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The global emergence of SARS-CoV-2 has led to an unprecedented health crisis,
underscoring the critical importance of understanding its biology to inform control
measures, immunity, and treatment approaches. This review explores the virus’s structural
and genomic characteristics, including the spike protein and mechanisms of host cell entry,
and compares SARS-CoV-2 with related coronaviruses, SARS-CoV and MERS-CoV. An
analysis of transmission dynamics highlights factors such as viral load, routes of exposure,
and host susceptibility, which together shape the virus’s spread. We further examine the
pathogenesis of SARS-CoV-2, detailing its replication cycle, host-pathogen interactions,
and impact on multiple organ systems. The immune response to SARS-CoV-2 is assessed
through both innate and adaptive mechanisms, shedding light on immune evasion strategies
and implications for long-term immunity. The role of immune memory and the potential for
reinfection are discussed in the context of emerging viral variants, which pose challenges to
vaccine efficacy and herd immunity efforts. This review also covers therapeutic strategies,
including antiviral drugs, immunomodulators, and vaccines, alongside promising new
treatments under investigation. Finally, we address challenges in SARS-CoV-2 research
and propose directions for future studies, emphasizing the lessons learned from this
pandemic to enhance preparedness for future outbreaks. Through a comprehensive
synthesis of current knowledge, this review aims to contribute to the ongoing efforts to
mitigate SARS-CoV-2’s impact on global health.
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Introduction

The emergence of SARS-CoV-2, the novel coronavirus
responsible for COVID-19, marked a profound shift in
global public health. First identified in Wuhan, China, in
December 2019, the virus quickly spread, leading to an
unprecedented health crisis as it swept across continents
within weeks. Its rapid transmission, fuelled by
respiratory droplets and aerosols, allowed SARS-CoV-2
to reach pandemic status early in 2020. Unlike many
other viruses, SARSCoV-2 poses unique challenges, as
it infects individuals across all age groups, causes a wide
range of symptoms, and can spread from asymptomatic
carriers. This silent transmission dynamic, combined
with high contagion rates, overwhelmed public health
systems worldwide, leaving healthcare providers and
researchers scrambling to respond (1).

COVID-19, the disease caused by SARS-CoV-2,
manifests in diverse ways, from mild upper respiratory
symptoms to severe respiratory distress and multi-organ
failure in critical cases. This variability in disease
severity has presented challenges for both diagnosis and
treatment. Compounding these difficulties, SARS-CoV-
2’s ability to mutate has led to the emergence of several
variants with varying degrees of transmissibility,
immune escape, and virulence (2). Some of these
variants, like Delta and Omicron, have caused significant
resurgences of COVID-19, sometimes despite high
vaccination coverage. The ongoing evolution of these
variants has underscored the need for adaptive responses
in both public health policies and medical interventions.
Beyond the immediate toll on health, SARS-CoV-2 has
created a far-reaching socioeconomic impact, triggering
widespread job losses, disrupting education systems, and
altering social interactions. Lockdowns, quarantines, and
travel restrictions became common strategies, affecting
daily life on a global scale. Meanwhile, public health
infrastructure  faced significant strain, exposing
vulnerabilities in healthcare readiness, supply chains,
and the availability of critical resources, such as personal
protective equipment (PPE) and ventilators (3).

This unprecedented pandemic has highlighted the need
for a deep understanding of SARS-CoV2’s biology how
it infects cells, evades immune defences, and impacts
various systems within the body. Research into the
virus’s molecular and cellular mechanisms, as well as its
interaction with the human immune system, remains
crucial for developing targeted therapies and preventive
measures (4). By exploring SARS-CoV-2’s transmission
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dynamics and pathogenicity, we gain insights that are
essential not only for managing the current crisis but
also for enhancing preparedness for future outbreaks.
Understanding this complex biology will be fundamental
in guiding both immediate responses and long-term
public health strategies, making it a critical area of study
in virology and infectious disease management (5).
Understanding the biology of SARSCoV-2 is crucial for
effectively managing and controlling the COVID-19
pandemic, as it provides insights into how the virus
infects and interacts with human cells, how it spreads
among people, and how it triggers immune responses.
This knowledge forms the foundation for designing
strategies to reduce transmission, developing targeted
treatments, and creating vaccines that can elicit strong
and lasting immune responses. Advances in
understanding SARS-CoV-2’s biology have greatly
informed public health strategies to curb its spread.
Recognizing respiratory droplets and aerosols as primary
transmission routes led to guidance on mask-wearing,
social distancing, and ventilation improvements,
particularly in crowded or confined spaces (6).
Additionally, insights into viral shedding and the
potential for asymptomatic  transmission have
emphasized the importance of testing, contact tracing,
and isolating cases to mitigate unnoticed spread. The
virus’s capacity for mutation has been crucial In
pandemic management, as monitoring variants allows
adjustments to vaccines and treatments. For instance,
updated vaccines target new variants to retain efficacy.
Knowledge of SARS-CoV-2’s impact on the immune
system has also improved treatment for severe cases,
particularly those involving “cytokine storms,” by
utilizing anti-inflammatory drugs like corticosteroids to
manage inflammation. In essence, understanding SARS-
CoV-2’s biology underpins tailored, adaptable responses
to COVID-19 and serves as a foundation for managing
similar future outbreaks (7).

