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Preface

The novel coronavirus has been the focus of the whole world since early 2020.
Scientists and researchers are trying their best to find a cure for the disease caused
by this virus, namely COVID-19. Slowing the COVID-19 pandemic depends on a
combination of pharmacologic and nonpharmacologic interventions. Initial SARS-
CoV-2 prevention includes social distancing, face masks, environmental hygiene,
and hand washing. Although the most important pharmacologic interventions to
prevent SARS-CoV-2 infection are likely to be vaccines, the repurposing of estab-
lished drugs for short-term prophylaxis is another more immediate option. Similarly,
many traditional systems of medicines are being practiced (with varying rates of
success) in various parts of the world.

This book has a twin objective: (a) to provide a state-of-the-art and scientific
review of alternative modes of treatment for COVID-19, and (b) to encourage
research into this emerging topic. The book consists of nine chapters. The COVID-19
story, from the origin of this term to our current knowledge, is briefly reported in
Chap. 1. The following eight chapters, written by highly qualified scientists in their
fields, provide a detailed and thorough study of the various modes of COVID-19
treatment. Chapters 2 and 3 address the use of medicinal plants and traditional
Chinese medicine against COVID-19, respectively. Chapter 4 details an overview of
plant natural products as a remedy against COVID-19. The role of food in preven-
tion and cure against this disease is described in Chap. 5. Globally, many research-
ers are engaged in carrying out research on existing drugs to develop remedies for
COVID-19. This will considerably shorten the total duration of drug discovery and
development, which extends from laboratory investigations to initial toxicity testing
to animal studies to safety studies in humans and, finally, large-scale clinical trials.
All this has been described in Chap. 6. Vaccines as most effective remedy against
COVID-19 and recent developments in vaccine research are the subjects of Chaps.
7 and 8, respectively. Chapter 9 summarizes various modes of treatment and future
prospects in COVID-19 research. It is expected that researchers in the medical pro-
fession and allied health professions will be interested in this book. We hope this
book will also attract the attention of researchers in all fields as well as the layman
as it presents existing literature in simple language.

vii



viii Preface

We would like to thank each of the authors for their contributions and for their
dedicated efforts in providing carefully prepared chapters. It is the aim of the editors
that this book will be of benefit and a reference source to anyone researching the
area on COVID-19 treatment options. We tried to include existing pertinent litera-
ture in the book; however, we might have missed some significant papers due to
huge literature on this topic. Our apologies to the authors whose papers we could
not include. We are obligated to the staff at Springer for their support in assembling
this work and their efforts in keeping this book on schedule. Finally, we have a mes-
sage for every reader of this book. These collaborative book projects of hundreds of
thousands of words may always contain some errors or gaps. Therefore, instructive
comments or even criticism are always welcome.

Lahore, Pakistan Muhammad Zia-Ul-Haq
Riyadh, Saudi Arabia May Nasser Bin-Jumah
Riyadh, Saudi Arabia Sarah I. Alothman
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Chapter 1
Introduction to COVID-19

Naheed Bano, Fatima Batool, and May Nasser Bin-Jumah

Introduction

SARS-CoV-2 is a zoonotic origin beta virus which has modified itself for man-to-
man transfer (Fig. 1.1) and nowadays very famous for causing pandemic COVID-19
[1]. Till today reported cases of COVID -19 are in millions globally with thousands
of reported deaths (https://coronavirus.jhu.edu). In response to the present chal-
lenges, people are facing travel bans and social distancing [2], with changes in
anthropoid activity, followed by severe economic damage. Subsequently, each
country is affected differentially with respect to social and economic losses by this
COVID-19 pandemic. No doubt, China, which is considered as the origin land of
this pandemic, is expected to recover faster than other countries like Europe and
America. Other countries which will be more affected by long periods of social
distancing are dependent on the tourism and automobile industries. It has also been
reported that the economic growth will return to normal after three quarters 2023
(McKinsey report at https://t.co/iFC1k1A2WM). All aspects including conservation
and health will be affected by this pandemic globally [3, 4].

If we look at the health aspects, the influence of this pandemic will be of three
types: The first one is immediate impact which is due to rapid human limitation,
inactivity, and confinement. The second medium impact includes crisis related to
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Fig. 1.1 Zoonotic link for coronavirus and flow path

animal farming and veterinary facilities which will ultimately in the long term affect
the economy. The third impact is the improved consideration toward public well-
being implications of this coronavirus contagion in pets and farm animals [5-7].
During the crisis of coronavirus, all countries should maintain necessary activities
like veterinary inspections, food safety, food inspection, regional regulations, emer-
gency conditions, and other preventive measures including research, economic
impact, and vaccination against COVID-19 (https://www.oie.int/en/for-the-media/
pressreleases/detail/article/covid-19-and-veterinary-activities-designatedas-
essential/). Farmers play an important role in the economy of a country as animals
help in improving the fiscal growth and quality of life [8].

Origin of COVID

The infectious pneumonia by coronavirus becomes a threat to humans globally. A
massive pneumonia-like outbreak with strange etiology was reported in Wuhan, a
city of China, in December 2019. Initial investigations reported that the patients
have recently visited a market where seafood and other several animals are sold.
Further results of isolated samples of pathogen showed that it is a new virus which
was named as 2019-nCoV and is a member of corona family which is responsible
for infecting humans. It was first identified in Wuhan. This epidemic outbreak
remains different in different parts of the world. An association between the whole-
sale market of Wuhan and the coronavirus was reported in primary reported cases.
And the possible source of this virus in that market was supposed to be the bat. Bat
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species are reported as the natural carrier (reservoir) of corona (SARS-CoV), as
these bats which are supposed to carry alpha and beta corona are widely distributed
in many areas of China.

These coronaviruses (beta viruses) can infect humans, farm animals, pets, labo-
ratory experimental model animals, bats, whales, and other wild animals, whereas
other gamma and delta viruses can cause infections in pigs, other mammals, aquatic
animals like fish, and poultry birds. The researchers are working to find the truth,
and till today SARS-CoV is assumed to be of animal origin. Recent report of
COVID-19-infected dog who get it from his owner supports the hypothesis of trans-
mission from animals to humans. The possibility of transmission by travelers also
alerts all countries which resulted in the cancelation of events and tourist visa to all
affected countries [9]. Some diagnostic methodologies were adopted like real-time
PCR, and some repurposed drugs were used as vaccine is still not available. About
the origin of COVID-19, there are many assumptions like some suggested snakes as
outbreak source, but other studies reported bat and pangolin as source of emergence
of SARS-CoV-2. The abovementioned assumptions are based on the similarity of
genome sequence of COVID-19 with pangolin or bat origin coronavirus [10].

This new virus is identified as a family member of Coronaviridae, subfamily of
Orthocoronavirinae and order Nidovirales [11], and named as SARS-CoV-2 or
COVID-19. There are four genera of subfamily Orthocoronavirinae named as
Alphacoronavirus, Betacoronavirus, Gammacoronavirus, and Deltacoronavirus.
Among these four, two can infect mammals which are Alphacoronavirus and
Betacoronavirus. Six strains of coronaviruses which can cause severe respiratory
disorders in mammals including humans have been identified [12]. These viruses
can be placed in two groups on the basis of phylogenetic analysis: HCOV-229E,
TGEV (transmissible gastroenteritis virus), and PEDV (porcine epidemic diarrhea
virus) are in group one, whereas SARS-CoV, bovine coronavirus, and hepatitis
virus of animal origin are in group two. Recently known COVID-19 is
Betacoronavirus and its subgenus is named Sarbecovirus. This virus is genetically
different from SARS-CoV and MERS-CoV but all are Betacoronavirus. This pres-
ents 52% and 78% similarity with MERS-CoV and SARS-CoV, respectively [13].

In the past, coronavirus outbreaks were twice reported as host-specific: the first
case, the 2002-2003 SARS, found in human, and the origin of the virus was reported
as from bats, and the second case was from Middle East countries where it was
MERS which showed linked with camels. But SARS-CoV-2 seems to be able to
cross the host species barriers which make these jumping phenomena a regular fea-
ture of CoV species [14]. The reason behind these phenomena may be gene configu-
ration, enzyme or gene stability associated with replication, and abundance of
mutation rates. All these reasons may help in the maintenance of hosts and emer-
gence of novel coronavirus. The expansion in host range is associated with glyco-
protein spike which helps in the adaptation of virus to hosts which can be human or
any other animal [15, 16].

CoV viruses are usually known for respiratory diseases with mild infections and
very low mortality rate [17-19]. These coronaviruses (beta viruses) can infect
humans, farm animals, pets, laboratory experimental model animals, bats, whales,
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and other wild animals, whereas other gamma and delta viruses can cause infections
in pigs, other mammals, aquatic animals like fish, and poultry birds [20-22]. Several
other groups of animals are reported as carriers (Fig. 1.2); these are porcine, bovine,
camels, equine, canine, dogs and cats, lapin, avian, bats, rodents, mink, ferrets,
snakes, marmots, frogs, pangolin, and hedgehog [23-28].

Coronavirus-infected laboratory animals include mice, rabbits, rats, ferrets, and
guinea pigs. COVS were blamed for the respiratory infections, hepatitis, and enteri-
tis in lab animals mentioned above. Among the different strains, MHV were found
to be important and were observed in laboratory animals [29], the most infectious
viral strain observed to affect the digestive system of mouse, with mortality rate
observed as 100% [30]. In other cases, it was observed that MHV affected the
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respiratory tract, endothelium, liver, hematopoietic tissues, lymph nodes, and cen-
tral nervous system. Infection of rat by coronavirus starts from the respiratory epi-
thelium which then spreads to the salivary gland [31, 32]. In ferrets, CoV signs were
observed as the green slime [33]. Very little information about CoV is in record
among guinea pig and rabbits, but it is observed to be responsible for diarrhea, atro-
phy, and malabsorption [34].

Bovine corona is reported as having zoonotic nature as it was isolated from
humans. This can further be transmitted to other cattle with symptoms of bloody
diarrhea [35]. This bovine corona may cause mortality by destroying the epithelium
and villi of the intestinal tract (leading in bloody diarrhea) [36]. The carriers spread
virus by oral or fecal secretions and stress conditions. This CoV was reported in
domestic as well as wild animals including wood bison, water deer, reindeer, water-
buck, antelopes, sheep, goat, giraffe, camel, and white-tailed deer [37-39].

In foals, coronavirus has been reported in groups of less than 2 weeks, and symp-
toms include mild enteritis [21, 40]. In Japan, this equine coronavirus was also
observed in 2011 in horse [41, 42], causing self-limiting enteritis [43]. The immune
system plays an important role for the type of infection, and antigen-antibody reac-
tions are responsible for lesions [44]. In 2008, coronavirus was reported from the
liver of a captive whale [45]; similar virus was also reported in dolphin [46]. After
that bats were reported as carriers of corona, and during flight in search of food, they
can shed which may infect animals and humans whoever comes in direct or indirect
contact [47]. In China, bats are used as food and also are of medicinal importance.
So this animal (bats) is considered to be responsible for the spread of coronavirus
[48, 49].

Emergence and Epidemiology

A massive pneumonia-like outbreak with strange etiology was reported in Wuhan,
a city of China, in December 2019. Initial investigations reported that the patients
have recently visited a market where seafood and other several animals are sold.
Further results of isolated samples of pathogen showed that it is a new virus which
was named as 2019-nCoV and is a member of corona family which are responsible
for infecting humans [50-52]. Moreover, the World Health Organization named it
COVID-19. A new name was also proposed by the International Committee on
Taxonomy of Viruses which is SARS-CoV-2 which was not officially approved.
The World Health Organization, after a massive increase in number of confirmed
infected individuals, declared this pandemic on 30 January 2020 as international
emergency for public health [53-55].

This family of virus is genetically diverse and is reported in a vast variety of
animals belonging to different species of birds as well as mammals. In some cases
corona-infected intestinal system while in others respiratory infections are con-
firmed in mammals and birds including humans. Corona got attention in 2002—-2003,
with reports of “strange pneumonia” in Guangdong Province which subsequently
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spread to Hong Kong. In Hong Kong, research separated the causative agent, and
this pneumonia was later named as severe acute respiratory syndrome [52, 56]. This
virus spread internationally and 8000 peoples were found infected in 26 countries
with reported mortality rate of 10 percent (https://www.who.int/cst/sars/country/
table2004_04_21/en/). This severe acute respiratory syndrome (SARS) at that time
affected the economy and was globally a serious threat to health. After successive
studies, it was found that the origin of SARS-CoV was bat and it came in humans
via different intermediate animals (hosts) like dogs (Nyctereutes procyonoides) and
civet (Paguma larvata). Another coronavirus which also infected human was
MERS-CoV (Middle East respiratory syndrome corona); the mortality rate from
this virus was higher than the SARS-CoV, but its transfer from human to human was
not reported [57, 58].

Bat species are reported as the natural carrier (reservoir) of corona (SARS-CoV),
as these bats which are supposed to carry alpha and beta corona are widely distrib-
uted in many areas of China. The molecular evolution and diversity of SARS-CoV
have been intensively studied in bats [59, 60]. As our knowledge is very limited
about the COVID-19, we may review the epidemiology of corona on the basis of the
previous knowledge of MERS-CoV and SARS-CoV.

There are three phases of epidemiology curve of COVID-19. The first phase is
the local outbreak which started in the visitors of seafood market. From the reported
starting date of outbreak (December 2019) to 13 January 2020, confirmed reported
cases were 41. Epidemiological studies confirmed that even during this first initial
stage, close contact was the reason of transmission between humans [61-63]. After
this, a second phase started from 13 January 2020; during this phase, there was an
increase in the spread and expansion, and the outbreak and spread of this disease
were confirmed outside of Wuhan. The transmission of this disease from man to
man may be divided into two types: nosocomial infection and close contact.
Nosocomial is spread within hospital, whereas the close contact is family transmis-
sion [64, 65]. First case outside China was reported in Thailand, and history of
traveling showed that the person was a resident of Wuhan and traveled from there to
Thailand. On 23 January, there were 846 confirmed cases from 29 provinces and 6
countries [66, 67]. This increase was 20-fold as compared to the first phase. Before
the shutting down implementations in Wuhan, five million people had already left
the city for home due to the upcoming event of Chinese New Year [68, 69].

From 26 January 2020, there was a start of third phase. It showed a quick growth
of constellation cases. Among the total number of conformed cases, nearly 80%
were in Shanghai, Beijing, Shandong, and Jiangsu on 10 February 2020. After
20 days, this number was reached to nearly 10,000 which showed 240-fold increase
in confirmed cases. However, at that time, there were 441 confirmed patients outside
China in 24 countries with low death rate out of China as only 1 patient died in the
Philippines, whereas in China 1114 people died. The day 3rd Feb, 2020 can be writ-
ten as a tip point of COVID-19, as from this time there was a decline in the con-
firmed patients and it showed a success of lockdown and the health care but if the
transmission was reduced due to any other reason was still unknown [70, 71].
Furthermore, some specific infection transmission causes and failure of protection
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among medical and health care staff still showed further research and
investigations.

If we compare the basic number (reproductive number), it is 1.4-3.9 for
COVID-19, 2.3-3.7 for SARS-CoV, and 0.5-0.9 for MERS-CoV. As the reproduc-
tive number for SARS-CoV is smaller, it shows the possibility of easy control for
this outbreak with rapid diagnosis and isolation of infected people [72-74].
However, this is very important to take in mind that only reproductive basic number
is not important as it fluctuates with social behavior and environmental and biologi-
cal factors. And the interpretation must be done with caution [75, 76].

Human-Animal Interaction as Risk Factor

Currently, we do not know about origin, detailed binding receptors of host, and
natural host, as the theory of this virus as bat origin is still not confirmed [77, 78].
Some earlier studies reported SARS-CoV-2 as genetically analogous to corona of
pangolin, whereas the coronavirus of bat origin did not show similarity and ances-
tral linkage. Recently one report confirmed this virus in pet dog which also showed
some respiratory sickness and COVID-19 symptoms. Usually the dogs become
affected by corona which causes severe respiratory symptoms [79-81].

Bovine corona and human corona are all related and are Betacoronavirus [80,
82], whereas the abovementioned viruses are different from enteric canine corona-
virus which is Alphacoronavirus and may cause infection to dogs. Moreover, a bat
origin virus was isolated, and phylogenetically it was found close relative of SARS-
CoV-2, so it is considered as an intermediate host of the present outbreak strain
[83-85].

If we look at the clinical picture of the COVID-19, the infection can be catego-
rized as of four types: mild, modest, unambiguous, and acute. The symptoms and
signs in patients are cough, fever, fatigue, diarrhea, and myalgia [86—88]. There was
an abnormal ground glass bilateral opacity in patients when observed by chest com-
puted tomography scan [89-91]. So the clinical and dialogical presentations of
COVID-19 and SARS-CoV-2 are still further under research. There is similarity
among the pathology of MERS-CoV, SARS, and COVID-19 [92-94]. Death due to
COVID-19 is observed with alveolar damage, whereas the infection starts with epi-
thelial cells which extend to the intestine, kidney, and brain [95-97].

A member of Chinese Health Commission raised an issue of evaluation of
SARS-CoV-2 among animals. This issue was raised as the observations showed that
the virus can move between mammals. If any pet animal come in contact with other
animals or human, it can spread, so animals should be quarantined [98]. This is the
first precautionary measure which must be taken to save loved ones [97, 98]. But as
people came to know that corona may spread by pets, the response was severe and
resulted in the killing of dogs and cats [99-101]. To change the attitude of the peo-
ple, the World Health Organization gave a statement: it is not proved that cats or
dogs can get infections from the virus [97, 98, 102]. Even after this statement, pet
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killing continued in China [103, 104]. A pet dog was reported to have infected by
COVID-19 after RT-PCR testation [105]. A report from Hong Kong threatened
humans as it was reported that a dog cannot be infected but can be a carrier who can
spread the virus [106].

The French Food Agency requested to submit clear opinions about the role of
pets and domestic animals in spreading coronavirus. A very less number of animals
were experimentally proved to be infected with corona, among them a transgenic
mouse was observed to be infected which expressed human ACE2 receptors for
SARS-CoV-2 [105, 107]. We need further studies to observe interactions among
COVID-19 and ACE2 in the tissues of other animals. Moreover, there is a need to
study the dispersal of ACE2 in tissues, which is important for advance knowledge
of infection and transmission to other animal species. Not only it is important to
focus on the receptors’ presence but also other cell factors necessary for replication
of virus must be taken into consideration during intraspecific studies. To identify
these factors, further studies and research are necessary [108, 109]. At the same
time, there came a statement from the Ministry of Health of Singapore that pets are
not a serious vector for transmission of COVID-19 but may spread this virus to
human. They also not planned to isolate or quarantine animals [110].

After that, IDEXX Veterinary Laboratory tested pets for COVID-19 all over
South Korea and the United States by using RT-qPCR, and there were no positive
results. Although animals were from affected areas, it was confirmed from results
that these pets were not living in homes with infected people [110, 111]. It was
stated by the WHO that animal pets are safe from corona, but recently they admitted
that they can be infected but it is not clear that they can spread the disease [112,
113]. A dog was found infected as confirmed by RT-PCR [114, 115]; after that, a cat
was found COVID-19-positive [114, 116, 117]. Contrary to all previous reports,
again virus was confirmed in cat as well as the presence of antigen, and it was a start
of debate. But the Belgium scientist group does not recommend testing of pets as
there is still unavailability of diagnostics [118]. Some scientists recommended pets
as hosts of dead ending [119, 120]. It was also suggested that the risk of transmis-
sion of vector from animal to human is very less and human also must not rub their
nose in front of animals [121, 122]. SARS-CoV-2-positive cats were found in
New York, and their owners were also positive for this virus [123, 124].

In the respiratory and gut epithelium, antigen or RNA was present abundantly
which was innervated by RT-PCR and immunohistobiochemistry assay. This was
also reported that the virus in chicken, dog, pig, and duck cannot competently repro-
duce [125, 126]. In the studies related to then gene expression, it was noted that
ACE2 was actively expressed in the lungs, retina, skin, and ear of cat, whereas in
dogs it is actively expressed in the retina and skin. Moreover, cats and dogs are more
affected by SARS-CoV-2 when compared with rodents [127, 128]. These results
were also supported by the test positive results in lions and tigers, which become
affected from their keeper.

Diagnosis of virus also faced difficulty due to the absence of clinical signs and
symptoms. And radiography of chest also failed to test COVID-19 [129]. Other
methods were adopted which include reverse transcription PCR, real-time PCR,
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computed tomography, X-ray, and enzyme-immune assay [123, 130—133]. For calo-
rimetric detection, a loop-mediated amplification tool was designed [134]. And a
web-based dash board was developed for tracking coronavirus [135, 136]. A quan-
titative detection (florescent-based) of N region by PCR assay has been devel-
oped [137].

Best Suitable Animal Model

The animal models are necessary to study and explore primates or in simple words
nonhuman model (Table 1.1). Although presently we do not have a model for
SARS-CoV-2, some researchers have explored primates like rhesus monkey as a
model. In the past, many studies evaluated different vaccines against diseases like
MERS-CoV, and primates were used as animal model [125, 137, 138]. During those
studies, SARS-CoV-2 affected monkey, and the animal showed different signs and
symptoms for nearly 16 days and are proved to be effective in pathogenic studies
with next development of antiviral drugs and vaccines [139, 140].

Different animals have been reported susceptible for ferrets, dogs, cats, and other
domestic animals. However, dog, chicken, duck, and pigs have been reported less
susceptible, but cats and ferrets are efficient [141, 142]. Cats were reported to spread
virus by spreading droplets. In the process of finding a best model, exploration is
required for animals having ACE2 receptors as in human [143, 144].

Establishment of appropriate animal model will help us in understanding the
process of disease transmission and will further help in therapeutic and prophylactic
improvement [127, 145-147]. Primates are considered important as best models in
human disease studies, whereas for pathogenic exploration and immune response
studies other animals are recommended. These other animals which are used as
model animals are hamsters, rabbits, mice, and mouse [12, 148]. Among these

Table 1.1 Animal models used to study different coronaviruses

Mouse model
Mouse-adapted viral strains
Humanized mouse
Receptor-transfected transgenic mice

Nonhuman primates
Old World monkeys
African green monkeys
Macaques
New World monkeys
Squirrel monkeys
Common marmosets

Animal models not usually selected
Hamsters
Rabbits
Ferrets
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animals, mice and hamster have been used in the studies of MERS, SARS, and
SARS-CoV-2 as animal model. Golden hamster has also been studied in a SARS-
CoV study for testing vaccine [148, 149] and noted as a potential model for corona
pathogenic studies and vaccine efficiency testing.

Transgenic animals (lab mice) may be suitable animal model in SARS-CoV-2
studies as the receptor ACE2 is different from human in different animals [150-
152]. On the basis of similarity in their ACE2 receptors, different animals like bat,
monkey, cat, orangutans, ferret, and pig may be used as model animals as they have
similar affinity for coronavirus as human [153, 154]. For selecting animals as model,
the important thing we have to take into consideration is that the selected animal
model must be small and easily manipulated as mouse or rabbit, and the other point
is the selected model must be cheaper and easily available [155-157]. In the begin-
ning, mice were difficult to be accepted as animal models but transgenic mice are
now believed to be good and are accepted as models of COVID-19[41,91, 158-161].

Many transgenic knockout mice like ACE2, Tmpress, Statl, inbred, and HLA
have been proved to be selected as model animals for COVID-19 or SARS-CoV-2
[162-164]. As it is proved that the present pandemic is caused by coronavirus, now
scientists are trying to evaluate and find the most suitable animal model for this
respiratory syndrome. Animal model will be selected on the basis of questions to be
answered like the airborne transmission of coronavirus among two different species
like between ferrets and cats. Among monkeys, the two age groups young and old
were selected, and it was found to be affected by virus in the respiratory system, but
no severe symptoms appear in both groups. So these animals can answer some other
questions about induction and transmission of COVID-19 [164, 165], as the human
showed a great range of clinical signs: from acute to severe pneumonia. If the data
is explained on the basis of one animal model, it will be misleading, and disease
outcome will be challenging for human [166, 167].

If we want to select an animal model for COVID-19 from the traditional models
which have been selected previously, the main point for selection is those animals
must not hide the pathology of pandemic especially when our focus is to check the
viral medicines and vaccines [168]. If the animal model is able to mimic the pathol-
ogy, researchers will be unable to understand the transmission and infection dynam-
ics. Previously for the MERS-CoV and SARS-CoV-1 studies, some animal models
were selected. These animal models include hamster, monkey, ferret, camel, and
mice [169]. It is the economic truth that mice is best suited if we focus on the price
and availability of this animal, but it has been suggested that this is not suitable for
COVID-19 experiments because of the differences in receptors from human. But
the transgenic mice have been reported good for selecting them as model animals as
they can express the human angiotensin-converting enzyme 2 (HACE?2). The recep-
tors present in cells for the entry of SARS-CoV-2 are supposed to be important for
examining COVID-19. In another study, transgenic mice showed partial ruthless-
ness [170, 171]. Shi et al. [5] inserted coronavirus in the nasal passage of different
animals including cat, dog, ferret, pig, duck, and chicken. The aim was to check the
pathogenesis and replication with transmission of disease. Animals shed virus but
without clinical signs and symptoms. Similar results were reported in monkey



1 Introduction to COVID-19 11

(Rhesus macaques) [91, 172]. Against viral protein, antibodies were produced by
insertion of SARS-CoV-2 in inactive form in selected animal models (rats, mice,
and monkey). After different studies, it was suggested that ferrets and cats are sus-
ceptible and can tolerate SARS-CoV-2 [173].

In animals like ferrets and cats, no signs of infections appeared, and there was no
respiratory stress or weight loss. But no virus detected in digestive or respiratory
tracts of other animals. However, in two dogs, viral RNA was detected in rectal
secretions, and antibodies were also produced by these animals. From other reported
data, it is also suggested that the birds (chicken and duck) and pig cannot tolerate
viral infection [26, 174]. Vulnerability of any animal depends upon the presence of
receptors in host or enzyme activity. These two factors are important factors for
coronavirus to enter in cell. It was also observed that the virus is detected not only
in the respiratory tract but also in the rectum of ferrets, monkey, and cat. This may
be a trustworthy initial clinical sign in COVID patients and is proof for the theory
of oral-fecal administration route [24].

It has also been proven by epidemiological studies that the fatality is higher in
old aged people from corona. But our model animals are usually of young age. So
it is also suggested that the old model animals must be chosen for experiments. But
when young and old cats were selected, opposite was found true as young cats died
on day 3 after infected as compared to older ones. In monkeys, these differences in
severe or mild infections were not related to age as both young and old monkeys
showed similar results [25, 159, 175]. The most important thing to be noted is that
not any animal showed lethal effects of SARS-CoV-2 as compared to human.
During the development of animal models, age and health factors must be fully
given attentions, as these factors are important for evaluation of disease in
human [176].

The virus transmission through air was observed in cases of pandemics SARS-
CoV-2 and influenza. But the important thing was aerosol size as its wide range
specified its range. It was also proved that this coronavirus can be transmitted
through air as observed by Shi et al. [5], stating that 33 percent of the virus were
transmitted by air in cats [177]. The airborne nature of pandemic was also proved
by experiments where animals were separated by barriers and no physical contact
was possible, but the air was shared by all containers. In case of influenza, it was
also observed that virus replication in the upper region of respiratory tract is impor-
tant for airborne transmission. The experiments on cats confirmed that the cats are
vulnerable to viruses [178, 179]. Among other animals, SARS-CoV-2 was found to
be replicated in the palate of ferret and cat. The airborne transmission among ferrets
was reported to be 30 percent for SARS-CoV-2.

The transfer of coronavirus from human to cat was recently observed in big cats
(tiger) in zoo. But the cats may not show symptoms of disease, and it can go unno-
ticed even if they are infected, which proved that cats are not good animal models
for coronavirus studies [180, 181]. Additional serological and coronavirus-specific
antibody studies are needed to find SARS-CoV-2 virus from animals. The animal
models are very important for testing the potential of antiviral medicines, vaccines,
and therapeutic strategy. Among mammals, cats, ferret, hamsters, and transgenic



12 N. Bano et al.

mice are important alternate of humans to study SARS-CoV-2. Because the trans-
genic mice and hamster showed prominent symptoms and signs, so they may be
vigorous animal models for vaccine formation [182]. Cat and ferret are best suitable
models for transmissible studies and effectiveness of vaccines. So the main focus is
to choose a nonhuman primate animal as model. Therefore, a continuous experi-
mental evaluation is needed to evaluate mice as model animal.

COVID and Animal Welfare

One factor that linked animals with COVID was that the first person who was found
infected visited animal market. According to reports, that was wet market where
live animals were sold [183]. This COVID has been sequenced and identified genet-
ically as coronavirus that usually found in bats. So it is considered that bats are the
natural reservoir of corona. As the coronavirus spread globally, the pets have also
become victims. Some people left them home alone and some evacuated them.
Although there is no evidence that pets can transmit virus, the fear of spreading the
virus resulted in killing of pets [184]. So the current situation of coronavirus nega-
tively impacted the animal welfare.

This is also very important to understand the relation between human, animal,
and environment. For future and further prevention of coronavirus, one health col-
laborative approach of transdisciplinary help is necessary [185, 186]. As the corona-
virus has resulted in shocking concerns for health and economic constancy all over
the world and also appeared to be adverse, unexpected difficulties arise for animal
welfare. Especially for the professionals dealing with veterinary and animal wel-
fare, this is the time to fear how coronavirus is going to affect the pets. If we look at
a picture of Wuhan (the place of origin of outbreak), many people who were evacu-
ated from homes were forced to leave their pets behind alone. Although the owners
left a sufficient amount of food and water at home as they were thinking to return
soon, after more than 6 weeks, many of them still not returned [187]. It is estimated
by the Chinese animal welfare organization that nearly 10,000 cats and dog were
left behind in Hubei who faced starvation and death.

Concerns related to pets emerged among public and pet owners when a dog
reported to be positive for corona. In another case, a dog was tested positive but
apparently he was having no clinical signs. The swabs from oral and nasal cavity
were weak positive [188, 189]. The dog was quarantined for 14 days, and without
any clinical signs, after returning home, the dog was found dead. The cause of death
remains unknown as the owner not allowed experts for postmortem. But it is
believed that the death was not due to corona but age and age-related health issues
may be the factor [190]. This case gives a spark of fear to public which resulted in
the abuse of pets, as the public starts to believe that coronavirus may be spread
among them by pets. After this case, an announcement was made from urban con-
struction that if any cat or dog will be found on street, it will be killed to prevent the
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spread of coronavirus [191]. The same news about the killing of animals came from
Hunan and Zhejiang also.

To stop the cruelty to animals, the Hong Kong Society makes a statement of
information for public. This society informs general public that there is no need to
fear from pets as there is no evidence about the transmission of virus from animals
to human [192]. So people must cooperate in animal welfare. A large number of
cases for uncontrolled movement of pets to become wild animals have been reported
and spread widely on social media as people left them. Some people left their pets
from the fear of transmission, and some left them because they become unemployed
and now cannot afford a pet [193].

Another import side is that now people are isolating themselves during this out-
break and the rate for adoption of pets is rising. This is really good news that pet
lovers and animals may enjoy this bond between animals and humans when this is
a time of great need for all [194]. Some people who were not having pets before are
now adopting animals, but some experts are also worried about the future of these
pets as they think people will return these animals to shelters when life will return
to normal [195].

Inclusive, the previous findings suggest that still there is no threat of transmis-
sion of SARS-CoV-2 from animals to humans. Nevertheless, the World Health
Organization and the US Centers for Disease Control and Prevention tried to calm
down the rising concern of people by issuing statements to not be afraid from pets,
as they are not a source of spread of COVID-19 [1, 133]. According to the World
Health Organization, our focus must be on the control of human-to-human trans-
mission right now and we are not having justifications and proofs for taking any
action against pets. So human activities must be restricted, and this requires reduc-
tion in community activities to reduce the spread of coronavirus [196]. However,
when we critically look at the spread of pandemic, there is a complex relation
between human, environment, and other living things like animals (pets or wild).

In the end, there is a need to develop one health approach strategies which will
help in the prevention and control of COVID-19. One speculation that wild animals
are associated with the spread of coronavirus must be elaborated and this needs
some expertise and collaboration of wild life experts and forensic specialists [197].
Trading of wild animals in markets like in Wuhan must be regulated properly, as
there exist poor regulation, illegal trends, and poor welfare standards. However,
many experts hope for good wildlife trade globally after this crisis [198].

Molecular Differences Between Different Animal Species

It is needed to estimate the interaction residues of S receptor binding areas of coro-
navirus and human, as this estimation will help in the identification on how much it
will affect other species. For this, researchers bring together all available amino acid
sequences of ACE2. In an experiment, N-glycosylation treatment was used near
binding site [199]. N near the binding area will negatively affect the binding of
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S. During this, ACE2 was glycosylated at N (N53, N90, and N322). N53 was found
conserved for all species, whereas N90 was not in glycosylation site of ACE2 in pig,
mouse, civet, fox, chicken, ferret, and raccoon. N322 was not a site of glycosylation
in ACE2 of cattle, rat, mouse, sheep, and pangolin [200]. However, some species
have an additional N glycosylation area in ACE2. In chicken, L79 is the site of N
glycosylation, and in Rhinolophus sinicus, rats and pangolin M82 are the sites of
glycosylation. In rats, it was noted that glycosylation residue 82 may prevent S
binding of SARS-CoV.

In ACE2, there are amino acids that may affect the binding of S which have been
reported from some species [124]. Some detail of these is presented in Table 1.2. If
we look at the binding site, it is entrusting for experimentation as ACE2 binding
sites for monkey and chimpanzee are similar to man. And in other animal species,
the differences in ACE2 amino acid from human to chicken are 11 and to rodents 9,
while from cat to human, the differences are 3. Some attraction is in ACE2 protein
of pet and farm animals as another possibility is that this protein may be reservoir
of coronavirus. There are six differences in ACE2 of pig, and mostly are located at
the border of site for binding. The important point here is N90 T as it affects the
glycosylation site and the site will be loss. In SARS-CoV, E 329 is reported to form
a bridge of salt with R 426, but in COVID-19, salt bridge is formed with D30 [124,
201]. Thus, N exchange with E 329 in ACE2 of porcine also affects the S binding in
SARS-CoV; however, in COVID-19, S binding is not affected. The similar pattern
of effects and changes has been observed between cattle, cat, and human ACE2. A
few differences and changes have also been observed in the middle of binding site
which gave confidence in decision that this exchange may be a big obstacle in
infecting a cell with coronavirus from one species to another [202].

Table 1.2 Human ACE2 similarity with other animals

Animal Similarity Gene bank association number
Human 19/19 AAT45083.1
Chimpanzee 19/19 XP_016798468.1
Rat 10/19 AAW78017.1
Mouse 9/19 ABNS80106.1
Cat 16/19 XP_023104564.1
Pig 13/19 XP_020935033.1
Macaque 19/19 XP_011733505.1
Horse 14/19 XP_001490241.1
Sheep 15/19 XP_011961657.1
Cattle 15/19 XP_005228485.1
Camel 14/19 XP_031301717.1
Ferret 11/19 BAES53380.1
Fox 14/19 XP_0258425131
Pangolin 13/19 XP_017505752.1
Chicken 8/19 XP_416822.2
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Another term used for coronavirus is that this virus is RNA positive-sense virus.
The newly identified virus (SARS-CoV-2) is from Coronaviridae family with four
genera. SARS-CoV and MERS-CoV belong to one genus (Betacoronavirus), but
SARS-CoV-2 is genetically different from both of the above [203, 204]. But this is
important to understand that nearly 89% of SARS-CoV-2 is identical to the bat-SL-
COVZC45 and bat-SL-COVZXC21 (SARS-CoV of bat origin). These were also
named as ZXC21, and it was found to be nearly 82% identical to SARS-CoV Tor 2
(human), and ZC45 of bat origin was found to be identical to human SARS-CoV
BJO1 2003 [15, 27, 28, 93, 205]. Among SARS-CoV-2 and MERS-CoV, it was
found that these two are 50% identical, whereas SARS-CoV-2 and SARS-CoV
were reported to be 79% identical. Phylogenetic analysis at the molecular level
proved SARS-CoV-2 to be more closely related to bat SARS-CoV [206-209].

It was reported that there are 380 amino acids between SARS-CoV-2 sequences
confirmed after genome analysis. This swap of amino acid may be helpful in func-
tional as well as pathogenesis deviation of this pandemic coronavirus [180, 210].
The most important requirement for the recovery and prevention from coronavirus
is immunity, which may be innate or adaptive. The humoral immune response is
very important in corona outbreak especially antibodies of titer and subtype [211].
Although it is also of concern to the coronavirus studies that mouse and some other
animals may hide the clinical signs or mimic COVID infection, the genetic diversity
is also linked that may guide toward wrong interpretation between the results of
primate and non- primate animals. Researchers suggest humanized animals may be
good models for the study of organs and tissues of human in coronavirus infection
studies [212]. In addition to infection studies, these will be helpful in the vaccine
preparation and elevation of target agents in host.

In previous times, to study HIV, HCV, CMV, HBYV, and VZV infections and other
pathogens and zoonotic diseases, mice with grafted cells or tissues have been used
extensively. As we all know, lung is the major target that is infected by coronavirus
[213]. In one experiment, the human lung tissue was grafted under the kidney of
mice which was immune-deficient [214]. The findings suggest the rapid tissue
development which was associated with supporting CMV pathogenesis. A success-
ful association was established by using by lung grafted mouse as animal model to
study VZV infection. After this infection, pro-inflammatory cytokine and viral rep-
lication were observed in grafted lung.

In recent studies, researchers worked with humanized mouse (human lung
grafted). This mouse named as BLT or LOM supported Zika virus, CMV, MERS-
CoV, and RSV. Response of T cell suggested that dual chimera mouse (grafted with
the lung and immune cell) may be best animal model for the study of SARS-CoV-2.
Multiple organs may be failed due to SARS-CoV-2, as human ACE2 can be
expressed in many organs like the liver, kidney, heart, bladder, intestine, and
immune-related cells or tissues. Therefore, it is also suggested that different tissues
may be grafted in mice to check the severity of SARS-CoV-2 on different human
organs and tissues. So we can say that the humanized animal like mice is important
in improving the understanding of mechanisms involved by coronavirus for infec-
tion and immune physiology [215, 216]. In the future, these human tissues
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containing mice will be proved as a matchless tool in obtaining the intuition for our
strategies in developing vaccine, therapy, or intervention for coronavirus.

Vaccines for COVID from Animals

Till today, no license has been issued for any vaccine in the prevention of respiratory
infection. Only vaccine for the prevention of respiratory infection from corona in
chicken has been given license. Several proposals have been given for the develop-
ment of vaccine for COVID-19 similar to MERS and SARS [217]. Vaccines must
have to fill full the criteria of efficacy, immunity duration, and safety. However, the
vaccine for COVID-19 also requires rapid production and large-scale development
capacity [218]. Many traditional week and inactive vaccines have been used in
experiments, but the high production of vaccines in large amount with biosafety
culturing of cell is challenging. This culturing of cell with high level of biosafety is
also limiting the rapid development during this emerging phase of coronavirus pan-
demic [219]. However, for the prevention of reversion (nsp16, exon, and accessory
protein), live offset corona vaccine have been generated from clones of infected
virus by deletion of many important virulence elements. But all this remains robust
immunologically, inducing mucosal and humoral cell-mediated immunity with
great protection. These offset vaccines remain effective in boosting immune
response of host cells [220].

For the success of vaccine, it is important for a vaccine to be temperature-
sensitive. The second remarks must include reverse genetics for further mutation
which can be applied after generating mutant temperature-sensitive virus strain
[126, 221]. A combined booster strain vaccine with S and N proteins like null (atten-
uated) vaccine may be potentially have cross-protection against heterogeneous
mutant strain that have a potential to stumble beta COV, like bat coronavirus strain
[222, 223]. It is important for vaccine technology that in this technology, subunit of
viral particle is used.

New technologies for vaccine formulation also follow this principle and include
viral protein, recombinant vector, and RNA. The use of viral protein and recombi-
nant vector has advantage that these may provide a universal platform for introduc-
ing new antigen target from evolving virus [224]. Evolved viruses may mimic the
week vaccines and infect the cells with the induction of antigen which will activate
antibody formation and immune response from T cell. Underdeveloped vaccines for
COVID-19 also have S protein and vector replicating or non-replicating with
expressed S protein. There will be inconsistency between different strains so vac-
cines must be based on the S gene [225, 226]. Vaccines are made or classified on the
basis of plasmid DNA, RBD protein, or RNA. Although DNA vaccines may be easy
to produce, safe, and stable, the efficacy of these for human has not been checked.
Corona DNA vaccines for SARS and MERS show great efficiency for inactive or
recombinant virus and heterologous increase [227, 228].
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There are still some issues related to vaccine administration, genome integration,
and persistence. If we focus on the RNA vaccines, these are usually used as tem-
plate which is used for protein production in animals which are vaccinated [229].
Supply of mRNA-based vaccine may be enhanced by using lipid particles for mus-
cular administration. In the United States, a vaccine is in advance phase 1 and ready
for trial on humans against COVID-19. One of the advantages of RNA vaccine is
potential development in printing RNA, as it may produce massive amount
of mRNA.

In recombinant vaccine scenario, vaccines are in different developmental stages
for SARS including recombinant adenovirus also called Ad vector. This vector with
chimpanzee’s Ad63 has been used to overawe the preexisting extensive immunity in
human Ad5. S or N protein of SARS-CoV or MERS-CoV, expressed from recombi-
nant adenovirus vector, stimulated immunity or protection in animal models (ferret,
mouse, and primates) [230]. Other famous vaccines for SARS include modified
vaccinia Ankara (poxvirus vector), measles, and influenza, vesicular stomatitis and
Newcastle disease virus [231]. These entire viruses express N and S proteins of
SARS-CoV. These have been reported for protection and immunity in mouse which
was used as model transgenic animal containing ACE2 and host receptor of MERS-
CoV known as dipeptidyl peptidase. Intermediate hosts were also checked for the
MERS vaccine. And vaccines like MVA and NCD were tested on camel which
showed induction of antibodies, and MVA was reported as protected for nasal secre-
tions and shedding [232]. The most important thing for scientists is the formulation
of vaccine for livestock which may be intermediate hosts and pass on diseases to
human. Similar strategy may be applied for influenza of swine and poultry; from
results, we may be able to limit the risk of transmission of viruses to human [233].

During vaccination studies or formulation of vaccines, the most important point
to be followed is biosafety. Even experimentation on animal studies also strictly
follows the biosafety rules [234]. An experiment was designed to check the post-
murine challenge of inactivated MERS-CoV vaccine or SARS-CoV vaccine with
formalin in mice for effect on the lung. Addition of receptors to inactive SARS-CoV
may reduce the pathogenesis of lungs. Another vaccine MVA-S is important for
studying pathology of the liver in ferrets, but in other animals, it was not successful
[235]. In hamsters, antibodies were enhanced by the use of S-based SARS protein
vaccine. But in mice, S-based MERS vaccine was not effective. The main obstacle
for the preparation of vaccine for COVID infection in cat was ADE. In this COVID
infection, ADE was found to be triggered in cats as the virus-mediated antibody
entered in macrophage by using the pathway of IG FC receptors. As some inconsis-
tent events can be observed in animals, these are also important for the improvement
of human immunological studies and in avoiding similar events in human [236].

The understanding with the pathogenesis, protection, and natural immunity of
SARS-CoV-2 in human will be helpful in the preparation of vaccines for COVID-19
[237]. The route of pathogen infection to the specific organ is also of importance, as
this knowledge will also positively help in the development of vaccines and preven-
tion of disease from the target organ [238]. The other important point to be consid-
ered is the path to reach the target organ, e.g., lungs. There may be two routes for
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SARS-CoV-2: one is by causing pneumonia by viremia and the other route is by
infecting the upper respiratory tract [239]. If the other route is followed to infect,
vaccines may consist of replicating vector or weak virus which may effectively
encourage immunity to protect the respiratory system and may reduce nasal
secretions.

On the other hand, if the infection path is viremia, parental vaccines that induce
serum antibodies may successfully not only block viremia but also transduce block-
age to infection [240]. This effect is the same as IM submission of slow influenza
vaccine for the treatment of lung infection in humans. An annual insertion of vac-
cines or S subunit may be effective in humans who have been recovered from coro-
navirus [241]. This will be helpful in the prevention of corona infection by enhancing
B- and T-cell response and immunity. Oral and nasal vaccines are reported to be
effective in corona-affected people who may have diarrhea or fecal viral secretions.
We can divide humans in three groups: first group includes people who have zero
immunity, second group consists of immunity of different levels (these are those
people who have been recovered), and third group of people has previously devel-
oped immunity for SARS. Therefore, the responses for vaccine in different groups
of people will be different [242, 243]. So, the preexisting immunity levels must be
studied for the effectiveness in all groups of population. But the focus must be given
to the elder population, in which the death rate is reported high [244, 245].

There are different primates and non-primates who have been used for testing
vaccines. These animals include African monkey, macaques, hamster, ferret, and
mice. For prevention of CoV infections in animals, different vaccines to cure corona
have been licensed. Not any vaccine was found effective in animals. In some ani-
mals, the digestive tract and intestine are the sites of corona infection, and this
condition is severe in neonates [246]. To overcome these problems, oral vaccines
have been developed which can be used for pregnant animal. These oral vaccines
are helpful in preventing disease (intestinal infections) in mother and suckling neo-
nate as antibodies will be transferred through milk. It was also observed in swine
that milk antibodies were effective in passive immunity as compared to serum
IgG. In bovine corona infections, diarrhea and lung infections are observed with
nasal shedding. Although it has great impact on the economy, no vaccines have been
developed for the prevention of bovine corona in cattle. In cattle, pneumonia and
nasal shedding are associated with respiratory disease [154, 209]. This was also of
great risk to use live weak coronavirus, but this type of vaccine based on bovine
corona live virus has been licensed for oral administration in cattle. By using this
vaccine, the risk for respiratory complex has been treated.

In camels, MERS-CoV is present in Saudi Arabia; a protein subunit (IM) or live
weakened MERS-CoV may be a safe vaccine which may be helpful in controlling
the transmission of virus to human and nasal shedding [177, 247]. If we observe the
porcine corona, it resembles with COVID-19. As both may spread by nasal droplets,
it infects the lungs. However, porcine corona infections are reported to be mild. But
the dose of virus, itinerary of infection, and immunity levels are some factors which
may enhance the severity of bovine and porcine coronavirus [248]. All the above-
mentioned factors are also important in increasing the spread and severity of
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COVID-19. During pandemic, first-generation vaccine development, production,
and distribution are critical. Synthesis of nucleic acid-based vaccines with S and N
protein may prove to be good vaccines. Another method for speeding up veterinary
vaccination during epidemic is issuance of licenses. For present mutant coronavirus,
this may be based on the data from humans [249]. After that, generating a second-
generation vaccine for prevention of disease and death may also be helpful for
future development. Coronavirus is likely to affect as second spill of SARS-CoV-2
via animal reservoir. For generating new generation of vaccine, strong immunity is
needed against corona within Betacoronavirus ancestors [250]. The main focus
must be on S and N proteins and conservation of apoptosis that may be effective in
inducing cross-reactive immunity.

Any vaccine that is successful in inducing immunity is necessary at the present
scenario. The need is passive immunization to treat people both therapeutically and
prophylactically. In this situation, most emphasis is also in using plasma therapy
[179]. This plasma can be collected from recovered people as their plasma may
contain antibodies. The induction of double-blind trials is also of importance. It has
been experimented, and a comparison was made in clinical treatment; short stay at
hospital and reduction in mortality rate are associated with plasma therapy. But for
plasma treatment, a plasma bank is necessary. These plasma banks can collect from
donors (recovered people) but proper establishment is necessary.

To control the viral proteins in host, monoclonal antibodies may be rapidly pro-
duced and also important for mapping epitopes that act as protective guards and
react against immune response as established by MAB management to SARS-
CoV-2-defined animals. This may also help in guiding vaccine formation and design
with positive immune prophylactic against COVID-19 [138]. Encoding of mRNA is
among the recent strategies used for encoding virus via intra-tracheal aerosol.
Nanoparticles against MERS may provide immunotherapy in model animals.

Since the first confirmed case of coronavirus, different chemicals, vaccines, or
medicines and herbs have been tested for their activities [129]. Some genetically
improved antiviral therapy, drug, vaccines, and antibodies were found to be useful
in reducing the global threat [152, 247]. The world has faced many epidemic and
pandemic threats of Ebola, Nipah, Zika, swine flu, MERS-CoV, and SARS-CoV-2.
All these are important in developing effective vaccine, drugs, and therapeutic and
advanced vaccines to combat COVID-19. Some initiatives in developing new vac-
cines include chimpanzee vectored adenovirus vaccine [109, 171].

