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Introduction and Review of Literature

Following the emergence of SARS-CoV and MERS-CoV, both caused by coronaviruses, a
novel coronavirus known as SARS-CoV-2 (Severe Acute Respiratory Syndrome Coronavirus
2) led to an outbreak of viral pneumonia. This disease, named Coronavirus Disease (COVID-
19), originated in Wuhan, China, in late 2019 and has since posed a significant threat to global
public health and society [1, 2].

This introduction aims to provide a comprehensive overview of COVID-19 and SARS-CoV-2,
detailing its clinical manifestations, underlying pathophysiology, and the evolution of its various
variants. Additionally, it discusses the main protease, its inhibitors, the spike protein, and key
biomolecules such as receptors that facilitate the entry of virus into the host cells.

2.1. COVID-19 and SARS-CoV-2

The novel coronavirus disease, commonly referred to as COVID-19, is caused by Severe Acute
Respiratory Syndrome Coronavirus 2 (SARS-CoV-2). This virus was first identified in Wuhan,
China, in December 2019. The unique genomic structure of SARS-CoV-2 enables it to induce
viral pneumonia and facilitates rapid human-to-human transmission [3]. The delayed
implementation of preventive measures in many countries contributed to a sharp rise in cases
globally. Additionally, due to its high transmissibility, COVID-19 rapidly spread across
continents, surpassing previous coronavirus outbreaks such as SARS in 2002 and MERS in
2012 in terms of both infection rates and geographical distribution [4,5]. The COVID-19
pandemic has posed an unprecedented challenge to global public health [6,7]. As of March 14,
2024, the virus has affected 229 countries, infected over 704,235,761 individuals and resulted
in 7,006,139 fatalities, while 675,108,072 people have recovered [8,9]. However, the actual
number of infections is likely underestimated, as mild cases often resolve without being

officially recorded.

The causative agent of COVID-19, SARS-CoV-2, belongs to the Coronaviridae family within
the order Nidovirales and is classified under the subfamily Coronavirinae. This subfamily
comprises four genera: Alphacoronavirus (o), Betacoronavirus (), Gammacoronavirus (y), and
Deltacoronavirus (8) [10]. SARS-CoV-2 is a Betacoronavirus characterized by a positive-sense,
single-stranded RNA genome [11]. It is an enveloped virion with a diameter ranging from 60 to
140 nm and exhibits an oval to round morphology, often displaying polymorphic features
(Figure 2.1) [12].
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Figure 2.1. A three-dimensional (3-D) structure of the novel coronavirus (COVID-19).
(Taken from [12])

The genome of SARS-CoV-2 consists of a large, positive-sense, single-stranded RNA that is
non-segmented, with an approximate length of 30 kb. Among the 29 proteins encoded by the
viral genome, there are 25 putative non-structural and accessory proteins, along with four
structural proteins [13,14]. Approximately one-third of the viral genome is responsible for
encoding structural proteins, including the spike glycoprotein (S), membrane (M), envelope (E),
nucleocapsid (N), and several accessory proteins [15,16]. The remaining two-thirds of the
genome encodes non-structural proteins (NSPs) [15,16].

The SARS-CoV-2 spike (S) protein consists of 1,273 amino acids, making it longer than the
spike proteins of SARS-CoV (1,255 amino acids) and known bat SARS-related coronaviruses
(1,245-1,269 amino acids) [17]. These viruses, which exhibit either a spherical or pleomorphic
morphology, are enclosed within an envelope containing a helical nucleocapsid composed of
nucleoproteins (N) that associate with the viral RNA genome. Embedded within this envelope
is the spike glycoprotein (S), which plays a critical role in host cell receptor binding.
Additionally, the envelope contains integral membrane (M) and envelope (E) proteins [18], as
depicted in Figure 2.2.
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Figure 2.2. (A) The structural elements of the virus, including the spike protein,
envelope, membrane, and internal components such as the viral single-stranded RNA
and nucleocapsid proteins. (B) SARS-CoV-2 genome components (Taken from [19])

Viral entry into the host cell is primarily mediated by the S protein, which extends from the
viral surface and possesses receptor-binding and fusogenic properties. Angiotensin-converting
enzyme 2 (ACEZ2) has been identified as the functional receptor responsible for SARS-CoV-2
infection [20]. The high genomic and structural similarity between the S proteins of SARS-
CoV and SARS-CoV-2, with a 76% amino acid sequence identity, supports ACE2 as the
primary cell-surface receptor for viral entry [21-24]. The S protein binds to ACE2 receptors
on the surface of permissive host cells, where it undergoes cleavage by a host serine protease,
such as TMPRSS2, which is expressed in nasal epithelial cells. This cleavage transitions the
S protein into a fusion-permissive state, enabling viral entry via the plasma membrane.
Alternatively, SARS-CoV-2 can enter the host cell through endosomal uptake, where
intracellular vesicles facilitate fusion [25].

Following membrane fusion, the nucleocapsid is released into the host cytoplasm, where
uncoating of the viral genome occurs. The genomic RNA undergoes translation of open
reading frames ORFla and ORF1b, producing two polyproteins, ppla and pplb. These
polyproteins are subsequently co-translationally and post-translationally processed into
individual non-structural proteins (NSPs), which are integral to viral replication and
transcription. Once translation is completed, the synthesized structural proteins are
translocated to the endoplasmic reticulum (ER) membranes and then transported through the
ER-to-Golgi intermediate compartment (ERGIC). At this stage, newly synthesized genomic

RNA interacts with N-encapsidated proteins, facilitating viral assembly and budding into the
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lumen of secretory vesicles. The mature virions are ultimately released from the infected cell
through exocytosis [26]. The detailed pictorial representation of the life cycle of SARS-CoV-

2 is shown in Figure 2.3.
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Figure 2.3. Viral life cycle of SARS-CoV-2. Interaction between the S protein of SARS-CoV-2
and hACE?2 initiates SARS-CoV-2 infection. Following receptor binding, the virus enters the
cell by acid-dependent proteolytic cleavage of the S protein by TMPRSS2 or other proteases.
Upon fusion of the viral and host cell membranes, viral genomic RNA is released in the
cytoplasm. The viral RNA initiates translation of co-terminal polyproteins (ppla/ab) by—1
frameshifting. These polyproteins are subsequently cleaved into nonstructural proteins (nsps)
by Mpro and PLpro. Several nsp proteins interact with nsp12 (RdRp) to form the replicase-
transcriptase complex (RTC), which is responsible for the synthesis of full-length viral genome
(replication) and sub-genomic RNAs (transcription). The viral structural proteins are
expressed and translocated into the endoplasmic reticulum (ER). The nucleocapsid (N)
protein-encapsidated genomic RNA translocates with the structural proteins into the ER-Golgi
intermediate compartment (ERGIC) for virion assembly. The newly synthesized virions are
budded through the cell membrane and exocytosed. (Taken from [27])

2.2. History of coronaviruses

Based on existing literature, seven human coronaviruses have been identified to date. Among
them, HCoV-229E and HCoV-NL63 belong to the alphacoronavirus group, while HCoV-OC43,
HCoV-HKU1, MERS-CoV, SARS-CoV, and SARS-CoV-2 fall under the betacoronaviruses
category and have been detected at different times of the year in various regions across the globe
[28-31]. Human coronaviruses (HCoVs), such as HCoV-229E, HCoV-0OC43, HCoV-NL63, and
HCoV-HKUL1, are typically associated with mild respiratory symptoms resembling the common
cold. In contrast, SARS-CoV and MERS-CoV have emerged as highly lethal pathogens over

the past two decades, causing significant mortality and economic disruptions.
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HCoV-229E and HCoV-0OC43 have been known for over 50 years, whereas HCoV-NL63 and
HCoV-HKU1 were identified following the SARS-CoV outbreak. These coronaviruses spread
primarily through direct human-to-human transmission while in contrary, SARS-CoV and
MERS-CoV, are believed to originate from an animal reservoir. Nonetheless, there is
considerable genetic variability among human coronaviruses. Although these viruses are present
worldwide, their prevalence varies depending on time and location [32].