This review aims to examine the biological aspects of
SARS-CoV-2, focusing on its transmission, immune
interactions, and therapeutic strategies. By exploring
how the virus spreads, evades immune defences, and
responds to treatment, the review seeks to offer a
thorough understanding of SARS-CoV-2’s impact and
the measures required to control it. First, it will detail
transmission mechanisms, such as viral shedding and
aerosol spread, to identify effective prevention methods
and understand the virus’s widespread reach. The review
will then analyse the immune response, covering both
innate and adaptive reactions, while explaining how
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SARS-CoV-2 can evade detection and, in severe cases,
induce excessive inflammation. Insights into these
immune processes are vital for advancing vaccines and
treatments that can support immune defences or prevent
overreactions. Finally, the review will assess current and
emerging treatments, including antiviral drugs,
monoclonal antibodies, and vaccines, highlighting
approaches that target viral entry, replication, and
inflammation. This comprehensive review bridges core
viral biology with practical strategies, serving as a
valuable resource  for researchers, healthcare
professionals, and policymakers.

Viral Structure and Genome

Structure of SARS-CoV-2: SARS-CoV-2, like other
coronaviruses, has a distinctive and highly organized
structure that is integral to its infectivity and ability to
cause disease. This virus is enclosed in a lipid
membrane, or envelope, derived from the host cell
during viral assembly, which acts as a barrier to protect
the viral components. Within this structure, several
specialized proteins interact to allow SARS-CoV-2 to
attach to, enter, and replicate within host cells, while
also evading the immune response. These proteins
include the spike (S) protein, membrane (M) protein,
envelope (E) protein, and Nucleocapsid (N) protein, each
with unique roles in the viral life cycle and disease
progression (8).

Spike (S) Protein: The spike (S) protein is arguably the
most significant component for understanding SARS-
CoV-2’s infectivity. It is a large, trimeric protein that
protrudes from the viral surface, giving coronaviruses
their crown-like appearance. The spike protein’s primary
role is to mediate entry into host cells by binding to the
angiotensin-converting enzyme 2 (ACE2) receptor on
human cells. This process is highly specific and
effective, as the spike protein has evolved to attach to
ACE2 with high affinity. The spike protein consists of
two main subunits, S1 and S2, each with distinct
functions in the infection process. The S1 subunit is
responsible for recognizing and binding to the ACE2
receptor through its receptor-binding domain (RBD).
Once the virus is bound to the ACE2 receptor, the S2
subunit undergoes a series of conformational changes,
which enable the viral and cellular membranes to fuse,
allowing the viral RNA to enter the host cell. This fusion
process is essential for infection, making the spike
protein a primary target for neutralizing antibodies and
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vaccines designed to block this interaction and prevent
the virus from establishing an infection (9).

Nucleocapsid (N) Protein: Inside the viral envelope,
SARS-CoV-2’s RNA genome is packaged and protected
by the Nucleocapsid (N) protein. This protein binds
tightly to the viral RNA, creating a stable nucleocapsid
complex that safeguards the genetic material until the
virus enters a host cell. The N protein plays multiple
roles beyond RNA packaging; it assists in RNA
replication and assembly of new virions, ensuring that
the viral genome is accurately replicated and efficiently
incorporated into new virus particles. Additionally, the
N protein interacts with the host cell’s machinery, which
may contribute to immune evasion by inhibiting cellular
processes that would otherwise alert the immune system
to the presence of the virus (10).

Membrane (M) Protein: The membrane (M) protein is
the most abundant structural protein in

SARS-CoV-2, forming the viral envelope’s backbone
and maintaining its shape. Structurally, the M protein
spans the lipid membrane and is believed to be
responsible for the characteristic shape and stability of
the viral envelope. The M protein plays a pivotal role in
the assembly of new virions, as it interacts with other
structural proteins, including the N and E proteins, to
coordinate the encapsulation of the viral RNA.

This protein’s role in maintaining structural integrity is
crucial, as it ensures the stability and infectivity of the
virus as it travels between hosts (11).