Conclusion

Detection of most suitable animal models with antiviral drugs and SARS-CoV vac-
cines may be helpful in finding the most effective therapeutic against virus. Among
animals, ferrets, cats, and hamsters are more attractive animals as models as com-
pared to transgenic mouse and nonhuman primates. Different animals can be useful
models for different parameters as for clinical symptom studies transgenic mice can



20 N. Bano et al.

be best model as they showed severe symptoms like reduction in weight. Hamsters
will be proved as good models for testing the efficacy of vaccines. Cats may be sug-
gested as model animals for viral transmission studies and for testing the bound
blowout of virus and antivirus effectiveness. Nonhuman primate animals will be
best suitable model animals for studying load of disease and testing vaccines and
effectiveness of antiviral drugs before starting a speedy arrangement and production
of vaccines for human. So we can say that continuous experiments on animal mod-
els from mice to cat, dogs, and primates will help in the establishment of data best
suited for answering many problems about coronavirus (COVID-19).
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Chapter 2
Medicinal Plants as COVID-19 Remedy

Sara Zafar, Shagufta Perveen, Naeem Igbal, M. Kamran Khan,
Modhi O. Alotaibi, and Afrah E. Mohammed

Introduction

The pandemic (COVID-19) first appeared in Wuhan (Hubei Province) city of China
in late December [1]. The World Health Organization (WHO) reported the disease
as pandemic and declared a health emergency globally [2]. SARS-CoV-2 is caus-
ative agent of novel coronavirus (COVID-19) infection. It is fatal and spread more
rapidly as compared with SARS and MERS [3]. Coronavirus is a rapidly dividing
virus; it injects its genome into host genes where it multiplies and uses hosts machin-
ery for its growth. SARS-CoV-2 (COVID-19) infection is in focus over all human
infections; it is destroying the social life of people and the world economy. No
specific medicine is available so far; however, the use of medicinal plants might be
a successful therapeutic strategy against the disease. Coronavirus (family
Coronaviridae) infects humans and a broad range of animals including bats, cats,
cattle, and camels, resulting in respiratory, gastrointestinal, neurological, and
hepatic infections [4]. The family of coronavirus, i.e., Coronaviridae, is divided into
subfamily Orthocoronavirinae, which infects human respiratory track; the subfam-
ily is further divided into genera: Alphacoronavirus, Betacoronavirus,
Gammacoronavirus, and Deltacoronavirus [5]. Seven members of CoV affect
human health, and they are known as human CoVs (HCoVs) which include
HCoV-229E and HCoV-NL63 from Alphacoronavirus genus and HCoV-OC43,
SARS-CoV, HCoV-HKU1, SARS-CoV-2, and MERS-CoV from Betacoronavirus
genus [6]. The size of coronavirus (HCoVs) range between 120 and 160 nm,
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enveloped as a single-stranded RNA which is responsible for the infection in the
upper respiratory tract. The infectious respiratory tract shows symptoms such as
bronchitis, pneumonia, common cold, etc. A suitable environment for the establish-
ment of coronavirus infection is winter in the documented cases [7]. Coronavirus
infection is fatal for the immunosuppressed patients, newborn, and aged people, for
the mortality rate of such people are higher than normal and healthy people [8]. The
use of natural plant-derived compounds or herbal treatment can be effective against
this disease especially TCM (traditional Chinese medicine) [9]. TCM helps to cure
and prevent against coronavirus disease.

Some drugs are also used for the cure of coronavirus infection like antiviral
drugs [10], antimalarial drugs [11], anti-HIV drugs [12], anti-inflammatory drugs
[13], monoclonal ribavirin [14], sofosbuvir [15], lopinavir [16], and monoclonal
antibodies [17], but they are not recommended by the WHO for COVID-19 treat-
ment. Due to the absence of proper specific treatment of coronavirus, natural prod-
ucts are best alternative drug therapies [18]. The leaf, root, and stem extract of
mulberry tree (Morus spp.) possess antiviral properties; it can be used as therapeutic
agent for non-enveloped and enveloped viral pathogens. Mulberry tree Morus alba
var. alba, Morus alba var. rosa, and Morus rubra root, stem bark, and leaf extract in
water and alcohol helps to recover viral infections [19]. Plants like jackfruit and
coffee are mostly studied in this respect because these plants have potential to fight
against viral infections [20]. Asian populations use Morus spp. against sore throat,
fever, rheumatism, and blood pressure to protect the liver and enhance eyesight
[21]. Morus genus belongs to family Moraceae and has antibacterial and antifungal
properties [22].

Herbal medication plays a crucial role to control the infectious diseases, while in
the past herbal medication also proved significant during the SARS coronavirus
(SARS-CoV) [23]. The Indian herbal plants used for prevention and treatment of
various respiratory diseases help improve the immune system [3]. Some Indian
plants effective against coronavirus are Vitex trifolia, Indigofera tinctoria (AO),
Cassia alata, Leucas aspera, Abutilon indicum, Gymnema sylvestre, Clerodendrum
inerme Gaertn., Evolvulus alsinoides, Clitoria ternatea, and Pergularia daemia
[24]. Among them, Sphaeranthus indicus and Vitex trifolia are using NF-kB path-
way; it is a pathway that decreases inflammatory cytokines in SARS-CoV [25, 26].
Another plant which inhibits viral replication of SARS-CoV and SARS-CoV-2 is
Glycyrrhiza glabra [27]. A key herb is Clerodendrum inerme Gaertn. which inacti-
vate the viral ribosome, while Strobilanthes Cusia is an herb which blocks the syn-
thesis of viral genome [28]. Himalayan forests have many medicinal plant species
effective in bronchitis [29, 30]. Verbascum thapsus, Justicia adhatoda, and
Hyoscyamus niger are effective against influenza viruses; another useful herb
Hyoscyamus niger acts as bronchodilator with inhibitory role on Ca?* channel [30].
The plant species effective against coronavirus family are Platycodon grandiflorum
[31], Reseda luteola [32], Glycyrrhiza glabra [33], Peganum harmala L. [34],
Mentha piperita [35], Anthemis hyalina [36], Camellia japonica [37], and Zingiber
officinale [38] that contain active compounds platycodin D, luteolin, glycyrrhizin,
harmine, menthol, essential oils oleanane triterpenes, 6-gingerol, sinigrin and
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hesperetin, respectively. The drugs used as a curative treatment of COVID-19 infec-
tion include chloroquine, Arbidol, favipiravir, remdesivir, and interferon therapy
[39], but they are not recommended by regulatory authorities. Plant metabolites can
inhibit the activity of enzymes in the replication cycle of Coronaviruses including
papain-like protease and 3CL protease, inhibit the fusion of the S protein of CoVs
and ACE2 of the host, and can inhibit cell signaling pathways [40].

Urtica dioica (stinging nettle) is a plant whose lectins are effective for the inhibi-
tion of virus attachment to active compound present in Utrica dioica Agglutinin
(UDA) [41]. Glycyrrhiza glabra (licorice) is another plant; its roots are used as a
medicine because it contains effective compound glycyrrhizin which is helpful in
the treatment of jaundice, gastritis, and bronchitis due to its anti-inflammatory
activity by stimulating the interferon in the body. Glycyrrhizin is composed of glyc-
yrrhetinic acid, flavonoids, p-sitosterol, glycyrrhetinic acid, and hydroxyl couma-
rins [42]. A secondary metabolite quercetin is a flavonoid discovered in garlic and
onion species [43]. Quercetin-3-f-galactoside showed inhibitory effects for SARS-
CoV infection by inhibiting the 3CL protargeted for the treatment of the COVID-19
[44]. The extract of plant Lycoris radiata in chloroform and ethanol has anti-SARS-
CoV characteristics (about 2.1 to 2.4 ug/ml). Active compound present in this plant
is lycorine having antiviral properties [45]. In vitro terpenoids and lignoids extracted
from Cryptomeria japonica, Juniperus formosana, and Chamaecyparis have inhibi-
tory effect for 3CL protease of SARS-CoV [45].

Existing Plants with Potential Therapeutic Applications
for Coronavirus Family (SARS-CoV)

Herbal treatment showed positive results against viral infections of SARS-CoV
[23]. Baicalin compound found in Scutellaria plant genus have the ability to inhibit
the activity of SARS-CoV [46]. Morus plant species studied many times for the
treatment against diseases in many parts of the world and showed potential against
bacterial and fungal infections [22, 47, 48]. Extracts from Morus alba minimized
the viral load and viral cytopathogenic effects [19]. Morus alba leaf extract showed
antiviral properties against human coronaviruses [19]. Clerodendrum inerme
L. proved effective against the SARS-CoV-2 through inactivating the ribosome and
protein translation of virus [49]. Organosulfur compounds found in Allium genus
especially Allium porrum can potentially inhibit the attachment of SARS-CoV with
cells [50]. A flavonoid compound quercetin found in onion and garlic has potential
against SARS-CoV activity [51]. Extract from four different herbs and lycorine
compound showed positive results for the treatment of SARS-CoV [45]. Molecules
like crocin, digitoxigenin, and B-eudesmol naturally occurring in plants have poten-
tial to inhibit the coronavirus activity [52]. Medicinal plants such as Caesalpinia
sappan L. and citrus species have active compounds that have inhibitory effect
against the action of coronavirus [53]. Cullen corylifolium L. seed extract hampered
the activity of SARS-CoV [54]. Different flavonoid compounds found in Paulownia
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tomentosa fruit significantly inhibited the protein of SARS-CoV [55]. Nine chal-
cone compounds and four coumarin compounds extracted from Angelica keiskei
showed inhibitory capability against protein of SARS-CoV [56]. SARS-CoV pro-
tein showed inhibited activity with treatment of nine phlorotannins extracted from
Ecklonia cava [57]. Torreya nucifera L. extract consist of four bioflavonoids showed
potential against SARS-CoV action [58]. Fruits and vegetables contain a flavonoid
named quercetin having antiviral potential against SARS-CoV [59]. Plant extract
obtained from Houttuynia cordata boosted the cell immunity against SARS-CoV
[60]. Andrographis paniculata have potential against viral proteins [61]. An active
compound luteolin found in Reseda luteola inhibited the entrance of SARS-CoV
into the cell [62]. Anthemis hyalina potentially decreased the receptor potential pro-
tein gene expression against coronavirus [36]. Phytochemicals found in Cedrela
sinensis inhibited the viral replication of SARS-CoV [63]. Clerodendrum inerme
have potential to inhibit the activation of SARS-CoV-2 [64]. Flavonoids and alka-
loids present in Hyoscyamus niger played a role in inhibition of calcium channels
and dilation of bronchi during infection of SARS-CoV-2 [65]. An active compound
named 1, 8-cineoli present in Vitex trifolia proved effective against SARS-
CoV-2 [66].

Plants as Specific Inhibitors of HCoV Target Proteins

A lot of medicinal plants show inhibitory effect against SARS-CoV and other viral
infections; these plants show therapeutic potency against coronavirus infection and
examined with ethnobotanical evidence against viral infections (influenza, etc.).
Coronavirus mostly use ACE-2 (angiotensin-converting enzyme-2) receptor, RdRp
(RNA-dependent RNA polymerase), 3CLpro (3-chymotrypsin-like protease),
PLpro (papain-like protease) enzyme, and other factors and gain entry into human
cell to complete life cycle. The selected plants are tested by various scientists glob-
ally to act on the abovementioned specific receptors and proteins and inhibit RNA
replication. SARS-CoV-2 uses the ACE-2 receptor to enter into human cells. Several
medicinal plants act on ACE-2 receptor and block the entry of CoVs. Literature
studied exhibit many plants acting on ACE-2 receptor; these plants may become
promising antiviral agents and can help control COVID-19 infection [4, 67].

Bupleurum Species

Bupleurum species are widely dispersed in Northern Hemisphere and are oldest
herbal medicine in China used for the treatment of viral infections [68]. Radix
bupleuriis used as antiviral, anti-inflammatory, and antitumor agent [69]. Triterpene,
saponin, and glycosides are the main components of this medicinal plant with vigor-
ous effects.
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Artemisia annua L.

The Chinese medicinal plant is effective for its antimalarial, antiviral, and antican-
cer effects [70, 71]. The plant has been known to possess antiviral activity for the
treatment of poliovirus, HIV, hepatitis C, and type 2 dengue virus. The extract con-
tains quercetin, flavonoid, polyphenols, triterpenes, sterols, saponins, and other
molecules [72]. The extract has been used to treat SARS-CoV and MERS infection
[45] and is currently used against SARS-CoV-2 infection [73]. The plant extract
inhibits the activity of 3CLpro the virus main proteinase and controls the activity of
replication complex, also produced by SARS-CoV-2 to increase the production of
pro-inflammatory cytokines prostaglandin E2 (PGE2) TNF-a, IFN-Y, and enhance
CD4+ and CD8+ T-cell populations [4].

Isatis indigotica Fortune ex Lindl.

The Chinese herbal plant belongs to Cruciferae family. The extract inhibits SARS-
CoV-1 entry and replication in host [72]. However, Radix isatidis (dried root) of the
plant is used by researchers for extraction of compounds against SARS-CoV-1
infection. Its root contains bioactive compounds such as indirubin, indigo,
[-sitosterol, and many other bioactive compounds [74, 75] against SARS-CoV-1
infection. Indigo, sinigrin, and hesperetin inhibit virus entry and replication by
inhibiting SARS-CoV1 3CLpro [76]. Viral replication is mediated by proteolytic
processing of polypeptides into functional proteins by 3CLpro [77]. The plant Isatis
indigotica can be used as therapeutic cure against SARS-CoV-2.

Alcea digitata (Boiss.) Alef.

The plant belongs to Malvaceae family with potent antiviral, antimicrobial, and
laxative therapeutic properties [78, 79]. The flower extract of the medicinal plant is
used to cure respiratory infections and head and neck cancer [79]. The medicinal
plant has strong potential to act on ACE-2 receptor. The extract can be effective
against SARS-CoV-2 infection (Fig. 2.1).

Lycoris radiata (L’Hér.) Herb.

Lycoris radiata origin was found in China, Japan, Korea, and Nepal [80]. It shows
antiviral activity against SARS-CoV [81, 82], poliovirus, measles, and herpes sim-
plex virus [82, 83]. The active compound lycorine is extracted from the flower and
stem cortex of L. radiata medicinal plant and is used for the treatment of various
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Fig. 2.1 Some medicinal plants’ possible specific inhibitory sites to act against SARS-CoV2 action

diseases. It is recommended for the development of drugs against SARS-CoV infec-
tion [83, 84]. The antiviral activity of the plant is due to the inhibiting action against
virus replication by inhibiting autophagy [83]; the plant extract exhibits anti-SARS-
CoV effect with 50% effective concentration (ECs) in the range of 2.4-88.2 pg/
mL. The active component lycorine is extracted from the flower and stem cortex of
L. radiata medicinal plant is used for the treatment of various diseases [85]. The
plant extract inhibits autophagy by reduced JNK/MAPK phosphorylation due to
viral replication [83, 84].

Pyrrosia lingua (Thunb.) Farw.

The plant belongs to family Polypodiaceae and occurs in China, Korea, Japan, and
other regions of Asia [86]. It has antiviral, antibacterial, and anticancer activities
and contains flavonoids, chlorogenic acid, and other bioactive compounds [87]. The
leaf extract is used for the treatment of HIV, SARS, and other infections caused by
viruses [86]. The plant inhibits SARS-CoV-1 infection, but mechanism of action
needs to be studied in detail [4].
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Houttuynia cordata Thunb.

The Chinese herbal plant belongs to family Saururaceae and is mostly found in
Southeast Asia. It possesses anti-allergic, antioxidant, and anticancer properties
[88]. The plant is well known for the treatment of pneumonia and SARS-CoV-1
infection [4, 89]. The bioactive compounds present in the plant extract are rutin,
hyperin, quercetin, linoleic acid, aspartic acid, amino acids, vitamins, potassium,
copper, zinc, iron, and others [4, 90]. The leaf extract was effective in SARS-CoV-1
patients [76]. It inhibits 3CLpro activity and RdRp activity of SARS-CoV-1 [60].
Hence, it blocks the entry of virus and interferes with viral replication [60], and the
plant can be used against SARS-CoV-2 infections also.

Torreya nucifera L.

The traditional medicinal plant is mostly found in snowy regions of Korea. The leaf
extract is used mostly to cure stomachache and rheumatoid arthritis [88, 91]. Ryu
et al. [58] isolated 12 bioactive compounds from ethanolic extract of the plant leaves
and observed inhibitory effect of the biflavonoid amentoflavone against SARS-
CoV-1 by blocking the activity of 3CLpro of coronavirus [58].

Lindera aggregata (Sims) Kosterm.

A traditional Chinese medicinal plant belongs to the family Lauraceae and is native
to China and Japan [90]. The root extract is used to cure chest pain, inflammation,
and other diseases. The bioactive compounds, i.e., flavonoids, alkaloids, tannins,
and sesquiterpene lactones, exhibit antiviral, antitumor, and antimicrobial activities
[92, 93]. The extract is used as tea for its protective effect against oxidative stress
[93]. The root extract inhibits SARS-CoV-1 possibly by inhibiting viral replication
and blocking viral entry into host [45].

Rheum palmatum L.

The R. palmatum belongs to family Polygonaceae and is native to mountainous regions
of China [94]. It is traditionally used as a laxative and to cure stomachache, liver bile
disease, and gastroenteritis. It contains many phytoactive compounds like emodin,
chrysophanol, and aloe emodin [23, 62] and possesses antiviral, antipyretic, and anti-
bacterial activity [62]. The root tubers are effective against SARS-CoV-1 S protein in
binding ACE-2 receptor, thus blocking entry and replication of CoVs into cells [71,
95]. The bioactive compound emodin extracted from root tubers can be effective
against COVID-19. It may provide us new insight for the treatment of SARS-CoV-2.
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Cerasus avium (L.) Moench.

The medicinal plant extract has potent antiviral and antimicrobial characteristics
[4]. Its stem contains many bioactive compounds [96]. The plant extracts block the
ACE-2 receptor and prevent viral processing [97]. The plant extract can be used
against SARS-CoV-2 infection due to its great potential to act on ACE-2 [67]. Ziai
and Heidari [97] studied 20 plant extracts and found that largest inhibitory effect on
ACE was due to Cerasus avium (L.) Moench. It was suggested that herbal products
could be used for the treatment of the COVID-19 infection following the essential
in vitro and in vivo evaluation.

Polygonum multiflorum Thunb.

The plant belongs to Polygonaceae family and is native of China, Japan, and Korea
[98]. Root tuber is mostly used for the treatment of the waist, knee pain, paralysis,
malaria and other diseases due to its anti-inflammation, anticancer, and anti-CoV
functions [99]. The most effective bioactive compound present in PMT is emodin
against SARS-CoV-1 infection by acting on ACE-2 receptor [100]. Thus due to the
potent bioactive compound emodin, it is a highly recommended therapeutic agent
for the treatment of SARS-CoV-2 infection.

Citrus aurantium L.

The bitter orange plant belongs to family Rutaceae [101]. The plant extracts contain
essential bioactive components like phenolics, vitamin C, and carotenes [102]. The
medicinal plant fruit extract is a potent remedy for anxiety, gastrointestinal problems,
and prostate cancer [101, 103] but has strong efficacy [67] to block ACE-2 receptor.

Rubia tinctorum L.

The plant belongs to family Rubiaceae, a native to North Africa, Southern Europe,
and Western Asia [104]. The extract is effective to treat kidney stones and urinary
disorders. The root contains red coloring matter due to anthraquinone and pseudo-
purpurin used for dyeing purposes [105]. The studies show the effective use of the
plant extract to act on ACE-2 receptor [4, 106].
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Onopordum acanthium L.

The plant family is Asteraceae and commonly known as Scotch thistle. It is present
all over the world. The extract shows biological activities with antiviral and anti-
inflammatory effects. The plant extract is used as cardiotonic agent. The plant
extract contains many bioactive compounds like flavonoids, triterpenoids, phenyl-
propanoids, and sterols [4]. The plant extract is potent inhibitor of ACE-2 due to the
presence of bioactive compound tannin [107]. This proves to be an active therapeu-
tic agent against SARS-CoV-2 infection.

Quercus infectoria G. Olivier

Quercus tinctoria or gall oak belongs to Fagaceae family. The plant extract is used
to treat diarrhea, tonsillitis, and internal hemorrhages [4]. The plant extract contains
phenolics and flavonoids having antiviral, antifungal, and antidiabetic characteris-
tics. The plant extract has strong potential to block ACE-2 receptor due to the pres-
ence of many bioactive compounds [4]. Similarly, the extract can be used as a
therapeutic agent for treating COVID-19 infection.

Crataegus microphylla C. Koch

The medicinal plant family is Rosaceae. All the parts can be used as therapeutic
agents [108]. The plant extract is used as antioxidant and antidiabetic agent and is
used to cure coronary dilation and heart muscle activation [4]. The plant extract
contains bioactive compounds like phenols, triterpenes, and catecholamines which
help to control many diseases [108, 109]. Plant extracts inhibit ACE-2 receptor and
inhibit viral entry in the cell [107]. A 330 pG/mL concentrated plant extract inhibits
viral binding to ACE-2 receptor; the ICs, was examined at 80.9 = 1.3 [107]. The
occurrence of some potent bioactive constituents and their effectiveness against
SARS-CoV-2 should be tested as therapeutic agent against COVID-19 infection.

Berberis integerrima Bunge

The plant family is Berberidaceae. It is native to Iran and contains different kinds of
alkaloids [110]. The root extract contains bioactive compounds like palmatine,
ascorbic acid, ursolic acid, beta-carotene, coumarin, and tannin [110]. The plant
extract has antiviral, antioxidant, anti-hyper-glycemic, and anticancer therapeutic
characteristics and a liver protection agent. The plant was tested in vitro. It was
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shown that 330 pg/mL of the extract inhibits ACE-2 receptor 88.2 + 1.7 ICs, [107].
The plant B. integerrima needs to be studied in further detail for its therapeutic val-
ues and may show considerable results against SARS-CoV-2.

Alnus japonica (Thunb.) Steud.

The plant is native to Japan, China, Korea, and Russia [111]. The plant has antiviral,
anti-inflammatory, and anticancer effects. The plant extract is used to treat fever,
lymphatic cancer, and gastroenteric problems [112]. It has antiviral effects and can
be used as therapeutic agent to cure SARS-CoV infection. The bioactive compounds
extracted from plant bark are hirsutenone, rubranoside, and rubranol [56]. The bio-
active compounds are potent therapeutic agents against SARS-CoV PLpro infec-
tion. The efficacy of plant bark against SARS-CoV was established by Park et al.
[56]. The medicinal plant is the potent inhibitor of SARS-CoV PLpro and ICs, value
between 3 and 44.5 pM [56]. The plant bark can inhibit SARS-CoV PLpro activity.

Paulownia tomentosa (Thunb.) Steud.

The Chinese plant family is Scrophulariaceae. The plant is native to Korea, Taiwan,
and central and western China. The plant has antibacterial, antiviral, and antioxidant
characteristics [113]. The plant extract is used to cure respiratory tract infection,
tonsillitis, traumatic bleeding, bacteriological diarrhea, conjunctivitis, swelling, and
hemorrhoids [114]. The plant extract has potent antiviral effect against SARS-CoV
PLpro. The fruit contains bioactive compounds like tomentin, geranylated flavo-
noids, etc. [55]. The bioactive compounds from fruit extract were found effective
against SARS-CoV. The plant extract inhibits SARS-CoV PLpro activity with IC50
value between 5.0 and 14.4 uM [55]. The bioactive compound tomentin E exhibited
highestinhibitionto SARS-CoV infection with lowest value of ICs5,5.0£0.06 pM [55].

Psoralea corylifolia L.

The plant is native to Asia and belongs to family Leguminosae. The plant has anti-
bacterial, antiviral, antidepressant, and antioxidant activities [115]. It contains vari-
ous bioactive constituents like neobavaisoflavone, corylifol A, bavachinin, and
psoralidin [90]. The seed extract shows inhibition of SARS-CoV PLpro, and the
IC50 was 15 pg/mL [116]. The IC50 of the tested bioactive compounds against
SARS-CoV PLpro infection were in range of 4.2-38.4 pM.
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Tribulus terrestris L.

The medicinal plant belongs to family Zygophyllaceae is native to Pakistan, South
America, Spain, Mexico, Bulgaria, China, and India. The plant has antiviral, anti-
diabetic, anti-inflammatory, antioxidant, and anti-urolithic characteristics [117].
The plant contains alkaloids and flavonoids as main bioactive constituents [118,
119]. The fruit extract showed inhibition against SARS-CoV PLpro [118]. The
IC50 of all the bioactive compounds studied were in range of 15.8 and 70.1 pM [118].

Medicinal Plants as Potential Source of Natural Antiviral
Agents Against COVID -19

Medicinal plants show their antiviral potential by inhibiting viral entry into the host
cell as a part of their mechanism of action [72]. Flavonoids, like apigenin and quer-
cetin, exhibited antiviral activity against SARS-CoV through the inhibition of the
activity of Mpro enzymes having IC50 of 38.4 + 2.4 pM and 23.8 pM, respectively
[120] (Table 2.1).

Table 2.1 Antiviral potential of medicinal plants against coronavirus (CoV) strains

Medicinal plants Family Mode of action References

Agrimonia pilosa Rosaceae Terpenoids having antiviral activity against | [121]
influenza viruses (HIN1 and H3N2)

Allium cepa L. Amaryllidaceae | Crushed and mixed with honey against [86, 122]

influenza virus
Allium sativum L. Amaryllidaceae | Essential oil effective against SARS-CoV2 | [50]

Alnus japonica Betulaceae Polyphenols having antiviral activity [56]
against
SARS-CoV
Andrographis Acanthaceae Antiviral activity against SARS-CoV [123]
paniculata
Artemisia annua L. | Asteraceae Antiviral activity against SARS-CoV [45]
Astragalus Fabaceae Inhibited avian infectious bronchitis virus | [124]
mongholicus (IBV) replication
Azadirachta indica | Meliaceae Antiviral activity against poliovirus, bovine | [125]

herpes virus type 1, duck plague virus, and
herpes simplex virus type I

Acacia nilotica Fabaceae Antiviral activity against HIV-1 protease [126]
viruses

Andrographis Acanthaceae Used in control of SARS-CoV and likely | [127]

paniculata SARS-CoV-2

Angelica keiskei Apiaceae Alkylated chalcones from ethanolic extract | [128]

(Migq.) Koidz inhibited SARS-CoV PLpro

(continued)
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Medicinal plants Family Mode of action References
Berberis vulgaris L. | Berberidaceae | Boiled extract and poultice [86, 129]
Antiviral activity and likely against
SARS-CoV-2
Betula papyrifera Betulaceae Methanolic plant extract exhibited antiviral | [130]
activity against coronavirus
Camellia sinensis Theaceae Boiled and drunk exhibited antiviral [86]
(L.) Kuntze activity
Carica papaya L. Caricaceae Leaf juice; fruit can be eaten [131]
Antiviral activity against dengue virus
Cassia tora Fabaceae Inhibition activity of SARS-CoV-3CL [85]
Cedrela sinensis Meliaceae Inhibits viral replication [63]
SARS-CoV
Chrysanthemi flos Compositae SARS-CoV-2 [132]
Citrus sinensis Rutaceae Polyphenols having antiviral activity [37]
against SARS-CoV
Coriandrum sativum | Apiaceae Antiviral activity against coronavirus [123]
Cullen corylifolium | Leguminosae | Ethanolic extract of seeds inhibits [116]
(L.) Medik. SARS-CoV PLpro (papain-like protease
nonstructural protein encoded by
SARS-CoV-2 genome)
Dioscorea batatas Dioscoreaceae | Inhibition activity of SARS-CoV-3CL [85]
Epimrdii herba Berberidaceae | SARS-CoV-2 [132]
Eucalyptus Myrtaceae Aerosol and vapor of eucalyptus oil inhibit | [133]
polybractea avian influenza virus
Eugenia jambolana | Myrtaceae Inhibition of protease activity avian [134]
influenza
Euphorbia Euphorbiaceae | SARS-CoV-2 [132]
helioscopia herb
Forsythiae fructus Oleaceae SARS-CoV-2 [132]
Fritillaria thunbergii | Liliaceae Inhibits HINT replication [98]
Gentiana scabra Gentianaceae | Terpenoids having antiviral activity against | [135]
SARS-CoV
Glycyrrhiza Fabaceae Antiviral activities against SARS [136]
uralensis Fisch coronavirus
Gentiana scabra Gentianaceae | Inhibition activity of SARS-CoV-3CL [85]
Helianthus annuus L. | Asteraceae Flower and seed extract effective against [137]
human infectious diseases
Houttuynia cordata | Saururaceae Antiviral activity against SARS-CoV [45, 138]
aq.
Hyoscyamus niger | Solanaceae Inhibition of Ca*channels and [65]
bronchodilator
Antiviral activity against SARS-CoV-2
Isatis indigotica Brassicaceae Extract effective against SARS-CoV [139, 140]
Juniperus oxycedrus | Cupressaceae | Antiviral activity against SARS-CoV [141]

L. subsp. oxycedrus L.

(continued)
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Table 2.1 (continued)
Medicinal plants Family Mode of action References
Laurus nobilis L. Lauraceae Antiviral activity against SARS-CoV [142]
Lepidium meyenii Brassicaceae Antiviral action against flu A and flu B [143]
infection
Lindera aggregata Lauraceae Antiviral activity against SARS-CoV [45]
Lonicerae japonicae | Caprifoliaceae | Antiviral activity against SARS-CoV-2 [132]
Flos
Lycoris radiata Asparagales Antiviral activity against SARS-CoV [45]
Mori cortex Moraceae Antiviral activity against SARS-CoV-2 [132]
Mentha piperita Lamiaceae Essential oils exhibit antiviral activity [123]
against
IBV
Moringa oleifera Moringaceae | Blocks initial stages of viral replication [90]
FMDV
Nigella sativa Ranunculaceae | Potential inhibitor of SARS-CoV-2 [144]
Panax ginseng Araliaceae Carbohydrates having antiviral activity [145]
against human rotavirus
Paulownia Paulowniaceae | Ethanolic extract of fruits inhibits [55]
tomentosa (Thunb.) SARS-CoV PLpro (papain-like proteinase)
Steud.
Peucedani radix Apiaceae Obtained from dried roots of Peucedanum | [132]
praeruptorum Dunn inhibits SARS-CoV-2
Punica granatum Lythraceae Antiviral activity against SARS-CoV [123]
Portulaca oleracea L | Portulacaceae | Water extract exhibits good virucidal [146]
activity
Polygonum Polygonaceae | Polyphenols having antiviral activity [100]
multiflorum against SARS-CoV
Psoralea corylifolia | Fabaceae Polyphenols having antiviral activity [116]
against SARS-CoV
Pyrrosia lingua Polypodiaceae | Antiviral activity against SARS-CoV [45]
Rheum officinale Polygonaceae | Polyphenols having antiviral activity [100]
against SARS-CoV
Rheum palmatum Polygonaceae | Anti-SARS-CoV 3CLpro activity [147]
Rhizoma fagopyri Polygonaceae | Rhizome of Fagopyrum dibotrys [132]
cymosi Antiviral activity against SARS-CoV-2
Rhizoma cibotii Dicksoniaceae | Root of Cibotium barometz (L.) J. Sm. [135]
inhibits SARS-CoV-1
Rosmarinus Lamiaceae Blocks viral replication [76]
officinalis Human respiratory syncytial virus
Salvia miltiorrhiza | Lamiaceae Ethanolic extract caused inhibition of [56]
Bunge SARS-CoV PLpro
Sambucus nigra Adoxaceae Inhibited avian infectious bronchitis (IBV) | [148]
virus replication
Senna angustifolia | Fabaceae Polyphenols having antiviral activity [149]
against dengue virus serotype
—2(DENV-2)
Taxillus chinensis Loranthaceae | Inhibition activity of SARS-CoV-3CL [85]

(continued)
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Table 2.1 (continued)

Medicinal plants Family Mode of action References
Thuja orientalis L. Cupressaceae | Inhibits SARS-CoV [141]
Toona sinensis Roem | Meliaceae Inhibits SARS-CoV-1 replication [140]
(Chinese mahogany)
Torreya nucifera Taxaceae Inhibits SARS-CoV-3CLpro activity [58]
Tridex procumbens | Asteraceae Polyphenols having antiviral activity [149]
against dengue virus serotype
—2(DENV-2)
Vitex trifolia Lamiaceae Antiviral activity against [66]
SARS-CoV-2
Zanthoxylum Rutaceae Leaf extract showed antiviral activity [150]
piperitum against influenza virus
Zingiber officinalis | Zingiberaceae | Antiviral activity against [38]
avian influenza virus

Allium Sativum (Garlic)

Garlic is alleged to have antimicrobial, antifungal, and antiviral properties. Garlic is
emphasized as a remedy for viral infection since centuries [151]. Garlic extracts
boost the immune system. Its antiviral effects are due to sulfur-containing com-
pounds such as allicin, diallyl disulfide, and diallyl trisulfide reacting with thiol
groups of enzymes: alcohol dehydrogenase, thioredoxin reductase, and disulfide
bonds critical for microorganism survival [64]. It is supposed to lower cholesterol,
reduce blood pressure, prevent atherosclerosis, and act as an anticoagulant [152]. It
is also reported to have anticarcinogenic and immunomodulatory effects [153].
Allicin is produced on crushing raw garlic; it possesses antibacterial properties, but
it is an unstable compound and cannot be detected after intake [154]. There are
insufficient clinical trials regarding the effects of garlic in preventing or treating the
common cold.

The safety of consuming small quantities of raw garlic is evident in its world-
wide use as a culinary spice. It is the most popular herbal remedy. Fresh garlic
crushed and mixed with honey possess antiviral and other biological properties and
strengthen the immune system due to the presence of several bioactive sulfur-
containing compounds, i.e., sulfoxide, proteins, and polyphenols [155, 156]. Its
adverse effects include bad breath and body odor and allergic reactions, manifesting
in minor respiratory or skin symptoms [157]. Allicin and its derivatives, ajoene,
allitridin, and garlicin, are the most effective organic sulfur compounds (OSCs)
used to prevent viral infections. Allium sativum may be an acceptable preventive
measure against COVID-19 infection to boost immune system cells and to repress
the production and secretion of proinflammatory cytokines as well as an adipose
tissue-derived hormone leptin having the proinflammatory nature [151].
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Azadirachta indica (Neem)

Every part of the tree such as root, leaves, bark, seeds, and oil has antibacterial and
antiviral properties. The main bioactive compounds are limonoids and terpene.
Neem tree purifies air and possesses antimalarial, antifungal, wound healing, anti-
diabetic, and anticancerous properties. Phytochemicals obtained from neem seed oil
possess antimalarial, antifungal, and antipyretic activity. However, azadirachtin in
seed oil possess insecticidal, antifeedant, and antimalarial activity and prevent
development of parasites. The extract of leaf is effective against eczema. Leaf aque-
ous extract shows antiviral properties against chikungunya, measles, and vaccinia
virus. Leaves are taken orally to kill harmful worms and are used in bathing to pre-
vent chicken pox infection. However, excess use may have harmful effects and
cause sterility [158].

Curcuma domestica (Turmeric, Haldi)

A perennial herb, the rhizome portion, is used for medicinal purpose and possesses
anti-inflammatory properties. It is used to cure flatulence, jaundice, and hemorrhage
and also used as ointment for skin problems. It has antiviral properties and is used
as a cleansing agent of the respiratory tract and helps to fight against cold and flu.
Bioactive compound curcumin boosts immunity and reduces inflammation, pain,
and sinusitis. It has antiseptic, antiviral, antifungal, and antibacterial properties.
Curcumin reduces RNA replication and enhances the immune system [158].

Echinacea purpurea L. (Echinacea)

Echinacea extract is used as herbal medicine in the treatment of cold and influenza
and possesses potent antiviral activities against human and avian influenza viruses,
as well as herpes simplex virus, respiratory syncytial virus, and rhinoviruses [183].

Foeniculum vulgare Mill. (Fennel)

Fennel herb is a therapeutic plant (Foeniculum vulgare Mill) belongs to the family
Apiaceae. Fennel seeds effectively control numerous infectious disorders of bacte-
rial, fungal, viral, and protozoal origin. It is used in a wide range against gastroin-
testinal and endocrinal reproduction and respiratory problems and as a lactation
improving agent as well as used as diuretic, anti-inflammatory, and antioxidant rem-
edy. Fennel seed essential oil is used as flavoring agent in food products and an
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ingredient of cosmetic and pharmaceutical products [159]. Fennel herbal tea con-
taining fennel seed extract is a common household remedy traditionally used for the
treatment of a variety of symptoms of the gastrointestinal and respiratory tract in
some areas of Europe and Asia [160]. Fennel has many biological activities due to
its volatile and nonvolatile compounds, and it has been used in traditional Chinese
medicine for treating various conditions, particularly rheumatism, cold pain, and
stomach disorder [160]. The current study has proved that the nutritional syndromes
can be corrected by healthful intakes. The functional and nutraceutical foods are
effective in the management of human health, on the basis of their compositional
profiling. It is recommended that fennel is an extraordinary source of major and
minor nutrients. It acts as an antioxidant, preventing the deteriorating health condi-
tions such as hyperglycemia [161]. Its bioactive composition makes it a potential
candidate for inclusion in nutraceutical industry. Foeniculum vulgare essential oil
exhibit antiviral effects against herpes viruses boost immune system and decrease
inflammation [162].

Glycyrrhiza glabra (Licorice)

Licorice has been used in traditional Chinese medicine and other natural practices
for centuries. Glycyrrhizin, liquiritigenin, and glabridin are just some of the active
substances in licorice that have powerful antiviral properties [170]. The dried roots
of licorice are crushed and boiled to prepare an extract and dried to a dark paste or
powder to be taken orally for the treatment of different types of chronic infections
[171]. The active compounds triterpene, saponins, and particularly glycyrrhizin are
responsible for immunomodulatory, antiviral, and other biological activities [172].
Also animal studies have revealed its efficacy against the influenza virus by stop-
ping the virus replication [173]. Glycyrrhizic acid present in the plant inhibits virus
growth and inactivates virus particles [174]. Licorice root extract is effective against
HIV, RSV, herpes viruses, and severe acute respiratory syndrome-related coronavi-
rus (SARS-CoV), which causes a serious type of pneumonia [34]. Licorice is used
in a variety of ways for medicinal purposes; mixing the herb with Aloe vera gel
helps to treat eczema. The herb is extracted in hot water to make herbal tea for a sore
throat. The licorice extract is used as a treatment for ulcers or stomach prob-
lems [175].

Melissa officinalis L. (Lemon Balm)

Lemon balm is used as herbal medicine in herbal teas, often in combination with
other herbs such as spearmint [176]. Lemon balm has been widely used as a topical
antiviral treatment for genital and oral herpes. In vitro studies also exhibited antivi-
ral effects against avian influenza (bird flu) and HIV-1 [177, 178].
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Mentha piperita L. (Peppermint)

Menthol and rosmarinic acid in the essential oil in peppermint contain antiviral and
anti-inflammatory activity. Peppermint tea is used to treat morning sickness. The
extracts possess antiviral activity against respiratory syncytial virus (RSV) and
reduce inflammation [179]. Herbal extracts must be used to treat the viral infection
and spread, but the recommended use and side effects must also be taken into
account.

Nigella sativa L. (Black Seeds)

Nigella sativa, a folk medicine, referred to by prophet Mohammed (PBUH), con-
tains all kinds of cure except death [163]. It is also identified as the curative black
cumin in the Holy Bible [164]. The seeds of Nigella sativa and its main active con-
stituent, thymoquinone, are reported to be medicinally very effective against various
illnesses including different chronic illness, neurological and mental illness, cardio-
vascular disorders, cancer, diabetes, inflammatory conditions, and infertility, as well
as various infectious diseases due to bacterial, fungal, parasitic, and viral infections.
The medicinal use of black cumin seeds in various traditional herbal systems is
known for a wide range of ailments which include neurologic disorders, hyperten-
sion, diabetes, inflammatory disorders, cancer, paralysis, and digestive tract-related
problems administered in different kinds of preparations, a weapon to the drug sci-
entists [165].

Origanum vulgare L. (Oregano)

Oregano has therapeutic properties; it has slightly bitter taste. Oregano tea as herbal
extract is used to soothe sore throat, cough, and digestive disorders. It shows antivi-
ral characteristics against equine arteritis virus and canine distemper virus [189].

Ocimum bacilicum L. (Basil)

The extracts of Ocimum bacilicum, sweet basil, exhibited antiviral activities against
herpes viruses (HSV), adenoviruses (ADV), hepatitis B virus, coxsackievirus B1
(CVBI1), and enterovirus 71 (EV71) [184].
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Rosmarinus officinalis L. (Rosemary)

Rosemary extract has great therapeutic potential due to bioactive molecule oleano-
lic acid. Rosemary extract exhibited antiviral activity against herpes viruses and
hepatitis A [180, 181]. Carnosic acid is a bioactive compound in rosemary and
exhibits strong antiviral activities against human respiratory syncytial virus
(hRSV) [182].

Salvia officinalis L. (Sage)

Sage tea is used traditionally for the cure of digestive disturbances, bronchitis,
cough, asthma, inflammations, depression, excessive sweating, and skin disease.
The essential oil has been used in the treatment of respiratory system and metabolic
disturbances [185]. Salvia officinalis extract inhibits HIV activity by preventing the
virus from entering the target cells [186]. It also shows antiviral activity against
HSV-1 and Indiana Vesiculovirus that show disease symptoms in cows, pigs, and
horses. The crude extracts of S. officinalis contain diterpenes safficinolid and
sageon. Safficinolid showed antiviral properties against vesicular stomatitis virus
(VSV) infection, while sageon exhibited virus inactivation activity against VSV and
HSV-1 (herpes simplex virus type 1) [187, 188].

Senna alexandrina Mill. (Senna Makki)

Also known as Senna leaves — an Asian herb used in medicines to boost immunity —
it is usually prescribed for short-term use to people suffering from constipation;
“cleansing” herb flushes out toxins from your body if used properly [190]. Senna
alexandrina is traditionally used for its antioxidant and anti-inflammatory proper-
ties [191]. The leaves were used for treating anemia, bronchosis, burns, cancer,
constipation, herpes, leukemia, mycosis, nausea, neural disorders, viral diseases,
antihelmenthic, and wound. Pharmacological investigations show that sennosides A
and B account for the entire activity of the Senna leaves and pods. In folk medicine,
Senna was applied for curing different ailments as it shows anthelmintic, antiher-
petic, antiviral, and antibacterial (Staphylococci and Bacillus coli) properties. The
methanolic and ethyl acetate extract of Senna alexandrina leaves predominantly
contain Alkaloids and Flavonoids. These phytochemicals could contribute to the
various medicinal applications of the plant [192].

Other plants including pomegranate (P. granatum), long pepper (Piper longum
L.), black pepper (P. nigrum), barberry (Berberis vulgaris L.), black caraway
(Nigella sativa L.), papaya (Carica papaya L.), white mulberry (Morus alba L.),
Chinese boxthorn (Lycium barbarum L.), orange (Citrus aurantium L.), European
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plum (Prunus domestica L.), and soybean (Glycine max [L.] Merr.) possess immu-
nomodulatory activity, and these food plants boost the immune response of the host
and could be used as a preventive measure against COVID-19 [193]. In SARS cases,
a number of coinfections are reported. Moreover, most of the SARS-CoV-2 patients
also suffered from other health-related problems. The food plants discussed above
are easily accessible and may serve as a cheap way of maintaining healthy immune
system and general good health. It is recommended to include these medicinal food
plants in the daily diet as a preventive measure for effective health management and
to cure respiratory tract infections.

Zingiber officinale Rosc. (Ginger)

Ginger products, such as teas and lozenges, are popular natural cure. Ginger has
been used as a spice as well as medicine in India and China since ancient times.
Ginger is thought to act directly on the gastrointestinal system used to treat morning
sickness, bloating, flatulence, and dyspepsia [166]. The plant extract of Z. officinale
showed excellent antiviral properties against avian influenza, RSV, and Feline cali-
civirus (FCV), which is comparable to human norovirus [167] as well as anti-
chikungunya activity [168]. Additionally, specific compounds in ginger, such as
gingerols and zingerone, have been found to inhibit viral replication and prevent
viruses from entering host cells [169].

The chief active consitutents of ginger are volatile oil (zingiberol, zingiberene,
farnesene, curcumene and D-camphor, Shogaols, Gingerols, Paradol), Terpenoids
and flavonoids [158]. The volatile essential oils and non-volatile compound oleo-
resin give ginger pungency and a hot sensation.

Limitations

Some food plants may have toxic effects if taken in an excessive amount. The pro-
longed and high consumption level of licorice and glycyrrhizin may lead to certain
harmful impacts on human health like hypertension- and hypokalemic-induced sec-
ondary disorders. However, licorice taken orally produces less side effects; how-
ever, longer oral administration can cause toxic effects [194]. Similarly, garlic
ingested in large amounts may cause diarrhea, dizziness, nausea, vomiting, head-
ache, and flatulence especially on an empty stomach.

The recommended dose of the garlic is one tablet of dried garlic powder twice or
thrice per day for adults [195]. Curcumin dose of 0.9-3.6 g per day for 1-4 months
may cause nausea and diarrhea [196]. Higher amount of green tea consumption may
cause gastrointestinal problems taken on an empty stomach [197]. Herbal extracts
provide a rich resource for novel antiviral drug development. Their antiviral thera-
peutic mechanisms of interaction with the viral life cycle, viral entry, replication,



52 S. Zafar et al.

assembly, and release, as well as on the targeting of virus-host-specific interactions,
must be identified. Natural products serve as an excellent source of novel antivirals,
to develop effective protective/therapeutic strategies against viral infections. The
viral outbreaks, which remain without vaccines for long, can be controlled by herbal
treatment as they possess robust antiviral activity. The most efficient way to
strengthen our immune system is to use nutrient-rich natural food [72].

Hippocrates, the Greek Father of Medicine, always said health starts from the
gut, so it is important to get our gastrointestinal health in check. Phytochemicals
have been used throughout history to fight against ailments, since the inception of
pharmaceutical drugs. Research has shown that many natural compounds suggest to
have pharmacological effects and have antiviral activity and inhibitory effect on
viral attachment and penetration: herbal tea consists of compounds proven to be
effective as natural remedies throughout use over the ages [198].

It is important that before using herbs, healthcare professional should be con-
sulted to avoid allergic reaction. Most importantly, herbal dosages will depend on
people’s health and age, so be sure to follow the instructions on the labels and ask
your healthcare professional [199].

The only real protection against a future COVID-19 pandemic or any other viral
pandemic is the one that was demonstrated to work in the SARS, MERS, COVID-19,
and annual influenza pandemics [200]. Senna-induced dermatitis is rare but may
occur when patients need a higher dose. Currently, the major reported side effects of
Senna include abdominal cramping, electrolyte and fluid deficiencies, and malab-
sorption. The pathogenesis of the skin reaction to Senna overdose is unclear. It may
be that the high concentration of digestive enzymes in the diarrheal stool due to the
increased gut transit time may cause a chemical contact burn to the skin [201].

The plants presented in the table are currently used to treat symptoms of SARS-
CoV-2 such as fever, inflammation, or cardiovascular disorders. The efficiency of
medicinal plants and herbal extracts should be further studied and validated in
COVID-19 patients. It will clarify the mechanism and pathways targeted by them to
improve their clinical usefulness.

Conclusions

Recent studies revealed that combined therapy of herbal medicine with Western
medicine helps to improve the immunity and minimize the coronavirus threats. This
study also emphasizes the potential role of herbal medicine for the treatment of
COVID-19 in a better way. Herbal medicines could improve the functioning of
lungs. However, it is important to have an updated knowledge on the risk benefits of
food plants.
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Introduction

Contagious outbreak of COVID-19 has raised intense attention of microbiologist,
pathologist, and ethnobiologist. In January, it has been declared as Public Health
Emergency of International Concern by the World Health Organization (2020) [1].
Ethnobiologist deals with life using living tools as therapeutic source, developing
dynamic relation among different components of ecosystem. In general, the use of
traditional medicines being safer and economical and with possibility of least side
effect is an acceptable practice. In current scenario, the absence of any vaccine
against COVID-19 has intensified the role of traditional remedies.

From China to date, seven issues of guidelines about trial clinical application against
COVID-19 have been published. In the seventh edition, which is the most recent, the
absence of the discovery of precise treatments of COVID-19 has been mentioned offi-
cially by the National Health Commission [2]. Chinese government has allowed to use
TCM at clinical level against COVID-19 in the third version of COVID-19 Treatment
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Guidelines (published on January 23, 2020) [3]. Here is an overview of TCM with
reported potential against a number of viruses in general, followed by literature pointing
out possible role of TCM against other members of SARS-CoV and COVID-19.

Traditional Chinese Medical Practices

TCM are part of the tradition of China for more than 3000 years. According to the
National Center for Complementary and Integrative Health [3], here are different
practices under this head:

e Chinese use herbs as remedy directly in the form of some herbs/extracts/
decoctions.

* Acupuncturing technique.

e Cupping treatment for bloodletting.

* Skin scrapping known as gua sha.

* Pushing, rubbing, and squeezing patient body known as massage or tui na.

e Setting of bone known as bonesetter (die-da).

» Exercise (qigong).

e Dietary therapy.

In general, usage of Chinese medicines is further categorized into three basic
categories including detoxifications, eliminating dampness, and clearance of heat as
mentioned in Fig. 3.1. In this chapter, we have emphasized detoxification category
exclusively from abovementioned Chinese medication traditions. Henceforward,
we have discussed plant metabolites responsible for antiviral activities, followed by
possible correlation of existing data with the potential of these metabolites/herbs/
decoction to cure COVID-19.

Antiviral
— secondary
metabolites l

liminating dampness|

Against other viruses

Traditional Chinese
medical practices

Fig. 3.1 General types of traditional Chinese practices (ignoring subcategories of all except herbal
medicine)
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Laws for TCM Formulation

TCM preventive laws have been launched by the National Administration of
Traditional Chinese Medicine of China, with the recommendations to follow certain
rules during formulation of traditional medicines according to the age group. For
ideal and safer formulation of TCM, knowledge of phytoconstituents present in
herbs is required along with their bioactivity within host. In addition, appropriate
understandings of viral structure, its pathogenesis, and immunity of host may guide
to explore therapies in the form of drugs. Here we are discussing active plant metab-
olites with their antiviral activities reviewed from literature, along with therapeutic
justification for the inhibition of viruses. Data has been collected from literature
about the mode of antiviral actions induced in infected patients in vivo/vitro analy-
sis. This information may lead toward their utilization against other viruses includ-
ing COVID-19.

Antiviral Potential of Plant Metabolites

Plants being sessile need active endogenous defensive machinery to fight against
biotic and abiotic adversaries. To combat with them, nature has blessed plants with
endogenous defensive machinery. It is mediated by thousands of plant secondary
metabolites (PSMs) including phenolics, alkaloids, polyketides, flavonoid, etc. [4].
Viruses are one the serious threats to life at globe. Previously a number of secondary
metabolites have been reported for partial or complete inhibition of different viruses.
It includes HIV-1, HSV-1, HSV-2, Flaviviridae, Bunyaviridae, Picornaviridae,
Orthomyxoviridae, Dengue virus, Junin virus, Rhabdoviridae, Paramyxoviridae,
and Hepadnaviridae. A variety of PSMs to date have been reported to combat these
viruses such as different alkaloids, coumarins, and polyphenols: flavonoids, isofla-
vonoids, lignans, tannins, triterpenes, essential oils, flavans and derivatives, diphyl-
lin, and justicidin (Fig. 3.2).

