic tail, ADAM17 cleaves the
ectodomain of ACE-2 thus mediating viral entry
[72]. Besides directly contributing to viral pathology, the release of ACE-2 by ADAM 17 into the
extracellular environment raises the concern of
co-morbidity, such as promoting vascular diseases as a “collateral” of the infection. Alpha-anti
trypsin has been identified as a potential inhibitor for ADAM17 against SARS-CoV-2 infection
[73]. Many other inhibitors against ADAM17
have been described for other diseases [74], however, not many of them have been tested against
SARS-CoV-2.
Cathepsins are proteases that function to
recycle/degrade cellular proteins. There are 11
types of cathepsins that are usually found within
the endosomes/lysosomes (see Figure 10.2). They
exist mainly as precursor enzymes, which require
acidic pH for activation. Cathepsin L, a serine
protease seems to be highly associated with the
SARS-CoV-2 S protein. Once inside endosomes,
cathepsin L further cleaves the SARS-Cov-2 S
protein. This allows the membrane fusion of the
viral envelope and endosomes, a critical step for
the release of the viral genome into the cytoplasm
[75]. The anti-Ebola cysteine protease inhibitor
K11777, which specifically targets cathepsin, has
been shown also to have some positive effects on
SARS-CoV-2 [77]. As mentioned earlier, the Mpro
inhibitor GC-376, also seems to exert cross reactivity with Cathepsin-L [45]. Furthermore, some
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evidence suggests that cathepsins work in cohort
with TMPRSS2 to fully achieve effectiveness for
SARS-CoV-2 entry [75]. This implies that combining drugs such as camostat with K11777 may
optimize the therapy.
Cathepsins are also produced and stored in
granules by neutrophils and are critical components of host innate immunity. In the case
of viral infections, such as SARS-CoV-2, neutrophils are usually activated, thus leading
to degranulation [76], allowing the release of
cathepsins to the extracellular environment
[77]. Although host cathepsins play a role in
slowing down viral infections, they can also
have detrimental effects on surrounding tissues, leading to severe inflammatory damage as
seen in the lungs of many SARS-CoV-2 patients.

Therefore inhibiting cathepsin not only may
control SARS-CoV-2 but it might also potentially attenuate host-inflammation, an apparent
“win–win” therapy. However, the dichotomy is
that since neutrophil cathepsin is important for
host response, this can potentially lead to compromised innate immune responses, resulting
in the host being susceptible to other infections,
particularly those pathogens that require neutrophil degranulation. This is especially true
since cathepsin inhibitors may also inhibit other
neutrophil defensive enzymes such as elastase
[78]. Therefore, more work needs to be done to
optimize the targeting of cathepsins as therapeutics for SARS-CoV-2 infection. The proteases
and potential inhibitors discussed above are
summarized in Table 10.1.

Table 10.1 Key host and pathogen-specific drug targets involved in SARS-CoV-2 infection
Target

Origin

Major Function

Known Inhibitors

Mpro (3CLpro)

SARS-CoV-2, NSP5

GRL-1720 AT1001 N3,
ebselen, VR23 nafamostat

PLpro

SARS-CoV-2, NSP3

TMPRSS2

Host cell surface
membrane,
endosomes,
extracellular
Host cell surface
membrane

Cleavage of NSP 7-10, required
for formation of viral
transcription-replication
complex
Cleavage of NSPs1-5 to release
Mpro, coordinates with Mpro in
cleavage of NSP7-10,
deubitinating agent of ISG15
(host antiviral)
Cleaves ACE2 cytoplasmic tail
domain upon viral binding,
facilitates viral entry
Can also directly cleave S protein
Cleaves ACE2 Ectodomain,
releases ACE2 from cell surface,
facilitates viral entry
Viral entry, cleavage of S-protein
and allow viral envelope fusion
w/endosome
Facilitate viral S-protein cleavage
and fusion with endosome

D6R

ADAM17
Cathepsin

Furin
Heparan sulfate
proteoglycans
(HSPGs)
ACE-2
Neuropilin-1
(NRP-1)
C-type lectin
receptors (CLRs)
Sialic acids

RNA-dependent
RNA polymerase
(RdRp)
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Host cell surface,
endosome/lysosome
Extracellular by
neutrophils (C/G)
Host Golgi/endosome
Host cell surface
membrane,
extracellular matrix
Viral receptor on host
cell
Host cell surface
membrane
Host cell surface
membrane
Host cell surface
membrane
glycoproteins and
glycolipids
SARS-COV-2

GRL0617
VR23n nafamostat

Camostat nafamostat

TAPI-2
K11777 GC-376

Heparin
Carboxypeptidase in RAAS

Recombinant ACE-2
(decoy receptor)

Bind receptors

Chloroquine (CLQ),
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10.6 FURIN AND SARS-CoV-2 ENTRY
INTO HOST CELLS
SARS-CoV and SARS-CoV-2 S proteins share
76.2% amino acid sequence homology and both
use ACE-2 as a receptor [79]. Because of four
amino acids (PRRA) insertion at the S1/S2 junction, a furin cleavage site (681PRRAR|SV687) has
evolved for SARS-CoV-2 that is not present in
SARS-CoV or its closest bat ancestor viruses
[80]. Furin is a type-I transmembrane, trypsintype, serine protease that belongs to the proprotein convertase (PC: gene PCSK) family,
which cleaves precursor proteins within the
motif (R/K)−(X−X)n−(R/K)| (n = 0, 1, 2, or 3)
[81]. PCs activate a wide variety of host secretory proteins and viral surface glycoproteins.
PCs are abundant in multiple tissues including
the respiratory tract and acquisition of a furin
site has led to generation of highly pathogenic
avian H5 and H7 influenza viruses [82]. In fact,
the furin cleavage site exists in a number of
human coronaviruses (CoVs) including MERSCoV, HKU1-CoV, and OC43-CoV [82], suggesting
that the existence of a furin site does not necessarily correlate with hyper-transmissibility and
pathogenesis. However, the furin site greatly
enhances SARS-CoV-2 transmission and pathogenesis in animal models [83]. Thus, it is highly
likely that a gain of furin cleavage site has
enabled SARS-CoV-2 to jump into humans and
begin its current pandemic spread [84].
The hallmarks of advanced SARS-CoV-2
pathology are pneumocyte syncytia and thrombosis [85]. In autopsies of COVID-19 victims,
many multinucleated giant cells resulting from
syncytia of pneumocytes have been found in the
lungs, which is the consequence of the fusogenic
S protein activity of SARS-CoV-2 that promotes
cell-to-cell spread of viral infection. Cell-to-cell
infection is not only more efficient than virus-tocell infection but can also evade host immunity.
Thus many viruses, including HIV-1, herpes
simplex virus, measles virus, and human hepatitis C virus, drive their dissemination via cellto-cell infection [86]. Introduction of a furin
cleavage site into the SARS-CoV S protein selectively enhanced its cell-to-cell fusion but not
virus-to-cell infection [87]. Conversely, abolishing the furin cleavage site in SARS-CoV-2 S protein strongly inhibited its cell-to-cell fusion but
not its virus-to-cell infection [88]. Thus the furin
cleavage site may contribute to SARS-CoV-2
transmission and disease progression by promoting the cell-to-cell infection in vivo.
In addition to furin, CoV S proteins are processed by three other types of proteases [89]. Two
of them are serine proteases, including secreted
trypsin and cell surface trypsin-like proteases.
The cell surface proteases include TMPRSS2

and the human airway trypsin-like protease
(HAT, TMPRSS11D). The third type protease is
a lumenal cysteine protease cathepsin L (CTSL)
that is expressed in late endosomes and lysosomes. SARS-CoV-2 entry requires two sequential conformational changes in S proteins that
are mediated by receptor-binding or proteolysis. The ACE-2-binding causes a conformational
change that exposes two protease cleavage sites,
and upon cleavage, these S proteins are further
refolded into fusion-competent conformation.
Depending on the abundance of these proteases
during infection, CoVs enter cells by early or
late pathways. In the presence of TMPRSS2 and
HAT, S proteins are cleaved on the cell surface
at neutral pH that triggers direct fusion with the
plasma membrane. However, in the absence of
these trypsin-like proteases, absorbed virions are
delivered into late endosomes and cleaved by
CSTL at high pH for membrane fusion. The furinmediated cleavage at the S1/S2 boundary occurs
during S protein biosynthesis in viral producer
cells. This cleavage exposes the S2’ site, which
is required for the second cleavage by TMPRSS2
on the target cell membrane and promote cellto-cell fusion. In contrast, furin-cleavage does
not promote the CSTL-mediated late viral entry
because of the instability of cleaved S1/S2 in the
late endosomes.
Collectively, furin is an attractive therapeutic target for the development of novel antivirals that may be broadly effective to various
infectious diseases. Peptide-based and small
molecule inhibitors targeting furin/PCs have
already been found to inhibit the syncytia formation effectively by blocking the SARS-CoV-2
S protein cleavage [90]. Thus these inhibitors
may provide another tool to combat COVID-19
after further development.
10.7 TARGETING THE VIRAL
REPLICATION MACHINERY
Immediately after entry into a host cell, CoVs
translate their genomic RNA into polyprotein
products that are subsequently processed to different non-structural proteins (NSPs). Some of
these proteins assemble to give rise to the replication machinery of the virus. As in other RNA
viruses, the RNA-dependent RNA polymerase
(RdRp) is a major component of this machinery. It catalyzes the replication of the viral RNA
into genomic and nested RNAs. The critical role
played by the RdRp in the replication cycle of
CoVs makes it a target in the development of
therapeutics against SARS-CoV-2 [91].
Remdesvir (Rmd) is an adenosine analogue
prodrug that interferes with the activity of the
RdRp, serving as a chain terminator of polynucleotide synthesis. A significant impact of
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10.8 CONCLUSIONS
At the time of writing, ongoing clinical trials have identified promising inhibitors of the
viral replication machinery and host cell entry
mechanisms. Other avenues to combating
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cases are under intense study and development. Given the worldwide effort devoted to
solving this global problem, safe and effective
antivirals are on the near horizon.
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Chapter 11 Computational Biology and Bioinformatics in
Anti-SARS-CoV-2 Drug Development
Vladimir N. Uversky

11.1 CHALLENGES ASSOCIATED WITH
COVID-19 TREATMENT
Notwithstanding obvious problems associated
with the fast and massive spread of the severe
acute respiratory syndrome coronavirus 2 (SARSCoV-2) infection around the globe causing the
global coronavirus disease 2019 (COVID-19) pandemic, treatment options for COVID-19 remain
scarce. As it was rightly pointed out by James
Pandarakalam: “Medical profession was unprepared to face the coronavirus pandemic, and the
pharmaceutical armamentarium is currently
not robust enough to combat with SARS-CoV-2”
(https://www.sciencerepository.org/the-clinicaland-treatment-challenges-posed-by-covid-19_
JCMCR-2020-2-105).
What makes SARS-CoV-2 infection so special? COVID-19 is a very complex illness characterized by high transmission potential and
unpredictability of disease progression [1], with
senior citizens and people with compromised
immunity or some comorbidities being more
vulnerable to infection. Since entry of SARSCoV-2 to the host cells depends on the presence
of the specific receptor, ACE2 (angiotensin-
converting enzyme 2), on the cell surface, and
since cells of many tissues and organs have
these receptors, SARS-CoV-2 infection often represents a multi-hit pathology affecting different organs and causing multiple health issues.
Though initial symptoms of SARS-CoV-2 infection are typical for the respiratory disease and
include persistent dry cough, sore throat, and
fever, COVID-19 may progress to breathlessness and pneumonia, fatigue, headache, aches
and pains. Many patients show olfactory and
gustatory dysfunctions, such as the loss of the
sense of smell (anosmia) and of taste (ageusia).
In some patients, SARS-CoV-2 infection can
initiate a “cytokine storm”, generating massive
production of chemokines and cytokines such
as IL1-β, IL1RA, IL7, IL8, IL9, IL10, basic FGF2,
GCSF, GMCSF, IFNγ, IP10, MCP1, MIP1α, MIP1β,
PDGFB, TNFα, and VEGFA [2]. Increased severity of disease, especially in the patients admitted to intensive care units (ICUs), is associated
with the increased levels of pro-inflammatory
cytokines such as IL2, IL7, IL10, GCSF, IP10,
MCP1, MIP1α, and TNFα [3]. SARS-CoV-2 can
access the central nervous system via multiple pathways [4], causing both ischaemic and
DOI: 10.1201/9781003190394-11

haemorrhagic strokes, encephalitis, GuillainBarré syndrome, confusion, disorientation, and
other neurological symptoms [5], and may lead
to an amplification of existing mental health
issues and result in a surge of cases of posttraumatic stress disorder (PTSD; the incidence
of PTSD during the pandemic COVID-19 outbreak is 18%, whereas the prevalence of PTSDrelated symptoms in coronavirus survivors is
29% [6]) and increase in depression, anxiety, and
insomnia [7]. This virus can also cause venous
thrombosis leading to pulmonary embolism
[8], and, more generally, it affects the heart
and vascular system directly or indirectly [9].
Many patients show renal, liver, and gastrointestinal pathologies [10], and adverse effects of
SARS-CoV-2 on male fertility potential are also
reported [11]. Furthermore, COVID-19 can be
associated with visual impairments manifested
in dacryoadenitis, conjunctivitis, tonic pupils,
vitritis, central retinal artery/venous occlusion,
retinitis, retinal bleeding, panuveitis, anterior
ischemic optic neuropathy, optic nerve stroke,
optic neuritis, optic perineuritis, or occipital
ischemic stroke [12]. Such a multi-hit potential
not only defines the unpredictability of disease
progression, but also represents a very serious
challenge to the development of anti-COVID-19
therapies. Another most serious challenge is
given by the rather fast mutation rate of this
RNA virus. In fact, the currently reported rate
of the acquisition of new mutations by SARSCoV-2 is 0.9 × 10−3 during the substitutions/site/
year [13], which corresponds to 26 substitutions
per year [14], or more than two changes per
month [15]. Therefore, SARS-CoV-2 is not only a
difficult multi-hit pathogen, but is also a rapidly
moving target that requires the development
of promptly amendable and swiftly adaptable
preventive and treatment strategies. It is likely
that bioinformatics and computational biology
might represent important means for fulfilling
these goals.
11.2 SARS-CoV-2 SEQUENCING, DATA
STORAGE, RETRIEVAL, AND
ANALYSIS
Whole genome sequencing represents an impor
tant means for tracing the origin, spread, and
transmission chains of SARS-CoV-2, and is crucial for monitoring the evolution of this virus
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and the emergence of reinfections. The first
complete genomic sequences of SARS-CoV-2
were reported in late December 2019 [16–18].
The reference genome assembly was achieved
through metatranscriptomic approaches augmented by PCR and Sanger sequencing [16–18].
This information was crucial as it provided
vital means for the development of diagnostic
tests based on real-time PCR [19]. This success
in the identification of SARS-CoV-2 was a result
of the use of next-generation sequencing (NGS)
and readily available bioinformatics pipelines,
which can be assembled into an NGS data
analysis workflow consisting of several essential steps, such as quality control of the NGS
data, removal of host/rRNA data, reads assembly, taxonomic classification, and virus genome
verification [20]. A recent review describes
numerous bioinformatics tools, which are currently available for every step of the NGS data
analysis, and discusses the advantages and disadvantages of these bioinformatics resources
[20]. Importantly, these same NGS technologies
and bioinformatics resources can be used efficiently for the ongoing genomic surveillance
of SARS-CoV-2 worldwide, tracking its spread,
evolution, and patterns of variation on a global
scale [20]. Another comprehensive review intro
duces currently available platforms and methodological approaches for the sequencing of
SARS-CoV-2 genomes, and outlines some of the
repositories and databases delivering access
to SARS-CoV-2 genomic data and associated
metadata [21].
The unmatched efforts to develop effective
surveillance strategies based on real-time
sequencing of the SARS-CoV-2 genome were
triggered by the COVID-19 pandemic [15, 22–26],
and the results of these efforts are truly astonishing. For example, the Centers for Disease
Control and Prevention (CDC) established
the SARS-CoV-2 Sequencing for Public Health
Emergency Response, Epidemiology and Sur
veillance (SPHERES) program to coordinate
SARS-CoV-2 sequencing (https://www.cdc.gov/
coronavirus/2019-ncov/covid-data/spheres.
html). SeqCOVID, a consortium in Spain focusing on genomic epidemiology of SARS-CoV-2,
received 28,132 SARS-CoV-2 samples, 14,797 of
which were sequences (http://seqcovid.csic.es/).
The EpiCov repository, which is a part of
the GISAID (Global Initiative on Sharing All
Influenza Data) initiative [27, 28], included
1,670,279 submissions of SARS-CoV-2 sequences
as of May 22, 2021 (https://www.gisaid.org/).
The major centralized depository of SARSCoV-2–related information, the NCBI SARSCoV-2 Resources (https://www.ncbi.nlm.nih.
gov/sars-cov-2/), contains massive SARS-CoV-2
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data that include 608,864 Sequence Read
Archive (SRA) runs, 498,354 nucleotide records,
3,591,571 viral protein records, 136,701 PubMed
publications on this virus, and 5,761 records on
SARS-CoV-2-related clinical trials. One can find
a regularly updated SARS-CoV-2 phylogeny on
an open-source platform to harness the scientific
and public health potential of pathogen genome
data at Nextstrain [29], which, has provided
information on 3,921 SARS-CoV-2 genomes sampled between December 2019 and May 2021 (as
of May 22, 2021) (https://nextstrain.org/) (see
Figure 11.1).
With all the advantages of having massive
amounts of information of SARS-CoV-2
sequenc
es in different countries on different continents, and the related publicly available epidemiological, biological, and clinical
data, there is an obvious issue pertaining
to these big data (i.e., large and diverse data
sets that require computational analysis): the
need to be able analyze them in a meaningful way. To address this issue, numerous web
tools and online methods were developed by
bioinformaticians to give non-computational
users an opportunity to conduct SARS-CoV-2and COVID-19–related research and analyses.
Therefore, among the crucial roles of bioinformatics in addressing various aspects related
to COVID-19 research and providing solutions to different SARS-CoV-2–related questions are the capability to reduce the vaccine
development time, to discover potential clinical interventions, and to deal with the big data
via the development of well-ordered information hubs and web resources, and efficient
information retrieval from the current massive
information sources about SARS-CoV-2 [30]. A
detailed description of a set of web platforms
designed to visualize and mine data from
four major branches: epidemiology, genomics, interactomics, and pharmacology/clinical
studies, is provided in a recent comprehensive
review containing information on web links,
sources, and architectures of at least 30 such
COVID-19 web platforms [31]. An important
review by Hufsky et al. can serve as a detailed
manual describing a large set of bioinformatics
workflows and tools for multi-level COVID-19
research, starting from the routine detection
of SARS-CoV-2 infection, to the trustworthy
analysis of sequencing data, to pursuing the
COVID-19 pandemic and assessment of containment measures, to the study of coronavirus
(CoV) evolution, to the discovery of potential
drug targets and development of therapeutic
strategies [32]. To facilitate clinical research
on COVID-19, a web portal OverCOVID
(http://bis.zju.edu.cn/overcovid/) was created,
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Figure 11.1 SARS-CoV-2 phylogeny on an open-source platform Nextstrain [29], which, as of
May 22, 2021, provides information on 3,921 SARS-CoV-2 genomes sampled between
December 2019 and May 2021 (https://nextstrain.org/).
where a detailed interpretation of SARS-CoV-2
basics is provided, and a collection of resources
that may contribute to therapeutic advances is
introduced [33].
11.3 EVOLUTION OF SARS-CoV-2
The genomic sequence of viruses (especially in
the case of viruses with RNA genomes) is prone
to mutations caused either by random replication errors or introduced by RNA editing,
which is a defense mechanism of the host [34,
35]. Synonymous (when there is no change in
the encoded amino acid because of nucleotide
substitutions) and non-synonymous (nucleotide
substitutions that cause amino acid changes)
mutations occur on a regular basis in the viral
genome, with the reported rate of acquired
new mutations for SARS-CoV-2 being approximately two changes per month [15] (or approximately 26 substitutions per year [14]), and as of
September 2020, the SARS-CoV-2 was shown to
have a mutation rate of 0.9 × 10−3 substitution/
site/year [13]. This evolutionary rate is similar to
those of other human CoVs: 0.80 − 2.38 × 10−3,
0.63 − 1.12 × 10−3, and 0.43 × 10−3 substitutions/
site/year for SARS-CoV [36], MERS-CoV [37–39],
and HCoV OC43 [40], respectively.
Furthermore, the evolution of CoVs occurs
not only by nucleotide mutations but also by
recombination [14]. Therefore, information on
sequence variability can be used for the phylogenetic analysis of various human CoVs (SARSCoV, MERS-CoV, and SARS-CoV-2) in order

to get a glimpse at their evolutionary correlations. Such phylogenetic analysis, for example,
demonstrated that SARS-CoV and SARS-CoV-2
are relatively distantly related, and suggested
that their spill-over into humans were distinct
events [41]. This conclusion was further supported by an integrated semi-alignment based
computational technique used to compare
340, 291, and 2,391 SARS-CoV, MERS-CoV, and
SARS-CoV-2 genome sequences, respectively,
which were shown to form three non-overlapping clusters [42]. This analysis showed that
the SARS-CoV-2 genomic sequences were ~77%
similar to those of SARS-CoV, whereas there
was only ~36% sequence similarity between the
SARS-CoV-2 and MERS-CoV genomes [42].
Phylogenetic analysis of different SARS-CoV-2
isolates allows researchers to look at the in-host
evolution of this virus and to find clades –
clusters of related genomes grouped accord
ing to common mutations. For example, such
analysis conducted for over 5,000 SARS-CoV-2
genomes isolated from Indian COVID-19
patients produced a phylogeny with 6,888 mutation events [15]. Here, the presence of a prominent clade I/A3i, which was characterized by a
set of 4 mutations and likely arose from a single
outbreak, was noticed in samples retrieved during the early spread of infection. Importantly,
while originally 42% of all genomes sequenced
in India belonged to this clade, it evolved
quickly via changes in the Nucleocapsid (N)
and Membrane (M) genes, and has become
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almost non-existent in recent samples [15]. An
integrated semi-alignment–based computational technique was utilized to analyze 2,391
genomic SARS-CoV-2 sequences to look at the
SARS-CoV-2 sequence variability in human
hosts from 54 different countries and to analyze
sequence variability between the CoV family
and country-specific SARS-CoV-2 sequences in
human hosts [42].
While one would expect that the presence of
multiple genome sequences from various SARSCoV-2 isolates would represent a solid ground
for reliable phylogenetic analysis, it was pointed
out that inferring reliable phylogenies are associated with multiple difficulties rooted in the
large number of closely related sequences with
a low number of mutations [43]. This study used
a quality-filtered subset of 8,736 out of 16,453
virus sequences from GISAID (gisaid.org) and
showed that one cannot reliably root the
inferred SARS-CoV-2 phylogeny either via the
bat and pangolin outgroups or by applying the
novel computational methods on the ingroup
phylogeny, and that an automatic classification
of the current sequences into subclasses is also
challenging [43]. These observations indicated
that while some insight into the evolution and
spread on COVID-19 can be provided by phylogenetic analyses, the results of such analyses should be considered and interpreted with
extreme caution [43].
Another important notion is that not all
SARS-CoV-2 mutants are equal, with some of
them being classified as Variants of Concern/
Interest (VOC/I) because of their greater health
risks associated with enhanced transmissibility and/or severity, immune escape, diagnostic
and/or treatment failure, and reduced vaccine
efficacy (https://www.who.int/publications/m/
item/covid-19-weekly-epidemiological-update).
These variants can be considered as pandemics within the pandemic [44]. Obviously, bioinformatics approaches, including literature
mining, are required to acquire information on
emerging VOC/Is. Recent analysis showed that
the frequency of VOC/Is is increasing globally,
thereby reflecting the continuous adaptation
of this virus to transmission in humans. These
variants represent a serious challenge to pandemic management achieved through a herd
immunity approach, and their prevalent existence indicates the need for updates of existing
vaccines [44].
11.4 COVID-19 AND A MULTI-OMICS
APPROACH: SOME GENERAL
CONSIDERATIONS
COVID-19 is a complex pandemic, and there is
no single research tool that would allow one
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to disentangle the transmission mode of viral
pathogens, decipher specific alterations of
the biological pathways needed for viral survival, and understand all the intricacies of the
host immune response to the virus. Solving all
COVID-19–related mysteries and understanding the pathobiology of SARS-CoV-2 in humans
require a complex multi-omics approach, where
various high-throughput “omics” technologies,
such as protein microarrays, genomics, proteomics, metabolomics, and microbiomics play
a central role. In fact, integration of machine
learning (ML), i.e., complex computer algorithms capable of self-improvement following
the input of relevant data; artificial intelligence
(AI), i.e., computer systems that are able to perform tasks generally needing humans, such
as decision-making; and big data into “omics”
opens new, fast, practical, and efficient ways to
collect, integrate, and process massive volumes
of information [45].
These approaches constitute the next-
generation computational tools and technological resources for unraveling the mechanistic
pathways of viral infection [46]. Such multiomics tools and studies can be used to prepare
and guide lab-based investigations. Illustrative
examples are given by the in-depth proteome
analysis using mass spectrometry (MS)-based
proteomics and the MS-based metabolomics
[46], as various diseases are associated with
distorted metabolomics, and viral infection can
alter host metabolism for viral survival and
reproduction [47]. The success of this combined
proteomics–metabolomics approach is based
on the premises that an altered biomolecule
profile promotes a better understanding of the
altered biological pathways, which leads to a
better comprehension of the complex COVID-19
pathogenesis [48]. Among the omics-based technological platforms that can be used for finding
proteome biomarkers with disease diagnosis or
prognosis value are plasma/serum proteomics,
nasopharyngeal swab/gargle proteomics, postmortem sample proteomics, urine proteomics,
and cell line model proteomics [48].
On the other hand, metabolomics studies on
plasma and serum biospecimens can provide
useful information on SARS-CoV-2-promoted
alterations of various metabolites that can be
used as specific metabolite biomarkers [48].
Further, proteomics tools can provide information on novel biomarkers of the innate
and adaptive immune response [48]. Obviously,
an integrated view of perturbations in host
responses at both the proteome and metabolome levels can be generated by meta-analysis
of all available information and integration of all
these proteomics and metabolomics data into a
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common picture [48]. An illustrative example of
the successful use of such meta-analysis is given
by a recent study, where bioinformatics tools
were used to decipher alterations in the immune
response, fatty acid, and amino acid metabolism and other pathways associated with SARSCoV-2 infection [48].
An interesting recent development comprises
the emergence of the computational immune
proteomics, immunoinformatics, that “makes
use of tailored bioinformatics tools and data
repositories to facilitate the analysis of data from
a plurality of disciplines and helps drive novel
research hypotheses and in silico screening investigations in a fast, reliable, and cost-
effective
manner” [49]. Immunoinformatics was used to
target the most promiscuous antigenic epitopes
from the SARS-CoV-2 proteome for acceleration
of the vaccine development process [46].
Stukalov et al. used a multi-omics approach
in a concurrent study of SARS-CoV-2 and
SARS-CoV in order to obtain a holistic view
of virus–host interactions and to define the
pathogenic properties of these viruses [50]. This
multilevel proteomics analysis not only generated the interactomes of both viruses, but also
characterized their effects on the proteome,
transcriptome, ubiquitinome, and phosphoproteome [50]. Subsequent projection of these data
on to the global network of cellular interactions
discovered the presence of crosstalk between
the infection-induced perturbations at different
levels, identified specific and common features
in the molecular mechanisms of these CoVs, and
discovered multiple hotspots that could be targeted by existing drugs or be utilized for guiding rational design of virus- and host-directed
therapies [50].
In their multi-omics analysis of hospitalized
COVID-19 patients, Sullivan et al. integrated the
outputs of the whole blood transcriptome,
plasma proteomics with two complementary
platforms, cytokine profiling, plasma and red
blood cell metabolomics, deep immune cell
phenotyping by mass cytometry, and clinical
data annotation in the multi-dimensional computational online researcher portal, COVIDome
Explorer [51]. This portal represents a useful tool
for multi-omics analysis and visualization of the
data in real time, which can accelerate data sharing, hypothesis testing, and discoveries in the
COVID-19 field [51].
Willforss et al. elaborated the OmicLoupe
software for visual data exploration across multiple omics datasets that provides more than 15
interactive cross-dataset visualizations for
omics data [52]. The utility of this tool for
SARS-CoV-2 research was demonstrated by the
identification of gene products with consistent