Envelope (E) Protein: Although present in smaller
quantities, the envelope (E) protein is essential for the
virus’s life cycle and infectivity. This small protein has
multiple functions that contribute to the -efficient
assembly, release, and spread of new viral particles. The
E protein is involved in assembling viral components
during replication and may play a role in viral budding, a
process by which new virus particles exit the host cell.
Some studies suggest that the E protein also has ion
channel activity, which could impact the virus’s
interaction with the host immune response by
modulating the cell’s internal environment. Additionally,
the E protein’s interactions with host cell pathways may
help SARS-CoV-2 dampen the immune response,
making it more difficult for the host to detect and
eliminate the virus (12).



Int.J.Curr.Microbiol. App.Sci (2025) 14(11): 101-134

Together, these structural proteins S, N, M, and E work
in concert to enable SARS-CoV-2 to infect and
propagate within human cells effectively. The spike
protein initiates infection by attaching to ACE2,
allowing the virus to enter the cell, while the N protein
protects the RNA genome and facilitates replication
within the cell. Meanwhile, the M protein provides
structural support, and the E protein enhances viral
assembly and release. This functional integration not
only supports efficient infection and replication but also
helps the virus evade the host immune system, allowing
it to spread rapidly and cause disease. The complex
organization of these proteins and their interactions with
human cells highlight potential intervention points for
therapies and vaccines. Targeting the spike protein to
prevent entry, for example, has been the foundation of
several vaccine platforms, while understanding the roles
of the N, M, and E proteins may provide additional
targets for antiviral therapies. By studying these
structural proteins in detail, researchers gain valuable
insights that inform ongoing efforts to control and
mitigate SARS-CoV-2’s impact.

Overview of the SARS-CoV-2 genome and key
genes involved in infection and replication

The genome of SARS-CoV-2 is a single-stranded,
positive-sense  RNA molecule approximately 29,900
nucleotides in length, making it one of the largest RNA
genomes known among viruses.

This RNA genome encodes for both structural and non-
structural proteins, each playing crucial roles in the
virus’s ability to infect cells, replicate, and evade the
immune response. The genome organization of SARS-
CoV-2 is highly efficient, allowing it to produce the
necessary proteins for its life cycle and rapid spread

(13).

Genome Organization and Structure: The SARS-
CoV-2 genome begins with two large open reading
frames (ORFs), ORFla and ORFlb, which occupy
around two-thirds of the genome. These ORFs encode
polyproteins that are subsequently cleaved into 16 non-
structural proteins (NSPs), essential for viral replication,
transcription, and immune evasion. The remaining one-
third of the genome encodes structural proteins such as,
spike (S), envelope (E), membrane (M), and
nucleocapsid (N), and several accessory proteins that
assist in the virus’s pathogenicity and immune response
modulation.
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Key Genes and Proteins Involved in Infection
and Replication

ORF1a and ORF1b-Non-Structural Proteins (NSPs):
The first two-thirds of the genome, comprising ORF1la
and ORF1b, encode a large polyprotein that is processed
into 16 non-structural proteins (NSP1-NSP16) through
proteolytic cleavage. These NSPs perform various
functions critical for replication and immune evasion:

NSP3 and NSP5: These are viral proteases that cleave
the polyprotein into individual functional NSPs. NSP3
(papain-like protease) and NSP5 (3CLpro or main
protease) are essential for processing the viral
polyprotein, making them key targets for antiviral drugs
aiming to halt viral replication (14).

NSP12 (RNA-dependent RNA polymerase, RdRp):
This enzyme is the central player in viral RNA
replication and transcription. RdRp synthesizes new
RNA strands using the viral RNA as a template,
enabling the virus to replicate its genome and produce
new viral particles (15).

NSP13 (Helicase): The helicase unwinds the viral RNA,
facilitating replication and transcription. Its function is

essential for ensuring efficient and accurate replication
of the SARS-CoV-2 genome (16).

NSP14 (Exoribonuclease): NSP14 has proofreading
activity, which is unusual for RNA viruses.

This exoribonuclease reduces the mutation rate by
correcting errors during RNA synthesis, allowing SARS-
CoV-2 to maintain its large genome more stably (17).

NSP1 and NSP16: These NSPs help the virus evade the
immune system. NSP1 degrades host mRNA, impairing
the host’s ability to mount an immune response, while
NSP16 modifies the viral RNA cap structure, helping it
evade detection by host immune sensors (18).

Spike (S) Protein: The spike (S) protein gene encodes
the large glycoprotein on the surface of SARS-CoV-2,
which plays a pivotal role in initiating infection. The
spike protein binds to the ACE2 receptor on human
cells, allowing viral entry. This interaction is facilitated
by the receptorbinding domain (RBD) on the S protein.
Once bound to ACE2, the spike undergoes a structural
change that enables membrane fusion and entry of the
viral genome into the host cell. Given its essential role in
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infection, the spike protein is the primary target for
neutralizing antibodies and vaccines (9).