TCM has historical evidences for success stories of thousands of years defeating
infections. TCM proved itself beneficial in 2003 when severe acute respiratory syn-
drome has become epidemic [6]. Previously serious infections of SARS in 2009 and
pandemic HIN1 influenza were succesfully coped with the use of TCM. TCM also
helped to fight pestilence in China earlier with the cure of a number of patients [7].

Structure of SARS-CoV-2

Brief introduction of generalized and then specifically SARS-CoV viruses may add
up in understanding literature regarding antiviral activities and associated
mechanisms.
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Fig. 3.2 Plant secondary metabolites (PSMs) with antiviral potential [5]

In comparison to prokaryotes or eukaryotes, viral structure is very simple com-
prising of nucleic acid (RNA/DNA) and nucleocapsid (nucleic acid-binding pro-
teins). The capsid is bordered by a membranous system that is derived from host
endoplasmic reticulum (additional residence of a number of viral proteins) helping
its attachment with cellular receptors of host [8] (Fig. 3.3).

SARS-CoV-2 is a member of Coronaviridae [9, 10]. It has a genetic material in
the form of single strand (RNA+ sense); it could perform as mRNA itself. Therefore,
no need for transcription here during translation. Its mRNA is used to form nucleo-
capsid. Envelope of virus with its spike proteins is derived from host cell’s endo-
plasmic reticulum. This envelope is then used for binding of virus with receptors.
After entry into host cell with the help of polymerase enzyme, viral mRNA makes
its copies, which are further translated into proteins (embedded into the ER
membrane).

Relevance of SARS-CoV with SARS-CoV-2

Entry of SARS-CoV vs. SARS-CoV-2 into Host Cell

Entry of SARS-CoV and SARS-CoV-2 in host cell is mediated by receptors ACE2
and serine protease TMPRSS2. Therefore, it is suggested that clinically approved
protease inhibitor of these receptors for SARS-CoV may be tried for SARS-CoV-2
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Fig. 3.3 Generalized virus cell (left) versus COVID-19 cell (right) [8]

also at clinical level. Hoffmann et al. [11] provided evidences for the use of clini-
cally approved inhibitors of TMPRSS2 for blockage of virus entry in the host cell
as cure of corona. This study has unveiled similarities between COVID-19 and other
member of SARS, i.e., CoV-2. There opened a path toward identification of poten-
tial targets and invention of antiviral intervention. Therefore, the discovered anti-
bodies with inhibition of SARS-CoV spikes can be possible solutions against
SARS-CoV-2.

With respect to the immune system and pathophysiology, SARS-CoV-2-infected
patients have been observed with a number of similarities with the patients of other
SARS-CoV [12].

TCM and SARS-CoV

Therefore, due to the abovementioned similarity of behavior between other SARS-
CoV and SARS-CoV-2 (Fig. 3.4), previous studies on the use of TCM against
SARS-CoV may lead in search of antiviral TCM against SARS-CoV-2 too.

Series of research on pandamic SARS-CoV-1 has explored secondary metabo-
lites as potent antiviral agents. Keeping in view the close relation of SARS-CoV-2
and SARS-CoV-1, above mentioned findings may help to find remedies against
SARS-CoV-2 too for future application (Fig. 3.5).

Above data is in active use to find vaccines against these viruses. Based upon
similarity of COVID-19 entry in host cell, it is supposed that all these active ingredi-
ent may be tried against COVID-19 too.
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TCM and SARS-CoV-2 (COVID-19)

In view of previous success stories of TCM, Chinese had started using them to fight
against COVID-19. Oral ingestion of preventive herbal formulation and fumigation
of house with herbal medicines are general practices in China.

Traditional Chinese medicine (TCM) has been employed against a number of
viruses as therapeutic strategy [9]. Currently a number of studies are on the way at
clinical level using complex TCM drugs to treat patients of COVID-19 in China,
among which some are already nearly to be cured. Plant secondary metabolites need
to be isolated to explore their target-oriented effect.

Most Practiced Herbs in Formulations Against COVID-19

Against COVID-19, TCM are in active practice whether independent or in combina-
tion with other plants or with some western medicines (Figs. 3.6, 3.7, and 3.8). That
ranges from Glycyrrhizae Radix et Rhizoma to Armeniacae Semen Amarum,
Ephedrae Herba, Gypsum Fibrosum, Scutellariae Radix, Atractylodis Rhizoma,
Poria Sclerotium, Citri Reticulatae Pericarpium, Pinelliae Praeparatum cum
Zingiberis, Forsythiae Fructus, Magnoliae Officinalis, Agastachis Herba,
Platycodonis Radix, Agastachis Herba, Amomi Tsao-ko Fructus, Lepidii seu
Descurainiae Semen, Coicis Semen, Agastachis Herba, Corni Fructus, Rhei Radix
et Rhizoma, Ginseng Radix, and Trichosanthis Fructus.

Utilization Frequency of Herbs in the Formulation
of (COVID-19) Decoctions

It has been noted that 12 herbs are more frequently used with average frequency of
about 30 in most practiced decoctions of China, among them Armeniacae Semen
Amarum and Ephedrae Herba got superiority upon others at all stages of patients
(mild/moderate/severe stages). The Gypsum Fibrosum and Lepidii seu Descurainiae
Semen followed them which are preferred in moderate and severe stages. Other
most practiced herbs include Agastachis Herba, Forsythiae Fructus, Atractylodis
Rhizoma, and Scutellariae Radix. Glycyrrhizae Radix et Rhizoma are with greater
application at all four stages and for overall use (Fig. 3.9):
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Fig. 3.6 Herbs most frequently used in TCM formulations



3 Traditional Chinese Medicines as Possible Remedy Against SARS-CoV-2

Lepidium apetalum Descuratnia sophia

Fig. 3.7 Herbs most frequently used in TCM formulations
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Fig. 3.8 Herbs most frequently used in TCM formulations

Approved/Proposed Decoctions with Successful Clinical Trials

A number of formulations in China are in practice against COVID-19. Some are
restricted to only domestic level; some are used in clinics. Few are well approved by
the Government of China, whereas some are unapproved due to under review stud-
ies. To date, the following decoctions have been reported in literature (Fig. 3.10):
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Fig. 3.9 Graphical presentation of the review about frequency of most practiced herbs in decoc-
tions for treatment of COVID-19 patients with varying stages of severity (mild, moderate stage,
severe stage, and all stages) [20]
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Fig. 3.10 Most practiced TCM (decoctions) with their active metabolites and components
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Fig. .10 (continued)

* Qingfei Paidu decoction (QFPD) (approved)

* Huashi Baidu decoction (HBD) (approved)

* Xuanfei Baidu decoction (XFBD) (approved)

e Jinhua Qinggan (JQ) (approved)

* Huoxiang Zhengqi (HZ) capsule

e Lianhua Qingwen (LQ)

* Xuebijing injection (XblI) (approved)

e Reduning injection (RdI)

* Shufeng Jiedu capsule (SFJC)

* Ma Xing Shi Gan Decoction (MXSGD) (approved)
e Ma Xing Shi Gan Tang**(MXSGT)

» Keli/Jiaonang (approved)

¢ Yin Qiao San (YQS)

e Xiang Su San (XSS)

* Bu Huan Jin Zheng Qi San (BJZS)

e Xuanbai Chengqi Tang Ganlu Xiaodu Dan decoction (XCTGXD)
e San Ren Tang (SRT)

e Liu Junzi Tang + Yu Ping Feng San

* Yu Ping Feng San (YPFS)

e Toujie Quwen granules (TQG)



3 Traditional Chinese Medicines as Possible Remedy Against SARS-CoV-2 75

All the abovementioned TCM have been discussed below along with their formula-
tion, medical unit and outcomes, active ingredients, and potential metabolic targets.
Among them, some have been approved for clinical trials, whereas some are under study.

**Name of the herbal formula MXSGT not reported yet or properly registered.
Named by authors suggested using the dictionary of TCM formulas.

Literature reveals possible role of these decoctions in targeting certain signaling
cascade or some gene expression proving antiviral activity. This activity is further
associated with plant secondary metabolites. Keeping in view the limit of these
studies, it needs comprehensive series of well-designed in vitro and in vivo
experimental work. It may range from omics level lab work to clinical trial of phar-
maceutical to pharmacological level.

Qingfei Paidu Decoction (QFPD) (Approved)

QFPD was practiced at clinical level in 66 institutes of medical science. One thou-
sand, two hundred, and sixty three patients were under trial for effectiveness assess-
ment of this formula, among which 1214 cases became healthy and were discharged
(96.1%). Among the severely affected, 57 patients were supplemented with this
TCM along with western medicine, where 73.7% was curing rate (with 42 patients).
Comparison of their chest radiograph expressed that the consumption of QFPD for
two 6-day course (2) was with reduction of lung lesions with 93.0% cure rate (53
patients) (Figs. 3.11, 3.12, 3.13, 3.14, 3.15, 3.16, 3.17, 3.18, 3.19, 3.20, 3.21, 3.22,
3.23, and 3.24).

Yupingfeng San
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fever, sweat, headache, thirst, cough, sore throat, red
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Prescriptions | pathogenic Qi is too strong, the healthy Qi (especially
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Fig. 3.11 Potential and prescriptions of YPFS decoction against COVID-19 as reported by Xu
et al. [53]
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Fig. 3.12 Conceptual diagram presenting possible mechanism of TCM against COVID-19
directly targeting ACE2 (receptor of SARS-CoV-2 on human cell)

QFPD in combination with western medicine has been practiced in China too,
where 63 patients with positive results for COVID-19 virus were under study.
Different symptoms of patients showed marked improvement of recovery in
response to medication, including circulation of white blood cells, counting of lym-
phocytes, and glutamic-oxaloacetic transaminase levels. All these parameters were
compared in patients treated with QFPD alone, western medicine alone, and the
combination of both. Combination proved its anti-inflammatory potential against
COVID-19 [23].

This decoction is rich with secondary metabolites like flavonoids, glycosides,
carboxylic acids, and saponins (45, 15, 10, and 5%, respectively). It has become
most adopted decoction individually or in combination with some other drugs. It
has been followed by Yang et al. [24], Liu et al. [25], Xin et al. [23], Chen [26], Luo
[27], and Gao [28]. It is now an approved decoction according to the National
Administration of TCM (accessed on May 28, 2020). It has been screened out and
highly recommended to treat SARS-CoV-2 infection (reviewed by Tong et al. [29]
and Huang et al. [7]).
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Fig. 3.13 Conceptual diagram presenting possible mechanism of TCM against COVID-19 via
direct targeting proteases (enzyme that controls replication of COVID-19 in human cell)
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Fig. 3.14 Conceptual diagram presenting possible mechanism of TCM directly targeting DNA via
intercalation
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Fig. 3.16 Conceptual comparison of healthy and COVID-19-infected cells for ACE2-regulated
renin-angiotensin-aldosterone system (RAAS)

Huashi Baidu Decoction (HBD) (Approved)

HBD has been practiced in a number of Chinese institutes including Wuhan
Jinyintan Hospital for 75 severe patient of COVID-19, where there was improve-
ment of symptoms particularly pulmonary inflammation along with negative con-
version of nucleic acid decline. One hundred and twenty-four patient of COVID-19
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Fig. 3.17 Comparison of positive (above) and negative (below) cytokine-mediated immune
responses in COVID-19-infected human cells
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Fig. 3.18 Pathophysiology of COVID-19-infected cells, ACE2 occupied by virus, disproportional
RAS pathway, conversion of Ang II into pro-inflammatory cytokine storm (IL, TNF, ERK, PKF,
MAPK/JINK, etc.), disproportional p38MAPK pathway, consequent into organ damage
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were treated in Street Health Center at Jiangjun Road having moderate-level infec-
tion. Here, also negative conversion of nucleic acid decreased. Similar results were
obtained in another institute, that is, Dongxihu Makeshift Cabin Hospital, where
894 COVID-19 patients with mild and moderate symptoms were used to treat
(Figs.3.12,3.13,3.14, 3.15, 3.16, 3.17, 3.18, 3.19, 3.20, 3.21, 3.22, 3.23, and 3.24).
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Fig. 3.21 Conceptual mechanism possibly induced by TCM in virus-infected cell. Pointing out
therapeutic justification of TCM tested by in vivo and in vitro studies
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Clinical trials have proven its efficacy against COVID-19. It is considered to be
multi-targeting that reduces timing of nucleic acid turning to negative. It is addi-
tional to clinical and chemical symptoms observed in abovementioned cases.
Therefore, it got approval of its uses in clinics by the National Administration of
Traditional Chinese Medicine (2020).

Pharmacological activities of HBD against COVID-19 (Figs. 3.12, 3.13, 3.14,
3.15, 3.16, 3.17, 3.18, 3.19, 3.20, 3.21, 3.22, 3.23, and 3.24) have been correlated
with its active metabolites like licorice phenol, baicalein, etc. [30]. It has been
screened out and highly recommended to treat SARS-CoV-2 infection [7, 29]

TIGAR

Cell cycle arrest
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Fig. 3.24 Conceptual diagram of arachidonic acid metabolism based upon literature [21, 22]

Xiaochaihu Decoction (XCHD)

Sun et al. [31] have reported anti-SARS-CoV-2 potential of XCHD. They have cor-
related its efficacy with its secondary metabolites, particularly baicalein, for-
mononetin, and quercetin. Reported targets include IL-6, NOS2, ESR1, and TNF

signaling pathway.
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Xuanfei Baidu Decoction (XFBD) (Approved)

XFBD was practiced at clinical level in different hospitals including Wuhan Hospital
of TCM, Hubei Provincial Hospital, etc. It was applied on 70 patients of COVID-19.
Here about 22% was the curing rate. Overall in case of mild and moderate cases,
there was relief of clinical symptoms, whereas in severe cases it was with almost
negligible improvement.

Its pharmacological targets (Figs. 3.12, 3.13, 3.14, 3.15, 3.16, 3.17, 3.18, 3.19,
3.20, 3.21, 3.22, 3.23, and 3.24) have been reported [32] in multiple articles; still
direct mechanism of action has not been well explored. Yet direct relation with
mechanism associated with COVID-19 needs to be unveiled. It has been screened
out and highly recommended to treat SARS-CoV-2 infection (reviewed by Tong
et al. [29] and Huang et al. [7]).

Jinhua Qinggan (JQ) (Approved)

JQ is one of the registered TCM formulae against other viruses including HIN1
influenza. Against COVID-19, it proved its antiviral activity in terms of detoxifica-
tion and relieve of temperature in COVID-19 patients [33-37]. It lowered chances
of COVID-19 entry in host cell by affecting its receptor ACE2 [38]. This activity
was correlated with its PSM mentioned above as active metabolites. Huang et al. [7]
confirmed its efficiency for AEC2 and 3CL protein targeting. Therefore, it could
inhibit inflammation via CASP3 signaling transduction pathway (Figs. 3.12, 3.13,
3.14, 3.15, 3.16, 3.17, 3.18, 3.19, 3.20, 3.21, 3.22, 3.23, and 3.24). In addition, it
may be linked with its PSM mentioned above.

Literature regarding bioactivity of its PSM against COVID-19 proved positive
activation of signaling pathways related to the inactivation of COVID-19. Major
targets reported for COVID-19 inhibition have been mentioned under direct and
indirect mechanism of action (Fig). It has been now recommended to treat SARS-
CoV-2 infection [7, 29].

Huoxiang Zhengqi (HZ) Capsule

About activity of HZ capsule, there are a number of research articles supporting the
idea of its utilization for COVID-19 inhibition. Targets reported with its application
(Figs. 3.12,3.13, 3.14, 3.15, 3.16, 3.17, 3.18, 3.19, 3.20, 3.21, 3.22, 3.23, and 3.24)
proved its potential to effect multiple pathways associated with COVID-19 infec-
tion [39-41]



84 S. Mahmood et al.
Lianhua Qingwen (LQ)

A protein complex NF-kB found in inactive form in the normal cell due to inhibi-
tory proteins if stimulated by COVID-19 become activated, removing inhibitory
proteins. LQ capsule/granule could block activation of NF-kB in COVID-19 patients
reducing expression of relevant genes IL-6, IL-8, TNF-a, IP-10, and MCP-1. It
results in reduction of inflammatory cytokines too (Figs. 3.12, 3.13, 3.14, 3.15,
3.16, 3.17, 3.18, 3.19, 3.20, 3.21, 3.22, 3.23, and 3.24). In other studies, a number
of other signaling pathways were positively affected with its application [39, 42—
46]. It has been screened out and highly recommended to treat SARS-CoV-2 infec-
tion (reviewed by Tong et al. [29] and Huang et al. [7]).

Xuebijing Injection (Xbl) (Approved)

Multiple reports regarding molecular basis of COVID-19 inhibition are available,
highlighting pharmacological role of Xbl. XbI-based organ protection has been cor-
related with different signaling pathways (Figs. 3.12, 3.13, 3.14, 3.15, 3.16, 3.17,
3.18,3.19,3.20, 3.21, 3.22, 3.23, and 3.24) [38, 39, 47-50]. It has been screened out
and highly recommended to treat SARS-CoV-2 infection [7, 29] due to its potential
to target PI3K-Akt signal and NF-«B signaling pathway in addition to a number of
other metabolic targets (Fig).

Reduning Injection (RdI)

RdI proved itself to be a potent medicine against COVID-19. Its metabolic targets
have been pointed out in figures (Figs. 3.12, 3.13, 3.14, 3.15, 3.16, 3.17, 3.18, 3.19,
3.20, 3.21, 3.22, 3.23, and 3.24). It may affect arachidonic acid metabolism (target-
ing COX-2), apoptosis (targeting CASP3), and cytokine storm (targeting IL4,
MAPKI, IL1B, MAPK14, IL-17) as well as JAK-STAT signaling pathway (target-
ing EGFR) (Figs. 3.12, 3.13, 3.14, 3.15, 3.16, 3.17, 3.18, 3.19, 3.20, 3.21, 3.22,
3.23, and 3.24). It can also target FOS and CXCLI10, yet majority of pathways
responsible for COVID-19 inhibition are not very clear [38, 39, 51].

Shufeng Jiedu Capsule (SFJC)

SFJC has been published for its targeting potential to affect arachidonic acid metab-
olism (targeting COX-2), apoptosis (targeting CASP3, BCL2L), and NF-xB and
cytokine storm (targeting IL6, IL1B, CCL2, IL2, IL4, IL1B, MAPKS,1,14). It also
affects JAK-STAT signaling pathway (targeting EGFR) (Figs. 3.12, 3.13, 3.14, 3.15,
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3.16,3.17,3.18,3.19, 3.20, 3.21, 3.22, 3.23, and 3.24) [52-54]. Studies about SFIC
and COVID-19-related signaling are still incomplete and need more
confirmations.

Ma Xing Shi Gan Decoction (MXSGD) (Approved)

MXSGD positively affected pulmonary inflammation and reduced nucleic acid
deactivation. Different metabolic targets made it effective for related pathways
including arachidonic acid metabolism (targeting COX-2), apoptosis (targeting
CASP3, Akt), NF-xB and cytokine storm (targeting interleukins, MAPK, TNF, p53,
RAS pathway) (Fig.), and JAK-STAT signaling pathway (targeting EGFR).

In addition, Wang et al. [43] reported other least explored targets too. That
include CDK, dipeptidyl peptidase 4 (DPP4), estrogen receptor 1 (ESR1), pro-
thrombin (F2), PTGS2, TUBGCP, VCAMI1, and VEGFA. Heat-shock protein 90
alpha of families A (HSP90AA1) and B (HSP9OAB 1) were targeted by this decoc-
tion too. Moreover, RAC-alpha serine/threonine-protein kinase (Aktl), androgen
receptor (AR), and carbonic anhydrase II (CA2) may also be affected by its applica-
tion (Figs. 3.12, 3.13, 3.14, 3.15, 3.16, 3.17, 3.18, 3.19, 3.20, 3.21, 3.22, 3.23,
and 3.24).

Yin Qiao San (YQS)

YQS may reduce TLR7, MyD88, IRAK4, and NF-xB expressions. Hence, it could
regulate TLR7/NF-xB signal pathway [55], boosting the immune system against
viral pathogens.

Yupingfeng San (YPFS)

Science of TCM trusts on Qi as the main factor deciding balance of human body
functioning. That may be healthy or pathogenic. The healthy Qi are responsible in
maintenance of normal body functions, while pathogenic ones are involved in harms
related to healthy body. YPES (patent medicine) protect lung Qi with avoidance of
pathogenic Qi. It is formulated by using three herbs: astragalus, Fangfeng, and
Atractylodes. It supports the lung Qi and lower phlegm. Its use is case-specific
decided with the severity of infection as described in Fig. 3.11.

Some of the decoctions are in practice but need official approvals. A number of
clinical trials are under practice using the decoctions mentioned in Fig. 3.10 and
expect some beneficial links with COVID-19 inhibitory mechanisms. These decoc-
tions include Keli/Jiaonang, Ma Xing Shi Gan Tang, Toujie Quwen granules, etc.
Among these, Keli/Jiaonang has got approval for application.
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Therapeutic Logic of TCM as COVID-19 Inhibitor

Mechanism of Direct Inhibition

Some of decoctions like JQ granules, LQ capsules, Xbl, QFPD, HBD, and Xuanfei
Baidu have been approved after a series of therapeutic studies against different
viruses. These are also recommended against COVID-19 [7, 29].

Plant secondary metabolites against a number of other diseases have been
reported for certain mechanics that could help in viral inhibition. These including
DNA intercalation, viral protein binding, etc. based upon previous pharmacological
efficiency PSM have been studied in detail with reference to their efficiency against
COVID-19. Available data has been organized to make it simple into two major
categories, i.e., with direct or indirect mechanism of action. Furthermore, to make
all mechanisms understandable, small description of the relevant mechanism as tar-
get of TCM has been discussed.

To get the upper hand on COVID-19, there is an urge for better understanding of
its mechanism of action and the possible targets of TCM. Starting from COVID-19
infection to cell death, there is involvement of a number of signaling pathways.
Below is the data regarding different TCMs and their possible signaling pathways
involved in organ protection along with simplified description of the pathway to
make it understandable for nontechnical reader.

Possible mechanism of TCM against COVID-19 may be divided into two major
categories: direct and indirect actions. According to the literature [13, 53, 56], both
direct and indirect targets are being studied as inhibitory mechanism against
COVID-19.

TCM Targeting ACE2

COVID-19 enters in human cell with the facilitation of its receptor on human cell.
Angiotensin-converting enzyme 2 (ACE2) is one of the COVID-19 acceptors. A
number of TCM fight against COVID-19 directly via affecting its receptors on host
cells [13, 53, 56]. Hence, ACE2 is considered as potential target (Fig.) restricting
reception of virus within host cell.

Simayi [38] and Shen [52] reported the efficiency of kaempferol, quercetin, lute-
olin, baicalein, oroxylin A, licochalcone B, and glyasperin C to bind with ACE2.
These are active ingredients of different decoctions like JQ granules. Targeting
ACE2 by JQ has been confirmed by Huang et al. [7] and Ling [44] too for COVID-19
patients. It was all correlated with ACE2-based mechanism and active ingredients
like 18B-glycyrrhetinic acid, indigo, p-sitosterol, and naringenin. QFPD could also
target ACE2 and inactivate COVID-19 possibly [53, 57, 58].

Quinine is an alkaloid. It has become evident that quinine, chloroquine, and
hydroxychloroquine have affinity for ACE2 receptor. They bind with amino acid
residue Lys353 and therefore could block entry of COVID-19 in host cell via
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mechanism mentioned in Fig. 3.6. Currently the decoctions with these ingredients
are in practice to fight SARS-CoV-2 viral infections as possible antidote [59].

TCM Targeting Protease

3C-like protease (3CL pro) is an enzyme that controls replication of COVID-19 and
plays a major role in its life cycle. Polyproteins in general need proteases for pro-
teolytic breakdown to produce smaller peptide chains during processing. For this
proteolytic activity, COVID-19 has 3C-like protease (3CL pro) as main protease
like other (+)ssRNA viruses. This protease is currently one of the good targets in
drug discovery against COVID-19, as it has key importance in translation of virus.

QFPD works via affecting protease (3CL pro) as mentioned in Fig. 3.7 [51, 57,
58]. HZ also reported for inhibition of 3CL pro of COVID-19 [40, 41].

HBD binds with Mpro (main protease of COVID-19) and, hence, controls
COVID-19 with inhibited replication and blocked binding sites [30]. Lianhua
Qingwen capsule has been observed to use this mechanism of action against
COVID-19 [42]. It has been ended with decline in virions after decoction applica-
tion. Huang et al. [7] reported similar efficiency of JQ regarding COVID-19 entry
mediated by 3CL pro.

Luteolin and chloroquine have affinity to bind with main protease of COVID-19.
It may result in the rise of late endosomal and lysosomal pH. That consequent into
impaired removal of virus from endosome/lysosome because virus needs low pH
environment for its binding. So virus will become unable to release its genetic mate-
rial in cell for replication [60].

Coronavirus 3CL hydrolase (Mpro) is a proteolytic enzyme in the presence of
which COVID-19 matures. There are some evidences about correlation of kaemp-
ferol, quercetin, baicalein, luteolin, and rhubarb wogonin with this enzymatic
activity-related inhibition of COVID-19 of Tanreqing injection formulation [49]

TCM Directly Targeting DNA Via Intercalation

Another way of drugs to inhibit viruses is DNA intercalation. During this process,
PSM may insert itself among the base pairs of viral DNA. It stabilizes the double
helix of DNA and restricts its replication. Some time it results in strand breakdown
or mutation. Being a single-stranded DNA, how intercalating PSM could work it
needs keen series of studies.

Quinine is an alkaloid having planar ring system that has the potential of interca-
lation with DNA. Against a number of viruses, it has proved its antiviral potential
including malarial virus [61, 62]. It may intercalate COVID-19 DNA to inhibit its
activity. Therefore, it could be part of TCM.

Emetine is another alkaloid with known potential of DNA intercalation formerly
to inhibit HIV with reduced reverse transcriptase [63]. Therefore, it may be used
against COVID-19 too for inhibition of its replication [64].
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TCM Directly Targeting DNA via JAK-STAT Signaling Pathway

Wang [43-45] correlated the inhibition of COVID-19 with PSM of TCM particu-
larly forsythoside E, luteolin, aloe emodin, rutin, quercetin, kaempferol, and hype-
roside. The pathway suggested by them for this inactivation of virus was JAK-STAT
signaling pathway. It may be involved in cytokine reception of immune cells. This
pathway activates a number of STATSs, which bind DNA and result in inflammation,
natural killer cell activation, promotion of white blood cells, B-cell proliferation,
and antibody (IgE) production [65]. Currently via modulating this pathway, induc-
tion of immunity in COVID-19 patients is considered beneficial. For that purpose, a
number of TCM has been reported to affect this pathway targeting different genes,
enzymes, etc.

TCM Targeting sEH

LQ capsule/granule inactivate COVID-19 [42-46] targeting SEH, hence interfering
JAK-STAT pathway. In addition, XFBD [32] and RdI [39, 51] may also target JAK1
and STAT1

Targeting VEGF

LQ capsule/granule can also interfere JAK-STAT pathway targeting EGFR and,
therefore, pointed out as potential source of medication against COVID-19 in some
report [42—46]. In some other reports, Xbl [47-49] reported similar anti-
inflammatory role of XI in COVID-19 patients. LQ capsule/granule was also
reported for such potential [39, 42-46]. In detailed studies of VEGF signaling path-
ways, Yang [24, 66] had also confirmed the efficiency of QFPD as potential candi-
date to treat COVID-19.

Targeting DPP4

TCM may be effective for JAK-STAT pathway targeting DPP4. According to cur-
rent reports, SFJ capsule [52-54] and LQ [42-44, 46] could target DPP4. That was
correlated with quercetin and luteolin later on [39]. Wang et al. [46] had explored
the efficiency MXSG decoction against similar targets.

Targeting JUN
Literature preserves evidences for QFPD [39, 43, 56, 66, 67] and LQ capsule/gran-

ule [39, 42-46] to target JUN, hence being effective for JAK-STAT pathway in
patients of COVID-19
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Targeting EGFR

Some TCM target metabolism of patients suffering COVID-19 via targeting EGFR
of JAK-STAT pathway. Such modulation has been observed by QFPD [39, 43, 56,
57, 66, 67], JQ granules [35], SFJ capsule [52-54], Tanreqing injection [49], and
LQ [39, 42-46]

Targeting IL1B

ILIB is another reported target that could be part of JAK-STAT pathway modulation
by drugs. Some TCM showed their potential to target it too. These include QFPD
[39, 43], SFJ capsule [52-54], and LQ capsule/granule [39, 42—46].

Mechanism of Indirect Mechanisms
Anti-inflammation and Immune Regulation to Avoid Cytokine Storm

One of the deleterious effects of COVID-19 is related to a series of inflammation. It
is further linked with over-activation of the immune system called cytokine storm.
The understanding of this mechanism may lead to better understanding of potential
PSM related to downregulation of this mechanism.

Host cells after viral infections release signals for recruitment of immune sys-
tem’s activity. As a result immune cells started the secretion of a number of cyto-
kines (regulatory proteins involved in human immunity responses) and chemokines
(a type of cytokine). Immune cells after activation become able to destroy virus
cells. It is made possible by phagocytosis and release of inflammatory mediators.
Excessive activation of this immune system may lead to the cytokine secretions
above than normally required that is called cytokine storm. It is acute hyperinflam-
matory response. Cytokine storm due to excessive release in COVID-19 patients’
lungs induce series of pharmacological issues including alteration in vascular per-
meability, blockage of airways, edema, hypoxia, target organ damaging, etc. That
can even lead to death [68, 69]. TCM regulate positively different steps of above-
mentioned sequence of events. It includes variation of cytokines, macrophages,
monocytes, neutrophils and active T cells [70].

TCM Protect Organ Damage in COVID-19 Patients

TCM made possible the protection of organ from COVID-19 in patients via a num-
ber of pathways.
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Regulation of Renin-Angiotensin-Aldosterone System (RAAS)
and Potential TCM Targets

ACE2 counterbalances the deleterious effect of the ACE/RAS pathway. Renin-
angiotensin-aldosterone system (RAAS) maintains balance between Ang I/Ang II
and Ang (1-9)/Ang (1-7) to protect organs.

The critical role of RAS has been shown in the pathogenesis of metabolic inflam-
matory diseases [71]. ACE can regulate the renin-angiotensin-aldosterone system
(RAAS). It may cause deterioration of metabolic system. ACE2 in addition to the
reception of COVID-19 have the potential of counterbalancing these deleterious
effects of the ACE/RAS pathway. ACE2 catalyze the angiotensin (polypeptide hor-
mone) splitting, where it splits angiotensin (Ang) I to produce Ang 1-9. Whereas,
from Ang II the Ang 1-7 are produced. That in turn regulates ACE2-angiotensin
(1-7)-Mas axis for protection against lung injuries [72]. In COVID-19 patients, the
virus attaches itself with ACE2; therefore, the balance between Ang I/Ang II and
Ang (1-9)/Ang (1-7) becomes disturbed [73] that results in uncontrolled ROS pro-
duction leading to disturbed permeability of cell membranes with ultimate organ
damaging [74]. A number of organs including alveolar epithelial cells, lung tissue,
heart, kidneys, and liver may experience damages. Additionaly, imbalance of
T-helper-1 (Th1) and Th2 cells is triggered leading to cytokine storm and MODS
ultimately [75].

QFPD support lungs and a number of other organs [39, 43, 56-58, 66, 67, 76,
77]. Mao et al. [35] worked on JQ granules and noted its potential to regulate RAS
pathway. HBD has been also reported for similar potential in other studies [7, 30].
HBD in other studies was confirmed for this capability [7, 30].

Cytokine-Mediated Positive and Negative Immunity

RAS pathway was affected by QFPD supporting against organ damage [57, 58, 77].
Mao et al. [35] observed similar therapeutic response of JQ granules in COVID-19
patients.

TCM Targeting MAPK (Cytokine)

MAPK is a kinase enzyme that is activated by p38 mitogen. It has crucial part in
decision of death or survival of infected cells. In short, P38-MAPK is a phenome-
non with promotion of life cycle of COVID-19. Therefore, therapeutic potential of
any drug or TCM can be judged based upon its ability to inhibit p38 MAPK. Recent
literature about in practice TCMs revealed the positive potential of a number of
formulae. Amongst these TCMs, QFPD fights COVID-19 targeting MAPKI,
MAPK3, MAPKS, and MAPK 14 [39, 43, 56, 57, 66, 67]. SFJ capsule could target
1, 8, and 14 MAPK in patients of COVID-19 [76]. In some other reports, MAPK 1,
3, and 8 were suggested as targets of HBD [30]; 1, 14, and 8 of JQ granule [7]; and
1 and 8 of LQ [39, 42-46].
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Evidences about MAPK targeting by XB [47-49, 51] RdI [39, 51], LQ [45], and
Tanreqing injection [49] are also available in literature.

Shen [52] and Cao [54] suggested positive correlation of MAPK activation and
bioactive PSM used during formulation of decoctions. These known metabolites
include licochalcon, B-sitosterol, acacetin, quercetin,, kaempferol, isorhamnetin,
wogonin, 5,7,4’-trihydroxy-8-methoxyflavone, and luteolin.

TCM Targeting Platinum Drug Resistance (Cytokine)

JQ granules (Mao [35], Xu [53]) and SFJ capsule (Xu [53], Shen [52], and Cao
[54]) could target cytokine platinum drug resistance.

TCM Targeting Tyrosine Kinase Resistance (Cytokine)

JQ granules (Mao [35], Xu [53]) and SFJ capsule [52-54] could target cytokine
tyrosine kinase resistance.

TCM Targeting Interleukins (ILs) (Cytokine)

Interleukin are natural proteins that are involved in immune responses of human. It
is one of the angiotensin (Ang II)-induced stressful products that could lead to the
organ damage if not controlled. Therefore, it is one of the potential targets of drugs
and TCM. IL-6 is a known pro-inflammatory cytokine. QFPD target IL-6 and pro-
tect organ damage in COVID-19 patients [43, 56, 57, 66].

There is a variety of ILs targeted by different decoctions successfully. IL-6 and
IL-2 were targeted by Shenmai injection [78], IL-17 and IL-6 by HBD [30], and
IL-17 and IL-10 by XFBD [32]. Similarly, SFJ capsule could attack on IL6 and
IL1B [39, 52-54], and Tanreqing injection could target TNF and IL-6 [49].

In patients of COVID-19, chemotactic and inflammatory response in terms of
CCL20, CXCL1, IL-1B, IL-6, CXCLs, and TNF expression can be observed [79].
LQ capsules reduce pro-inflammatory cytokines including TNF-a, IL-6, CCL-2/
MCP-1, and CXCL-10/IP-10 [42]. Efficiency of LQ has been related to its querce-
tin, luteolin, and kaempferol [44, 57].

TCM Targeting TNF (Cytokines)

TNF is a factor that is expressed after activation of p38-MAPK. QFPD protects
lungs [67] and a number of other organs due to its potential of targeting TNF [39,
43, 56-58, 66, 67, 77]. Ren [39] explored TNF-mediated inhibition of COVID-19
with HZ capsules, JQ granules, and LQ capsules, Xbl, RdI, and Tanreqing injection.
It has been correlated with its PSM including quercetin, luteolin, and kaempferol.
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Reports are available for similar anti-inflammation by Xbl [42, 47-49], Tanreqing
injection [49], Shenmai injection [77], XFBD [32], and LQ capsule/granule [39,
42-46, 51].

TCM Targeting Lymphocyte-Mediated Adaptive Immune System

Human system is naturally blessed with adaptive immune system to combat virus-
like problems. B and T cells are known component of this adaptive system. The
greater the number of these cells, the better will be the immunity of patient against
COVID-19. T and B cells are actually T and B lymphocytes (immune cells). The
efficiency of these cells is correlated with their migration rate. Their penetration is
further facilitated by leukocyte function associated with antigen 1 (LFA-1/p2 integ-
rin/ITGB2). A number of TCM have been reported with the production of these two
adaptive immune cells in COVID-19 patients. QFPD could enhance B-cell [40—42,
52] and T-cell receptor [39, 43, 57, 66, 67]. XFBD [32] could target ITGB2 in
COVID-19 patients.

Regulation of Apoptosis and Potential TCM Targets

Cross talk between apoptosis and autophagy in an infected cell decides the pattern
of disease perception, whether to perceive or to resist the viral infection. Xia et al.
[79] has reported the role of TCM on this cross talk. It is being applied on patients
with complaints of cough, nasal congestion, fatigue, etc. It is supposed to work
against COVID-19.

At the time of exaggeration of immune inflammation (harmful for host cell),
autophagy is needed to block virus-induced immune responses. Fu et al. [11] have
noted similarity in pathophysiology and immune system of SARS-CoV-2 with other
SARS-CoV. Therefore, the medicines that can affect upon this cross talk may sup-
port the COVID-19 patients with better immunity. Autophagy has a central role in
immunity of a host against viruses. Currently, a number of researchers had started
to manipulate autophagy with the aim to control COVID-19 [80]. It is a catabolic
reaction during which unwanted components are eliminated by enclosing them in
double membrane-walled organelles known as autophagosomes. Fusion of these
autophagosomes with lysosomes resulted in degeneration of the content. Degraded
products may be released in cytoplasm. Similar mechanism when involved with the
elimination of some infectious element like a virus is called xenophagy or being
more precise to virus may be called as virophagy. It has been successfully employed
to fight against a number of viruses. To date we are not sure whether it is going to
work against COVID-19 or not [38-40, 52].

Apoptosis is a type of programmed cell death where in response to some prob-
lem host cell may become bleb, nucleus become condensed, and all cytoplasmic and
nuclear component become parted into apoptotic bodies with independent boundar-
ies. It results into abnormal functioning of cell. Any possible application that can
reduce apoptosis and enhance autophagy may be a promising tool against the infec-
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tion like viruses. SFJ capsule/granule have been proposed to have this potential so
far being used to fight COVID-19.

SFJ capsule/granule is suggested to lower viral inflammation with reduction of
apoptosis and elevating autophagy [39, 43, 56, 57, 66, 67]. Here are some possible
targets associated with apoptosis/virophagy.

TCM Targeting BCL Proteins

Bcl-2 and other member proteins of this family play a critical regulatory role in
programmed cell death with affecting cell mitochondrial permeability. Those
include anti-apoptotic and promotives of apoptosis: Bcl-2, Bcl-XI, Bax, Bak, etc.
Bcl-2, Bcl-X1, BCL-w, BFL-1, and BCL-B are anti-apoptotic. BID, BAD, BIK,
BIM, Bax, Bak, etc. are involved in the promotion of apoptosis. BCL2 genes encode
B-cell lymphoma 2 (Bcl-2) that participates in apoptotic regulation in human cells,
as apoptosis plays part in immune system regulation when functional drugs or TCM
that could target BCL2 show their positive therapeutic activity against any viral
disease. Against COVID-19, JQ granules [38, 52] and LQ capsule/granule [39, 42—
46] target BCL2 and induce viral inactivation.

TCM Targeting CASP

QFPD [39, 43, 56, 57, 66, 67], SFJ capsule [52-54], XFBD [32], XblI [38, 39, 47,
51, 56, 57], RdI [39, 51], and JQ granules [35, 38, 52, 49] can combat COVID-19
via targeting CASP3. Wang [43], Ling [44], and Wang [46] have correlated querce-
tin, luteolin, and kaempferol of LQ with CASP3 targeted antiviral activity of LQ
capsule/granule (Li et al. [42]). HZ targets E2F1 signaling pathway [40, 41]. It has
role in some function involved in cell proliferation and p53-dependent/independent
apoptosis [81].

7TCM Targeting Akt or Protein Kinase B (PKB)

This signaling pathway is associated with apoptosis inhibition. It becomes activated
due to a kinase enzyme known as P13K (in turn induced by some factor). Therefore,
Akt can participate directly/indirectly in promotion of cell survival. A pro-apoptotic
protein (BAD) becomes phosphorylated dissociating it from Bcl-2/Bcl-X complex.
That in turn results in loosening of the pro-apoptotic activities. Akt may also affect
NF-kB activating with regulation of IkB kinase (IKK) leading to cell survival.

To date reported decoctions with potential to modulate apoptosis in COVID-19
patients targeting Akt signaling pathway include QFPD [39, 43, 57, 66, 67], XblI,
HZ [44, 45, 48, 50-57], Xbl, and JQ granules (Mao) [35].

PIK3C2G is a gene that encodes for an enzyme that belongs to PI3-kinase fam-
ily. HZ targets PIK3CG signaling pathway [40, 41]. Hence, LQ capsule/granule [38,
39, 42-46] and XBI [39, 47, 49] could inactivate COVID-19.
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Regulation of NF-kB Pathway and Potential TCM Targets

A protein complex NF-kB has important role in response to animal cells against
viruses and some other stressors. It regulates immune response against the infec-
tions. Therefore, via activation this complex can defend human body against
COVID-109. It is present in inactive form in the cell bound with some inhibitory
proteins. Any stimulatory source that dissociates the complex by removing inhibi-
tory protein or degenerating it may result in activation of NF-kB. It is considered
most responsive toward harmful stimuli. Therefore in unstimulated cell, inactive
form of NF-kB is responsible for absence of any NF-kB-induced negative responses.
In case of stimulated cell, virus becomes attached with its specific receptor, and a
cascade of signal may start. Phosphorylation of inhibitor results into its degenera-
tion of ikB leaving active NF-xB. It would enter into the nucleus and may become
part of genetic machinery responsible for altered response of stimulated cells medi-
ated by response proteins (synthesized by DNA having attachment of NF-xB). LQ
capsule/granule possibly blocks this activation of NF-kB in virus-infected cells and,
therefore, may reduce expression of those genes that are responsible for disease
symptoms including IL-6, IL-8, TNF-a, IP-10, and MCP-1.

A number of TCM have been reported to target this pathway against COVID-19.
These TCM include HBD [30], SFJ capsule [42, 53, 54], and QFPD [24, 39, 43,
47-50, 56, 57, 66, 67, YQS 55]. Some of these TCM directly affect this protein
complex. Some TCM indirectly target pro-inflammatory cytokines that include IL,
TNF, ERK, PKF, MAPK/INK, etc.

TCM Targeting TP53

An enzyme TIGAR is involved in human cell DNA repair and the breakdown of its
own organelles. Hence, it could participate in cell protection. P53 is a transcription
factor that could attach itself with more than one binding sites at TIGAR gene of
human. It is generally known as tumor suppressor but has potential to coordinate
with other stressors too. These genes are also responsible for mediation of cell divi-
sion, growth, and mechanism of survival along with programmed cell death [82],
therefore activating its expression. This factor (p53) has been found recently
involved in downregulation of COVID-19 replication. HBD [83] and XFBD [32]
have been reported to target TP53 and inactivate COVID-19 successfully
(MXSG) [32].

* p53 may increase expression of TIGAR and restrict the activity of NF-kB.

» IKK phosphorylates and inactivates IkB (the inhibitor of NF-kB).

e AMPK drives catabolic responses such as the inhibition of lipogenesis and
mTOR.

* TIGAR-mediated cell cycle arrest in stressed cells.
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TCM Targeting ICAM1

Innate and adaptive immune system in COVID-19 decides the level of severity in
patients [84]. Intercellular adhesion molecule 1 (ICAM1) protein in human body is
expressed on immune cell. It is involved in innate and adaptive responses against
antigens as an antibody glycoprotein also known as immunoglobulin. It participates
in human defense activities via recognition and attachment of antigens (like viruses).
Some viruses may exploit it for their entry in the respiratory system. Hence it may
facilitate viral destruction. Therefore, its gene (ICAM1gene) if manipulated for its
regulation may be potential target for inactivation of COVID-19 via some drug or TCM.

Wang et al. [32] had observed the potential of XFBD to target ICAM1 gene in
COVID-19 patients. Melo et al. [78] confirmed the role of this gene in chemotactic
and inflammatory responses of COVID-19 patients. The level of ICAM-1 expres-
sion is also positively correlated with pro-inflammatory cytokines including TNFa,
IL-1, and IFNy. Therefore, TCM with ability to target these cytokine regulations
may indirectly effect upon this immunoglobulin protein.

Lymphocyte function-associated antigen-1 (LFA-1) is responsible for regulation
of ICAM-1 gene expression. It also has crosstalk with other signals like STAT-1 and
STAT-3 (Fig), NF-xB (Fig), RelA (Fig), and Ras-MAPK pathway (Fig).

TCM Targeting RELA

Literature reveals that XI [39, 47-49, 51] and LQ capsule/granule inactivate
COVID-19 [39, 42-46] targeting RELA and play a part in regulation of NF-xB
pathway.

Regulation of Arachidonic Acid Metabolism and Potential TCM Targets

Arachidonic acid is an important component of cell membrane derived by the action
of PLAs on membrane phospholipids. Three enzymes including cyclooxygenase
(COX), lipoxygenase (LOX), and cytochrome P450 (CYP450) catabolize its
degradation.

From host membrane, arachidonic acid is released under stress by phospholipase
A, (PLA;) and phospholipase C (PLC). It is converted into free arachidonic acids
that produce pro-inflammatory bioactive intermediates. Three metabolic pathways
started by three enzymes named with their key enzymes:

1. Cyclooxygenase (COX) pathway produces prostaglandins (PGs) and thrombox-
anes (TXs).

2. Lipoxygenase (LOX) pathway produces leukotrienes (LTs) and lipoxins (LXs).

3. Cytochrome P450 (CYP450) pathway generating epoxyeicosatrienoic acids
(EETs) or hydroxyeicosatetraenoic acids (HETEs) collectively all these prod-
ucts are called as eicosanoids with bioactivity for mediating inflammation and
other pathogenic activity in patients [22]
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Arachidonic acid is found to be associated with COVID-19 resistance immunity
in patients. It is produced endogenously in COVID-19 patients and could perform
as antiviral compound. Host immune response can be improved with negative con-
trol of all three pathways (COX, KOX, and CYP450) that degrade it into inflamma-
tory intermediaries. COVID-19 may also be controlled via targeting different
enzymes associated with their pathways.

Literature reveals that inhibition of microsomal prostaglandin E synthase-1
(mPGES-1) may control COVID-19. It is also correlated with COX-2 inhibitors
[85]. Ren [39] worked on HZ capsules, JQ granules, LQ capsules, QFPD, XI, RdI,
and Tanreqing injection and noted their potential to target arachidonic acid meta-
bolic pathway in COVID-19 patients. It was further supported by a number of
authentic studies [39, 43-46] about arachidonic acid metabolism of COVID-19
patients. Huang confirmed activity of JQ for inhibition of COVID-19 via arachi-
donic acid metabolism modulation.

TCM Targeting cPLA2a of Arachidonic Acid Metabolism

Miiller et al. [86] had proposed the view that cytosolic phospholipase A2-a (cPLA2a)
can be a potential target against COVID-19. This enzyme is involved in early steps
of arachidonic acid metabolism. In patients of COVID-19, viral replication was
found to be associated with cPLA2a. LQ capsule/granule have been reported to
target this enzyme. Therefore, it has been supposed to inactivate this virus [39, 42—
48, 57]. It was later confirmed with application of other TCM too [49].

TCM Targeting Cyclooxygenase-2 of Arachidonic Acid Metabolism

Cyclooxygenase-2 is an enzyme that is involved in pain and series of inflammatory
responses in patients (with breakdown of arachidonic acid). In 1987 first time
Lipfert et al. [87] suggested it as a target for drug activity. They suggested that the
selectivity of COX-2 could be reduced via some drug to lower pain and inflamma-
tion. From the day onward, it is being used as therapeutic target. Currently in search
of therapeutic TCM against COVID-19, LQ [39, 42-46] and QFPD [39, 43, 56, 57,
66, 67] have proved its potential to target COX-2. RdI may also target it [39, 51].

TCM Targeting LOX of Arachidonic Acid Metabolism

Limited reports are available about the efficiency of TCM against these enzymes.
Successful targeting of 12-LOX has been noted by XI treatment in COVID-19
patients [39, 47-49]. It pointed out possible control of arachidonic acid breakdown
into such a group of metabolites that in turn mediate series of inflammation.
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TCM Targeting Cytochrome P450

Systemic inflammatory responses and immunity play major role in establishment of
certain acute/chronic diseases. It may also effect drug or TCM pharmacokinetics;
the efficiency of such TCM vary with their interaction with metabolizing enzymes
like cytochrome P450.

These are associated with disease-drug interactions of a number of diseases [88].
Therefore, it has been suggested as good target against COVID-19 [89]. Lee et al.
[90] worked to find out correlation between plant secondary metabolites and cyto-
chrome p450 while working against HIV. They found Lonicera japonica, Panax
notoginseng, Prunella vulgaris, Scutellaria baicalensis, Ricinus communis, Sophora
Sflavescens, and Trichosanthes kirilowii effective for this pathway. Hence, it is not
out of logics to try the decoctions having these components for COVID-19 inactiva-
tion too.

TCM Targeting Leukotrienes (LTs)

Leukotrienes are lipid messengers produced from 5-lipoxygenase (5-LO) pathway.
This pathway play major role in adaptive immune processes of human. Epoxide
LTAA4 is key intermediate of inflammation. LTA4 hydrolase hydrolyzes it into LTB4.
With the action of LTC4 synthase, it may form LTA4 conjugate with LTC4, which
may be converted to LTD4 and LTE4. XUB when applied to COVID-19 patients
affected leukotrienes [39, 47-49]. Afterward HZ showed its potential to target these
messengers [39—41].

TCM Targeting CALM

There is not well established data about this target and potential TCM. Yet SFJ cap-
sule [52-54], LQ [43, 44, 46], and XI [47-49] have some evidences in this regard.