The first recorded SARS-CoV cases were reported in Foshan, Guangdong province, China, in
November 2002 [33]. This later led to a SARS outbreak that affected 28 countries, resulting in
8,096 confirmed infections and 774 fatalities [33]. Subsequent research identified masked civet
cats and raccoon dogs as the initial hosts of the SARS-CoV virus. Moreover, distinct CoVs
related to SARS-CoV have been found in Chinese rhinolophid bats (Rhinolophus spp.),
indicating that these bats might serve as natural hosts for the virus [34,35].

Similarly, the first MERS-CoV infection in humans was detected in Jeddah, Saudi Arabia, in
June 2012 [33]. By November 2019, a total of 2,494 MERS-CoV cases had been reported across
27 countries, leading to 858 deaths (WHO, 2020). Initially, bats were considered the primary
source of MERS-CoV. However, researchers later discovered a significant presence of MERS-
CoV-neutralizing antibodies in camels from Oman and the Canary Islands [36,37]. Serological
studies suggest that MERS-CoV-like viruses were circulating among dromedary camels in
regions such as East Africa, North Africa, and the Middle East as early as 1983. Furthermore,
dromedary camels in Saudi Arabia have been found to carry multiple viral genetic lineages [38],
facilitating cross-species transmission and human outbreaks. Collectively, these findings
strongly indicate that dromedary camels act as a crucial reservoir for MERS-CoV. Laboratory
evidence suggests that viruses originating from bats may have been transmitted to dromedary
camels more than three decades ago (Figure 2.4) [39].
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Figure 2.4. Schematic diagram of the transmission process of three HCoVs. Humans acquired
SARS-CoV and MERS-CoV from bats through civet cats and dromedary camels, respectively.
1t is unclear how SARS-CoV-2 spread to humans. (Taken from [40])

Among the seven coronaviruses identified to infect humans [41], SARS-CoV-2 is the third to
have recently emerged, following SARS-CoV [42] and MERS-CoV [43], both of which have
caused severe outbreaks. SARS-CoV-2 belongs to the Betacoronavirus genus and has a zoonotic
origin [44], sharing approximately 79% genetic similarity with SARS-CoV [45-48].
Epidemiological research indicates that the Huanan Seafood Market in Wuhan was the initial
and primary epicenter of the SARS-CoV-2 outbreak. Two of the first three documented cases
of COVID-19 were directly linked to the market’s wildlife trade, and 28% of all cases reported
in December 2019 had direct connections to the market [49]. During that month, around 55%
of cases were associated with other markets in Wuhan, with a higher concentration of cases
occurring in the first half of December [49]. An analysis of case locations showed that early
infections were primarily clustered around the Huanan Market, supporting its identification as
the outbreak’s origin. Additionally, these areas experienced an excess of pneumonia-related
deaths in January 2020, a metric less influenced by reporting bias [50].

Some of the earliest cases appeared to have no direct connection to the market, which could be
attributed to undetected transmission chains and asymptomatic spread. A similar pattern was
observed in the initial SARS-CoV outbreak [51]. Figure 2.5 illustrates the timeline for the

emergence of human coronaviruses.
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Figure 2.5. Timeline for the emergence of human coronaviruses (Based on data from [52]
and the image was self-created using Canva)

2.3. Symptoms and signs

Coronaviruses are a group of pathogens capable of infecting the lower respiratory tract in
humans, leading to a spectrum of illnesses ranging from the common cold to severe infections
with mortality rates reaching up to 50% [53]. COVID-19, caused by the SARS-CoV-2 virus, is
an exceptionally transmissible infectious disease, with each infected individual potentially
spreading the virus to an average of three others [54]. This reproductive rate surpasses that of
SARS (1.7-1.9) and MERS (<1), indicating a higher propensity for widespread outbreaks. The
increased transmissibility of COVID-19 compared to SARS and MERS is largely attributed to
its relatively milder clinical presentation, allowing undiagnosed individuals to contribute to

community transmission [55].

Although the majority of COVID-19 cases present with mild symptoms, a subset of patients
may develop severe complications, including respiratory failure, arrhythmias, septic shock,
renal impairment, cardiovascular injury, and hepatic dysfunction, particularly those with pre-
existing health conditions [56,57]. The case fatality rate (CFR) of COVID-19 has been estimated
at approximately 3.8%, though this figure varies among individuals with multiple comorbidities
[58]. The predominant symptoms include fever, cough, and myalgia or fatigue [59]. Individuals
presenting with fever and upper respiratory tract symptoms, in conjunction with lymphopenia

or leukopenia, should be considered as potential cases [59]. Some patients may experience
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diarrhoea prior to the onset of fever, and a minority may report headaches [60]. Notably,
diarrhoea is a more frequently observed symptom in SARS cases [55].

Beyond its primary respiratory manifestations, which can progress to pneumonia, sepsis, or
acute lung injury, emerging evidence suggests that COVID-19 may exert systemic effects,
impacting multiple organ systems [61]. The observation that nearly 50% of affected individuals
experience gastrointestinal symptoms, including diarrhoea and vomiting, raises the possibility
of viral involvement in the gastrointestinal tract. Figure 2.6 illustrates some common,
uncommon, and severe symptoms in patients with COVID-19.

Common symptoms
Fever
Dry cough
Shortness of breath
Fatigue
Sputum production

Uncommon symptoms

Loss of smell or taste Headache
Nasal congestion chest pain
Sore throat
sneezing

Diarrhoea
Vomiting

Complications
Acute respiratory
distress syndrome

Secondary infection

Septic shock

Coughing up blood

Kidney failure

Figure 2.6. The common, uncommon, and severe symptoms in patients with COVID-19
(Based on data from [62,63] and the image was self-created using Canva)

Several studies suggest that 2019-nCoV infection, like certain other viral infections, may be
associated with cardiac injury [62]. Severe inflammation of the heart muscle can lead to
arrhythmias and compromise the heart's ability to pump blood effectively [64]. Consequently,
individuals with pre-existing cardiovascular conditions and hypertension face a significantly

higher risk of mortality compared to those without such conditions. Additionally, hospitalized
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COVID-19 patients often exhibit abnormalities in blood clotting and an increased likelihood
of venous thromboembolism, making anticoagulant therapy or thromboprophylaxis necessary
in many cases [65]. Emerging evidence also indicates that COVID-19 may have a severe
impact on the central nervous system (CNS). Some reported neurological symptoms include
loss of smell, taste, or vision, along with reduced alertness [66].

In the early stages, COVID-19 symptoms may appear mild but can rapidly progress to severe
complications. Monitoring the progression of symptoms is crucial, as many individuals do
not exhibit signs of infection immediately after exposure. Symptoms may take up to 14 days
to manifest, while some individuals remain asymptomatic throughout the course of infection.
Initially, nasal congestion, sore throat, and cough are among the most common symptoms.
Around three to five days after symptom onset, patients are more likely to experience fever,
muscle pain, and headaches, with symptoms typically peaking during this period [67].

2.4. Pathophysiology

The pathogenic phases of COVID-19 remain incompletely understood but previous studies have
proposed that SARS-CoV-2 may consist of the following phases:

A. Transmission of infection

Although relatively uncommon, coronaviruses have the potential to be transmitted from animals
to humans [68]. The outbreak of the major coronaviruses in the past in humans suggested that bats
act as reservoirs for these viruses that crossed the species barrier and infected humans as well as
other domestic and wild mammals [69]. While the exact origin of SARS-CoV-2 remains
uncertain, there is a clear possibility that the virus may have been transmitted from infected
animals such as civet cats, snakes, or other species to humans at the Huanan seafood market [70].
Furthermore, various domestic animals, including ferrets, cats, and dogs, have been found to be
susceptible to SARS-CoV-2, reinforcing the need to consider animal-to-human transmission as a
potential pathway for viral spread [71]. Current scientific evidence suggests that human-to-human
transmission remains the primary mode of SARS-CoV-2 dissemination [68]. Generally,
individuals with symptoms of COVID-19 are more likely to transmit the virus to those in close
proximity [72,73]. However, asymptomatic carriers also play a significant role in viral
transmission, as they can unknowingly spread the infection [74-76]. This silent transmission
mechanism has contributed to the rapid and widespread increase in COVID-19 cases, particularly

in communities that have not strictly adhered to isolation and social distancing protocols, as well
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as within households where asymptomatic individuals unknowingly infect family members [77-
79].