Envelope (E) Protein: Although it is one of the smallest
structural proteins, the envelope (E) protein plays
multiple roles in the virus’s life cycle. It is involved in
the assembly and release of viral particles from infected
cells. Additionally, E protein has ion channel activity,
which may contribute to its role in modifying the host
cell environment to benefit viral replication and
assembly. Research also suggests that E protein may
play a role in pathogenicity by affecting the host
immune response (12).

Membrane (M) Protein: The membrane (M) protein is
the most abundant protein in the viral envelope and is
essential for virus assembly and structural integrity. It
interacts with other structural proteins, particularly the
spike (S) and nucleocapsid (N) proteins, to form a stable
viral particle. The M protein’s role in the assembly
process ensures that newly formed virions are properly
structured and infectious (11).

Nucleocapsid (N) Protein: The nucleocapsid (N)
protein binds to the viral RNA genome, forming a
ribonucleoprotein complex that helps package and
protect the RNA within the viral particle.

Beyond RNA binding, the N protein is involved in
various stages of the replication cycle, including RNA
synthesis and immune modulation. It helps in
assembling new virus particles and may play a role in
dampening the host immune response by interfering with
cellular signaling pathways (10).

Accessory Proteins (ORF3, ORF6, ORF7, ORFS, etc.):
SARS-CoV-2 also encodes several accessory proteins,
such as ORF3a, ORF6, ORF7a, ORF8, and ORFI10,
which are not directly involved in viral replication but
contribute to the virus’s pathogenicity and immune
evasion.

For example:

ORF3a: Linked to inflammatory responses and may
contribute to cell death, thus enhancing the virus’s
ability to spread by damaging host tissues.

ORF6: Known to inhibit immune signalling pathways,
such as interferon response, thereby reducing the host’s
antiviral defences.
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ORF8: Believed to assist in immune evasion by down
regulating MHC-I molecules, making it harder for the
immune system to recognize and respond to infected
cells (19).

Together, these genes and proteins create an efficient
system that allows SARS-CoV-2 to infect human cells,
replicate, and spread while minimizing immune
detection. After binding and entering a host cell via the
spike protein, the virus uses its non-structural proteins to
replicate its RNA and produce new viral proteins.
Structural proteins then assemble around the replicated
RNA, forming new virus particles that are released to
infect other cells. Understanding the roles of each gene
and protein within the SARS-CoV-2 genome is essential
for designing antiviral drugs, vaccines, and immune-
based therapies. By targeting specific genes or proteins,
researchers can disrupt the virus’s life cycle at various
points, offering multiple strategies to mitigate the impact
of COVID-19 and prevent further spread.
Comparison with other coronaviruses (e.g.,
SARS-CoV, MERS-CoV)

SARS-CoV-2 shares many similarities with other
coronaviruses, particularly SARS-CoV (the virus
responsible for the 2002-2003 SARS outbreak) and
MERS-CoV (the virus behind the 2012 Middle East
Respiratory Syndrome outbreak). All three viruses
belong to the Coronaviridae family and the
Betacoronavirus genus, indicating a close evolutionary
relationship and many shared structural and functional
characteristics. However, important differences in their
genetics, transmission dynamics, and pathogenicity have
shaped the distinct clinical and epidemiological profiles
of the diseases they cause (20).

Genetic and Structural Comparisons: The genomes of
SARS-CoV-2, SARS-CoV, and MERSCoV are all
positive-sense single-stranded RNA, with SARS-CoV-
2’s genome having around 80% similarity to SARS-
CoV. This genetic overlap means that SARS-CoV-2 and
SARS-CoV share many structural features and
mechanisms of infection. However, MERS-CoV is more
distantly related, sharing about 50% similarity with
SARS-CoV-2, and it uses a different cellular receptor for
entry, which influences its infectivity and spread. One of
the most significant structural similarities among these
viruses is the spike (S) protein, which allows them to
attach to and enter human cells. For both SARS-CoV
and SARS-CoV-2, this protein binds to the
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angiotensinconverting enzyme 2 (ACE2) receptor on
human cells. However, SARS-CoV-2’s spike protein has
evolved to have a higher binding affinity for ACE2,
contributing to its greater transmissibility compared to
SARS-CoV. This stronger affinity is partly due to a
unique furin cleavage site in the spike protein of SARS-
CoV-2, which is absent in SARS-CoV. MERS-CoV, on
the other hand, uses a different receptor, dipeptidyl
peptidase-4 (DPP4), which is thought to limit its ability
to spread between humans as efficiently as SARS-CoV-
2 (21).