In some other studies [39], HZ capsules, JQ granules, LQ capsules, QFPD, Xbl,
RdI, and Tanreqing injection have been noted antiviral against COVID-19 through
cytokine regulation following the arachidonic acid metabolic pathway. Core target
proteins of COVID-19 were associated with responses including HSP90OAA1 and
ELA. Literature about HSP9OAB 1 targeting MXSG and about HSP9OAAT targeting
HZ [39-41] is in support to the use of these decoctions as a remedy against
COVID-19.

TCM Targeting HIF-1 Signaling Pathways

In another study, Sun [51]worked on RdI and noted lowering of inflammation
against COVID-19. The target for that mechanism was C-type lectin receptor and
HIF-1 signaling pathways. XI was [47—49] reported for anti-inflammation related
to HIF-1.
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TCM Targeting Endocrine Resistance

JQ granules [35, 53] and SFJ capsule [52-54] target endocrine resistance.

TCM Targeting FOS

SFJ capsule [52-54] and JQ granules [35, 53] target FOS.

TCM Targeting PTGS2

Possible mechanism of antiviral activity against COVID-19 in relation to PTGS?2 is
not very clear to date. yet limited data is available pointing out possible correlation
of PTGS2 and anti viral activities of some TCMs including QFPD [39, 43, 56, 57,
60, 67] , JQ granules [38, 52]. SFJ capsule [52-54], XbI [47-49] and HZ capsule
[39-41].

Regulation of Polyamine Metabolism and Potential TCM Targets

Viruses are dependent upon host metabolic machinery for their replication and
infections. This dependence may be used as a tool against them to indirect inhibi-
tion. Polyamine pathway is one of those pathways in human that can inhibit virus if
properly regulated by some drug, vaccine, or TCM. Therefore, a number of research-
ers are working on inhibitors of this pathway for improved antiviral medication.

TCM Targeting NOS2 and AOCl1

Infection of COVID-19 proceeds in patient’s body under major contribution of
NOS2 and AOC genes. They express for enzymes inducible nitric oxide synthase
(AINOS) and diamine oxidase (DAO), respectively. Both are part of polyamine
metabolism. Both are involved in viral replication. Via downregulation of these
enzymes, viral replication can be controlled. Additionally, negative correlation of
NOS2 with COVID-19 accepter has been reported earlier. Hence, with the inhibi-
tion or lowered expression of NOS2 and AOC1 host may become susceptibile
against this virus. keeping in view such susceptibility and infection therapeutic tar-
gets of both genes (NOS2 and AOC1) are under study [91]. Any remedy that could
overexpress these genes could proove its antiviral potential. SFJ capsule [52-54],
QFPD [39, 43, 47, 48, 56, 57, 67], Xbl [47-49]. HZ [39—41], and RdI [39, 51]
showed positive correlation with these pathways.
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TCM Targeting CCL2

One of the chemotactic and inflammatory responses is possibly CCLs (CCL20,
CXCLI1, CXCL2) [78]. The se of SFJ capsule [51-54] and RdI [39, 51] has been
used to target CCLs. Their mechanism is being supported by a number of PSM.

Meta-analysis

It is a formal design of epidemiology for systemic and quantitative assessment of
preexisting findings of other researchers. It helps in derivation of some results from
literature and clinical trials. Here we have narrated some meta-analysis studies
about COVID-19.

Currently the western medicines and TCM are working hand in hand to combat
global fight against COVID-19. Existing clinical evidences and lab studies have
been pooled below in the form of available and proposed meta-analysis.

Meta-analysis-based reviews of the following author has been summarized
below in the form of figures (Fig. 3.25):

Miao et al. [30] used 716 citations after identification from electronic database.
Here the duplication was removed, so there remained only 697 articles. By reading
titles and abstracts, 42 articles were downloaded. Due to certain issues of design, 77
were also excluded later on.

They concluded that the TCM in combination with conventional treatment
proved themselves good choice for patients with COVID-19 pneumonia. Even then
credibility needs further clinical verifications (Figs. 3.26, 3.27, and 3.28).

Current evidence shows that CHM, as an adjunct treatment with standard care,
helps to improve treatment outcomes in COVID-19 cases [58].

Here are some meta-analysis proposed to study (Fig. 3.29).

Chi et al. [92] has proposed a protocol for meta-analysis comparing the applica-
tion of western medicine with the combination of western medicine and TCM. It
may provide the existing suggestion about TCM application in clinics all over the
world. It will guide in treating COVID-19 patients with better care and efficiency of
traditional Chinese medicine. The review is not in press yet (Fig. 3.30).

Zhang et al. [93] have proposed a protocol for meta-analysis with the objective
to search reference base to be utilized in clinics to optimize some treatment using
TCM for patients suffering with COVID-19 (Fig. 3.31).

Liang et al. [44] has proposed meta-analysis (registration number:
CRD42020187422) with the aim of assessment of the effect and security of TCM
with respect to the symptoms in COVID-19 patients in the upper respiratory tract:
TCM therapy. Control interventions would be western medicine therapy. Seven
databases were searched to collect studies about the clinical characteristics of
COVID-19 from January (Fig. 3.32).
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Fig. 3.26 Meta-analysis scheme followed by Liu et al. [25] to evaluate the role of TCM in
COVID-19 pneumonia
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Fig. 3.29 Proposed meta-analysis scheme followed by Chen et al. [26] to evaluate the role of
TCM in COVID-19 pneumonia
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Fig. 3.30 Proposed meta-analysis scheme by Zhang et al. [93] to evaluate the role of TCM in
COVID-19 pneumonia

TCM from Chinese Combat Zone to World Combat Zone

As the pandemic has crossed the border of China, the use of TCM has also got
familiarity worldwide. With minor variations, TCM are in practice globally.
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Fig. 3.31 Proposed meta-analysis scheme followed by Liang et al. [44] to evaluate the role of
TCM in COVID-19 pneumonia
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Fig. 3.32 Proposed meta-analysis scheme followed by Zhu et al. [95] to evaluate the role of TCM
in COVID-19 pneumonia

Shortcomings of Antiviral Medicine on COVID-19

To date collected data about TCM against COVID-19 has range of shortcomings. It
is related with some unveiled metabolic pathways. Detailed pharmacological stud-
ies are the need of time.
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Conclusions

Pharmaceutical and pharmacological studies have revealed the mode of TCM treat-
ment against SARS-CoV-2, with a variety of compounds involved as well as their
mechanisms. An overlapping of the pattern was observed indicating that different
compounds could target the same target with different pathways or different targets
via similar pathway. That leads toward a series of controversy regarding the use of
TCM with respect to certain pathway specifically. In the nutshell, TCM are one of
the good sources to fight against COVID-19 due to their therapeutic contributions in
human metabolism. Being accessible and economical, they could be easily followed
all over the world including low-income countries. Still possible side effects and
limit of certain metabolic level information may generate controversy about its use
with limited knowledge. Till the time of invention of proper authentic vaccines and
till the time of its access to common people, TCM may maintain its worth to fight
COVID-19.
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Chapter 4
Plant-Based Natural Products:
Potential Anti-COVID-19 Agents

Sana Aslam, Matloob Ahmad, and Hanan A. Henidi

Introduction

Viral infections are becoming common day to day and cause many chronic human
diseases. Viruses are responsible for numerous chronic diseases and hard-to-cure
syndromes like HIV, hepatocellular carcinoma, HCV, type 1 diabetes, Alzheimer’s
disease, etc. [1-3]. The current outbreaks of globalization, increased global travel,
and drug-resistant viral strains have underscored the protection of human health: the
emergence of coronavirus, dengue virus, severe acute respiratory syndrome (SARS)
virus, measles virus, West Nile virus outbreaks, and influenza virus [4-6].

Despite the drug and vaccine advancement, there is still a need of novel antiviral
drugs or vaccine therapies that are extremely efficacious as well as economical for
the control and management of viral infections. Viral infection can be avoided by
either minimizing the exposure to viruses, sanitizing the skin, or boosting the immu-
nization, and mucosal surfaces would reduce the risk of infection. However, with
such a great care, there is still a need of effective treatments by virucidal or antiviral
agents. Natural products especially secondary metabolites are an excellent source as
therapeutic agents. They have a great antiviral potential, so are used as herbal medi-
cines and in various pharmaceutical products from many decades. According to the
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WHO report, 80% of the world’s population depend upon the traditional plants (i.e.,
phytochemicals) to use as therapeutic agents [7].

Purified natural products and herbal medicines act either as a starting raw mate-
rial or as an intermediate source for new antiviral drug development. Mechanisms
of antiviral actions depicted by the natural agents have shed light on the site of bind-
ing or interaction with the viral life cycle, like viral entry, release, assembly, replica-
tion, and structure-activity relationship as well as targeting of virus host-specific
interactions.

Antiviral Mechanistic Aspects of Phytochemicals

The phytochemicals were studied for their antiviral potential for more than six
decades. There are a number of action mechanisms attributed to their antiviral activ-
ity, as explained in Table 4.1. The basic advantage of these plant-derived products is
their nontoxicity with no or less side effects to human body as compared to the
synthetic antiviral drugs. The structure-activity relationship is developed to explain
the antiviral effect of these compounds.

Mechanism

Natural phytochemicals bind either directly or indirectly to the virus cell during
their virucidal activities and retard the virus growth. Basically, three modes of action
mechanisms were identified antiviral reagents directly:

Virucidal effect, i.e., antiviral compounds, directly inactivates the viruses.
Antiviral compounds accelerate CPE on the virus-infected cells.
Antiviral compounds inhibit the few replication steps of the virus.

For example, octyl gallate showed its antiviral potential via following all these
mechanisms against HSV-1. As it is ineffective against non-enveloped poliovirus, it
requires lipid envelope for its virucidal activity. According to one study, its antioxi-
dant property helps to inactivate non-enveloped virus, which may be somehow simi-
lar to the oxidation of lipids [8].

Plant Selection for Antiviral Screening

In plant selection for antiviral screening, four basic approaches must be considered:

Random plant collection followed by mass screening
Literature-based follow-up of the existing natural products
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Ethnomedical approach
Chemotaxonomic approach [27]

The most preferred choices are the second and third ones, due to their cost-
effective applicability. The folkloric created selection also demonstrated the five
times more preferable therapeutic phytochemicals as compared to other approaches.
Combining different section approaches like ethnomedical, taxonomical, and phy-
tochemical methods collectively is also considered as the best choice. The random
selection approach generally finds more novel antiviral natural compounds.

Different Classes of Phytochemicals as Antiviral Agents

Various classes of naturally occurring phytochemicals as antiviral agents are dis-
cussed in detail with reference to sources of origin, specificity, mechanistic action,
structure-activity relationship (SAR), phase trials, etc.

Alkaloids

Alkaloids are a class of heterogeneous compounds having nitrogen atom linked
with heterocyclic ring system. They possess basic character generally. Amino acids
are usually the precursors for their biosynthesis within the plant body [28].
Handsome number of alkaloids showed potent antiviral activity. One of the studies
on the 36 alkaloids isolated from C. lanceus or Catharanthus roseus as antiviral
agents against polio type III and vaccinia viruses was reported. The results showed
that the nine alkaloids were more potent as antiviral agents and pericalline was the
most effective [29] (Fig. 4.1).

Another research group developed a structure-activity relationship (SAR) for
chromone-based alkaloids, extracted from Schumanniophyton magnificum as anti-
HSYV and anti-HIV agents in Vero cells and C8166, respectively. The research group
was synthesized their methyl and acyl analogs and developed their SAR. It was

Fig. 4.1 Structure of CH,
pericalline

ZT

Pericalline
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OH

Tetrandrine

Fig. 4.2 Structures of tetrandrine and homoharringtonine

Cepharanthine Fangchinoline

Fig. 4.3 Structures of cepharanthine and fangchinoline

concluded that the anti-HIV protentional is due to the presence of a free hydroxyl
groups and piperidine ring [30] (Fig. 4.2).

Cepharanthine, an alkaloid, also showed remarkable antiviral potential by inhib-
iting the SARS-CoV protease enzyme at 0.5-10 pg/mL (Fig. 4.3) [31].

In another study, two alkaloids, i.e., 7-methoxycryptopleurine and tylophorine
(Fig. 4.4), were isolated from Tylophora indica and tested for their inhibitory action
for S and N protein activity, transmissible gastroenteritis virus, and enteropatho-
genic coronavirus replication [32]. These alkaloids showed excellent antiviral
potential with ICs, values of <0.005 pM and 0.018 pM, respectively.

A recent research on berbamine showed its excellent antiviral activity against
HCoV-NL63 with ICs, value 1.48 uM (Fig. 4.5).

Another research on antiviral potential of potent alkaloids, i.e., emetine, lyco-
rine, and mycophenolate mofetil, against MERS-CoV, HCoV-NL63, HCoV-OC43,
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Fig. 4.4 Structures of

. -
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\/

Berbamine

Fig. 4.5 Structure of berbamine

and MHV-AS59 was reported. Emetine and lycorine exhibited their antiviral poten-
tial by inhibiting the synthesis of RNA, DNA, and protein of virus and by stopping
the cell division, respectively. However, mycophenolate mofetil showed its action
by suppressing the immune effect on different CoV species [33] (Fig. 4.6).

Lycorine and pretazettine were extracted from Clivia miniata and Narcissus
tazetta, respectively, and reported for their anti-HSV potential via cytotoxic protein
synthesis [34-36] (Fig. 4.7).

Three potent anti-HSV alkaloids, i.e., oliverine, pachystaudine, and
Oxostephanine (Fig. 4.8), were isolated from Polyalthia oliveri, Pachypodanthium
staudi, and Stephania japonica, respectively. They showed their antiviral potential
by inhibiting or delayed the synthesis of protein assembly of virions [37].
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Emetine Lycorine

Fig. 4.6 Structures of emetine and lycorine

Fig. 4.7 Structure of
pretazettine

Pretazettine

Flavonoids

Flavonoids are basically the chromone-based polyphenolic phytochemicals, con-
sisting 15-carbon skeleton with C6-C3-C6 pattern (Fig. 4.9). However, in some fla-
vonoids, five-membered ring replaces the six-membered heterocyclic ring C. The
C2 is directly bonded to the oxygen atom to form a furan moiety called aurone.

Flavonoids are classified on the basis of substitution pattern on ring C and their
mode of oxidation. The flavonoids class of phytochemicals is considered as the larg-
est group of antiviral agents in the whole plant kingdom. Flavonoids exhibits their
biochemical potential by inhibiting various enzymes like xanthine oxidase, aldose
reductase, lipoxygenase, cyclooxygenase, phosphodiesterase, Ca*? -ATPase, etc.

The antiviral potential of flavonols are more as compared to the flavones against
HSYV, and their activity order is quercetin < kaempferol < galangin [38]. Another
study reported the anti-HSV-1 potential of 3,5,7-trihydroxyflavone, i.e., galangin,
extracted from Helichrysum aureonitens. This flavone also exhibited antiviral
potential against Cox B1 at 12-47/pg/ml [39]. A study showed that the natural fla-
vonoids having molecular weight of about 2100 Daltons exhibited excellent antivi-
ral activity against type 2 and type 1 herpes simplex virus (HSV) [40].
Structure-activity relationship for 28 flavonoids against HIV-1 and HIV-2 was
developed. Results showed that the flavan-3-o1 was most potent in selective inhibi-
tion of HIV due to the role of OH group on the flavone moiety [41].



122 S. Aslam et al.

Olweprve Pachystaudine Oxostephanine

Fig. 4.8 Structures of oliverine, pachystaudine, and oxostephanine

Fig. 4.9 Structures of 3
general flavonoid
and aurone

Flavonoid Numbering

Nineteen natural compounds were extracted from Ranunculus sceleratus and
Ranunculus sieboldii and were investigated for their antiviral potential against hep-
atitis B virus (HBV) and herpes simplex virus (HSV-1). The experimental results
revealed that apigenin 7-O-betaglucopyranosyl-4’-O-alpha-rhamnopyranoside, api-
genin 4’-O-alpha-rhamnopyranoside, isoscopoletin, tricin, and tricin 7-O-beta-
glucopyranoside showed significant antiviral potential against HBV replication
(Fig. 4.10).

In addition, protocatechuic aldehyde exhibited antiviral activity by inhibiting the
HSV-1 replication [39, 42, 43] (Fig. 4.11).

Classification of Flavonoids
Chalcones

Chalcones as a major subclass of flavonoids are basically benzylideneacetophenone
(1,3-diphenylpropenone) and its derivatives with basic formula ArCH=CHC(=0)
Ar. Chalcones have been broadly investigated for their antiviral potential.
Chalcones also form basis for the biosynthesis of other flavonoids and isoflavo-
noids. Chalcones (Fig. 4.12) exhibited excellent antiviral potential [44]. They also
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Fig. 4.11 Structures of isoscopoletin and protocatechuic aldehyde

developed SAR for these chalcone pharmacophore models which were helpful to
identify chemical signatures for the antiviral activity.

On the basis of these results, 44 chalcones exhibited inhibitory potency <100 pM,
while 4 showed ICs, values <10 uM [45].

Different varieties of chalcones, i.e., kazinol (A, B, F, and J), broussochalcone (A
and B), 3’-broussoflavan A, (3-methylbut-2-enyl)-3’.4,7-trihydroxyflavane,
4-hydroxyisolonchocarpin, and papyriflavonol A, were extracted from Broussonetia
papyrifera and reported their antiviral activity against both SARS-CoV PLP® and
3CLre. The results reported the highest inhibition potential exhibited by papyrifla-
vonol A against PLP® with ICs, value 3.7 pM [46] (Fig. 4.13).

In another study, 4’-O-methylbavachalcone, psoralidin, bavachinin, corylifol,
isobavachalcone, and neobavaisoflavone were extracted from Psoralea corylifolia
and tested for their papain-like protease inhibitory action against SARS-CoV [47].
Among these isolated phytochemicals, psoralidin exhibited most potent inhibitory
action against SARS-CoV, with ICs, value 4.2 pM (Fig. 4.14).

Dihydrochalcones

Dihydrochalcones were derived from its respective chalcone derivatives via a reduc-
tion of the C=C double bond (Figure). But as a result of reduction, its lost and chro-
mophoric property as UV visibility is concerned as compared to its parent chalcone
moiety. Dihydrochalcones extracted from Millettia leucantha KURZ (Leguminosae)
exhibited potent anti-HSV activity [48] (Fig. 4.15).
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Flavones

Flavones having 2-phenylchromen-4-one (2-phenyl-1-benzopyran-4-one) basic
backbone constitute a significant class of flavonoid family. Flavones were mainly
isolated from various plant families like Lamiaceae, Asteraceae, Apiaceae, etc.
Many potent flavones were isolated from heartwood of Artocarpus gomezianus and
studied for their anti-HSV activity. Among the identified compounds, artogomezia-
none (Fig. 4.16) exhibited the excellent antiherpetic properties [49].

Naringin (3’,4’-diacetoxy-5,6,7-trimethoxyflavone) having therapeutic proper-
ties especially for viral infections (e.g., HCV, HIV, respiratory virus, and
Picornavirus). These flavones also used for the treatment of infections caused by
parasites (e.g., toxoplasmosis) [50]. Methoxyflavones were studied for its SAR as
anti-Picornavirus by means of molecular electrostatic potential (MEP) maps, and
results showed that the antiviral properties are due to the negative MEP values espe-
cially in two regions, i.e., the first is in 3-methoxy (3-OMe) group, while the other
is diagonally opposite to the substituent at C7 atom of the molecule [51] (Fig. 4.17).

Antiviral potent flavones and biflavones extracted from Torreya nucifera showed
their virucidal activity against SARS-CoV 3CLP™® [52]. Moreover, ICs, values of
quercetin, luteolin, apigenin, and amentoflavone were 23.8, 20.2, 280.8, and 8.3 pM,
respectively (Fig. 4.18).

Silybum marianum, a flavonolignan (also known as “silymarin” or “milk this-
tle”), was reported for its in vitro anti-HCV potential [53, 54] via exhibiting the
significant effects on reducing the viral load [55-57].

Three biflavonoids, i.e., stelleranol, genkwanol C, and genkwanol B, were
extracted from Radix Wikstroemiae and reported their effective antiviral potential
against RSV [58]. Various flavone 6-C-monoglycosides were isolated from
Lophatherum gracile leaves and showed good viricidal activity against RSV infec-
tion, determined by cytopathic effect reduction assay [59].

Flavonones
Flavonones consist of the same basic structural backbone as present in the flavones

except the presence of the carbonyl moiety at the C4 carbon. Synthesis of flavanone
derivatives of Abyssinone II (Fig. 4.19), a natural prenylated flavanone has been
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Fig. 4.13 Structures of broussochalcone B and kazinol (A, B, F, and J)

reported in literature. These analogs were tested against HSV-1 in HeLa 5 cells and
reported their excellent antiviral potential [60].

A number of natural plants products, i.e., 6-geranyl-4’,-5,7-trihydroxy-3",5'-
dimethoxyflavanone, different types of tomentin (A, B, C, D, and E), mimulone,
diplacone, 3’-O-methyldiplacone, 4’-O-methyldiplacone, 3’-O-methyldiplacol, and
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4’-O-methyldiplacol were extracted from Paulownia tomentosa and showed their
antiviral therapeutic action by inhibiting the PLP® of SARS-CoV [61] (Figs. 4.20
and 4.21).

In addition, juglanin also reported as an antiviral agent against SARS-CoV, by
blocking the 3a channel of SARS-CoV having 2.3 pM ICs, value [62].
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Dihydroflavonols

Dihydroflavonols (Fig. 4.22) are categorized by OH substituent at C3 of the flavo-
none pharmacophore. Flavanonols and their derivatives showed antiviral potential
against various strains of viruses like hepatitis B, liver protection, mycotic infection,
autoimmune disease, and inflammation disease [27].

Flavonol

Flavonol consists of identical basic structural backbone as present in the flavones
having OH functional group at 3-position of the flavone. Quercetin (Fig. 4.23)
exhibited the efficient antiviral potential against different viral strains like respira-
tory syncytial virus (RSV), poliovirus type 1, HSV-1, parainfluenza virus type 3
(Pf-3), etc. Quercetin not only reduced the intracellular replication but also trig-
gered a concentration-dependent decrease in the viral infection [63]. Myricetin
(3,5,7,3",4’,5’-hexa-hydroxyflavone), a plant-derived flavonoid, has natural com-
pound with potent nutraceuticals value and so is used in many foods and beverages.
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It is also used as preservative in oils and fats to increase the shelf life by acting as
antioxidant. This phytochemical showed a wide range of bioactivities like antioxi-
dant, anti-inflammatory, antidiabetic, and anticancer. This compound showed excel-
lent therapeutic results against Parkinson and Alzheimer’s disease. Myricetin also
exhibited significant antiviral activity against coronavirus, influenza virus, and hep-
atitis B virus [64].

The natural phytochemicals cinnamtannin B1, procyanidin A2, and procyanidin
B1 (Fig. 4.24) were extracted from Cinnamomi cortex and reported their antiviral
potential against SARS-CoV [65].
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Fig. 4.22 Structures of dihydroflavonol

Isoflavonoids

Isoflavonoids are the derivatives of flavonoids having phenyl group at 3-position

instead of 2-position (Fig. 4.25) as a result of migration, with important therapeutic
activities.
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Fig. 4.24 Structure of procyanidin A2 and procyanidin B1

migration

Isoflavone

Fig. 4.25 Structure of isoflavones

Isoflavones

Isoflavones (Fig. 4.25) are mainly isolated from the Leguminosae family. Rotenone
(Fig. 4.26) showed excellent antiviral activity against Newcastle disease virus as
tested by means of plate and tube assay methods [66].
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Isoflavanones

Isoflavanones are consist of the same basic structural backbone as present in the
isoflavones except the presence of the carbonyl moiety at the C4 carbon and also
have chiral center at C3. A prenylated isoflavanone, i.e., PMZ-1, was extracted from
Bolusanthus speciosus (Bolus Harms) and evaluated for its anti-HIV potential with
wide therapeutic index (TI > 300) [67] (Fig. 4.27).

Neoflavonoids

Neoflavonoids are the class of flavonoids having aryl group at C,. Four neoflavo-
noids, i.e., calophyllolide and inophyllums (Fig. 4.28), were isolated from
Calophyllum inophyllum and tested for their antiviral potential against HIV-1
RT. The results showed that inophyllums (i.e., P and B) were the most effective with
IG5 values of 0.130 mM and 0.038 mM, respectively [68].

AnthocyanidinAnthocyanidin (Fig. 4.29) consists of aglycone (anthocyanidine)
backbone with glycone sugar moiety, an important class of plant pigments. Their
biological potential is based on the coordination of free OH group with metal ions,
e.g., Ca* and Mg?*, in basic conditions.
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SP-303 (Fig. 4.30) is a mixture of oligomeric proanthocyanidins up to Mol. wt.
2100 Daltons. It is extracted from the latex of Croton lechleri and evaluated for its
in vitro antiviral activity against various strains of RNA, DNA viruses, and HSV.
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Virend, a topical formulation of SP-303, was evaluated in phase II clinical trials
and used in combination with acyclovir for the treatment of genital herpes. But
these trials were stopped later on due to no extra benefits of virend over using acy-
clovir alone [69].

Terpenoids

Terpenoids are abundantly natural-occurring secondary metabolites, having five-
carbon isoprene units as basic skeleton, and classified according to the number of
isoprene units present in a molecule.

These are basically classified into:

Monoterpenes (C10), 2 isoprene units with 10 carbon atom basic skeleton
Sesquiterpenes (CI5), 3 isoprene units with 15 carbon atom basic skeleton
Diterpenes (C20), 4 isoprene units with 20 carbon atom basic skeleton
Triterpenes (30), 6 isoprene units with 30 carbon atom basic skeleton
Tetraterpenes (40), 8 isoprene units with 40 carbon atom basic skeleton

Sterols and saponins also classified as terpenoids.

Terpenoids possess diverse class of natural therapeutic phytochemicals. Many of
the terpenoids were tested for their antiviral potential against severe acute respira-
tory syndrome (SARS-CoV) caused by coronavirus, and results showed their excel-
lent antiviral potential (Fig. 4.31) [70].

These bioactive compounds also include abietane-type (diterpenes), labdane-
type (i.e., both sesquiterpenes and triterpenes).

The saikosaponins (A, B,, C, and D, 5-25 uM/L) exhibited potent antiviral activ-
ity against human CoV-229E, with ECs, values of 13.2, 19.9, 1.7, and 8.6 pM for D,
C, B,, and A, respectively. Saikosaponin B2 showed its antiviral activity by inhibit-
ing the attachment and penetration stages of the virus [71] (Fig. 4.32).

According to the research report, carotenoids (tetraterpenoids, having 40-carbon
polyene chain) like p-carotene, lycopene, a-carotene, and zeaxanthin/lutein
(Fig. 4.33) increase the death rate during HIV infection [72].

CH,OH

Ferruginol 6-7-dehydroyleanone 3-beta cedran

Fig. 4.31 Structures of Ferruginol, 6-7-dehydroyleanone and 3-beta cedran
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Saikosaponin B2

Fig. 4.32 Structures of saikosaponins (A, B,, C, and D)
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Tannins

Tannins are basically high molecular weight phenolic compounds also containing
other functional groups like (carboxyl, e.g., hexahydroxydiphenic acid), which give
suitable property to coordinate for strong complex formation [73]. They are classi-
fied into two types, i.e., hydrolyzable and non-hydrolyzable (condensed).
Hydrolyzable tannins, basically simple phenolic acids, are linked with the sugar
moiety, for example, gallic acid. The condensed types have structural resemblance
to flavonoids (Fig. 4.34).
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Lemon balm (Melissa officinalis, Labiatae) is well known for its antiviral poten-
tial. This medicinal tannin containing plant is broadly studied. Leaves of lemon
balm comprise 5 percent dry weight of tannins, in which caffeic acid is present as a
main constituent. A cream having 1 percent dried leave extract of lemon balm has
been introduced in Germany for the topical treatment of herpes infection of the
skin [74].

Many tannin compounds like pentagalloylglucose, galloyl geraniin, sanguin,
genothein B, punicalagin, punicallin, gemin D, etc. were reported for their antiviral
potential against different chronic viral infections, i.e., HSV, HIV, and HIV-RT [75-
80] (Fig. 4.35).

Seven ellagitannins were extracted from P. wurinaria (Euphorbiaceae) and
Phyllanthus myrtifolius and reported their antiviral potential against Epstein-Barr
virus DNA polymerase (EBV-DP).

Dieckol, phlorofucofuroeckoln, eckol, and 7-phloroeckol isolated from Ecklonia
cava displayed their antiviral activity by blocking the viral binding to porcine epi-
demic cells and reported experimental ICs, values of 14.6, 12.2, 18.6, and 22.5 pM,
respectively [81] (Fig. 4.36).

Three polyphenolic compounds, i.e., tannic acid, 3-isotheaflavin-3-gallate, and
theaflavin-3,3’-digallate (Fig. 4.37), were extracted from black tea and tested for
their inhibitory action against SARS-CoV 3CLP™ with ICs, values of 9.5, 7, and
3 pM, respectively [82].

The hydrolyzable tannins, i.e., punicalagin and chebulagic acid which exhibited
broad-spectrum antiviral potential, include RSV infection. These tannins showed
their antiviral potential either by inactivating the RSV particles or by blocking the
viral entry into the host cell, i.e., binding and fusion. Interestingly, both punicalagin
and chebulagic acid were reported as futile against RSV postinfection spread.
However, they are still effective against measles virus (M'V, paramyxovirus) postin-
fection spread [83] (Fig. 4.38).

Punicalagin and chebulagic acid also exhibited anti-HS V-1 potential and showed
their virucidal activity by acting as a glycosaminoglycan (GAG) competitors, so
inhibiting the entry as well as cell-to-cell spread. Both directly targeted the HSV-1
glycoproteins which interact with glycosaminoglycan and inhibit the binding recep-
tors [10].

Vitamins

Vitamin E includes eight isomeric derivatives, i.e., tocopherols and tocotrienols.
They are fat-soluble and act as an excellent antioxidant. Vitamin E improves the
immune system of the human body (Fig. 4.39). Vitamin E supplementation could be
used as therapeutic agent for chronic hepatitis B [84].

Vitamin C also acts an antioxidant and enhances the immune defense against
many infectious diseases [85] (Fig. 4.40).
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Vitamin C not only boosts the immune systems but also exerts anticancer, anti-
bacterial, and antiviral activity [86-90]. In a comparative research study, antiviral
potential of vitamin C against influenza virus type A, HSV-1, and poliovirus was
reported. The decreasing sensitivity order of vitamin C was as follows: influenza
virus> HSV-1 > poliovirus [91].

Dehydroascorbic acid (DHA) is an oxidized form of ascorbic acid. It is reported
that DHA showed more potent antiviral activity against HSV-1 and influenza virus
as compared to vitamin C (ascorbic acid), due to its stronger chemical stability of
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Table 4.2 Organosulfur phytochemicals isolated from Brassicaceae family and Allium [96]

Sr. Type of
no | Compounds compounds Natural source

1. Glucobrassicin | Glucosinolates Cauliflower, Brussels, mustard, cabbage, choy, kale,
water garden cress, sprouts, Bok, radish

2. Allyl sulfides Sulfides Garlic, broccoli, onion

Dithiolethiones
3. Sulphoraphanes | Isothiocyanates Cabbage, kale, cauliflower, radish, Brussels, mustard,
Phenylethyl water garden cress, bok choy, sprouts

Isothiocyanates

DHA. So results suggested that the antiviral potential of vitamin C is not only of its
antioxidant property.

Chromones and Coumarins

Chromones and furanocoumarins are commonly present phytochemicals in various
plant families. These natural compounds are abundantly found in families
Umbelliferae and Rutaceae. According to research study, Khellin and visnagin were
isolated from Ammi species (Umbelliferae) and reported their antiviral activities
[92]. Psoralen, isopimpinellin, 8-methoxypsoralen, coriandrin, and angelicin were
extracted from Coriandrum sativum and tested their antiviral potential against HIV,
DNA, and RNA viruses and bacteriophages [93] (Figs. 4.41, 4.42, and 4.43).

Two potent anti-HIV coumarins, i.e., glycycoumarin and licopyranocoumarin,
were isolated from Glycyrrhiza Glabra [94].

According to research study, two chromone glycosides, i.e., uncinosides A and
B, were extracted from Selaginella uncinata and reported their potent antiviral
activity against respiratory syncytial virus (RSV) infection [95].
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Organosulfur Compounds

Phytochemicals having sulfur atom are mainly isolated from Brassicaceae family
and Allium (Table 4.2). The organosulfur phytochemicals having pungent odor are
chemically unstable. The organosulfur compounds possess excellent antiviral
potential [96]. A handsome number of organosulfur compounds showed antiviral
activities (Fig. 4.44).

Various unsymmetrical alkyl-aryl disulfides were synthesized and then oxidized
into thiolsulfinate [97].

A considerable large number of organosulfur compounds were isolated from
fresh garlic extract like diallyl thiosulfinate, diallyl disulfide, diallyl trisulfide, allyl
methyl thiosulfinate, alliin, allicin, deoxyalliin, and ajoene. These compounds were
then evaluated for their in vitro virucidal potential [98] (Fig. 4.45).

The antiviral mechanistic action of garlic containing phytochemicals against
selected strains of viruses, i.e., HSV type 1 and type 2, vesicular stomatitis virus,
human rhinovirus type 2, vaccinia virus, and parainfluenza virus type 3, were
reported. The results indicated that in vitro virucidal activity depends upon the type
of viral envelope and the cytotoxicity may depend upon the cell membrane. Virucidal
activity is shown by inhibition of viral penetration or adsorption for non-enveloped
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virus. The increasing virucidal activity order was ajoene > allicin > allyl-methyl
thiosulfinate.

Selenium Compounds

Selenium compounds also have antiviral potential against different strains of
viruses. Various different selenium compounds with effective antiviral activity are
shown in Fig. 4.46.

The experimental results of these compounds against different viral infections
demonstrate the significance of selenium-based compounds. Antiviral potential of
three selenium compounds against Coxsackievirus was B5 reported via targeting
their replication rate [99, 100]. Selenite inhibited the replication of Coxsackievirus
B5 more effectively, while selenomethionine and selenite did not show any signifi-
cant antiviral potential. Ebselen derivatives were synthesized and tested for their
in vitro antiviral potential. The results demonstrated that few tested analogs effi-
ciently target the herpes simplex virus type 1 (HSV-1) and encephalomyocarditis
virus (EMCYV) by inhibiting the cytopathic activity [101].

Miscellaneous Antiviral Phytochemicals
Curcumin and Its Derivative
Curcumin is one of the important constituents of turmeric. Different analogs of

curcumin showed significant antiviral activity against HIV-1 integrase [102].
Curcumin also shows anti-HCV potential by inhibiting the replication of HCYV,
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targeting the suppression of sterol regulatory element binding protein-1 (SREBP-1)
Akt pathway [103] (Fig. 4.47).

Chlorophyllin

Synthetic derivative of chlorophyll, i.e., chlorophyllin (CHLN) (Fig. 4.48), has anti-
mutagenic activity against various environmental pollutants. Chlorophyllin was
evaluated for virucidal activity against poliovirus by inhibiting the nuclear fragmen-
tation (NF) in HEp-2-infected cells [104].

Gingerols

Gingerols (Fig. 4.49) have been isolated from ginger and traditionally have been
used for the treatment of throat infections and common colds. Gingerols also form
an important ingredient of Ayurvedic formulations. Gingerols reported excellent
antiviral activity against many strains of viruses [105].
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Chitin and Chitosan

Chitin, a natural polysaccharide, has partially deacetylated amino sugar
N-acetylglucosamine basic skeleton, while chitosan is the deacetylated form of chi-
tin. A research study on SCM chitin III (i.e., carboxymethyl chitin having 7.66%
degree of sulfation) as its antiviral potential against HSV and Friend murine leuke-
mia helper virus (F-MuLV) was reported [106].

Anthraquinone

Anthraquinone (9, 10-dioxoanthracene Fig. 4.50) is an anthracene derivative.
Chrysophanic acid (1,8-dihydroxy-3-methylanthraquinone) is extracted from
Dianella longifolia and tested for its in vitro antiviral activity against poliovirus
types 2 and 3 by inhibiting the viral replication. Emodin was extracted from genus
Polygonum and Rheum and exhibited excellent potential for the treatment of severe
acute respiratory syndrome (SARS), which is caused by novel coronavirus (SARS-
CoV). A type I membrane-bound protein, i.e., SARS-CoV spike (S) protein, is nec-
essary for the attachment of virus to the angiotensin-converting enzyme 2 (ACE2)
receptor of the host cell. Emodin effectively blocked the interaction of S protein
with ACE2. It also showed significant inhibitory antiviral action against S protein-
pseudotyped retrovirus to Vero E6 cells [107, 108].

Conclusion

In this chapter, we have discussed antiviral agents belonging to the different classes
of natural phytochemicals like alkaloids, terpenes, flavonoids, tannins, vitamins,
etc. There lies a huge scope in the development of new antiviral drugs due to the dire
need. Nature has preserved a huge range of therapeutic natural compounds in the
plant body. The coronavirus pandemic has enforced the scientific community to
search for new antiviral agents. The work described herein is the sum-up of litera-
ture data described in previous few decades for the antiviral natural products and is
expected to be useful for researchers working to develop new antiviral products.
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Chapter 5
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Introduction

COVID-19 [1] is a rapidly human-to-human transmissible disease [2, 3] that brings
massive cataclysm to the world. The causative agent of the disease named severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [4] causes severe compli-
cations in infected individuals and a significant number of deaths [5]. The highly
susceptible populations to severe COVID-19 complications are immunocompro-
mised [6]. The existence of noncommunicable diseases such as obesity [7], hyper-
tension, cardiovascular diseases, diabetes, chronic lung diseases, chronic kidney
diseases, renal diseases, cancer, and others renders the patient immunocompromised
and more prone to infections [8].

The origin of all diseases is cellular. If the cells of the body remain healthy, they
will make healthy tissues and in return healthy organs and ultimately healthy indi-
viduals. So, selection of right foods to nourish these cells is crucial to protect from
noxious bodies and reduce complications associated with their invasion. Protection
from diseases and healing and recovery from disease depend primarily on the food
components we eat. There is no other way to improve health unless proper nourish-
ment is not provided to the cells. Food is essential for sustenance of life because it
provides essential moieties needed for normal functioning of the body, in fighting
off diseases, and in reduction of severe outcomes/morbidity in case of infections.

Selection of right combination of food from each food group and across all major
food groups is a preferred way to ensure appropriate nutrient intake [9]. The con-
sumption of diversified food is important contributing factor particularly for critical
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nutrient homeostasis that is continuously needed in health and diseased state.
Human body is actually made from food substances that are consumed. The right
food choices provide right information and materials needed for proper body func-
tioning. Our health declines if right food choices are lacking, affecting metabolic
processes and leading to different types of maladies.

The nutrients are actually nourishing substances in the form of chemical moi-
eties that are crucial for regulating body functions, mainly growth and development.
Certain nutrient intake is so critical that their deficiencies harness major aspects of
metabolic pathways and declining of health. In extreme conditions, prolonged and
continuous deficiency of particular nutrient hinders many aspects of cell activities
resulting in slow accomplishment or even stoppage of metabolic processes, hence
declining health status important to maintain in the wake of COVID-19.

Food intake with increased amount of unhealthy substances gives wrong instruc-
tions to our bodies that results in malnourished individuals that have more risk of
developing noncommunicable diseases and vulnerability to COVID-19 as well.
Hence, proper food intake and identification of such food groups that have profound
outcomes in minimizing respiratory infections, boosting immunity, and maintaining
organ health are crucial during COVID-19 pandemic.

Food choices may differ in different geological regions of the world due to varia-
tions in cultural aspects and eating behaviors. Selection of right combination of
food irrespective of where we live is vital throughout life. Actually our main empha-
sis is on the foods rich in nutrients, vitamins, minerals, trace elements, phytochemi-
cals, and antioxidants that are helpful to develop immunity needed to fight viruses.

In present massive upheaval time, complex combinations of food and nutrient
intake are such an approach that are more translatable in terms of increasing immu-
nity against infectious diseases and reducing multiple complications associated
with COVID-19.

Role of Nutrition and Diet in Prevention and Management
of COVID-19

Good nutrition and a healthy well-balanced diet is a pragmatic risk management
approach for individuals during COVID-19 pandemic [10]. Diet plays an important
role to reduce the susceptibility of developing an infection, minimizes complica-
tions during infection, and is continuously needed for normal functioning after
recovery from infectious disease like COVID-19. Although no natural remedy or
single food has been approved so far to prevent COVID-19 infections [11], still, it
is mandatory to attain and maintain good nutritional status for overall health of
individual and strengthening of immune system to fight against viruses. The impor-
tance of healthy diet due to its beneficial effects in past viral infections is of worth
consideration in relation to COVID-19 pandemic. Different dietary patterns are
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adopted by individuals around the globe. The most famous are Western pattern diet
and Mediterranean diet.

The Western pattern diet is generally characterized by high intakes of prepack-
aged foods, processed meat, red meat, butter, fried foods, sweets, candies, conven-
tionally raised high-fat dairy and other animal products, highly refined grains,
potatoes, corn, high-sugar drinks, and high-fructose corn syrup and low intakes of
whole grains, grass-fed animal products, vegetables, fruits, nuts, seeds, and fish
[12]. This dietary pattern is developed due to modern rapid industrial revolution in
past decades.

The major features of Mediterranean diet include regular and high consumption
of unrefined cereals, vegetables, fruits, legumes, olive oil, and reasonable amount of
fish and dairy products (mostly yogurt and cheese) and minimum non-fish meat
product consumption [12, 13]. Olive oil has been studied as a potential health factor
for reducing all-cause mortality and the risk of chronic diseases lacking in other diets.

Some countries hit by COVID-19 are worsening [14]. The communities in these
countries have now started to reexamine their nutrition status and dietary patterns.
Mediterranean diet is important at this pandemic time for overall health mainte-
nance. So, Mediterranean diet should be preferred over other diets to avoid
COVID-19 symptoms and severe outcomes. Traditional Mediterranean diet intake
has beneficial impact in reducing inflammation [15], diabetes, cancer, coronary
artery disease, and cardiovascular disease [16, 17] and helps in minimizing vulner-
ability to COVID-19. Obesity, considered as mother of all diseases, is also substan-
tially reduced by adherence to Mediterranean-type diet [18]. Mediterranean diet
with least involvement of processing procedures, naturally low sodium contents,
and abundant intake of fruit and vegetables [19] is imperative approach for control-
ling diseases and improving health.

The diet plays a pivotal role in enhancing host reaction to noxious and infectious
agents and may be potentially beneficial to minimize the incidence or severity of
COVID-19. The diet rich in various nutrients, phytochemicals, and antioxidants is
mandatory for immunomodulation and immunocompetence, whereas deficiency in
any nutritional aspect has direct link to high host vulnerability to viral infections
and severe clinical outcomes during disease progression [20]. The dietary guide-
lines declared by WHO during present worldwide outbreak of COVID-19 also
stress to adopt well-balanced diet comprised of suitable proportion of all major food
groups to maintain and develop strong immunity to avoid chances of acquiring
chronic diseases and infections [21].

The nutritional substances intake and absorption is considerably affected as age
progresses leading to functional abnormalities and decline in immune system
potency to fight off lethal pathogens in old-age people known as immunosenescence
[22]. Hence, particular focus must be given to the nutritional aspects and dietary
patterns of elderly communities at this time, as the elderly populations are not only
vulnerable to develop chronic diseases, but they are extremely predisposed risk
group possessing malnourishment and high chances of developing infections and
COVID-19 [23, 24]. In current pandemic era, with enormous elderly cases, age
itself is thought to be a major risk factor for COVID-19 [24]. The level of vitamin
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D, folate, calcium, vitamin C, zinc, and many other vital bioactive molecules
become deficient with age [25] due to several reasons including poor mental health,
improper dietary approaches with enormous nutritional deficiencies, adverse socio-
economic circumstances, and a host of number of multifactorial issues [26].
Malnourishment, particularly undernutrition, in older age can exasperate proper
functioning of cells in the immune system and resultantly increase the risk of devel-
oping infectious diseases [27].

The old-age individuals can be protected from chronic inflammation that is the
major cause of onset of noncommunicable diseases and infections, by a regular
intake of balanced diet that constitutes all the necessary macronutrients, micronutri-
ents, probiotics, and prebiotics that are predominantly essential to restore immune
cell function [28].

In addition, a healthy balanced diet is also valuable for the general population.
Utilization of a diet comprised of abundant nutritional substances with anti-
inflammatory properties on continuous basis by unaffected individuals reduces the
chances of infliction of disease on the one hand and prevention from severe out-
comes due to comorbidities and COVID-19 on the other hand. It is noteworthy from
past viral infections that good nutritional status reduces the chances of severe com-
plexities during the course of disease [29] urging to advocate this strategy against
COVID-19. The prevalence of COVID-19 outbreak around the globe emphasizes
upon maintaining good nutritional status of individuals [30]. In fact, a large number
of nutrients from dietary sources have a potentially enhancing immunomodulatory
and anti-inflammatory role against NCDs [31-33]; thus, nutrient-rich diet is criti-
cally focal point against COVID-19.

Nutrition might play a profound role in present challenging task of maintaining
health of infected as well as unaffected individuals due to safe and ease in applica-
tion. Intake of all the necessary dietary components and metabolites and adherence
to healthy dietary patterns affect the systemic markers related to function of cells in
immune system. However, complex interaction between immunology and nutrition
is not yet fully comprehended, but in this crucial period of massive devastation due
to SARS-CoV-2, attaining reference nutrient intakes or recommended daily allow-
ance must be devised particularly for those nutrients that play a dynamic role in
proper functioning of immune system. The efficient immune system supports the
restraint of viral entry and its spread and minimizes severe complications associated
with such viral infections.

The increased risk of infection and related complexities are directly related to
nutritional deficiencies, so monitoring of nutritional status of an infected patient is
crucial to avoid severity of infection of COVID-19 [34]. Nutrition of intensive care
unit patients must also be considered [35] due to rapid decline of nutrients in their
critical state. Due to potential role and beneficial clinical outcomes of nutritional
interventions, nutritional status of infected individuals must not be overlooked [36].

Variations in dietary habits in different ethnicities can be considered as contribu-
tory factor for differences in COVID-19 cases and death rates in different geograph-
ical regions of the world [14]. In fact, lower infection rate and mortality might be
due to consuming certain foods [14]. This is due to the reason that the transmembrane
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angiotensin-converting enzyme (ACE2) facilitates the entry of SARS-CoV-2 into
the cells and levels of ACE2 are directly related to food substances and dietary pat-
terns. For example, broccoli protein hydrolysate showed prominent ACE inhibitory
activity and subsequent hypotensive effects [37], whereas diet with high saturated
fat increases the level of ACE [38]. Many other nutrients and dietary approaches
affect ACE levels, with some foods having enhancing activities and others having
ACE inhibitory activities [39]. Furthermore, the level of ACE in the blood is highly
sensitive to intake of food [40]. Hence, it is vital to maintain a healthy nutri-
tional status.

Currently, there is scarcity of knowledge about reliable COVID diet that reduces
the incidence and mortality due to COVID-19. However, a healthy nutritional status
has significance at this time because the SARS-CoV-2 is affecting populations con-
tinuously and the battle against COVID-19 seems to persist for longer period from
that predicted initially. SARS-CoV-2 rapidly infects millions of people around the
globe and resultantly badly affects all aspects of life. Due to lifestyle changes, like
social isolation and restrictions in movements, noncommunicable diseases may
increase to alarming level that is already a major problem for global health systems
[41]. To maintain robust immune system at this difficult time, maintaining a healthy
diet and proper nutrition is an exclusive way to minimize the crises [16].

As SARS-CoV-2 severely affects lungs and respiratory system, nutritional
advices to minimize damages and other infections of lungs in COVID-19 patients
are of worth consideration [24]. As virus may affect other organs as well, optimum
nutritional status is essential for protection against viral infections [42].

Prioritizing Nutrition Interventions During COVID-19

Grains

Grains including wheat, rice, barley, oats, corn, rye, etc., are recognized as an
important component of a healthy diet [43] because of rich source of macronutri-
ents, micronutrients, bioactive compounds, and dietary fibers. Many of these dietary
components contribute in wide-ranging physiological functions in the body [44].
The consumption of whole grain in higher proportion results in better health out-
comes [45] in present COVID-19 pandemic crises. Intake of whole grains should be
preferred because grains with minimal processing maintain their nutritive values,
while refining of grains results in reduction of dietary fibers and numerous bioactive
compounds. Although cereal grains are a major source of energy and designated as
a staple food in many countries, surprisingly little attention was given to the quality
of cereal grains to specify their use in refined form or as a whole grain form in
dietary recommendations.

Whole grains are complete grains with bran and germ as well; therefore, they
still remain naturally rich in valuable chemical constituents. Whole grains are
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defined as comprised of grain with intact, flaked, cracked, or ground caryopsis
whose major components, the germ, endosperm, and bran, are present in natural
proportion as in the intact grain [46]. The grains are resorvoir of carbohydrates and
provide reasonable proportion of proteins and lipids and also rich source of impor-
tant vitamins and minerals. Whole grains are also valuable source of bioactive mol-
ecules and dietary fibers, which increase the interest to use them in the development
of high-value food products with enormous healthy outcomes [47]. Recently, whole
grains become more important in dietary guidelines due to the discovery of their
effective role in prebiotic activities for gut microbiota, important for immunity and
well-being of the host [48, 49]. Moreover, ample quantity of whole grain consump-
tion is beneficial in lowering risk of multi-morbidities [50]. The nutritional compo-
nents of grains may vary due to differences in agroclimatic conditions and cultivar
selection, but despite variations, they play a fundamental role in controlling lipid
levels in blood, glucose-insulin homeostasis, and gastrointestinal health [51].