SARS-CoV-2 can be transmitted through both direct and indirect means. Direct transmission
occurs via respiratory droplets expelled during coughing, sneezing, or even talking, particularly
when individuals are within one meter of an infected person [80-82]. Indirect transmission, on the
other hand, involves contact with contaminated surfaces. If a person touches a surface carrying
viral particles and subsequently makes contact with their eyes, nose, or mouth, infection may
occur [82]. The role of faeces in the transmission of COVID-19 is unclear and considered to be
an area of ongoing investigation. The presence of viral RNA in the faeces of infected individuals
suggests the possibility of a faecal-oral transmission route [83,84]. There have been suggestions
that the gastrointestinal system is a critical route for the spread of this virus [85]. The COVID-19
virus infects cells via the surface receptor, ACE2. The high expressions of ACE2 in gastric
glandular, colon and ileum absorptive enterocytes, duodenal and rectal cells suggests that the virus
spread via the faecal-oral route [86-88]. Environmental sampling has detected SARS-CoV-2 on
surfaces such as toilet bowls, sinks, and door handles in restrooms used by COVID-19-positive
individuals. Hence, poorly maintained public restrooms could pose a potential risk for viral
transmission through contact exposure [89].

In summary, although human-to-human transmission remains the primary mode of SARS-
CoV-2 spread, the possibility of zoonotic transmission and other pathways, including fecal-oral
transmission should not remain unnoticed [89,90]. A schematic representation of SARS-CoV-2

Transmission Routes is shown in Figure 2.7.
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Figure 2.7. Schematic representation of SARS-CoV-2 Transmission Routes (Taken from [91])
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B. Pathogenesis mechanisms

The pathogenesis of COVID-19 begins with the viral invasion of host cells via specific
receptor interactions [92]. SARS-CoV-2 comprises four primary structural glycoproteins:
spike (S), membrane (M), envelope (E), and nucleocapsid (N). The S protein, which is critical
for viral entry, consists of two subunits, S1 and S2. The S1 subunit specifically binds to the
ACE2 receptor, facilitating viral attachment, while the S2 subunit undergoes proteolytic
cleavage by transmembrane serine protease 2 (TMPRSS2), promoting membrane fusion
between the virus and the host cell [93]. Following receptor binding, the fusion of viral and
cellular membranes enables the internalization of the virus, initiating the infection process
[94].

C. Body systems and organs affected
Q) Pulmonary effects

Pulmonary sequelae following SARS-CoV-2 infection exhibit significant heterogeneity and are
classified as a post-COVID-19 condition, commonly referred to as long COVID and develop
symptoms that persist for more than 3 months after SARS-CoV-2 infection. Among the notable
pulmonary sequelae are pulmonary fibrosis and thromboembolic disease, though breathlessness
remains the most frequently reported symptom, adversely impacting multiple biological systems
[95].

Approximately 80% of individuals infected with COVID-19 experience mild to moderate
symptoms, which may include a dry cough or sore throat. In some cases, the infection progresses
to pneumonia, characterized by inflamed alveoli within the lungs [96]. Also, an average of 14%
of severe illnesses requiring hospitalization and oxygen support [97]. In critical COVID-19 in
about 5% of total cases the infection can damage the walls and linings of the air sacs in your
lungs. As the immune system responds, inflammation intensifies, leading to fluid accumulation
in the lungs making it harder for them to swap oxygen and carbon dioxide [96]. Severe COVID-
19 has been associated with life-threatening complications, including acute respiratory distress
syndrome (ARDS), sepsis, septic shock, acute kidney injury, and heart failure [98]. Old age and
chronic diseases have been reported as risk factors for mortality. Among the elderly, the number
of people in need of hospitalization and respiratory support has sharply increased [99]. In many
cases, lung tissue damage resulting from the infection leads to varying degrees of long-term

pulmonary abnormalities in affected individuals [100].
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(i)  Cardiac effects

Cardiovascular complications, including myocardial injury, may manifest during COVID-19
infection. Myocardial injury, characterized by the death of cardiac muscle cells, can occur
without noticeable symptoms in some individuals, while others may experience clinical
manifestations such as chest pain, dyspnea, or lower extremity swelling [101]. Additionally,
SARS-CoV-2 has been linked to an increased risk of myocardial infarction and cerebrovascular
events due to its ability to infect arterial wall tissues, including associated macrophages. This
infection triggers inflammation within atherosclerotic plaques, potentially leading to acute

cardiovascular events such as heart attacks or strokes [102].

The body's immune response to the virus typically involves inflammation as a defense
mechanism. However, in certain individuals with COVID-19, this inflammatory response
becomes excessive, leading to further cardiac damage. Excessive inflammation can disrupt the
electrical signaling of the heart, impair its pumping efficiency, and lead to abnormal heart
rhythms, called arrhythmia, or make an existing arrhythmia worse [103]. In children and
teenagers, an exaggerated inflammatory response known as multisystem inflammatory
syndrome in children has been observed, with significant implications for cardiac function.
Furthermore, severe cases of COVID-19 can induce widespread microvascular thrombosis,
including within the myocardium, potentially contributing to long-term cardiovascular damage
[103]. Cardiovascular sequelae may persist long after viral clearance and clinical recovery.
Chronic inflammation can continue undetected, leading to long-term complications such as
dyslipidemia, pulmonary fibrosis, and avascular necrosis, all of which have been reported
among COVID-19 survivors [104].

(ili)  Effects on brain

Coronaviruses not only affect the respiratory and circulatory systems but also exert significant
impact on the central nervous system (CNS). Neurological manifestations associated with viral
infections can be broadly categorized into those affecting the CNS and the peripheral nervous
system (PNS) [105]. Common CNS manifestations include headache, altered consciousness,
paresthesia, dizziness, ataxia, changes in sensorium, encephalitis, stroke, and seizures. In
contrast, PNS involvement primarily manifests as skeletal muscle injury and peripheral
neuropathies, including hyposmia and hypogeusia [105,106]. Headache is frequently reported

among CNS symptoms during viral infections and usually remains associated with fever.
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Additionally, impaired consciousness has been reported, particularly in critically ill patients
[105].

Certain individuals develop meningitis and encephalitis, indicating direct viral invasion of
the CNS. This invasion can lead to the suppression of brainstem reflexes, including those
responsible for detecting oxygen deprivation. Neurological manifestations are more common in
people with more severe disease and altered oxygen and carbon dioxide levels including
dizziness, headache, impaired consciousness including confusion, delirium, and inability to
rouse have been observed in such cases. Among these, delirium is a common occurrence and
has been associated with long-term cognitive impairments, including memory deficits [107-
110].

(iv)  Effects on eyes
The ocular surface is a potential entry point for SARS-CoV-2, with exposure occurring through
aerosolized droplets or direct hand-eye contact. Additionally, the ocular surface may act as a
viral reservoir, contributing to the transmission of infection to others [111]. During the SARS
epidemic, healthcare workers who had ocular exposure to infectious fluids were found to have
an increased risk of contracting SARS-CoV-2 [112,113]. ACE2 receptor functions as the
primary cell surface receptor facilitating SARS-CoV-2 entry into host cells [114-117]. The
TMPRSS2 protease is also crucial for viral entry, as it mediates the cleavage of the viral spike
protein following its attachment to ACE2 [114,118]. Studies have demonstrated the presence of
ACE?2 receptors in the conjunctiva, limbus, and cornea, particularly in the superficial epithelium
and substantia propria. Furthermore, research confirms that all eye and conjunctival specimens
express TMPRSS2, reinforcing the susceptibility of eyes to viral infection [111]. The presence
of ACEZ2 receptors on the ocular surface, makes the eyes a potential target for SARS-CoV-2
leading to symptoms such as conjunctival congestion, excessive tearing, eyelid edema, itching,
and photophobia. These symptoms are more commonly observed in individuals with severe
systemic disease but, in rare cases, may also be the initial manifestation of COVID-19 [119].
To date, according to the American Academy of Ophthalmology, most reported cases of
conjunctivitis associated with SARS-CoV-2 have been mild, bilateral, and follicular in nature,
with minimal corneal involvement. While conjunctivitis is the most frequently observed ocular
symptom in COVID-19, the virus may also contribute to other ocular conditions, including

chronic dry eye, corneal nerve damage, uveitis, and retinal abnormalities [120].
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(V) Gastrointestinal effect

Apart from the respiratory, cardiac and circulatory effects however, some COVID-19 patients
also have gastrointestinal (GI) manifestations, such as diarrhea, nausea, vomiting and abdominal
pain [121-123]. The involvement of the Gl tract in SARS-CoV-2 infection is primarily attributed
to the role of ACE2 receptors. Research indicates that ACE2 is abundantly expressed in the
gastrointestinal system, particularly within the small and large intestines [124,125]. This
suggests that the virus gains entry into host enteric cells through receptor-mediated mechanisms
and furthermore provide a basis for its possible transmission route through the feces.
SARS-CoV-2 infection in the gastrointestinal tract has been linked to inflammation and, in some
cases, gastrointestinal bleeding which have an impact on the intestinal immune system and
further influence the immune system of the whole body thus worsening the severity of COVID-
19 in the lungs and other organs [126, 127]. Additionally, SARS-CoV-2 infection disrupts the
balance of gut microbiota, which may further impact overall immune homeostasis and disease
progression [128]. The body systems and organs affected during COVID-19 has been depicted
in Figure 2.8.