Transmission Dynamics: SARS-CoV-2’s ability to
spread more efficiently than SARS-CoV or MERS-CoV
has been a critical factor in the global scale of the
COVID-19 pandemic. SARS-CoV2 has a longer
asymptomatic period during which infected individuals
can unknowingly transmit the virus, allowing it to spread
widely within communities before symptoms develop. In
contrast, SARS-CoV was primarily transmissible only
after symptoms appeared, which made it easier to
identify and isolate infected individuals before they
spread the virus widely. MERS-CoV, while highly
lethal, has a relatively low transmission rate in
community settings, with most infections occurring
through close contact, such as in healthcare facilities or
from infected animals. The basic reproduction number,
or RO, reflects these differences in transmission.

SARS-CoV-2 has an RO estimated at around 2—3 in the
early stages of the pandemic, meaning each infected
person could potentially infect 2-3 others in the absence
of control measures. SARS-CoV had a similar RO range
but was more contained due to the quick onset of
symptoms and stricter public health measures. MERS-
CoV has an RO of less than 1 in most circumstances,
indicating that it does not sustain widespread person-to-
person transmission, although outbreaks have occurred
in healthcare settings (22).

Pathogenicity and Clinical Outcomes: The clinical
outcomes and mortality rates associated with SARS-
CoV, MERS-CoV, and SARS-CoV-2 also show
significant differences, likely influenced by variations in
viral structure and immune evasion strategies. SARS-
CoV-2 has a case fatality rate estimated to be much
lower than that of MERS-CoV and slightly lower than
SARS-CoV. SARSCoV’s  fatality rate  was
approximately 10%, while MERS-CoV has a much
higher fatality rate, estimated at 35%. SARS-CoV-2’s
mortality rate has varied by region and patient
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demographics but has generally ranged from 1-3%. The
differences in fatality rates may be attributed to each
virus’s interaction with the immune system and the
degree to which they provoke inflammation. SARS-
CoV-2 often leads to a range of symptoms from mild
respiratory issues to severe cases marked by acute
respiratory distress syndrome (ARDS) and systemic
inflammation. This variability in disease severity could
be partially due to SARS-CoV-2’s unique evasion
mechanisms, which may initially suppress immune
responses, allowing the virus to spread before triggering
an inflammatory reaction. In contrast, SARS-CoV tends
to cause a more rapid immune response, resulting in
acute symptoms, while MERS-CoV frequently leads to
severe respiratory illness and a stronger inflammatory
response, which may contribute to its higher fatality rate
(23).

Immune Evasion and Host Response: SARS-CoV-2
has evolved several strategies to evade the host immune
response, some of which are shared with SARS-CoV
and MERS-CoV. One of the key mechanisms is the
suppression of interferon responses, which are critical
for early viral detection and clearance. NSP1, an early-
expressed non-structural protein, is used by SARS-CoV2
to degrade host mRNA, reducing the host’s ability to
produce antiviral proteins and initiate an immune
response (24). While SARS-CoV and MERS-CoV also
interfere with interferon signaling, SARS-CoV-2’s
mechanisms appear to be more effective in dampening
initial immune detection, which may contribute to its
greater spread. Another immune evasion tactic involves
the spike (S) protein. SARS-CoV-2’s spike protein
mutations, particularly in variants of concern, have
enhanced its ability to bind ACE2 more tightly and
evade neutralizing antibodies, a trait observed less
frequently in SARS-CoV and MERS-CoV. MERS-CoV,
while capable of immune evasion, relies on different
mechanisms due to its use of the DPP4 receptor (25).

Mechanisms of SARS-CoV-2 Transmission: The
transmission of SARS-CoV-2, the virus that causes
COVID-19, occurs through various pathways, each
contributing to the virus’s ability to spread among
populations.  Understanding  these  transmission
mechanisms is essential for formulating effective public
health strategies aimed at controlling the pandemic. The
primary routes of transmission include respiratory
droplets, aerosols, direct contact, and fomite
transmission. Below is a detailed exploration of each
mechanism.
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Respiratory Droplets: Respiratory droplets are
relatively large particles that are expelled from the
respiratory tract when an infected person coughs,
sneezes, talks, or even breathes. These droplets typically
measure more than 5 micrometres in diameter, making
them heavy enough to fall to the ground within a short
distance, generally less than 6 feet (approximately 2
meters). This characteristic forms the basis for many of
the social distancing guidelines recommended by health
authorities. When an infected person expels respiratory
droplets, they can directly enter the mouth, nose, or eyes
of another individual nearby, leading to infection. The
transmission risk increases in enclosed spaces where
individuals congregate, as the concentration of droplets
in the air can be higher. Factors such as the size of the
droplets, the force of the expulsion, and the
environmental conditions (such as air currents) all
influence how far these droplets can travel (26).