The inclusion of grains is recommended in many globally recognized dietary
guidelines [52] to promote health and reduce the chances of developing lifestyle-
related diseases, predominantly obesity, diabetes, cancer, and cardiovascular dis-
eases [48, 53-55], and to treat some chronic inflammatory diseases with positive
outcomes [56, 57]. Despite the well-documented health benefits of whole grains,
whole grain intake continues to fall below recommended levels [58], indicating the
importance and potential impact of promoting increased consumption of whole
grains across the globe during this pandemic crisis. Certain dietary guidelines con-
tinuously focus to increase the consumption of whole grain components in the diet
from past years [59]. The recommended amount for daily consumption of whole
grain, in these guidelines, is at least 75 grams for adults [60]. However, in many
countries, the recommended level is far less and requires reconsideration. To opti-
mize the nutritional requirements, the World Health Organization recommended to
consume 180 grams of whole grain per day on continuous basis during pan-
demic [21].

Furthermore, in some countries, the dietary guidelines are vague with no advice
to choose whole grains or refined grains that may result in less positive outcomes
associated with grain consumption as both quantity and quality are compromised in
these guidelines. At present, the intake of whole grain is far behind the recom-
mended levels in most of the countries; hence, a comprehensive plan is needed to
increase the whole grain consumption that has potential health benefits essential to
cope with COVID-19.

Vegetables and Fruits

Fruits and vegetables are among the most important foods needed for normal
growth, physiological functioning, metabolic activities, and boosting immunity
against infectious diseases. The regular consumption of fresh fruits and vegetables
is generally linked with immunomodulation and rapid generation of immune
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responses to defeat noxious invading microorganisms. Fruits and vegetables actu-
ally supply indispensable macronutrients, micronutrients, and phytonutrients that
are necessary for health promotion. These nutrients substantively increase antioxi-
dant activity and control the anti-inflammatory markers and are actively involved in
recuperation from chronic diseases. The most important nutrients provided by many
fruits and vegetables include vitamin C, vitamin E, beta-carotene, and polyphenolic
compounds that are all involved in immunomodulation [42].

Vitamin C is present in abundance in oranges, lemons, grapefruit, tangerine,
kiwi, strawberries, mangoes, broccoli, red peppers, and other fruits and vegetables.
Vegetable oil is a good source of vitamin E. Beta-carotene sources include green
leafy vegetables, carrots, and sweet potatoes. Quercetin, a bioflavonoid found in a
variety of fruits and vegetables, has prospective capacity to be used as antiviral
agent and minimize severe outcomes in case of virally spread infectious diseases
particularly respiratory infections including COVID-19 by maintaining antioxidant
profile of individuals and protecting lungs from damages.

Many micronutrients and phytonutrients present in fruits and vegetables are
actively involved in immunomodulation by increasing the number of T-cell subsets,
potentiate response of lymphocyte to mitogen, stimulate natural killer cell activity,
increase production of interleukin-2, and generate specific response against viral
infections like influenza [61].

In addition, several positive effects have a direct link with regular consumption
of fruits and vegetables. The known beneficial effects include high intake of flavo-
nol essential for cardiovascular health, potential rise in nitric oxide species that
paradoxically reduce blood pressure by vasodilation, concomitant loss in weight,
and decrease in the number of inflammatory markers [62, 63].

The ingestion of vegetables with high antioxidant potential acts on insulin intol-
erance and may help in reducing complexities and severe outcomes of COVID-19.
In many countries, COVID-19-related symptoms recovered rapidly due to intake of
fermented vegetables [64]. Most of the vegetables possess sufficient antioxidant
activity that play effective role against the development of noncommunicable dis-
eases, particularly cardiovascular diseases [65] or diabetes [66].

The consumption of fruits and vegetables on daily basis with high fiber contents
and huge reservoirs of many vitamins and minerals, together with abundant protec-
tive phytonutrients and low caloric density, helps in reducing multiple inflammatory
markers and adhesion molecules [67, 68]. The healthy lifestyle and adherence to
diet are remarkably influenced by gender [17, 69], but the beneficial effects of intake
of fruit and vegetables were analogous in both in men and women.

Among phytochemicals or secondary plant metabolites that possess immense
pharmacological properties are polyphenols that are obtained mainly from vegeta-
bles. Despite protective effects against several degenerative diseases, polyphenol
intake in many countries is very low [70] and poses great concern in the wake of
COVID-19. Polyphenols are important in viral infections as they influence the adhe-
sion and penetration of viruses into the host cell and replication of viruses and
suppress neuraminidase and hemagglutinin activity and viral hemagglutination,
extensively modifying transcription factors and cellular signaling pathways [71].
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Many phytochemicals in foods are fundamentally involved in establishing inter-
actions with transcription factors, especially nuclear factor erythroid 2-related fac-
tor 2 (Nrf2) [72]. Various foods regulate transcription factors, particularly Nrf2, in
relation to potent antioxidant activity [73]. Cucurbitacin B, a natural compound that
exists in edible plants (bitter melons, cucumbers, pumpkins, and zucchini), has
hypoglycemic and anti-inflammatory role by activating Nrf2 [74, 75]. Recently, a
strong link was found between Nrf2 and the protection against COVID-19 and
related severe complications by intake of fermented vegetables [64]. The transcrip-
tion factors, noticeably Nrf2, can be activated by a vast array of natural compounds
having vegetable origin such as vitamin D, resveratrol, sulforaphane, curcumin, and
many others [76]. Sulforaphane, a potent activator of Nfr2, is present in high amount
in cruciferous vegetables [77]. The most important cruciferous vegetables possess-
ing potent anti-oxidative and chemopreventive role against infectious diseases are
broccoli [37, 78, 79] and cauliflower [80]. In addition, European countries with
large consumption of cucumber and head cabbage exhibit reduction in mortality
rates due to COVID-19 [64]. Increase consumption of some of the vegetables results
in decline of risk factors associated with COVID-19 and casualties [64].

Increase in consumption of fruits is also a pleiotropic factor in reducing
COVID-19 infections and mortality rates [81]. The fruit intake enhances the supply
and functionality of many vitamins and minerals that have supportive role in the
establishment of physical barrier for microbes and activation of antimicrobial pro-
teins [82]. Some other vital functions are also played by micronutrients including
supportive role in growth parameters, differentiation, and chemotaxis of innate
cells; increased phagocytosis and ingested activity of macrophages and neutrophils;
and speedup recovery from acute and chronic inflammation by managing cytokine
production and antioxidant activity [82].

The beneficial impacts of biologically active substances of fruits are due to mod-
ulation of immunoregulatory defense, induction of antiviral immune response, stim-
ulation of apoptosis, and genetic or epigenetic regulation [83]. Hence, fruit and
vegetable intake must be increased during COVID-19 with four servings of fruits
and five servings of vegetables as suggested in WHO guideline to consume in daily
diet to cope with the adverse outcome of COVID-19 [21].

Fruits and vegetables that boost immune system to fight SARS-CoV-2 include
beetroot, eggplant, turnip, cauliflower, green beans, carrot, pumpkin, parsley, celery,
red onion, radish, pepper, potatoes, tomatoes, watermelon, apricot, strawberry,
peach, cherry, avocado, berries, dates, oranges, and others [84].

Nuts

Nuts are highly nutritious, shell-covered fruit with bevy of macronutrients, micro-
nutrients, and phytonutrients. They are considered as natural functional foods with
important components of a healthy diet and can be used in health promotion due to
their ease inclusion in the usual diet. Tree nuts (almond, walnut, cashew, pistachio,
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hazelnut, Brazil nut, pecan, pine nut, and macadamia) and groundnuts (peanuts) are
highly valuable plant-based diet rich in bioactive molecules.

Frequent consumption of nuts favorably supports innocuous plasma lipid pro-
files [85] and endothelial functions [86] and reduces the risk factors associated with
type 2 diabetes [87], chronic heart diseases [88, 89], cancer [90], and inflammation
[86] and may be beneficial in reducing severe complications of COVID-19 patients.

Nuts and their coproducts such as hard shell or rind, skin or testa, hull or husks,
and leafy cover and leaves are valuable as they provide important phytochemicals
that play a role in reducing oxidative stress by neutralizing free radicals and boost-
ing free radical scavenging activities and promoting antimutagenic, anticarcino-
genic, and antiproliferative properties. Therefore, addition of phytochemicals from
these coproducts is a cheapest way to increase natural antioxidants in diet. Moreover,
nuts are energy-dense foods with the presence of essential fats and proteins; their
consumption on regular basis has positive impact on body weight and obesity [91,
92]. Hence, a moderate consumption of nuts is valuable to manage weight [92], as
upper and lower respiratory tract infections have severe outcomes for obese
patients [93].

In addition to good source of several vitamins and minerals, nuts are densely
packed with essential amino acids, fat-soluble bioactive molecules, soluble fibers,
unsaturated fatty acids, and numerous phytochemicals that play a contributing role
in health promotion and curtailing the risk of chronic diseases which are the main
cause of morbidity and mortality across the globe.

Nuts contain numerous types of antioxidants. For example, almonds contain a
variety of flavonoids such as flavonols, flavonones, catechins, and their glycoside
and aglycone forms, while walnuts possess a wide range of polyphenols typically
non-flavonoid ellagitannins and tocopherols. Cashew nuts have abundant quantity
of alkylphenols. Several flavonoids and appreciable amount of resveratrols are pres-
ent in pistachios and peanuts. Macadamia nuts have properties that lower oxidative
stress, cholesterol, and inflammation. Peanuts are high in vitamin Bs, B4, and mag-
nesium. They may improve circulation in the brain and enhance cognitive function.
Nuts are a rich source of vitamins and minerals necessary for normal immune
functions.

In present COVID-19 pandemic and global health emergency situation, addition
of nuts in daily nutrition is helpful in reducing incidence and severity of infection.

Legumes

Legumes play an important role in human nutrition; especially, it occupies a major
part in the diet of people with low income in most of the developing countries.
Legumes are a great source of slow-releasing carbohydrates and all types of pro-
teins and hence are designated as poor man’s meat [94]. Legumes are fiber-rich
plants that have several health implications and many therapeutic benefits [94]. The
presence of minerals like zinc, iron, and potassium in legumes is important in many
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physiological processes and strengthening immunity [95]. Legumes also have con-
siderable proportion of lectins and peptides that dynamically stimulate anti-
inflammatory responses [96]. Several components in legumes including lectins
possess antiviral effects that have potent contribution in the prevention of infections
[97, 98]. The infection due to SARS-CoV-2 causes acute respiratory distress syn-
drome that is involved in the release of pro-inflammatory cytokines like TNF-o and
IL-6 [99]. The dietary components in legumes assist in prevention, reduction in
complications, and faster relief from COVID-19 by inhibiting the activities of
TNF-a and IL-6 [100]. The increase in the consumption of legumes and beans
reduces the mortality rates by COVID-19 [81]. In addition, legumes with enormous
functional components such as hydroxychloroquine are in spotlight to be a remedy
for treating COVID-19 patients [101]. Fava beans are a rich source of hydroxychlo-
roquine, and their consumption can be helpful against viral pathogenesis due to
antiviral properties without possible side effects. It is also evident that legumes that
are low in glycemic index, low in fat, and a source of vegetarian proteins are helpful
in controlling chronic diseases like hypertension, type 2 diabetes, and cardiovascu-
lar disease [102], which all are common comorbidities for COVID-19.

Meat

Meat is nutrient-dense food and is considered valuable as its intake provides com-
plete protein with all essential amino acids. In addition, it is a major dietary source
of most common shortfall nutrients like zinc, iron, selenium, and B vitamins, spe-
cially Bj,. Meat also possesses many valuable bioactive molecules such as carno-
sine, anserine, creatine, taurine, and hydroxyproline that are helpful in the killing of
pathogenic parasites, bacteria, fungi, and viruses (including coronaviruses like
SARS-CoV-2) [103]. These compounds also have a pivotal role against chronic and
aging-associated diseases which serve as the most common comorbidities with
worse health outcomes during a SARS-CoV-2 pestilence [24]. In addition, fish meat
is a rich source of polyunsaturated fatty acids (omega-3 fatty acids) that effectively
boost functionality of immune system. The dietary intake of polyunsaturated fatty
acids has a crucial role, during a pandemic [104], in the reduction of microbial load
due to their ability to inactivate enveloped viruses such as the SARS-CoV-2 virus
[104, 105].

Consumption of meat is associated with a large number of health benefits due to
the presence of beneficial compounds, but detail research is needed to assess accu-
rate dosage, possible negative outcomes, or any other metabolic abnormalities to
declare meat as a functional food to provide resilience and desirable immunity
against COVID-19. WHO recommends eating 160 g of protein with recommenda-
tion of red meat to consume one to two times per week and poultry two to three
times per week [21].



5 Foods as First Defense Against COVID-19 163

Milk and Milk Products

Milk and milk products are a major part of well-balanced diet. They have absolutely
good natural balance of carbohydrates, high-quality proteins, and fats and may be
considered itself as a complete meal. Milk is excellent source of many essential
vitamins (vitamins A and B12) and minerals calcium, magnesium, zinc, potassium,
phosphorous, and selenium. These vitamins and minerals regulate and maintain a
healthy immune system needed against SARS-CoV-2 virus [42]. Despite immuno-
modulatory role of all minerals that constrained in milk and milk products, zinc is
considered to be more valuable in maintaining immune system homeostasis because
its deficiency adversely affects functioning of innate and adaptive immune cells
[106]. Furthermore, high amount of zinc induces high host responses against
viruses, retards replication of viruses by preventing viral membrane fusion, and
improves clinical symptomatology [107].

A valuable milk product is yogurt that is actively involved in augmentation of
natural killer cell activities and plays a profound role in the reduction of respiratory
infections [108] suggesting its auspicious utilization in moderately infected
COVID-19 patients.

Cheese is an important milk product, rich in natural yeast, which increases the
number of useful microorganisms that convert undigested plant-based fiber contents
into chemicals to be absorbed in the blood stream and strengthens immunity [109]
necessary to maintain during an infection.

Herbs

Herbs, combination of herbs in specific manner (herbal formulae), and their extracts
are important for the treatment of viral diseases like COVID-19. Several herbs are
valuable: garlic, black cumin, and liquorice herbal extract boost immunity [6];
Pelargonium sidoides effectively inhibit the replication of respiratory viruses [110];
ginseng roots are used to reduce symptoms associated with viral respiratory dis-
eases such as those linked to influenza strains [111]; and Astragalus membranaceus
is beneficial in the treatment of common cold and upper respiratory infections [112].
Many extracts and bioactive compounds of herbs exhibit antiviral activity against
the influenza virus such as Korean red ginseng [113], ginger, garlic [114], tea tree,
and eucalyptus [115] and can be helpful against SARS-CoV-2.

The controlling of HIN1 and SARS influenza in the past with Chinese herbal
formulae in the high-risk population group provides an insight that herbal formulae
are helpful against viral infections and may employ as an alternative approach for
the prevention of COVID-19 [112].

Traditional Chinese medicine (TCM) based on herbal formulae may play a criti-
cal role in the prevention and treatment of COVID-19, bringing new hope to control
COVID-19 [116]. The presence of bioactive molecules in different herbs and tradi-
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tional Chinese medicines (e.g., flavonoids, phenolic compounds, quercetin, and
kaempferol) has inhibitory role in the enzymatic activity of SARS 3-chymotrypsin-
like protease (3CLpro). This enzyme actively plays a role in replication process of
SARS-CoV and is thus thought to be a potential treatment option for SARS-CoV-2-
related infections and supportive care agent for COVID-19 patients. The implica-
tions of herbal formula in relation to specific symptoms and pattern identification
were revised, and these guidelines are helpful in increasing the supportive care for
COVID-19 patients [117].

TCM based on a combination of various herbs helps in reducing overall symp-
toms of SARS-CoV-2 pneumonia patients. Many decoctions including sheganma-
huang decoction, gancaoganjiang decoction, qingfei paidu decoction (QPD), gingfei
touxie fuzheng recipe, etc., have been suggested to be prescribed for COVID-19
patients. QPD, which consisted of Gypsum Fibrosum, Ephedrae Herba, Armeniacae
Semen Amarum, Glycyrrhizae Radix et Rhizoma Praeparata com Melle, Atractylodis
Macrocephalae Rhizoma, Alismatis Rhizoma, Bupleuri Radix, Polyporus,
Cinnamomi Ramulus, Asteris Radix et Rhizoma, Pinelliae Rhizoma Praepratum
cum Zingibere et Alumine, Poria, Zingiberis Rhizoma Recens, Scutellariae Radix,
Belamcandae Rhizoma, Asari Radix et Rhizoma, Aurantii Fructus Immaturus,
Farfarae Flos, Dioscoreae Rhizoma, Pogostemonis Herba, and Citri Reticulatae
Pericarpium, has been used extensively as general prescription for treating
COVID-19 in China [118].

The use of QPD for the treatment of COVID-19 patients is important as it pro-
vides absolute cure in some patients, improves the symptoms in others, or in some
cases stabilizes the symptoms without aggravation [119]. The effectiveness in cure
rate and overall regulatory effect of QPD against COVID-19 is due to the presence
of multicomponents and multi-targeted approaches which include lung protection
and inhibit the replication of SARS-CoV-2 virus by acting on multiple ribosomal
proteins and others. COVID-19 is associated with strong responses by immune sys-
tem and inflammatory storm [120]. The use of QPD impedes these responses by
immune system and eliminates excessive inflammation by maintaining pathways
related to immune and cytokines [121].

Certain drugs like ergosterol, shionone, and patchouli alcohol obtained from
herbs had shown reasonable anti-COVID-19 effects that provided new molecules
necessary for the development of new drugs [122].

Several herbs such as Astragalus membranaceus, Ganoderma lucidum, Aloe
vera, Angelica gigas, Scutellaria baicalensis, and Panax ginseng exhibited
immunomodulatory properties that include lymphocyte activation, increased activ-
ity of natural killer cells, regulation of cytokines, and rise of macrophage
actions [123].

Herbal formulae to use as medicines rely on accurate symptom analysis and pat-
tern identifications for the treatment of COVID-19 patients [117]. Different pattern
identifications and herbal formulae were suggested for mild stage, moderate stage,
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severe stage, and recovery stage in the Chinese and Hong Kong guidelines. In the
frequency analysis of herbs, in Chinese guidelines, few herbs like Ephedrae Herba,
Gypsum Fibrosum, Armeniacae Semen Amarum, and Glycyrrhizae Radix et Rhizoma
have highest frequency of usage than the others. Moreover, for the treatment of
pediatric COVID-19 patients, different herbal formulae prepared from different
combinations of 56 herbs and pattern identifications were established in traditional
medicines in China [124].

Early intervention of patients infected with COVID-19 with Chinese herbal med-
icines was found to be an excellent way to improve the cure rate, delay progression
of disease, reduce the course of disease, and decrease death rates. These herbal
medicines not only control the viral activities but are involved in the regulation of
immune system, generate immune-related responses, reduce inflammation, and pro-
mote simultaneous repairing of affected body parts [116].

Recently, Lianhuaqgingwen, a Chinese herbal formulation, effectively suppressed
the replication of SARS-CoV-2, reduced production of pro-inflammatory cytokines,
and changed the SARS-CoV-2 morphology [125].

Interestingly, hundreds of herbs and herbal formulae have been found effective
for prevention and treatment of infections caused by viruses [126]. However,
prospective clinical trials with rigorous research are required to ascertain the poten-
tial preventive effect of these herbs and herbal formulae [112] (Fig. 5.1).
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Role of Vitamins in COVID-19

Vitamin A

Vitamin A is a group of fat-soluble compounds such as retinol, retinoic acid, and
carotene. These compounds promote cell growth and development, protect epithe-
lial and mucosal integrity within the body, regulate immune functions, and are
important factors to lower the susceptibility to infectious agents and diseases [127].
Vitamin A supplementation of this important vitamin enhances the humeral immu-
nity in pediatric patients following vaccination of influenza [128]. Vitamin A has a
supportive role in enhancing immune functions including promotion of antibody
production, apoptosis, cytokine expression, mucins and keratins, and lymphopoie-
sis and increases the functional stability of monocytes, natural killer cells, neutro-
phils, T-cells, and B-cells [129, 130]. During respiratory diseases, vitamin A plays
important role in reducing the severe complications and deaths [131]. An important
derivative of vitamin A is isotretinoin that mediates downregulation of the ACE2
receptor. Since ACE2 is host cellular protein to which SARS-CoV-2 virus attaches
to facilitate its entry into host cells and ultimately in respiratory tract of victim, this
profound role of vitamin A reduces the chances of viral attachment and hence
decreases the susceptibility of individuals to contract COVID-19 [132].

However, deficiency of vitamin A is a predisposed risk factor for viral infections
with high severity due to impaired immune responses as was happened in individu-
als affected by measles virus, respiratory syncytial virus, and influenza virus
[128, 133].

Foods that are high in vitamin A include eggs, liver, carrots, spinach, kale, broc-
coli, lettuce, sweet potato, mango, apricot, and others.

Vitamin B

B vitamins are a complex of water-soluble vitamins and work as important compo-
nent of coenzymes needed in vital metabolic reactions. The interactions of B vita-
mins with immune cells mediate anti-inflammatory responses and create hindrance
in many pathophysiological pathways [134]. The deficiency of B vitamin may delay
the host response to infections due to weak immune functionality [135]. Each B
vitamin also performs wide-ranging roles in the body.

For example, in human plasma products, the titer of MERS-CoV is effectively
reduced due to vitamin B, and UV light [34] and hence may be helpful against
SARS-CoV-2 as well.

Vitamin B¢ has a pivotal role in immune function as antibodies and cytokines
build up from amino acids and B¢ acts as coenzyme in their metabolism. Vitamin By
deficiency impairs growth, antibody production, lymphocyte mitogenic response,
lymphocyte maturation, and T-cell activities [136]. Moreover, in COVID-19 criti-
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cally ill patients, vitamin B¢ supplementation increases total lymphocyte cells
(T-helper cells and T-suppressor cells) [137]. It is well evident fact that vitamin B
intake is inversely related to inflammation status of individuals [138].

Vitamin B, also acts as immunomodulator for cellular immunity especially in
relation to cytotoxic cells, e.g., natural killer cells, CD8+, and T-lymphocytes [139].
Vitamin B, also plays a supportive role for maintaining a healthy gut microbiome
which is important for functional aspects of both innate and adaptive immune sys-
tems [140, 141]. Hence, this could be helpful in prevention of excessive immune
response [142] specially needed for COVID-19 patients with microbiota dysbiosis
that may lead to severe complications [143]. Foods rich in vitamin B4 are bananas,
avocados, pineapple, beans, spinach, potatoes, etc.

A diet rich in vitamin B,,, vitamin D, and magnesium given to COVID-19-
affected old-age men and women within 1 day after hospitalization results in better
health outcomes and reduces their chances to require oxygen therapy and intensive
care support [144]. The major dietary sources of vitamin B, are fish, eggs, milk,
meat, shellfish, and others [145].

In COVID-19 patients, high vitamin B, intake significantly lowers the rate of
inflammation [144]. Therefore, B vitamins could be a basic choice to reduce the
infection rate and severe complications in COVID-19 patients [34].

Vitamin C

Vitamin C (ascorbic acid), a water-soluble vitamin, is a vital nutrient and potent
antioxidant. Vitamin C functions as enzymatic cofactor in many crucial physiologi-
cal reactions that mediate essential biological functions including absorption of
iron, collagen synthesis, production of hormones, and increased immune responses
[146]. Vitamin C is important in growth, development, and repairing of all the tis-
sues in the body [147]. Vitamin C also exhibits immunomodulatory effects in respi-
ratory infection [148]. Prevention from lower respiratory tract infection has a direct
relationship with vitamin C intake [147, 149].

The individual with deficiency of vitamin C can be benefitted by vitamin supple-
mentation [150]. The supplementation of vitamin C on regular basis has modest but
consistent effect in shortening the infection period of common cold [151]. Moreover,
administration of vitamin C in high doses before or after the appearance of flu
symptoms reduces severity of illness [152]. The risk of common cold decreases by
vitamin C supplementation without any adverse effects [153]. Vitamin C boosts
antiviral immune responses against the influenza A virus by increasing the produc-
tion of interferon-o/f [146].

As vitamin C has effective role in respiratory tract infections and antiviral
immune responses, vitamin C intake is crucial particularly in micronutrient-deficient
individuals with high risk of COVID-19, although vitamin C supplementation to
prevent and treat acute respiratory diseases is inconclusive [149, 150].
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Adequate vitamin C consumption in diet may be beneficial in COVID-19 pre-
vention or prognosis. The dietary recommendation may be achieved through natural
foods such as citrus fruits, kiwi, broccoli, and other products [101].

Vitamin D

Vitamin D is an essential micronutrient needed to maintain bone and musculoskel-
etal health and many other functions in the body. Recent epidemiological data sup-
port the importance of vitamin D in COVID-19 severity and complications [154].
Vitamin D acts as modulator for both innate and adaptive immunities [155] through
cytokines and regulation of cell signaling pathways [156]. Vitamin D is crucial in
functionality of immune cells and plays a critical role during viral infections by
modulating inflammatory responses [157]. The presence of vitamin D receptors on
T and B immune cells helps in proliferation, inhibition, and differentiation of these
cells [106]. In experimental models of lipopolysaccharide-induced inflammation,
vitamin D is directly linked with lower concentrations of pro-inflammatory cyto-
kine interleukin- 6 [158, 159]. Vitamin D also reduces lipopolysaccharide-induced
lung injury in mice by blocking the Ang-2-Tie-2 and renin-angiotensin pathways
[160] that are highly relevant to SARS-CoV-2 pathogenicity.

A sufficient vitamin D serum level is linked to a switch from pro- to anti-
inflammatory profiles in older adults [154]. This impact on the regulation of inflam-
mation is of particular importance in older adults, the obese, and those with chronic
conditions as they may already be pre-set for higher inflammatory responses if
exposed to COVID-19. A heightened immune response in vitamin D-deficient peo-
ple may therefore increase the potential for cytokine storm and consequent acute
respiratory distress syndrome [120].

Lower level of vitamin D has a direct link with higher respiratory infection rates,
and the effect was more pronounced in individuals having underlying lung condi-
tions [161]. Case-control studies have also declared that increased risk of infection
is due to low level of vitamin D [162], and supplementation with vitamin D seems
to help reduce both symptoms and antibiotic use [163]. Vitamin D supplementation
reduces the risk of acute respiratory infections [164], while a higher blood vitamin
D status has been associated with a small reduction in risk of pneumonia [165].
Vitamin D deficiencies probably increase the risk of upper respiratory viral infec-
tions, although the size of this effect is small.

The humeral immunity increases in pediatric patients by vitamin D supplementa-
tion after influenza vaccination [128]. Older age, obesity, being male, and having
preexisting chronic conditions are risk factors for vitamin D deficiency [166], all of
which increase vulnerability to COVID-19 and related complications [167, 168].

Importantly, it is evident that there is a worldwide association between northern
latitude and increased COVID-19 mortality [169]. Recent reports have indicated
that those residing at higher latitudes or with darker skin pigmentation may be par-
ticularly affected by COVID-19. These individuals are also at higher risk of obesity,



5 Foods as First Defense Against COVID-19 169

preexisting chronic disease, and vitamin D deficiency [170, 171]. While there could
be various explanations for this, it supports the assumption that sunlight exposure
and hence vitamin D status could be impacting on COVID-19 severity.

Several mechanisms are proposed to establish a role between vitamin D defi-
ciency and increased risk of viral infections, but all underlying mechanisms are still
inconclusive [83]. The potential mechanisms include the modulation of immuno-
regulatory defense, induction of autophagy and apoptosis, antiviral immune induc-
tion, and genetic or epigenetic regulations [83]. Furthermore, vitamin D reduces the
risk of viral infections as it can promote the binding of SARS-CoV-2 cell entry
receptor ACE2 to angiotensin II receptor type 1 and hence reduces the attachment
of virus particles to ACE2 and inhibits the viral entry into the cell [172].

Furthermore, vitamin D enhances the activity of certain peptides like defensins
and cathelicidins that inhibit the viral replication and increase the concentrations of
anti-inflammatory cytokines and decrease the level of pro-inflammatory cytokines
that cause inflammation-related pneumonia [173]. The effectiveness of vitamin D in
reducing COVID-19 risks is confirmed by fatality rates with comorbidity, chronic
disease, and age, all reported with low level of vitamin D.

In pandemic restrictions, with less outdoor activities and less exposure to sun, vita-
min D production in the skin is reduced considerably. Adequate vitamin D level is
associated with reduction of developing chronic diseases such as diabetes, cardiovas-
cular disease, hypertension, and cancers that are high-risk group for severe respiratory
infections during COVID-19 [174]. Due to limited sun exposure, vitamin D intake
may be increased from dietary sources. Foods rich in vitamin D are egg yolks, mush-
rooms, cod liver oil, sardines, tuna, salmon, and meat [175]. Besides, vitamin D sup-
plementation is also important in strengthening the resilience against COVID-19 [176].

Vitamin E

Vitamin E, a fat-soluble vitamin, is actually a group of four tocopherols and four
tocotrienols. Vitamin E is vital for maintaining the overall health and immunity. The
role of vitamin E as powerful antioxidant helps in protection from many viral infec-
tions by modulating immune functions of hosts [177]. Vitamin E deficiency is asso-
ciated with impaired humoral and cell-mediated immunity [178]. The major role of
vitamin E is preserving immune responses. The vitamin E deficiency is more pro-
nounced in older people, and vitamin E supplementation to old-age people improves
their humoral and cell-mediated immunity.

Vitamin E increases the activity of natural killer cells modulating concentration
of nitric oxide [179]. Administration of vitamin E increases humoral (B cells)
immune responses and antibody actions [180]. Vitamin E is also involved in the
regulation of maturation of dendritic cells and related functions [181], which are
essential to orchestrate immune response for intertwining adaptive and innate
immune systems [182]. Vitamin E is beneficial in improving immune synapse for-
mation in naive T-cells and generating T-cell activation signals [180]. Hence, rec-
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ommendation of vitamin E as a beneficial nutrient against COVID-19 infection and
related disorders is mandatory [34].

The major foods rich in vitamin E are spinach, broccoli, nuts, particularly soaked
almonds, peanut butter, hazelnuts, sunflower seeds, and vegetable oils (soybean,
sunflower, corn, wheat germ, and walnut), which should be consumed on a daily
basis to get a recommended dose of vitamin E (Fig. 5.2).

Role of Minerals in COVID-19

Iron

Iron is essential nutrient for both humans and pathogenic microbes, and complex
system evolves for its accurate acquisition and utilization in the body. The innate
immune system is particularly involved to restrict iron availability to invading
microbes [183]. Many aspects related to severe competition for iron between hosts
and pathogens are yet elusive [184].

Iron has overwhelming role in minimizing viral infections [185] and respiratory
infections [186]. Iron helps to fight off infections by regulating proliferation and
maturation of T-lymphocyte immune cell and cytokine production [187, 188].

The deficiency of iron results in impaired host immunity, while iron overload in
the body increases the oxidative stress and deleterious viral mutations [189]. Iron
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deficiency is a major risk factor for developing periodic respiratory infections [190].
In many developing countries, the deficiency of iron is more prevalent [191] and is
associated with infection [192].

The best-absorbed form of iron (heme) is found in meat, poultry, and fish,
whereas nonheme iron is found in leafy green vegetables, seeds of legumes, fruits,
and dairy products [193].

Selenium

Selenium is a trace element with diversified pleiotropic effects, ranging from pow-
erful antioxidant activities to stimulatory role in many anti-inflammatory processes
[194]. Selenium acts as cofactor in many enzyme regulations. The primary source
of selenium for human is food, and, surprisingly, only five molecules named seleno-
cysteine, selenoneine, selenite, selenate, and selenomethionine constitute the bio-
availability of selenium via food intake [195].

Selenium acts in dose-dependent manner to increase the activity of macrophages
and to enhance the immunoglobulin production. Selenium appears to enhance the
cytolysis of natural killer cells [196]. Most of the biological activities of selenium
are carried out by its incorporation in the form of rare amino acid selenocysteine
into an essential group of proteins, selenoproteins [197]. Selenium as part of several
selenoproteins, especially thioredoxin reductases and glutathione peroxidases, has a
crucial role to maintain host defense system against viral infections through its
redox homeostatic contributions, powerful antioxidant activities, and redox signal-
ing [197], regulating natural killer cell activity and leukocyte functions [198].
Selenium is actively involved in proliferation of T-lymphocyte and specifically
influences the humoral system to enhance immunoglobulin production [187, 198].

Selenium intake in high amount is related to antiviral effects [194], while low
levels of selenium result in poor immune functions, onset of infections, and
increased risk of fatality. Selenium deficiency is primarily related to increase the
pathogenicity of many viral infections [199]. Selenium deficiency may result in
alterations of viral genome [199, 200] such that a mild strain becomes highly viru-
lent form [199]. Furthermore, production of pro-inflammatory chemokines increases
under pathogenic conditions in selenium-deficient state [199]. Selenium status has
direct influence in regulation of numerous immune responses and related mecha-
nisms; therefore, selenium supplementation may have effective role against dis-
eases. In deficient state, the selenium supplements are a treatment option against
viral diseases [201] including COVID-19. Selenium supplementation has shown
beneficial effects after influenza vaccination in developing immunity [202].

The selenium deficiencies are widespread in many individuals around the globe
and can be supplemented by proper diet and selenium-enriched food. The recom-
mendations for selenium intake on daily basis range between 50 pg and 70 pg [197].
Food sources of selenium include meat, cereals, milk, fishes, asparagus, mush-
rooms, garlic, giblets, bread, nuts, and seafoods [203-205].
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Zinc

Zinc, a nutritionally essential mineral, has vital contributions in growth, develop-
ment, synthesis of DNA, proliferation of cells [206], enzymatic functions, and the
regulations of many transcription factors in the human body [34, 42]. It is also
involved in the production of immune cells, facilitation of cell signaling pathways,
and regulation of responses related to innate and adaptive immune system [207,
208]. Zinc is also crucial for normal functioning of cells related to nonspecific
immunity such as neutrophils and natural killer cells. Zinc is a basic structural com-
ponent of hundreds of zinc-finger transcription regulators of immune cells [209].

Zinc is actively involved in mediating antiviral effects by improving immune
responses and suppressing viral replications. Zinc has promising role in improving
symptoms and pathologies associated with acute and chronic viral infections [107].
Zinc blocks the viral replications by inhibiting the function of RNA-dependent
RNA polymerase, a core enzyme involved in replication of positive-sense, single-
stranded RNA viruses [210] like SARS-CoV-2.

The deficiency of zinc is surprisingly common in modern lifestyle [107] and
hence may impart severe outcomes during COVID-19 outbreak. The deficiency of
this vital micronutrient is associated with impaired antiviral immunity [107] by
restricting certain T-lymphocyte functions such as production and stimulation of
Th1 cytokines [211]. In addition, macrophage function is adversely affected by zinc
deficiency through the dysregulation in secretion of cytokines, phagocytosis, and
intracellular killing activity [211].

Zinc intake in diet on regular basis is necessary as some viruses have evolved
mechanisms to modify zinc homeostasis that favor viral genome in rapid replication
and their persistence [212]. Zinc supplementation in high doses enhances the immu-
nity in virally infected patients [213]. Zinc supplementation also has beneficial
effects in reducing the symptoms and duration of common cold infection [214].
Therefore, zinc intake is important as a protective measure against COVID-19 to
reduce the severe outcomes in patient and strengthen host’s immunity against
infection.

A daily intake of up to 50 mg of zinc may provide resilience against SARS-
CoV-2 [209]. The most common food sources of zinc are poultry, beans, lentils,
sesame seeds, pumpkin seeds, nuts, red meat, and shellfish.

Magnesium

Magnesium is a very important mineral that acts as cofactor in many biochemical
pathways. Magnesium is favorably involved in the synthesis of vitamin D and acts
as cofactor in many enzymatic reactions involved in metabolism of vitamin D [215].
Magnesium is bound to adenosine triphosphate (ATP) for its biological activation to
release energy which is critically important as our cells cannot function properly
without this energy.
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Magnesium keeps the immune system strong by regulating many immune func-
tions including macrophage response to lymphokines, immune cell adherence,
immunoglobulin synthesis, immunoglobulin lymphocyte binding, antibody-
dependent cytolysis, and helper T-cell and B-cell adherence [216]. Magnesium by
blocking calcium channels acts as bronchodilator and vasodilator [217] and is help-
ful during lung infections.

Magnesium is also involved in the activation of immune responses against viral
infections [218]. Magnesium maintains the level of hemoglobin in our blood which
provides oxygen to all parts of body from the lungs, which is helpful during
COVID-19 infection since respiratory system is badly affected by SARS-CoV-2.

Magnesium homeostasis is vital to strengthen resistance against infections in
old-age people as they have compromised immune system [219]. Magnesium defi-
ciency results in impaired immunological processes. The deficiency of this mineral
readily arises as it may be lost during sweating in hot countries and during strenuous
physical activities; it cannot be synthesized by the human body and needs to be
replaced via the diet [220]. Foods rich in magnesium are dark chocolate, black
beans, avocados, and whole grains.

Role of Omega-3 Polyunsaturated Fatty Acids

The omega-3 polyunsaturated fatty acids (PUFAs) are essential nutrients with pre-
dominant role in promoting anti-inflammatory and pro-inflammatory effects [221].
Long-chain omega-3 PUFAs play an essential role in the regulation of adaptive
immune responses and decrement in inflammation [222]. Omega-3 PUFAs are pre-
cursors of important mediators like resolvins and protectins for resolution of
inflammation [222]. These mediators (resolvins and protectins) trigger anti-inflam-
matory responses through oxygenated metabolites such as oxylipins [223].

Many PUFAs exhibited potent antiviral properties including omega-3 PUFAs
[224]. An important omega-3 PUFA-derived lipid mediator, protectin D1, could sig-
nificantly attenuate replication of influenza virus by RNA export machinery [225].
Therefore, omega-3 PUFAs including protectin D1, with consideration of novel
antiviral drug, may have prospective benefits against SARS-CoV-2 [99].

Human body is unable to make them omega-3 PUFAs and can only be consumed
by intake of dietary components. The food sources of omega-3 PUFAs are fatty fish,
seafood (tuna, salmon, sardines), nuts, flaxseed, and plant oils (canola oil, soybean
oil, and others) [226].

Nutrients for Immune System and Resilience in COVID-19

The conjoint denominator reflecting the importance of nutrition and dietary recom-
mendations to minimize the virus prognosis during COVID-19 is based on relation-
ship between dietary components and immunity [227]. Diet has a critical role in the
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regulation of many intricate pathways related to immune system to defend the body
and reduce vulnerability to infections. The nutrients and combination of nutrient
affect the immune system to generate a complex array of protective mechanisms
like modifications in the synthesis of signaling molecules, cell activation, and regu-
lation of appropriate gene expression [228].

Many vitamins and trace minerals play a detrimental role in enhancing immune
functions [136]. Several nutraceuticals also regulate immune responses [229] neces-
sary for normal functioning and fight off infections.

There is a complex interaction between consumption of nutrients and regulation
of immune functions [230]. A well-balanced diet is valuable as excessive increase
in certain macronutrients may cause deficiency of any one or more micronutrients
as occurs in obesity [231], which leads to impaired immune responses including
phagocyte function, cytokine production, secretory antibody response, antibody
affinity, cell-mediated immunity, and the complement system, thus increasing expo-
sure to viral infections [232]. Increase in dietary intake of nutrients or nutrient sup-
plementation has positive effects in enhancing immunity against viral infections.
Deficiency of micronutrient malnutrition may result in weak immune responses [20].

The functions of immune system decline in old-age people due to dysregulation
of innate immunity with passage of time, high levels of chronic inflammation, and
altered development of T-cell and B-cell [233]. The impaired immune system in
older individuals increases the risk of contracting SARS-CoV-2, and severe out-
comes after infection result in vital organ failure and increased chances of deaths.
Nutrition has impact on multitude of immune responses and modulation of immune
homeostasis. Hence, nutrient-dense diet during surveillance and response phase of
immune system provide huge advantages to reduce severity of infection [234] when
fighting viruses like SARS-CoV-2 (Fig. 5.3).

ti-viral effects of Micronutrients,
Macronutrients and Phytonutrients

During COVID-19 infection

Fig. 5.3 Role of nutrients to enhance resilience and immunity
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Nutrition in Lowering Stress and Depression in COVID-19

In present global spread of SARS-CoV-2, stress is a pervasive dilemma. Life
becomes stagnant and quandary due to imposed lockdown after the declaration of
global health emergency, which may instigate mood deterioration and provoke
stress. This persistent and severe stress condition may affect the nervous system and
result in alterations in brain homeostatic functions, hence increasing the risk of
onset of depression [235]. Stress critically affects the development and functioning
of the body. The COVID-19 pandemic, with radical alterations in every norm of life,
can be classified as a stressful event with constant fear of infliction of disease, feel-
ings of helplessness, falling sick, or dying, and stigma [236] further boosts the
stress, and, generally, such stressful events greatly affect the nutrition [237]. Stress
may cause hypophagia or hyperphagia, and binge eating may apply that results in a
significant change in weight [238, 239]. Stay-at-home orders, smart working, and
limitations of outdoor activities could result in increase in stress and boredom.
Boredom markedly influences the dietary patterns and food choices. In most of the
cases, boredom is associated with excessive intake of energy and consumption of
relatively more quantities of carbohydrates, proteins, and fats [240]. Moreover, con-
tinuous hearing or reading news about lockdown, abrupt increase in infection rate,
and death during pandemic can further increase the stress. Consequently, these
stressed people start overeating and mostly rely on sugar-rich foods to compensate
stress condition [241]. The intense desire of consuming a specific food is known as
food craving, which is a multidimensional approach including behavioral (seeking
food), cognitive (thoughts about food), emotional (intense desire to eat), and physi-
ological (salivation) attributes [242].

SARS-CoV-2 badly affects the health system and global economy. Economic
crises and high unemployment rates further exploit the stress condition and also
induce anxiety, irritability, restlessness, and sleep disturbances. Stress increases the
risk of developing infectious diseases, mainly viral infections [243]. In healthy
people, stress suppresses the functions of immune system by shifting Th1 cytokines
toward Th2 cytokine and reduces natural killer cell activity. Moreover, stress inflicts
impaired response to vaccines, and decreased CD4+ to CD8+ ratio and low anti-
body titer occur in stress [244]. Hence, stress induces upper respiratory tract infec-
tions and compromised immune responses [245].

During stress, foods that contain and promote the serotonin and melatonin syn-
thesis are important as stress can deplete serotonin levels in the brain [246] which
can be restored by the intake of carbohydrate-rich diet. Sleep disturbance further
worsens the stress state and increases the consumption of foods, thus provoking
dangerous vicious cycle. Milk, salmon, poultry, and eggs contain sleep-inducing
amino acid tryptophan, which is a precursor of serotonin and melatonin. Moreover,
tryptophan regulates the satiety and caloric intake via serotonin to reduce the intake
of carbohydrates/fats and inhibits the activity of neuropeptide Y which is the most
powerful hypothalamic orexigen peptides that stimulate food intake [247].
Polyphenols from grapeseed, cayenne, and cardamom possess stress-reducing
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activity [248]. Therefore, to cope with stress condition, healthy food choices may be
preferred to sensibly avoid malnutrition and chronic diseases.

Food Choices for Diabetic Patients During COVID-19

Diabetes is associated with an increased risk for infectivity and prognosis of
COVID-19 as more than two-thirds of those who died of SARS-CoV-2 in Italy had
diabetes [249]. Moreover, due to the wide fluctuations in blood glucose levels or
presence of diabetes complications, COVID-19 can be more difficult to treat in
diabetic patients.

Individuals with diabetes and COVID-19 infection experience uncontrolled
acute hyperglycemic condition as ACE2 receptors are also present in pancreas that
facilitate the entry of SARS-CoV-2 into the pancreatic islets and result in dysfunc-
tion of acute beta-cells with severe hyperglycemic status [250]. In COVID-19
patients with diabetes, uncontrolled hyperglycemic state remains a serious concern
for health authorities as after taking recommended strategies to manage patients’
blood glucose level, fatality rates still increase in number [251]. In these circum-
stances, attention must be given to nutrition besides medication and other preventive
measures [252].

A varied and well-balanced diet given to diabetic patients on a regular basis is
important to maintain blood glucose level and proper functionality of immune sys-
tem; priority should be given to those foods that have low glycemic index, limit
intake of starchy or sugary foods and high-fat diet, and prefer lean protein variety.
Diet rich in vitamin D or vitamin D supplements should be suggested in COVID-19
diabetic patients to maintain glycemic status [253].

The dietary constituents with anti-inflammatory properties may have beneficial
role during hyper-inflammation, such as cytokine storm during COVID-19. A
healthy diet should consist of protein, fiber, vitamin D-rich food, fresh fruit and
vegetables, and limited saturated fats [253].

Food Choices for Cardiovascular Patients During COVID-19

Cardiovascular patients are badly affected during COVID-19 pandemic progres-
sion. Some patients after being affected with SARS-CoV-2 remain asymptomatic;
cardiac symptoms are considered as the first clinical manifestation in these patients
[254, 255]. Such patients have an adverse prognosis. The ACE2 receptor required
for the entry of SARS-CoV-2 into the host cell is expressed on vascular endothelial
cells and myocytes [256, 257], so the possibility of direct involvement of cardiac
cells by the virus cannot be ignored. Moreover, SARS-CoV-2 elevates the blood
pressure due to vasoconstriction and increased activity of aldosterone and is associ-
ated with potential downregulation effect of ACE2. COVID-19 infection may
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increase dysregulation of blood pressure that results in increased vulnerability to
cardiovascular complications [253].

To overcome cardiac complications associated with COVID-19, a combination
of vitamins C and E may be a beneficial antioxidant therapy focusing on the impor-
tance of dietary components in infectious state.

A healthy diet is one of the best weapons to fight cardiovascular disease. A diet
rich in high saturated and trans fat (Western diet) increases the risk of developing
cardiovascular disease, while vitamins, minerals, and antioxidant-rich food
(Mediterranean diet and DASH diet) are vascular protective. Adherence to
Mediterranean diet provides adiponectin, a protein hormone, involved in fatty acid
metabolism that helps in improving cardiovascular functionality [258].
Mediterranean diet is naturally low in sodium, rich in fruits and vegetables, and low
in fatty substances that is directly linked with reducing incidence, prevalence, and
mortality from hypertension, cardiovascular disease, and coronary artery disease.
Moreover, whole grain oats and rye might be more beneficial than whole grain
wheat in relation to cardiovascular disease [259].

Food Choices for Cancer Patients During COVID-19

Cancer patients are generally in more immunocompromised state due to regular
anticancer, malignancy treatments and related issues and hence are more vulnerable
to COVID-19 infection. In most of the cases, cancer patients may be prone to severe
outcomes than other individuals after SARS-CoV-2 infection [260].

Several stratagems have been proposed to avoid severe infections of COVID-19 in
cancer patients, such as stronger personal protection provisions, intentionally post-
poned adjuvant chemotherapy or elective surgery on a patient-by-patient basis, and
more intensive surveillance or treatment [260]. Furthermore, healthy dietary habits,
omega-3-rich diets, probiotic use, and vitamin D supplementation, as well as obe-
sity prevention, are likely to be the most efficacious preventive approaches to con-
trol hyper-inflammation and impaired immune responses and decrease the severity
of inflammatory diseases [261].

Food Choices for Patients with Digestive Disorders During
COVID-19

COVID-19 patients with preexisting digestive disorders also face difficulties after
infection due to improper intake of nutrients, their absorption, and assimilation in
cells. The gastrointestinal symptoms such as vomiting and diarrhea may also appear
after infection by SARS-CoV-2 that may highlight possible connection between
gastrointestinal tract and the lung. This supposition further strengthens the finding
of SARS-CoV-2 RNA from the stool specimen of COVID-19 patient [262].
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In many laboratory-confirmed COVID-19 patients in China, gastrointestinal
symptoms like nausea or vomiting, or both, and diarrhea were reported in many
patients depicting abnormal functioning of digestive tract in these patients. Autopsy
studies are necessary to understand and manage digestive issues related to
COVID-19. Segmental dilatation and stenosis in small intestine were shown in the
autopsy of one COVID-19 patient [263].

There is certainly a beneficial role of gut microbiota during COVID-19 infection
as some guidelines focus on the use of probiotics to retain the balance of intestinal
microbiome. The gut microbiota has paramount importance in the reduction of
enteritis and ventilator-associated pneumonia and plays a role to minimize certain
side effects associated with the use of antibiotics for control of early replications by
influenza virus in epithelial cells of lungs [264].

Gut microbiota diversity plays a putative role in human health, and subtle bal-
ance of these microbiota alters in old age that causes severe implications for health.
Elderly patients are badly affected by COVID-19 which might be due to dysbiosis
of gut microbiota in these patients. Furthermore, gut microbiota diversity and stabil-
ity also play a key role in myriad of metabolic processes and immunoregulatory
functions. So, improvement in gut microbiome profile may be vital to reduce the
impact of COVID-19 infection by increasing immunity. Personalized nutrition and
supplementation are prophylactic ways to stabilize microbiota profile in immuno-
compromised and older patients having digestive issues. The foods that stabilize
microbiome status such as fermented foods may be increased in diet. Dietary poly-
phenols also stimulate the growth of several beneficial microbes in the gut [265].
Maintaining composition of gut microbiota through proper nutrition and balance
diet may have a valid scope as new therapeutic option and adjuvant therapeutic
choices to reduce incidence and severity of COVID-19.

Food Choices for Pulmonary Disease Patients During
COVID-19

COVID-19 infection causes atypical pneumonia in most of the cases that leads to
acute respiratory distress syndrome (ARDS) in certain patients. This infection also
modifies the secretion of upper and lower respiratory tract products including pul-
monary surfactant and mucin. The production of mucin is upregulated during infec-
tion, with the function to prevent invading microbes from binding to epithelial cells
and causing infection in these cells [266].

Dietary constituents regulate the inflammatory responses and play a critical role
to minimize lung oxidative stress [267] by improving patients’ outcomes during
COVID-19. In particular, certain bioactive molecules such as polyphenols, flavo-
noids, and vitamin C actively influence inflammatory mediators and immune modu-
lators and protect the lungs from infections. Antioxidants play a pivotal role in
protecting lung tissues by reducing inflammation [268]. Flavonoids are also actively
involved in reducing lung injury during infection [269]. During progression of an
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infection, vitamin C level is depleted continuously; vitamin C supplements in this
situation attenuate the infection. So, vitamin C infusion may be a pragmatic treat-
ment approach in seriously ill COVID-19 patients [270]. Omega-3 PUFAs are ben-
eficial in upregulating the host’s specific and nonspecific immune responses [271].