expression changes across datasets at both the
transcript and protein levels [52].
Stephenson et al. reported the results of their
single-cell multi-omics analysis of the immune
response in COVID-19 [53]. This study integrated the outputs of single-cell transcriptome,
surface proteome, and T and B lymphocyte
antigen receptor analyses of peripheral blood
mononuclear cells from patients with varying severities of COVID-19. It showed that the
coordinated immune response contributes to
the COVID-19 pathogenesis, and those discrete
cellular components potentially serving as targeted for therapy can be identified [53].
11.5 DEEP LEARNING AND ARTIFICIAL
INTELLIGENCE IN COVID-19
RESEARCH
Artificial Intelligence (AI) has found a number
of great applications in tackling scientific problems from different angles and in many aspects.
AI is an evidence-based tool that can deal with
multi-dimensional data-rich frameworks, help
to build models used in prediction–validation
workflows, and improve drug discovery and
repositioning [54, 55]. Important components
of AI are machine learning (ML), a method of
data analysis where analytical model building
is automated, based on the idea that systems
can learn from data, identify patterns, and make
decisions with minimal human intervention;
and deep learning (DL), a part of ML based on
artificial neural networks with representation
learning, where the AI neural networks with
multiple hidden layers are capable of learning
unsupervised from data that are unstructured
or unlabeled. The more DL platforms learn,
the better they perform. An important advantage of DL is its exceptional adaptability in the
design of neural systems it can utilize. In fact,
DL can use repetitive neural networks (RNNs),
convolutional neural networks (CNNs), deep

belief networks (DBNs), and completely associated feed-forward systems [54].
Handling massive SARS-CoV-2- and COVID-19–
related data generated since the b
eginning of
the pandemic (e.g., as of May 24, 2021, there
were almost 140,000 PubMed publications dealing with SARS-CoV-2 or COVID-19), clearly
requires AI help [54–56]. For example, based on
many similarities between the SARS-CoV-2 and
SARS-CoV viruses and the existing data that
caused SARS, AI models can be created to predict drug structures that could potentially be
used to treat COVID-19 patients [57]. Zhu et al.
developed an integrative, antiviral drug repurposing 
methodology that implemented a systems 
pharmacology-based network medicine
platform and was able to quantify the interplay
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between the human CoV-host interactome and
drug targets in the human protein–protein
interaction network [58]. Various aspects of AI,
ML, and DL applications in SARS-CoV-2 and
COVID-19 research are presented in a recent
comprehensive review by Tayarani [56].
11.6 DRUG DISCOVERY
A rigorous search for potential drugs to treat
and prevent SARS-CoV-2 infection was conducted by many researchers utilizing both
computational methods and experimental techniques, and enormous efforts have been made
to identify potent drugs for COVID-19 based on
drug repurposing and finding potential novel
compounds from ligand libraries, natural products, short peptides, and RNAseq analysis [59].
In general, various entities with different levels of structural and organizational complexity can serve as drugs [60]. These entities could
be small chemical compounds and (stapled)
peptides [61–69], various therapeutic proteins
such as antibodies or nanobodies [70–81], vaccines [82, 83], and even entire cells [84–86].
Computer-aided drug discovery represents an
important means of enabling cost- and timeefficient development of new drugs and targetspecific drugs to combat any disease, including
COVID-19. Computational approaches in drug
discovery are traditionally focused on finding
targets for drug design and on identifying lead
compounds. In application to viral infections,
the search for drug design targets can be further subdivided into identification of viral and
host targets. The sections below briefly introduce some of the computational methods used
in these endeavors. It is worth noting, however,
that most of the computer-aided drug discovery
tools require knowledge of the structure of various target proteins present in SARS-CoV-2, or
the structures of target host proteins.
11.6.1 Search for Potential Drug Targets
11.6.1.1 Viral Targets
Obviously, efficiency of a drug as a potent antiviral agent capable of specific elimination of a
pathogen can be ensured by targeting viral
proteins. Therefore, the discovery of novel viral
targets for anti-COVID-19 drugs using computer-aided drug discovery tools requires
knowledge of the structure of the virus, structure of viral proteins, and an understanding of
the functions of these proteins and their roles in
the viral life cycle, where drugs might act at different stages of the infection (for example, viral
attachment, entry, replication, assembly, and
dissemination) [60, 63, 87–93]. It is clear that in
the search for therapeutic options for COVID-19,
any SARS-CoV-2 enzymes and proteins involved
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in viral replication and the control of host cellular machineries should be considered as potential drug targets [60, 87].
All structural SARS-CoV-2 proteins, i.e., the
spike (S) glycoprotein, envelope (E) protein,
membrane (M) protein, and the nucleocapsid
(N) protein, can be targeted by drugs. This is
because in addition to their obvious role in the
formation of the viral particle, all of them have
a multitude of functions at different stages of
the viral life cycle. For example, S is crucial for
virus pathogenesis and organ tropism, as it is
involved in attachment and viral entry through
receptor recognition and membrane fusion [94].
Despite being the smallest of the CoV structural
proteins, E is crucial for virus assembly, budding, envelope formation, and virulence [95].
The capability of M to bend membranes defines
the role of this protein in the promotion of viral
assembly [96]. Finally, because of the capability
of N to interact with genomic RNA and viral M
protein during virion assembly, this structural
CoV protein is responsible for packaging of the
RNA into nucleocapsids, a ribonucleoprotein
complex required for genome protection, and
plays a critical role in enhancing the efficiency
of virus transcription and assembly [97].
Among the 16 SARS-CoV-2 non-structural
proteins (NSPs), the primary drug targets are
the main protease (3CLpro, NSP5), the papainlike protease (PLpro, NSP3), and the RNAdependent RNA polymerase (RdRp, NSP12),
in complex with cofactors NSP7 and NSP8, the
methyltransferase-stimulatory factor NSP16NSP10 complex, the NSP9-binding protein,
the endoribonuclease NSP15, for which crystal
structures are known, and the NSP13 helicase,
because of its crucial role in the replication–
transcription complex of CoVs that catalyzes the
separation of duplex oligonucleotides into single strands in a nucleotide triphosphate (NTP)
hydrolysis-dependent manner [87].
Based on the presumption that the extremely
highly conserved regions of SARS-CoV-2 proteins (i.e., regions recognizable across many
viruses and organisms) may serve as important
targets, being related to crucial functions and
less likely to exhibit escape mutations that would
make them resistant to vaccines and therapeutic
agents, Robson et al. conducted a comprehensive
search for such regions in all open reading frames
of SARS-CoV-2 [98]. This analysis revealed the
presence of such an extremely highly conserved
motif in the SARS-CoV-2 NSP3. This motif is
related to the highly conserved structural module known as the macro domain, which is broadly
distributed across various organisms, including
humans [98]. The authors also pointed to the presence of three especially conserved subsequences,
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VVVNAANVYLKHGGGVAGALNK, PLLSAGIFG,
and LHVVGPNVNKG, in NSP3 [98].
Another interesting set of viral drug targets
comprises viroporins, viral proteins capable of
ion-channel formation. In SARS-CoV-2, such
viroporins are the envelope protein E (ORF4a,
which, being smallest of CoV structural proteins, is an integral membrane protein embedded in the envelope bilayer membrane), ORF3a
(a 274-amino acid–long viral ion-channel protein involved in viral release, inflammasome
activation, and cell death), and ORF8 (a cysteine-rich 29-amino acid single-passage transmembrane peptide), which are utilized by the
virus to take control of the endoplasmic reticulum–Golgi complex intermediate compartment
(ERGIC) [99]. Furthermore, the E and ORF3a
proteins are highly promiscuous binders that
can interact with more than 400 target proteins
in infected host cells because of the presence of
a PDZ-binding domain [99].
An important notion was recently voiced by
Grenga and Armengaud who, based on the analysis of numerous proteomics studies of SARSCoV-2, indicated that the “molecular machinery
of SARS-CoV-2 is much more complex than
initially believed, as many post-translational
modifications can occur, leading to a myriad of
proteoforms and a broad heterogeneity of viral
particles” [100]. Obviously, such structural heterogeneity should be taken into account not only
in the detection of SARS-CoV-2, but also in the
development of new antiviral drugs.
11.6.1.2 Search for Potential Host Targets
of Viral Proteins
Selection of host proteins as drug targets
and/or the discovery of drug candidates
depends on the knowledge of the SARS-CoV-2/
human interactome [101–103]. MS-assisted proteomics represents an important means for a
better understanding of the roles of viral and
host proteins during SARS-CoV-2 infection,
their 
protein–protein interactions, and posttranslational modifications. Bittremieux et al.
describe freely available data and computational
resources that can be used to facilitate mass spectrometry-based analysis of SARS-CoV-2 [104].
Important information on the potentially druggable host proteins and the molecular mechanisms at play during infection can also be
retrieved from the comparisons of SARS-CoV-2
with other viruses [105].
Obviously, the host receptor(s) responsible for
virus binding should be considered as primary
target(s) for drug development, since blocking
or disturbing virus-receptor interactions should
reduce or prevent virus entry. In COVID-19, the
main virus receptor is angiotensin-converting

enzyme 2 (ACE2), whose activity is related to
the renin–angiotensin system (RAS) involved
in the maintenance of blood pressure homeostasis, and fluid and salt balance [106]. Another
important host target is transmembrane serine
protease 2 (TMPRSS2), as following receptor
interaction, specific cleavage of viral S protein
at the S1/S2 site by this protease can activate
the virus–host cell membrane fusion for subsequent genome delivery [107]. The S protein
of SARS-CoV-2 contains a specific multi-basic
furin-like cleavage site [108, 109], which is not
found in other CoVs [110]. Furin, which is a
type 1 membrane-bound protease from the
subtilisin-like proprotein convertase family
expressed in multiple tissues, serves as another
attractive drug target [87]. It was pointed out
that while the furin-like enzymes play a pleiotropic role in a large number of cellular processes, drugs targeting this protein might show
noticeable side effects [111].
Cathepsin L, which is involved in SARSCoV-2 endocytosis entry [112], serves as one
more potential therapeutic option for COVID-19
[113]. The main entry pathway for SARS-CoVs
is receptor-mediated endocytosis, in which
adaptor-associated kinase 1 (AAK1) and cyclin
G-associated kinase (GAK) play key roles in
receptor-mediated endocytosis and clathrinmediated trafficking, respectively. Since AAK1
and GAK regulate intracellular viral t rafficking
during entry, assembly, and release of RNA
viruses, inhibition of their activity represents
a promising therapy for COVID-19 [87].
Phosphatidylinositol-3,5-bisphosphate (PI(3,5)
P2) synthesized in late endosomes by the phosphatidylinositol 3-phosphate 5-kinase (PIKfyve)
regulates the dynamic process of endosome
maturation [114, 115]. Therefore, inhibition of
PIKfyve represents a useful strategy to modulate infection by SARS-CoV-2 and viruses that
enter through endocytosis [116].
Novel host proteins that can serve as potential targets for the anti-SARS-CoV-2 drugs can
be found based on careful analysis of currently
available literature. For example, Parkinson
et al. conducted a dynamic ranking of host genes
implicated in the infection by human betacoronavirus (MERS-CoV, SARS-CoV, SARS-CoV-2,
and seasonal CoVs) using Meta-Analysis by
Information Content (MAIC) [117]. This analysis
generated a comprehensive ranked list of host
genes implicated in COVID-19, where one can
find PPIA encoding druggable cyclophilin A, as
well as several prognostic factors (CD3E, CD4,
and CXCL10) and investigational therapeutic
targets (for example, IL1A) [117].
Jaiswal et al. emphasized the importance of
using systems biology approaches and integration
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of multiple omics (transcriptomics, proteomics,
genomics, lipidomics, immunomics, and in
silico computational modeling) while 
dealing
with analysis of host–virus interactions in search
of potential therapeutic targets against the
COVID-19 [118].
Finally, the utility of the Eukaryotic Linear
Motif (ELM) resource (http://elm.eu.org/), which
is capable of finding short linear motif (SLiM)
candidates in intrinsically disordered regions of
host target proteins such as ACE2 and integrins,
was emphasized by Meszaros et al. [119]. This
analysis revealed the presence of a multitude of
such motifs with potential roles in endocytosis,
membrane dynamics, autophagy, cytoskeleton,
and cell signaling, and indicated that such motifs
can be used for establishing molecular links and
generating testable hypotheses pertaining to the
molecular mechanisms of SARS-CoV-2 attachment, entry, and replication [119].
11.6.2 Structure-Based Drug Design
11.6.2.1 Structural Bioinformatics
The major role of structural biology and structural bioinformatics is defined by the ability
of the corresponding techniques to provide
key information on the 3D structures, define
critical residues/mutations in SARS-CoV-2, and
host proteins that can be implicated in infectivity, molecular recognition, and the capability of target proteins to be engaged in a broad
range of interactions [120]. A structure-guided
drug design relies on the detailed understanding of viral proteins and their complexes with
host receptors and candidate epitope/lead compounds. In addition to the experimental determination of structures of several SARS-CoV-2
proteins, multiple specialized structural bioinformatics tools, and resources have been elaborated for building theoretical models, analysis
of structural dynamics by computer simulations, and evaluation of the impact of variants/
mutations and molecular therapeutics on target
structure and dynamics [120].
One can find information pertaining to exper
imentally determined structures of SARS-CoV-2
proteins in the PDB [121] that assembled all
COVID-19/SARS-CoV-2 related resources to the
dedicated platform RCSB.org/covid19, containing over 1,220 structures of SARS-CoV-2 proteins. Figure 11.2 shows the architecture of the
SARS-CoV-2 genome and proteome and represents illustrative examples of experimentally
determined 3D structures of SARS-CoV-2 proteins. Predicted 3D structures of SARS-CoV-2
proteins are presented in various repositories,
such as Coronavirus3D [122], SWISS-Model [123],
Aquaria [124], the Krokin lab repository [125],
and Kiharalab (http://www.kiharalab.org/
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covid19/index.html). Additional SARS-CoV-2related sources, such as CASP_Commons
(https://predictioncenter.org/caspcommons/)
and CAPRI COVID-19 open science initiative,
were started by CASP (Critical Assessment
of protein Structure Prediction) and CAPRI
(Critical Assessment of Predicted Interactions),
respectively.
Multiple repositories for storage of the molecular trajectories generated by simulations involving SARS-CoV-2 proteins have been developed
[120]. Some of these resources are CHARMM
COVID library of Wonpil Im (http://www.
charmm-gui.org/?doc=archive&lib=covid19),
the SIRAH-CoV-2 initiative by Sergio Pantano (https://www.cluster.uy/web-covid/), the
COVID-19 molecular structure and therapeutic
hub by MOLSSI, BioExcel (https://covid.molssi.
org/), and the long simulation trajectories generated by D.E. Shaw Research using Anton-2 supercomputers (https://www.deshawresearch.com/
downloads/download_trajectory_sarscov2.cgi/).
11.6.3 Search for Potential Drug Leads
11.6.3.1 Docking and Virtual Screening
Traditional structure-based drug discovery
applies the computational ligand-receptor–
binding modeling and virtual screening, whereas
the stability of the resulting ligand-protein complexes is confirmed by molecular dynamics simulation. All potentially druggable SARS-CoV-2
proteins were subjected to these analyses, and the
number of computational studies dedicated to
finding potential drugs targeting these proteins is
mounting. For example, Hosseini et al. conducted
molecular docking and virtual screening of 1,615
FDA-approved drugs on the binding pocket of
SARS-CoV-2 MPro, PLPro, and RdRp proteins
[127]. The authors used AutoDock Vina, Glide,
and rDock followed by MD simulation using
GROMACS on the top inhibitors and identified
six novel ligands as potential inhibitors against
SARS-CoV-2, such as antiemetics rolapitant and
ondansetron for Mpro; labetalol and levomefolic
acid for PLpro; and leucal and antifungal natamycin for RdRp [127]. Chourasia et al. investigated in silico binding of epigallocatechin gallate
(EGCG), and other catechins to SARS-CoV-2 proteins and identified p
 apain-like protease protein
(PLPro) as a binding partner [128].
11.6.3.2 Computational Drug Repurposing
Drug repurposing or repositioning represents
one of the more efficient approaches for finding
potential therapeutics via identification of new
applications for existing drugs at a lower cost
and in a shorter time [129–139]. In applications to
SARS-CoV-2, computational d
 rug-repositioning
approaches can be grouped into network-based
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Figure 11.2 Architecture of the SARS-CoV-2 genome and proteome, including non-structural
proteins derived from Pp1a and Pp1ab (NSPs, shades of blue), virion structural
proteins (pink/purple), and open reading frame proteins (ORFs, shades of green).
Polyprotein cleavage sites are indicated by inverted triangles for papain-like proteinase (PLPro, black) and the main protease (NSP5, blue). The double-stranded RNA
substrate-product complex of the RNA-dependent RNA polymerase (shown as the
NSP7-NSP82-NSP12 heterotetramer, and separately with only NSP12) is color coded
(yellow: product strand; red: template strand). Transmembrane portions of the S protein are shown in cartoon form (pink).
Source: Reproduced from [126].
models, structure-based approaches, s ignaturebased approaches, molecular docking, genomewide association studies (GWAS), and AI approaches [130, 140]. In signature-based drug
repositioning, high-
throughput omics data
(transcriptomic, proteomic, or metabolomic),
as well as molecular structures, and adverse
effect profiles are used to compare the pattern of
gene expression profiles of a drug against gene
expression profiles of another drug (i.e., drug–
drug comparison), disease (i.e., drug-
disease
comparison), or clinical phenotype [141]. In
molecular docking, which is an important component of the structure-based drug repurposing
(SBDR) techniques [142], unknown interactions
between receptor target and leads are discovered by screening of compound libraries against
targets to discover candidates for drug repurposing processes [143]. The network-based and
pathway-based drug repurposing relies on the
construction of biological networks by using
different data types, such as disease pathology,
gene expression patterns, and protein interactions [144]. The differences in genetic material
related to common diseases that can be found

by GWAS generate an important knowledge
that can give rise to repurposing of drugs [145].
Since earlier studies of viruses from the
Coronaviridae family established several viral
proteins, such as RdRp, Mpro (also called 3CLpro),
and PLpro as candidate drug targets, the homologue proteins from SARS-CoV-2 were utilized
in drug repurposing studies [140]. A few illustrative examples of successful use of computational
drug repurposing for COVID-19 are given below.
Efliky reported that RdRp of SARS-CoV-2 can be
targeted efficiently by several FDA-approved
drugs, such as IDX-184, remdesivir, ribavirin,
and sofosbuvir [146]. According to Krishnan et
al., SARS-CoV-2 endoribonuclease NSP15 can be
potentially inhibited by eight compounds from
a set of 3,978 compounds with antiviral properties retrieved from the Enamine database [147].
Mark et al. docked 970,000 chemical compounds
obtained from the ZINC database and Enamine
library to SARS-CoV-2 helicase NSP13 and
found that lumacaftor and cepharanthine can
serve as inhibitors of this protein [148].
Tomazou et al. elaborated a network-based platform integrating multi-omics and multi-source
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publicly available data from patients, cell lines,
and databases to prioritize the most important
COVID-19–related genes [149]. This multiplex
drug repurposing approach generated a highly
informed integrated drug shortlist, which, in
addition to the known potential drugs such as
dexamethasone and remdesivir, included inhibitors of Src tyrosine kinase (bosutinib, dasatinib,
cytarabine and saracatinib), specific immunomodulators and anti-inflammatory drugs, such as dactolisib and methotrexate, as well as inhibitors of
histone deacetylase: for example, hydroquinone
and vorinostat [149]. In another multi-target SBDR
study, Wu et al. identified 21 viral and host proteins, such as NSP1, NSP3b, NSP3c, PLpro, NSP3e,
3CLpro, NSP7-NSP8 complex, NSP9, NSP10,
NSP12/RdRp, NSP13/helicase, NSP14, NSP15,
NSP16, ORF7a, Spike, NNRBD, NCRBD, Envelope,
ACE2, and TMPRSS2 as potential drug targets
[150]. Docking compounds from the ZINC database to these proteins revealed that several drugs
from different groups, such as anti-asthmatic,
antibacterial, and antiviral classes can serve as
candidate medicines for treating COVID-19 [150].
11.6.3.3 Phytochemicals and Natural
Products
An immense supply of products is provided by
nature, and many of these natural products and
their derivatives have been used for the control
and prevention of various diseases, including
viral infections [151–160]. It has been pointed
out that various herbal-based compounds can
potentially inhibit SARS-CoV-2 infectivity by
blocking the host ACE2 receptor or interrupting the activity of various viral proteins, such
as the S protein, 3CLpro, PLpro, helicase, and
RdRp [151]. Swain et al. conducted an exhaustive literature search for studies on phytochemicals with reported anti-CoV activity and used
the ChemMine tool (https://chemminetools.
ucr.edu/) to perform hierarchical clustering
analysis of all selected phytochemicals [161].
As a result, 78 phytochemicals with reported
CoV activity were found and classified into six
clusters. At the next stage, these compounds
were docked to 3CLpro. This analysis revealed
that the most potent compound from each cluster (abietane, epigallocatechin gallate/EGCG,
homoharringtonine, tomentine E, papyriflavonol A, and scutellarein) showed similar binding
affinity to 3CLpro as two existing repurposed
FDA-approved drugs, lopinavir and ritonavir
[161]. Raimundo et al. emphasized the importance of ethnopharmacology in drug discovery
by conducting a search for articles addressing
plant-based natural products, plant extracts,
and essential oils as potential anti-SARS-CoV-2
agents, followed by the principal component
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analysis (PCA) of their Chemometrics descriptors [162]. The study revealed that 29 medicinal
plant species and more than 300 isolated substances can serve as potential anti-CoV agents
[162]. It is important to keep in mind that most
studies on plant-based drugs typically rely on
empirical and anecdotal experiences and not
on thorough clinical evaluation. Further, one
should remember that despite the enormous
potential of computational and bioinformatics
approaches, the “real deal” is to test plant-based
drugs in vitro and in vivo.
11.6.3.4 Dietary Supplements and
Functional Foods
Li et al. suggested that the prevention and management of COVID-19 can be enhanced via the
development of specific dietary supplements and
functional foods [163]. This is based on the idea
that there is a great variety of edible and medicinal plants and/or natural compounds that show
potential benefits in managing the SARS-CoV
(and potentially SARS-CoV-2) infection, with
many plants and natural compounds being proposed to be protective against COVID-19 [163].
Since this information is based on data-driven
approaches and computational chemical biology techniques, bioinformatics plays a crucial
role in finding promising candidates of edible
and medicinal plants for the prevention and
management of COVID-19 [163]. The authors
also indicated that some of these natural compounds (such as acetoside, glyasperin, isorhamnetin, and several flavonoid compounds) can
represent bioactive dietary components, which,
being used either alone or in combination, can
serve as the foundation for the development
of dietary supplements or functional foods for
managing COVID-19 [163].
11.6.4 Computational Polypharmacology
It is now recognized that the desired effects of
most therapeutics are exerted via modulation of
multiple targets and pathways [164–167], whereas
severe side effects can sometimes be associated
with the excessive selectivity of a drug for a
single target [168]. Moreover, it deals with pharmaceutical agents characterized by the promiscuous binding to multiple targets and acting on
multiple disease pathways, thereby generating
different phenotypic or pharmacological effects
[167]. Polypharmacology deals with multi-target
binding, drug off targeting, and molecular promiscuity, and thereby opposes the “single drug,
single target” approach. Therefore, polypharmacology has emerged as a powerful alternative
paradigm for development of versatile therapeutic agents capable of modulating multiple biological targets simultaneously, often displaying
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higher efficacy, less resistance, and an improved
safety profile [169]. It is important to emphasize
that, while in the past the identification of multitargeting agents has largely been fortuitous and
serendipitous, recent advances in computational
sciences enable rational design of drug polypharmacology (reviewed in [167, 170, 171]). Since
a single therapeutic can act on multiple targets
and a single target can be affected by multiple
therapeutics, one can differentiate ligand-based
and target-based polypharmacology, whereas
network pharmacology integrates multi-omics
technologies and systems biology for drug discovery and development [172].
In applications for COVID-19, several studies
reported a polypharmacology nature of action
of analyzed leads. For example, Omotuyi et al.
showed that several secondary metabolites
from Aframomum melegueta can bind efficiently
to host furin and several SARS-CoV-2 proteins in a polypharmacological manner [173].
Molecular docking analysis of 688 phase III,
and 1,702 phase IV clinical trial drugs binding
to the SARS-CoV-2 PLpro, found a set of covalent
and non-covalent inhibitors showing potential
multi-target activities and possessing desirable polypharmacology profiles [174]. Similarly,
Pinzi et al. conducted in silico screening (docking) of 13,227 compounds from the DrugBank
database and identified 22 candidates showing
putative SARS-CoV-2 Mpro inhibitory activity,
with some candidates possessing a polypharmacology profile [175]. Kumar et al. conducted
a bioinformatics-based screen of FDA approved
drugs against nine SARS-CoV-2 proteins and
human proteins, whose expression in the lung
changed during SARS-CoV-2 infection and
identified 74 molecules that can bind to various
SARS-CoV-2 and human host proteins [176].
11.6.5 Target Prioritization
Several aspects can be considered when one is
dealing with target prioritization. In fact, drug
leads can be prioritized based on their goals,
such as whether they should hit one target
or several targets in a pathway [60, 177–184],
whereas prioritization of targets often involves
the identification of druggable or ligandbinding pockets, such as binding cavities, hotspots, and cryptic sites [185–191].
11.7 MICROBIOME ANALYSIS
The human microbiome represents an important type of omics that has gained exponentially increased attention since the year 2000.
This is because of its vast size (in comparison
with 20,000–25,000 protein coding genes in
the human genome, the microbiome found in
the human gut is estimated to contain many