Circulatory system
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Figure 2.8. Showing the body systems and organs affected during COVID-19 (The
image was self-created using Canva.)
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2.5. Occurrence of covid-19 and SARS-CoV-2 variants

The COVID-19 pandemic has left a lasting impact on the world, claiming millions of lives,
overwhelming healthcare systems, and disrupting societies and economies on an unprecedented
scale. The first officially reported case dates back to December 31, 2019, when the World Health
Organization (WHO) was alerted to a cluster of pneumonia cases in Wuhan City, Hubei Province,
China, with no known cause at the time [129,130]. As the number of infections surged rapidly,
the WHO officially declared COVID-19 a global pandemic on March 11, 2020. The disease,
caused by the novel coronavirus known as severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), spread at an alarming rate, leading to multiple waves of outbreaks.

The first wave primarily affected countries in early 2020, overwhelming hospitals and resulting
in widespread lockdowns to curb transmission. The second wave, which struck in late 2020 and
early 2021, was even deadlier in many regions due to the emergence of more transmissible
variants, causing severe strain on healthcare resources and leading to high mortality rates [131].
While the first and second waves caused devastating consequences worldwide, the number of
confirmed cases gradually began to slow down from February 2022 onward, eventually
stabilizing, as reported by Worldometer. A timeline summarizing the major events for the

occurrence of covid-19 is shown in Figure 2.9.
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COVID-19 MAJOR EVENTS IN INDIA

December 2019
First case of COVID-19 in Wuhan, China

January 2020
WHO declared COVID-19 outbreak as a Public
Health Emergency of International Concern February 2020
WHO announced "COVID-19" as
the name of this disease
) March 2020 March 2020
1500 confirmed case of COVID-19 | \wHO declared COVID-19 as a pandemic
Lockdewn (PHASF I) Starting of April 2020
(24 March-14 April 2020) 10,000 confirmed cases
Lockdown (PHASE II) End of April 2020
(15 April-3 May 2020) 35,000 confirmed cases

Lockdown (PHASE III) ¢ Mid of May 2020
(4 May-17 May 2020) 1 Lakh confirmed cases

Lockdown (PHASE IV) & End of May 2020
(18 May-31 May 2020) 1,80,000 confirmed cases

June-Nov 2020
‘unlock phase’ started I

End of 2020
10 million confirmed cases

April 2021 April 2021
Second wave of COVID-19 % Approximately 20 million
confirmed cases

Lockdown phase (5 April-15

June 2021)
April 2021
o~ Approximately 20 million confirmed cases
— End of 2021
35 million confirmed cases
= End of 2022

- 44 million confirmed cases
— End of 2023

45 million confirmed cases

v
45,035,254 (till date)

Figure 2.9. Showing the COVID-19 major events in India (Based on data from [132-135]
and the image was self-created using Canva.)

The rise in COVID-19 cases throughout the pandemic was largely driven by the emergence
of various SARS-CoV-2 variants. These new variants often had increased virulence,
making them more infectious and leading to rapid transmission. To categorize these
variants, different classification systems have been used, including GISAID, Nextstrain,
and Pango, which group them based on genetic lineages. For easier public communication,
the WHO recommended using Greek letters to name significant variants, especially for non-
scientific audiences—for example, the Delta variant (lineage B.1.617.2) [136,137].

One of the most critical factors in studying SARS-CoV-2 variants is the spike protein.
Mutations in this protein can significantly impact how easily the virus spreads, the severity
of illness it causes, and even the effectiveness of vaccines designed to combat it [137-139].

Since the original Wuhan strain, several notable variants have emerged, including Alpha
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(B.1.1.7), Beta (B.1.351), Epsilon (B.1.427 and B.1.429), Delta (B.1.617.2), Gamma (P.1),

as well as the more recent XBB and JN.1 variants.

. Wuhan strain: The novel coronavirus was first detected in December 2019 during an

outbreak in Wuhan, the capital of Hubei province in China. Initially, the virus was largely
confined to Wuhan and nearby regions in Asia, but by early 2020, it had rapidly spread
across the globe. During the early days of the outbreak, the virus and disease were
commonly referred to as "coronavirus,"” "Wuhan coronavirus [129-131]," "the coronavirus
outbreak,” and the "Wuhan coronavirus outbreak” [140]. The original strain of SARS-
CoV-2, known as the Wuhan strain, was the first documented variant responsible for the
initial wave of infections. It exhibited high transmissibility and primarily spread through
respiratory droplets. Research suggests that the original Wuhan strain has undergone
multiple mutations as it spread among populations, leading to the emergence of several
new variants. These variants have appeared in different regions worldwide, with some
becoming more dominant due to increased transmissibility. Among the most widespread
SARS-CoV-2 variants are Alpha, Beta, Epsilon, Gamma, Delta, Kappa, and Omicron
[141].
Epsilon variant: The Epsilon variant, also referred to as CAL.20C, is a strain of SARS-
CoV-2, the virus responsible for COVID-19. It was first identified in California, USA, in
July 2020 [142]. This variant includes two related lineages, B.1.427 and B.1.429, both
carrying the same mutations in the receptor-binding domain (RBD) of the spike protein
[143]. The rapid increase in cases linked to these lineages was largely associated with the
L452R mutation in the spike protein, which may have enhanced the virus’s ability to infect
human cells. Due to its increased transmissibility, the U.S. Centers for Disease Control
and Prevention (CDC) classified the Epsilon variant as a Variant of Concern (VOC)
[144,145].

. Alpha variant: The Alpha variant (B.1.1.7) was one of the first major VOC of SARS-
CoV-2, first detected in Kent, UK, in September 2020. By December 2020, it had rapidly
spread across multiple countries, becoming the dominant strain in several regions [146].
With 40-80% higher transmissibility than the original strain, it significantly contributed
to the surge in COVID-19 cases worldwide [147]. The Alpha variant’s increased
contagiousness was linked to mutations in the S protein, particularly N501Y, which
improved the ability of the virus to bind to the ACE2 receptor [148,149]. Research also
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indicated greater disease severity, leading to higher hospitalization and mortality rates
[150]. Although the variant did not fully evade vaccine-induced immunity, some studies
reported a mild reduction in vaccine effectiveness, but vaccines still provided strong
protection against severe illness [151]. The Alpha variant spread to over 100 countries but
declined by late 2021 due to the emergence of more transmissible variants, including Beta,
Delta, and Omicron [152].

4. Beta variant: Following the emergence of the Alpha variant, the Beta variant (B.1.351)
[146] of SARS-CoV-2 was identified. It was first reported in Nelson Mandela Bay, Eastern
Cape, South Africa, in October 2020 [153]. This variant quickly became the dominant
lineage in South Africa and was later detected in 115 countries worldwide [154]. The Beta
variant is characterized by 21 mutations, including nine mutations in the spike protein [153.
Studies suggest that it may be more transmissible than earlier SARS-CoV-2 strains, with
data indicating that the Beta variant was responsible for approximately 40% of new SARS-
CoV-2 infections, compared to just 20% for the Alpha variant [154,155].