Malnutrition May Exacerbate COVID-19

Malnutrition is a condition that arises due to either not enough of one or more nutri-
ent intake or otherwise excessive intake in diet. It may be due to imbalance in calo-
ries, carbohydrates, proteins, fats, vitamins, and mineral intake. Malnutrition
increases the risk of susceptibility and more serious complications of COVID-19.
Malnutrition may also involve morbidity, delayed recovery, and fatality in
COVID-19 pandemic. Malnourished host leads to increased pathogenicity of infec-
tious agent.

In patients with diagnosis of COVID-19, screening for malnutrition is important
with valid nutrition screening tools [272] as nutritional deficiencies lead to impaired
immune functions and increase the susceptibility, duration, and severity of disease. A
diet deficient in nutritional antioxidants can alter a normal avirulent type into a viru-
lent by modifying viral genetic characteristics. These mutants with altered genome
have now the ability to infect healthy host with adequate nutritional status [29].

Evaluation of nutritional status in all infected individuals is necessary before
hospital admission [273] and starting treatment [274]. In COVID-19 patients, nau-
sea, vomiting, and diarrhea are common symptoms that result in nutrient deficiency
due to poor absorption and assimilation of nutrients [275]; thus, good nutritional
status is vital for survival against infections. Individuals with inadequate nutritional
status should give prompt nutritional support [276] because immune response is
weakened during the course of infectious disease and demand for several nutrients
increases. It is particularly important to increase oral intake of protein.

Patients with high risk of malnutrition should maintain sufficient protein and
calorie intake [273]. In addition, continuous supply of nutrients is important due to
their wide-ranging antioxidants and anti-inflammatory actions [34]. Thus, the nutri-
tional status should be urgently managed in COVID-19 patients. Maintaining proper
nutritional status is mandatory for patients at risk of nutritional deficiency to reduce
the severe complications and other adverse effects who might acquire COVID-19 in
the future.

Nutrition and Post-COVID Recovery

COVID-19 infection may lead to acute respiratory distress syndrome and multi-
organ failure [8]. People who have officially declared recovered from COVID-19,
feeling fully normal by a patient may be a long process. These people are now
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highly enfeebled, and good nutrition and healthy diet are essential for full recovery.
The World Health Organization (WHO) estimates that it can take 6 weeks or longer
for someone to fully recover if they were in critical state during COVID-19.

After recovery from disease, patients still experience certain clinical symptoms
like fatigue and dyspnea which may result in inadequate nutritional intake. However,
it is crucial to minimize the gap of energy intake and energy expenditures during
disease, and nutrient-rich diet after recovery balances all the depleted nutrients.

Critically ill COVID-19 patients who may be admitted to ICUs for days have
resulted in severe depletion in muscle mass, strength, and resilience that leads to
impaired immune system. After recovery, these patients need adequate nutrition like
enough protein to repair their bodies and more vitamins and minerals to help smooth
functions of metabolism. Such a recovery diet would not only help to get strength
back but also boost immune system.

Future Perspectives

There is a strong risk that COVID-19 will endure and continue to be a threat in the
long term. The COVID-19 pandemic devastatingly affects millions of people across
the globe and strains the existing healthcare systems. The pandemic causes fear
among healthy people, infected individuals, physicians, and health system workers
but meanwhile provides new insights for developing innovative approaches and
strategies.

The prolonged restricted conditions during pandemic lead to change in lifestyle,
particularly eating habits and behaviors, and advocate for planned support efforts to
provide nutrition during future pandemic crises. People with impaired immune
system, NCDs, and deficient in essential nutrients must provide necessary guide-
lines, information, and nutritional support to modify their eating patterns, hence
developing human communities with strong resilience and immune functions that
defend the man from future pathogens. Moreover, false claims and exaggeration
about health benefits of different nutrients should be avoided for better health
outcomes.

Conclusion

The COVID-19 pandemic is a significant threat to human life worldwide. As there
is no known effective cure or treatment for COVID-19, proper food intake and good
nutritional status is an advantage for people at risk for severe COVID-19. Nutritional
intervention through a healthy balanced diet comprised of whole grains, vegetables
and fruits, nuts, legumes, dairy products, meat, and herbs is needed to boost immu-
nity and reduce the incidence of infection and severity. Several vitamins and miner-
als are also important for immunomodulation and attenuate complications. In
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addition, foods that boost immunity, reduce stress, and prevent malnutrition are
important to minimize the crises and critical outcomes. Selection of right foods is
perspective way to manage comorbidities, associated risk factors, and severe com-
plications during COVID-19. After recovery, good nutritional status is still manda-
tory to reinstate the nutritional losses incurred during disease progression.
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Chapter 6
Drugs for the Treatment of COVID-19

Check for
updates
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Introduction

Slowing the COVID-19 pandemic, which has already infected over 34 million peo-
ple worldwide, and ultimately ending it will depend substantially on the scientists’
development of effective treatments. The initial effort to repurpose the existing
drugs approved for other ailments to kill the virus and treat the COVID-19 makes
sense. Worldwide, many laboratories are engaged in carrying out research on exist-
ing drugs to develop remedies for COVID-19. This will considerably shorten the
total duration of drug discovery and development, which extends from laboratory
investigations to initial toxicity testing to animal studies to safety studies in humans
and, finally, large-scale clinical trials.
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The interruption of COVID-19 spread depends on a combination of pharmaco-
logic and nonpharmacologic interventions. Initial SARS-CoV-2 prevention includes
social distancing, face masks, environmental hygiene, and handwashing [1].
Although the most important pharmacologic interventions to prevent SARS-CoV-2
infection are likely to be vaccines, the repurposing of established drugs for short-
term prophylaxis is another more immediate option. Here are some of the medicines
currently being used in various parts of the world as potential remedies for COVID-19.

Dexamethasone

In June 2020, scientists in the UK announced that an anti-inflammatory agent, dexa-
methasone, has shown to reduce mortality in a recent clinical trial in which more
than 6000 severely sick COVID-19 patients were treated [2]. This represents a sig-
nificant improvement over the current treatment options available for COVID-19
patients. Immediately, dexamethasone was authorized by the British government to
be used in some patients, although its role in treating less severe COVID-19 infec-
tion was still not clear. The news of a preexisting, inexpensive medication reducing
mortality in COVID-19 patients came as a pleasant surprise after the continuous
negative news of what seemed to be an unstoppable spread of novel coronavirus.



6 Drugs for the Treatment of COVID-19 195

Although the complete clinical data were not available immediately, it was quite
clear that this could be a breakthrough. The drug is available in large quantities in
even developing countries and can be administered orally.

This trial’s results were compelling, although they have surprised many people
who are actively involved in finding a cure for COVID-19. Many experts in the field
suggested that if these results hold up in larger, more powered clinical trials, this drug
could be a game-changer, especially for those COVID-19 patients who are criti-
cally ill.

Dexamethasone is an important drug, a steroid used to treat general inflamma-
tion and a host of other conditions. It is well known in medicine for many years. The
drug has an excellent profile with a half-life of up to 54 hours. Since it is a nonspe-
cific treatment because it does not block a specific inflammatory pathway, it has
certain adverse effects. This is the drawback of this drug.

The results of the RECOVERY trial are particularly encouraging for severely ill
COVID-19 patients. After less than a month of treatment, there was a 35% reduction
in the mortality of severely ill patients who required ventilators. In patients who
required supplemental oxygen but not ventilators, a 20% reduction in mortality was
observed. However, it appears that the drug is not beneficial in less severely ill
patients and may exacerbate the disease. Some studies also suggested that patients
with acute respiratory distress syndrome can also benefit from the use of
dexamethasone.

Two factors are crucial when managing COVID-19 patients with dexametha-
sone — selectiveness and timing. Initial investigations suggest that dexamethasone
should not be used in patients who do not have severe symptoms of the disease and
do not need additional oxygen, such as those requiring a ventilator. Even in patients
in which dexamethasone is useful, it has certain drawbacks. It decreases an indi-
vidual’s ability to fight the virus because it dampens the overall immunity. Its lack
of selectivity in inhibiting inflammatory pathways makes patients susceptible to
several untoward effects, which include but are not limited to psychosis, emotional
disturbances, and worsening diabetes mellitus. Furthermore, dexamethasone should
not be used in the early stages of the disease as it may hinder the immune system in
clearing the virus from the body.

Comparing with remdesivir, which is the only other drug showing beneficial
effects in COVID-19 patients in a clinical trial, the results produced by dexametha-
sone are more impressive. Remdesivir is not reported to decrease the mortality in
COVID-19 patients but only reduced the number of days patients had to remain
hospitalized. On the other hand, dexamethasone reduced the death rate in severely
ill COVID-19 patients.

After the trials’ results were announced, many clinicians were confident that they
were more likely to give dexamethasone to severely ill COVID-19 patients, espe-
cially those on ventilators and whose condition is not improving. However, some
were not happy with the full results still not available. Scientists need additional
information on the trial to help identify further subsets of patients who could benefit
the most from the dexamethasone treatment. The trial investigators responded that
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they acknowledge and understand the scientific community’s concern and will
release the full data shortly.

The RECOVERY trial was evaluating many other treatment options besides
dexamethasone. For example, Kaletra, an HIV drug combination, antimalarial drug
hydroxychloroquine, and convalescent plasma were also investigated. The trial’s
hydroxychloroquine arm was discontinued after 2 weeks when it became apparent
that the patient outcome is not improving. The rest of the trial was continued until
6000 patients were enrolled in the trial. Investigators were looking for a drug that
could reduce deaths by about 18% with 90% confidence. They found out that dexa-
methasone was the first one to achieve this target. After that, they started analyzing
the data, and very early in the analysis, they found the clear advantage dexametha-
sone was offering to severely ill COVID-19 patients.

Chloroquine

The U.S. Food and Drug Administration revoked its emergency authorization for
hydroxychloroquine, the controversial antimalarial drug promoted by President
Donald Trump for treating the coronavirus. The agency said in a letter that the deci-
sion is based on new evidence that made it unreasonable to believe hydroxychloro-
quine and chloroquine “may be effective in diagnosing, treating or preventing”
COVID-19, the illness caused by the virus. Citing reports of heart complications,
the FDA said the drugs pose a greater risk to patients than any potential benefits.

Chloroquine is a synthetic 4-aminoquinoline that has been the mainstay of anti-
malarial therapy. It specifically binds to heme, preventing its polymerization to
hemozoin. Its use to treat COVID-19 patients started after some studies reported its
beneficial effects in treating the disease. Chloroquine and hydroxychloroquine have
been previously promoted by certain study groups to prevent and treat SARS-CoV,
among other conditions [3]. However, it was recently discovered that in vitro repli-
cation of SARS-CoV-2 can be inhibited by hydroxychloroquine [4]. However, other
studies did not yield many encouraging results, and their outcome was mixed [5].

A recent clinical trial tested hydroxychloroquine for postexposure prophylaxis,
and the results are now reported [6]. In this trial, all the data were reported by the
participants who were recruited by the investigators through social media. Placebo
or hydroxychloroquine was provided through the mail to participants who reported
severe or moderate exposure to COVID-19 patients at the workplace or at home.
Only 13% of the enrolled participants developed COVID-19-like symptoms but
were confirmed by the PCR in only 3% of the participants. In this setting, the use of
hydroxychloroquine did not offer any benefit compared to placebo in protecting
participants from developing Covid-like symptoms in the Covid-naive participants.
On the other hand, hydroxychloroquine users reported common adverse effects
much more frequently than those who received a placebo (40% vs 17%).

The study design of the trial itself had many limitations. There were no consis-
tent means of verifying whether the participants reporting Covid-like symptoms
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have the infection. That is why the reported symptoms of Covid patients in the study
were less specific [7]. Therefore, the exact number of Covid cases in the study is
hard to know. Another problem was the inability to monitor patient compliance and
adherence to the dosing schedule. In the study, patients receiving hydroxychloro-
quine reported less than optimal compliance. The median age of the participants
enrolled in the study was 40 years, and most of them were free of coexisting dis-
eases. Therefore, these were a rather low-risk participant group because those at
high risk are much older and have comorbid conditions [8].

Another problem with this clinical trial was that hydroxychloroquine was started
much later after symptoms appear in the patients (more than 3 days). This indicates
that the aim of the trial was to prevent the COVID-19 symptoms rather than the
prevention of SARS-CoV-2 infection.

Hydroxychloroquine is a relatively safe drug, which has been emphasized previ-
ously [3]. However, careful analysis of such studies indicates that the potential for
cardiotoxicity was high, especially in patients with comorbid conditions [9]. Most
of the COVID-19 patients are older and with other preexisting diseases. This trial,
although did report mild adverse effects of hydroxychloroquine, did not mention
any cardiac effect as these could not be assessed.

The fear of SARS-CoV-19 justifies the urgent search for treatments, and there-
fore advocacy of hydroxychloroquine and its widespread use makes sense. But it
should be the scientific evidence that should drive the clinical decisions rather than
social media and unfounded political remarks. It appeared for a while that social
and political forces were driving the global COVID-19 research agenda [10]. At one
time, more than 200 clinical trials were listed on ClinicalTrials.gov website, many
of which were intended for the prevention of the disease. What would be the fate of
these trials in the face of results by Boulware and colleagues? Since Boulware and
colleagues’ results are inconclusive and even provocative, the results of these trials,
which are much larger and more scientifically sound designs, would be interesting.

On June 15, 2020, FDA has revoked the emergency authorization to use chloro-
quine and hydroxyl chloroquine in hospitalized COVID-19 patients when a clinical
trial is unavailable or participation is not feasible. This decision was based on recent
data and a large clinical trial that did not show any benefit of these medications in
the speed of recovery or in decreasing the likelihood of death. These outcomes of
the clinical trial make sense and are consistent with the recent studies which show
that these drugs are unable to inhibit viral mRNA or kill the virus. Hence, FDA
determined that the legal criteria for the emergency use authorization are no
longer met.

Remdesivir

Viruses from the corona family hijack the cellular machinery after entering the host
cell. To replicate inside the host cell, their RNA-dependent RNA polymerase
(RDRP) uses the host raw material to replicate [11]. This enzyme is an especially
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attractive drug target for it is highly conserved because of the evolutionary con-
straints on its function. This approach of blocking the replicating enzyme in the
virus has previously yielded dividends in the treatment of hepatitis C infection, as
illustrated by the discovery and development of sofosbuvir [12].

The virus that causes COVID-19-SARS-CoV-2 is a member of coronaviruses. Its
treatment targets would be similar to other coronaviruses such as those that caused
SARS and MERS, namely, SARS-CoV-1 and MERS-CoV, respectively. A recent
study was conducted on the potential of remdesivir to treat COVID-19 [13]. This
study has resulted in some confusion regarding the outcome of the trial due to the
study design issues.

Remdesivir is a prodrug and must be activated to its active form by several
enzymes, including esterases, amidases, and kinases. Once inside, the active drug
inhibits viral RDRP [14]. This approach has been historically very effective,
although coronaviruses can detect nucleotide sequences errors and correct it [15,
16]. However, remdesivir has the ability to escape from this corrective action of
coronaviruses. Similarly, laboratory experiments indicate that a mutation in the
viral enzyme would lead to resistance against remdesivir, but such versions of the
viruses are less fit and much less pathogenic [15].

Several animal studies show that remdesivir is effective against many viruses.
When given postexposure to rthesus monkeys infected with MERS-CoV, it protected
the monkeys from severe lung damage, and when given as a pretreatment, it pro-
tected the monkeys from infection [17]. Similarly, when given 24 hours postexpo-
sure to African green monkeys infected with Nipah virus, it protected monkeys from
this infection, which is a cause of fatal encephalitis [18]. It also protected rhesus
monkeys from the Ebola virus when given parenterally for 12 days [19].

Remdesivir treatment 12 hours prior to infecting the rhesus monkeys with SARS-
CoV-2 protected them from severe lung damage and reduced respiratory symptoms
in a randomized control laboratory trial of 12 rhesus monkeys [20]. Whether this
efficacy and potency are translated into human clinical trials is a different matter. In
another study, Ebola mortality was compared in four groups, one of which was
given remdesivir, and the other three were given different antibody treatments. In a
randomized control trial in 681 patients, the mortality in the remdesivir group was
53%, which was significantly worse than 35% observed in the most potent antibody
group [21]. However, the authors also shared that the patients in the remdesivir
group had much severe symptoms.

Many of the initial studies on the effects of remdesivir in COVID-19 stem from
small clinical studies or personal experiences [22]. However, the results of some
short clinical trials are now being reported. In several studies spanning three con-
tents and over 20 hospitals, the combined results of 53 of 61 patients suggest some
protective effects of remdesivir in COVID-19 patients [13]. The mortality rate was
13% in the remdesivir group after 18-day treatment. Among patients who were
ventilated, mortality was 5%. The likelihood of patient improvement was 68% after
an 18-day treatment period (40-80% with a 95% confidence interval). Common and
less severe adverse effects were experienced by 60% of patients, while serious
adverse effects were reported by 23% of patients. Rashes, diarrhea, hypotension,
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and renal impairment were the most frequently encountered adverse effects. This
study has some obvious limitations. The trial did not have a randomized control
arm; there was no information on the initially treated eight patients, and the follow-
up was relatively short. The sample size of the trial was also small precluding gen-
eralizability of the study.

A compassionate use program is available for remdesivir as it once existed for
penicillin for treating acute infective endocarditis (Dolphin A, Cruickshank R,
1945). However, there are some very important differences between the two. In the
case of the compassionate use of penicillin for infective endocarditis, it should be
recalled that mortality of endocarditis was high compared to COVID-19.
Furthermore, it is hard to establish evidence of treatment benefit in an open, uncon-
trolled trial. Therefore, the mere existence of a compassionate use program does not
guarantee the safety and efficacy of the treatment.

Whether or not remdesivir offers any benefit in COVID-19 could be ascertained
by large, well-powered, randomized, double-blind, controlled, well-masked, prefer-
ably multicentered trials. Currently, there are more than two dozen different clinical
trials; enrolling over 25,000 patients are underway to investigate the effects of rem-
desivir in COVID-19. However, only about one-fifth of these are double-blind.
Many of these are just observational studies. Another thing that could help is prepar-
ing standard protocols for these clinical trials for easy comparison of the data.
Designing adaptive clinical trials would facilitate interim analyses and decide if a
treatment should be stopped or evaluated further. The adaptive design will also help
in evaluating multiple treatments at once.

Angiotensin-Converting Enzyme Inhibitors

SARS-CoV-2 infection is not severe in most people, but in some, it can lead to
severe inflammation, respiratory depression, and death due to multiorgan failure
[23]. The virus enters the cell by endocytosis when the cell-surface protein ACE2
interacts with the viral protein spike in the lung. ADAM metallopeptidase domain
17 (ADAM 17) activity is increased due to this endocytosis, which results in the
release of ACE2 from the cell membrane. The loss of ACE2 abolishes its protective
role in the cell and causes further release of proinflammatory cytokines in the circu-
lation when the renin-angiotensin-aldosterone system is left uninhibited [24]. In
patients with preexisting cardiovascular disease, this inflammation and stress fur-
ther aggravate the patient’s condition [25]. Other factors that play important roles in
the observed association between death due to COVID-19 and cardiovascular dis-
ease include myocardial depression, viral infection of the heart, endothelial denuda-
tion, and cardiomyopathy. These effects may further aggravate preexisting
arrhythmias, increase the oxygen demand of the heart, and hasten heart failure [26].

Factors such as old age and patient gender also affect the disease outcome in
COVID-19 patients. Older age was found significantly associated with cardiovascu-
lar events and death in influenza [25]. Differences in the disease outcome and gen-
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der were also observed during the 2003 epidemic of severe acute respiratory
syndrome (SARS) [27]. These differences in the disease outcome (death) may be
because women can fight infections better than men owing to stronger immunity
[28]. Furthermore, it is also known that male mice have a higher susceptibility to
SARS-CoV-1 than female mice in the animal models. This could be partly explained
by the increased concentrations of inflammatory markers such as neutrophils and
macrophages [29]. Animal studies also reveal that female mice’s mortality due to
SARS-CoV-1 is increased when estrogen receptor antagonists are used or after
ovariectomy. This risk due to gender is further enhanced by advanced age [29].
These observations suggest there is a strong protective effect of female sex and
younger age as indicated by the increased survival linked to these two variables in
COVID-19.

In a recent study, survival among COVID-19 patients is increased when statins
or ACE inhibitors were used [26]. Since this study was not a randomized controlled
clinical trial, the effects of confounders cannot be overlooked. These could be
chance associations. Therefore, it cannot be established that ACE inhibitors or
statins are increasing the survival of COVID-19 patients. Hence, in individual
patients who do not have any routine indication of these drugs, this study does not
provide evidence to initiate those patients on ACE inhibitors or statins. Whether or
not these medications can offer any benefit in COVID-19 patients could be estab-
lished by randomized controlled clinical trials that would evaluate the roles of these
medications in detail.

Several studies show that in-hospital deaths, increased risk of severe disease, or
increased risk of SARS-CoV-2 infection is not associated with the use of ACE
inhibitors or ARBs. These studies alleviate the concerns that ACE inhibitors and
ARBs may predispose individuals to severe COVID-19 disease due to the inhibition
of the renin-angiotensin-aldosterone system (RAAS). These studies have different
study designs and diverse populations. Still, most of these were observational and
were published in reputable journals such as the New England Journal of Medicine
and JAMA Cardiology.

Mehra and colleagues [30] showed that various cardiovascular and noncardio-
vascular adverse effects had been associated with in-hospital deaths. Especially,
smoking older age (>65), congestive cardiac failure, coronary disease, cardiac
rhythm problems, and chronic obstructive pulmonary disease are independently
associated with in-hospital deaths. These adverse effects increased the risk of in-
hospital death. On the other hand, the use of ACE inhibitors was not associated with
in-hospital deaths. This analysis was described in a study that collected the observa-
tional data of 8910 patients from Europe, North America, and Asia, admitted in 169
different hospitals to investigate the link between in-hospital death and drug therapy
and cardiovascular events.

The severity of COVID-19 and the risk of SARS-CoV-2 infection were not asso-
ciated with the use of ACE inhibitors and ARBs in another trial conducted in Italy
by Mancia and colleagues [31]. Although the use of these medications was lower in
controls compared to cases, no evidence of increased adverse effects or risk of
severe infection was found in the control group. This analysis was a result of a
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population-based case-control study in which 6272 cases and 30,759 matched
controls were recruited to investigate the possible link between these drugs (ACE
inhibitors and ARBs) and the severity of the disease and the risk of infection.

Previous use of ACE inhibitors and ARBs was not associated with the risk of
infection or its severity in another observation controlled trial [32]. Propensity score
models and Bayesian analysis revealed that both ACE inhibitors and ARBs are not
associated with a high risk of severe COVID-19 infection or a higher risk of disease.
This study was conducted in 12,594 patients enrolled in a health network in
New York, USA, and were screened for COVID-19 infection.

In another cohort of patients, overlap propensity score weighting did not show an
association between the use of cardiovascular medications (ACE inhibitors and
ARBs) and the risk of a positive Covoid-19 infection [33]. These were the results of
a study conducted by Mehta and colleagues in Florida, USA, in a cohort of 18,472
COVID-19 patients.

Another case-population study conducted in Spain also ruled out any link
between ACE inhibitors and ARBs and increased risk to COVID-19 [34].
Conditional logistic regression analyses revealed that the use of ACE inhibitors and
ARBs to blunt RAAS was not associated with a higher risk of the disease compared
to other cardiovascular drugs. This study, which was conducted in 1139 COVID-19
patients admitted to seven hospitals in Spain, also revealed that ACE inhibitors and
ARBs are associated with a lower risk of COVID-19 in diabetic patients. Taken
together, these investigations indicate that the use of RAAS inhibitors is not associ-
ated with an enhanced risk of COVID-19 severity or other unusual untoward effects.

Spike Protein Inhibitors

Novel coronavirus targets human cells through a highly glycosylated protein called
S protein, which binds human angiotensin-converting enzyme 2 (ACE-2) [35]. This
initial binding step is followed by the internalization of the virus in human cells.
This binding of S protein, through its receptor-binding domain, to ACE-2 is a pre-
requisite for viral entry and subsequent pathogenesis of the disease [36]. The high
affinity of S protein toward ACE-2 is thought to be an important underlying factor
in the rapid spread of the disease. The absence of an early high-resolution crystal
structure of S protein made the initial efforts to virtually screen or design S protein
inhibitors extremely hard [37]. Publishing of a high-resolution (3.5 A), CryoEM
structure of the S protein was recently reported [36]. This has made the design and
virtual screening of the S protein inhibitors relatively easier.

It was recently shown that Affimer reagents were able to bind S protein from
SARS-COV-2, which protected the human cells from COVID-19 infection. This
work is a collaboration between the Center for Virus Research, University of
Glasgow, and Affimer biotherapeutics and reagents manufacturer Avacta Group plc.
These laboratory findings could become a potential therapy for COVID-19.
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In a recent statement, the company stated that they had generated more several
potent inhibitors of S protein, which could block the first step of viral entry into
human cells. They said that their preliminary data is highly encouraging. Their col-
laborator, Professor David Bhella, at the University of Glasgow, seems to agree.
According to him, these spike protein inhibitory compounds could neutralize any
attempt of viral entry in the human cell through the ACE-2 receptor.

Compared to antibodies, small-molecule inhibitors, such as those analyzed by
the Avacta Group and University of Glasgow team, offer many advantages. Because
of their small sizes, high concentrations of these inhibitors could be used without
significant solubility issues. Since these compounds are made through combinato-
rial chemistry techniques, scaling up their production will not be a big challenge.
Another critical advantage of Avacta Group compounds is that many of these inves-
tigative therapies are bispecific or trispecific, meaning they bind to more than place
on the spike protein, ensuring maximum effectiveness of the therapy.

Further work is underway to understand the nature of binding Avacta compounds
to spike protein, which could provide insights into the mechanistic aspects of the
inhibition. On the other hand, Avacta is actively looking for a large pharmaceutical
industry partner for the large-scale production of the compounds once its efficacy
and potency are established. The promising aspect of these compounds is that they
could be given to the healthcare worker for prophylaxis and the patients for treating
the disease.

There is also an increasing interest of the research community in targeting S
protein for furin-like cleavage site to generate the so-called furin inhibitors. The
presence of a furin-like cleavage site in the genomic sequence of SARS-COV-2
further elevated the interest in designing and developing such inhibitors. This furin-
like cleavage site in the S protein has implications for the pathogenicity of the virus
and its life cycle.

Conclusions

This chapter discusses several drugs currently in clinical and laboratory studies in
addition to several landmark trials and combines the available information with the
personal experiences of clinicians with COVID-19 patients. We discussed important
clinical trials, including the one that demonstrates a significant decrease in mortality
with dexamethasone use. Another important clinical trial that was discussed showed
that the use of remdesivir decreases in the number of days a patient with COVID-19
had to spend in a hospital. However, many of the studies show no benefit to the
patients, and some are inconclusive. Other studies demonstrate improvement in
patients’ symptoms, but the evidence was low. One of the major problems in com-
paring the results from different studies and trials is the lack of uniform study
design. However, based on the available evidence, dexamethasone and remdesivir
are perhaps the best of the available remedies for COVID-19. ACE inhibitors and
ARBs could also be used in COVID-19 patients for cardiovascular indications, and
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they do not increase the severity or the frequency of known adverse effects. We
could not find any worthwhile evince that supports the use of chloroquine or
hydroxychloroquine in COVID-19 patients. Many new and exciting molecules are
being tested in the laboratories. Some old and new drugs are being investigated in
the large, randomized, controlled trial worldwide to treat and prevent COVID-19.
The research and medical community’s hard work represents a great hope for
humanity to overcome this pandemic ultimately.
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Chapter 7
COVID-19 Pandemic and Vaccines

Hina Qaiser, Roheena Abdullah, Tehreema Iftikhar, Hammad Majeed,
and Imran Imran

Introduction

Viral diseases regularly pose threats to the human health, says the World Health
Organization (WHO). The mankind has witnessed some serious epidemics, viz.
severe acute respiratory syndrome (SARS), HIN1 flu and MERS within the past 20
years. As the year 2019 was coming to its conclusion, a few cases of pneumonia
with intense respiratory problems emerged in Wuhan City, Hubei Province, China.
The doctors were unable to identify the aetiology of the disease [1]. As the cases
spread, the Centers for Disease Control and Prevention (CDC) intervened and dis-
covered that infection was being caused by a new type of coronavirus that was
named as the 2019 novel coronavirus disease (2019-nCoV). It was also referred as
SARS-CoV-2 and human coronavirus disease 19 (hCoV-19) at the time [2]. Later
on, the official name of the disease was announced as coronavirus disease 2019
(COVID-19) by the WHO. As stated above, coronaviruses are already accountable
for  causing two recent epidemics, namely, @ SARS-CoV  and
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MERS-CoV. SARS-CoV epidemic emerged from China and spread to 24 nations
infecting 8000 individuals with a fatality rate of 9.6% [3]. The MERS-CoV initiated
in Saudi Arabia and is accountable for 2500 cases with a much higher fatality rate
of 35%. It is also causing periodic cases even in the present [4]. COVID-19 is being
transmitted chiefly by respiratory droplets, while person-to-person transmission is
also taking place through close contacts since mid-December 2019 [5]. COVID-19
was given the status of pandemic by the WHO on 11 March 2020.

COVID-19 Vaccines: A Need of Time

The CoVs have become the significant microbes of emerging respiratory ailments.
They are wrapped non-fragmented positive-sense RNA viruses and have a place
with the family Coronaviridae. They are comprehensively circulated in people and
other animals [6]. Beforehand, six COVID types have been found to cause human
illnesses (Fig. 7.1) [7]. The first four species resulted in minor indications; however,
the last two SARS-Co and MERS-CoV created havoc with death rates of 10% and
34% for SARS-Co and MERS-CoV, respectively. These two viruses have resulted
in death of more than 10 thousand people in the past 20 years [7-9]. SARS-CoV-2
is number 7 in the list of COVID that can affect people [10]. In spite of the fact that
the death rate of SARS-COV-2 is lesser compared to MERS-CoV and SARS-CoV,
it is much more contagious than MERS-CoV or SARS-CoV (Table 7.1).

Genome sequencing examination of clinical samples obtained from patients
exhibited that 88% of the SARS-CoV-2 genome was homologous to two SARS-like
COVIDs present in bats: bat-SL-CoVZC45 and bat-SLCoVZXC21. It also showed
79% and 50% nucleotide sequence homology to SARS-CoV and MERS-CoV,
respectively [11].

The genome also consists of 16 nonstructural proteins (nsp1-16) along with 5-8
accessary proteins [12]. Phylogenetic assessment proposed that bats can be the
basic source for SARS-CoV-2 [13]; the middle host is as yet under scrutiny. The
illness essentially influences the respiratory organs, and sickness seriousness can
extend from minor rhinorrhoea to acute respiratory syndrome followed by patient
death [14-16]. Other documented symptoms include diarrhoea, rash, anosmia,
thromboembolic issues, vasculitis and myocarditis [1, 16-22]. The median incuba-
tion time frame is assessed to be 5 days with a greater part creating side effects by
11.5 days [23]. The patients of COVID-19 are believed to shed highest levels of
viral load at the beginning of symptoms [24]. This and other epidemiological infor-
mation proposes the risk of transmission starting from indistinct presymptomatic

; | HCoV-229 Z HCoV-0C43 Z HCoV-NL63 ‘z HCoV-HKUI ‘z SARS-CoV :! MERS-CoV
| 1 f l

Fig. 7.1 Types of coronaviruses infecting humans




7 COVID-19 Pandemic and Vaccines 207

Table 7..1 Contagiousness of Coronavirus type | Contagiousness

coronaviruses SARS-COV-2 | Middle RO: 5.7
MERS-CoV RO: <1
SARS-CoV RO: 3

period [25]. The clinical deterioration is deferred till the second week from the
infection onset and appears to be the manifestation of cytokine-mediated immune
response, accountable for severe inflammation and dispersed intravascular coagula-
tion, often with low-intensity viraemia [26, 27]. Death rate is highest among the
elderly people (older than 70 years); however, other factors can also account for the
death of the patient [1, 16, 28] which include gender (higher fatality rate in males
than females), obesity, hypertension and diabetes. The announced case casualty
rates (CFR) have been somewhere in the range of 0.82% and 9.64%, with change-
ability in CFR likely because of the testing recurrence and access along with numer-
ous other health framework limiting factors in various areas of the world [29]. The
infection fatality rate (IFT), death count of all individuals infected, asymptomatic
and not tested, is a superior gauge of populace mortality and is demonstrated to be
somewhere in the range of 0.1% and 0.41% [29]. The countries of the world have
worked out strict measure to counter the effects of COVID-19 that includes shut-
downs which alone are believed to save an estimated three million lives in 11
European countries [30]. These measures have been taken on the expense of slow-
ing down of economies and recession. A great many jobs in all economic sectors
have been lost because of COVID-19 restrictions like social distancing, travel bans
and self-isolation. There have been a closure of education institutions and a sharp
decline in consumer spending. Two sectors to have thrived in strict shutdowns have
been pharmaceuticals and food sector — as there was a high demand of food due to
the ongoing panic in shutdowns to stock pile the food products.

Coronavirus Vaccine Development: Challenges of the Past

The 30 + kb genome of RNA coronaviruses is enveloped by a helical nucleocapsid
(N) which is surrounded by an outer envelope consisting of matrix protein (M),
envelope protein (E) and spike proteins (S) [31]. The naturally occurring trimeric
form of S protein holds the receptor-binding domain (RBD) accounting for the asso-
ciation with the angiotensin-converting enzyme 2 (ACE2) and facilitates entry into
the cell. This S protein, among other structural proteins of SARS-CoV, has been
found to cause the production of neutralizing antibodies, therefore a chief candidate
antigen for vaccine development [32, 33]. Coronavirus vaccine development has
met with some major challenges in the past. So far, not a single coronavirus vaccine
has been licensed for human use to combat respiratory infections. As for the ani-
mals, only infectious bronchitis virus (IBV) vaccines are approved for upper
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Table 7.2 Immunopathology associated with coronavirus vaccines

Sr | Animal Complications postinoculation
No | model Vaccine with the virus Reference
I Mice Inactivated whole virus Lung eosinophilic infiltration | [36]

vaccines

Recombinant DNA spike
protein vaccine

Virus-like particle vaccine
I Mice SARS-CoV N protein Severe pneumonia [37]
Lung eosinophilic infiltration

IIT | Mice Viral replicon particles No complications [37]
expressing glycoprotein
IV | Mice Inactivated MERS-CoV vaccine | Severe pneumonia [38]

Lung eosinophilic infiltration

respiratory CoV infections in chickens. Generally, the coronavirus vaccines mim-
icking human disease have been shown to be immunogenic when injected in animal
models but do not effectually avoid disease acquisition [34]. Additionally, there is a
worry that immunization, just like normal coronaviral infection, may not instigate
enduring insusceptibility and reinfection might be conceivable [35]. Additionally,
concerning has been the immunization-related disease enhancement. Past utiliza-
tion of COVID immunizations (SARS-CoV and MERS-CoV) in some animal mod-
els has shown safety issues with respect to Th2 interceded immunopathology
(Table 7.2).

Vaccine Development Strategies

Vaccine development is an efficient measure to counteract infectious diseases. With
knowledge gained from the previous vaccine models considered for MERS and
SARS, several vaccine development strategies, i.e. DNA, mRNA, recombinant pro-
tein, inactivated/attenuated virus and adenoviral vector, are being explored (Fig. 7.2).
In this regard, S protein and its fragments (S1, S2, RBD and N protein) are being
considered as potential candidates for COVID-19 vaccine development (Fig. 7.3)
since they have also been used in case of MERS and SARS vaccine [39, 40].

As soon as the genetic information of SARS-CoV-2 was made public on 11
January 2020, around 40 pharmaceutical establishments and academic organiza-
tions from several countries are actively involved in vaccine development to win the
fight against SARS-CoV-2, and many of them have reached the clinical trial stages.
Various vaccine platforms being investigated have specific salient points (Table 7.3).
The route to successful vaccine development can be abetted by taking an elaborate
look into pathological process of SARS-CoV-2 in humans and the coordinates and
duration of immunity. A comprehensive look into the way the virus affects the target
organs and its spread within the body will aid in developing vaccines which can
prevent virus dissemination to the organs and abate its infection. It is an important
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Table 7.3 A comparison of COVID-19 candidate vaccine platforms

Nucleic Inactivated
acid Live-attenuated virus | virus Subunit Viral vector
o S i | F%,
Vaccine | uononon E ;'.& LA e ;:°
types Auononon, T () Jivrt Tri®
Working | DNA/ Weakened version of | Virus killed | Viral surface Nonpathogenic
RNA the virus by heat or | proteins utilized | viral vectors
expresses chemical | which are targeted | used to deliver
viral treatment | by immune viral genes to
proteins acts as system confer
which inactivated immunity
trigger the vaccine
immune
responses
Pros Simple Elicits a strong Simple to | Directs the Live viruses
and quick | immune response engineer immune response | stimulate robust
to without causing and safe towards the immune
engineer | serious infection because of | significant entity | reactions

the dead of virus without
nature of | any infection

the virus

Cons No Not a viable option Not as Do not elicit a Choice of a safe
approved | for effectual as | sturdy immune viral vector is
DNA/ immunocompromised | a live virus, | response, may be | crucial; immune
RNA persons may used in response
vaccines escalate the | combination with | directed at the
exist so infection adjuvants to vector may
far confer long- weaken the

lasting immunity | vaccine
effectiveness
Existing | None Measles, mumps, Polio Hepatitis B Ebola
vaccines rubella (MMR) Pertussis Veterinary
Chicken pox Papillomaviruses | medicines

point to consider that as SARS-CoV-2 affects the lungs, it will result in pneumonia
by viraemia or after the infection of upper respiratory tract. In case of the latter, vac-
cine systems based on live replicating vectors or attenuated viruses would be effec-
tive as they bring out localized mucosal immunity and shelter the upper and lower
respiratory tracts and diminish adenoidal emissions. The use of live-attenuated
influenza virus vaccine is a good example since it essentially produces localized
IgA antibodies and scarcer systemic antibodies and causes prompt defence [41].
On the contrary, if lungs and other organs are being infected via viraemia, then
parenteral (intramuscular) vaccines would serve better as they result in the produc-
tion of substantial amount of virus neutralizing (VN) antibodies in serum blocking
viraemia. Upon reaching the lungs and other target organs, VN antibodies could
also efficiently wedge the infection. Furthermore, when COVID-19 recovered
patients are exposed to the virus again (like seasonal influenza), an annual booster
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dose of a parental vaccine alone, such as a subunit S or RBD protein, would suffice.
This would result in strong memory B and T cell responses and enable long-term
immunity preventing subsequent virus infections. There have been reports of virus
shedding in diarrhoea and faeces in few COVID-19 patients, so oronasal vaccines
may also be effectual [42]. Therefore, the recipients of COVID-19 vaccines could
be divided into three groups, viz. susceptible persons without immunity, healed
individuals with varying level of immunity and individuals having immunity
(exposed and recovered) against SARS and MERS. Consequently, the immuno-
genic response, level of protection and lethal effects of candidate vaccines will be
different from person to person depending on the above categories. Evaluation of
pre-existing levels of immunity with respect to population type and age will be
imperative to corroborate the vaccine efficacy and safety.

Vaccine development and its scale-up in the middle of a worldwide pandemic is
a demanding and tedious task since it entails the coordination of various activities
taking place side by side in comparison to the decennium long, step-by-step vaccine
production which includes preclinical trials, clinical trials, scale-up studies and dis-
tribution. This situation creates a blend of invested resources and increased financial
risk having high stakes [43]. Previous disease outbreaks have witnessed high mor-
tality and morbidity rates due to unorganized and delayed vaccine distribution as in
the case of West African Ebola epidemic (2013/2014) which claimed 11,000 casual-
ties [44] causing enormous economic and social losses of an estimated 53 billion
dollars [45]. Unfortunately, an effective vaccine developed subsequently might have
cut down the social and economic losses at the time controlling the outbreak [46,
47]. Appallingly, the SARS 2003 outbreak finished before an effective vaccine was
developed. Disappointingly, funding organizations at that point reallocated reserves
that had been focused on vaccine development, leaving producers with monetary
misfortune and slowing down other vaccine advancement programmes [43]. In
2017, the Coalition of Epidemic Preparedness Innovation (CEPI) was shaped to
answer these previous disappointments with an undertaking to build up a planned
reaction to rising irresistible sickness dangers to guarantee robust immunization
programmes and early deployment in light of pestilences [48].

Nucleic Acid Vaccines

This strategy involves the use of nucleic acid sequences to express viral antigens. As
the cell uptakes the nucleic acid fragments, viral protein expression is initiated
which further elicits immune responses (humoral and cellular) similar to the ones
taking place in course of natural infections. Such type of vaccines has been tested
for animal ailments and exhibited immune protection, for instance, for foot and
mouth ailment, deer powassan infection and rabies infection [49, 50]. Nucleic acid
vaccines intended for Ebola, influenza and Zika virus have already entered phase I
of the clinical trials [51]. The advantage of this platform resides in its ease of
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antigen control, rapid synthesis and cell-free engineering which evades the require-
ment of biosafety level 2 laboratory. The major hindrances are the delicate nature of
nucleic acids such as mRNA which require continuous cold conditions during han-
dling and capacity [52]. Stage I clinical studies have been carried on SARS-CoV
and MERS-CoV DNA vaccine candidates. A recombinant SARS DNA vaccine syn-
thesizing the SARS-CoV N protein, created by the National Institute of Allergy and
Infectious Diseases (NIAID), was explored in ten adult individuals [53]. Clinical
trial undertaken by GeneOne Life Science/Inovio for a MERS-CoV DNA vaccine
(GLS-5300) encoding full-length S protein genome contained a high number of
participants (n = 75) [52]. Both indicated satisfactory safety profiles and initiated
humoral and cellular reactions; the MERS-CoV DNA vaccine has progressed into a
stage 2 of clinical trials [29]. The only SARS vaccine to have entered a phase I trial
is an inactivated immunization (ISCV) created by Sinovac Biotech [54]. There were
no reports of human investigations wherein inoculated subjects were tested by the
characteristic infection.

A few significant biotechnology organizations are working on advanced models
of nucleic acid vaccines for COVID-19. The Innovation and Value Initiative (IV]),
Inovio and the Korea National Institute of Health (KNIH) are working together with
the Coalition for Epidemic Preparedness Innovations (CEPI) to safety evaluation
and immunogenicity of a DNA vaccine named INO-4800 in phase I/II clinical trial
in South Korea. Both Moderna/NIH and CureVac are zeroing in on mRNA vaccine
improvement, and a safety evaluation trial of Moderna’s mRNA-1273 vaccine was
conducted on 45 individuals in March 2020 [55].

Protein Subunit Vaccines

Subunit-based immunizations dependent on recombinant S or S1 protein of SARS-
CoV and MERS-CoV have been exhibited to be viable in numerous investigations
[56] [57-59]. Clover Biopharmaceuticals is building up a vaccine comprising a
trimerized SARS-CoV-2 S protein utilizing their patented Trimer-Tag innovation
[59]. The receptor-binding domain (RBD) in SARS-CoV-2 S protein was distin-
guished, and it was additionally shown that SARS-CoV-2 RBD displayed funda-
mentally higher binding affinity to ACE2 receptor contrasted with interaction
between SARS-CoV RBD and ACE2 [60], recommending that the RBD-based
SARS-CoV immunizations can possibly be created for counteraction of SARS-
CoV-2 infections. RBD-based vaccines are currently being worked on by a few
associations through worldwide coordinated efforts [61]. The pneumonic surfactant-
biomimetic nanoparticles used to potentiate heterosubtypic flu resistance can be
utilized as adjuvant to improve the immunogenicity of SARS-CoV-2 subunit vac-
cines [62].
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Inactivated or Live-Attenuated Virus Vaccines

Whole inactivated or live-attenuated virus-based immunizations speak to a custom-
ary vaccine technique. Scientists at the University of Hong Kong have built up a live
influenza vaccine that produces SARS-CoV-2 proteins [63]. Codagenix has built up
a “codon deoptimization” innovation to weakened viruses, and the organization is
investigating COVID-19 vaccine systems [64].

Virus Vector-Based Vaccines

Immunizations dependent on viral vectors offer a significant level of protein expres-
sion and long haul dependability and elicit strong immune reactions [65]. Johnson
& Johnson is building up an adenovirus-vectored antibody utilizing AdVac®/PER.
C6® immunization technique [55]. The first COVID-19 vaccine candidate depen-
dent on adenovirus-vectored immunization created by Chen Wei bunch entered
human clinical testing (NCT04313127) with extraordinary quickness right off the
bat on 16 March 2020. Another stage I safety evaluation study of a recombinant
adenovirus vaccine candidate (Cansino Biologics Inc., Tianjin, China), Ad5-nCoV,
selected 108 adult volunteers in Wuhan, China, in March 2020. *IVI, INOVIO and
KNIH cooperate with CEPI in stage 1/2 clinical studies of INOVIO’s COVID-19
DNA immunization in South Korea, 2020 [38]. Aside from adenovirus vector-based
immunization, two lentivirus vector-based vaccine candidates, COVID-19/aAPC
and LVSMENP-DC, have been created by Shenzhen Geno-Immune Medical
Institute. The COVID-19/aAPC immunization was created by applying lentivirus
alteration including the SARS-CoV-2 minigenes and immune modulatory genes, to
the counterfeit antigen presenting cells (aAPCs). The phase I clinical study com-
prising of 100 members began on 15 February 2020, and the assessed study comple-
tion date was 31 December 2024 (NCT04299724). The LVSMENP DC vaccine was
created by changing DC with lentivirus vectors synthesizing SARS-CoV-2 minigene
SMENP and immune modulatory genes.

We as a whole realize that adjuvants assume a basic part by improving immuno-
genicity of the immunization candidates and aid in the selection of appropriate dose
in some vaccine types. Up until this point, there are around ten developers engineer-
ing adjuvanted COVID-19 immunizations. Vaccine developers Dynavax, Seqirus
and GlaxoSmithKline have focused on making some licensed adjuvants including
MF59, AS03 and CpG 1018 accessible for use [65]. Regardless of which strategy
we take to build up the COVID-19 immunizations, analysts need to painstakingly
assess the viability and safety of the candidate vaccine at each progression. Under
these circumstances, SARS-CoV-2-specific animal models appear to be an impor-
tant requisite. As of not long ago, some extraordinary animal models are in develop-
ment stages, including hamsters, ferrets, ACE2-transgenic mice and nonhuman
primates [65].
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Repurposed Vaccines for COVID-19 and Off-Target Effects
of Other Vaccines

Authorized immunizations, for example, BCG and oral polio vaccine, are able to
induce vague, immune reactions and have modulatory effect insurance against dif-
ferent infectious ailments [66]. This may hint towards the recommendation that they
can be exploited as potential vaccine candidates in the avoidance of COVID-19.
Some clinical trials involving BCG vaccines are already underway to determine
their capacity to combat COVID-19 in Australia [66], the Netherlands [67] and
South Africa [68]. A measles vaccine clinical trial to forestall COVID-19 in medical
care labourers in Egypt has been enrolled [58], and oral polio immunizations are
being examined in the USA [69].

Plant-Based Vaccines

Presently, a number of bacterial, yeast and mammalian expression systems are
available for recombinant protein production including subunit vaccines, but they
all have certain shortcomings. They are expensive, have safety concerns and do not
guarantee target integrity. In comparison, plant expression systems provide a robust
solution to these problems since they are cheap with better yield and offer no risk of
pathogenic contamination. Hence, plant-based vaccines can prove to be a convales-
cent approach towards vaccine development. The expressed protein could adopt the
desired conformation with expected post-translational modifications while main-
taining its functional integrity in a plant-based system [67].

Since the last three decades, plants have been used as a machinery to manufac-
ture a wide range of biopharmaceuticals such as monoclonal antibodies, edible vac-
cines, human growth factors and cytokines [68]. Fortunately, the production of a
recombinant enzyme named p-glucocerebrosidase in carrot cells for Gaucher’s dis-
ease treatment has also been licensed by the FDA [69]. The usefulness of plant-
based systems resides in their incapacity to allow the growth of human pathogens
making the purification process less tedious and contamination-free [70]. So far,
various clinical trials are underway for plant-based synthesis of vaccine for swine
influenza, rabies and hepatitis B [71]. An eminent example would be that of vector-
based influenza vaccine (Medicago Inc.) expressing hemagglutinin (HA) encoded
by viral regulatory elements in Nicotiana benthamiana [72, 73].

The presently existing plant-based foreign protein expression approaches hold
the potential to synthesize many vaccine candidates against COVID-19 in short
stretch of time. The chosen target antigen will regulate the choice of expression
strategy and targeted organelle. The vaccine antigens may be native viral proteins or
fusion proteins premeditated to act as multiepitopic vaccines. This is structured by T
cell and B cell epitope selection using the relevant bioinformatics tools and experi-
mental evidence. Presently available genetic engineering tools enable the stable/
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transient expression of target antigens which give way to explore diverse immuniza-
tion approaches. In case of transient expression, the antigens need to be purified and
are subsequently formulated as injectable vaccines. Stable expression is useful for
edible crops and permits executing oral administration of vaccines shorn of purifica-
tion. In this regard, already existing vaccine models for MERS and SARS-CoV-1 are
crucial leads. The SARS-CoV-1 S1 protein (N-terminal fragment) has been expressed
in tomato and tobacco by gene integration into the plant’s nuclear genome via
Agrobacterium tumefaciens-assisted plant transformation. Mice models orally
administered with this edible tomato vaccine showed high levels of IgA antibody
production, specific to SARS-CoV-1. Mice serum in reaction to transgenic tobacco
confirmed the presence of anti-SARS-CoV-1-IgG [74]. In another experiment, a
fusion protein consisting of green fluorescent protein and 1-658 amino acid residues
of SARS-CoV-1 has been transiently expressed in tobacco leaves. Microscopic stud-
ies confirmed the presence of fusion protein in cytosol and nuclear periphery [75].