millions of microbial genes), highly dynamic
and changeable genetic diversity [38], and the
very important roles that microbiota play in
food digestion, regulating the immune system,
protecting against potentially pathogenic bacteria, and producing various vitamins such as
vitamin B12, thiamine, riboflavin, and vitamin K.
Therefore, the microbiome is a crucial component of human well-being and illness in general
[192] and may play an important role in SARSCoV-2 infections (e.g., a proper gut microbiota
may influence disease severity [193]).
Since the human microbiome biodiversity,
which is studied by metagenomics and associated bioinformatics methods and tools, can
change in response to illness, analysis of the gut
microbiome in COVID-19 patients can provide
useful information for fighting SARS-CoV-2
infections and disparity. These studies aim at
understanding how the gut microbiome is influenced by or affects the SARS-CoV-2 and utilizes
various metagenomics bioinformatics platforms
and tools [192]. Based on a comprehensive
review of the available information on the gut
microbiome of COVID-19 patients it was pointed
out that the microbiota of COVID-19 patients is
enriched in opportunistic microorganisms, suggesting that microbiome profiling can be used
for diagnosis [192]. It was also pointed out that
in COVID-19 patients, an altered gut microbiota
and its associated leaky gut may contribute to
the onset of gastrointestinal symptoms and
occasionally to additional multi-organ complications that may lead to severe illness by
allowing leakage of the causative CoV into the
circulatory system [193].
11.8 VACCINE DEVELOPMENT
Although vaccine development has traditionally
used the “trial-and-error” approach, computational vaccinology constitutes a promising development that can facilitate vaccine design and
speed up this long and costly process. Russo et al.
indicated that a combination of AI and systems
biology represents a very promising direction
for the intelligent anti-COVID-19 vaccine design
[194], whereas Hwang et al. emphasized that
computational tools have been applied successfully as a part of the reverse vaccinology approach
for SARS-CoV-2 vaccine development, where
they were used for antigen selection, and epitope,
toxicity and allergenicity predictions [195].
Structure-based reverse vaccinology [196, 197]
represents an important constituent of rational vaccine design, which attempts to produce a vaccine using information from the
observed crystallographic structure of neutralizing monoclonal antibodies (mAbs) bound to
their complementary epitopes. Such structural
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vaccinology represents a way to facilitate rational design of better antigens able to act as vaccine immunogens. The reverse computer-based
vaccine engineering methodology utilizes the
available structures of pathogenic proteins and
antigen-antibody complexes and uses docking
and modeling studies to predict epitopes to
reconstruct an epitope capable of mAb binding.
The structure of mAb is used as a template in a
process similar to rational drug design, where
the 3D structure of a biological target is used for
designing molecules capable of selective binding to and specific inhibition of the biological
activity of a target molecule [198].
Furthermore, successful epitope identifications can be achieved as a result of the recent
advancements in B cell and T cell epitope predictions by bioinformatics analysis [199]. This
computational approach represents an important complement to the experimental search for
immunodominant epitopes that relies on the
evaluation of peptides representing the epitopes
from overlapping peptide libraries, which can
be costly and labor-intensive. The importance
of this field of study is further illustrated by the
steady increase in the interest in the linear B-cell
epitope (BCE) predictions, which is reflected in
the development of several B-cell epitope prediction methods [200].
Recently, Galanis et al. analyzed the performance of several most widely used linear
B-cell epitope predictors, such as BcePred,
BepiPred, ABCpred, COBEpro, SVMTriP, LBtope,
and LBEEP, and developed a consensus classifier, BepiPred-2.0, which accelerates the epitopebased vaccine design by combining the separate
predictions of these methods into a single output [200]. Yang et al. used DL in designing their
DeepVacPred predictor containing BepiPred-2.0,
SVMtrip, ABCPred, and BCPREDS for successful linear BCE prediction of the SARS-CoV-2 S
protein [82]. Crooke et al. developed a computational workflow using a series of open-source
algorithms and webtools to identify putative T
cell and B cell epitopes in the SARS-CoV-2 proteome [201]. Application of this tool to all structural, non-structural, and accessory proteins
from SARS-CoV-2 revealed the presence of 41
T cell epitopes (5 HLA class I, 36 HLA class II)
and 6 B cell epitopes that could serve as potential
targets for peptide-based anti-COVID-19 vaccine
development [201]. Noorimotlagh et al. used bioimmunoinformatics to screen the SARS-CoV-2derived B-cell and T-cell epitopes within the
basic immunogenic regions of the SARS-CoV-2
proteins, and found a set of inferred B cell and
T cell epitopes in the S and N proteins with high
antigenicity and without allergenic properties or
toxic effects [202].
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In contrast to the frequently employed
structure-based reverse vaccinology, Goh et al.
focused their attention on the computational
evaluation of the correlation between the intrinsic disorder status of the N and M proteins
forming the viral shell and the transmission
mode [203]. Based on the detected correlations,
it was proposed that, by influencing the intrinsic disorder status of their N and M proteins, a
novel strategy for vaccine development could be
developed [203].
11.9 SEARCH FOR BIOMARKERS
While detection of SARS-CoV-2 relies on the
search for SARS-CoV-2 RNA (RT-PCR) and specific host immunoglobulins, and proteins associated with blood coagulation (D-dimer), cell
damage (lactate dehydrogenase), and inflammatory responses (for example, C-reactive protein) have already been identified as possible
predictors of COVID-19 severity or mortality,
more biomarkers are needed to better understand various aspects of this complex disease,
including its severity or complications [204,
205], as well as the presence of long COVID or
post-COVID-19 syndromes [206]. Proteomics
approaches that are used for biomarker discovery should use techniques for comprehensive
data acquisition (such as MS) combined with
informatics approaches (for example, AI) to
extract information from large data sets [204].
Griffin and Downard emphasized the versatility
of MS-based proteomics analysis for identifying
host cell responses to SARS-CoV-2 infection,
identification of abundant peptides in clinical
specimens, and the analysis of viral protein glycoforms [207]. Fröberg and Diavatopoulos indicated that identification of mucosal biomarkers
associated with viral clearance is needed, since
such biomarkers will allow monitoring the
SARS-CoV-2 infection-induced immunity [208].
Dos Santos et al. indicated that because of the
potential link between the severity of SARSCoV-2 infections and genetic polymorphisms
in the population, one should look for specific
biomarkers indicating the presence of such
genetic polymorphisms in several host proteins,
such as HLA, ACE1, OAS-1, MxA, PKR, MBL,
E-CR1, FcγRIIA, MBL2, L-SIGN (CLEC4M),
IFN-γ, CD14, ICAM3, RANTES, IL-12 RB1, TNFα, CXCL10/IP-10, CD209 (DC-SIGN), AHSG,
CYP4F3, and CCL2 [209]. Genetic polymorphisms in several cytokine encoding genes (such
as IFNAR2, TNF, INF-γ, INF-β, IL-4, IL-1RN,
IL-6, IL-10, IL-12, IL-17, CXCL10, and CCL7)
can be related to the cytokine storm, emphasizing the need for using inflammatory cytokines
and chemokines as biomarkers that can provide
guidelines for decision-making and appropriate
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clinical management of COVID-19 [210]. Since
cardiovascular disease (CVD) and cardiac injury
represent risk factors for severe COVID-19, corresponding biomarkers of cardiac injury should
be taken into consideration during hospital stays
of COVID-19 patients [211].
The list of similar studies on various biomarkers reflecting different aspects of SARS-CoV-2
infection and COVID-19 is rapidly increasing.
This is a result of the very complex nature of
COVID-19, which is not a simple localized respiratory infection, but a multi-system disease
caused by a diffuse systemic process involving
a complex interplay of the coagulative, immunological, and inflammatory pathways and cascades [212]. It seems that almost all organs can
be affected by this infection, indicating the need
for finding multiple specific biomarkers that can
reflect development of COVID-19–associated
pathologies in at least major organs, such as
lungs and the respiratory system, heart, brain,
central nervous system, liver, kidneys, eyes, and
reproductive systems.
11.10 CONCLUSIONS
It is clear that modern science is at loss without
the systematic use of various computational
tools. There are also no doubts about the defining roles of bioinformatics and computational

biology in the successful development of various
branches of biology, such as biochemistry, biophysics, biomedicine, and pharmacology. This is
especially evident in the present days of havoc
generated world-wide by the COVID-19 pandemic. To a large degree, success in the research
on SARS-CoV-2 and COVID-19 is heavily dependent on the utilization of various computational
platforms, tools, and databases. New computational means for COVID-19–related research are
developed on a daily basis. New massive data
sets are systematically generated based on the
routine sequencing of samples from COVID-19
patients. One can find almost endless evidence
of the validity that bioinformatics and computational biology are at the heart of COVID-19
research. Figure 11.3 presents some of the roles
that bioinformatics and computational biology
can contribute to SARS-CoV-2 and COVID-19
research. This chapter describes only the tip of
the iceberg. In fact, analysis of PubMed using
“SARS-CoV-2 OR COVID-19” AND “bioinformatics OR computational biology” as search
terms generated 2,544 hits, which represent
1.8% of the 141,057 publications on SARS-CoV-2
or COVID-19. While it is clear that many more
important discoveries will be made through bioinformatics and computational biology, and their
novel tools and resources that help in generating

Figure 11.3 Some of the roles of bioinformatics and computational biology in SARS-CoV-2 and
COVID-19 research.
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and analyzing vital pieces of information, one
should keep in mind that computational studies
do not give rise to the final truth, and all in silico
data, indications and observations require careful in vitro and in vivo validation.
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Chapter 12

Nanomaterials in COVID-19 Drug Development

Alaa A. A. Aljabali, Ángel Serrano-Aroca, Kenneth Lundstrom, and Murtaza M. Tambuwala

12.1 INTRODUCTION
The current pandemic was first reported in
Wuhan, China, in December 2019 and is now
the deadliest outbreak ever since World War II,
with more than 243 million infections as a significant part is asymptomatic, and five million
casualties by October 2021 [1]. It is concerning that the global effect of this pandemic is
as yet not quite at the peak. Mainly because
of the compulsory isolation and shutdowns,
the human population is experiencing a crisis.
The financial system is now in danger, and if
the spread is not restricted, the situation will
worsen [2]. SARS-CoV-2, which is the cause of
the novel coronavirus disease (COVID-19), is a
threat to global health that is urgently in need of
advanced alternative treatments. In this context,
nanotechnology can play an important role. In
this chapter, the role of nanomaterials to counter the shortcomings of current antiviral and
biotherapeutic drugs will be addressed. Thus
nanomaterials in the form of engineered nanocarriers provide alternative robust and reliable
drug delivery strategies.
Furthermore, a broad range of nanomaterial
types has exhibited the ability to block initial
interactions between the viral spike glycoprotein
and host cell surface receptors and interrupts
virion formation. On the other hand, nanotechnology provides a safe and effective alternative
for COVID-19 vaccinations. Thus the first two
approved COVID-19 vaccines for human use are
based on nanoparticle-encapsulated mRNA.
12.1.1 Nanotechnology versus Coronavirus
In the absence of selective and effective treatment, it is necessary to search for alternative, non-
toxic treatments. While nanotechnology-based
techniques are used to construct vaccine delivery vectors, few other nanotechnology methods are being developed to address the current
pandemic. Throughout the context of therapies
and vaccines, attempts should systematically
present the nanotechnology application’s actual
state. The illness caused by SARS-CoV-2 is not
very distinct from many other serious diseases,
regarding interventional science, clinical progress, and challenges. We also need to study these
closely related therapeutic/vaccination techniques and related nanotechnology to rapidly
follow up on the latest studies employing reused
nanotechnology [3, 4]. The nano-carrier-based
150

treatment provides different approaches to overcome the shortcomings of existing antiviral therapy. Nanoprotein-based vaccines, the alteration
of their p
harmacokinetic/pharmacodynamic
features and dosage reduction, reduction of
toxicity and increased drug bioavailability, and
the preservation of suppressed viral spread are
significant problems as are weak aqueous solubility and low bioavailability. Effective, targeted
nanostructures could cross biological barriers
in reasonable viral reservoirs and reach sufficient therapeutic concentrations. Unique tissue, cell, and intercellular positions engaged in
SARS-CoV-2 pathogenesis may also be targeted,
such as ACE2 expressing cells, viral S protein
domains, cathepsin-binding sites, and various
other sites [5].
Several nanomaterials have been evaluated
against coronaviruses, including nanotubes,
nanowires, nanocrystals, nanosheets, nano
capsules, lipid-
based nanocarriers, carboxy
terminated quantum dots, silver nanoparticles,
gold nanoparticles, polymeric nanoparticles
(chitosan, poly lactic-
co-
glycolic acid (PLGA),
and poly(hydroxyethyl) methacrylate) and
carbon-
based nanomaterials [6, 7]. Iron oxide
nanoparticles (IONPs), previously approved by
the US Food and Drug Administration (FDA) for
anemia treatment, showed in docking experiments interaction with the receptor-
binding
domain (RBD) of the SARS-
CoV-
2 S protein,
which is anticipated to lead to conformational
changes and viral inactivation and therefore
serves as a potential approach for drug repurposing [8]. Furthermore, inorganic polyphosphate (polyP), a physiological polymer released
from blood platelets, can efficiently inhibit the
binding of the S protein to the ACE2 receptor [9].
Soluble silica/polyP nanoparticles significantly
inhibited the interaction of the S protein with
ACE2 at a concentration of 1 μg/ml, potentially
providing a novel strategy for the prevention
and treatment of SARS-CoV-2 infections in the
oropharyngeal cavity [9].
12.2 SCOPE OF NANOTECHNOLOGY
APPROACHES
Nanotechnology may contribute to combating
COVID-19 through different means, such as preventing viral contamination and spreading, by
developing personal protective equipment [10]
to improve the safety of health professionals,
DOI: 10.1201/9781003190394-12
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and to develop effective antiviral disinfectant
and surface coatings [11] capable of inactivating and preventing the spread of the virus, and
developing highly selective designs and delivery systems to boost therapeutic effectiveness.
Thus, for example, very recently, an antiviral
face mask filter capable of inactivating SARS-
CoV-2 in one minute of contact has been developed as a promising tool to combat the spread of
the COVID-19 pandemic [12]. The mask filter also
inactivated Gram-positive multidrug-resistant
bacteria such as Staphylococcus pneumoniae, contributing to the SARS-
CoV-
2-
mediated pneumonia disease complex. Moreover, antibiotic
resistance in pneumonia therapeutics is rising
at an alarming rate. Nanotechnology-
based
studies in the production of new materials open
prospects for self-cleaning surfaces. These mechanisms may be antimicrobial, or slow-
release
chemicals which can extend their time of action.
Additional properties including such receptive
structures may contribute to the production of
active substances in response to various stimuli,
such as photothermal, photocatalytic, or other
stimuli. According to the manufacturer, a disinfectant formulation for titanium dioxide and
silver nanoparticles, by the Nanotech Surface
Company enabled self-sterilization of surfaces
and was recently used to clean buildings in
Milan. Italy during the COVID-19 pandemic [13].
Many material moieties could be mounted
and transported by nanocarriers, including
antivirals, biologics, and nucleic acids. In the
context of viruses, nanocarriers with negative
amphiphilic structures display a full range of
inhibitory activities against viruses. It has been
demonstrated for herpes simplex virus (HSV),
though it should also be applicable to other
types of viruses [14]. This may be attributed to
the rapid treatment of membrane damage by the
mechanism of self-repair. Therefore it is considered that an excellent SARS-CoV-2 inhibitor
can be established with the principle of envelope rupture.
To succeed against SARS-CoV-2 it is necessary
to conjugate the right therapeutic candidate to
the right nanocarrier, which is intended to treat
a particular disease condition. This nanomedicine method must be used for all licensed reformulation and trial drug candidates, primarily
by resolving drug molecule limits and mitigating toxicity or side effects, to boost the therapeutic index. The nanomedicine systems currently
available for anticancer therapies should also be
considered to support this strategy [15]. The critical decision is to research and choose basic and
intelligent nanomedicine designs that adopt
nanosystems techniques to optimize the effect
of nanomedicines. Strategic recommendations

are of considerable significance, stressing the
right spheres and straightforward methods to
track COVID-
19 nanomedicine science quickly.
Several nanomaterial types such as carbon-based
nanomaterials (CBNs), polymeric nanoparticles,
dendrimers, and lipid-
based nanomaterials
have been proposed to combat COVID-19 [16]
(Figure 12.1).
12.2.1 Antiviral Metallic Nanomaterials
Copper-based nanomaterials (CuNPs) have been
used against SARS-CoV-2. The antiviral mechanism is based on virus inhibition by disrupting
the activity of specific viral proteins using Cu2+
ion-generated hydroxyl radicals located on the
surface of nanomaterials and in direct contact
with the viral surface [17]. CuNPs or copper
oxides (CuOs) are the most appropriate technique for destroying SARS-CoV-2 externally by
coating the mask materials with CuNPs.
Alternatively, iron oxide NPs have proven to
interact with the spike protein receptor-binding
domain (S1-RBD) of SARS-CoV-2, essential for
virus attachment to the host cell surface receptors [18]. Furthermore, the ability of iron oxide
nanomaterials to generate reactive oxygen species (ROS) holds great potential in the inactivation of the viral particles outside the host cell
and might have a role in preventing infections.
Other metallic nanomaterials such as those
based on silver, titanium, or zinc nanoparticles
or composite nanomaterials such as SiO2-Ag
have also shown broad-
spectrum solid anti
microbial properties, including antiviral activity against SARS-CoV-2 [19].
12.2.2 Carbon-Based Antiviral Nanomaterials
CBNs, such as fullerene, carbon dots, graphene,
and derivatives, promise to combat COVID-19
because they possess unique properties, broad-
spectrum antimicrobial properties, none or low
cytotoxicity, low-
r isk of microbial resistance,
and they are capable of inducing tissue regeneration. CBNs with low or no toxicity to humans
have shown antiviral activity against 13 enveloped positive-
sense single-
stranded RNA
viruses: human coronavirus (HCoV-229E), porcine reproductive and respiratory syndrome
virus, porcine epidemic diarrhea virus, human
immunodeficiency virus type 1 and type 2,
feline coronavirus, Japanese encephalitis, simian immunodeficiency virus, Moloney murine
leukemia virus, Zika virus, dengue virus, hepatitis C virus, and SARS-CoV-2. Furthermore,
a very recent study has shown that graphene
sheets can be used as nanoplatforms to carry
alkyl chains capable of inhibiting the infection
of enveloped viruses such as the SARS-CoV-2
[20].
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Figure 12.1 A schematic illustration of how various nanomaterial can combat the COVID-19 pandemic. Carbon-based nanomaterials (CNTs, buckyballs, graphene), polymeric dendrimers, and lipid-based nanomaterials are currently under investigation against
COVID-19.
Source: Image created by Biorender.

The oxidized form of graphene, graphene
oxide (GO), is also a 2D nanomaterial (see
Figure 12.2B) with a high surface/volume ratio
with hydrophilic properties from their hydroxyl,
carbonyl, and epoxy groups located at the edges
and basal planes [21], with wide-spectrum antimicrobial properties [22].
The functional groups present in GO can be
crosslinked by coordination chemistry with
divalent cations such as Ca2+ or antimicrobial
cations such as Zn2+or Mg2+ to produce novel
filamentous micrometric materials (Figures
12.2C–12.2E) [24].
1D carbon nanomaterials such as carbon
nanofibers are hydrophobic filamentous materials (see Figure 12.2A) with great potential to be
used as nanoweapons against life-threatening
multidrug-resistant bacteria such as methicillin-
resistant Staphylococcus epidermidis (MRSE) [25].
Further, they can enhance the antiviral properties of antiviral biopolymers such as calcium
alginate [26].
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These types of 1D and 2D CBNs can also
induce cell proliferation and enhance cell adhesion at non-cytotoxic concentrations in biomedical applications [27].
These results confirmed that the broad-
spectrum antimicrobial properties of CBNs render them as very promising agents to inactivate
viruses, bacteria, fungi, and multidrug-resistant
microorganisms. Furthermore, CBNs possess
immunostimulatory potential [28] and can be
used in combination with stem cells as very
promising therapeutics to treat COVID-19 [29].
CBNs can induce the production of angiogenic
factors that can induce angiogenesis by promoting the proliferation and differentiation
of endothelial cells or mesenchymal stem cells
[30]. CBNs in combination with MSCs have the
potential to target tissue inflammation, immune
system damage (leukopenia, lymphopenia), respi
ratory microstructure and distal organs injury
and secondary infections, and microvascular
systems (see Figure 12.3).
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Figure 12.2 High-resolution electron microscopy images of 1D carbon nanofibers (A) and 2D
graphene oxide nanosheets (B) reproduced from [23]. High-resolution transmission
electron micrographs at two magnifications (C & D) with STEM dark field (E) of
GO crosslinked with antimicrobial Zn2+ and the pristine GO nanosheets used in the
crosslinking process (F) [24].
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Figure 12.3 Carbon-based nanomaterials such as graphene (G), graphene oxide (GO), fullerene
(F), carbon dots (CDs), or carbon nanotubes (CNT), and stem cells on COVID-19.
Mesenchymal stem cells (MSCs) or MSCs from many tissues internally induced by
CBNs (G: graphene, GO: graphene oxide, F: fullerene, CDs: carbon dots, or CNT: carbon nanotubes).
Source: Reprinted with permission from our peer-
review ACS Nano publication: https://doi.
org/10.1021/acsnano.1c00629. Copyright 2021 American Chemical Society.
CBNs have recently proved to be promising
candidates for viral inhibition through permitting multivalent interactions on the virions.
For example, because of their strong affinity to 
bacteria or viruses, modified graphene
nanoplatforms have significantly increased
various potential infections. While a challenging question is still the potential mechanics of
the interactions between graphene derivatives
and pathogens, numerous approaches have
been developed to deter pathogens from acting against host cells. Graphene materials that
are capable of trapping or wrapping pathogens by interaction with particular antibodies
or ligands, electrostatic interactions are currently under evaluation as an alternative treatment approach [31]. Carbon dots conjugated
with boric acid suppress human coronavirus
HCoV-229E [32]. Antiviral activity was observed
for seven different carbon quantum dots
(CQDs). CQDs showed concentration-dependent
virus inactivation of HCoV-
229E. Second-
generation anti-
HCoV nanomaterials showed
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superior EC50 concentrations, and HCoV-
229E
inhibition was based on the interaction between
functional groups of CQDs with viral entry
receptors [32].
12.2.3 Small Interfering RNA
Large, hydrophilic, and anionic small interfering RNA (siRNA) delivery can be improved with
nanoparticles, or conjugates that actively target
ligands on the cell surface, or using natural
interactions with the body (e.g., serum proteins)
to passively target the cell of interest because it
is not easy for siRNA to cross the cell membrane
alone [34]: (Figure 12.4).
SiRNA also appears to be an excellent alternative technique for controlling SARS-CoV-2. The
ability of siRNA to target the coding sequences
for the SARS-CoV S protein was demonstrated
to inhibit viral replication in the Vero E6 cell
line [34]. Moreover, siRNA has been applied
for SARS-
CoV, whereby targeting the leader
sequence, SARS-CoV replication in Vero E6 was
inhibited [35].
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Figure 12.4 Strategies to improve siRNA delivery.
Source: Reproduced with permission from Elsevier [33].
12.2.4 CRISPR/Cas9
CRISPR-
based technologies have also been
emphasized as an option for the search for
SARS-CoV-2 containment. The CRISPR-Cas13-
based strategy was demonstrated to efficiently
degrade SARS-CoV-2 RNA in human lung epithelial cells using the PAC-MAN (prophylactic
antiviral CRISPR in human cells) system [36].
Application of bioinformatics indicated that six
designed CRISPR RNAs (crRNAs) were able
to target 90% of CoVs, providing an attractive
pan-CoV inhibition strategy. The endonuclease
of Cas13d RNA and the guide RNA (gRNA) are
used for targeted inhibition and decomposition
of the viral genome and the synthesis of mRNA.
There have been promising findings with RNA
degradation of the SARS-CoV-2 sequence [36].
The CRISPR/Cas13d method is also described
by Nguyen et al. [37] as an option for SARS-
CoV2 control. They designed 10,333 gRNAs to
specifically target 10 peptide coding regions of
SARS-CoV-2. Adeno-associated virus (AAV) has
been proposed for the delivery of Cas13d effector, and utilization of tissue-
specific promoters and a lung-specific AAV serotype supports
precise delivery and expression in lung tissue.
In another approach, the CRISPR-Cas9 system

has been used to introduce point mutations into
the human ACE2 receptor gene to decrease the
interaction between the SARS-CoV-2 S protein
and the ACE2 receptor [38].
12.2.5 Antiviral and Nanomaterial Delivery
As antiviral medication or vaccine delivery
tools, specially engineered nanostructures, can
also specifically combat viruses directly. In this
regard, it is essential to engineer the appropriate
antiviral approach to block viral replication.
The emergence of DNA origami innovation
has further expanded the initial nanomaterial
inventory, which is also in its initial antiviral
research stages. DNA may be prevented by
interference with a spatial pattern by designing the DNA nanoarchitecture to have a unique
star shape. The nanoarchitecture was explicitly
updated to identify ED3 clusters on the viral
surface using ED3 targeting aptamers [39].
In addition, gold nanocomposites used as
broad-
spectrum viral inhibitors were engineered with heparan sulfate proteoglycan

(HSPG). Except for previous HSPG compounds,
newly synthesized mercaptoundecanoic sulfonic (MUS) acid-containing ligands were also
reported to bind to the viral attachment ligands
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in very diluted concentrations, creating viral
deforming effects. HSPG has also been used in
nanogels with extra versatility to prevent the
penetration of viruses. The broad spectrum
of antiviral studies has included MUS acid-
modified cyclodextrins, as altered MUS acid can
emulate HSPG to create a virucidal response [39].
The formulation of nanoparticles made from
poly(ethylene glycol)–poly(lactide) with an
inhibitor of Aurora B demonstrated increased
efficacy and decreased toxicity as contrasted
to their free form, which in phase II clinical
trials developed intolerable side effects [40].
Lipid-
based siRNA nanoparticles are just an
illustration of a nanotechnology tool (Onpattro)
to prevent systemic breakdown and benefit
liver targeting. For example, encapsulation of
the ML336 antiviral compound in lipid-coated
mesoporous silica nanoparticles resulted in
extended circulation time and demonstrated
inhibition of Venezuelan equine encephalitis
virus (VEE) in vivo [41]. In the screening of LNPs
that can bypass the liver and provide functional mRNA to cells in vivo, Dahlman et al. [33]
reported a high-performance approach (called
FIND). This approach can be used widely to
elucidate the relations between nanoparticles’
arrangement, and mRNA in vivo delivery targets. Nanocarriers are used for the prevention
of protein-based systemic immunotoxicity and
facilitate immuno-oncology treatment [42].
One of the major research areas in the current pandemic is nanomaterial delivery into
the nasal cavity. Because SARS-
CoV-
2 enters
mucosal surfaces, causing infections of both the
eye and thoracic mucosa, the primary strategy
for treating such infectious conditions is mucosal therapy. The NP is absorbed efficiently and
instantly, attributable to the cavity’s ample capillary plexus and extensive surface area, which
is not only straightforward and inexpensive
but also noninvasive. To improve the process
of nasal cavity delivery, the properties of the
NPs, such as surface charge, dimensions, and
shape, should also be considered. The process
of administration to the lungs by delivering
NPs to the nasal cavity has been tested using
small animals. There is no easy way to generalize the outcomes of these animal experiments
for humans. To date, three types of NPs have
been engineered with transmission capability
(organic, inorganic, and virus-like NP), which
are tailored to medicinal uses and can also be
delivered intranasally successfully.
12.2.5.1 Chemical Engineering of Drug
Delivery Systems
Drug molecules are changed to comply with
various groups or nanocarriers more common
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for drug candidates with identical physicochemical properties. Wei et al. documented the
use of modified cholesterol hydroxychloroquine
(HCQ) loaded liposomes, which reduced HCQ
doses and toxicity, thereby reducing pulmonary
fibroblasts inhibiting the proliferation of the rat
lung fibroblast. COVID-19 patients with pulmonary fibrosis and viral load may benefit from
this strategy. A hydrolyzable ester conjugate
has been synthesized as anticancer drug conjugates irinotecan (hydrophilic) and chlorambucil
(hydrophobic) [42]. The nanomaterials, which
are synthesized with self-
assemblies, display
sustained structural persistence, aggregation of
cellular tissue, and improved cellular absorption of the amphiphilic drug conjugate.
12.2.5.2 Nanomedicine for Combination Drug
Therapeutics
Combined pharmaceutical therapy is also a way
to treat COVID-19 that provides many benefits,
such as reduced doses for specific medications
that decrease the number and strength of side
effects, and meet multiple treatment goals. A
few other combinations are documented in the
WHO landscape details for novel coronavirus
therapy. Inherently, nanocomposites are also
quite helpful in supplying several medicines
with various physicochemical properties that
guarantee the true potential of hybrid strategies. Nanomaterials can also be evaluated and
supplied in conjunction with drug formulations. Besides, it is understood that pneumoniarelated hypoxia suppresses antiviral drug
efficacy in patients with extreme COVID-
19.
Nanomaterials will be used soon to co-providing
causes for angiogenesis (or other medications
for hypoxia relief) and antivirals to produce
improved results. Another exciting way is when
antiviral nanomaterials are administered via
aerosol delivery [43].
12.2.6 Nano-Based Vaccine Delivery
Antigens from microbe/virus, toxins, or surface
proteins are generally used as vaccine components. Antigens trigger the body’s immune
system to produce antibodies, which in case of
microbial, toxin, or cancer cell invasion recognize
the invasion and kill the relevant target. Antigen
proteins, generally combined with adjuvants,
are administered directly to induce immune
responses. Nanomaterials can also function
as antigen carriers and, in some cases as adjuvants Nanomaterial-based vaccines can protect
anti-antigens from premature degradation, and
guarantee controlled delivery, improved antigen
stability and controlled immunogen distribution, and increase the time of antigenic exposure
to antigen-presenting cells (APCs) [44].
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The full-
length or specific regions of the
SARS-
CoV-
2 S protein have been targeted for
vaccine development. For example, the receptor-
binding domain (RBD) and the N-
terminal
se
quence encoding a CD5 signal sequence, enh anced humoral and cellular immune response.
In phase I/II clinical trials, Novavax NVX-
CoV2373, the full-length SARS-CoV-2 S protein in
combination with the saponin-based Matrix-M
adjuvant, showed a good safety profile and
elicited superior immune responses compared
to levels detected in convalescent COVID-
19
patients (NCT04368988) [45]. Furthermore, the
NVX-CoV2373 vaccine demonstrated an efficacy
of 86% against the SARS-CoV-2 B.1.1.7 UK variant and 60% against the B.1.351 South African
variant in phase II trials [46]. Nanoparticles act
in a similar way to viruses and can be used for
delivery of cargo to a particular target. The application of nanoparticles can enhance immune
responses of vaccines due to cell membrane penetration and subcellular targeting. Various materials such as lipids, polymers, and polysaccharides
may be used for the formulation of nanocarriers.
For example, lipid nanoparticle encapsulation
can protect DNA or RNA from enzymatic degradation leading to an improved immune response
to nanomaterial-based vaccines.
Nanomaterials have played a key role in DNA
and RNA vaccine delivery confirmed by the two
approved COVID-
19 RNA vaccines based on
liposome nanoparticle encapsulated mRNA [47,
48]. Additionally, innovative nanomaterials such
as Nuvec have been formulated by conjugation
of silica-based nanomaterials and polyethyleneimine (PEI) [49]. The surface traps nuclear acids
from nuclease enzymes on their way through
cells and protects them efficiently. Once within
the cell, nucleic acids are released, and the
foreign/target protein is expressed, contributing
to cellular and humoral immune responses and
stimulation of the immune system [49].
Although SARS-
CoV-
2 resembles other
viruses concerning structure and life cycle,
there are very few examples of conventional or
repurposed drugs showing efficacy for treating
COVID-19 patients. However, the strong similarity between SARS-CoV-2 and other viruses such
as SARS-CoV and MERS-CoV can support vaccine development against COVID-19. We foresee
that application of nanomaterials for the encapsulation of antivirals, particularly liposomes and
PLGA nanomaterials, can provide prolonged
distribution, continuous release of antivirals, and
multiple drugs to enhance the antiviral potency.
Surface modifications with antibodies directed
against SARS-CoV-2 proteins will improve the
pharmaceutical application range of nanomaterials and reduce adverse effects of treatment.