5. Delta variant: The Delta variant (B.1.617.2) of SARS-CoV-2 was first detected in

Maharashtra, India, in October 2020 and quickly gained recognition as a variant of concern
(VOC) due to its high transmissibility and widespread impact on COVID-19 cases
worldwide [156]. Research suggests that Delta was 40-60% more transmissible than the
Alpha variant (B.1.1.7), spreading 1.37-2.63 times faster, with an estimated 63%-167%
increase in transmission rates [157]. This variant carries key spike protein mutations,
including L452R and T478K, which strengthen its ability to bind to ACE2 receptors,
thereby increasing infectivity [158]. Although vaccines continued to provide protection
against severe illness, some studies indicated a decline in effectiveness against symptomatic
infection caused by the Delta variant [159,160].
Following the Delta variant, another similar lineage with greater virulence called Delta
plus has been reported in Maharashtra, India during the late 2020. The Delta Plus variant
contains additional mutation (K417N) in S-protein compared to the Delta variant [158,161].
Therefore, since October 2020 two variants i.e. Delta and Delta plus became a cause for
concern.

6. Kappa variant: The Kappa variant (B.1.617.1) of SARS-CoV-2 was initially identified in
India during December 2020. By April 1, 2021, Public Health England had classified it as a
Variant Under Investigation (VUI-21APR-01). This variant encompasses several notable
mutations in the spike protein, including E154K in the N-terminal domain (NTD), L452R
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and E484Q in the receptor-binding domain (RBD), and P681R near the furin cleavage site
[162]. Due to its possession of these critical spike protein mutations also found in the Delta
variant, the Kappa variant is considered a precursor to the highly transmissible Delta variant,
which significantly contributed to the severity of the second COVID-19 wave in India
[163,164].

7. Gamma variant: The Gamma variant (P.1) is a significant variant of SARS-CoV-2 which
classified under lineage P.1, carries 17 amino acid substitutions, with ten occurring in the
spike protein [146]. Among these mutations, N501Y, E484K, and K417T are particularly
concerning due to their impact on viral behavior [165]. The variant was first identified by
the National Institute of Infectious Diseases (NIID) in Japan on January 6, 2021, in four
individuals who had traveled from Amazonas, Brazil, to Tokyo just four days earlier
[166,167]. The emergence of the P.1 variant significantly altered the epidemiological
landscape of COVID-19 due to its increased transmissibility and ability to partially evade
immune responses [168]. The presence of the N501Y mutation enhances the variant’s
binding affinity to the ACE2 receptor, contributing to its higher infectivity. Studies have
shown that the transmissibility of the Gamma variant is approximately 1.4 to 2.2 times
greater than the original strain of SARS-CoV-2 [169-171].

8. Omicron variant: The Omicron variant has impacted countries across the globe, including
India, playing a major role in the course of the pandemic. Just as the world anticipated the
end of COVID-19, Omicron unexpectedly emerged, spreading rapidly due to its high
transmission rate and affecting a vast population [172]. The World Health Organization
(WHO) first identified and classified Omicron (B.1.1.529) as a variant of concern in
November 2021 [172-174], with initial cases detected in Botswana and South Africa [175].
The Indian SARS-CoV-2 Genomics Consortium (INSACOG) reported in its January 2022
bulletin that Omicron had entered community transmission in India, leading to a sharp rise
in new infections [174,176]. Omicron was notable for its extensive mutations, particularly
in the spike protein, where it exhibited approximately 15 mutations, significantly increasing
its potential impact on disease spread and immune escape [177]. Compared to previous
variants like Delta and Beta, Omicron demonstrated greater transmissibility, allowing it to
spread more rapidly than earlier SARS-CoV-2 variants [178]. Following the emergence of
the original B.1.1.529 lineage, genetic mutations led to the development of multiple
subvariants, including BA.1 (B.1.1.529.1), BA.2 (B.1.1.529.2), BA.3 (B.1.1.529.3), BA.4
(B.1.1.529.4), and BA.5 (B.1.1.529.5) [172]. These subvariants exhibited distinct S protein
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mutations, particularly in the N-terminal domain and receptor-binding regions, contributing
to variations in transmissibility and immune evasion [172,179].

Beyond the primary Omicron subvariants (BA.1, BA.2, BA.3, BA.4, and BA.5), further
mutations gave rise to additional sub-lineages that significantly influenced the pandemic on
a global scale. These include BA.2.12 (B.1.1.529.2.12) and BA.2.12.1 (B.1.1.529.2.12.1),
BA.2.75 and BA.2.75.2, as well as XBB and XBB.1, among others [180].

XBB omicron: The SARS-CoV-2 Omicron variant has continued to evolve, giving rise
to new subvariants such as XBB and its derivatives, including XBB.1.5 and XBB.1.16.
These emerging subvariants have drawn considerable attention due to their increased
transmissibility and strong immune evasion capabilities [181,182]. The XBB lineage,
identified in late 2022, is a recombinant strain that originated from the genetic
recombination of two distinct Omicron subvariants. Structural studies suggest that the S
proteins of XBB subvariants have reinforced conformations, allowing them to effectively
evade neutralizing antibodies. This adaptation enhances their ability to spread rapidly and
increases the risk of breakthrough infections [183].

Among these subvariants, XBB.1.5 has gained prominence due to its rapid transmission
across multiple regions. Clinical data suggests that XBB.1.5 infections tend to be mild,
with most cases being asymptomatic or presenting with mild symptoms, and severe
hospitalizations remaining relatively rare in specific populations. The widespread
detection of XBB.1.5 in various countries highlights its global impact [184-187].
Similarly, the XBB.1.16 subvariant has demonstrated a growth advantage over earlier
strains. Despite showing slightly lower binding affinity to the ACE2 receptor compared
to XBB.1.5, it retains a similar level of infectivity [188]. Overall, the emergence and
spread of XBB and its subvariants underscore the continuous evolution of SARS-CoV-2
and the necessity for ongoing genomic surveillance and adaptation of public health

strategies.

10. JIN.1: The COVID-19 pandemic continues to evolve globally, driven by the
emergence of new SARS-CoV-2 variants that necessitate intensive surveillance and
monitoring [189]. One such recent variant, JN.1, was first identified in the United States in
September 2023 and has since become dominant in several countries, including the United
Kingdom, Iceland, and Portugal (WHO, 2023) [189]. JN.1 is a descendant of the BA.2.86
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lineage and is characterized by multiple mutations in the spike gene, which introduce new
challenges in understanding its transmissibility and immune evasion mechanisms [189].
Among these mutations, the Leu455Ser spike protein mutation is a key distinguishing
feature of JN.1, significantly enhancing its ability to spread more efficiently and evade
immune responses compared to its parental variant [190]. A timeline showing the

emergence of different SARS-CoV-2 variant is shown in Figure 2.10.
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Figure 2.10. Timeline of SARS-CoV-2 variant emergence (Based on data from [191,192] and
the image was self-created using Canva.)
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2.6. Diagnosis and treatment

Diagnosis for COVID-19:

A patient’s history of exposure or close contact with suspected or confirmed COVID-19
cases serves as essential diagnostic evidence. However, in instances where such a history is
unknown, clinical manifestations and imaging findings can indicate a possible COVID-19
infection. To confirm the diagnosis, a real-time reverse-transcription polymerase chain
reaction (RT-PCR) test should be conducted as the reference standard [193,194].
Nonetheless, due to the potential for false-negative results in SARS-CoV-2 PCR testing using
nasal swabs, clinical, laboratory, and imaging findings may also support a presumptive
diagnosis [195].

As per the diagnostic guidelines issued by the National Health Commission (NHC) of China,
the criteria include: (1) a history of exposure to individuals with respiratory symptoms from
Wuhan or other affected cities within two weeks before symptom onset, (2) clinical
indicators such as fever, a normal or decreased white blood cell (WBC) count, a reduced
lymphocyte count, and/or imaging evidence of pneumonia, and (3) a positive RT-PCR test
for COVID-19. A confirmed case of COVID-19 pneumonia requires hospitalization and
isolation for appropriate treatment [194,196].

Based on the WHO recommendations for SARS and MERS, the NHC of China proposed
criteria for diagnosis and treatment of COVID-19 pneumonia. A person with two clinical
conditions and one contact history is regarded as a suspected patient. Without any clear

contact history, suspected cases should have three clinical features [193,194].
Treatment for COVID-19:

As stated by the National Institutes of Health (NIH), the pathogenesis of COVID-19 is
primarily driven by two key processes: the replication of the virus during the initial stage of
infection and a dysregulated immune or inflammatory response to SARS-CoV-2 in the later
phase, which results in widespread tissue damage. Consequently, the treatment strategy
focuses on the use of antiviral medications to inhibit viral replication during the early phase
of the illness, while immunomodulators are employed in the later stage to manage the

inflammatory response [197].