Another study involving the transient expression of SARS-CoV-1 nucleocapsid
(rN) protein (423-aa) N. benthamiana documented a substantial yield, i.e. almost
1% of the total soluble protein (TSP). The subsequent inoculation of three doses in
mice confirmed the effective immune responses with high levels of IgG1 and IgG2a
[75]. The transient expression of nucleocapsid protein (N) and the membrane pro-
tein (M) in N. benthamiana led to the recovery of 3—4 pg/g fresh leaf weight for the
N protein and 0.1-0.15% TSP for M protein. The recovered N protein was able to
react with N-specific antibodies in human sera. However, immunization assays
were not carried out [76]. These findings can direct the scientist to choose the opti-
mum expression systems for specific SARS-CoV-2 antigens.

Animal Models for SARS-CoV-2 Studies

Appropriate animal models for assessing vaccines for SARS-and MERS-CoV are
missing or profoundly restricted, making the vaccine advancement exceptionally
challenging [77]. Engineered animal model that imitates the clinical infection can
illuminate on pathogenesis just as to create vaccines and therapeutics against these
CoVs (Fig. 7.4). A few animal models have been assessed for SARS-and MERS
CoVs including mouse, guinea pigs, hamsters, ferrets, bunnies, rhesus macaques,
marmosets and felines (Table 7.4) [78, 79].

Early focus was on the development of animal models for SARS-CoV, yet the
specificity of the virus to ACE2 (receptor of SARS-CoV) was a significant preven-
tion to such endeavours. Afterwards, a SARS-CoV transgenic mouse model was
created by integrating hACE?2 gene into the mouse genome. The animal model uti-
lized for building up a MERS-CoV vaccine was rhesus macaques. Challenged ani-
mals demonstrated clinical side effects, for example, expanded internal heat level,
piloerection, cough, slouched pose and decreased food admission [80]. Another
often utilized animal model for MERS-CoV is the regular marmoset, wherein the
virus caused deadly pneumonia.



216

Conduct in vivo
Studies

H. Qaiser et al.

Fig. 7.4 Understanding COVID-19 pathophysiology using animal models, organoids and
cell lines

Table 7.4 Animal models being utilized in SARS-CoV-2 research

Sr.
No | Animal model Salient points Reference
1 | Mice SARS-CoV-2 could not gain entry into mouse ACE 2 [20, 84]
(wild-type and receptors in case of wild-type mice
human ACE2 After challenged with the virus, the mice experienced
transgenic mice) | weight reduction, viral replication in lungs and deteriorated
alveoli with widespread apoptosis in case of human ACE2
transgenic mice model
2 | Syrian hamster After infection, animal exhibited weight loss, viral load in | [85]
lungs and damaged alveoli with apoptosis
3 | Ferrets Acute bronchitis developed in the ferrets after infection [86]
4 | Cats After SARS-CoV-2 infection, following complications [87]
were observed:
Intra-alveolar oedema
Congestion in the inter-alveolar septa
Abnormal arrangement of the epithelium with loss of
cilia
Lymphocytic infiltration into the lamina propria
5 | Cynomolgus Both type I and II pneumocytes were damaged by [88]
macaques infection. The animal gathered oedema fluid in alveolar
lumina along with pneumonia and pulmonary consolidation
postinfection
6 | Rhesus macaques | High viral titre in respiratory tract, humoral and cellular [89-91]

immune reactions and pneumonia were observed in the
animal model. The findings suggest that therapeutic
responses of adenovirus-vectored vaccine and DNA
vaccine candidates expressing S protein could be evaluated

Humoral and cell-mediated immune response could be identified in both rhesus
macaques and basic marmoset when challenged with MERS-CoV virus [81].
Roberts et al. engineered golden Syrian hamsters (strain LVG) to examine
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immunization protection against various SARS-CoV strains [82]. These hamsters
are useful model for contemplating CoV pathology and pathogenesis and vaccine
viability. The weakened NSP16 CoV vaccine was inoculated in mice [83].

Endeavours to create animal models for MERS-CoV, for example, mice, ham-
sters and ferrets, face constraints since MERS-CoV cannot multiply inside the
respiratory organs of these species. Animals such as mice or hamsters naturally
insusceptible to MERS-CoVs but prone to SARS-CoV have been genetically altered
to become more humanized, e.g. hDPP4 human, hDPP4-transduced and hDPP4-Tg
mice (transgenic for expressing hDPP4), and liable to MERS-CoV [92]. Modification
in the mouse genome utilizing the CRISPR-Cas9 system could make the animals
vulnerable to CoV viruses and infection [93]. Genetically engineered 288-330+/+
MERS-CoV mouse model has been designed for the assessment of novel MERS-
CoV vaccines and medications [94]. Contrasted with the larger animals, small ani-
mal models, for example, mice and bunnies, are favoured because of lower cost,
simplicity of alteration and promptly accessible adequacy strategies [95]. Further
investigations are expected to perceive reasonable models for rising SARS-CoV-2
by distinguishing receptor specificity of SARS-CoV-2 and examining disease indi-
cations and pathologies/viral pathogenesis related with exploratory immunization
of the virus in mice, rodents and different models, along with inspection of virus
specific immune responses and immunity. This would encourage preclinical assess-
ments of comer COVID-19 vaccine runners and medications.

Cell Culture Systems for SARS-CoV-2 Studies

A few permissive cell lines to hCoVs such as monkey epithelial cell lines (LLC-MK2
and Vero-B4) have been utilized in neutralization tests for evaluating the required
titres of neutralization antibodies (Table 7.5). Goat lung cells, alpaca kidney cells
and dromedary umbilical line cells have been discovered to allow MERS-CoV rep-
lication [96]. Progressed ex vivo 3D tracheobronchial tissue (mirroring epithelium
of conductive aviation route) has been utilized for human CoVs [97]. In addition,
VLPs showing SARS-CoV S protein were discovered skilful for passage to permis-
sive cells or transfected cells that overexpress infection receptors [98]. SARS-CoV-2
cultures have been purified in Vero and the Huh-7 cells (human liver malignancy
cells) [99]. Pseudotyped virions/VLPs expressing reporter genes, for example, GFP
or luciferase, can be utilized for measurement and assessment of the viability of
mAbs and medications in hindering the entry of CoVs into the cells [100].

Clinical and Immunological Endpoints

The essential endpoints for characterizing the adequacy of a COVID vaccine like-
wise require conversation (Fig. 7.5). The two most regularly referenced are:
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Table 7.5 Cell lines being utilized in SARS-CoV-2 research

Sr.
No | Cell lines Source Salient points Reference
1 | Human airway Commercially supplied | Allows culturing of [10]
epithelial cells by Lonza, Pomocell SARS-CoV-2
Mimicking of infected human
cell lungs
Cytopathetic effects observed
after infection
2 | Vero E6 cells Epithelial cells isolated | Most popular cell line for [20, 101]
(wild-type and from the kidneys of culturing SARS-CoV-2 (E6
TMPRSS-2 African green monkey | cells)
overexpressing Allows 100 times higher
cells) replicating RNA copies than the
wild type (TMPRSS-2
overexpressing cells)
3 | Caco-2 cells Human colon Replication of SARS-CoV-2 [102]
adenocarcinoma cells | possible
4 | Calu-3 cells Non-small cells from | SARS-CoV-2 S pseudovirions | [103]
lung cancer exhibited 500 times greater
luciferase activity when cultured
in Calu-3 cells in comparison to
the controls
5 | HEK293T cells In vitro cultures of Moderate SARS-CoV-2 [104]
human embryonic replication
kidney cells (HEK)
6 | Huh7 cells Hepatocyte originated | Allows tenfold increase in [103]
cellular carcinoma cells | luciferase activity when
transduced by SARS-CoV-2 S
pseudovirions

(i) Safekeeping from infection as manifested in case of seroconversion

(i) Avoidance of clinically symptomatic illness, particularly enhancement of dis-
ease seriousness, including the recurrence of malady requiring high-force clini-
cal consideration and hospitalization.

This requires the deep assessment of the impact of vaccination on the seriousness
of COVID-19 illness in a wide assortment of epidemiological and clinical settings
among both more youthful and old people and also underserved minorities. Initial
efficacy trials are to be evaluated based on these parameters. Accomplishing these
endpoints will also lead to a diminished transmission rate of COVID-19 among the
population.

Primary endpoints attributed to reduction of the disease require a higher number
of people enrolled for clinical trials, given that asymptomatic infection accounts for
20% to 40% of the total instances of COVID-19 [105]. Initial efficacy trials will
hence require a large number of persons with monitoring of both clinical and sero-
logic endpoints. Lack of data of incidence rates will pose a major challenge that will
add to complications in formulating clinical trial procedures for serological
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Fig. 7.5 Endpoints of clinical vaccine trials

endpoints [106]. An important requirement for this multi-trial strategy that provides
a binding relationship between various vaccinations and vaccine efficacy studies is
to establish laboratories with identical validated serologic assays. These laborato-
ries should provide clinical trials and dispersion of crucial samples from a trial.
Variables defining the immune reaction coming about because of immunization and
from the actual infection are under substantial examination, and it’s important to
figure measures to manage this issue.

Efficacy studies should be assessed for both positive and negative effects. The
probability of SARS-CoV-2 re-exposure is a lot higher than that of SARS-CoV-1,
which has vanished from network course, and consequently longer-term assessment
of likely upgrade with re-exposure is required. This necessity doesn’t block licen-
sure dependent on the endpoints mentioned here; nonetheless, it demonstrates that
a more detailed follow-through of the initial immunization entities ought to be
embraced. The efficacy of clinical and serologic endpoints will likewise be investi-
gated, as fading of immunity is normal with human COVID diseases [107].

COVIDs have a high transformation rate in their RNA genome. Despite the fact
that there has been some hereditary float during the development of the SARS-
CoV-2 epidemic, there are no major changes in the spike protein up till now, espe-
cially in the parts believed to be significant for balance; this creates a hope that the
vaccine to be developed currently will be effective for the coming 6—12 months
against the strains [108]. The chance of performing controlled human challenge tri-
als, in which few volunteers are vaccinated and thusly tested with SARS-CoV-2, has
been proposed. Such experiments may prove to be useful when performed to define
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potential immune correlates or filtering out weaker vaccine strategies. In any case,
this methodology has deficiencies regarding pathophysiology and safety [109]. The
possibility of performing controlled human test studies, in which not many partici-
pants are inoculated and subsequently tried with SARS-CoV-2, is being proposed.
These tests may be useful when performed to characterize possible immune corre-
lates or filter out weaker immunization approaches. In spite of the fact that the
danger of serious sickness or demise in youthful healthy people from COVID-19 is
extremely low, it isn’t nil, and yet we have not demonstrated successful treatments
of the disease to safeguard volunteers having problems from such a test. Almost
certainly, a 2019-nCoV test strain will, by configuration, result in gentle sickness in
many volunteers and in this way may not sum up the aspiratory pathophysiology
found in some patients. Additionally, limited viability in youthful people doesn’t
foresee comparable viability among older adults with significant cofactors related
with COVID-19 malady, nor would it reveal decrease of contagiousness to signifi-
cant susceptible groups. Regardless of whether such examinations might be deserv-
ing of interest or would beneficially affect timetables for immunization improvement
needs cautious assessment by an autonomous board of professionals on vaccine
progress.

Vaccine Development Landscape

Vaccine developments usually take 5—10 years, and the procedure includes excep-
tionally controlled preclinical and clinical studies before the vaccine is approved for
the masses. Amazingly within just a couple of weeks of the publication of viral
genetic information, COVID-19 vaccines had been prepared for trials on patients.
Global COVID-19 vaccine R&D landscape as of 28 August includes 176 vaccine
candidates, 35 of which have entered clinical evaluation including phase II and III
studies (Table 7.6), whereas 143 candidates are in preclinical stages. Existing and
new vaccine production technologies are being deployed for the creation of
COVID-19 vaccine candidates and the pace of development.

Cutting-edge immunization advancement can be assisted by using sequence data
alone instead of depending on in vitro cultures of viruses. Nucleic acid-based vac-
cines that utilize this cutting-edge approach have been the leaders for vaccine hunt.
One such model is an mRNA vaccine (mMRNA-1273, encoding for the viral spike
protein which locks onto human host cells) created by the National Institutes of
Health and Moderna Therapeutics and has just given encouraging indications and
has proceeded to phase III of the clinical studies. A new time record has been set by
this vaccine by reaching the preliminaries (NCT04283461) in such a brief period of
time after the verification of the SARS-CoV-2 as the agent causing the present pan-
demic [110]. Another leader in stage IIB/III clinical preparation, ChAdOXI
nCoV19, created by Oxford University and AstraZeneca, is a vaccine programme
dependent on an adenovirus vector likewise encoding for SARS-CoV-2 spike
protein.
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Table 7.6 Candidate vaccines under clinical evaluation

Vaccine Type of candidate COVID-19 vaccine Number | Timing | Clinical
platform vaccine developer of doses | of doses | stage
1. | Non- ChAdOx1-S University of Oxford/ 1 Phase 3
replicating AstraZeneca
viral vector
2. | Non- Adenovirus Type 5 | CanSino Biological Inc./ | 1 Phase 3
replicating | vector Beijing Institute of
viral vector Biotechnology
3. | Non- Adeno-based Gamaleya Research 2 0,21 Phase 3
replicating | (rAd26-S+rAd5-S) | Institute days
viral vector
4. | Non- Ad26COVS1 Janssen Pharmaceutical |2 0, 56 Phase 3
replicating Companies days
viral vector
5. |Inactivated |Inactivated Sinovac 2 0, 14 Phase 3
days
6. |Inactivated | Inactivated Wuhan Institute of 2 0, 14 or | Phase 3
Biological Products/ 0,21
Sinopharm days
7. |Inactivated | Inactivated Beijing Institute of 2 0, 14 or | Phase 3
Biological Products/ 0,21
Sinopharm days
8. |RNA LNP-encapsulated | Moderna/NIAID 2 0,28 Phase 3
mRNA days
9. |RNA 3 LNP-mRNAs BioNTech/Fosun 2 0, 28 Phase 3
Pharma/Pfizer days
10. | Protein Full-length Novavax 2 0,21 Phase
subunit recombinant SARS days 172
CoV-2 glycoprotein
nanoparticle vaccine
adjuvanted with
Matrix M
11. | Protein Adjuvanted Anhui Zhifei Longcom |2 or3 0, 28 or | Phase 2
subunit recombinant protein | Biopharmaceutical/ 0, 28,
(RBD-Dimer) Institute of 56 days
Microbiology, Chinese
Academy of Sciences
12. | RNA mRNA Curevac 2 0,28 Phase 2
days
13. | Inactivated | Inactivated Institute of Medical 2 0,28 Phase
Biology, Chinese days 172
Academy of Medical
Sciences
14. | Inactivated | Inactivated Research Institute for 2 0,21 Phase
Biological Safety days 12
Problems, Rep of
Kazakhstan

(continued)
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Vaccine Type of candidate COVID-19 vaccine Number | Timing | Clinical
platform vaccine developer of doses | of doses | stage
15. | DNAN DNA plasmid Inovio Pharmaceuticals/ |2 0,28 Phase
vaccine with International Vaccine days 172
electroporation Institute
16. | DNA DNA plasmid Osaka University/ 2 0, 14 Phase
vaccine + Adjuvant | AnGes/ Takara Bio days 172
17.  DNAA DNA plasmid Cadila Healthcare 3 0, 28, Phase
vaccine Limited 56 days | 1/2
18. | DNA DNA vaccine Genexine Consortium 2 0, 28 Phase
(GX-19) days 12
19. | Inactivated | Whole-Virion Bharat Biotech 2 0, 14 Phase
Inactivated days 172
20. | Protein RBD-based Kentucky Bioprocessing, | 2 0,21 Phase
subunit Inc days 172
21. | Protein S protein Sanofi Pasteur/GSK 2 0,21 Phase
subunit (baculovirus days 172
production)
22.|RNA mRNA Arcturus/Duke-NUS Phase
172
23. | Non- Replication ReiThera/ 1 Phase 1
replicating | defective Simian LEUKOCARE/
viral vector | Adenovirus (GRAd) | Univercells
encoding S
24. | Protein Native like Trimeric | Clover 2 0,21 Phase 1
subunit subunit Spike Biopharmaceuticals Inc./ days
Protein vaccine GSK/Dynavax
25. | Protein Recombinant spike | Vaxine Pty Ltd/Medytox | 1 Phase 1
subunit protein with
Advax™ adjuvant
26. | Protein Molecular clamp University of 2 0,28 Phase 1
subunit stabilized spike Queensland/CSL/ days
protein with MF59 | Seqirus
adjuvant
27. | Protein S-2P protein + CpG | Medigen Vaccine 2 0, 28 Phase 1
subunit 1018 Biologics Corporation/ days
NIAID/Dynavax
28. | Protein RBD + adjuvant Instituto Finlay de 2 0, 28 Phase 1
subunit Vacunas, Cuba days
29. | Protein Peptide FBRI SRC VB 2 0,21 Phase 1
subunit VECTOR, days
Rospotrebnadzor,
Koltsovo
30. | Protein RBD (baculovirus | West China Hospital, 2 0, 28 Phase 1
subunit production Sichuan University days

expressed in Sf9
cells)

(continued)
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Table 7.6 (continued)
Vaccine Type of candidate COVID-19 vaccine Number | Timing | Clinical
platform vaccine developer of doses | of doses | stage
31. | Replicating | Measles-vector Institute Pasteur/Themis/ | 1 or 2 0, 28 Phase 1
viral vector | based Univ. of Pittsburgh days
CVR/Merck Sharp &
Dohme
32. | Replicating | Intranasal Beijing Wantai 1 Phase 1
viral vector | flu-based-RBD Biological Pharmacy/
Xiamen University
33. RNA LNP-nCoVsaRNA | Imperial College 2 Phase 1
London
34. | RNA mRNA People’s Liberation 2 0, 14 or | Phase 1
Army (PLA) Academy 0,28
of Military Sciences/ Days
Walvax Biotech.
35.| VLP Plant-derived VLP | Medicago Inc. 2 0,21 Phase 1
adjuvanted with days
GSK or Dynavax
adjs.

The other progressed competitors moved into clinical development incorporates:

(i) CoronaVac from Sinovac
(i) Ad5-nCoV from CanSino Biologics
(iii) BNT162 from Pfizer
(iv) BioNtech
(v) BCG live-attenuated vaccine from Radboud University Medical Center,
University of Melbourne and Murdoch Children’s Research Institute and
Faustman Lab at Massachusetts General Hospital.

The movement of advancement is dramatic when contrasted with new ailments
causing serious epidemic pronounced by the WHO (Fig. 7.6). The extraordinary
larger part of authorized immunizations is situated in inactivation pathogens which
stretch the development, finances and creation of the vaccine. Recombinant viral
vectored, DNA/RNA and protein innovations are establishing the quickest prece-
dents in vaccine advancement. Only a few have been authorized so far for veterinary
utilization, since, for people, a few immunizations have not met some administra-
tive necessities for endorsement and commercialization. The global crises like the
current COVID-19 could give a last push towards acquiring licensure.

This features the capability of vaccinology to gain quick ground when fitting
worldwide help exists, demonstrating that when there is a will, there is a way. A
comparison has been made between the proposed COVID-19 vaccine development
timeline and that of the classical one in Fig. 7.7.
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Fig. 7.6 Vaccine development timeline of recently emerged outbreaks

Global and Equitable Distribution of Vaccines

The pandemic has just caused the loss of a huge number of lives and affected the
lives of billions of people worldwide. Just as lessening the heartbreaking death toll
and assisting with getting the pandemic levelled out, the presentation of a vaccine
will forestall the loss of US$ 375 billion to the worldwide economy per month.
Worldwide evenhanded admittance to a vaccine, especially securing medical ser-
vices labourers and those most in danger, is the best way to relieve the general
wellbeing and monetary effect of the pandemic. The events and broad supply of
COVID-19 clinical medicines are a typical worldwide intrigue. An effective remedy
for COVID-19 will be there in a few months’ time, and it will take at least a year for
vaccine to be developed. To meet the outstanding demand worldwide, once
COVID-19 therapeutic and vaccines are approved, they need to be manufactured on
a large scale.

This is the ideal time to calculate the production limits, funding and circulation
system important to create adequate amounts to address worldwide demand in a
reasonable way beneficial for the public health. Countries of the world are currently
collaborating with each other, but there is curiosity that which nation will succeed
first in the development of therapeutics and vaccines. Governments as of now have
the best impetus to team up while vulnerability stays with regard to which coun-
tries’ immunizations and therapeutics will succeed. In the course of the most recent
decade, technological research and production capabilities are widely spread glob-
ally. Technological advancements mean that the best cures and vaccines for
COVID-19 will be developed in new ways outside the customary drug development
centres.

Rich nations cannot depend on outbidding contesters if vaccine and therapeutic
supplies are not shared by the countries manufacturing them. For there to be a uni-
form distribution of therapies for COVID-19, the countries of the world must
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Fig. 7.7 Comparison between the classical vaccine and COVID-19 vaccine development
Challenge studies are likely to expedite the development of vaccines and their availability in the
presence of well-coordinated collaboration among the scientists, developers and regulators
(Fig. 7.8). Whatsoever, these kinds of studies must be included into extensive research plans which
involves large-scale studies to establish accurate safety and efficiency. SARS-CoV-2 challenge
studies may also be helpful to other types of vaccine experimentation by providing precise evalu-
ation of infections with no apparent symptoms and swift and standardized testing of various vac-
cine candidates. WHO has issued eight ethical criteria which should be adhered to for conduction
challenge trials (Fig. 7.9)

cooperate with each other. However, this seems to be a difficult task. In the midst of
rising populism, governments have opposed multilateral organizations and interna-
tional accords. Numerous nations have reacted to this pandemic by turning internal:
shutting borders, accumulating clinical assets and scapegoating outsiders. Building
up a structure for reasonable and evenhanded distribution of COVID-19 vaccines
and therapeutics is unquestionably more unpredictable and will require coordina-
tion of numerous foundations, funders, governments and drug organizations
(Fig. 7.10).

European Commission helped start a programme, Access to COVID-19 Tool
(ACT) Accelerator, which will focus on fast development and fair supply of



226 H. Qaiser et al.

Fig. 7.9 Ceriteria listed by the WHO for conduction of challenge trials

vaccines, therapeutics and diagnostics. COVAX, co-driven by Gavi, the Coalition
for Epidemic Preparedness Innovations (CEPI) and WHO, is the vaccine backbone
of the Access to COVID-19 Tools (ACT) Accelerator. The purpose of COVAX is to
speed up the process for the development and production of the vaccines for
COVID-19 and to ensure their just, fair and equal distribution in all parts of the
world (Fig. 7.11).

Currently, a total of 172 countries are working to participate in the COVAX ini-
tiative, which has the biggest and most spread COVID-19 vaccine portfolio. This
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Fig. 7.11 Objectives of COVAX ensuring equitable distribution of vaccines

incorporates nine candidate vaccines, with a further nine under assessment, and
discussions are in progress for additional vaccines (Table 7.7). The plan entails the
cooperation at worldwide scale, working with governments and manufacturers to
guarantee that COVID-19 vaccines are accessible worldwide to both higher-salary
and lower-pay nations. So as to tie down equivalent access to COVID-19 vaccines
for nations across the globe, the subsequent stage is to affirm self-financing mem-
bers by 18 September 2020, with the main forthright instalments to be made no later
than 9 October 2020. 80 higher-salary economies, which would back the vaccines
from their own public money financial plans, have submitted Expressions of Interest
in front of the 31 August 2020 cutoff time for affirmation of aim to partake. They
will cooperate with 92 low- and middle-salary nations that will be upheld by the
AMC on the basis if its funding targets are met. Together, this gathering of 172
nations represents to over 70% of the total population of the world. CEPI has allo-
cated a budget of $ 2 billion for the rapid COVID-19 vaccine development
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Table 7.7 Vaccine developers supported by CEPI
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Sr. No | Organization Country Vaccine clinical stage
1. Inovio USA Phase I/11

2. Moderna USA Phase 111

3. CureVac Germany Phase I

4. Astra Zeneca/University of Oxford | UK and Northern Ireland | Phase 111

5. Institute of Pasteur/Merck/Themis | France/USA/Austria Preclinical

6. University of Hong Kong China Preclinical

7. Novavax USA Phase I/11

8. Clover Biopharmaceuticals China Phase |

9. University of Queensland/CSL Australia Phase [
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Fig. 7.12 CEPI budget allocation for COVID-19 vaccine development

(Fig. 7.12). The world, in any case, is more ready to react than at any other time. The
accompanying proposed structure uses existing global discussions to encourage
evenhanded circulation of COVID-19 vaccines and therapeutics.

Vaccine Developers and Geographical Distribution

Greater commitment by large multinational companies has brought many great
changes in the general outlook of COVID-19 vaccine development since April. Of
the vaccine candidates in the clinic, 11 are being created by Chinese associations,
and seven are being upheld by the US Operation Warp Speed programme, which
plans to convey 300 million vaccine portions for COVID-19 by January 2021 and
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has so far reported subsidizing of more than US$10 billion to propel vaccine
advancement. Eight of the clinical applicants have gotten subsidizing from the
Coalition for Epidemic Preparedness Innovations (CEPI) and are presently a part of
the COVAX, a joint effort drove by CEPI, Gavi and the WHO that plans to provide
2 billion vaccine dosages for worldwide distribution before the end of 2021.

Conclusions

In this time of a pandemic, fast research, manufacture and organization of first-
generation vaccines are crucial. For this, the main applicants are the nucleic acid
(DNA, mRNA) and subunit (S and N protein) vaccines for artificial immunity
induction to confer strong resistance against the actual infection. A methodology
used to speed up immunizations during epidemics is to give restrictive licenses; for
COVID-19, they could be based on human clinical trial data affirming wellbeing
and satisfactory degrees of assurance to lessen death toll in the most vulnerable
people (old people and patients having comorbidities, medical services staff).
Meanwhile, second-generation, more powerful or effective immunizations to fore-
stall infection and deaths and decrease shedding, as examined, ought to be created
in parallel for future organization.

The presence of virus neutralizing antibodies and cell-mediated immune reac-
tions in response to vaccine inoculations in animal models can serve as the pointers
of safeguard, yet the coordinates of immunity to COVID-19 in people are obscure.
A point of concern is the effectiveness of the vaccine to combat extreme infections
and death rates but its inadequacy to limit the nasal shedding, permitting continuity
in the spread of the disease. Immunity at the mucosal level may also lead to dimin-
ished viral shedding through nasal secretions. Achieving the mucosal immunity is a
key argument to break off/recede the transmission chain; however, this may require
booster vaccine doses. Aged individuals having chronic illnesses are prone to
acquiring severe infections; however, the symptoms can be relieved by the adminis-
tration of other vaccines such as those existing for flu, etc. Other ways may include
the use of adjuvants and varying vaccine dosages in weak groups to uplift their
guard. Animal models additionally need to emulate these criteria.

The way the COVID-19 causes infection is not fully understood yet, and immu-
nization systems might require modifications if the infection taints both the respira-
tory and intestinal tracts. Oral administration through mouth and nose and the
subsequent dose of parenteral vaccine might be ideal to forestall both intestinal and
respiratory complications as well as viral shedding. Future overflow of coronavirus
transmission from animal repositories is likely. New insights to develop vaccines
against beta-CoV lineage that are effective equally in both animal models and
humans are the dire need of time. Presently, in the absence of an efficient vaccine,
the course of battling the COVID-19 shifts towards passive immunization as means
of both the prophylactic measures and clinical therapy. The best approach so far is
the convalescent plasma therapy which entails the use of plasma recovered from the
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recuperated patients. This strategy helps in speedy recovery and lessens the hospi-
talization ultimately reducing mortality rates. The clinical trials also corroborate its
beneficial outcomes when compared to placebo treatment. The establishment of
plasma banks having plasma donated by healed patients of COVID-19 would also
be effective in suppressing the annihilation caused by this pandemic. Monoclonal
antibodies designed against the surface viral proteins which are involved in eliciting
immune response can also be engineered and tested in animal models challenged
with SARS-CoV-2. These MAB can programme the immune responses and serve as
prophylactic therapy. The development of respiratory syncytial virus monoclonal
antibody by the name palivizumab is worth mentioning in this regard. This can be
inhaled as aerosols through the nose.
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Chapter 8

Updates in Vaccine Development Against
COVID-19

Check for
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Sagheer Ahmed, Rehan Salar, Halimur Rehman, Sarah I. Alothman,
M. Riaz, and Muhammad Zia-Ul-Haq

Introduction

As the world is passing through COVID-19 pandemic and many international orga-
nizations are joining hands to lead the response against the virus, the efforts to find
a safe and effective vaccine are intensifying. Currently, no approved vaccines exist
to prevent infection with SARS-CoV-2. Therefore, finding a safe and effective vac-
cine to prevent infection with SARS-CoV-2 is an urgent public health priority.
Vaccines are very effective in developing immunity in the body against bacteria or
viruses or any other foreign proteins against which they are directed. Therefore,
when these foreign organisms later infect human body, it recognizes it and can effi-
ciently neutralize it. Every year, vaccines save many million lives. Vaccines are
available to protect against more than 20 deadly diseases, and the ones available
against influenza, diphtheria, pertussis, tetanus, and measles are saving millions of
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life every year. The efforts are being made at unprecedented pace to make a vaccine
that could prevent the infection of SARS-COV?2.
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Sinovac Biotech, China

An inactivated virus vaccine manufactured by Sinovac Biotech, a Chinese biotech-
nology and pharmaceutical company, is being investigated in humans. The vaccine
is called CoronaVac. A randomized clinical trial sponsored by the Butantan Institute
is currently underway. The official title of the trial is, “Double-Blind, Randomized,
Placebo-Controlled Phase III Clinical Trial to Evaluate Efficacy and Safety in
Healthcare Professionals of the Adsorbed COVID-19 (Inactivated) Vaccine
Manufactured by Sinovac.” The study was started on July 21, 2020, and was
expected to be complete by September 21, 2020 [1]. However, the trial is still
recruiting and now expected to be complete by October or November 2020.
CoronaVac is one of four vaccines, developed by Chinese companies, in various
clinical trials.

In this clinical trial, which is a Phase III trial, CoronaVac is being assessed for its
efficacy and safety. CoronaVac is an adsorbed COVID-19 (inactivated) vaccine. The
primary purpose of this trial is the prevention of recruited population from
COVIC-19 infection. This trial is estimated to recruit about 8870 participants. In
this trial, equal number of patients will be recruited to test and control arms. Patients
in the test group will receive the CoronaVac vaccine, while patients recruited in the
control arm will be given placebo. The dosing protocol involves administering two
doses of CoronaVac through intramuscular route, 14 days apart. Efficacy of the vac-
cine will be measured by detecting symptomatic COVID-19 cases in the second
week after administration of the vaccine. Patients will be divided into two catego-
ries for evaluation safety of the vaccine. Adverse effects will be measured separately
in the two groups, adults (18-59 years) and elderly (60 years and above). Follow-up
period will be 1 year. The trial intends to detect adverse effects whose frequency is
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1 in 1000 or higher for adult group and 1 in 500 in elderly patients’ group. After
reaching a target number of 150 patients, an interim preliminary analysis will be
carried out to find out the efficacy of the vaccine.

The Chinese company which has manufactured this vaccine announces that
CoronaVac will be available to be distributed throughout the world by early 2021.
The company is also interested in distributing CoronaVac in the USA, for which
they will require to apply to US Food and Drug Administration (FDA). The com-
pany has recently shown its intention to apply to the US FDA, once Phase III clini-
cal trials of the vaccine are complete. The CEO of the company, Mr. Yin Weidong,
is confident that they will succeed in getting the approval from the US FDA. According
to him, the company was China-centric initially, but then it modified its strategy
significantly in June and July 2020 and started focusing on other parts of the world
as well. Now the company intends to distribute its vaccine to EU, Australia, South
America, and the USA, among others. The CEO of Sinovac is confident that the
quality of their product and clinical data would be sufficient to clear regulatory and
safety hurdles in these countries which have historically blocked Chinese vaccines.
The company is convinced that all this is to change.

1. Wuhan Institute of Biological Products/Sinopharm, China

Wuhan Institute of Biological Products Co., LTD, and Sinopharm are the
manufacture of this vaccine, called Vero cells. This vaccine is being tested in a
Phase III trial. It is a vaccine made from inactivated novel coronavirus (nCoV).
The official title of the clinical trial is, “Randomized, Double Blind, Parallel
Placebo Controlled, Phase III Clinical Trial to Evaluate the Safety and Protective
Efficacy of Inactivated SARS-CoV-2 Vaccine in Healthy Population Aged 18
Years and Above.” This trial is being conducted in the United Arab Emirates and
is approved by the Abu Dhabi Health COVID-19 Research Ethics Committee [2].

The trial intends to establish safety and efficacy of the vaccine under investi-
gation by evaluating it in healthy participants. This is placebo-controlled clinical
trial in which one group of participants will receive investigational vaccine and
the other group will receive placebo, serving as a control arm. Two doses of the
vaccine or placebo will be administered. There will be 21 days interval between
the first and the second dose. The estimated number of participants in each group
is 5000. The primary outcome of the trial is to test the protective ability of this
vaccine against COVID-19 infection at least 14 days after vaccination.

Secondary outcomes of the trial include evaluation of preventive potential of
two doses of vaccine against pneumonia and death caused by SARS-COV-2 after
14 days of the last dose; incidence of adverse effects inside 30 minutes of the
vaccination and then between 0-7, 8-21, and 28 days after vaccination; inci-
dence of severe adverse effects after 12 months of administration of the last vac-
cine dose; and measuring COVID-19 antibody levels in vaccinated individuals
after complete vaccination.

China is moving fast in the global completion to develop an effective vaccine
to combat SARS-COV-2. It was recently announced that several Chinese citizens
have already received this vaccine although the phase III clinical trial is still
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underway. These individuals were vaccinated under the government-authorized,
emergency use program. The provision of such an emergency use of vaccine is
available in Chinese government regulations, although their scope and timing are
restricted to a health emergency. It was also announced by the Chinese govern-
ment officials that high-risk individuals will be given priority, implying frontline
healthcare workers and elderly would be the first groups to receive the experi-
mental vaccine.
2. CanSino Biological Inc./Beijing Institute of Biotechnology, China

CanSino Biological Inc. and its collaborator Beijing Institute of Biotechnology
are sponsoring a vaccine candidate, Ad5-nCoV, which is in Phase III clinical trial
to assess its safety, efficacy, and immunogenicity. Ad5-nCoV vaccine is manu-
factured by CanSino Biological Inc. and its collaborator Beijing Institute of
Biotechnology to be tested in health adults aged 18 years old and above. The
official title of the trial is, “A Global Multicenter, Randomized, Double-blind,
Placebo-Controlled, Adaptive Designed Phase III Clinical Trial to Evaluate the
Efficacy, Safety and Immunogenicity of Ad5-nCoV in Adults 18 Years of Age
and Older.” The actual starting date of the trial is September 15, 2020, and esti-
mated completion date is January 30, 2022. The study is aimed at enrolling an
estimated 40,000 participants, of which 20,000 will be in experimental group
and remaining 20,000 in the placebo arm of the study. Ad5-nCoV is a single dose
vaccine and given through intramuscular route of administration [3, 4]. The
Phase III trial recruiting locations include Shaukat Khanum Memorial Cancer
Hospital and Research Center, Lahore, and Shifa International Hospital,
Islamabad.

The efficacy of Ad5-nCoV is determined by measuring its ability to prevent
COVID-19 disease. Therefore, the primary outcome measures of the phase III
trial include prevention of COVID-19 cases from day 28 to 12 months postvac-
cination. Timeframe for evaluating severe adverse event is 12 months. Secondary
outcome measures include incidence of severe COVID-19 cases from day 14 to
12 months postvaccination. The trial will also evaluate the efficacy of Ad5-nCoV
in preventing severe COVID-19 caused by SARS-CoV-2 infection. Incidence of
solicited adverse reaction within day O to day 7 postvaccination will also be
measured as well as the incidence of unsolicited adverse reaction with in day 0
to day 28 postvaccination. After 28 days of postvaccination, immunogenicity of
S-RBD IgG antibody through ELISA method will be determined. The serocon-
version rate of S-RBD IgG antibody after vaccination and cell-mediated immune
response profile from day 28 postvaccination will be measured as secondary
outcomes.

3. University of Oxford/AstraZeneca, UK

AZD1222 candidate vaccine was co-invented by the University of Oxford and
AstraZeneca. It is being manufactured by AstraZeneca for using in clinical trials.
AZD1222 is a nonreplicating viral vector vaccine. The official title of the cur-
rently undergoing advanced clinical trial is, “A Phase III Randomized, Double-
Blind, and Placebo-Controlled Multicenter Study in Adults to Determine the
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Safety, Efficacy, and Immunogenicity of AZD1222, a Nonreplicating ChAdOx 1
Vector Vaccine, for the Prevention of COVID-19” [5-8].

This clinical trial started in August 2020, and its estimated primary comple-
tion date is December 2, 2020. The trail is estimated to enroll approximately
30,000 participants. The eligibility criteria for inclusion in the trial demand for
individuals older than 18 year of age, both male and female. The study objective
is to assess the protective efficacy of inactivated SARS-CoV-2 vaccine (Vero
cell) after complete course of immunization in preventing disease caused by
SARS-CoV-2 in healthy subjects of 18 years and above. The vaccine consists of
a single dose given intramuscular route. The primary outcome of the trial is to
test the protecting ability of this vaccine against COVID-19 infection at least
14 days after vaccination. Secondary outcomes include measuring growth rate
and antibody level (GMT, GMI) of serum antibody against COVID-19 during
12 months from first to last vaccination schedule.

4. Janssen Pharmaceutica, USA

Janssen Vaccines & Prevention BV is sponsoring the Phase III clinical trial of
adenovirus serotype 26 vector-based vaccine (Ad26.COV2.5). It is a nonrepli-
cating viral vector vaccine (which uses live viruses to carry DNA into human
cells), also known as JNJ-78436735. This viral vector vaccine is being assessed
for its efficacy in the prevention of molecularly confirmed moderate to severe/
critical coronavirus infection. The study is officially named as “A Randomized,
Double-blind, Placebo-Controlled Phase 3 Study to Assess the Efficacy and
Safety of Ad26.COV2.S for the Prevention of SARS-CoV-2-Mediated
COVID-19 in Adults Aged 18 Years and Older.” The trial was initiated on
September 7, 2020, and is expected to complete by March 10, 2023, with an
approximated enrollment of 60,000 participants [9].

This interventional study will compare the efficacy of Ad26.COV2.S to a pla-
cebo, in preventing molecularly confirmed moderate to severe/critical COVID-19,
among adult participants, with or without stable comorbidities which are related
to the progression of coronavirus infection. The participants in the experimental
arm will receive a single intramuscular (IM) injection of Ad26.COV?2.S at a dose
level of 510710 virus particles (vp) on day 1, whereas participants in the control
arm will receive an IM injection of placebo on day 1.

Primary endpoint measures include the number of participants with the first
incidence of molecularly confirmed moderate to severe coronavirus infection
having seronegative status. The secondary endpoint measures will be including
the number of participants with molecularly confirmed coronavirus infection
regardless of serostatus, participants requiring medical intervention, and assess-
ment of SARS-CoV-2 viral load by quantitative reverse-transcriptase PCR. Other
secondary outcomes consist of finding the number of participants with molecu-
larly confirmed mild infection as per FDA harmonized case definition, burden of
disease (BOD) based on symptomatic coronavirus infection, seroconversion
between pre- and postvaccination using ELISA, and the number of participants
with serious local and systemic adverse events. Secondary endpoint measures
will also include assessment of SARS-CoV-2 neutralizing antibody titers by
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virus neutralization assay (VNA) and SARS-CoV-2 binding antibodies
by ELISA.

Earlier this year, Johnson & Johnson (J&J) and Janssen Pharmaceutical
research panel, in collaboration with Beth Israel Deaconess Medical Center, pro-
duced and analyzed multiple vaccine candidates using the Janssen AdVac® tech-
nology and selected its lead vaccine candidate Ad26.COV2-S for the preclusion
of coronavirus infection. On June 10, 2020, J&J announced that in Phase 1/I1a of
clinical trial, the safety, reactogenicity, and immunogenicity of adenovirus sero-
type 26 (Ad26) vector-based vaccine will be assessed. Data published in Nature
on July 30, 2020, reported that the investigational vaccine elicited a robust
immune response and successfully averted the subsequent infection and in the
preclinical study provided protection in the lungs from the virus in nonhuman
primates (NHPs). The study published in Nature on September 3, 2020, reported
high-dose intranasal SARS-CoV-2 infection in hamsters caused severe clinical
disease, high levels of virus replication, extensive pneumonia, weight loss, and
mortality. A single immunization with Ad26.COV2.S protected against SARS-
CoV-2-induced pneumonia, weight loss, and mortality.

Moderna/NIAID, USA

Moderna, Inc., a clinical-stage biotechnology company in the USA, is spon-
soring Phase III clinical trial of its mRNA vaccine candidate mRNA-1273 against
COVID-19. The trial will be primarily evaluating the efficacy, safety, and immu-
nogenicity of mRNA-1273 to prevent coronavirus infection up to 2 years after the
second dose of the investigational vaccine. With an estimated enrollment of
30,000 participants, this interventional study is officially named as “A Phase 3,
Randomized, Stratified, Observer-Blind, Placebo-Controlled Study to Evaluate
the Efficacy, Safety, and Immunogenicity of mRNA-1273 SARS-CoV-2 Vaccine
in Adults Aged 18 Years and Older.” It was started on July 27, 2020, and is
expected to be completed by October 27, 2022. Moderna’s vaccine candidate
(mRNA-1273) comprises nucleoside-modified messenger RNA (mRNA) which
is lipid nanoparticle encapsulated and predetermines the stabilization of SARS-
CoV-2 spike (S) glycoprotein in its prefusion conformation. This S glycoprotein
is essential for viral entry as it mediates host cell attachment.

The randomized, placebo-controlled trial is being conducted in the USA, test-
ing mRNA-1273 where participants will be receiving 1 intramuscular (IM) injec-
tion of 100 micrograms (ug) mRNA-1273 on day 1 and on day 29 in the
experimental arm and 0.9% sodium chloride (normal saline) injection in the pla-
cebo comparator arm [10]. The primary outcome will be the preclusion of symp-
tomatic COVID-19. Key secondary outcomes include the prevention of severe
COVID-19 disease (as defined by the need for hospitalization) and prevention of
infection by SARS-CoV-2 regardless of symptomology. Based on the number of
participants with symptomatic COVID-19, the primary efficacy investigation
during Phase III study will be an event-driven analysis. To ensure the ongoing
safety monitoring of the participants in the trial, data will be reviewed by an
independent Data and Safety Monitoring Board organized by NIAID throughout
the study.
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In January 2020, Moderna announced the development of this vaccine (named
mRNA-1273) against coronavirus infection. The Phase I human study of the vac-
cine candidate began in March 2020, in partnership with the US National Institute
of Allergy and Infectious Diseases. On May 25, 2020, Moderna began a Phase
IIa clinical trial recruiting 600 adult participants to assess safety and differences
in antibody response to two doses of its candidate vaccine, mRNA-1273. On July
14, 2020, Moderna published preliminary results of the dose escalation during
the Phase I clinical trial of the vaccine, exhibiting a dose-dependent induction of
neutralizing antibodies against S1/S2, 15 days postinjection. Reported adverse
reactions were mild to moderate, such as fever, fatigue, headache, muscle ache,
and pain at the injection site in all dose groups, as well as the association of
severity with increased dosage. Comparatively low doses were deemed safe and
effective in order to proceed with a Phase III clinical trial utilizing two 100-pg
doses administered with 29 days interval. A detailed study plan for the clinical
trial was published by Moderna in September 2020. On September 30, CEO
Stéphane Bancel said that, if the trial is successful, the vaccine might be avail-
able to the public as early as late March or early April 2021.

6. Novavax, USA

Novavax, Inc., USA, initiated the Phase III clinical trial of its SARS-CoV-2
recombinant spike protein nanoparticle vaccine (SARS-CoV-2 rS) also known as
NVX-CoV2373 in September 2020. This interventional study is officially named
as “A Phase 3, Randomized, Observer-Blinded, Placebo-Controlled Trial to
Evaluate the Efficacy and Safety of a SARS-CoV-2 Recombinant Spike Protein
Nanoparticle Vaccine (SARS-CoV-2 rS) with Matrix-M1™ Adjuvant in Adult
Participants 18—84 Years of Age in the United Kingdom.” NVX-CoV2373 con-
sists of Matrix-M1 adjuvant which improves immunogenicity and a recombinant
SARS-CoV-2 nanoparticle vaccine, constructed from the SARS-CoV-2 spike
glycoprotein, which plays a role in human angiotensin-converting enzyme 2
(hACE?2) receptor binding of the virus. In this latest phase of the trial, this vac-
cine will be assessed for its efficacy, safety, and immunogenicity against corona-
virus infection in approximately 10,000 participants, aged 18—84 years [11]. The
trial is aimed to register at least 25 percent of participants older than 65 years of
age and will also prioritize groups that are most affected by coronavirus infec-
tion, including racial and ethnic minorities.

Participants in the experimental arm of the clinical trial will receive two doses
of an intramuscular vaccine comprising 5 pg of protein antigen with 50 pg
Matrix-M1™ adjuvant, administered with 21 days interval, while participants in
the control arm of the trial will receive a placebo. The trial has two primary out-
comes, including the first incidence of PCR-confirmed symptomatic coronavirus
infection with onset at least 7 days after the second dose in participants who have
not been previously infected with SARS-CoV-2 as the first primary outcome and
the first incidence of PCR-confirmed symptomatic moderate or severe coronavi-
rus infection with onset at least 7 days after the second dose in participants who
have not been previously infected with SARS-CoV-2 as the second primary out-
come. The primary efficacy results will be based on the number of participants
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with symptomatic or moderate/severe coronavirus infection by an event-driven
analysis. After reaching 67% of the desired number of these cases, an interim
analysis will be carried out.

This ongoing Phase III trial is based on the Novavax’s NVXCoV2373 candi-
date, engineered from the genetic sequence of SARSCoV2, the virus that causes
coronavirus infection. This candidate vaccine was developed by Novavax in
January 2020 using its recombinant nanoparticle technology to produce antigen
derived from the coronavirus spike (S) protein and also consists of Novavax’s
patented saponin-based Matrix-M™ adjuvant. It is intended to boost the immune
response and stimulate the production of neutralizing antibodies. In May 2020,
the first human safety trial of the vaccine was started in Australia. During pre-
clinical trials, NVXCoV2373 demonstrated its critical aspect of efficacy, i.e., to
stimulate antibody production that blocks the binding of spike protein to recep-
tors (virus targets). NVXCoV2373 was reported to be well tolerated and elicited
robust antibody responses in its Phase I part of its Phase I/II clinical trial. Phase
II trials of NVX-CoV2373 which began in South Africa in August and continued
in the USA and Australia also evaluated the immunogenicity of the candidate
vaccine. Research and development president at Novavax Gregory Glenn expects
quick enrollment of phase III clinical trial and hopes to provide the near-term
view efficacy data from the study soon. According to him, early data showing
promising results are expected to support regulatory submissions for licensure in
many countries across the globe including the UK, EU, and USA. The vaccine
has a favorable product profile that will allow handling in an unfrozen, liquid
formulation that can be stored at 2—8 °C, allowing for distribution using standard
vaccine channels. Novavax hopes to manufacture up to 2 billion annualized
doses, once all capacity has been brought online by mid-2021.

7. BioNTech SE and Pfizer Inc. USA

BioNTech SE in collaboration with Pfizer Inc. has developed a vaccine
BNT162b2 which is a nucleoside-modified messenger RNA (modRNA) that
expresses the SARS-CoV-2 spike glycoprotein, for strong antiviral effects
against SARS-CoV-2 infection. The candidate vaccine is at the investigational
stage, and the study is officially named as “A Phase 1/2/3, Placebo-Controlled,
Randomized, Observer-Blind, Dose-Finding Study to Evaluate the Safety,
Tolerability, Immunogenicity, and Efficacy of SARS-CoV-2 RNA Vaccine
Candidates Against COVID-19 in Healthy Individuals” [12]. The study was
started on April 29, 2020, and expected to be complete by December 11, 2022. It
comprises of two phases: the first identifies the preferred vaccine candidate (by
assessing the safety, tolerability, and immunogenicity) and its dosage, and the
second will be an expanded cohort to evaluate its efficacy.

After Phase I evaluation of a two-dose schedule (21 days apart) in specified
age groups, the candidate vaccine BNT162b2 is being further assessed for safety
and efficacy in Phase II/IIl. The vaccinated participants exhibited an observable
quantity of epitopes that are specific to the SARS-CoV-2 spike antigen, recog-
nized in T cell responses. The stimulation of high levels of CD4+ and CD8+ T
cell-mediated immunity against the receptor-binding domain (RBD) and the
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remainder of the spike glycoprotein was also observed. It was well tolerated with
mild to moderate fever in less than 20% of participants in all populations. This
data supports the decision of BNT162b2 proceeding for Phase II/III, as a two-
dose regimen of 30 pg dose level in approximately 30,000 participants that
started in July 2020.

Kathrin U. Jansen, senior vice president and head of vaccine research and
development, Pfizer, reported these encouraging results after the Phase I safety
and immunogenicity data, and her confidence about the potential of the candi-
date vaccine BNT162b2 to prevent many millions of SARS-CoV-2 infection
cases was high. Ugur Sahin, M.D., CEO, and cofounder of BioNTech, also
reported BNT162b2 dosing completion of more than 11,000 participants and
findings of previous trial exhibiting its safety profile and breadth of T cell
responses and the progression toward emerging of a safe and effective vaccine
candidate. Anticipating clinical success, Pfizer and BioNTech are on way to seek
regulatory review of the vaccine candidate BNT162b2 as early as October 2020,
and after regulatory approval they plan to provide approximately 100 million
doses by the end of 2020 and approximately 1.3 billion doses by the end of 2021
worldwide.