Crucially, it has recently been reported that
virus-like particles (VLPs) are ideal for developing MERS-CoV vaccines [50]. VLPs have the
characteristic features of virus particles for
superior delivery compared to other alternative approaches. VLPs are naturally occurring
nanomaterials, which can be used to deliver
various antigenic epitopes to enhance the safety
and efficacy of antigen-presenting cells. In the
context of VLP-based COVID-19 vaccines, the
trivalent pan-
coronavirus vaccine candidate
VBI-2901 was engineered to express the S protein of SARS-CoV. MERS-CoV and SARS-CoV-2
[50]. Moreover, the monovalent SARS-CoV-2 has
shown strong immunogenicity in hamsters and
has entered phase I/II clinical trials [51].
12.3 CONCLUSION AND OUTLOOK
Recent developments in nanotechnology have
shown that they can contribute quickly to the
manufacture of vaccines and targeted therapeutics. Also, nano-
based formulations are characterized by a low risk of antiviral resistance,
a common, life-
threatening problem found in
many currently available traditional antiviral
medications. CBNs such as fullerene, carbon dots,
graphene, and derivatives have shown antiviral
activity against many enveloped RNA viruses,
including SARS-CoV-2. Further, they can induce
tissue regeneration, possess immunostimulatory potential, and be used in combination with
stem cells. Nano-based formulations can also be
engineered to target a particular tissue with controlled release properties, enhancing therapeutic efficacy and reducing the dose/care time for
virus management. In all these approaches, the
multidrug therapy currently employed may be
simplified. The confirmation of the safe application of nanomaterial is of utmost importance as
most of the research has focused on only in vitro
biocompatibility so far. Since the interaction of
nanomaterials with physiological processes
in vivo is complicated, both preclinical studies in
animal models and clinical trials in humans are
needed. As this chapter shows, improvements
in diagnostics and prophylactic and therapeutic interventions have been achieved for other
viral diseases due to nanotechnology. The fight
against COVID-19 (and other future outbreaks)
will receive much-needed support from nanotechnology and nanomaterials.
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Chapter 13 Vaccine Development Strategies and the Current
Status of COVID-19 Vaccines
Mohsen Akbarian, Kenneth Lundstrom, Elrashdy M. Redwan, and Vladimir N. Uversky

13.1 INTRODUCTION
The global community found 2020 a very challenging year for health because of the COVID-19
pandemic. The SARS-
CoV-
2, first reported in
late December 2019 in China, and then spreading worldwide, has become one of the most
difficult human challenges in modern history.
In addition to overshadowing global health,
the virus has also had a significant impact on
the world economy and caused geopolitical
changes[1, 2]. Human coronaviruses, such as the
severe acute respiratory syndrome coronavirus
(SARS-
CoV), and the Middle East respiratory
syndrome coronavirus (MERS-CoV), are associated with severe respiratory failure that can
cause death in the elderly and those with weakened immune systems [3]. Researchers have
used the structural features and life cycle of the
coronaviruses to find a variety of targets for vaccines. After exploring many available methods,
vaccines remain the best choice to prevent and
control the morbidity and mortality of endemic/
pandemic emergent infectious diseases [4].
Since there is still much unknown about many
aspects of the SARS-CoV-2 biology and pathology, and since new variants of the virus are
identified on a regular basis (a crucial fact that
adds to these ambiguities), extreme caution is
needed when formulating a vaccine against this
virus. We describe here some of the latest developments in combating SARS-CoV-2 infections.
The classification of available vaccines will be
discussed first, then strategies for the development of these biologics will be reviewed. Along
with immune responses to vaccines, the efficacy
of vaccines against novel SARS-CoV-2 variants
are described. Finally, possible concerns about
the use of these vaccines will be addressed.
13.2 VACCINE CATEGORIES AND
ADJUVANTS
Vaccines designed to combat SARS-CoV-2 can
be classified based on their function and the
life cycle of the virus in infected human cells.
SARS-
CoV-
2 vaccines are generally based on
inactivated or attenuated viruses, protein subunits and peptides, viral vectors and nucleic
acids [5, 6]. Nucleic acid–based vaccines, DNA
and RNA vaccines, contain sequences that
can encode the virus spike protein, which eventually induce immune responses. Adenovirus
DOI: 10.1201/9781003190394-13

vector-
based vaccines, because of the presence of viral proteins on their surface, can elicit
immune responses, such as stimulation of toll-like
receptors (TLR). Also, antigens, such as p
 rotein
subunit vaccines, can provoke cell-
dependent
immune responses [7]. However, some vaccines are not able to produce adequate immune
responses. Therefore, some adjuvants are used
to enhance immune responses or the resulted
responses to specific and desired pathways.
Adjuvants have commonly been applied for
the increased stimulation of immune responses.
There are generally three main types of adjuvants: aluminum-
based, emulsions, and TLR
agonists. Some other less commonly used
adjuvants do not belong to these categories [8].
Affinity, magnitude, durability, and isotypes of
antibodies are some of the criteria that should
be considered when choosing an adjuvant for
proper formulation of coronavirus vaccines
[9]. Though numerous adjuvants have already
been evaluated in preclinical studies of vaccine candidates, among all available adjuvants
very few have been approved for human use,
such as salt-
based adjuvants (aluminum or
calcium), and MF59. The excellent safety of
these, and their ability to strengthen immune
responses, have made them the most popular
group of adjuvants [8]. For example, alum was
used to formulate vaccines derived from the
SARS-
CoV spike (S) protein and its receptor-
binding domain (RBD), which elicited increased
humoral immune responses in animal models
[10–12]. Enhanced high affinity viral neutralizing antibodies, higher titers of serum IgG1, and
the presence of long-lasting memory B and T
cells were also demonstrated [10–12]. Moreover,
it has been shown that using alum reduces
the dose required for efficient vaccination.
Aluminium hydroxide and aluminum hydroxide gels are used to formulate vaccines against
the SARS-CoV-2 [8].
In addition to alum, emulsion adjuvants have
also been successful in formulating vaccines.
For example, AS03 and AS03 emulsion adjuvants
are used to increase the immunogenicity of antigens in human vaccines. Compared to alum,
AS03 and AS03 emulsion may result in more
appropriate responses, probably by recruiting immune cells, improving antigen uptake,
and promoting activation of antigen-presenting
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cells (APCs) [13, 14]. In the case of CoV vaccines,
emulsion adjuvants have been used at the pre-
clinical level. For example, MF59 has been used
in inactivated SARS and MERS vaccines and/or
RBD vaccines for MERS-CoV. Emulsions such as
MF59-like and alum stabilized Pickering emulsion (PAPE) have also been used to enhance the
immune response of protein subunit vaccines
against SARS-CoV-2 [8].
One more important player in innate immunity should be mentioned here, namely, the
family of toll-like receptors (TLRs), which are
essential for rapid activation of the immune system and efficient adaptive immunity. Therefore,
agonists have been designed to activate TLRs.
The poly I:C, CpG, resiquimod (R848), and
glucopyranosyl lipid A (GLA) agonists for the
TLR3, TLR9, TLR7/8, and TLR4, respectively,
have been used for vaccine development against
SARS-CoV [15, 16]. Recently, a combination of
CpG and alum adjuvants in the formulation of
SARS-CoV or MERS-CoV vaccines was shown
to stimulate high production of neutralizing
antibodies compared to alum alone, or even
alum with other TLR agonists [12, 17]. However,
because of a lack of detailed information on the
mechanism of SARS-
CoV-
2 and its variants,
the use of any adjuvants should be carefully
evaluated.
Another interesting direction in the field of
vaccine development is the use of nanomaterials as potential adjuvants and carriers. Many
nanomaterials, such as liposomes, biopolymers,
self-
assembled proteins, quantum dots, and
carbon-based nanomaterials have been designed
for third generation vaccines. Vaccines based
on nanomaterials have demonstrated 
efficacy
against HIV and influenza virus, and many tropical diseases, such as malaria and toxoplasmosis, caused by parasites [18]. Lipid nanoparticle
formulations have been developed for SARS-
CoV-2 mRNA vaccines, as described below.
13.3 DEVELOPMENT STRATEGIES OF
VACCINES AGAINST COVID-19
Today, development of an effective vaccine
against the SARS-CoV-2 is a top global health
priority, particularly because no efficient antiviral drugs are available, and vaccines are the only
solution to stop the pandemic from spreading.
There are different strategies for vaccine development depending on which stage of the viral
life cycle is targeted. Ultimately, independent
of the target, the vaccine should prevent viral
infection (entry) or replication. It should also
activate immune memory cells and increase
immunity levels. Vaccines can be classified
into three groups, where the first generation
includes inactivated vaccines (based on killed
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or attenuated virus), the second generation
includes protein subunit and viral vector-based
vaccines, and the third generation encompasses
nucleic acid vaccines [19]. Using vaccine development platforms, novel anti-SARS-CoV-2 vaccines have become a reality in less than a year,
re-emphasizing that we are living in “the golden
age of vaccinology”.
When a vaccine enters the body, it triggers a
series of immune reactions that are ultimately
expected to increase the immunity [20]. How
ever, depending on the type of vaccine used,
the response may be different. This is illustrated
in Figure 13.1 showing the stages of immune
responses following vaccination. Related to
immune reactions during vaccination, the intracellular pathway in myocytes varies depending
on the type of vaccine applied. For example, for
RNA-based vaccines, the mRNA of the viral antigen is translated in the cytoplasm and degraded
into immunogenic peptides by the host cell
proteasome [21]. In the case of DNA vaccines,
the gene of interest has to enter the nucleus,
where mRNA is transcribed and transported
to the cytoplasm for translation of antigen [22].
Attenuated viruses replicate in infected cells,
resulting in immune stimulation [23].
While the level and direction of natural or
vaccine-induced immune responses in the body
depend to some extent on racial and genetic
diversity, a series of common immunological
events can be classified. It is generally estimated
that between 40% and 75% of people infected
with the SARS-COV-2 have a mild syndrome
or are even asymptomatic, with the development and severity of the infection correlating
with time-dependent anti-S, anti-RBD IgG, and
neutralizing antibody conversion kinetics [24].
Interestingly, people carry the virus in their bodies for a longer period than originally expected
and serve as hidden carriers [25]. There is a
consensus that protective immunity against
virulent viruses should depend on both B-and
T-cell-based immune responses, irrespectively of
whether the immunity is built up during natural infection or post-vaccination. Various studies have shown that the immune responses to
SARS-CoV, MERS-CoV, and SARS-CoV-2 are
similar in several ways. As soon as symptoms
appear in a patient one to two weeks post-
infection, anti-CoV IgM and IgG will be detectable in the blood. Also, high levels of neutralizing
antibodies have been observed, though no association between these and the IgM and IgG antibodies has been found. Fortunately, it has been
shown that pre-existing antibodies produced by
seasonal coronavirus infection are able to cross-
neutralize the SARS-CoV-2, which depends on
resting B-and T-cell memory [26]. In addition to
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Figure 13.1 Schematic presentation of immune responses after vaccination.
the S protein and the RBD, high levels of neutralizing antibodies against the N protein have
been shown to occur, though these antibodies
are unlikely to be able to neutralize the virus.
Since T cells are involved in many infections and
play a key role in the production and secretion
of cytokines, they are likely to be affected by the
SARS-CoV-2. Recently, it has been observed that
the number of T cells increases during SARS-
CoV-2 infections.
Following vaccination, immunogenic agents
(antigens) elicit innate immune responses at

the injection site. Once viral antigens are produced, macrophage cells, dendritic cells, and
APCs receive the antigens and trigger adequate
responses. In macrophage cells, cytokines and
chemokines are produced and secreted, which
in turn, with the help of mature dendritic cells,
eventually produce effective CD4+ T cells. On
the other hand, APCs with two pathways, MHC
I and II, respectively, lead to the activation of
CD8+ and CD4+ T cells. Activation of the latter
cells, native B cells develop into memory B cells
and plasma cells. These events occur at four
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locations: the injection site, the lymph nodes, the
blood, and finally the bone marrow.
Circulating follicular T helper cells, which
play an important role in recalling antibodies against infection, have also been reported
to develop during SARS-
CoV-
2 infection [4].
Regarding vaccination and subsequent immunity, most of the available vaccines need adjuvants to strengthen their responses. For example,
an adjuvant such as alum can activate both systemic and mucosal immunity. Also, it has been
observed that TLR agonists can activate APCs
directly, and thus activate both humoral and cellular immunity [27].
While SARS-CoV-2 is considered a mucosal-
borne virus (oral-
nasal cavities), so far all
approved vaccines against it have been delivered by intramuscular injection. However, both
adenovirus-and influenza virus-based vaccine
candidates, are under development for intranasal administration. As previously summarized
[28], there are two main types of mucosal surfaces: (1) Stratified columnar epithelial surfaces
(examples include lung, gut, and endocervix);
and (2) Stratified squamous epithelial surfaces
(found, for example, in the nose, eyes, vagina,
and ectocervix). Both types of these epithelial
layers use differential adaptive immune mechanisms for protection, which means that the
vaccine must stimulate type-appropriate effector responses [28]. Notably, polymeric immunoglobulin receptors (pIgRs) are expressed on
the former type of epithelial surfaces, and can
transport dimeric IgA to the lumen, suggesting that they can neutralize incoming pathogens or toxins. On the contrary, however, the
latter type of epithelial surface lacks pIgRs
and relies on IgG for protection. In the upper
respiratory tract, IgA protects the nasal cavity,
whereas IgG protects the lower respiratory tract
(lung). Both types of mucosal surfaces can host
tissue-resident memory T cells. Mucosal immunity provides opportunities to block infection.
Promising results were obtained in experimental animal models after immunization with the
SARS-CoV vaccine candidates based on the RBD
of SARS-CoV S protein, which elicited mucosal
immunity, playing a central role in protection
during virus challenge [29]. However, little or
no information is currently available on the
protective mucosal immunity stimulation by
COVID-19 vaccines in humans.
The urgent need for the development of
vaccines against SARS-CoV-2 has led to unprecedented cooperation between academia, industry,
and governmental organizations. It has resulted
in an accelerated strategy compared to traditional vaccine development (Figure 13.2) [30].
Normally, the traditional vaccine development
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process can take 10–15 years. The process usually starts with bioinformatics and computer
modeling approaches for the identification and
selection of suitable antigen candidates [31]. The
vaccine candidates are then validated in vitro,
and in preclinical animal models, followed by
clinical phases I–III to evaluate safety, tolerability and immunogenicity of vaccine candidates,
which explains the long time required from
bench to bedside [32]. In the case of COVID-19
vaccine development, each step has been accelerated, particularly the clinical evaluation, where
phase II trials were initiated while phase I trials
were still in progress. Similarly, phase III trials
commenced before phase II trials were finished.
Most significantly, vaccine production started
while the phase III trials were in progress and
before vaccine approval had been received from
the authorities.
The COVID-19 vaccine development process
might have been seen to be too fast and risky,
but all safety guidelines have been followed, and
vaccines have been approved for emergency use
authorization (EUA) without any compromises
being made. The only gamble taken was the economic risk of manufacturing large quantities of
vaccine before receiving EUA. The whole procedure, from basic research to the approval of several COVID-19 vaccines, took approximately one
year, which is quite astonishing compared to the
previous accelerated development of a vaccine
against mumps virus, which took nearly five
years to reach approval [33].
13.4 FIRST-GENERATION VACCINES
13.4.1 Inactivated Vaccine
Various methods of inactivation based on radiation (γ-radiation, X-ray, and UV) and chemicals (methanol, formalin, and β-propiolactone),
have been used on viruses to preserve their
antigenic properties while reducing or eliminating their infectivity. Inactivated vaccines
have been used successfully to control the
spread of viruses, such as polio, influenza,
and hepatitis A. It should be emphasized
here that these types of vaccines do not typically have problems, such as re-activation of a
virus and/or mutation into new, more virulent
variants [19]. However, unexpected or poor
immune responses, the need for the administration of high and repeated vaccine doses,
and in some cases, pulmonary inflammation
have also been reported [34]. In addition to
inactivated viral vaccines, attenuated viral vaccines have been developed. The advantages of
these vaccines, which are relatively inexpensive, include long-lasting and strong immune
responses. Furthermore, there is no need for
adjuvant use. Nonetheless, they also show some
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Figure 13.2 Comparison of the accelerated and traditional vaccine development strategies from
the initial stage to the final use. The data were extracted from [30].

disadvantages, for example, potential reactivation of virus and reduced safety compared to
inactivated viral vaccines.
13.5 SECOND-GENERATION VACCINES
13.5.1 Protein Subunit Vaccines
Protein subunit vaccines target viral or bacterial proteins as antigens. So far, these vaccines
have been developed against hepatitis B, meningitis, and pneumonia viruses, as well as many
bacterial pathogens, such as tetanus, diphtheria,

pertussis (whooping cough), and meningitis
caused by Haemophilus influenzae type b (Hib). In
the case of SARS-CoV, different viral proteins,
including nucleocapsid protein, the RBD of the
S protein, and the full-
length S protein have
been used as antigens. These types of vaccines
have attracted considerable attention because
they can produce favourable immune responses
without the presence of actual viral genetic
material. However, since the virus components
are no longer present in these vaccines, the
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responses are naturally accompanied by a significant delay, which has led to the use of these
vaccines along with adjuvants [12, 35]. Protein
subunit vaccines based on expression of the full-
length or a truncated form of the SARS-COV-2
S protein in Drosophila S2 and Spodoptera frugiperda Sf9 insect cells has elicited neutralizing
antibody responses in animal models [36].

Russian Ad26/Ad5-based Sputnik V has received
the authorization in Russia and some additional
countries.

13.6 THIRD-GENERATION VACCINES
13.6.1 DNA-Based Vaccines
The first DNA-
based vaccines were already
developed in 1983. DNA vaccines are based on
plasmid DNA expressing antigens for the vac13.5.2 Viral Vector–Based Vaccines
cine targets in transfected host cells. DNA plas
These vaccines have been developed, apply- mids are relatively stable and can replicate
ing replication-deficient viral vectors for the independently in host cells. However, low transexpression of selected antigens. A number of fection efficacy and the need for delivery to the
adeno
virus, lentivirus, rhabdovirus, measles nucleus has hampered their efficacy as vaccine
virus,alphavirus, and poxvirus vectors have been vectors. To address these issues, electroporation,
used for vaccine development. Additionally, sev- jet injection, gene gun, and nanoparticle techeral types of replication-competent viral vectors, nologies have been applied. Numerous types
including vesicular stomatitis virus (VSV) against of nanoparticles, such as lipid and polymer
Ebola virus, and chimeric yellow fever virus/ 
nanoparticles, lipid-
polymer hybrid nanopardengue virus (YFV/DENV) against DENV have ticles, DNA-
polymer complexes, nanoparticles
been applied for vaccine development [37]. In the coated with polymeric materials and gold, and
context of SARS-
CoV-
2 vaccines, adenoviruses protein-DNA complexed nanoparticles have been
[38, 39], modified vaccinia virus Ankara (MVA) formulated for improved DNA delivery [48].
[40], rhabdoviruses (vesicular stomatitis virus, MERS-CoV S and N proteins have been expressed
VSV) [41], measles virus (MV) [42], Newcastle dis- from DNA plasmid as vaccine antigens [49].
ease virus [43], and alphaviruses [44] have been Effective and specific immunogenic responses,
used as delivery vectors. The strategy of prime- including the production of γ-interferon, IL-2,
boost vaccination has generated robust long- CD4+, CD8+, and IL-
2, and the induction of
lasting immune responses [45]. The chimpanzee cytotoxic T lymphocytes have been reported
adenovirus-based nCoV-19 vaccine has been sub- in animal studies. One of the most important
jected to several phase I–III clinical trials. Interim advantages is that production of plasmid DNA
results from four randomized phase III trials in bacteria is rapid and inexpensive [50]. Other
showed good safety profiles, and 62% vaccine important advantages are the possibility of comefficacy after two immunizations with 5 × 1010 bining DNA-based vaccines with other vaccine
ChAdOx1 nCoV-
19 particles, and 90% efficacy platforms (such as first generation vaccines),
after a prime dose of 2.2 × 1010 particles followed excellent heat and shelf-life stability, ease of DNA
by boost with the standard dose [46]. The human sequence engineering and reduced safety risk
Ad26-based vaccine candidate Ad26.COV2 S has compared to viral vectors [48]. However, limited
been subjected to clinical trials showing good immune responses caused by low transfection
safety and strong immune responses in a phase efficiency of DNA vaccines is a disadvantage [19].
I/II clinical trial [47]. The Ad26-based vaccine
In the context of DNA-
based SARS-
CoV-
2
candidate needs only a single administration in vaccines, a DNA vaccine candidate expressing
contrast to other Ad-
based vaccine candidates the full-
length SARS-
CoV-
2 S protein elicited
requiring a prime-
boost regimen. In another neutralizing antibodies in immunized rhesus
approach, the efficacy of the prime-boost strategy macaques [51]. Vaccinated monkeys developed
has been enhanced by using an Ad26-based vec- both humoral and cellular immune responses,
tor expressing the full-length SARS-CoV-2 S pro- and were protected against challenges with
tein for the prime vaccination followed by a boost SARS-
CoV-
2. In the context of clinical trials,
immunization with an Ad5-based vector [45]. In a phase I with the full-
length SARS-
CoV-
2 S
this approach, pre-
existing immunity against DNA vaccine (INO-4800) study in 40 healthy
adenoviruses affecting antigen expression and volunteers demonstrated excellent safety and
immunogenicity has been eliminated. Interim tolerability, and provided specific humoral and
results from a phase III study with the rAd26-S/ cellular immune responses in 100% of vaccirAd5-
S vaccine candidate Sputnik V showed nated subjects [52].
91.6% vaccine efficacy [45]. Recently, COVID-19
vaccine candidates based on adenovirus vectors 13.6.2 RNA-Based Vaccines
have received EUA. The ChAdOx1 nCoV-19 vac- Vaccine candidates based on mRNA represent
cine and the Ad26.COV2.S have been approved an attractive alternative, as mRNA molecules
for EUA in a number of countries, and the introduced into to the host cell cytoplasm can
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immediately start the translation of antigen,
which will trigger immune responses. However,
mRNA molecules are prone to degradation
by host cell RNases because of their singlestranded structure. Modifications to the mRNA
structure can improve stability. Moreover, encapsulation of mRNA in lipid nanoparticles (LNPs)
provides further stability and improved delivery
to host cells [49]. Two LNP-mRNA vaccine candidates expressing the full-length SARS-CoV-2 S
protein from a stabilization-engineered mRNA
have provided excellent vaccine efficacy in clinical trials. The Pfizer/BioNTech BNT162b2 vaccine
candidate showed 95% efficacy in phase III trials
[53]. Likewise, the Moderna mRNA-1273 vaccine
candidate provided 94.1% protection in phase III
trials [54]. Both mRNA vaccines have received
EUAs and the BNT162b2 was approved on August
23, 2021 by the FDA. While the above-mentioned
RNA-
based vaccines have demonstrated good
safety and efficacy, their formulation requires
special storage and transportation conditions.
For example, the BNT162b2 vaccine needs to be
stored at −80°C, and the mRNA-1273 vaccine at
−20°C, which generates extra demands for distribution and administration logistics.
Tables 13.1 and 13.2 summarize the efforts of
the scientific community to develop vaccines
against the SARS-CoV-2 showing a broad diversity of platforms used
13.7 COVID-19 VACCINES: CURRENT
STATUS
As vaccines are most likely to present the best
opportunity to conquer the pandemic, many academic institutions, pharmaceutical and biotech
Table 13.1 S

ARS-CoV-2 vaccine candidates
subjected to clinical trials as of
April 2021
Platform

Vaccine Candidates
n

Protein subunit
Viral vector
(non-replicating)
DNA
Inactivated virus
RNA
Viral vector (replicating)
Virus-like particles
Viral vector + APCsa
Live attenuated virus
Viral vector + APCs
Total
a

APCs, antigen-presenting cells.