Several drugs have received approval or emergency use authorization (EUA) for the
treatment of COVID-19 and the approval status varies by country and regulatory agency.

Below are some of the key drugs that have been used for COVID-19 treatment:
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Remdesivir, originally formulated to target Ebola virus infections, was later repurposed for
the treatment of COVID-19 due to its broad-spectrum antiviral capabilities. It was the first
antiviral medication to get fully approved from the U.S. Food and Drug Administration
(FDA) for COVID-19 treatment. [198,199]. Remdesivir is a nucleotide analog prodrug that
is metabolized intracellularly into its active form, GS-441524. This metabolite inhibits RNA-
dependent RNA polymerase (RdRp), a crucial enzyme for viral replication, by causing
premature termination of RNA synthesis. This mechanism grants Remdesivir efficacy
against coronaviruses, including SARS-CoV-2 [200]. Studies have shown that Remdesivir
reduces hospitalization duration in COVID-19 patients and decreases the likelihood of
disease progression to severe stages. It is mainly administered to hospitalized individuals
with moderate to severe COVID-19 who need supplemental oxygen but are not reliant on
mechanical ventilation [201].

Favipiravir is an antiviral medication that selectively targets and inhibits viral RNA
polymerase, exhibiting effectiveness against various RNA viruses [202,203]. Clinical
research has shown that early administration of oral favipiravir, alongside standard
supportive care, significantly reduces recovery time in patients with mild-to-moderate
COVID-19 compared to supportive care alone [204]. This drug functions as a substrate for
the RNA-dependent RNA polymerase (RdRp) enzyme, which misidentifies it as a purine
nucleotide, thereby disrupting enzyme activity and halting viral protein synthesis [205,206].

Protease plays a crucial role in the processing of coronavirus polyproteins, making it a
significant target for COVID-19 treatment. In recent years, extensive research has been
conducted on protease inhibitors for managing the disease. Lopinavir, a viral protease
inhibitor, is primarily used in the treatment of human immunodeficiency virus (HIV).
Ritonavir enhances the serum concentration of lopinavir by inhibiting its CYP3A-mediated
metabolism in vivo [207,208]. As a result, lopinavir and ritonavir are formulated as a

combination therapy.

Molnupiravir, a ribonucleoside prodrug of N-hydroxycytidine, exhibits antiviral activity
against SARS-CoV-2 and other coronaviruses [208,209]. Clinical trials demonstrated that it
reduced the risk of hospitalization or death by nearly 50% in nonhospitalized adults with
mild-to-moderate COVID-19 who were at risk for severe outcomes [208,210]. A phase 3
clinical trial further confirmed its effectiveness in reducing hospitalization and mortality rates
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when administered early [208, 211]. Additionally, studies indicate that molnupiravir is active
against major SARS-CoV-2 variants, including delta, gamma, and mu, with a moderate
antiviral effect [208, 212, 213]. Given its efficacy, the UK Medicines Regulator and the US
FDA have authorized its emergency use for treating mild-to-moderate COVID-19 in adults.

2.7. SARS-CoV-2 Viral proteins
2.7.1. Introduction to Spike protein — Structure and function

SARS-CoV-2, the virus responsible for severe acute respiratory syndrome coronavirus [214],
is an enveloped virus with a positive-sense single-stranded RNA genome approximately 30
Kb in length [214,215]. This viral genome contains 14 open reading frames (ORFs) that
encode 16 nonstructural proteins (nspl-16), 9 accessory proteins (ORFs), and 4 structural
proteins, each playing a distinct role in viral infectivity and transmission [216-218]. The virus's
structural proteins include the spike (S), envelope (E), membrane (M), and nucleocapsid (N)
proteins, collectively referred to as surface glycoproteins (Figure 2.11) [216-219]. These
proteins are essential for maintaining the architecture of SARS-CoV-2, with the S protein
being a key therapeutic target due to its role in viral entry. Since the virus's emergence,
significant advancements in understanding the structural biology of the SARS-CoV-2 S

protein have greatly enhanced knowledge of its entry mechanisms [220,221].

Membrane
protein

Nucleocapsid

Envelope protein

membrane

Sl Submm{
S2 Subunit {

Figure 2.11. SARS-CoV-2 virus depicting the location of the nucleocapsid (N), membrane
(M), envelope (E), and spike (S) protein and zooming out the S protein (Based on data
from [5] and the image was self-created using Canva).
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The S protein, a glycoprotein of approximately 180 kD, protrudes from the viral surface and
plays a critical role in viral attachment and entry into host cells. The initial stage of the
infection cycle in enveloped viruses involves interaction with cellular receptors followed by
fusion with the host cell membrane, a process facilitated by the spike protein [222].
Structurally, the S protein comprises an extracellular N-terminal region, a transmembrane
(TM) domain embedded in the viral membrane, and a short intracellular C-terminal segment
[223]. It is composed of a signal peptide (amino acids 1-13) at the N-terminus, along with two
key subunits: S1 (residues 14-685), which is responsible for receptor binding, and S2 (residues
686-1273), which mediates membrane fusion. Within the S1 subunit, there is an N-terminal
domain (14-305 residues) and a RBD (319-541 residues). Meanwhile, the S2 subunit contains
functional regions essential for viral fusion, including the fusion peptide (FP) (788806
residues), heptapeptide repeat sequence 1 (HR1) (912-984 residues), HR2 (1163-1213
residues), TM domain (1213-1237 residues), and cytoplasmic domain (1237-1273 residues)
(Figure 2.12) [224].

sls2 sz
FPPR

RBD |CTD1 CTD2

! HR2 TM CT
114 306 331 528 591 686 816 834 910 985 1035 1068 1163 12111234 1273

| S1 | S2 |

Figure 2.12. Schematic representation of the SARS-CoV-2 spike protein organization.
Segments of S1 and S2 include: NTD, N-terminal domain; RBD, receptor-binding domain;
CTD1, C-terminal domain 1; CTD2, C-terminal domain 2; S1/S2, S1/S2 cleavage site; S2', S2'
cleavage site; FP, fusion peptide; FPPR, fusion peptide proximal region; HR1, heptad repeat
1; CH, central helix region; CD, connector domain; HR2, heptad repeat 2; TM,

transmembrane anchor; CT, cytoplasmic tail (Taken from [224]).

The infection process begins when viral particles bind to specific cell receptors on the host cell
surface, making receptor recognition a crucial factor in viral entry and a key target for drug
development. Within the S1 subunit, the RBD interacts with the ACE2 receptor on host cells.
The RBD consists of a core subdomain and a receptor-binding motif, which directly engages
with ACE2 [225,226]. This domain has been widely utilized as a target in the development of
antiviral drugs and vaccines against SARS-CoV. The S1 region also contains the NTD and CTD.
Notably, the SARS-CoV-2 S CTD possesses more residues (21) that interact with ACE2
compared to the SARS-CoV RBD (17), leading to a larger buried surface area when complexed
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with ACE2 [227-229]. While the primary role of the S1 domain is receptor binding, the S2

domain is responsible for facilitating membrane fusion [230-232].

2.7.2. Receptor of spike: ACE2 and S protein-ACE?2 interaction

The entry of coronaviruses into host cells marks the beginning of infection, facilitated by the
spike glycoprotein on the viral envelope, which interacts with specific receptors on the host cell
membrane. Research has identified ACE2 as the primary functional receptor for SARS-CoV
[233]. Zhou et al. confirmed that SARS-CoV-2 can successfully infect cells expressing ACE2,
whereas cells lacking this receptor remain resistant to infection, establishing ACE2 as the key
entry receptor for SARS-CoV-2 [234]. ACE2 is an enzyme that plays a crucial role in
counteracting the renin—angiotensin—aldosterone system (RAAS) and functions as a receptor for
SARS viruses [233-235]. Once the RBD of the spike glycoprotein attaches to subdomain | of
ACE2, membrane fusion between the virus and the host cell is triggered, allowing viral RNA to
enter the cytoplasm and initiate infection [236,237]. In SARS-CoV infection, both the intact
ACE2 receptor and its transmembrane domain are internalized along with the virus [238].