8. Beijing Institute of Biological Products/Sinopharm, China

This vaccine is a joint venture of Beijing Institute of Biological Products Co.,
Ltd., China National Biotec Group Company Limited, and the Huesped
Foundation and also sponsored by the Laboratorio Elea Phoenix S.A. They are
investigating an inactivated virus vaccine in a Phase IIl clinical trial in Argentinian
population. An inactivated virus vaccine consists of a virus that is obtained by
culture and then inactivating it by chemical methods or by simply heating it.
Such a virus retains its antigenic potential and can stimulate human immune
system but loses its ability to cause the disease in human body. This vaccine
(called Vero cells) is an inactivated SARS-COV-2 vaccine which was obtained
by infecting African green monkey kidney cells with SARS-COV-2 strain HB02.
These cells were then propagated through culturing and then harvested to be
inactivated. After that they were concentrated and purified and an adjuvant (alu-
minum hydroxide) added to it. Volunteers who are administered this vaccine are
expected to produce an immune response against SARS-COV-2. This vaccine
has already showed in the phase I/II trials that it can produce high levels of anti-
bodies against SARS-COV-2 and is safe.

The clinical trial to test this vaccine is an interventional study aimed to recruit
approximately 3000 volunteers in a randomized control trial in which the inter-
ventional model is parallel assignment of candidate vaccine and placebo to two
separate groups of volunteers. It is a double-blinded study in which both the
participant and the physician will be unaware of whether they are in vaccine or
placebo group. The official title of the study is “A Randomized, Double Blind,
Placebo Parallel-Controlled Phase III Clinical Trial to Evaluate the Efficacy,
Immunogenicity and Safety of the Inactivated SARS-COV-2 Vaccine (Vero Cell)
in Argentine Healthy Population Aged Between 18 and 85 Years™ [13]. The study
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had started recruiting volunteers on September 16, 2020, and is expected to be
complete by December 2021.
9. Gamaleya Research Institute, Russia

The Gamaleya Research Institute of Epidemiology and Microbiology, Health
Ministry of the Russian Federation, is sponsoring this vaccine called Gam-
COVID-Vac in collaboration with the government of the city of Moscow and a
contact research organization, Crocus Medical BV. This vaccine is currently
being investigated for its immunogenicity, safety, and efficacy in a randomized
controlled, Phase III trial in which both the physician and the study participants
would not know whether a participant is receiving a placebo or test vaccine. The
official title of the study is “A Clinical Trial of Efficacy, Safety and Immunogenicity
of Combined Vector Vaccine Gam-COVID-Vac in SARS-COV-2 Infection
Prophylactic Treatment in Republic of Belarus™ [14, 15].

In this study, for every participant in the placebo group, three participants will
be included in the vaccine group. This means a randomization of 3 to 1 in which
the reference or placebo group will contain about 10, 000 participants and the
study group receiving the Gam-COVID-Vac combined vector vaccine against the
SARS-CoV-2-induced coronavirus infection will have 30,000 participants. All
participants will be above 18 years of age, and the total volunteers intended to be
recruited for the study is 40,000. However, study participants will be further
divided into five age groups: 18-30, 31-40, 41-50, 51-60, and 60+ years.

Each study participant will have one screening visit and five on-site visits to
study physicians during a period of 180 + 14 days period after the first dose of
the placebo/vaccine. The participants will be administered placebo/vaccine intra-
muscularly during vaccination visits 1 and 2 which will be day 0 and day 21 + 2,
respectively. Participants will be asked to visit on days 28 + 2, 42 + 2, and
180 = 14 for subsequent visits 3, 4, and 5, respectively. During these visits, par-
ticipants’ condition and well-being will be examined and recorded. Adverse
effects, if any, will also be recorded. If physical visits were not possible due to
unavoidable reasons, observations will be made through telemedicine consulta-
tion. Additional telemedicine consultation will be provided to all participants
throughout the trial period.

In a recent press release, the head of the Gamaleya Research Institute of
Epidemiology and Microbiology, Alexander Gintsburg, said that none of approx-
imately 2000 volunteers inoculated so far with both portions of Russia’s corona-
virus vaccine (Gam-COVID-Vac) have contracted the disease. More data will
come as more participants are recruited to the clinical trial. However, there has
been global concern after Russia pushed ahead with mass vaccinations alongside
randomized Phase III clinical trials of the vaccine. Some scientists have also
criticized this move and insisted on prioritizing safety and efficacy of the vaccine
as evidenced by the solid science rather than national prestige. However, Mr.
Ginstburg defended the approach and contended that it is a war-like situation
where people are dying every day like during a war and that they are not cutting
corners as suggested by some media comp. He said their fast-paced approach
seems alien but it is based on solid science.
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Conclusions

It takes long years to develop a vaccine. The reasons it takes so long are myriad, but
the first step is to investigate its safety and efficacy in animals. It takes about
6 months of strictly following animal care and handling guidelines and stringent
laboratory protocols to complete preclinical studies. Once its safety and efficacy are
established in animals, then the vaccine is investigated further in human clinical tri-
als. The vaccine is required to be made at industrial scale for large-scale clinical
trials. Although Phases I and II are relatively smaller, Phase III are much larger
human trials often requiring tens of thousands of participants in each investigative
group of the study. Safety of the vaccine is evaluated in Phase I trials, while efficacy
is first established in Phase II trials. The safety and efficacy are evaluated on much
larger scale in Phase III clinical trials, and it is the result of this phase which usually
convinces the regulatory authority to approve or disapprove the vaccine. Although
this entire process may be fast-tracked owing to the severity of the COVID-19 pan-
demic, safety and efficacy must not be compromised at any stage. Even after regula-
tions are tweaked to fast-track the vaccine approval, it will be still unrealistic to
expect a safe and effective vaccine within 6 months after the start of clinical trials.
Additional challenges may be faced when a vaccine is approved for general use,
especially for mass-producing it to meet the global demand. This would be more
likely if scaling up the production involves new technologies that have not been
tested previously.

Our experience with coronavirus vaccines has taught us that a safe and effective
vaccine against SAR-SCOV-2 would be extremely challenging to develop. Some of
the vaccines which have shown to enhance survival and decrease mortality in ani-
mals could not prevent infections in humans. Others may cause major complica-
tions such as lung damage. Therefore, thorough and long-term safety studies are
necessary. Another challenge would be to ensure long-term protection against the
virus. Establishing long-term immunity against the virus is relevant to COVID-19
as a significant fraction of the infected individuals are reinfected, albeit with milder
symptoms. Therefore, immunity offered by the vaccine should last for many months
and preferably for years. Finally, the vaccine should be effective in elderly popula-
tion who are at increased risk of COVID-19 infection and whose immune system
usually responds less well to vaccines than the younger population. We should
ensure that the ideal vaccine must provide protection to this most vulnerable section
of our population.
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Chapter 9
COVID-19: Recent Developments
in Therapeutic Approaches

Umar Farooq Gohar, Irfana Igbal, Zinnia Shah, Hamid Mukhtar,
and Muhammad Zia-Ul-Haq

Introduction

Coronaviruses (CoVs) are either pleomorphic or spherical particles which envelop
a single positive-stranded RNA genome [1] which is the largest of all known RNA
viral genomes [2]. The earliest known coronavirus infection was a severe respira-
tory infection (SRI) of chicken, reported in the mid-1930s, and was named infec-
tious bronchitis virus (IBV). Human coronaviruses (HCoV) were discovered in and
after the mid-1960s, when in 1965 Tyrrell and Bynoe described the presence of an
enveloped virion with the feature morphology of previously defined IBV. They
named it B814 and proceeded to grow it on tissue cultures at which they could not
succeed at that time [3]. Two years later, in 1967, Almeida and Tyrrell established
the similarities in morphology of B814 and IBV through electron microscopy of
fluid from inoculated organ cultures. They found the particles to be enveloped
within a membrane coating, to be pleomorphic in shape, and to have multiple
crown-like structures attached to their envelope’s surface projections [1]. These
crown-like structures are the envelope glycoproteins. Subsequent studies reported
more viruses (e.g., 229E, OC43) with a similar morphology to IBV and B814, and
in 1968 these viruses were grouped under a new name of “coronavirus” (corona
means crown-like), reflecting their characteristic halo- or crown-like surface projec-
tions. Before the 2000s, HCoVs were long considered as inconsequential pathogens
[4]. Only two HCoVs, 229E [5, 6] and OC43 [7], were known since the 1960s to
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occasionally ever cause severe illness in healthy human subjects [2]. Causing only
the “common cold,” these viruses never surfaced important enough to be explored.
In the twenty-first century, however, two highly pathogenic HCoVs, responsible for
severe acute respiratory syndrome (SARS) and Middle East respiratory syndrome
(MERS), were identified for causing global pandemics in 2002 and 2012, respec-
tively. These pandemics questioned the unexplored coronaviruses and their poten-
tial for causing future outbreaks. Genomic sequencing helped identify SARS-CoV
[8] and MERS-CoV [9] as new but highly pathogenic human coronaviruses.
Recently, a new strain of HCoV emerged as a local outbreak from a cluster of
patients initially diagnosed with pneumonia of an unknown etiology. The infection
now called COVID-19 steadily spread from a sea food market located in Wuhan,
China, in December 2019 and rapidly transitioned into a global outbreak [10]. This
is the third highly pathogenic human coronavirus discovered to date and is referred
to as 2019-nCoV or SARS-CoV-2 (SC2). The name SARS-CoV-2 reflects its phy-
logenetic similarity with that of SARS-CoV [11].

Coronaviruses are taxonomically classified under the order Nidovirales, family
Coronaviridae, by the ICTV: International Committee on Taxonomy of Viruses
(Table 9.1). The coronavirus family is split into four genera: a-, -, y-, and 6-CoVs
[2, 13] (Fig. 9.1). The genera a- and f- are found to be infectious toward mammals,
while the other two are known to predominantly cause avian infections, but some
y- and 5-CoVs may also infect mammals [1]. There are seven known HCoVs,
including SC2. Four of these are also called common HCoVs as people around the
world get infected by these very often. The common HCoVs possess low pathoge-
nicity and are responsible for mild infections — as that of “common cold.” SARS-
CoV, MERS-CoV, and SC2, unlike the common four, are highly pathogenic HCoV's
with high mortality rates. Betacoronaviruses further have four lineages and SC2
belongs to lineage b of Betacoronaviruses — Fig. 9.2 [12]. SC2 is an alarmingly
infectious virus which is capable of human-to-human transmission. Despite having
a low mortality rate, strict follow-up of WHO safety guidelines is key to preventing
its spread and, in worst-case scenario, its evolution into another novel coronavirus.

The evidence of interspecies transmissibility of coronaviruses was not clear to
researchers until when a database of coronavirus gene sequences was made avail-
able. Table 9.2 shows lists of some coronaviruses and their hosts. Gene sequence

Table 9.1 Taxonomy of Lineage b

SARS-CoV-2 Genus Betacoronavirus
Subfamily | Coronavirinae
Family Coronaviridae
Order Nidovirales
Class Pisonivirecetes

Phylum Pisuviricota

Kingdom | Orthornavirae

Realm Ribovaria
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Order Nidovirales
4 1 1
Family [ Arteriviridae Coronoviridae Roniviridae
1 I 3
Genus Arteivirus 1. Coronavirus 2. Torovirus 3. Qtﬁ&ﬁ;&  Okavirus
Alpha (a-CoV) Beta (6-CoV) Gamma (y-CoV) Delta (5-CoV)
HCoV-229E, CoV1i, 1BV, Bulbul CoV-HKU11,
HCoV-NL63, HCoV-HKU1, Beluga whale CoV- pCoV-HKU1S.
Bt-CoV1, Murine-CoV, SwWi.
Bt-CoV HKUS, Bt-CoV HKU4,
PEDV, Bt-CoV HKUS,
Bt-CoV HKU2, Br-CoV HKU9,
Bt-CoV 512, SARS-CoV,
ECoV, SARS-CoV-2,
TGEV. MERS-CoV,
HCoV-0C43,
EriCoV,
BCoV,
MHV.

Fig. 9.1 Coronavirus classification. The families Coronaviridae, Arteriviridae, and Roniviridae
fall under the order Nidovirales. Coronavirus, along with the genus Torovirus, and a new tentative
genus Bafinivirus are established under Coronaviridae [2]. The genus Coronavirus consists of four
genera: alpha, beta, gamma, and delta coronaviruses. The following coronaviruses for each coro-
navirus genus (a-, f-, y-, and 6-CoVs) are shown [1, 12]: human coronaviruses (HCoV) 229E,
NL63, HKU1, and OC43; Miniopterus bat coronavirus 1 (Bt-CoV1); Miniopterus bat coronavirus
HKUS; Porcine epidemic diarrhea virus (PEDV); Rhinolophus bat coronavirus HKU2 (Bt-CoV
HKU?2); Scotophilus bat coronavirus 512 (Bt-CoV 512); Feline coronavirus (FCoV); transmissible
gastroenteritis virus (TGEV); Betacoronavirus 1 (CoV 1); Murine coronavirus (Murine-CoV);
Tylonycteris bat coronavirus HKU4 (Bt-CoV HKU4); Pipistrellus bat coronavirus HKUS5 (Bt-CoV
HKUS); Rousettus bat coronavirus HKU9 (Bt-CoV HKUDY); severe acute respiratory syndrome-
related coronavirus (SARS-CoV); severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2); Middle East respiratory syndrome-related coronavirus (MERS-CoV); Hedgehog
coronavirus 1 (ERiCoV); bovine coronavirus (BCoV); mouse hepatitis virus (MHV); infectious
bronchitis virus (IBV); Beluga whale coronavirus SW1 (beluga whale CoV-SW1); Bulbul corona-
virus HKU11 (bulbul-CoV HKU11); and Porcine coronavirus HKU15 (pCov-HKUI1S5). As seen
from the figure, the seven known human coronaviruses are either from genus Alpha- or
Betacoronavirus. Three out of the seven HCoVs are highly pathogenic; these include SARS-CoV,
SARS-CoV-2, and MERS-CoV, all belonging to beta-genera

analysis thus revealed that animals can transmit the virus to humans [1]; especially
domestic animals can act as intermediate hosts to carry the virus from reservoir
animals and pass it to humans. The ability of interspecies jumping has introduced
highly pathogenic CoVs in human populations (Fig. 9.3). SARS-CoV was found to
have gotten transmitted from bats (reservoir host) to civets (intermediate hosts) and
then to humans. MERS-CoV was also found to have originated from bats and got
transmitted to humans through camels [14]. Phylogenetic studies of SC2 also
revealed bats as the reservoir animal, and Malayan pangolins are being identified as
intermediary hosts [1]. These studies further emphasize the potential spillover of
new pathogenic coronaviruses into the human populations in the coming future
[11]. The alarmingly high diversity of coronaviruses being detected in bats also
highlights the importance of using bat coronavirus models for designing strategies
against any such future state of viral pandemic.
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Fig. 9.2 SARS-CoV-2’s relatedness with other coronaviruses as evident from protein sequenc-

ing studies

Table 9.2 Coronaviruses and their natural hosts

Host animal

Coronavirus

Humans

Human coronavirus 229E (HCoV-229E)

Human coronavirus OC43 (HCoV-OC43)

Human coronavirus HKU1 (HCoV-HKU1)

Human coronavirus NL63 (HCoV-NL63)

Severe acute respiratory syndrome-related coronavirus
(SARS-CoV)

Middle East respiratory syndrome-related coronavirus
(MERS-CoV)

Severe acute respiratory syndrome 2 coronavirus (SARS-CoV-2)

Cats

Feline infectious peritonitis virus (FIPV)

Feline coronavirus (FCoV)

Dogs

Canine enteric coronavirus (CCoV)

Chicken

Infectious bronchitis virus (IBV)

Cattle

Bovine coronavirus (BCoV)
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Fig. 9.3 Schematic representation of interspecies transmission route for coronaviruses

Morphology of SARS-CoV-2

COVID-19 has pushed humans in a new struggling battlefield against viral infec-
tions. Since December 2019, coronavirology has experienced an expeditious prog-
ress revealing morphological and genomic aspects and transmission and replication
mechanisms of SC2, the study of which is crucial to decipher its effective therapeu-
tic and preventive strategies.

All coronaviruses share a pronounced morphological and structural resemblance.
Corona-virions are pleomorphic to spherical enveloped particles (Fig. 9.4). The
diameter of a single corona-virion ranges from 120 nm to 160 nm; the electron
microscopy of SC2 revealed a similar range for its diameter, i.e., 60—140 nm [15].
The high similarity shared among SC2 and SARS-CoV’s genomic sequence (79%)
suggests that the structural characteristics of SC2 would also be quite the same as
those of its previously described relative, Table 9.3. The core of coronavirus particle
consists of a non-segmented, 3" polyadenylated, and 5" capped ssSRNA genome of
positive polarity [16]. The coronavirus genome is about 27-32 kb which makes it
the largest among all known viral RNA genomes [1, 16]. This genome is responsi-
ble for the expression of at least four major structural proteins: (N) nucleotide pro-
tein, (M) transmembrane protein, (E) envelope protein, and (S) spike proteins [17],
all of which are located at the 3" end of the genome [18]. The RNA genome is found
coiled within a helical nucleocapsid which has a diameter of 9—11 nm [16]. The
helical nucleocapsid is formed of N-proteins which are known to interact with the
C-terminus of the surrounding M-proteins. N-protein is composed of two domains,
NTD and CTD, N-terminal domain and C-terminal domain, respectively. Both



254 U. F. Gohar et al.

Fig. 9.4 A schematic representation of Coronavirus is shown. S spike protein — forms trimmers
which are involved in receptor binding, M membrane protein, E envelop protein, N nucleocapsid
protein, in all nidoviruses, a single N-protein forms the nucleocapsid which interacts with the
genomic RNA as well as the membrane proteins

Table 9.3 Morphological and genomic characteristics of SARS-CoV, MERS-CoV, and
SARS-CoV-2

Characteristic SARS-CoV MERS-CoV SARS-CoV-2
Genomic length (nt) 29,727 30,119 29,891

ORFs 11 11 12

Structural proteins 4 4 4

Length of S-protein (aa) 1255 1353 1273

NSPs 5 16 16

Accessory proteins 8 5 6

domains are known to interact with the gRNA but through different mechanisms.
The protein itself is found heavily phosphorylated; this phosphorylation is believed
to enhance the affinity for viral RNA during viral assembly [17, 18]. The functions
of N-proteins [19] have been enlisted in Table 9.4 along with the functions of other
common coronavirus proteins [20-25]. The encapsulating membrane is a lipid
bilayer derived from the host membrane. All surface proteins including S-, M-, and
E-proteins are embedded in this host-derived lipid bilayer [26].

Coronavirus S-proteins are amazing molecules, weighing around 150 kDa [18].
They alone mediate the receptor binding and membrane fusion of viral cells with
host cells [20]. S-proteins are heavily glycosylated and [18] exist in two conforma-
tions: a pre-fusion and a post-fusion conformation; the understanding of these con-
formations and factors which trigger its topology has helped identify potential
structural targets for therapeutic purposes [57]. Changes in S-glycoproteins (20-nm-
long club-shaped protrusions) are largely responsible for the variety in coronavirus
tropism.
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Table 9.4 Coronavirus proteins and their functions
Protein Function [Ref]
Spike (S) Receptor recognition [20]
Membrane fusion
Envelope (E) Mediate viral assembly [22, 23]
Mediate viral release from host cell
Involved in virus’ pathogenicity
Transmembrane (M) | Mediate viral release from host cell
Nucleocapsid Viral life cycle Viral core formation [21]
Viral assembly
Virus budding/envelop formation
mRNA replication
Cellular response | Chaperone activity
Cell cycle regulation
Host translational shutoff
Immune system interference
Signal transduction
Accessory proteins | NSP1 Cellular mRNA degradation [24,27]
INF inhibition
NSP3 Polypeptide cleavage [28,29]
Blocks host innate response
Promotes cytokine expression
NSP4 DMV formation [30, 31]
NSP5 Polypeptide cleaving [32-34]
IEFN inhibition
3CLpr
MPm
NSP6 DVM formation [35, 36]
Restricts autophagosome expansion
NSP7 Cofactor [37, 38]
NSP8 Cofactor [37-39]
Primase
NSP9 Dimerization and RNA binding [40, 41]
NSP10 Scaffold protein [42-45]
NSP12 Primer-dependent RdRp [37, 39, 46]
NSP13 RNA helicase [47-49]
5" triphosphatase
NSP14 Exoribonuclease [50-53]
N7-MTase
NSP15 Evades dsRNA sensors [54-56]
Endoribonuclease
NSP16 2’-O-MTase [25, 43, 44]
Negative regulation of innate immunity

Abbreviations: 3CL”™ chymotrypsin-like protease, DVM double-membrane vesicle, dsRNA
double-stranded RNA virus, /FN interferon, mRNA messenger RNA, M"™ main protease
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Of all the nidoviruses, only coronavirus and arterivirus particles possess con-
served (E) envelope proteins [2]. The deletion of E-protein in SARS-CoV results in
a dramatic reduction of virus infectivity. Though it is the smallest of all viral pro-
teins (8—12 kDa) [18] which SC2 gRNA expresses, yet it is also the most mysterious
one. During cell replication cycle, E-proteins are expressed in a huge amount by the
viral genome, but only a small amount of these proteins get incorporated into the
new viral envelopes [22]. Studies propose three possible roles which E-proteins
serve: (1) it mediates viral assembly, (2) its hydrophobic transmembrane domain is
important for viral release from the host cells, and (3) it contributes to virus’ patho-
genicity [22, 23, 58].

M-proteins play a central role at the junction where viral and host factors meet to
produce new virus particles. It is a small protein of up to 25-30 kDa [18]; reverse
genetic and VLP (virus-like protein) assembly studies suggest the role of M-protein
to exhort viral assembly by interacting with peplomers and viral ribonucleoproteins
(vRNP) at the budding site [59]. It exists in the form of a dimer inside the virion and
may transit between two different conformations which allow it to bind to the
N-proteins or promote membrane curvature during budding stage [18].

Genome Organization of SARS-CoV-2

The study of genomic organization is a definite prerequisite for the functional inves-
tigation of any virus’ replication mechanism, viral protein expression, host-virus
interactions, and the viral pathogenicity.

SC2, like all coronaviruses, carries a large genomic RNA (gRNA) comprised of
about 27,000-32,000 nucleotides. In general, a coronavirus gRNA contains seven
conserved genes which are common to coronaviruses. Two-thirds of this genome is
encompassed by (open reading frames) ORFla and ORF1b; the rest of the genome
harbors ORF3 and genes for all the structural proteins [21]. The conserved order of
these genes is illustrated in Fig. 9.5. Genomic sequencing has revealed that SARS-
CoV-2 genome holds 96% identity to the genome of bat CoV RaTG13 and 79.5%
identity with SARS-CoV [60]. SC2 genome encodes several ORFs. Figure 9.6
shows a schematic presentation of SC2 genomic organization [61]. ORFla/b are
translated to produce nonstructural proteins (NSPs). Polypeptide la (ppla,
440-500 kDa) is encoded by ORF1a, which when expressed is cleaved into 11 fur-
ther NSPs. ORF1b is translated to produce a larger polypeptide, pplab
(740-810 kDa). Pplab is further cleaved into 15 smaller NSPs. The viral genome

5 4= ORFla — ORF1b +s tor3+FE+F MFE N F3

Fig. 9.5 A schematic illustration of coronavirus RNA genome. The genome contains seven genes
which are common to all coronaviruses shown in their conserved order. ORFla and ORF1b make
up two-thirds of the entire genome; the rest consists of ORF3 and genes for essential structural
proteins; S spike protein, E envelop protein, M transmembrane protein, N nucleocapsid protein
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Fig. 9.6 Schematic representation of SARS-CoV-2 genome organization (gray). A 29,903-nt-long
mRNA is translated from the entire SC2 gRNA. ORF3a, E, M, ORF6, ORF7a, ORF7b, ORF8, N,
and ORF10 are nine major sgRNAs produced by the virus in addition to its gRNA [59, 61].
Illustration of the genomic organization of B-CoVs; MHV, SARS-CoV, and MERS-CoV are shown
in blue, maroon, and green, respectively. SC2 SARS-CoV-2, gRNA genomic RNA, sgRNA subge-
nomic RNA, ORF open reading frame, CoV coronavirus, SARS-CoV severe acute respiratory
syndrome-related coronavirus, MERS-CoV Middle East respiratory syndrome-related coronavirus

also serves to encode viral proteases (NSP3/5) which mediate the proteolytic cleav-
age of ppla and pplab. Nine subgenomic gRNAs (sgRNA) encode for conserved
structural proteins (S, E, M, and N) and at least six accessory proteins (3a, 6, 7a, 7b,
8, and 10) according to GenBank: NC_045512.2. CoVs elicit frequent gene recom-
bination which allows them to generate a huge number of variants which may and
may also contribute to their better survival and immune evasion activity [62].
Similarly, SC2 gRNA also undergoes frequent events of recombination during its
replication cycle, which will be discussed under the next subtopic. The study of its
genomic organization opens new directions for investigating SC2’s pathogenicity
and future pandemic threats.

Replication of SARS-CoV-2

To replicate, the virus cell must first enter into its host target cell. This entry would
depend on the host receptor specificity of viral spike glycoproteins (S-glycoP). As
for SARS-CoV-2, the S-glycoPs bind to the same ACE-2 receptors on human target
cells as SARS-CoV [63]. The S-protein has two subunits: S1 and S2. Subunit 1
consists of an RBD which recognizes ACE-2 receptors specifically on host cell
membranes; being the head of S-protein’s structure, it is responsible to find and bind
to the ACE-2 receptors [64]. Once the binding is done, transmembrane protease
serine 2 (TMPRRS2) or cathepsin proteolytically cleaves the S-protein from S2
domains. This cleavage initiates the process of viral-host membrane fusion [18].
This fusion allows the release of SC2 gRNA into host cell’s cytosol where ppla and
pplab start getting expressed. These large polypeptides are then cleaved into smaller
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NSPs by NSP3 and NSP5. Most of these NSPs come together to form the viral
replicase-transcriptase complex (VRTC). vRTC is then responsible for encoding the
set of sgRNAs which involves the process of ribosomal frame shifting [65]. The
viral structure proteins are transported to an ER-Golgi intermediate compartment
(ERGIC). Here the gRNA and structure proteins are assembled into new virus par-
ticles. After assemblage, the new mature virions are then sent toward the host cell
membrane packed in vesicles. As these vesicles reach the budding site, viral
M-proteins mediate virus release from the host cell.

Transmission and Pathogenesis of SARS-CoV-2

Viruses also use the known routes of transmission which any other pathogen is
known to take. These include:

1. Direct contact transmission — the viral particle gets physically transferred
through direct body contact and enters the body through any opening, e.g., eyes,
mouth, or a wound.

2. Airborne transmission — this encompasses viral transfer via small droplets or
suspended particles which may be inhaled by a host.

3. Ingestion transmission — the virus can be ingested by ingesting contaminated
food items.

4. Fomite transmission — the virus gets transmitted via contaminated inanimate
objects such as environmental or medical surfaces.

5. Vector-borne transmission — this happens when animals act as carriers/vectors to
transfer pathogens; the vectors are mostly arthropods or rodents.

6. Zoonotic transmission — this is spread of diseases from animal populations to
human populations and can take any of the five routes of transmission briefed
above [66].

Potential for interspecies jumping increases the probability of future zoonotic
spillovers (Fig. 9.3); any non-identified intermediate host is one reason that can
make it difficult to break the transmission cycle. Figure 9.7 briefly discusses the
cross-species transmission mechanisms from host to nonnatural hosts (other humans
and animals) and vice versa [1]. Virus transmission from animal to animal relies on
the fecal-oral route, whereas the transmission of virus from animal to human may
vary and can be depicted through three major stages: (1) viral prevalence and dis-
persal from animal host; (2) chances of viral exposure, route of entry in host human,
and dose of viral particles entering; and (3) genetic, immunological, and physiologi-
cal state of host human [67]. Transmission from human to human is found to occur
due to unprotected and prolonged in-person interaction with the infected individual.
Such an exposure builds a constant pathogen pressure on the exposed person, thus
leading to the development of infection and possibility of transmission [68]. The
major mode of person-to-person transmission is via airborne droplet which can
transmit the viral particles in a zone of about 6 ft from the infected individual [69].
The other mode in case of human-to-human transmission is via fomites [70].
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Fig. 9.7 Infection modes (IM1/2) depicting the potential of coronavirus’ interspecies transmis-
sion. The transmission from natural to nonnatural host is receptor dependent and relies on spike
protein modulation (IM1), whereas the transmission in reverse direction is often receptor indepen-
dent as the spike protein may bypass receptor binding and elicit higher affinity for nonspecific host
cell fusion when moving back to a previously known host (IM2)

The airborne droplets can settle on different surfaces and survive for long periods of
time. These can then be acquired by healthy individuals through contact with the
contaminated surfaces [1].

The pathogenicity of SC2 is thought to be linked with its structural and nonstruc-
tural proteins. Although the role of many NSPs haven’t been described yet, we do
know the crucial role of envelope protein in promoting viral assembly and release
[18] and that the NSPs can shut off host immune response. S-proteins, for instance,
prominently encourage SC2’s pathogenicity by showing high affinity to ACE-2.
ACE-2 receptors are widely distributed in the body, but the expression varies
between tissues and individuals as well. This also contributes toward the variation
in COVID-19’s clinical manifestations [63, 71-74] — discussed in “clinical charac-
terization of SARS-CoV-2.” The pathogenic mechanism through which SC2 causes
pneumonia seems complex. The available data indicates SC2’s capability of pro-
ducing a hyperactive immune response within the host body leading to the develop-
ment of cytokine storms. That being so, the pathogenic cascade of SC2 implicates
several cytokines, such as IL-1f, IL-12, IL-8, TNF-«, IL-6, monocyte chemoattrac-
tant protein 1, and macrophage inflammatory protein. IL-6 serves as the prime
mover for it can act on numerous types of cells in the body and is mainly involved
in the pathogenesis of cytokine release syndrome — which is also the case for
COVID-19 — characterized by multiple organ dysfunction and fever. Studies have
also proven that the binding of SC2 to TLRs (Toll-like receptors) actuates the release
of pro-IL-1p which when cleaved into its active IL-1f form mediates lung inflam-
mation and consequential fibrosis [75].

Clinical Characterization of SARS-CoV-2

The clinical pathology of COVID-19 resembles that of SARS-CoV and MERS-
CoV. Once the infection develops in a healthy individual, mild symptoms appear
including nonproductive cough, fatigue, low-grade intermittent fever, sore throat,
and dyspnea. The disease can then worsen to its severity in 4-5 days from symptom
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onset, on average [76-78]. COVID-19 patients may therefore present mild, severe,
or critical illness (Table 9.5). Gastrointestinal symptoms such as diarrhea and vom-
iting also develop but are relatively uncommon. As the disease worsens, the infected
individuals develop symptoms of ARDS (acute respiratory distress syndrome) and
require mechanical ventilation to survive. Figure 9.8 shows a schematic timeline for

U. F. Gohar et al.

onset of symptoms in COVID-19 patients.

Table 9.5 Clinical diagnostic features corresponding to the severity of COVID-19 infection in

patients

[52]

Severity of illness of COVID-19 patients

Diagnostic clinical conditions

Mild

Mild fever

Unproductive cough

Sore throat

Nasal congestion

Malaise

Diarrhea

Headache

Fatigue

Sudden loss of taste or smell
Vomiting

Severe

Severe dyspnea
Hypoxia

Critical

Acute respiratory distress syndrome (ARDS)
>50% lung infiltrates

Extrapulmonary manifestations

Multiple organ failure

\

ONSET OF SYMPTOMS

1-4

Fever, Fatigue, Myalgia, & Dry cough

Admission

Dyspnoea

ARDS

2‘

8.2

101

Fig. 9.8 Figure: A timeline of onset of symptoms in COVID-19 patients after development of

Median days

infection
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Underlying clinical complications were found more prevalent in severe
COVID-19 cases, the development of which was detected through chest X-rays,
T-cell counts (Table 9.4), and tissue biopsy of different organs of the infected per-
son. Rapid progression of pneumonia is often observed in COVID patients’ chest
X-rays; a reduction in T-cell (CD4 and CD8) counts and hyperactivity of T-cells
which triggers a severe cytokine storm [79] are other complications which impede
effective treatment. Virus-induced cytopathic effect was observed in intra-alveolar
spaces, and moderate microvesicular steatosis and mild lobular and portal activity
were observed in liver tissues, while a few inflammatory infiltrates were observed in
case of heart tissue. Coronavirus is also suggested to be associated with neurologic
manifestations, such as ischemic stroke, axonopathic polyneuropathy, and myopa-
thy [1, 80]. Underlying comorbidities in COVID-19 patients also complicate the
course of treatment by increasing the severity of illness and thus the chances of
death. The severity of the disease prolongs a patient’s stay in ICU and the use of
mechanical ventilation, which also adds to the complexity of the disease. Some
major underlying comorbidities reported in COVID-19 patients are cerebrovascular
disease, hepatitis B, chronic obstructive airway disease, cancer, coronary heart dis-
ease, chronic kidney disease, diabetes, hypertension, and immunodeficiency.
Table 9.6 enlists the major comorbidities reported in various cohort studies [73,
81, 82].

Table 9.6 Some major ARDS
underlying comorbidities
reported in COVID-19
patients

Acute kidney injury
Acute cardiac injury

Cancer

Cerebrovascular disease

Chronic obstructive pulmonary disease

Coagulopathy
Coronary heart disease
Diabetes

ECMO

Hepatitis B
Hypertension

Invasive mechanical ventilation

Pneumonia
Rhabdomyolysis




262 U. F. Gohar et al.
Clinical and Laboratory Diagnosis of SARS-CoV-2

A basic clinical diagnosis of SC2 depends on the symptoms described in the previ-
ous section “Clinical Characterization of SARS-CoV-2,” which are also similar for
other virus-induced respiratory infections. COVID-19 was initially misdiagnosed as
pneumonia before it emerged as a pandemic. Hence, complimentary diagnosis
using serology testing, RT-PCR analysis of blood samples, or chest imaging of the
patients can help in differential diagnosis of the infection.

Once the symptoms such as intermittent fever, cough, and fatigue are investi-
gated, serological tests and chest imaging should be considered to establish the
presence of SC2 infection. COVID-19 provides somewhat similar serological find-
ings as for other viral respiratory diseases; these include alterations in the levels of
ALT, D-dimers, lymphocytes, CRP, thrombocytes, etc. — see Tables 9.7 and 9.8 [73,
81, 82]. Chest radiographs show the presence peripheral or rounded opacities with
patchy bilateral GGOs (ground-glass opacity) and mixed attenuations. Lesions in
the peripheral region or lower lobes are also predominant findings [83]. These struc-
tures, however, may not always be due to COVID-19. The radiologist must compare
unique features such as reverse halo or atoll signs to confirm the cause of infection.
CT scans are more sensitive than radiographs, but confirmed cases can also have
normal chest CTs. As these findings might not always be specific for COVID-19,
exposure or travel history of the patient can help avoid misdiagnosis [84].

Differential diagnosis is thus strongly recommended for COVID-19 diagnosis,
as it might get misdiagnosed as another form of pneumonia due to the high similar-
ity of serological and radiographic findings with those of other virus-induced respi-
ratory infections (caused by adenovirus, influenza, human metapneumovirus,
rhinovirus, parainfluenza, and respiratory syncytial virus). A general flowchart
shows how a seldom differential clinical diagnosis of COVID-19 can be carried
out — Fig. 9.9.

Table 9.7 Laboratory findings in COVID-19 patients [73, 81, 82]

Approx. values recorded in patient
Variable Variation observed in patients | cohort
ALT Elevated >40 U/L
D-dimer Elevated >1pg/L
CRP Elevated -
Creatinine Elevated -
LDH Elevated >245 U/L
IL-6 Elevated >7.4 pg/mL
Ferritin Elevated >300pg/L
Creatinine kinase Elevated >185 U/L
Procalcitonin Elevated >=0.5 ng/mL
Lymphocytes Lowered <0.8 x 10°/L
Thrombocytes Lowered <100 x 10°/L
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Table 9.8 List of few drugs with known mechanism of actions (MOA) against SARS-CoV and

MERS-CoV [1]

Drug

MOA

Chloroquine Chloroquine is attributed to a deficit in glycosylation of ACE-2 receptors
(SARS) and target type II transmembrane serine proteases (MERS)

IFN-alpha Inhibits viral replication (SARS, MERS)

INF-beta-1a

NF-gamma

IFN-alpha-2b

Imatinib Inhibit viral entry (SARS, MERS).

Dasatinib

Selumetinib Inhibit viral entry as well as replication of viral particles (SARS, MERS)

Trametinib via ERK/MAPK signaling pathway

Sirolimus Targets mTOR signaling pathway to reduce viral infectivity (MERS)

Chlorphenoxamine

Inhibits viral entry

Lopinavir

Targets MP°(SARS)

Camostat mesylate

Inhibits TMPRRS-mediated glycoprotein activation (SARS, MERS)

K11777 Inhibits viral attachment to host cells (SARS, MERS)
E-64-D
i Do you have fever?
YES e NO
1
xhs
ﬁ~ Are you experiencing Do you have
YES &Y shortness of breath? itchy eyes? 5 NO
L] 1 No YES L | 1 1
AP You may have Flu You may have You may have
19 common cold allergies
You may have
COVID-19
Other symptoms: Other symptoms: Other symptoms: Other symptoms:
-Fatigue -Fatigue -Sneezing -Sneezing
-Cough -Cough -Runny nose -Runny nose
-Weakness -Weakness -Mild chest
-Exhaustion -Exhaustion discomfort

Fig. 9.9 A flowchart to aid in differential clinical diagnosis of COVID-19 and other mimicking

conditions

The availability of genome sequence information of SC2 has made it possible for
clinicians and biotechnologists to establish an RT-PCR — diagnostic assay. It quali-
tatively detects the viral nucleic acids in nasopharyngeal or oropharyngeal sputum/
swab/aspirates or lavage of the suspected individual. SC2 gRNA is generally detect-
able during acute phase of infection. Positive results must be correlated with other
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diagnostic findings and patient’s exposure and travel history to determine infection
status. Not every result is precisely definitive to determine the absence or presence
of SC2 in samples. RT-PCR can produce false-negative/false-positive results [85].
Again, the decision regarding patient infection status must be based on differential
diagnosis to prevent misdiagnosis.

Therapeutic Options for the Treatment of COVID-19

Therapeutic options for COVID-19 are meek; a number of FDA-approved drugs
were randomly tested on SC2-infected patients under strict supervision of MEURI
(Monitored Emergency Use of Unregistered and Investigational Interventions
System) [85]. Other than drugs, therapeutic options include vaccine development,
convalescent plasma therapy, corticosteroids, and CRISPR/Cas-mediated therapy.
Any specific antiviral treatment for COVID-19 has not yet been approved, and the
patients must receive supportive care in order to relieve symptoms [86].

Antivirals or Inmunomodulatory Drugs for COVID-19

As SARS-CoV-2 has emerged from a similar pool of viruses as SARS-CoV and
MERS-CoV, repurposing of drugs (Table 9.8) with well-established pharmacokinetic
profiles against previously known highly pathogenic coronaviruses is an approach
that readily got considered. The formerly known potent anti-coronavirus drugs either
manifest a virus-targeted strategy or a host-targeted strategy — Fig. 9.10.

Virus Host
targeted targeted
strate strate
gy Nucleoside gy Immunomodulatory
analogues drugs
Protease and S-

protein inhibitors

Fig. 9.10 Drug treatment approaches for COVID-19. Two strategies can be considered: (1) Virus-
targeted strategy includes any drug which hampers viral development and survival, e.g., nucleoside
analogues and protease or S-protein inhibitors. (2) Host-targeted strategy includes treatment with
drugs which upregulate host immune response toward viral infection
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Nucleoside analogues (NAs) and protease inhibitors (PIs), for instance, demon-
strate convincing activity against the progression of SC2 in patients. Fapilavir was
the first NA that got approved by NMPA (National Medical Products Administration
of China) for the treatment of SC2; ribavirin and favipiravir were also later on
approved for the administration in COVID-19 patients [87]. However, the highly
frequent ability to mutate provides SC2 with the ability to resist the activity of these
NAs. This led to the use of second approach: anti-CoV-NA cocktail therapy which
showed enhanced efficacy, especially with coadministration of an additive. The
resisting ability of SC2 toward NAs can also be reduced by administering a combi-
nation of drugs with different mechanisms of action. Several researchers, however,
speculate the use of single broad-spectrum antivirals till a novel anti-SC2 agent is
designed/identified [88]. Remdesivir and galidesivir, two experimental NAs, are
broad-spectrum antivirals which were also evaluated against SC2 in cell cultures
and mouse models [89, 90]. Like typical nucleoside analogues, these drugs inhibit
SC2 by causing premature termination of the vVRNA chains [87] (Fig. 9.11).
Remdesivir is presently in clinical trials’ phase for SC2 infection. In animal models,
remdesivir was reported to improve pulmonary function and lower viral load
(SARS-CoV and MERS-CoV) [90]. Wang et al. studied the effectivity of remdesivir
in vitro using human cell line; the study supports the use of intravenous remdesivir
as a viable drug treatment for COVID-19 [87].

Protease inhibitors, namely, lopinavir, disulfiram, and ritonavir, possess anti-
HCoV activity. Disulfiram is known to inhibit the papain-like protease of SARS-
CoV and MERS-CoV in cell-line models [87]. Ritonavir and lopinavir are known to
inhibit 3-chymotrypsin-like proteases of SARS-CoV and MERS-CoV. However,
the mechanism through which protease inhibitors inhibit proteases still rests in con-
troversy. Clinical trials of lopinavir and ritonavir failed to lower mortality rates in
COVID-19 patients and thus have not been considered for furtherance [91]. Other
candidate PIs include nafamostat and griffithsin which demonstrate activity against
S-proteins, thus hampering viral entry into host cells [92]. A recent study based on
activity profiling of SC2 NSP3 (viral papain-like cysteine protease, PLP®) deter-
mined crystal structures of two of its proposed potential inhibitors. The study hence

S'm’GpppN Nascent
P, Strand
~\

Nsp 10 Nucleoside Analogue Inhibitors
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Fig. 9.11 Nucleoside analogues (NAs) are structural mimics of naturally occurring nucleosides.
This allows the viral transcriptional machinery to mistakenly incorporate them during RNA trans-
lation. NAs either mispair with natural nucleosides to result in lethal mutations or cause premature
termination of the viral RNA chain
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propounds a framework for the development of protein inhibiting antivirals with
promising therapeutic value as an anti-SC2 drug [93].

Chloroquine and hydroxychloroquine (antimalarial drugs) were also repurposed
against SC2. 500 mg of chloroquine and 200 mg of hydroxychloroquine every
12 hours were proposed [52]. Gautret et al. [94] reported significant reduction in
viral load until complete disappearance associated with the use of hydroxychloro-
quine. This effect was also documented to have enhanced by the administration of
azithromycin with hydroxychloroquine. Like PIs, these drugs were also discontin-
ued due to their inability to lower COVID-19 mortality rate [52]. Howbeit, further
studies are recommended to evaluate the use of azithromycin against viral infec-
tions despite their established potential to mitigate and modulate immune system in
in vivo and in vitro systems.

IFNs are innate components of the human body which naturally respond in
defense to viral infections. These have been previously used against hepatitis C
virus and in chemotherapy against numerous malignancies [52] (Table 9.8) and thus
can be speculated for anti-SC2 activity. However, the data presently available is not
enough to decide in favor or against their use for COVID-19 [95].

Vaccine for COVID-19

More than 100 potential vaccines for coronaviruses are being evaluated; these
include the following types:

. Whole virus (live/attenuated)
. Antibody-based

. Small subunit-based

. Vector-based

. Nucleic acid-based

[ I SN OS I NS I

Live attenuated vaccines help build a long-term immune response toward a spe-
cific virus; however, it may sometimes develop complications in the recipient.
Antibody-based vaccines are based on (mAbs) monoclonal antibodies. The mAbs
are strain specific but only provide a limited protection against the subjected virus.
Small subunit-based vaccines are the most safe to use, are simple to produce, and
are broad-spectrum as well. Nucleic acid-based vaccines are also referred to as
DNA or RNA vaccines. These are also safe to use and provide long-term protection.

Some of the most promising candidates for SC2 as reviewed by the global
COVID-19 vaccine R&D landscape were PiCoVacc, INO-4800, Ad5-nCoV,
mRNA-1273, LV-SMENP-DC, and aAPC [96, 97] and are currently under clinical
trials [52]. S-protein-based vaccines are a type of small-subunit-based vaccines;
having demonstrated to be the most effective against both SARS-CoV and MERS-
CoV [1], they are now being readily considered as safe, simple, and stable [98]
option against SC2 but are presently underway clinical trials. In Wuhan (China), the
very first in-human trials for a recombinant adenovirus type 5 (Ad5) vectored SC2
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vaccine were carried out between 16th and 27th of March 2020. This vaccine is also
an S-protein-based vaccine, and no serious adverse effects were reported within
28 days of its administration. The specific Ab response to SC2 peaked after day 28.
This vaccine is currently undergoing phase II trial to confirm its safety and immu-
nogenicity for mass use [99].

Plasma/Serotherapy for COVID-19

The use of convalescent plasma (CP) lowered the mortality rate in SARS- and
MERS-infected patients. Likewise, passive immunization with CP in SC2 patients
exhibited improved outcomes. CP is speculated to contain therapeutic levels of anti-
SC2 neutralizing antibodies (Abs). Studies report the efficacy of convalescent
plasma as a treatment without any adverse side/posttreatment effects [100]; how-
ever, some known complications otherwise associated with serotherapy include cir-
culatory overload, anaphylaxis, and transfusion-related acute lung injury [101], and
so further study is advised. Various treatment protocols mention serotherapy as
treatment of last resort; fortunately, no serious unfavorable events have been
reported so far. Instead, successful cases of COVID-19 treatment are surfacing [56].
A clinical trial to investigate a cocktail of Abs purified from CP in COVID-19
patients was launched in June 2020 [52]. Anyhow, the maximum benefits or associ-
ated complications might be realized through routine administration of these
therapies.

Alternative Therapies

Anticoagulant Therapy

Anticoagulation therapy is also being suggested as SC2-infected patients have a
higher incidence of venous thromboembolism. The therapy has been associated
with reduced ICU deaths in COVID patients. Furthermore, in case of thrombosis or
thrombophilia, 1 mg/kg dose of enoxaparin — twice a day for full-intensity antico-
agulation — is indicated [102].

Glucocorticoids (GC)

Systemic GCs have been investigated for SARS-CoV back in 2003, but these stud-
ies are few and do not provide any conclusive evidence regarding their efficacy
[103]. Corticosteroids have been studied in animal models and been extensively
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reported as potential therapeutic agents which can help reduce inflammation, lung
injury and improve patient survival [104]. These however, were not recommended
as a treatment option for critical cases of viral pneumonia or ARDS [52], but as a
subset of population infected with COVID-19 may develop cytokine storm syn-
drome [79, 105] and multiple organ failure, the therapeutic role of glucocorticoids
was re-hypothesized for these patients in this current dramatic emergency. A recent
study demonstrates dexamethasone to have reduced deaths by 33% among critically
ill SC2-infected patients [106]. However, other studies claim that there is no con-
vincing evidence available to prove the efficacy of corticosteroids in decreasing the
mortality rate for COVID-19 [107]. The debate on the use of glucocorticosteroids
has hence been reignited and needs further experimental evidence to comprehend
any benefits it might have for treating COVID-19.

Stem Cell-Based Therapy

A study [108] introduced mesenchymal stem cell transplantation (MSCT) as a
promising alternative to antiviral drugs for COVID-19. They report that MSCT can
help regulate immune homeostasis and induce specific immune tolerance to help
reduce inflammation Based on these findings, the study proposes it as one viable
therapeutic approach toward COVID-19 as MSCT were also reported safe and
effective for use especially for critically ill COVID-19 patients.

ACE-2-Mediated Therapies

ACE-2 (angiotensin-converting enzyme 2) is a peptidase widely expressed in
organs including lungs, kidneys, and the GIT. One major similarity between SC2
and SARS is their affinity for ACE-2 receptors. The entry of SC2 via ACE-2 is
followed by the accumulation of angiotensin-II which may mediate acute lung
injury. ACE-2 blockers and administration of soluble ACE2 are potential therapeu-
tic approaches for COVID-19 [109]. ARBs (angiotensin receptor blockers) pro-
pose another possible treatment option [110]. These therapies are convenient and
can be applied.

CRISPR/Cas System

The diversity of HCoVs requires a flexible antiviral technique to pace up with its
mutative frequency. CRISPR/Cas9 system has already been successfully used to
enhance immunity by reprogramming B- and T-cells as a chemotherapeutic
strategy. It can be used as a promising antiviral technique as well, as it can be
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used to manipulate immune system against the pathogen or can destroy viral
cells directly [111].

Conclusion

SARS-CoV-2 is a highly pathogenic coronavirus which is found to have originated
in bats and carried over to humans by Malayan pangolins. COVID-19 emerged as a
local outbreak of pneumonia from a seafood market in Wuhan (China) and rapidly
transitioned into a global pandemic. SC2 is highly infectious and possesses an
aggressive ability of person-to-person transmission, yet the mortality rate in COVID
patients is less than that in SARS-CoV and MERS-CoV. COVID patients have been
reported with flu-like symptoms in mild to ARDS, cytokine storm, and MOD in
critical cases. The most common detection method for SC2 is RT-PCR diagnostic
assay, but because RT-PCR is prone to produce false results and other diagnostic
findings might share similarity with those of other virus-induced respiratory com-
plications, differential diagnosis must be performed to confirm COVID illness.
Various therapeutic options have been explored; however, any potential anti-SC2
agent is currently undergoing clinical trials, and so there is no approved treatment
yet. The patients thus rely on supportive treatment to relieve symptoms. Till a treat-
ment is approved, prevention methods including the use of face masks, proper
hygiene, and social distancing should be strictly followed, and in case of any symp-
toms, early detection and treatment must be considered.
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