%

28
12

33
14

10
11
11
4
4
2
2
1
85

12
13
13
5
5
2
2
1

companies, and governmental organizations
have cooperated for the development of safe
vaccines. Any vaccine development requires
the identification and selection of appropriate antigens, lab-
scale production of antigens
or engineering of antigen-
expressing vectors,
safety, immunogenicity and protection studies in animal models, and human clinical trials to determine vaccine safety and efficacy.
Moreover, large-
scale vaccine manufacturing
and regulatory clearance are mandatory for
vaccine approval. For all these steps, in particular the further the process advances, huge
capital investment is needed. That is why the
cooperation between academia, industry, and
governmental organizations has been crucial
for being able to develop COVID-19 vaccines at
an unprecedented speed. One important factor
relates to the route of vaccine administration, as
it can affect the type of immune response [19]. So
far, all COVID-19 vaccines, which have received
EUAs are based on intramuscular administration, though studies applying intradermal,
intranasal, intravenous, and subcutaneous injections are in progress. Several types of vaccines,
including mRNA-

based vaccines from Pfizer/
BioNTech and Moderna, adenovirus-based vaccines from Oxford University/AstraZeneca,
Janssen Pharmaceuticals, and Gamaleya Research Institute, and inactivated vaccines from
Sinovac, Sinophram, and Covaxin have been
approved for emergency use by national
and/or international regulatory authorities (see
Table 13.3). Moreover the BTN162b2 mRNA vaccine was approved by the FDA on August 23, 2021.
Despite the success so far, vaccine manufacture and distribution is still a global challenge.
Regardless of the massive scale of vaccine production in several countries, the currently available quantities of doses are not sufficient for the
vaccination of the whole global population. The
limitation of vaccine availability is of concern to
prevent the spread of new SARS-CoV-2 variants/
mutations, and to provide a second dose for
individuals already immunized with a prime
dose. One question is whether the delay of the
booster immunization will affect the efficiency
of the prime immunization? Is there a time limitation on receiving the second dose? Can different vaccines be mixed and matched, as has been
suggested for clinical trials on adenovirus-and
RNA-based vaccines?
The standard immune response kinetics
against vaccine (antigen) doses are already well-
known (Figure 13.3). Of note, while the majority of the aforementioned COVID-
19 
vaccines
are based on the e SARS-
CoV-
2 S protein,
the sequences of the S proteins are differ
ent.
Therefore, the expected immune responses
167
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Table 13.2 Characteristics of SARS-CoV-2 vaccine candidates
Vaccine
Platform

Schedule

Route of
Administration

CoronaVac
SARS-CoV-2 vaccine (inactivated)
Inactivated SARS-CoV-2 vaccine
(produced in Vero cells)

2

Day 0 + 14

IM

2

Day 0 + 21

IM

–

BBIBP-CorV
Inactivated SARS-CoV-2 vaccine
(produced in Vero cells)

2

Day 0 + 21

IM

–

SARS-CoV-2 vaccine
(produced in Vero cells)

2

Day 0 + 28

IM

–

QazCovid-in® - COVID-19
inactivated vaccine

2

Day 0 + 21

IM

–

Inactivated SARS-CoV-2 vaccine
(produced in Vero cells)
ERUCOV-VAC
Inactivated virus
COVID-19
Inactivated vaccine
FAKHRAVAC (MIVAC)
Inactivated SARS-CoV-2 vaccine
BBV152
Whole-Virion inactivated
SARS-CoV-2 vaccine
VLA2001
Inactivated virus

1, 2 or 3

ND

IM

2

Day 0 + 21

2

(Covishield)
ChAdOx1-S – (AZD1222)
Chimpanzee Adenovirus

Inactivated virus
–

–
–
–
–
–
Viral vector
(Non-replicating)

Developer

Phase
Phase IV

IM

Sinovac Research and
Development Co., Ltd
Sinopharm + China National
Biotec Group Co + Wuhan
Institute of Biological Products
Sinopharm + China National
Biotec Group Co + Beijing
Institute of Biological
Products
Institute of Medical Biology +
Chinese Academy of Medical
Sciences
Research Institute for
Biological Safety Problems,
Rep. of Kazakhstan
Beijing Minhai Biotechnology
Co.
Erciyes University

Day 0 + 14

IM

Shifa Pharmed Industrial Co.

Phase II/III

2

Day 0 + 14 +/− 21

IM

Phase I

2

Day 0 + 14

IM

Organization of Defensive
Innovation and Research
Bharat Biotech International
Limited

2

Day 0 + 21

IM

Phase I/II

1–2

Day 0 + 28

IM

Valneva, National Institute
for Health Research, United
Kingdom
AstraZeneca + University of
Oxford

Phase III
Phase III

Phase III
Phase III
Phase II
Phase II

Phase III

Phase IV

COVID-19: FROM BENCH TO BEDSIDE

Number of
Doses

Type of Vaccine Candidate

Vaccine
Platform
–

–
–
–
–

–

–
–

–
–
Viral vector
(Non-replicating)
+ APC
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Ad5-nCoV
Adenovirus type 5 vector
Full-length S protein
Gam-COVID-Vac Sputnik V
Adenovirus-based
(rAd26-S+rAd5-S)
Ad26.COV2.S
Adenovirus 26 vector
Full-length S protein
GRAd-COV2 Gorilla Adenovirus
(GRAd) full-length S protein
VXA-CoV2-1
Ad5 adjuvanted oral vaccine
platform
hAd5-S + N-ETSD
Adenovirus type 5:S-Fusion +
N-ETSD).
E1, E2b and E3 - deleted Adenovirus
AdCOVID, Adenovirus-based
platform expressing the receptor-
binding domain (RBD) of the
S protein
BBV154,
Adenovirus vector COVID-19
vaccine
Chimpanzee Adenovirus serotype
68 (ChAd) and self-amplifying
mRNA (SAM) vectors expressing
S protein alone, or with additional
SARS-CoV-2 T cell epitopes
COH04S1 (MVA-SARS-2-S) Modified vaccinia Ankara (sMVA)
platform + synthetic SARS-CoV-2
MVA-SARS-2-S
Vaccinia virus
Full-length S protein
LV-SMENP-DC vaccine. Dendritic
cells modified with lentivirus
vectors expressing COVID-19
minigene SMENP and immune
modulatory genes. CTLs are
activated by LV-DC presenting
COVID-19 specific antigens.

Number of
Doses

Schedule

Route of
Administration

1

Day 0

IM

2

Day 0 + 21

IM

1–2

Day 0 or Day 0 + 56

IM

1

Day 0

IM

2

Day 0 + 28

1-2

Developer

Phase

CanSino Biological Inc./
Beijing Institute of
Biotechnology
Gamaleya Research Institute;
Health Ministry of the
Russian Federation
Janssen Pharmaceutical

Phase III

Phase II/III

Oral

ReiThera + Leukocare +
Univercells
Vaxart

Day 0 + 21

SC or Oral

ImmunityBio, Inc.

Phase I

1–2

Day 0

IN

Altimmune, Inc.

Phase I

1

Day 0

IN

Bharat Biotech International
Limited

Phase I

2–3

Day 0 + 14 + 28 or
Day 0 + 28 + 56 or
Day 0 + 112

IM

Gritstone Oncology

Phase I

1–2

Day 0 + 28

IM

City of Hope Medical Center +
National Cancer Institute

Phase I

2

Day 0 + 28

IM

University of Munich
(Ludwig-Maximilians)

Phase I

1

Day 0

SC & IV

Shenzhen Geno-Immune
Medical Institute

Phase I/II

Phase III
Phase III

Phase I

(Continued)
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Table 13.2
Vaccine
Platform
Protein subunit

–

–

–

–
–
–

–
–

–

–

Number of
Doses

Schedule

Route of
Administration

Developer

Phase

SARS-CoV-2 rS/Matrix M1-
Adjuvant produced in insect cells)
Full-length S protein nanoparticle
vaccine
Recombinant SARS-CoV-2 vaccine
(produced in CHO cells)

2

Day 0 + 21

IM

Novavax

Phase III

2–3

Day 0 + 28 or
Day 0 + 28 + 56

IM

Phase III

KBP-COVID-19
RBD-based
(produced tobacco plant cells)
VAT00002:
SARS-CoV-2 S protein with adjuvant
SCB-2019 + AS03 or CpG 1018
adjuvant plus Alum adjuvant
(Native like Trimeric subunit S
Protein vaccine)
COVAX-19®
Recombinant S protein + adjuvant
SARS-CoV-2 S +MF59 adjuvant
Molecular clamp-stabilized S protein
MVC-COV1901
(S-2P protein + CpG 1018)

2

Day 0 + 21

IM

Anhui Zhifei Longcom
Biopharmaceutical + Institute
of Microbiology, Chinese
Academy of Sciences
Kentucky Bioprocessing Inc.

2

Day 0 + 21

IM

Sanofi Pasteur + GSK

Phase III

2

Day 0 + 21

IM

Clover Biopharmaceuticals
Inc./GSK/Dynavax

Phase II/III

1

Day 0

IM

Vaxine Pty Ltd.

Phase I

2

Day 0 + 28

IM

Phase II/III

2

Day 0 + 28

IM

FINLAY-FR1 anti-SARS-CoV-2
Vaccine
(RBD + adjuvant)
FINLAY-FR-2 anti-SARS-CoV-2
Vaccine
(RBD chemically conjugated to
tetanus toxoid plus adjuvant)
EpiVacCorona (EpiVacCorona
vaccine based on peptide antigens

2

Day 0 + 28

IM

CSL Ltd. + Seqirus +
University of Queensland
Medigen Vaccine Biologics +
Dynavax + National Institute
of Allergy and Infectious
Diseases (NIAID)
Instituto Finlay de Vacunas

2

Day 0 + 28

IM

Instituto Finlay de Vacunas

Phase III

2

Day 0 + 21

IM

Phase III

SARS-CoV-2 RBD (baculovirus
production in Sf9 cells)

2

Day 0 + 28

IM

Federal Budgetary Research
Institution State Research
Center of Virology and
Biotechnology "Vector"
West China Hospital + Sichuan
University

Type of Vaccine Candidate

Phase I/II

Phase II

Phase I/II

Phase II
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Vaccine
Platform
–

–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
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Schedule

Route of
Administration

Developer

Phase

IMP CoVac-1
(SARS-CoV-2 HLA-DR peptides)
UB-612
(Multitope peptide based S1-RBD-
protein based vaccine)
AdimrSC-2f
(recombinant RBD +/- aluminum)
CIGB-669 (RBD+AgnHB)

1

Day 0

SC

University Hospital Tuebingen

Phase I

2

Day 0 + 28

IM

COVAXX + United Biomedical
Inc.

Phase II/III

ND

ND

ND

Ad immune Corporation

Phase I

3

IN

3
2
2
2

Day 0 + 21

IM

Center for Genetic Engineering
and Biotechnology (CIGB)
Center for Genetic Engineering
and Biotechnology (CIGB)
Biological E. Limited
Nanogen Pharmaceutical
Biotechnology
Shionogi

Phase I/II

CIGB-66 (RBD + aluminum
hydroxide)
BECOV2
Recombinant SARS-CoV-2 spike
protein, aluminum adjuvanted
Recombinant protein vaccine
S-268019 (using baculovirus expression vector system)
SARS-CoV-2-RBD-Fc fusion protein

Day 0 + 14 + 28 or
Day 0 +28 + 56
Day 0 + 14 + 28 or
Day 0 +28 + 56
Day 0 + 28
Day 0 + 21

Phase I/II

COVAC-1 and COVAC-2 sub-unit
vaccine
(spike protein) + SWE adjuvant
GBP510, a recombinant surface
protein vaccine with adjuvant AS03
(aluminum hydroxide)
Razi Cov Pars, recombinant spike
protein
SARS-CoV-2 S + MF59 adjuvant
molecular clamp-stabilized S protein
SK SARS-CoV-2 recombinant surface
antigen protein subunit (NBP2001)
+ adjuvanted with alum
SpFN (S ferritin nanoparticles) S
protein with a liposomal formulation QS21 (ALFQ) adjuvant
EuCorVac-19
S protein+ adjuvant
ReCOV:
Recombinant two-component S and
RBD proteins (produced in CHO
cells)

2

Day 0 + 28

IM

University Medical Center
Groningen + Akston
Biosciences Inc.
University of Saskatchewan

2

Day 0 + 28

IM

SK Bioscience Co., Ltd. and
CEPI

Phase I/II

3

Day 0 + 21 +51

IM and IN

Phase I

2

Day 0 + 28

IM

Razi Vaccine and Serum
Research Institute
The University of Queensland

2

Day 0 + 28

IM

SK Bioscience Co., Ltd.

Phase I

2–3

Day 0 + 28 + 180

IM

Walter Reed Army Institute of
Research (WRAIR)

Phase I

2

Day 0 + 21

IM

Phase I/II

2

Day 0 + 21

IM

POP Biotechnologies and
EuBiologics Co., Ltd
Jiangsu Rec-Biotechnology

IM
IM
IM

SC or IM

Phase III
Phase I/II
Phase I/II
Phase I/II

Phase I/II

Phase I

Phase I

(Continued)
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Table 13.2
Vaccine
Platform
RNA based
vaccine

–
–
–
–

–
–
–
–

–

Number of
Doses

Schedule

Route of
Administration

mRNA -1273
LNP-encapsulated full-length
prefusion-stabilized S protein
Comirnaty
BNT162b1 and b2 (LNP-
encapsulated full-length S and RBD
mRNAs)
ChulaCov19 mRNA vaccine
CVnCoV Vaccine
MRT5500, an mRNA vaccine
candidate
mRNA-1273.351. LNP-encapsulated
full-length, prefusion stabilized S
targeting the SARS-CoV-2 B.1.351
variant
CoV2 SAM (LNP) self-amplifying
mRNA (SAM) LNP platform +
Spike antigen
PTX-COVID19-B, mRNA vaccine
LNP-nCoVsaRNA
ARCoV
Thermostable LNP.encapsulated
SARS-CoV-2 S mRNA

2

Day 0 + 28

IM

2

Day 0 + 21

IM

2
2
2

Day 0 + 21
Day 0 + 28
Day 0 + 21

IM
IM
IM

3

Day 0 or
Day 0 + 28 or
Day 56

IM

Day 0 + 28
2
2
2

ARCT-021 (single shot mRNA
vaccine)
The LUNAR-COV19 (ARCT-021)
vaccines is comprised of a lipid-
mediated delivery system called
Lipid-enabled and Unlocked
Nucleomonomer Agent modified
RNA (LUNAR)

ND

Type of Vaccine Candidate

Developer

Phase

Moderna + National Institute
of Allergy and Infectious
Diseases (NIAID)
Pfizer/BioNTech + Fosun
Pharma

Phase IV

Chulalongkorn University
CureVac AG
Sanofi Pasteur and Translate
Bio
Moderna + National Institute
of Allergy and Infectious
Diseases (NIAID)

Phase I
Phase III
Phase I/II

IM

GlaxoSmithKline

Phase I

Day 0 + 28
ND
Day 0 + 14 or
Day 0 + 28

IM
IM
IM

Phase I
Phase I
Phase II

ND

IM

Providence Therapeutics
Imperial College London
Academy of Military Science
(AMS), Walvax Biotechnology
and Suzhou Abogen
Biosciences
Arcturus Therapeutics

Phase IV

Phase I

Phase II
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(Continued) Characteristics of SARS-CoV-2 vaccine candidates

Vaccine
Platform
DNA-based
vaccine

–

–

–
–
–
–

INO-4800+electroporation
The INO-4800 vaccine is a double-
stranded DNA plasmid that
encodes antigens found in SARS-
CoV-2. It is delivered intradermally
into the arm of patients using
proprietary CELLECTRA technology, which uses a small pulse of
electricity (called electroporation)
to form small pores in the patient’s
cells which allows for easier uptake
of the nucleic acid vaccine.
AG0301-COVID19
AG0302-COVID19 is a DNA vaccine
encoding antigens from SARS-
CoV-2. It entered phase II/III clinical
trials in Japan on December 7, 2020.
nCov vaccine
The vaccine is being developed on
a DNA platform using a non-
replicating and non-integrating
plasmid
GX-19
GX-19 is a DNA vaccine expressing
the SARS-CoV-2 S-protein antigen.
On vaccination, host cells will
take up the DNA and express the
protein, which will then have an
immune response made against it
Covigenix VAX-001 - DNA 
vaccines + proteo-lipid vehicle
(PLV) formulation
CORVax - Spike S Protein Plasmid
DNA Vaccine
COVIGEN
COVIGEN is a needle-free SARS-
CoV-2 Recombinant DNA vaccine
COVID-eVax, a candidate plasmid
DNA vaccine of the S protein

Number of
Doses

Schedule

Route of
Administration

2

Day 0 + 28

2

Developer

Phase

ID

Inovio Pharmaceuticals +
International Vaccine Institute
+ Advaccine (Suzhou)
Biopharmaceutical Co., Ltd

Phase II/III

Day 0 + 14

IM

AnGes + Takara Bio + Osaka
University

Phase II/III

3

Day 0 + 28 + 56

ID

Zydus Cadila

Phase III

2

Day 0 + 28

IM

Genexine Consortium

Phase I/II

2

Day 0 + 14

IM

Entos Pharmaceuticals Inc.

Phase I

2

Day 0 + 14

ID

Providence Health & Services

Phase I

2

Day 0 + 28

ID or IM

University of Sydney, Bionet
Co., LtdTechnovalia

Phase I

IM

Takis + Rottapharm Biotech

Phase I/II
(Continued)
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Table 13.2
Vaccine
Platform
–

Virus like
particles
–
–

–
Viral vector
(Replicating)

–

Type of Vaccine Candidate
bacTRL-Spike oral DNA vaccine.
bacTRL-Spike-1 is an oral vaccine
containing the live bacterium
Bifidobacterium longum, which
has been engineered to deliver
plasmids containing synthetic DNA
encoding spike protein from SARS-
CoV-2 directly to human cells
GLS-5310
GLS-5310 is a DNA vaccine encoding the spike protein and a second
antigenic target of SARS-CoV-2
Coronavirus-like particle COVID-19
(CoVLP)
SARS-CoV-2 VLP Vaccine. Virus-like
particle vaccine adjuvanted with
alum and CpGODN-K3
VBI-2902a
Enveloped virus-like particle (eVLP)
of SARS-CoV-2 spike S protein +
aluminum phosphate adjuvant
RBD SARS-CoV-2 HBsAg VLP
vaccine
rVSV-SARS-CoV-2-S Vaccine
A replication-competent rVSV
expressing SARS-CoV-2 S by
replacing the open-reading frame
of the native VSV entry glycoprotein gene, G, with that of the SARS-
CoV-2 S (Wuhan-Hu-1 isolate)
V591-001 – Measles-vector based
(TMV-o38)
SARS-CoV-2 Vaccine candidate uses
a measles virus vector platform to
deliver the antigens to the immune
system to spur antibody production against the SARS-CoV-2 virus

Number of
Doses

Schedule

Route of
Administration

Developer

Phase

1

Day 0

Oral

Symvivo Corporation

Phase I

2

Day 0 + 56 or
Day 0 + 84

ID

GeneOne Life Science, Inc.

Phase I/II

2

Day 0 + 21

IM

Medicago Inc.

Phase II/III

2

Day 0

SC

Phase I

2

Day 0 + 28

IM

The Scientific and
Technological Research
Council of Turkey
VBI Vaccines Inc.

2

Day 0 + 28

IM

Phase I/II

1

Day 0

IM

Serum Institute of India +
Accelagen Pty + SpyBiotech
Israel Institute for Biological
Research

1–2

Day 0 + 28

IM

Merck & Co. + Themis + Sharp
& Dohme + Institute Pasteur
+ University of Pittsburgh

Phase I/II
Study
stopped

Phase I/II

Phase I/II
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(Continued) Characteristics of SARS-CoV-2 vaccine candidates

Vaccine
Platform

Type of Vaccine Candidate

Number of
Doses

Schedule

Route of
Administration

Phase

University of Hong Kong,
Xiamen University and
Beijing Wantai Biological
Pharmacy
Mahidol University; The
Government Pharmaceutical
Organization (GPO); Icahn
School of Medicine at Mount
Sinai
Cellid Co., Ltd.

Phase II

Aivita Biomedical, Inc.
National Institute of Health
Research and Development,
Ministry of Health, Republic
of Indonesia
Shenzhen Geno-Immune
Medical Institute

Phase I/II

–

DelNS1-2019-nCoV-RBD-OPT1
(Intranasal flu-based-RBD)

1

Day 0

IN

–

NDV-HXP-S, Newcastle disease
virus (NDV) vector expressing the
S protein of SARS-CoV-2, with or
without the adjuvant CpG 1018

2

Day 0 + 28

IM

–

AdCLD-CoV19 (adenovirus vector).
A replication-defective human
adenovirus type 5/35 vector-based
vaccine expressing the SARS-CoV-2
S protein
Dendritic cell vaccine AV-COVID-19.
A vaccine consisting of autologous
dendritic cells loaded with antigens
from SARS-CoV-2, with or without
GM-CSF
COVID-19/aAPC vaccine.
Lentivirus modification with
immune modulatory genes and
viral minigenes to artificial antigen
presenting cells (aAPCs)
COVI-VAC
A vaccine developed with
Codagenix’s Synthetic Attenuated
Virus Engineering (SAVE) platform,
which uses synthetic biology to
re-code the genes of viruses into
safe and stable vaccines
MV-014-212, a live attenuated
vaccine that expresses the spike (S)
protein of SARS-CoV-2

1

Day 0

IM

1

Day 0

IM

3

Day 0 + 14 + 28

SC

1–2

Day 0 or
Day 0 + 28

IN

Codagenix/Serum Institute
of India

Phase I

3

Day 0 +/− 35

IN

Meissa Vaccines, Inc.

Phase I

Viral vector
(Replicating) +
APC
–

Live attenuated
virus

–

Abbreviations: IM: intramuscular; SC: subcutaneous; ID: intradermal; IN: intranasal; IV: intravenous.
Source: Data from DRAFT Landscape of COVID-19 Candidate Vaccines – April 15, 2021.

Phase I/II

Phase I/II

Phase I
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Table 13.3 List of the most advanced coronavirus vaccine candidates

Vaccines

Nature of the
Vaccine

Common
Side
Efficacy Approval
Effects
(%)
Status

Route of
Administration

Doses
(Each
Vial)

EUA by the
FDA
Approved
by the
FDA
Phase I/II

Intramuscular

5

Intramuscular

5

EUA by the
FDA
EUA by the
by FDA

Intramuscular

10

Intramuscular

10

66

Phase III

Nasal spray

10

N/A

Phase III

Intramuscular

N/A

LNP formulation- ♦
based mRNA
vaccine that
encodes full
length S protein
Pfizer/
LNP formulation- ♦
BioNTech, Pfizer based mRNA
(Germany/
vaccine that
United States)
encodes the S
protein RBD
Moderna (United
•
States)
University
Non-replicating
♦
of Oxford,
simian adenoAstraZeneca
virusvector
(United
encoding the
Kingdom)
S protein
CanSino
Adenovirus type 5 ♦
biologics,
vector expressing
AD5-nCOV
the S protein
(China)
Inovio
DNA plasmid
N/A
Pharmaceuticals, encoding the S
INO-4800
protein
(United States)
CoronaVac
Inactivated virus
♦
(China)

95

50

Phase III

Intramuscular

Sinopharm
(China)

Inactivated virus

N/A

79

EUA by
several
countries

Intramuscular

600SU of
inactivated
SARS-
CoV-2 virus
6.5

Anhui Zhifei
(China)
Novavax (United
States)

RBD-Dimer +
adjuvant
Protein subunit
(S protein including a saponin-
based adjuvant)
Plasmid DNA
vaccine encoding
the S protein
Adenovirus 26
and 5 serotype-
based vector
expressing the
S protein
Inactivated virus

N/A
♦

89

Phase III

Intramuscular

10

N/A

N/A

Phase III
trial

Intramuscular

N/A

♦

91.6

EUA by
several
countries

Intramuscular

5

•

80.6

Phase III
trial
EUA by the
FDA

Intramuscular

10

Intramuscular

5

Pfizer/BioNTech,
(Germany/
United States)

Zydus Cadila
(India)
Sputnik V
(Russia)

Covaxin (India)
Ad26.COV2.S
(United States)

Adenonvirus 26
♦
serotype-based
vector expressing
the S protein

95

94.5
79

72

Abbreviations: ♦ pain, fatigue and headache. • pain, fatigue and chills. EUA, emergency use authorization,
N/A = no answer, the company did not report; LNP, lipid nanoparticles; RBD: receptor-binding site; S: spike
protein.
Source: Table adapted from (5, 6).
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Figure 13.3 Profiles of immune responses elicited against single or combined COVID-19 vaccines.
would be variable between different vaccines,
which complicates the use of two different
COVID-
19 vaccines for the immunization of
the same patient. The vaccine mix and match
approach will be evaluated in a human clinical
trial with 800 participants. The first vaccination
will be carried out with the adenovirus vector-
based vaccine from the University of Oxford/
AstraZeneca, and 4–12 weeks later a second vaccination will take place with the Pfizer/BioNTech
mRNA vaccine, or vice versa. Preliminary
results of this combined vaccination indicated
that potent immune responses were triggered
and the strategy showed clear benefits [55].
Both B and T lymphocytes are involved in
immune responses after primary and secondary immunizations. Kinetics of the IgM and
IgG production show low affinity after the
primary immunization, but after the second
and/or every boosting dose with the same vaccine, the avidity of both increase exponentially.
It remains to be seen whether vaccine combinations will increase pre-immunized immunity or
initiate a new immune response profile.

thousands of patients began in the UK. Analysis
of these data identified a new SARS-CoV-2 variant VUI 202012/01 (B.1.1.7.), which carries 17
genetic changes [50]. Recent studies have shown
that this new variant, while more transmissible,
does not have a higher mortality rate than the
original SARS-CoV-2, and can be neutralized by
existing vaccines [56, 57]. Other variants have
since been detected in South Africa and Brazil
[58]. While the Pfizer/BioNTech (BNT162b2),
Moderna (mRNA-1273), and the University of
Oxford/AstraZeneca (ChAdOx1 n-Cov19) vaccines have demonstrated efficacy against the
UK variant [51], a recent study indicated that
the ChAdOx1 n-CoV19 vaccine did not provide
protection against mild-to-moderate COVID-19
caused by the South African variant B.1.351 [59].
Therefore, because of the high mutation rate in
coronaviruses there is a risk that new variants
will spread and hamper the function and efficacy
of present vaccines [60]. It is essential to quickly
identify new variants and dedicate resources to
develop vaccines that would efficiently target
new mutations.