ACE?2 is expressed at varying levels in most human organs, with the highest concentration found
in type 1l alveolar epithelial cells. It is weakly expressed in epithelial cells of the oral and nasal
mucosa, as well as the nasopharynx, indicating that the lungs are the primary target of SARS-
CoV-2 [239,240]. Additionally, ACE2 is highly expressed in myocardial cells, proximal tubule
cells of the kidney, and bladder urothelial cells. It is particularly abundant in enterocytes of the
small intestine, especially in the ileum [239-241]. Figure 2.13 illustrates the ACE2 expression
throughout the body.
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Figure 2.13. Angiotensin-converting enzyme 2 (ACE2) expression throughout the body.
The organs vulnerability to SARS-CoV-2 infection is also indicated (high susceptibility)
(Taken from [242]).

Spike-ACE?2 interaction:

The SARS-CoV-2 S protein relies on human ACE2 as its entry receptor to infect target cells.
Therefore, the interaction between the S protein and ACE2 is essential for membrane fusion,
contributing to viral transmission and disease progression [243]. The recognition of the ACE2
receptor by the spike glycoprotein is a key factor in determining the infectivity, pathogenicity,
and host range of SARS-CoV-2. The spike protein exists in two structural states: a closed form,
where the RBDs shield the S2 core, preventing ACE2 interaction, and an open form, where one
S1 subunit shifts to expose the RBD, enabling ACE2 binding [244-248]. (Figure 2.14).
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Figure 2.14. Surface representation of the spike, with monomers coloured in blue, rosy brown
and gold, and ACE2 coloured in green. Each step shows two views of the spike complexes: a
trimer axis vertical view (left) and an orthogonal top-down view along the axis (right).
Clockwise from the top, we show structures for closed, open but unbound RBD, followed by
sequential ACE2-binding events until reaching the fully open, three-ACE2-bound spike
protein state. From this final trimeric species, we show dissociation into monomeric S1—
ACE2, which may also occur for the one- or two-ACE2-bound species (Taken from [248]).

One bound
One erect RBD

The RBD of the SARS-CoV-2 S protein interacts with ACE2 through an extended receptor-
binding motif (RBM) that aligns with the N-terminal helix of ACE2, creating a concave binding
interface [249-251]. This interaction involves 20 ACE2 residues and 17 RBD residues, forming
a network of hydrophilic side-chain interactions. Mutations in these interacting residues [252—
257] may enhance receptor binding or contribute to antibody resistance. The overall ACE2
binding mechanism remains largely similar between SARS-CoV and SARS-CoV-2 RBDs
[249-251,258], with the key difference being an additional residue in SARS-CoV-2, Lys417,
which forms a salt bridge with Asp30 of ACE2.

2.7.3. Alternative receptors of Spike
Although ACE2 is a significant and considered to be the primary receptor for SARS-CoV-2
infection, the pathology caused by SARS-CoV-2 cannot be characterised by its distribution.
Apart from ACE?2 receptors, certain human cells possess ACE2-dependent accessory receptors

or co-receptors that may facilitate viral entry by interacting with SARS-CoV-2 spike proteins
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[259,260]. Even though cells that express ACE2 facilitate strong SARS-CoV-2 viral replication
[261], ACE2 expression levels are not entirely correlated with immunological responses or
clinical manifestations [259,261,262]. For instance, ACE2 expression in the lung is low and
limited to ciliated cells and type 1l alveolar cells [263], yet lung pathology is not limited to these
cells and are the most affected organ during COVID-19. The inference is that SARS-CoV-2
infected organs or cells that do not express ACE2 to the extent of its infectivity suggesting the
involvement of alternative receptors for SARS-CoV-2 [260,264-267]. Furthermore, highly
transmissible SARS-CoV-2 variants have evolved to be less reliant on the host protease
TMPRSS2, resulting in altered entry mechanisms, shifts in cell tropism, and changes in disease
progression [268-271]. This suggests that alternative receptors may contribute to viral evolution
and immune evasion. Gaining a deeper understanding of these alternative receptors is essential
for the development of targeted antiviral therapies and strategies to reduce virus-induced
immune responses and clinical complications.

According to literature, CAT, AGTR2, L-SIGN, and DC-SIGN are some possible co-receptors
or alternative receptors for SARS-CoV-2. Not only did they express themselves specifically in
the lung and other organs affected by COVID-19, but also had higher binding affinities with S
protein than ACE2 [272].

Catalase (CAT), a key antioxidant enzyme [273], is predominantly expressed in the lungs,
kidneys, intestines, and other tissues affected by COVID-19. Elevated CAT expression has been
linked to hypertension prevention, reduced renal oxidative stress, and a potential correlation
with ACE2 expression [274]. Notably, ACE2 deficiency has been shown to enhance NADPH-
mediated oxidative stress in the kidneys, suggesting a possible connection with CAT [275].
Additionally, protein-protein interaction studies indicate that CAT may exhibit a stronger
binding affinity to the SARS-CoV-2 spike protein compared to ACE2 [272].

AGTR2, a member of the G protein-coupled receptor 1 family, serves as an angiotensin Il
receptor and interacts with ACE2. It exhibits high tissue specificity, with significant expression
in the lungs. Consistently, research has indicated that AGTR2 demonstrates a stronger binding
affinity to the SARS-CoV-2 spike protein compared to ACE2 [276]. Consequently, both CAT
and AGTR2 are considered potential ACE2 co-receptors, playing a role in stabilizing the
interaction between ACE2 and the spike protein, thereby facilitating viral entry into host cells
[272].

Previous studies have indicated that L-SIGN and DC-SIGN may interact with the SARS-CoV
spike protein, facilitating viral infection [277]. Furthermore, both DC-SIGN and L-SIGN
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exhibit higher binding affinities to the S protein compared to ACE2, suggesting their potential
roles as alternative receptors that function independently of ACE2 [272]. Notably, unlike ACE2,
which is expressed at relatively low levels in the lungs and other organs, DC-SIGN is abundantly
present in lung tissue. Additionally, L-SIGN is widely expressed in the lungs, colon, and
cerebral cortex, implying its potential role as a broad-spectrum receptor across multiple organ

systems.

2.7.4. Introduction to Mpro — Function and Structure

The main protease (Mpro), also referred to as 3-chymotrypsin-like protease (3CLpro), is a
highly conserved cysteine hydrolase found in B-coronaviruses and represents a crucial target for
antiviral drug development [278,279]. SARS-CoV-2 Mpro plays a fundamental role in
processing viral polyproteins into their functional forms, which are essential for viral RNA
synthesis [280]. Following proteolytic cleavage by Mpro, nonstructural proteins (nsps)
contribute to the formation of the viral replication-transcription complex, facilitating RNA
synthesis [281,282]. Additionally, Mpro is vital in encoding two polyproteins, pplb and pplab,
which undergo self-cleavage. It also mediates the cleavage of 11 other sites, leading to the
production of 16 nonstructural proteins necessary for viral replication [283]. Given its
indispensable role in viral gene expression and replication, Mpro is a key target for therapeutic
intervention. Since 3CLpro is crucial for CoV replication, particularly in the SARS-CoV and
SARS-CoV-2 outbreaks, it has been identified as a promising target for developing broad-
spectrum antiviral agents [284-288]. Furthermore, the absence of a human homolog of 3CLpro
allows for the design of highly selective inhibitors that exhibit minimal effects on human
proteases, thereby reducing potential side effects.

Structure

The Mpro is a homodimeric protein, with each monomer arranged perpendicularly to the other.
Each monomer consists of 306 amino acids and is structured into three distinct domains: domain
I (residues 8-101), which contains four a-helices and seven B-strands; domain Il (residues 102—
184), composed of seven B-strands; and domain 111 (residues 201-303), which includes five a-
helices [289-292] (Figure 2.15). The catalytic site of 3CLpro is situated at the interface between
domains I and 11, while domain 11 plays a crucial role in homodimerization, a process essential

for the enzyme’s catalytic function [293,294].
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Figure 2.15. (A) The 3D structure of severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) 3CLpro (pale green, PDB: 6XHU) and severe acute respiratory syndrome coronavirus
(SARS-CoV) 3CLpro (slate, PDB: 1UJ1). (B) Three structural domains (domain I: orange,

domain II: yellow, domain Il1: blue) of SARS-CoV-2 3CLpro monomer (Taken from [278]).