To mitigate the risk of respiratory droplet transmission,
several public health measures are recommended such as
Mask-Wearing, Masks act as a barrier to block droplets
from escaping into the environment and protect the
wearer from inhaling droplets from others. Different
types of masks provide varying levels of protection, with
NO95 respirators offering the highest filtration efficiency.
Maintaining a distance of at least 6 feet from others
reduces the likelihood of droplet transmission. This is
especially important in crowded settings. Improving
indoor air ventilation helps disperse respiratory droplets
more effectively, reducing the concentration of viral
particles in the air (27).

Aerosol Transmission: Aerosol transmission involves
the spread of smaller particles, known as aerosols, that
can remain suspended in the air for extended periods and
travel greater distances than respiratory droplets.
Aerosols are typically defined as particles that are less
than 5 micrometres in diameter. Their small size allows
them to be inhaled deeply into the lungs, where they can
lead to infection. Aerosols can be generated by similar
activities as those that produce respiratory droplets, such
as talking, singing, coughing, or sneezing. However,
because they can remain airborne for longer periods,
aerosol transmission poses a greater risk, particularly in
indoor environments with poor ventilation (28). The
potential for aerosol transmission means that even if an
infected person has left an area, the risk of exposure may
persist for those who enter the space afterward.
Increasing airflow in indoor spaces can help dilute
airborne particles. This can be achieved through natural
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ventilation (opening windows and doors) or mechanical
ventilation systems equipped with HEPA filters that
capture smaller particles. Utilizing air purifiers with
high-efficiency particulate air (HEPA) filters can help
remove airborne viruses and improve air quality. High-
quality masks, such as N95 or surgical masks, can
significantly reduce the inhalation of aerosols and
provide better protection against airborne transmission
(29).

Contact Transmission: Contact transmission refers to
the transfer of SARS-CoV-2 through physical
interactions with infected individuals or contaminated
surfaces. This type of transmission can occur in two
main forms, 1) Direct Contact: This involves physical
interaction with an infected person, such as hugging,
shaking hands, or engaging in close conversation. If the
infected individual has respiratory secretions containing
the virus on their skin, the uninfected person may
become infected through this contact. 2) Indirect
Contact: This occurs when an individual touches
surfaces or objects (fomites) contaminated with the
virus. Common surfaces that may harbor the virus
include doorknobs, light switches, handrails, and shared
equipment. Once the virus is on an uninfected person’s
hands, touching their face particularly the mouth, nose,
or eyes can facilitate infection. To minimize contact
transmission, the following practices such as, regular
hand washing with soap and water for at least 20
seconds, or using alcohol-based hand sanitizers, can
effectively kill the virus on the hands. Frequent cleaning
and disinfecting of commonly touched surfaces can
reduce the presence of the virus and the risk of indirect
transmission. Reducing physical interactions, especially
in crowded or enclosed spaces, can limit the opportunity
for direct contact transmission (30)

Fomite Transmission: Fomite transmission is a specific
type of indirect contact transmission involving the
spread of SARS-CoV-2 via contaminated surfaces or
objects. Fomites can include everyday items such as
smartphones, shopping carts, utensils, and clothing.
Although fomite transmission is not the primary route of
transmission, it can still contribute to the overall spread
of the virus, particularly in settings where people
frequently touch the same surfaces. SARS-CoV-2 can
survive on various materials for different lengths of
time. Studies indicate that the virus can persist longer on
hard, non-porous surfaces such as plastic and stainless
steel (up to several days) compared to porous materials
like cardboard or fabric, where it tends to degrade more



Int.J.Curr.Microbiol. App.Sci (2025) 14(11): 101-134

quickly. To reduce the risk of fomite transmission, the
following strategies such as, implementing routine
cleaning and disinfection protocols for high-touch
surfaces in public spaces and at home can help minimize
the presence of the virus. Limiting the sharing of
personal items and utensils can help reduce the risk of
fomite transmission. Whenever possible, individuals
should use their own belongings. Practicing good hand
hygiene after touching shared surfaces can prevent the
transfer of the virus to the face (31).

Viral Entry Mechanisms: Role of ACE2 and
TMPRSS2 receptors in host cell entry: The entry of
SARS-CoV-2 into host cells is a critical step in the viral
replication cycle, enabling the virus to hijack the host’s
cellular machinery to produce new virions. This process
is facilitated by specific interactions between viral
proteins and host cell receptors, primarily the
angiotensin-converting enzyme 2 (ACE2) and the
transmembrane protease, serine 2 (TMPRSS2). A
comprehensive understanding of these mechanisms is
essential for developing effective therapeutic strategies
and preventive measures against COVID-19.