13.8 COVID-19 VACCINES AND
EMERGENCE OF NEW SARS-CoV-2
VARIANTS
In early April 2020, massive sequencing of
the SARS-
CoV-
2 genome from hundreds of

13.9 THE CREDIBILITY OF CONCERNS
ABOUT COVID-19 VACCINES
The demand for mass vaccination to combat the
COVID-19 pandemic has presented a number
of challenges. The exceptionally rapid vaccine
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development has raised concerns about the vaccine’s safety and efficacy, particularly among
the general population [61]. This has led to vaccination hesitancy, which needs to be addressed
repeatedly by the proper vaccine education at all
levels of society [62]. Moreover, the initial clinical vaccine trials were conducted on healthy volunteers, typically 18–55 years of age. Only more
recently have studies been expanded to include
children and the elderly. Additionally, patients
with pre-
existing health conditions have not
yet been evaluated. While serious adverse
events related to vaccinations have been limited, recent cases of thrombosis and thrombocytopenia, though at extremely low rates, have
been detected after vaccination with adenovirus- [62] and mRNA-based [63] vaccines. This
has certainly been of concern and has paused
vaccinations in certain countries. Among many
exceptional benefits of vaccination with the currently available vaccines are (1) Reduction and/or
limitation of the viral spreading; (2) Control of
the disease development and minimization of
moderate and severe consequences of infection;
(3) Decrease in the pressure on medical care personnel and hospitals; and (4) Reduced mortality.
13.10 CONCLUSIONS
The rapid spread of SARS-CoV-2 was a wakeup call to make us aware of the limitations of
human knowledge and technology progress.
In this modern age, we can imagine that we are
invincible. However, the reality is very different,
leading to global medical, economic, and social
hardships. Despite all, however, humanity is
finding its way back, with much gratitude to
the available knowledge and technological platforms for developing vaccines and therapeutics
to fight the COVID-19 pandemic. A number of
vaccine candidates against COVID-19 have been
developed and a few of them have received EUA.
The BNT162b mRNA was recently approved
by the FDA. Mass vaccination is in progress
in many countries. However, some challenges
remain, such as vaccine availability related to
issues with manufacturing and distribution,
especially the prioritization of developed countries at the cost of developing nations. The vaccine efficacy, particularly in the context of novel
variants, and the duration of protection are other
issues of concern. Furthermore, vaccine-related
adverse events need to be monitored closely,
especially in the light of recent findings of post-
vaccination cases of thrombosis and thrombocytopenia. In any case, lessons have been
learnt from the COVID-19 pandemic. Changes
in human behavior related to hygiene, travel,
eating habits, and the relationship between
humans and animals during the pandemic, will
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influence how our “new normal” will look. We
need to be better prepared for novel SARS-CoV-2
variants and other emerging viruses, which
may be less harmful or pathogenic to animals
than to humans. In preparation we also need
to establish the scientific readiness and financial resources by fruitful cooperation between
academia, industry, and government organizations to guarantee that rapid action can be taken
against emerging viral outbreaks. As many predict, it is not if, but when it will happen, and if
we have learnt anything from COVID-19, now is
the time to make sure we are well prepared!
REFERENCES
1. Setti, L., Passarini, F., De Gennaro, G. et al. (2020).
Searching for SARS-COV-2 on particulate matter:
A possible early indicator of COVID-19 epidemic
recurrence. Int. J. Environ. Res. Public Health 17,
2986.
2. Padhan, R., Prabheesh, K. (2021). The economics of COVID-19 pandemic: A survey. Econ. Anal.
Policy 70, 220–237.
3. Damas, J., Hughes, G.M., Keough, K.C. et al.
(2020). Broad host range of SARS-CoV-2 predicted by comparative and structural analysis of
ACE2 in vertebrates. Proc. Natl. Acad. Sci. U.S.A.
117(36), 22311–22322.
4. Tregoning, J.S., Brown, E.S., Cheeseman, H.M.
et al. (2020). Vaccines for COVID-19. Clin. Exp.
Immunol. 202(2), 162–192.
5. Chung, Y.H., Beiss, V., Fiering, S.N. et al. (2020).
COVID-19 vaccine frontrunners and their nanotechnology design. ACS Nano. 14, 12522–12537.
6. Chauhan, G., Madou, M.J., Kalra, S. et al. (2020).
Nanotechnology for COVID-19: Therapeutics
and vaccine research. ACS Nano. 14(7), 7760–7782.
7. Saif, L.J. (2020). Vaccines for COVID-19: Perspec
tives, prospects, and challenges based on candidate SARS, MERS, and animal coronavirus
vaccines. Eur. Med. J. doi:10.33590/emj/200324.
8. Liang, Z., Zhu, H., Wang, X. et al. (2020). Adjuvants
for coronavirus vaccines. Front. Immunol. 11, 2896.
9. Iwasaki, A. and Yang, Y. (2020). The potential
danger of suboptimal antibody responses in
COVID-19. Nat. Rev. Immunol. 20(6), 339–341.
10. Spruth, M., Kistner, O., Savidis-Dacho, H. et al.
(2006). A double-inactivated whole virus candidate SARS coronavirus vaccine stimulates
neutralising and protective antibody responses.
Vaccine 24(5), 652–661.
11. Coleman, C.M., Liu, Y.V., Mu, H. et al. (2014).
Purified coronavirus spike protein nanoparticles
induce coronavirus neutralizing antibodies in
mice. Vaccine 32(26), 3169–3174.
12. Zakhartchouk, A.N., Sharon, C., Satkunarajah, M.
et al. (2007). Immunogenicity of a receptor-binding

CHAPTER 13 VACCINE DEVELOPMENT STRATEGIES AND THE CURRENT STATUS OF COVID-19 VACCINES

domain of SARS coronavirus spike protein in
mice: Implications for a subunit vaccine. Vaccine
25(1), 136–143.
13. Shi, S., Zhu, H., Xia, X. et al. (2019). Vaccine adjuvants: Understanding the structure and mechanism of adjuvanticity. Vaccine 37(24), 3167–3178.
14. O’Hagan, D., Ottc, G.S., De Gregorio, E. et al.
(2012). The mechanism of action of MF59: An
innately attractive adjuvant formulation. Vaccine
30(29), 4341–4348.
15. Gai, W., Zou, W., Lei, L. et al. (2008). Effects of
different immunization protocols and adjuvant
on antibody responses to inactivated SARS-CoV
vaccine. Viral Immunol. 21(1), 27–37.
16. Zhao, K., Wang, H., and Wu, C. (2011). The
immune responses of HLA-A* 0201 restricted
SARS-CoV S peptide-specific CD8+ T cells are
augmented in varying degrees by CpG ODN,
PolyI: C and R848. Vaccine 29(38), 6670–6678.
17. Lan, J., Deng, Y., Chen, H. et al. (2014).Tailoring subunit vaccine immunity with adjuvant combinations
and delivery routes using the Middle East respiratory coronavirus (MERS-CoV) receptor-binding
domain as an antigen. PLoS One 9(11), e112602.
18. Heinrich, M.A., Martina, B., and Prakash, J.
(2020). Nanomedicine strategies to target coronavirus. Nano Today 100961.
19. Badgujar, K.C., Badgujar, V.C., and Badgujar, S.B.
(2020). Vaccine development against coronavirus
(2003 to present): An overview, recent advances,
current scenario, opportunities and challenges.
Diab. Metab. Synd. Clin. Res. Rev. 14(5), 1361–1376.
20. Basu, A., Sarkar, A., and Maulik, U. (2020).
Strategies for vaccine design for corona virus
using Immunoinformatics techniques. bioRxiv.
doi:10.1101/2020.02.27.967422.
21. Zhang, C., Maruggi, G., Shan, H. et al. (2019).
Advances in mRNA vaccines for infectious diseases. Front. Immunol. 10, 594.
22. Hobernik, D., Bros, M. (2018). DNA vaccines – How
far from clinical use? Int. J. Mol. Sci. 19(11), 3605.
23. Mok, D.Z., Chan, K.R. (2020). The effects of preexisting antibodies on live-attenuated viral vaccines. Viruses 12(5), 520.
24. Lucas, C., Klein, J., Sundaram, M. et al.
(2020). Kinetics of antibody responses dictate
COVID-19 outcome. medRxiv. doi:10.1101/2020.
12.18.20248331.
25. Chau, N.V.V., Lam, V.T., Dung, N.T. et al. (2020).
The natural history and transmission potential
of asymptomatic SARS-CoV-2 infection. Clin.
Infect. Dis. 71(10), 2679–2687.
26. Jeyanathan, M., Afkhami, S., Smaill, F. et al. (2020).
Immunological considerations for COVID-19 vaccine strategies. Nat. Rev. Immunol. 20(10), 615–632.
27. Haque, A. and Pant, A.B. (2020). Efforts at
COVID-19 vaccine development: Challenges and
successes. Vaccines 8(4), 739.

28. Iwasaki, A., Omer, S.B. (2020). Why and how vaccines work. Cell 183(2), 290–295.
29. Du, L., He, Y., Zhou, Y. et al. (2009). The spike
protein of SARS-CoV: A target for vaccine and
therapeutic development. Nat. Rev. Microbiol. 7(3),
226–236.
30. von Linstow, M.-L., Winther, T.N., Eltvedt, A.
et al. (2020). Self-reported immunity and opinions
on vaccination of hospital personnel among paediatric healthcare workers in Denmark. Vaccine
38(42), 6570–6577.
31. Pagliusi, S., Jarrettb, S., Hayman, B. et al. (2020).
Emerging manufacturers engagements in the
COVID-19 vaccine research, development and
supply. Vaccine 38(34), 5418–5423.
32. Hwang, A., Veira, C., Malvolti, S. et al. (2020). Global
vaccine action plan lessons learned II: Stakeholder
perspectives. Vaccine 38(33), 5372–5378.
33. Kashte, S., Gulbake, A., El-Amin Iii, S.F. et al.
(2021). COVID-19 vaccines: Rapid development,
implications, challenges and future prospects.
Human Cell 34(3), 1–23.
34. Zhang, C.-H., Lu, J.-H., Wang, Y.-F. et al. (2005).
Immune responses in Balb/c mice induced by a
candidate SARS-CoV inactivated vaccine prepared from F69 strain. Vaccine 23(24), 3196–3201.
35. Deng, M.-P., Hu, Z.-H., Wang, H.-L. et al. (2012).
Developments of subunit and VLP vaccines
against influenza A virus. Virol. Sin. 27(3), 145–153.
36. Lundstrom, K. (2020). The current status of
COVID-19 vaccines. Front. Genome Edit. 2(10),
579297.
37. Lundstrom, K. (2020). Application of viral vectors
for vaccine development with a special emphasis
on COVID-19. Viruses 12(11), 1324.
38. Wu, S., Zhong, G., Zhang, J. et al. (2020).A single
dose of an adenovirus-vectored vaccine provides
protection against SARS-CoV-2 challenge. Nat.
Commun. 11(1), 1–7.
39. Feng, L., Wang, Q., Shan, C. et al. (2020). An
adenovirus-vectored COVID-19 vaccine confers
protection from SARS-COV-2 challenge in rhesus
macaques. Nat. Commun. 11(1), 1–11.
40. Koch, T., Dahlke, C., Fathi, A. et al. (2020). Safety
and immunogenicity of a modified vaccinia virus
Ankara vector vaccine candidate for Middle East
respiratory syndrome: An open-label, phase 1
trial. Lancet Infect. Dis. 20(7), 827–838.
41. Kurup, D., Wirblich, C., Ramage, H. et al.
(2020). Rabies virus-based COVID-19 vaccine
CORAVAX™ induces high levels of neutralizing
antibodies against SARS-CoV-2. NPJ Vac. 5(1),
1–9.
42. Franklin, R., Young, A., Neumann, B. et al.
(2020). Homologous protein domains in SARSCoV-2 and measles, mumps and rubella viruses:
Preliminary evidence that MMR vaccine might

179

COVID-19: FROM BENCH TO BEDSIDE

provide protection against COVID-19. medRxiv.
doi:10.1101/2020.04.10.2005320.
43. Shirvani, E. and Samal, S.K. (2020). Newcastle
disease virus as a vaccine vector for SARS-CoV-2.
Pathogens 9(8), 619.
44. Erasmus, J.H., Khandhar, A.P., O’Connor, M.A.
et al. (2020). An alphavirus-derived replicon RNA
vaccine induces SARS-CoV-2 neutralizing antibody and T cell responses in mice and nonhuman
primates. Sci. Transl. Med. 12(555), eabc9396.
45. Logunov, D.Y., Dolzhikova, I.V., Zubkova, O.V.
et al. (2020). Safety and immunogenicity of an
rAd26 and rAd5 vector-based heterologous
prime-boost COVID-19 vaccine in two formulations: Two open, non-randomised phase 1/2
studies from Russia. Lancet 396(10255), 887–897.
46. Voysey, M., Clemens, S.A.C., Madhi, S.A. et al.
(2021). Safety and efficacy of the ChAdOx1
nCoV-19 vaccine (AZD1222) against SARS-CoV-2:
An interim analysis of four randomised controlled trials in Brazil, South Africa, and the UK.
Lancet 397(10269), 99–111.
47. Sadoff, J., Le Gars, M., Shukarev, G. et al. (2021).
Interim results of a phase 1–2a trial of Ad26.COV2.S
COVID-19 vaccine. N. Engl. J. Med. 384, 1824–1835.
48. Lim, M., Md Badruddoza, A.Z., Firdous, J. et al.
(2020). Engineered nanodelivery systems to
improve DNA vaccine technologies. Pharmaceutics
12(1), 30.
49. Chi, H., Zheng, X., Wang, X. et al. (2017). DNA vaccine encoding Middle East respiratory syndrome
coronavirus S1 protein induces protective immune
responses in mice. Vaccine 35(16), 2069–2075.
50. Vogel, F.R. and Sarver, N. (1995). Nucleic acid
vaccines. Clin. Microbiol. Rev. 8(3), 406–410.
51. Yu, J., Tostanoski, L.H., Peter, L. et al. (2020). DNA
vaccine protection against SARS-CoV-2 in rhesus
macaques. Science 369(6505), 806–811.
52. Tebas, P., Yang, S.P., Boyer, J.D. et al. (2021). Safety
and immunogenicity of INO-4800 DNA vaccine
against SARS-CoV-2: A preliminary report of an
open-label, Phase 1 clinical trial. EClinicalMedicine
31, 100689.

180

53. Polack, F.P., Thomas, S.J., Kitchin, N. et al. (2020).
Safety and efficacy of the BNT162b2 mRNA
COVID-19 vaccine. N. Engl. J. Med. 383(27),
2603–2615.
54. Baden, L.R., El Sahly, H.M., Essink, B. et al. (2020).
Efficacy and safety of the mRNA-1273 SARSCoV-2 vaccine. N. Engl. J. Med. 384(5), 403–416.
55. Callaway, E. (2021). Mixing COVID vaccines triggers potent immune response. Nature 593(7860),
491.
56. Mahase, E., (2020). What have we learnt from the
new variant in the UK? BMJ 371, m4944.
57. Davies, N.G., Barnard, R.C., Jarvis, C.I. et al.
(2021). Estimated transmissibility and severity of
novel SARS-CoV-2 variant of concern 202012/01
in England. medRxiv. doi:10.1101/2020.12.24.2024
8822.
58. Sanches, P.R.S., Charlie-Silva, I., Braz, H.L.B. et al.
(2021). Recent advances in SARS-CoV-2 Spike
protein and RBD mutations comparison between
new variants Alpha (B.1.1.7, United Kingdom),
Beta (B.1.351, South Africa), Gamma (P.1, Brazil)
and Delta (B.1.617.2, India). J. Virus Erad. 7(3),
100054.
59. Madhi, S.A., Baillie, V., Cutland, C.L. et al. (2021).
Efficacy of the ChAdOx1 nCoV-19 COVID-19
vaccine against the B.1.351 variant. N. Engl. J.
Med. 384, 1885–1898.
60. Rahimi, F., Abadi, A.T.B. (2021). Implications of
the emergence of a new variant of SARS-CoV-2,
VUI-202012/01. Arch. Med. Res. 384, 2124–2130.
61. Redwan, E.M. (2021). COVID-19 pandemic and
vaccination build herd immunity. Eur. Rev. Med.
Pharm. Sci. 25 (2), 577–579.
62. Schultz, N.H., Sørvoll, I.H., Michelsen, A.E. et
al. (2021). Thrombosis and Thrombocytopenia
after ChAdOx1 nCoV-19 vaccination. N. Engl. J.
Med.
63. Lee, E.-J., Cines, D.B., Gernsheimer, T. et al.
(2021). Thrombocytopenia following Pfizer and
Moderna SARS-CoV-2 vaccination. Am. J. Hematol.
95, 534–537.

Chapter 14 Clinical Trials of COVID-19 Therapeutics and Vaccines
History, Current Status, and Limitations
Candan Hizel Perry, Havva Ö. Kılgöz, and Ş ükrü Tüzmen

14.1 INTRODUCTION
14.1.1 Novel Coronavirus (SARS-CoV-2):
What We Know So Far
Over the past decade, three Coronaviruses
from the Beta (β)-coronavirus genus have been
discovered: Severe acute respiratory syndrome
coronavirus (SARS-CoV) caused the SARS outbreak in 2002 [1], and the Middle East respiratory
syndrome coronavirus (MERS-CoV) was identified in the 2012 MERS outbreak [2]. In 2019, following a cluster of pneumonia cases in Wuhan
City, China, the novel zoonotic (“spill over”
from animals to people) SARS-CoV-2 was identified as the causative agent of COVID-19 [3, 4].
Having 79.5% nucleotide identity with SARS-
CoV, SARS-CoV-2 caused global health concern
along with an unprecedented challenge to identify effective drugs and vaccines for prevention
and treatment [5, 6]. SARS-
CoV-
2 is a highly
contagious single-stranded RNA (ssRNA) virus,
with almost 30,000 bases encoding four viral
structural proteins including spike (S), envelope (E), membrane (M), and nucleocapsid (N)
proteins, 16 non-structural proteins (NSP1-16),
and various accessory proteins (ORF3a, ORF6,
ORF7a, ORF7b, ORF 8 and ORF10) [7]. It has
been revealed that primary transmission of
SARS-CoV-2 is through person-to-person respiratory droplets/close contact and fomite transmission [8–10].
Since December 2019, the identification and
rapid spread of the SARS-CoV-2 virus in China
has turned into a global threat that was eventually declared pandemic by the World Health
Organization (WHO) on March 11, 2020 [8].
As of April 20, 2021, the WHO confirmed that
COVID-19 cases exceeded 141 million, including
more than 3 million deaths globally [11].
Recently, evolving variants of SARS-
CoV-
2
identified in the United Kingdom, South Africa,
Brazil, Japan, and India have become a growing
concern worldwide for their higher transmission rates and ability to cause severe infection
leading to more hospitalizations and deaths [12–
14]. Accordingly, because of the escalating death
toll and the devastating impact of the coronavirus on healthcare systems, considerable global
research efforts from the pharmaceutical industry and academia have focused on the development of potential effective therapy options,
DOI: 10.1201/9781003190394-14

such as vaccines and the repurposing of drug
molecules already approved for the treatment of
other diseases [4].
In this chapter, we aim to present a summary
of authorized clinical trials on vaccine development and repurposed drugs against COVID-19.
In this context, the approval of COVID-19 drugs
and vaccines is also discussed. Additionally,
we give a brief overview of the immunopathology and pathophysiology of COVID-19, which
are crucial for understanding the rational of
the potential clinical and therapeutic treatment
modalities employed to combat the ongoing
SARS-CoV-2 public health crises.
14.1.2 Immunopathology/Pathophysiology
Underlying COVID-19 and Drug Targets
While SARS-
CoV-
2 infected individuals have
been reported as experiencing symptoms including fever, shortness of breath, muscle pain, sore
throat and cough in the first two weeks after
exposure, some remain asymptomatic. General
clinical features in moderate-to-severe and critical COVID-19 patients are usually characterized
by viral pneumonia, which makes the disease
pathology more challenging [15, 16]. To date, the
majority of infections are reported to be mild
or asymptomatic, while approximately 20% are
severe infections requiring hospitalization with
an estimated 2%–5% mortality [8].
Patients with severe COVID-19 infection have
been shown to be characterized by irregular
immune response because of compromised
immune systems, which worsens disease outcomes, such as pulmonary disease with a variety of severity and pathology profiles [8, 17].
The innate immune system, known as the
first line of defense, is stimulated on the recognition of pathogen-
associated molecular patterns (PAMPs) induced by SARS-CoV-2 during
the infection, which recruits dendritic cells
(DCs), macrophages, and neutrophils with several inflammatory cytokines. While multiple
immune response pathways are activated during the infection, a complete suppression of
viral replication or total clearance of infection is
reported in 80% of SARS-CoV-2 patients [8, 16,
18]. The overproduction of cytokines and chemokines is known as cytokine release syndrome
(cytokine storm). This was considered to be the
181

COVID-19: FROM BENCH TO BEDSIDE

main cause of tissue damage and the acute
respiratory distress syndrome (ARDS) resulting
from the infiltration of inflammatory cells into
the lungs, causing further immunopathology [8,
17–19].
14.2 CLINICAL TRIALS IN THE COVID-19
ERA
The COVID-
19 pandemic and rising death
toll have sparked a surge in clinical research
aimed at developing vaccines, new antibodies,
and drugs to treat and prevent SARS-
CoV-
2
infections. Various forms of COVID-19 vaccines,
including mRNA, adenovirus vector-
based
vaccines, and inactivated vaccines, have been
approved for emergency use in various countries as a result of these clinical studies.
In this section we have summarized the
therapeutic agents and vaccines currently being
tested and approved for emergency use at
unprecedented speed in the context of the global
clinical trial landscape for COVID-19 [4, 20].
14.2.1 Immunization Strategies to Combat
COVID-19 Pandemic at the Crossroads
Since the global spread of COVID-19, a number of vaccines against the SARS-CoV-2 have
been evaluated in preclinical and clinical
trials around the world. During the preparation of this manuscript, the WHO announced
a list of 88 candidate vaccines in clinical phase

evaluation [11, 21], some of which have been
approved for emergency use [4] (Figure 14.1).
Selected clinical trials of SARS-CoV-2 vaccines
are listed in Table 14.1. In addition, preclinical
and clinical evidence from previous outbreaks
of other coronaviruses, such as SARS-CoV (2003)
and MERS-CoV (2012), have aided in the design
of SARS-
CoV-
2 vaccines [16]. Until recently,
the COVID-
19 vaccines developed by Pfizer/
BioNTech, Moderna, and Janssen have been
authorized for emergency use in the United
States (USA) by the FDA while, the vaccines from
Pfizer-BioNTech, Moderna, and the University
of Oxford/AstraZeneca have been approved
in the European Union (EU) by the European
Medicines Agency (EMA) [14, 22, 23]. Moreover,
the vaccine from Sinovac has been authorized
in 22 countries to date, including China, Brazil,
and Turkey [24]. Remarkably, as of April 18, 2021,
more than 793 million vaccine doses have been
administered globally [11]. In this section we
have provided an overview of the major vaccine
platforms and classification as potential effective tools against COVID-19 outbreak.
14.2.1.1 DNA Vaccines
Despite numerous DNA vaccine-
based immunotherapeutic strategies against several diseases
being under preclinical and clinical development,
though approved in veterinary medicine, none
have yet been approved for human use [8, 10, 5].

Figure 14.1 (A) The main vaccine development strategies for COVID-19; (B) The percentages of
candidate vaccine platforms in clinical development. Abbreviations: PS: Protein subunit vaccines; NRVV: Non-replicating viral vector vaccines; IV: Inactivated virus vaccines; RVV: Replicating viral vector vaccines; VLP: Virus-like particle vaccines; APC:
Antigen presenting cell; RNA: RNA-based vaccines; DNA: DNA-based vaccines;
LAV: Live attenuated virus vaccines.
Source: Created with Biorender.com.
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Table 14.1 Selected clinical trials of SARS-CoV-2 vaccines
Name/Description

RNA

mRNA-1273
BNT162 (3 LNP-mRNAs)

DNA

INO-4800+EP

AG0301-COVID19
nCov vaccine
PS

NVX-CoV2373
(Full length recombinant
SARS-CoV-2 glycoprotein
nanoparticle vaccine adjuvanted with Matrix M)
Recombinant SARS-CoV-2
vaccine (CHO Cell)

SCB-2019 + AS03 or CpG
1018 adjuvant plus Alum
adjuvant

IM
2 doses
(Day 0 + 28)
IM
2 doses
(Day 0 + 21)
IM
2 doses
(Day 0 + 28)
ID
2 doses
(Day 0 + 28)
IM
2 doses
(Day 0 + 14)
ID
3 doses
(Day 0 + 28 + 56)
IM
2 doses
(Day 0 + 21)
IM
2–3 doses
(Day 0 + 28 or
Day 0 + 28 + 56)
IM
2 doses
(Day 0 + 21)

Clinical Evaluation
Stage/Registration #

FDA Licensed Example
for Human Use

Moderna Inc./NIAID

Phase 3
NCT04470427

N/A

Pfizer/BioNTech/Fosun
Pharma

Phase 3
NCT04368728
NCT04713553
Phase 3
NCT04674189

Developer

CureVac AG
Inovio Pharmaceutical
+ International Vaccine
Institute + Advaccine
(Suzhou) Biopharmaceutical
AnGes + Takara Bio + Osaka
University

Phase 2/3
NCT04642638

Zydus Cadila

Phase 3
CTRI/2020/07/026352

Novavax

Phase 3
NCT04611802
EUCTR2020-004123-16-GB
NCT04583995

Anhui Zhifei Longcom
Biopharmaceutical +
Institute of Microbiology,
Chinese Academy of
Sciences
Clover Biopharmaceuticals
Inc./GSK/Dynavax

Phase 3
NCT04646590
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CVnCOV vaccine

Administration
Route/Dose
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Platform

N/A

Phase 2/3
NCT04655625

Shingrix™

Phase 2/3
NCT04672395
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Table 14.1 (Continued) Selected clinical trials of SARS-CoV-2 vaccines
Administration
Route/Dose

Name/Description

IV

SARS-CoV-2 vaccine
(CoronaVac)

IM
2 doses
(Day 0 + 14)

Sinovac Research and
Development Co. Ltd

Inactivated SARS-CoV-2
vaccine (Vero cell)

IM
2 doses
(Day 0 + 21)

Sinopharm + China National
Biotec Group Co + Wuhan
Institute of Biological
Products

ChAdOx1-S - (AZD1222)

IM
1 or 2 dose(s)
(Day 0 + 28)

AstraZeneca + University of
Oxford

Recombinant novel coronavirus vaccine (Adenovirus
type 5 -Ad5-vectored)
Gam-COVID-Vac
(Sputnik V) (rAd26-S+rAd5-S)

IM
1 dose
(Day 0)
IM
2 doses
(Day 0 + 21)

CanSino Biological Inc./
Beijing Institute of
Biotechnology
Gamaleya Research Institute;
Health Ministry of the
Russian Federation

Ad26.COV2.S

IM
1 or 2 dose(s)
(Day 0 or Day 0 +56)
IN
1 dose
(Day 0)

Janssen Pharmaceutical

NRVV

NRVV
+
APC

DelNS1-2019-nCoV-RBD-
OPT1

Developer

University of Hong Kong,
Xiamen University and
Beijing Wantai Biological
Pharmacy

Clinical Evaluation
Stage/Registration #

FDA Licensed Example
for Human Use

Phase 3
NCT04456595
NCT04508075
NCT04582344
NCT04617483
NCT04651790
Phase 3
ChiCTR2000034780
ChiCTR2000039000
NCT04510207
NCT04612972
Phase 3
NCT04516746
NCT04536051
EUCTR2020-005226-28-DE
Phase 3
NCT04526990
NCT04540419
Phase 3
NCT04530396
NCT04564716
NCT04642339
NCT04656613
Phase 3
NCT04505722
NCT04614948
Phase 2
ChiCTR2000039715

Influenza virus vaccine
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Platform

Smallpox and Monkeypox
vaccine

N/A

Platform

Name/Description

RVV

rVSV-SARS-CoV-2-S vaccine
AdCLD-CoV19 (adenovirus
vector)

RBD SARS-CoV-2 HBsAg
VLP vaccine

VLP

Coronavirus-Like Particle
COVID-19 (CoVLP)
VBI-2902a. An enveloped
VLP of SARS-CoV-2 S
glycoprotein and aluminum
phosphate adjuvant.

Clinical Evaluation
Stage/Registration #

FDA Licensed Example
for Human Use

IM
1 dose
(Day 0)
IM
1 dose
(Day 0)
IM
2 doses
(Day 0 + 28)

Israel Institute for Biological
Research

Phase 1/2
NCT04608305

ERVEBO

Cellid Co., Ltd.

Phase 1/2
NCT04666012

Mahidol University, The
Government Pharmaceutical
Organization, Icahn School
of Medicine

Phase 1/2
NCT04764422

IM
1 dose
(Day 0)

Aivita Biomedical, Inc.
National Institute of Health
Research and Development,
Ministry of Health Republic
of Indonesia
Codagenix/Serum Institute
of India

Phase 1/2
NCT04386252

Serum Institute of India/
Accelagen Pty/SpyBiotech

Phase 1/2
ACTRN12620000817943
ACTRN12620001308987
Phase 2/3
NCT04662697
NCT04636697
Phase 1/2
NCT04773665

IN
1–2 dose(s)
(Day 0 or Day 0 + 28)
IM
2 doses
(Day 0 + 28)
IM
2 doses
(Day 0 + 21)
IM
2 doses
(Day 0 + 21)

Medicago Inc.
VBI Vaccines Inc.