Unlike conventional chymotrypsin-like enzymes and numerous serine (Ser) or cysteine (Cys)
hydrolases, the Mpro of SARS-CoV-2 features an unusual cysteine-based catalytic mechanism.
It comprises a Cys-His catalytic dyad, specifically Cys145 and His41, which plays a crucial role
in enzymatic activity (Figure 2.16) [295-299]. In this catalytic dyad, Cys145 acts as a
nucleophile in the proteolytic process, while the imidazole side chain of His41 functions as a
general base [300]. The active sites of Mpro exhibit a high degree of conservation, and its
binding pocket predominantly consists of hydrophilic residues [300]. Sequence alignment
revealed that the 3CLpro-CoV-2 shares 96% similarity with SARS, which is highly conservable
among CoVs [301]. Meanwhile, the structure of these proteins (in apo forms) was also found to
be very similar as indicated by the low RMSD. value (0.459 A) from the structural
superimposition. In addition, none of the mutation effected the overall structure of 3CLpro-
CoV-2.
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Figure 2.16. Domain organization of the monomeric structure of the SARS-CoV-2 3CLpro.
Domain | (residues 8-101) is colored in red, domain Il (residues 102-184) is colored in blue
and domain 111 (residues 201-303) is colored in yellow. The catalytic dyad (His14 and Cys145)

of 3CLpro is shown in stick (indicated by circles) (Taken from [295]).
2.7.5. Inhibition of Mpro

Proteases have been a primary target in the development of antiviral drugs designed to combat
viral infections [302]. However, the identification of effective Mpro inhibitors for COVID-19
treatment remains limited. Many computational studies have investigated the potential of
existing antiviral drugs that target viral replication as possible therapeutic options for COVID-
19 [303-307].

In recent years, computer-aided drug discovery (CADD) has become a vital tool in drug
development, significantly enhancing the identification of protein inhibitors and the analysis of
protein-drug and protein-protein interactions. Given the substantial time and financial
investment required for drug development, computational approaches such as virtual screening,
molecular docking, molecular dynamics (MD) simulations, and binding free energy calculations
offer efficient strategies for identifying potential drug candidates from extensive compound

libraries.

Small-molecule inhibitors provide notable advantages in drug development, including favorable
oral bioavailability and the feasibility of rational design [308]. In contrast, despite having a
strong affinity and specificity for their target proteins, peptides were frequently overlooked as
possible targets for drug development. Compared to proteins, they are smaller and can be
produced synthetically using reliable and affordable techniques [309]. As of now, over 11.8

billion vaccine doses have been administered worldwide [310, 311]. Several antiviral drugs have
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been granted emergency use authorization to combat SARS-CoV-2 infection and replication,
including Remdesivir, Dexamethasone, Favipiravir, Lopinavir/Ritonavir,
Nirmatrelvir/Ritonavir (a main protease inhibitor), and Darunavir [312-317]. Additionally, the
Chinese National Medical Products Administration has approved three antivirals: Azvudine,
Renmindevir, and Xiannuoxin (a combination of Simnotrelvir and Ritonavir) [16]. Among
these, Remdesivir [318], Molnupiravir [319], Renmindevir [320], and Azvudine [321] inhibit
SARS-CoV-2 RNA-dependent RNA polymerase (RdRp), while Nirmatrelvir [312], Ensitrelvir
[322], and Simnotrelvir [317] target the main protease (Mpro). However, they have several
shortcomings as a consequence of the pandemic emergency response, such as inadequate
potency, toxicity, or pharmacokinetic characteristics, such as low oral drug exposure, poor oral
bioavailability, and intermediate stability in human liver microsomes [318-320, 323].

Medicinal plants yielding biologically active compounds have always been of great interest to
scientists as they play an essential role in preventing human diseases. India, in particular, has
been widely recognized for its traditional use of spices as medicinal agents. Numerous active
pharmaceutical ingredients with diverse physiological and pharmacological properties have
been identified and extracted from these natural sources [324]. In addition to approved antiviral
drugs, extensive research has been conducted to explore the therapeutic potential of Indian
spices in the search for bioactive compounds capable of inhibiting SARS-CoV-2 Mpro.
According to existing literature, certain small chemical molecules, including Carnosol,
Arjunglucoside-I, and Rosmanol, derived from Indian spices, have been identified as potential
inhibitors of SARS-CoV-2 Mpro, indicating their possible antiviral properties against the novel
coronavirus [325]. Moreover, these compounds have also demonstrated anti-carcinogenic
activities [326-328]. However, further investigations are required to establish their efficacy

before clinical trials can be pursued.

2.8. Scope of thesis

1.

As discussed earlier both the S protein and Mpro has gained outmost importance during
COVID-19 because of their vital role in the viral entry into the host cell and viral replication
respectively. Hence, before going into the depth analysis of these target proteins, a detailed
analysis on the structural insights of both the proteins are quite necessary. In Chapter 4 of the
thesis the salient structural features on the Mpro and the S protein were investigated. Chapter
4 also involves the study on the conformational accessibility analysis on the S protein with its
ACE2 receptor. The S protein can be receptor accessible as well as inaccessible depending on
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the state of S protein. Therefore, in the second part of this chapter, a computational study was
designed to analyze the conformational accessibility of SARS-CoV-2 S-protein with the
ACE?2 receptor using three different states (open, closed and Intermediate) of the Spike and
checked the extent of accessibility and inaccessibility of ACE2 receptor to different states of

S protein.

. Mpro has been validated as a promising target for developing broad-spectrum anti-CoV agents
because of its vital role in the viral gene expression and replication. Despite its potential, the
search for Mpro inhibitors that could be used to treat COVID-19 has been a limitation
throughout the pandemic. Researcher through virtual screening method has identified few
small chemical molecules from Indian spices that have the capacity to inhibit SARS-CoV-2
Mpro and may have antiviral properties against nCoV. Therefore, in Chapter 5 of the thesis
a computational study has been designed to analyze the structural dynamics and characteristic
features of binding of three small molecules (Carnosol, Arjunglucoside-I, and Rosmanol) to

the Mpro and to validate the inhibition property of these small molecules.

. Apart from the small molecules, despite having a strong affinity and specificity for their target
proteins, peptides were frequently overlooked as possible targets for drug development.
Compared to proteins, they are smaller and can be produced synthetically using reliable and
affordable techniques. Even though a huge number of inhibitors or drugs has been developed
since the onset of the pandemic but it remains a strategic priority to develop new drug
candidates with minimal side effects. Hence, Chapter 6 of the thesis involves the designing
of the peptides which will bind to the active site of the Mpro with greater affinity and may
inhibit its functioning, thus diminishing the effect of COVID-19.

Both Chapter 5 and Chapter 6 focuses on the development of therapeutics in order to
diminish the effect of the disease. Apart from these another important thing is the study of the
variants emerging over time during the pandemic. The interaction and binding profiles of
different variants could provide information about how different mutations can have an impact
on its extent of virulence. Therefore, Chapter 7 of the thesis demonstrates the effect of
mutations in the S protein on its interaction with ACE2 receptor taking into consideration the
variants having a serious impact on the global health throughout the pandemic. Chapter 7
consists of five sections and each section consists of different SARS-CoV-2 variants examined

over time.
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It has been observed that the expression profiles of the primary receptor, ACE2 are not
completely associated with infection patterns, immune responses, and clinical manifestations.
Large-scale clinical studies show that the lung, where ACE2 expression is least, is the major
site of infection for COVID-19, suggesting that additional factors may be involved in viral
entry. So, in Chapter 8 of the thesis we have carried out the analysis of the interaction profile
of RBD of S protein with few other alternative/co-receptors of SARS-CoV-2 in order to check
the Efficiency of those alternative receptors for S Protein thereby facilitating the viral entry

into the host cell.

2.9. Main Objectives of the Thesis
1. Structural insights into the SARS-CoV-2 viral proteins

1.1. Salient structural features of SARS-CoV-2 Main protease (Mpro)
1.2. Salient structural features and conformational accessibility of SARS-CoV-2 Spike
protein (S-protein)
2. Interaction of small bioactive compounds with SARS-CoV-2 main protease
2.1. Natural compounds or peptide that target the Mpro
3. Interaction of biomolecules with SARS-CoV-2 spike protein

3.1. Interaction of RBD of SARS-CoV-2 spike protein with ACE2 and other receptors
3.2. Effect of mutations in the Spike protein on its interaction with ACE2 receptor
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