The ACE2 Receptor: ACE2 is a type I membrane
protein that plays a vital role in the renin/angiotensin
system, which is crucial for regulating blood pressure,
fluid balance, and inflammation. It is expressed in
various tissues, including the lungs, heart, kidneys, and
intestines. In the context of SARS-CoV-2 infection,
ACE2 serves as the primary receptor that the virus
targets for cell entry.

Mechanism of Viral Entry via ACE2: The spike (S)
protein of SARS-CoV-2 is a key determinant of viral
entry, consisting of two subunits: S1 and S2. The SI
subunit contains the receptor-binding domain (RBD),
which directly interacts with the ACE2 receptor on host
cells. This interaction is a crucial first step in the viral
entry process. When the spike protein binds to ACE2, it
triggers a conformational change in the spike structure.
This change is essential for the subsequent fusion of the
viral envelope with the host cell membrane. The S2
subunit facilitates this fusion process by bringing the
viral and host membranes into close proximity, allowing
for the release of the viral RNA into the cytoplasm of the
host cell. The interaction between the spike protein and
ACE2 is characterized by its high affinity, which is
influenced by specific amino acid residues in both
proteins. Research has shown that certain variants of
SARS-CoV-2 have mutations in the spike protein that
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enhance its binding affinity to ACE2, potentially
increasing the virus’s transmissibility. Understanding
these interactions at a molecular level is crucial for
assessing how viral variants may affect public health
measures and vaccine efficacy (32).

The Role of TMPRSS2: TMPRSS2 is a type II
transmembrane serine protease that plays a critical role
in the activation of various viral proteins. It is widely
expressed in human tissues, including the respiratory
tract, where it facilitates the entry of viruses such as
SARS-CoV-2.

Mechanism of Action in Viral Entry: Following the
binding of the spike protein to ACE2, TMPRSS?2 cleaves
the spike protein at specific sites. This cleavage is
crucial for activating the spike protein and enabling the
fusion process. By processing the spike protein,
TMPRSS?2 allows the S2 subunit to mediate the fusion
of the viral envelope with the host cell membrane
effectively. The presence of both ACE2 and TMPRSS2
in the same cell is essential for optimal viral entry. Cells
that express both receptors can facilitate efficient entry
of SARS-CoV-2, whereas cells lacking one or both may
show resistance to infection. This dual requirement
highlights the importance of TMPRSS2 in the overall
viral entry mechanism and suggests that inhibiting this
protease could be a strategic approach for therapeutic
interventions (33).

Implications for Therapeutics: Understanding the role
of ACE2 and TMPRSS2 in the entry of SARS-CoV-2
has significant implications for developing effective
therapeutic strategies. Potential approaches include, The
identification and development of TMPRSS2 inhibitors
could reduce the infectivity of SARS-CoV-2. By
blocking the activity of this protease, these inhibitors
would prevent the cleavage and activation of the spike
protein, thereby hindering the virus’s ability to enter host
cells. Several drug candidates are currently under
investigation for their ability to inhibit TMPRSS2.
Monoclonal antibodies targeting the spike protein can
effectively neutralize SARSCoV-2 by blocking its
interaction with ACE2. These antibodies are designed to
bind specifically to the spike protein, preventing the
virus from entering host cells and thereby providing a
targeted therapeutic approach for infected patients.
Vaccines that elicit robust immune responses against the
spike protein can prevent SARS-CoV-2 from binding to
ACE2. Current vaccines are designed to provoke an
immune response that targets the spike protein, reducing
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the likelihood of infection. The development of vaccines
based on the spike protein’s structure has proven to be a
pivotal strategy in controlling the pandemic (34).

Factors influencing transmission: The transmission
dynamics of SARS-CoV-2, the virus responsible for
COVID-19, are influenced by a variety of factors.
Understanding these factors is crucial for developing
effective public health strategies and interventions aimed
at controlling the spread of the virus. Key determinants
of transmission include viral load, host susceptibility,
and environmental conditions. Each of these elements
plays a significant role in shaping the overall
transmission landscape of the virus.