N/A

Phase 1
NCT04619628
M-M-R II
GARDASIL

Abbreviations: ID: Intradermal; IM: Intramuscular; IN: Intranasal; PS: Protein subunit; IV: Inactivated virus; NRVV: Non-replicating viral vector; RVV: Replicating viral vector;
LAV: Live attenuated virus; VLP: Virus like particle; APC: Antigen presenting cell; DC: Dendritic cell; RBD: Recombinant SARS-CoV-2 S1 subunit protein; EP: Electroporation;
ERVEBO: Ebola Zaire Vaccine; M-M-R II: Measles, Mumps, and Rubella Virus Vaccine Live; GARDASIL: Human Papillomavirus Quadrivalent (Types 6, 11, 16, and 18) Vaccine;
Shingrix™: Zoster Vaccine Adjuvanted; N/A: Not available.
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LAV

Developer
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RVV
+
APC

NDV-HXP-S,
NDV vector expressing the
spike protein of SARS-
CoV-2, with or without the
adjuvant CpG 1018
AV-COVID-19. A vaccine
consisting of autologous
dendritic cells loaded with
antigens from SARS-CoV-2,
with or without GM-CSF
COVI-VAC

Administration
Route/Dose
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The DNA-
based vaccine platform was introduced in the 1990s/2000s, and several preclinical studies have shown its potential for treating
various viral infections [17, 25]. In DNA-based
vaccine strategies, the antigen of interest is introduced into plasmid DNA administered to host
cells for antigen expression and eventually secretion from cells [26]. Antigens are then processed
and presented by immune cells to elicit humoral
and cell-mediated immune responses specific to
the expressed antigen [8, 17, 19, 27].
Currently, there are 10 DNA-
based SARSCoV-

2 candidate vaccines in clinical development [21]. In a Phase I clinical trial, the INO-
4800 DNA plasmid-
based vaccine candidate
targeting the SARS-CoV-2 full length spike (S)
glycoprotein, has shown good safety, tolerance,
and immunogenicity in all of the 38 vaccinated
subjects. All participants were reported to generate anti-spike humoral and cellular immune
responses following the second dose of the vaccine, with no serious side effects [28]. Currently,
an INO-4800 plasmid-based vaccine candidate is
being evaluated in Phase II/III trials.
Even though there are several advantages
of the DNA-based vaccine platform, including
good biocompatibility of plasmid DNA, and
inexpensive and rapid mass production with
a long shelf life, challenges remain to be addressed [8]. These may include the poor immunogenicity compared to RNA and conventional
vaccines, the need for specialized delivery techniques such as electroporation (EP), and the
necessity of molecular adjuvants for increased
efficacy and enhanced immune response [8, 25].
One drawback compared to RNA vaccines is
that DNA needs to be delivered to the nucleus,
which reduces its efficacy.
14.2.1.2 RNA Vaccines
RNA-based candidate vaccines have been subjected to preclinical and clinical evaluation
aiming to provide prolonged immunity against
various pathogens, including influenza, and
Zika viruses [29]. However, until recently none of
the RNA-based vaccines have found any applications in humans prior to SARS-CoV-2 RNA
vaccine trials [26, 27]. In the case of COVID-19,
there are 12 RNA-based SARS-CoV-2 candidate
vaccines in use in clinical evaluation [21].
The RNA-based strategy might be deployed
on either self-amplifying RNA (saRNA) derived
from alphaviruses or conventional messenger
RNA (mRNA) [27]. These RNA molecules are
transfected into host cells, where immediate
translation of the protein of interest takes place
in the cytoplasm [25, 27].
The mRNA-1273 vaccine, encoding the full-
length SARS-CoV-2 S protein encapsulated in
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lipid nanoparticles (LNPs) [22], was developed
by Moderna. It has shown 94.1% efficacy at preventing COVID-
19 after two intra-
muscular
(IM) injections 28 days apart in Phase III clinical evaluation. No safety issues have been
reported except for minor transient reactogenicity. Furthermore, the BNT162b2 mRNA vaccine developed by Pfizer/BioNTech has been
evaluated in Phase III trials. BNT162b2 is an
LNP-
encapsulated mRNA vaccine encoding
the nucleoside-modified full-length S protein of
SARS-CoV-2. In placebo-controlled clinical trials, the test subjects received prime and booster
IM injections of the vaccine 21 days apart. The
interim results from Phase II/III have shown
good tolerability of the BNT162b2 vaccine candidate with 95% efficacy in people 16 years of age
and older [30].
On December 11, 2020, the FDA issued the
first emergency use authorization (EUA) for the
BNT162b2 mRNA vaccine developed by Pfizer/
BioNTech in individuals 16 years of age and
older. A week later, on December 18, the FDA
granted an EUA for the mRNA-
1273 vaccine
manufactured by Moderna, for individuals 18
years of age and older.
14.2.1.3 Viral Vector Vaccines
In the context of viral vector vaccine strategies, the gene of interest is incorporated into
the genome of a recombinant or modified viral
vector to express specific antigens as a delivery
platform [8]. The gene coding for an antigen can
be controlled by a specific promoter integrated
into the vector and elicit both T cell and high-
titer antibody responses as it mimics the natural
infection even without the need of an adjuvant
[8, 25]. Because of their distinct features, different types of viral vectors have been used
for antigen-
specific immunization strategies.
Nevertheless, some viral vectors can induce low
immunogenicity through pre-
existing immunity [17, 25, 27]. Viral vaccine vectors can be further classified as two main groups, depending
on their ability of replication in host cells: replicating viral vectors (RVV) and non-replicating
viral vectors (NRVV) [19]. NRVVs are still capable of infecting/transducing host cells, promoting the expression of desired antigens [8]. At the
time of writing there are 20 viral vector candidate vaccines for SARS-CoV-2 in clinical phase
assessment, including 6 RVV and 14 NRVV vaccine candidates [21].
14.2.1.4 Replicating Viral Vector (RVV)
In December 2019, ERVEBO, a recombinant replicating vaccine based on the vesicular stomatitis
virus (VSV) vector expressing the EBOV glycoprotein (GP) gene, was the first FDA-approved
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vaccine for the prevention of Ebola virus disease (EVD) [31]. Various candidate vaccines
for SARS-CoV-2 using attenuated viral vector
platforms are being tested in preclinical and
clinical studies [21]. In this approach, relatively
low doses of virus need to be used, since the
vector has the ability to elicit strong immune
responses because of its replication at the site of
vaccination [8, 27]. Among five candidate vaccines in clinical evaluation, an influenza virus
vector is used for the expression of the SARS-
CoV-2 S RBD (DelNS1-2019-nCoV-RBD-OPT1) for
estab
lishment of long-
term immunity against
SARS-CoV-2. In a Phase II clinical evaluation,
DelNS1-2019-nCoV-RBD-OPT1 is a RVV vaccine
candidate administered as a single dose intranasal spray [32].

The Ad26.COV2.S candidate vaccine (Janssen
Pharmaceuticals), encoding the full-
length
SARS-CoV-2 S protein was developed by using
the recombinant adenovirus type 26 (Ad26)
vector. In contrast to other COVID-19 vaccine
candidates, Ad26.COV2.S has been administered as a single-dose vaccine providing good
safety and robust efficacy in animal models.
AD26.COV2.S has been subjected to the Phase
III ENSEMBLE trial on several continents in up
to 60,000 volunteers over 18 years of age with or
without comorbidities. The FDA issued an EUA
for AD26-COV2.S for use in people 18 years of
age and older [37].

14.2.1.6 Inactivated/Live Attenuated
Virus Vaccines
Inactivated or live attenuated viruses represent
14.2.1.5 Non-Replicating Viral Vector (NRVV) a type of traditional viral vaccine platform that
In September 2019, the FDA authorized the first uses viruses as a whole, or as subunits, to prolive NRVV vaccine developed for the prevention voke immune responses. Viral vaccines can be
of both smallpox and monkeypox diseases [33] divided into two types: inactivated virus, and
(fda.gov). NRVV vaccines have been subjected attenuated virus vaccines, which rely on difto preclinical and clinical evaluation in order to ferent processes in development [16, 27]. There
deliver the designed cargo against several dis- are 14 SARS-
CoV-
2 vaccine candidates using
eases [21, 27]. The simian adenovirus vector- viruses as a whole, or as subunits, in clinical
based ChAdOX1 nCoV-
19 (also AZD1222) development [21]. Among these, 12 are based on
vaccine expressing the full-length SARS-CoV-2 inactivated virus (IV), and 2 are live attenuated
S protein has been evaluated in Phase II/III virus (LAV) vaccines.
clinical trials. Even though both cellular and
humoral responses were generated against 14.2.1.6.1 Inactivated Virus (IV)
SARS-
CoV-
2 after a single dose of ChAdOx1 Progress in the development of different inactinCoV-19, a booster dose seemed to be impor- vation strategies has contributed to the success
tant for improved neutralizing antibody profiles of several IV vaccines [16, 19, 27]. The first IV
[34]. In the interim analysis of Phase II/III trials, vaccine was the human influenza virus vacChAdOx1 nCoV-19 was found to be well toler- cine. Depending on purification procedure, IV
ated, with improved immunogenicity in all age vaccines can comprise either whole virus or
groups following booster immunization [23]. subunit vaccines [27]. The IV platform has been
Interim results from four clinical trials demon- shown to be safer than live-attenuated vaccines
(LAV); however, it often requires an adjuvant
strated a vaccine efficacy of 62.1% to 90% [35].
Another vaccine candidate, the Gam-COVID- for enhanced immunogenicity [16]. For SARS-
Vac (Sputnik V) is based on heterologous prime- CoV-2 vaccine development efforts, 12 candiboost vaccination with two nonreplicating date IV vaccines have been reported to be in
human adenovirus vector serotypes, Ad26 and clinical evaluation, of which six are in Phase
Ad5, both incorporating the full-length SARS- III [21].
Sinovac has developed CoronaVac, an IV vacCoV-2 S protein [36]. The strategy of using two
serotypes was to avoid preexisting immunity cine with Aluminum hydroxide (Alum) adjuagainst Ad-vectors for the second immuniza- vant, which has been investigated in Phase III
tion. Clinical assessment of the vaccine profile trials. This vaccine, applied as a two-dose IM
was carried out by an initial rAd26-S vaccine regimen, has demonstrated good safety, toleradose administered to healthy adults, followed bility, and immunogenicity against SARS-CoV-2
by a second dose of rAd5-S on day 21. Initial val- in healthy subjects aged 18–59 years. Only mild
idation showed good safety and strong immu- or moderate side effects, including 9% of particinogenicity in healthy adults. Interim results pants complaining about temporary injection
from the Phase III trial showed over 90% vac- site pain, have been reported [38]. Furthermore,
CoV-
2 vaccine candidate
cine efficacy in healthy volunteers. The Sputnik another IV SARS-
V vaccine administration is authorized in 65 BBIBP-CorV developed by Sinopharm, was evalcountries including Egypt, Albania, Zimbabwe, uated in Phase I/II in healthy individuals aged
18–80 years. Interim clinical trial results of this
and Jordan [24].
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vaccine have shown its safety and tolerability in
all subjects as a two-dose regimen. The most frequent side effect reported was fever. All participants receiving the vaccine, generated humoral
responses on day 42 and seroconversion was
observed after the administration of two doses
of 4 μg. Currently, there are several conducted
or ongoing Phase III studies in different countries, including Argentina, Peru, United Arab
Emirates, Jordan, and Egypt [24]. Last but not
least, the whole-virion inactivated SARS-CoV-2
vaccine, BBV152, developed by Bharat Biotech
in India, is in Phase III clinical evaluation. The
vaccine was formulated with TLR 7/8 agonist
adsorbed to Alum, which resulted in high tolerability and improved virus-specific immune
response.
14.2.1.6.2 Live Attenuated Virus
One of the well-
k nown live attenuated virus
(LAV) (weakened) vaccines is MMR, d
 eveloped
for the prevention of mumps, measles and
rubella [27]. LAV vaccines are produced by
attenuating the wild type virus, which still
can replicate after administration, but usually
do not cause a disease [25]. Even if it does, it is
often significantly milder than the actual symptoms of the disease. The immune response to
a LAV vaccine is very similar to natural infection, therefore a small dose of virus could be
enough to provoke immune response [16]. There
are only two LAV vaccine candidates reported
to be at the stage of clinical evaluation for
SARS-CoV-2 [21]. The LAV vaccine candidate
COVI-
VAC, developed by Codagenix (India)
and MV-014-212, developed by Meissa Vaccines,
Inc. are currently in Phase I clinical assessment,
administered through the intranasal route (no
published data available).
14.2.1.7 Recombinant Protein Subunit
Vaccines
While protein subunit (PS) vaccines have limitations regarding the low immunogenicity, the
use of immunostimulatory adjuvants often
can overcome this issue, providing sufficient
protective immunity [16, 27]. In addition, carrier nanoparticles can be conjugated in order
to enhance multi-meric antigenic presentation,
which results in increased immunogenicity [19].
Traditional subunit vaccines relied on purification of viral surface proteins. The advent of
recombinant protein expression technologies
has facilitated the production significantly, and
has allowed the purification of large quantities
of protein subunits for immunization.
In the context of the COVID-
19 pandemic,
there are 28 PS SARS-CoV-2 vaccine candidates
being explored in clinical trials. The Matrix-M1
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adjuvanted recombinant S protein nanoparticle vaccine candidate NVX-CoV2373 was produced in the established baculovirus Spodoptera
frugiperda (Sf9) insect cell expression system.
Phase I results showed robust humoral and cellular immune responses against SARS-
CoV-
2,
with high viral neutralizing activity [27, 39].
Additionally, the NVX-CoV2373 vaccine developed by Novavax, showed 89.3% vaccine efficacy in a Phase III trial [40].
Moreover, the SCB-
2019 vaccine candidate
comprising S-
Trimer protein formulated with
either AS03 or CpG/Alum adjuvants is currently under Phase II/III clinical investigation
[41]. Interim Phase I results for SCB-2019 showed
promising neutralizing antibody responses with
either of the adjuvants. On immunization, the
vaccine successfully promoted SARS-
CoV-
2
specific humoral and Th1-biased CD4+ T cell
responses [41].
14.2.1.8 Virus-Like Particle Vaccines
Virus-like particle (VLP) vaccines are noninfectious, engineered from viral proteins assembled
as multimers to mimic the structure of wildtype
virus, but containing no viral genetic material
[8]. Moreover, these empty viral shells exhibit
high immunogenicity because of the similar structure and size of native virions [17, 25].
Recently, four SARS-CoV-2 vaccine candidates
using VLP technology have entered the stage of
clinical trials [21].
A subunit VLP vaccine, RBD SARS-
CoV-
2
HBsAg, is currently under Phase I/II evaluation, where the hepatitis B surface antigen
(HBsAg) is fused with the RBD antigen, aiming to promote prolonged immune response
against SARS-CoV-2 infection. A second VLP-
based vaccine candidate, CoVLP was formulated with a squalene-based adjuvant AS03, and
is in Phase II/III clinical assessment. Moreover,
another VLP-based vaccine candidate has been
developed by Bilkent and Middle East Technical
Universities in Turkey, and is evaluated in combination with alum and CpGODN-K3 adjuvants
in a Phase I study [21].
14.2.2 Insights into Repurposing Drugs as
Therapeutic Options for COVID-19
Despite the importance of vaccines for preventing and eradicating COVID-19, as the massive
task of vaccinating the whole global populations remains challenging there is an urgent
need for alternative therapeutic approaches.
Additionally, given that de novo development
of drugs against SARS-CoV-2 takes a long time,
rigorous and adequate clinical trials focusing
on drug repurposing can be crucial to discovering effective treatments against COVID-19 in a
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shorter time frame [6, 42, 43]. Repurposing of
existing approved drugs can present a practical approach during the emergent pandemic
because of the available data on the safety of
repurposing drugs. Hence, from the beginning,
the COVID-
19 pandemic has prompted the
repurposing of a plethora of existing approved
drugs by conducting over 200 Phase II/III clinical trials to evaluate the safety and efficacy of
repurposed drugs against SARS-
CoV-
2, previously developed against viral and parasitic
infections such as HIV, Influenza, Ebola and
Malaria (Table 14.2) [6, 42, 43].
As for the treatment mechanism against
SARS-
CoV-
2 of repurposed drugs, principally
two distinct approaches have been explored: prevention of virus entry into host cells by blocking
virus–cell membrane fusion (e.g. hydroxychloroquine (HCQ)/chloroquine), and suppression
of different intracellular steps of virus replication by inhibiting the RNA-
dependent RNA
polymerase (RdRp), an enzyme that plays a key
role in the replication of an extensive range of
viruses, including SARS-
CoV-
2 (for example,
favipiravir and remdesivir). Additionally, mechanisms related to the inhibition of viral proteases
(for example, lopinavir/ritonavir), the inhibition of cytokine release and anti-inflammatory
responses (for example, dexamethasone, tocilizumab and colchicine) have also been explored
[42, 44, 45] (Figure 14.2) (Table 14.2). For comprehensive reviews related to mechanisms of
the repurposed drugs, the reader is referred to
Chapter 7.
In keeping with drug repurposing investigations, several drugs, including remdesivir, HCQ, Kaletra (lopinavir/ritonavir) [46],
favipiravir [47], ivermectin, (TCZ) tocilizumab,
dexamethasone, and colchicine [48] have been
studied in different multi-national and multi-
armed trials, to assess their clinical efficacy
for COVID-19 treatment, and can be found at
ClinicalTrials.gov with National Clinical Trial
(NCT) identifiers. While some of these clinical trials are already completed, others are still
ongoing and recruiting. Selected compelling
examples of repurposed drugs in clinical trials are listed in Table 14.2. Among these repurposed drugs, in particular remdesivir and HCQ,
have been the center of attention. However,
the SOLIDARITY trial (NCT04315948) is one
of the largest international randomized trials
launched by the WHO and partners, enrolling almost 12,000 patients at 500 hospital sites
across 30 countries. This trial evaluated the
clinical effectiveness of remdesivir/lopinavir/
ritonavir/HCQ together with Interferon β-1A
on three important outcomes: mortality, need
for assisted ventilation, and duration of hospital

stay. The outcome was that all four evaluated
treatments showed little or no effect on overall
mortality, initiation of ventilation, or duration
of hospital stay in hospitalized patients, as presented in an interim report [46].
To overcome the pandemic crisis and to identify effective treatment against SARS-
CoV-
2,
the repurposing of existing FDA approved antiviral drugs is given high priority. Accordingly,
the RdRp inhibitor remdesivir received an
EUA from the FDA in May 2020 [49], and the
FDA approved remdesivir for patients aged
12 years and older in October 2020 [50] on
the basis of clinical trial data (NCT04280705)
which demonstrated better clinical benefit
than placebo in shortening the recovery time of
adult patients with COVID-19 [46, 50]. Another
clinical study (NCT04292730) examined the
effect of remdesivir on patients with moderate COVID-19 disease and found no benefit at
the end of the 10-day treatment, while a 5-day
treatment showed statistically significant but
modest improvement of clinical status versus
standard of care [51]. However, a recent update
of the WHO clinical trial (NCT04315948) has
failed to demonstrate any beneficial therapeutic effect of remdesivir, (HCQ), lopinavir, and
interferon regimens on hospitalized patients
with COVID-19 [46].
The other promising example is an Influenza
virus drug, favipiravir, which interferes with
viral replication by inhibiting RdRp [44].
Though favipiravir has not been approved by
the FDA it has received an EUA in Italy, and
currently is in use in different countries, such
as Japan, China, Russia, India, Kazakhstan, and
Turkey. Approval has also recently been granted
in Saudi Arabia [52].
HCQ and chloroquine phosphate (CQ) are
two other disputed repurposed drugs. They
have been developed as antimalarial drugs that
interfere with the viral endosomal entry pathway, and some experts considered HCQ as one
of the most promising COVID-19 drugs [53].
Recently, the randomized TOGETHER clinical
trial conducted in Brazil with 1,476 adult diagnosed with respiratory symptoms caused by
SARS-CoV-2 infections failed to show any significant benefit of HCQ and lopinavir/ritonavir
in hospitalized patients [45].
Overall, despite the fact that several clinical
trials have been completed and others are still
ongoing, no clinical research has demonstrated
efficacy of any repurposed drug that could cure
COVID-19. For this reason, there is an urgent
need for a concerted and sustained clinical
research effort. Since the efficacy of many repurposed drug treatment modalities tested in preclinical studies and/or clinical trials have often
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Table 14.2 Selected repurposed drug and related clinical trials

Drug Candidate

Drug Class/
Disease
Indication

Proposed Mode of
Action

Possible
Drug–Drug
Interaction

Selected
Clinical Trials

Substrate for:
▪ Anti-inflammatory
▪ COLCORONA
response
through CYP3A4
(NCT0432268)/
NLRP3 inflammasome *Attention for
NCT04472611/
and cytokine storm co-administration
NCT04539873/
with moderate
suppression
NCT04667780/
and strong
NCT04510038
inhibitors of these
ClinicalTrials.gov
CYP3A4
Dexamethasone
▪ RECOVERY
▪ Inhibition of release of
cytokines
NCT04381936
ClinicalTrials.gov
Favipiravir (T-705)
▪ Inhibition of RNA-Inhibitor for:
▪ NCT04358549/
dependent RNA poly- CYP2C8
NCT04346628/
merase (RdRp)
NCT04319900/
NCT04474457/
NCT04501783/
NCT04358549/
NCT04333589/
NCT04356495/
NCT0446440/
NCT04464408/
EUCTR2020-
002106-68-GB/JPRN-
jRCTs041200025/
JapicCTI-205238/
EUCTR2020-
001528-32-IT
ClinicalTrials.gov
Hydroxychloroquine/ Antimalarials/ ▪ Blockade viral entry Substrate for:
▪ WHO
chloroquine
Antirheumatic
into cells by inhibiting CYP2C8/CYP2D6/
SOLIDARITY trial
the glycosylation of CYP3A4/CYP3A5
(trial of treatments
*Attention for
host receptors
for COVID-
19 in
co-administration
▪ Immunomodulatory
hospitalized adults)
effects through reduc- with moderate
(NCT04315948)
tion of cytokine pro- and strong inhibi- ▪ NCT04325893/
duction and inhibition tors of these CYPs
NCT04340544/
of autophagy and lysoNCT04333732/
somal activity in host
NCT0434172
cells
NCT04403100
(together trial)
ClinicalTrials.gov
Ivermectin
Anti-helmintic ▪ Reported to inhibit the Substrate for
▪ NCT04510233/
(anti-parasitic
in vitro replication of CYP3A4
NCT04343092/
agent)
SARS-CoV-2 by inhib- *Attention for
NCT04381884
iting of the IMP α/β co-administration
ClinicalTrials.gov
receptor responsible with moderate
for viral protein trans- and strong
mission into host cell inhibitors of these
CYP3A4
nucleus
Kaletra (Lopinavir/
Antiviral –
Substrate and
▪ Inhibition of
▪ WHO
ritonavir)
HIV protease
inhibitor for
3-chymotrypsin-like
SOLIDARITY trial
inhibitors
CYP3A4
protease
(trial of treatments
for COVID-
19 in
hospitalized adults)
(NCT04315948)
ClinicalTrials.gov
▪ NCT04292899/
NCT04252664/
NCT042576/
NCT04280705/
NCT04276688/
NCT04403100
(Together Trial)
ClinicalTrials.gov
Colchicine
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Anti-
inflammatory
(inflammatory arthritis
and gout,
pericarditis
and coronary
disease)
Corticosteroids
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Drug Class/
Disease
Indication

Proposed Mode of
Action

Possible
Drug–Drug
Interaction

Selected
Clinical Trials

Remdesivir
(GS-5734)

Antiviral
for HIV for
Hepatitis C
and Ebola

▪ Inhibition of RNA-N/A
dependent RNA poly- for CYP inhibitors
and inducers
merase (RdRp)

▪ WHO
SOLIDARITY trial
(trial of treatments
for COVID-
19 in
hospitalized adults)
(NCT04315948)
▪ ADAPTIVE
Trial
(ACTT)
NCT04280705
▪ NCT04252664/
NCT04257656/
NCT04292730
ClinicalTrials.gov

Tocilizumab

Monoclonal
antibody

▪ Inhibition of Interleukin May decrease
6 (IL-6) and reduction blood concentration of CYP1A2/
in cytokine storm
CYP2C9/
CYP2C19/
CYP3A4

▪ NCT04356937/
NCT04445272/
NCT04403685
ClinicalTrials.gov

Figure 14.2 Representation of SARS-CoV-2 life cycle and major therapeutic strategies for COVID-19.
Source: Created with Biorender.com.
ended with mixed results or failure to demonstrate clinical efficacy against the SARS-CoV-2
virus, more clinical studies are urgently needed
to evaluate the efficacy of the new repurposed
drugs alone or in combination with other drugs
for COVID-19 treatment [4, 26].

14.3 CONCLUSION
The COVID-19 pandemic has claimed millions of
lives since its emergence in Wuhan and its rapid
spread across the world. Despite the fact that scientific research has explained COVID-19 through
the elucidation of SARS-CoV-2 pathogenesis,
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there is still much to learn, especially about the
dynamic and complex interactions between
SARS-CoV-2 and the immune response of the
host [3, 4]. The COVID-19 pandemic has had a
significant effect on clinical research, resulting in a crowded clinical pipeline of more than
4,000 studies linked to COVID-19 (ClinicalTrials.
gov), including approximately 1,500 trials
involving drugs or vaccines [48]. Hundreds of
trials for other diseases were suspended as a
result of this extraordinary situation. Despite
the fact that many COVID-
19 vaccines have
been approved by various regulatory authorities in different countries, no drug has been
officially approved, so far, with the exception of
remdesivir and favipiravir. As a result, clinical
studies on COVID-19 related to novel therapeutic methods should continue to focus on low-
hanging fruits in the fight against SARS-CoV-2
infection [6].
Integration of genomic approaches, such as
pharmacogenomics (PGx), into clinical trials
for repurposed drugs would undoubtedly add
a significant dimension to achieving successful dosing and reducing drug-induced adverse
events [54]. Another important concern is the
lack of information on different responses to
SARS-CoV-2 infections in males and females. So,
in future clinical trials, much needed resources
should be dedicated to this type of research in
order to investigate gender-specific discrepancies in pharmacotherapies against COVID-
19
[55]. Moreover, despite the fact that the US
Centers for Disease Control and Prevention
(CDC) recommend that pregnant women can
receive the COVID-19 vaccine, there is still not
enough evidence to support the vaccination of
pregnant women [56].
In summary, despite the fact that the pan
demic has not yet been silenced, a new wave
of SARS-CoV-2 infections has begun, with an
increased number of new SARS-CoV-2 variants.
The task at hand is to deal with these variants,
and these mutations have spread so quickly
across the globe that we are unlikely to be able
to fully eradicate them in the near future. A
crucial factor relates to the efficacy of current
vaccines against the new SARS-
CoV-
2 variants and the need for reengineering of existing
vaccines. Moreover, a similar strategy to the
one applied for influenza virus vaccines could
be of interest. Research efforts for a pandemic
vaccine development that targets both the
influenza virus and the SARS-CoV-2 would be
equally interesting [57]. Another issue related
to the adenovirus-
based vaccines (ChAdOx1
nCoV-
19 and Ad26.COV2.S), and the mRNA-
based vaccines (BNT162b2 and mRNA-
1273),
has been their association with rare cases of
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thrombocytopenia [58, 59], which should be
thoroughly investigated, and caution should be
used when individuals with a preexisting susceptibility to thrombocytopenia are vaccinated.
Needless to say, the current COVID-19 vaccines will not be the last ones needed. While, for
the time being, they are most essential as they
can slow down the progression of the pandemic
and reduce the severity of disease, we have been
dealing with since December 2019. However, in
the long run we need novel drugs and vaccines
to eradicate COVID-19 once and for all.
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Chapter 15 Lessons Learned from COVID-19 and Their
Implementations for Future Pandemics
Mauricio Corredor, Debmalya Barh, and Kenneth Lundstrom

15.1 INTRODUCTION
The 2009 Swine flu outbreak raised serious concern about an imminent pandemic [1]. The relatively short outbreaks of SARS (2002–2003) [2]
and MERS (2012) [3]. did not reach the level of a
global pandemic. Today, more than a year after
the onset of the biggest pandemic in history,
many scientific, medical, economic, and social
questions remain. In this final chapter, we will
evaluate the lessons learned from the COVID-19
pandemic so far. Social, economic, and political
aspects will be considered, but not analyzed,
because the point of view of science and medicine is always that of self-assessment, not that of
the judgment of other disciplines.
Scientific and medical monitoring and followup have been crucial from the beginning of the
pandemic, and the essential elements have been
analyzed with scientific tools in epidemiology,
viral pathology, diagnostics, and therapy [4]. On
the other hand, much attention has been dedicated to fundamental aspects such as molecular
virology [5] and vaccine development [6].
Organizations such as the World Health
Organization (WHO), governmental funding,
and even philanthropic foundations [7], have
contributed to SARS-CoV-2 research to rapidly support research activities in laboratories
and to provide practical solutions in hospitals. Hundreds of scientific publications and
web postings have emerged through various
international partnerships between thousands
of scientists and clinicians worldwide. Using
the words “COVID-19 and/or SARS-CoV-2”, as
search entries, bioRxiv alone reported 3,834 hits,
arXiv 3,833 hits, medRxiv 10,122 hits, PubMed
85,527 hits, of which 5,694 corresponded to NIH
grants, ScienceDirect 24,141 hits, and Google
Scholar 628,000 hits. For “COVID-19” alone,
Google Scholar found 3,710,000 hits. Though we
have not reached the end of the pandemic, many
questions regarding SARS-CoV-2 and COVID-19
remain open. For example, there are still a number of unsolved issues related to vaccines and
future novel drugs.
This chapter and the book do not represent
the end of the story, rather the beginning of
the end. It is an opportunity to further analyze
results and find out what has been learned since
the beginning of the COVID-19 pandemic and
what can be achieved in the future. Today, we
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have access to more advanced technologies and
tools at the scientific, clinical, and pharmaceutical levels. None the less, we had to stop our own
research, and even the treatment of patients
with other diseases for a few months, to focus
our resources on COVID-19.
At the onset of the pandemic in 2020, some
health managers may have considered that the
COVID-19 outbreak would have passed quickly
like other epidemics and never reach pandemic
levels. However, history taught us other lessons.
A reductionist view of the problem can lead to
underestimating the consequences, but a holistic vision will provide more rapid and effective solutions (https://ipbes.net/sites/default/
files/2020-12/IPBES%20Workshop%20on%20
Biodiversity%20and%20Pandemics%20Report_
0.pdf). By remembering what happened and
critically evaluating the actions taken will allow
us to reflect on lessons learned for the future so
as not to repeat mistakes made. This chapter
highlights a range of successes and discusses
some failures.
15.2 ARRIVAL OF SARS-CoV-2 AND THE
COVID-19 PANDEMIC
Influenza A, AIDS, and COVID-19 were the
three most recent human pandemics, caused
by Influenza virus H1N1, human immunodeficiency virus (HIV), and SARS-CoV-2, respectively. The epidemics caused by Ebola, Swine flu
virus H1N1 (2009–2010), SARS-Cov, MERS-CoV,
and avian influenza virus H5N1 never reached
pandemic levels. It was essential for the WHO
to define COVID-19 as a pandemic, though terminology among the general public includes
“corona”, “coronavirus”, “SARS-CoV-2”, “virus”,
“pathogen”, and “COVID-19”. In the context of
the Influenza A virus and AIDS pandemics, it
was essential to distinguish the names of pandemics from the names of the viruses, which
was not the case for the Ebola epidemic. Why is
this important? To outline a pandemic as: “simply defining a pandemic as a large epidemic
may make ultimate sense in terms of comprehensibility and consistency” [8]. In the context
of earlier outbreaks, descriptions of catastrophic
consequences of emerging epidemics were considered alarming, potentially creating panic
in the society [9, 10]. During those outbreaks
the warnings issued by scientists were not
DOI: 10.1201/9781003190394-15
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communicated very well to the general public.
Therefore, importantly, Dr Thedros Adhanom
Gebreyesus, Director-General of the WHO,
officially declared the outbreak a pandemic
on March 11, 2020 by spelling out the name
“COVID-19”. This was the first time a multilateral organization has declared the start of a
pandemic.
15.3 SCIENCE AND MEDICAL SUPPORT
In addition to the cautionary messages in the
2019 article entitled “Neglecting major health
problems and broadcasting minor, uncertain issues in lifestyle science” the “war” was
announced, but “not properly heard” [11]. In
the first pandemic of modern times (there were
pandemics in the fifteenth and sixteenth centuries too) in the twentieth century, scientific
and technological resources were quite limited.
In the First and Second World Wars, much scientific collaboration was devoted to weapon
manufacture. However, medical development
did not stop, which led to the exceptional discovery of antibiotics. These three great crises
of humanity are not comparable, either socially
or economically. Despite COVID-19 vaccine
availability, we still face difficulties we have
not been able to overcome, whether because of
a lack of resources, technological tools, or their
application [12]. In any case, science and medicine are definitely at stake. Never before has a
disease, epidemic, or pandemic unleashed so
much scientific, medical, administrative, and
political effort, and resources at such a scale
as for COVID-19. The unprecedented effort by
scientists, engineers, and clinicians has been
dedicated to investigating the causes, spread,
function, and pathogenesis of SARS-CoV-2 to be
able to eradicate the COVID-19 pandemic.
15.4 INTERNET AND COMPUTATIONAL
TECHNOLOGIES
During the first six months of the pandemic,
internet use and applications increased by
more than two-fold in both developed and
developing countries [13]. The global network
was unprepared for such unanticipated expansion [14], and new networking models were
needed. The COVID-19 pandemic created a
new scenario for network providers to accelerate computing capacity sufficiently to be able
to cope with massive user traffic demands
[15]. The use of social networks, video conferencing, virtual meetings, online courses, and
other types of communication from home have
increased. WhatsApp, Telegram, Facebook,
and other services have replaced face-to-face
communication. The movie industry, for example, has replaced screening at cinemas with

Netflix and other services. It was a challenge
for companies and network designers, as not
all countries were planning to expand their
coverage. Instead, cellphones have become
the big platform for C++, Java, and HTML for
Android developers. Hundreds of apps have
been designed to survey, control, and trace the
spread of infections, and identify individuals
who have been in contact with persons who
have tested positive for SARS-CoV-2. Today, it
is not known whether apps can prevent or slow
down the spread of COVID-19, but epidemiological models suggest that apps can be useful
in changing the course of the pandemic [16].
Big data (BD), cloud computing (CC), machine
learning (ML) [17], and artificial intelligence (AI)
[18] were the massive computational areas for
the development of networking and informatics science. For the analysis of the number of
COVID-19 cases and deaths, new databases were
created worldwide to facilitate the handling of
new daily data. BD was assembled from the information collected in each country, related to infections, transmission, incidence curves, R naught,
Ro (how contagious is an infectious disease), and
the logarithm scale plots with their daily death
and cumulative patient numbers. Numerous
databases such as “COVID-19 Dashboard by the
Center for Systems Science and Engineering”
were crucial [19, 20] (Figure 15.1).
15.5 PROGRAMS, SOFTWARE, AND
PLATFORMS
New or existing tools were enhanced or adapted
to address the entire epidemic of the COVID19 pandemic in real time. It will be impossible
to describe the hundreds of software and platforms available for COVID-19. For example,
the WHO electronic data collection platforms
were established in the context of the
COVID-19 outbreak (Figure 15.1). Another
example is “The Guide to Global Digital Tools
for COVID-19 Response” from the CDC website
(https://www.cdc.gov/coronavirus/2019-ncov/
global-covid-19/compare-digital-tools.html),
which presents an overview of the main software
packages used in the pandemic (Table 15.1). This
resource compiles and compares various tools
such as the District Health Information Software
DHIS2 [21], the Surveillance Outbreak Response
Management and Analysis System (SORMAS)
[22], “GoData” [23], Open Data Kit ODK [24], Epi
Info [25], CommCare [26], KoboToolbox [27], and
as mentioned, the CDC database, the most practical and well-known resources available online
in Excel, MS Office, and Paper formats. Different
software packages are used in several countries,
and the DHIS2 and SORMAS are used in the
USA by national surveillance. For the software,
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Figure 15.1 Various platforms, software, and apps for the COVID-19 pandemic. From left to right:
Dashboard by the Center for Systems Science and Engineering (DCSSE), GISAID
SARS-CoV-2 genome (https://www.epicov.org/epi3/frontend#3d1646) [20], the WHO
database (https://COVID-19.who.int/region/amro/country/us), and nine global
Coronavirus cellphone apps (https://covid-tracing.app/).
package, and cellphone apps for COVID-19, it
was concluded in an excellent review that: “The
significant technological advances and lessons
learned can be adopted or adapted by other
countries to ensure public health preparedness
for future waves of COVID-19 and other pandemics” [28].

Table 15.1 E
xamples of tools listed in The
Guide to Global Digital Tools for
COVID-19 Response from the CDC
Tool
DHIS2

Web Site

https://www.mn.uio.no/
ifi/english/research/
networks/hisp/external
SORMAS
https://sormasorg.
helmholtz-hzi.de/
History_SORMAS.html
GoData
https://www.who.int/
godataexternal)
ODK
https://www.cdc.gov/
epiinfo/index.html
Epi Info
https://www.cdc.gov/
epiinfo/index.html
CommCare https://www.
commcarehq.org/
accounts/login/
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15.6 EPIDEMIOLOGY, MATHEMATICS,
AND STATISTICS
The epicenter of the onset of the COVID-19 outbreak was in China [29], then it spread to Europe
[30], later reaching the USA [31], and at the present time it is prominent in Latin America and
India [32, 33]. Epidemiologic strategies have
been applied to follow the developments in
these regions very closely, analyzing data, and
producing rapid results. In a systematic review
and meta-analysis pooled estimates for clinical characteristics and outcomes in COVID-19
patients were determined [34]. A databank comprising 6,007 publications and 207 studies from
11 countries/regions outlined the epidemiology
of the COVID-19 pandemic.
15.7 GENOMICS AND BIOINFORMATICS
One year after the onset of the pandemic,
the GISAID database reported more than 1.5
m illion genomes (1,541,111 on May 13, 2021) and
the NCBI genome database 0.4 million (420,778
on May 10, 2021). In the first publication on the
SARS-CoV-2 genome, the phylogenetic analysis showed strong diversity [35]. This trait is
deeper than amino acid changes from the three
– A, B, and C – variants. None the less, variant
A is probably the ancestral type according to
the isolate of the bat coronavirus outgroup [36].
SARS-CoV-2 is the seventh known coronavirus,
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which replicates in human cells. Apart from
SARS-CoV and MERS-CoV, the other human
coronaviruses, HKU1, NL63, OC43, and 229E,
cause 15%–30% of common colds, and are not
associated with severe symptoms [37]. The evolutionary origin of SARS-CoV-2 is not clear, but
it has been postulated to stem from pangolins
or bats [38–42]. The search for the origin is continuing, though both pangolins and bats are
reservoirs for human coronavirus.
The sequencing of the SARS-CoV-2 genome
has been crucial for the determination of the
origin, transmissibility, and identification of
novel mutants/variants of the virus. Moreover,
sequence information has enhanced the understanding of the diagnostics, pathology, etiology,
immunology, drug and vaccine development,
and epidemiology [43]. Bioinformatics and systems biology have also gained from sequence
information of the SARS-CoV-2 genome [44]
and has been crucial in immunology and vaccine development [45–47]. A Google Scholar
search for “bioinformatics” and “COVID-19”
generated 143,000 hits. Furthermore, the

user-friendly Genome Detective Coronavirus

web-based software application was designed
for rapid identification and characterization of
novel coronavirus genomes [48].
15.8 SPIKE MUTATIONS
Extensive SARS-CoV-2 genome sequencing identified novel mutations in the SARS-CoV-2 S, M,
and E proteins. In particular, mutations in the S
protein caught the attention of researchers as some
isolates from the UK, South Africa, Brazil, and India
showed enhanced transmissibility. Mutations are
frequent in RNA viruses and, for example for
the E protein, the smallest of the SARS-CoV-2
structural proteins, mutations have been identified in most of its 75 amino acids. However, the
association between mutations at amino acid
positions 417, 484, 501, and 614 in the S protein
and transmissibility (Figure 15.2; Table 15.2) has
raised some concerns, which has been outlined by
the CDC (https://www.cdc.gov/coronavirus/
2019-ncov/cases-updates/variant-surveillance/
variant-info.html).
The SARS-CoV-2 B.1.1.7 UK variant has been
associated with potentially enhanced transmissibility and lethality [50–52]. Another concern

Figure 15.2 The Spike protein 6xr8 structure (from the RCSB PDB database) is highly glycosylated [49]. The upper left square shows the sites of some of the most frequent mutations at positions K417N/T, E484K/Q, and N501Y. These mutations bind to the ACE2
host cell receptor. The lower square shows the side view of the S protein where these
mutations appear. The P681R and F888L mutations (see Table 15.2) are distal from
these previously described mutation sites but are closer to the membrane. The figure
on the right corresponds to part of the S protein that binds to the ACE2 receptor,
showing the locations of K417N/T, E484K/Q, and N501Y mutations that form a triangular symmetry between A, B, and C subunits. The amino acids are only labeled
in subunit A; subunits B and C, are marked with arrows.
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Table 15.2 The latest mutations from the UK, South Africa, Brazil, and India which are of concern
Non synonymous
Detected

Isolate
PAGO
Country Linage Virulence

K417N, E484K, N501Y,
D614G, A701V

South
Africa

B.1.351

L452R, E484Q, P681R

India

B.1.617

L18F, T20N, P26S,
Brazil
P.1
D138Y, R190S, K417T,
E484K, N501Y, D614G,
H655Y, T1027I
E484K, S494P, N501Y,
United
B.1.1.7
A570D, D614G,
Kingdom
P681H, T716I, S982A,
D1118H (K1191N)

Transmissibility Antigenicity

As others, no Close to 50%
difference
(20%–113%)
higher
In progress
In progress
Close 45%
(50% CrI,
10%–80%)
More lethal
Increased

Close to 161%
(145%–176%)
higher
~50% increased
transmission

Substantial reduction in
neutralization by
antibodies
Insignificant reduction in
effective neutralization
Total reduction in
effective neutralization
Minimal impact on
neutralization by
convalescent and
post-vaccination sera

In bold type, mutations occurring at the same position in different variants. PAGO Lineage is a database
(https://cov-lineages.org). The references are in https://www.cdc.gov/coronavirus/2019-ncov/cases-updates/
variant-surveillance/variant-info.html.

relates to whether current COVID-19 vaccines
still show efficacy against the new variants.
Application of pseudoviruses expressing wildtype and B.1.1.7 S protein for testing of sera
from individuals vaccinated with the mRNA
based BNT162b2 vaccine demonstrated modestly reduced titers against the B.1.1.7 variant
[53]. In another study, the BNT162b2 vaccine
showed 89.5% efficacy against the B.1.1.7 variant and 75.0% efficacy against the B.1.351
variant [54]. Moreover, the vaccine effectiveness against severe, critical, or fatal COVID-19
disease in Qatar with the presence of the predominant B.1.1.7 and B.1.351 variants was 97.4%
[54]. However, the adenovirus-based ChAdOx1
nCoV-19 vaccine did not provide protection
against the B.1.351 variant in adults in South
Africa, indicating that the efficacy of existing COVID-19 vaccines needs to be evaluated
against emerging SARS-CoV-2 variants and if
necessary reengineered [55].
15.9 PATHOLOGY AND AGE
SARS-CoV-2 mainly targets the lungs, and
lung damage is the leading cause of death in
COVID-19 patients [56]. High viral load, lymphopenia, massive secretion of pro-inflammatory
cytokines (cytokine storm), and thrombotic and
thromboembolic events characterize the early
stages of severe COVID-19. In the later stages
the virus load and cytokine levels decrease, and
tissue repair prevails. Moreover, lung injury is
associated with comorbidity such as hypertension (52%), heart disease (38%), and diabetes
mellitus (32%) [56]. Other physiological systems
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such as the cardiovascular, urinary, gastrointestinal, reproductive (testes not ovary), and nervous
systems are also affected by COVID-19 [57]. The
phenotypic expression of various SARS-CoV-2
proteins in specific pulmonary microenvironments have been associated with pathological
findings in COVID-19 patients, which has been
important knowledge for a better understanding
of the pathophysiology [58, 59]. Furthermore, significant attention has been dedicated to studies
on histopathological changes in different organs
after autopsy of COVID-19 patients [60]. The differences in SARS-CoV-2 lung invasion observed
between adults and children will further be supported by physiology, biochemistry, and molecular biology research implementing bioinformatics
and various omics approaches [61].
15.10 IMMUNOLOGY
Immunology and immunological responses
against SARS-CoV-2 play a central role in
COVID-19. For example, it has been documented
that some individuals show T cell reactivity
against other coronaviruses [62]. On the other
hand, nobody had been exposed to SARS-CoV-2
before the onset of the pandemic. It has therefore
been of great importance to try to understand
the immune responses in COVID-19 patients
against SARS-CoV-2 in the lungs and other
organs. As the virus targets mainly the respiratory tract, eliciting both adaptive and innate
immune responses from the immune system, it is
also important to investigate differences between
children and adults, and in particular, the inferior responses seen in elderly patients [63].
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A search using “immunology” and “COVID-19”
in Google Scholar, found 2.310.000 hits. SARSCoV-2 infections elicit multiple antibody
responses with neutralizing activity, demonstrated in animal models and human clinical
trials [64]. These responses allow the identification of SARS-CoV-2 in infected, re-infected,
or future patients. Today, viral immunology
is useful to diagnose and determine the viral
charge, allowing the development of immunological tests. The most relevant achievement in
COVID-19 immunology so far, of course, has
been the successful development of several vaccines [65]. The discovery of neutralizing antibody responses to SARS-CoV-2 in recovered
COVID-19 patients, and their implications, are
also important immunological findings [66].
15.11 RAPID DETECTION AND
DIAGNOSTICS
Rapid identification of COVID-19 is essential for choosing the most effective treatment
option. Moreover, the diagnostic method needs
to be both fast and accurate. The desirable gold
standard should also be able to rule out both
false positives and false negatives. The classic approach was based on antigen tests, but
with extraordinary technology development
reverse transcriptase-polymerase chain reaction (RT-PCR) has been widely accepted, especially in the early stages of the pandemic. While
some concern has been raised related to poor
performance, especially in regard to its sensitivity, RT-PCR has been considered as the gold
standard for COVID-19 diagnosis [67]. While
continuous technology progress takes place for
COVID-19 test development, it is appropriate to
have several tests available in parallel to be able
to exclude false positives or false negatives more
efficiently [68]. As the term “gold standard” is
frequently used in the context of diagnostic tests,
it should be pointed out that it does not refer to
a perfect test, but to the available one, which
can be replaced by any test approved to demonstrated superiority. Today, there is a large spectrum of COVID-19 tests available, ranging from
DNA-based technologies such as PCR, RT-PCR,
and Next Generation Sequencing (NGS) as well
as different immunological tests [69].
In many countries around the world, less
attention is paid to individuals who are asymptomatic but still can spread the SARS-CoV-2.
This is a key issue for COVID-19 but also for
future pandemics. The central question is how
to identify a disease that does not manifest itself.
The initial approach is to conduct rapid testing,
applying RT-PCR and NGS. However, this strategy is expensive, and requires qualified personnel and specific equipment. In contrast, accurate

and inexpensive immunological self-testing kits
allow for rapid diagnosis without the need for
more sophisticated laboratory tests and results
available only after several days.
15.12 COVID-19 VACCINES
The definite highlight of confronting COVID-19
is certainly the success in developing several
vaccines against SARS-CoV-2. This involves
all aspects of the process from bioinformatics,
genetics, and genomics to identify SARS-CoV-2,
the design of vaccine candidates showing
immune response against SARS-CoV-2 in in
silico modelling, which has then been confirmed in animal models. Furthermore, after the
demonstration of protection against challenges
with lethal doses of SARS-CoV-2 in animal
models, vaccine candidates have been subjected to thorough evaluation in clinical trials
in healthy volunteers. The extraordinary strategy developed for COVID-19 vaccines included
the risk taken by moving into Phase II trials
before Phase I results were available, as well
as to Phase III without having confirmation of
efficacy in Phase II. Another major risk was the
start of vaccine production while Phase III trials were ongoing, and without vaccine approval
by the authorities. This approach was only possible through the unprecedented co-operation
between academic institutions, pharmaceutical
companies and governmental organizations,
which made it possible to develop ready-to-use
vaccines in less than year, a process known generally to take 8–15 years. The current status of
the development of COVID-19 vaccines is summarized in Table 15.3 and in Chapter 13 [70–76].
As indicated in Table 15.3, the adverse events
observed after vaccinations seem to be similar
with all types of COVID-19 vaccines comprising pain at the injection site, fever, and muscle
aches. However, rare cases of thrombosis and
thrombocytopenia have been detected in more
than 423 million fully vaccinated individuals
(as of May 31, 2021). While this issue needs to
be addressed, the low frequency of incidences
outweighs the risk of thrombocytopenia in
COVID-19 patients and therefore strongly supports vaccination on a large scale. However,
the issue with blood clots after vaccination is
an important lesson learned from our experience with the COVID-19 pandemics. It should
be taken into account when designing new vaccines. Another important point is that the scale
of vaccination with almost half a billion people
fully vaccinated, and a total number of 1.87
billion doses administered, rare events such
as thrombocytopenia will remain undetected
even in large clinical trials with thousands of
people.
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Table 15.3 S
 ARS-CoV-2 vaccines approved by national FDAs (the US FDA; EMA in Europe) or currently subjected to clinical evaluations
Vaccines

Efficacy (%) Approval Doses Side Effects

Pfizer/BioNTech
(LNP-mRNA)
Moderna
(LNP-mRNA)
University of Oxford/
AstraZeneca
(Adenovirus vector)

95

Yes

2

95

Yes

2

79

Yes

2

Sputnik V
(Adenovirus vector)
Johnson & Johnson/Janssen
(Adenovirus vector)
Sinovac
(Inactivated virus)
Novavax (recombinant
protein subunit)
CureVac
(LNP-mRNA)

91

Yes

2

72

Yes

1

65

Yes

2

86

No

2

Not available No

2

One major issue with the current approved
COVID-19 vaccines relates to their storage and
transportation prior to mass vaccinations of the
global population. For example, the LNP-mRNA
BNT162b2 vaccine requires storage at −80°C,
whereas the mRNA-1273 vaccine can be stored
at −20°C. The adenovirus vector-based vaccines
can be stored at +4°C for weeks. However, a lesson learned is that for next generation COVID-19
vaccines and vaccines targeting emerging
viruses and other pathogens that in addition
to reengineering vaccines to guarantee efficacy
against novel mutants/variants or totally new
strains or species, considerable efforts should
be dedicated to more storage- and user-friendly
vaccine formulations. To make sure that we
shall be able to eradicate pandemics, we need to
provide access to all humans across the globe.
To achieve that we need to address the logistics
problem we currently face for storage, transport, and administration of COVID-19 vaccines.
We can also learn from the history of RNA to
quote Dr Isaacs [77]:
The history of immunization is full of heroes
but also full of villains, and our successes
are tempered by tragedies. Despite the
urgent need for a vaccine against SARSCoV-2, we should not neglect the lessons of
history. These include ethical issues relating
to vaccine safety, such as the possible risks
of vaccine-induced enhancement witnessed
with Dengue vaccine in the Philippines, and
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Fatigue, headache, fever, chills, muscle
aches, pain or redness at injection site
Fatigue, headache, fever, chills, muscle
aches, pain or redness at the injection site
Tenderness, pain, warmth, redness, itching,
swelling or bruising at injection site
Generally feeling unwell, feeling tired
(fatigue), chills or feeling feverish,
headache, feeling sick (nausea), joint pain
or muscle ache
Small complaints of weakness, muscle pain
for 24 hours
Pain at the injection site, headache, fatigue,
muscle ache, nausea
Increase in blood pressure, pain at injection
site, rashes, headache, and nausea.
Fever, small complaints
Fever and/or headache, side effects resolved
in 24–48 hours

how our decisions may be represented by
the anti-vaccine movement.
Indeed, while the large number of vaccines
developed have shown excellent safety and
efficacy, and saved millions of lives, vaccineinduced enhancement has been described for
feline coronaviruses, Dengue virus, and feline
immunodeficiency virus through the mechanism of antibody-dependent enhancement [78].
It is necessary to find a good balance between
the induction of protective immunity and
enhanced susceptibility to infection.
15.13 COVID-19 DRUGS
Perhaps one of the biggest concerns at the
beginning and even during the first year of the
pandemic was the lack of drugs for the treatment of COVID-19 patients. For this reason,
antiviral and anti-parasitic drugs developed
for other indications were quickly repurposed
for COVID-19 treatment. In some cases, such as
for chloroquine (CQ) and hydroxychloroquine
(HCQ), the drugs were administered directly to
COVID-19 patients without prior clinical evaluation [79]. Despite the large number of drugs
repurposed for COVID-19, very few positive
results have been obtained. The list is long,
including a number of monoclonal antibodies,
but also lopinavir, ritonavir, remdesivir, and
interferon β 1A have been evaluated [80]. The
FDA approved remdesivir, an inhibitor of viral
RNA polymerase, in October 2020 in adults and
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pediatric patients for the treatment of COVID-19
patients requiring hospitalization [81].
In comparison of drug and vaccine development against SARS-CoV-2, the success rate has
been significantly higher for vaccines, which
has been explained as superior contributions
(Figure 15.3). This is not a big surprise, as the success of eliciting antibody responses and providing protection against SARS-CoV-2 seems like a
clearly easier challenge than the development
of novel antiviral drugs. A relevant question is
whether more resources dedicated to antivirals
would have produced a functional COVID-19
drug. In that case we might have been able to
save many more lives. On the other hand, there
was an urgent need for a vaccine which could be
administered to as many people as possible to
generate herd immunity.
15.14 CONCLUSIONS, OR LESSONS
LEARNED?
In summary, the extraordinary technology devel
opment has made it possible to forecast more
quickly and accurately storms, earthquakes,
and potential pandemics than ever before. So, in
the case of the COVID-19 pandemic, the question is what we have learned that can help us
to be better prepared if or when a new pandemic strikes. It is obvious that we can, and
should, learn lessons on many levels. Obviously,
the scientific progress has been enormous and
while the mRNA-based approach had already
been developed more than a decade ago, the

breakthrough seen for COVID-19 mRNA vaccines has confirmed it as a major technology
for vaccine development. However, despite this
success, two lessons have been learned the hard
way. Not surprisingly, SARS-CoV-2 as a typical RNA virus is prone to generating mutants,
which we have certainly discovered since the
end of 2020 [50–54]. The critical question has
been whether the developed vaccines could provide protection against the novel SARS-CoV-2
variants, also how long the immunity lasts, and
whether additional booster immunizations are
necessary. Another issue is the recent detection
of rare cases of thrombosis and thrombocytopenia in individuals vaccinated with COVID-19
vaccines. Initially, vaccine-induced thrombotic
thrombocytopenia (VITT) was associated with
adenovirus vector-based vaccines [82, 83], but
later also mRNA-based vaccines caused rare
cases of VITT were detected [84]. While VITT
occurs at low frequency, their presence is not
unexpected after mass vaccinations, but it is
another lesson learned to also deal with severe
adverse events and potentially to be addressed
by vaccine reformulations.
In the case of COVID-19 drug discovery, much
has been learned about the relatively modest
achievements for repurposed drugs. Only rare
examples of success have been seen, such as the
approval of remdesivir for the treatment of hospitalized COVID-19 patients [81]. The discovery
of novel COVID-19 specific antiviral drugs has
not been successful either, the exception being

Figure 15.3 There is no doubt that the greatest effort has been devoted to obtaining vaccines.
Would we have been able to obtain a drug at the same time as the vaccines for
COVID-19? We will never know, but another year of the pandemic continues. This is
the new challenge.
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the combination therapy of the monoclonal antibodies casirivimab and imdevimab, which has
been approved by the FDA for the treatment of
non-hospitalized COVID-19 patients who are at
high risk of developing serious disease [85]. It
is difficult to pinpoint what could be improved
for increasing the success rate for COVID-19
drugs, or in the case of future outbreaks, but
clearly technology development and alertness
and readiness to face new outbreaks are essential assets.
Perhaps the area where most lessons have
been learned comprises the management of seriously ill COVID-19 patients. Moreover, the availability of ICU medical devices and personal
protection equipment (PPE) has been guaranteed through appropriate enhanced production
capacity and stockpiling.
Finally, we can all learn lessons from the
COVID-19 pandemic. Wearing masks and washing hands have substantially contributed to the
reduced spread of SARS-CoV-2, but also, significantly, other viral infections. Travel restrictions
have also taught us a “new way of life” and
while we might be able to return to the normal
life we knew before the pandemic, we need to
stay alert to be able to face new outbreaks better
prepared than we were for COVID-19.
In a recent editorial in Science, Dr Collins,
Director of the National Institutes of Health
(NIH) in the USA, summarized the lessons
learned from COVID-19 [86], “In the past, the
world has rallied to confront new pandemics,
only to lapse into complacency as the risk faded.
Having now experienced the worst pandemic
in 103 years, we must not make that mistake
again.”
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