Viral Load: Viral load refers to the amount of viral
RNA present in a given volume of bodily fluids, such as
respiratory secretions. In the context of SARS-CoV-2,
higher viral loads are often associated with increased
infectiousness, meaning that individuals with a high viral
load are more likely to transmit the virus to others.
Individuals infected with SARS-CoV-2 can exhibit
varying levels of viral load throughout the course of
their infection. Studies have shown that viral load is
typically highest in the early stages of infection,
particularly just before or around the onset of symptoms.
During this time, individuals are more likely to expel
large quantities of virus through respiratory droplets and
aerosols when they cough, sneeze, talk, or breathe. The
relationship between viral load and transmissibility is
complex. Higher viral loads can lead to more significant
shedding of the virus, increasing the likelihood of
exposure for those in close contact. Furthermore,
asymptomatic individuals can also have high viral loads,
which can contribute to unnoticed transmission within
communities. This underscores the importance of testing
and monitoring individuals, even those who do not
exhibit symptoms, to identify and isolate those with high
viral loads and reduce further transmission (35).

Host Susceptibility: Host susceptibility refers to the
likelihood of an individual becoming infected after
exposure to SARS-CoV-2. Several factors can influence
susceptibility, including genetic variations among
individuals that can affect the immune response to the
virus. Some people may possess genetic traits that
enhance their immune response or ability to restrict viral
replication, thereby reducing their susceptibility to
infection. Age is a significant factor influencing
susceptibility. Older adults are generally at higher risk
for severe disease and complications from COVID-19,
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which is believed to be related to a decline in immune
function with age. Conversely, younger individuals tend
to have stronger immune responses, which can make
them less susceptible to infection. Pre-existing health
conditions, such as obesity, diabetes, cardiovascular
diseases, and respiratory conditions, can increase an
individual’s susceptibility to SARS-CoV-2 infection.
These comorbidities can compromise the immune
system or create an environment in which the virus can
thrive. Individuals with weakened immune systems,
whether due to medical conditions or treatments (such as
chemotherapy), are more susceptible to infection and
may experience more severe illness if infected. Host
susceptibility plays a critical role in determining the
spread of the virus within a population. In environments
where a high proportion of individuals are susceptible
(such as unvaccinated populations), transmission rates
can escalate rapidly. Conversely, high vaccination rates
and the presence of immunity whether through previous
infection or vaccination can significantly reduce overall
susceptibility in the population, leading to decreased
transmission (36).

Environmental Conditions: The environment in which
individuals interact can significantly influence the
transmission of SARS-CoV-2. Key environmental
factors include, Poorly ventilated indoor spaces can
facilitate the accumulation of viral particles in the air,
increasing the risk of aerosol transmission. Good
ventilation systems that enhance airflow and reduce the
concentration of airborne viruses can lower the risk of
transmission. Environmental conditions such as
temperature and humidity can affect the stability of the
virus in the air and on surfaces. Studies have suggested
that higher temperatures and humidity levels may reduce
the viability of the virus, while low temperatures and dry
conditions can enhance its stability and survival outside
the host. Fomite transmission, or the transfer of the virus
from contaminated surfaces, can occur in various
settings, especially in high-touch areas. The persistence
of SARS-CoV-2 on surfaces can depend on the material
(e.g., plastic, metal, or fabric) and environmental
conditions. Regular cleaning and disinfection of surfaces
can mitigate this risk (37).

In addition to physical environmental conditions, social
behavior also influences transmission. Factors such as
community adherence to public health guidelines (e.g.,
mask-wearing, social distancing, and vaccination) can
significantly —impact the rate of transmission.
Communities that collectively implement preventive
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measures tend to experience lower transmission rates.
By understanding these factors, public health officials
can devise targeted strategies to control transmission,
reduce infection rates, and protect vulnerable
populations. Continued research into these dynamics
will be essential for adapting responses to the evolving
nature of the pandemic and ensuring effective measures
are in place to mitigate future outbreaks.

Pathogenesis of SARS-CoV-2: Viral Replication
Cycle: The pathogenesis of SARS-CoV-2, the virus
responsible for the COVID-19 pandemic, is intricately
tied to its ability to replicate efficiently within host cells.
This replication cycle consists of four major phases:
entry, replication, transcription, and release. Each of
these stages is critical for the virus’s propagation and
contributes to the overall disease process.

Entry Phase (Initial Contact and Receptor Binding):
The viral replication cycle begins when SARS-CoV-2
encounters a susceptible host cell, often through
inhalation of respiratory droplets containing the virus.
The spike (S) protein on the surface of the virus is
essential for this initial interaction. The spike protein
binds specifically to the angiotensin-converting enzyme
2 (ACE2) receptor on the host cell surface. ACE2 is
expressed in various tissues, but it is particularly
abundant in the epithelial cells of the lungs, intestines,
kidneys, and blood vessels, making these tissues prime
targets for infection. This binding triggers
conformational changes in the spike protein, enabling it
to facilitate membrane fusion between the viral envelope
and the host cell membrane. This process may be further
enhanced by the action of host cell proteases,
specifically  transmembrane protease, serine 2
(TMPRSS2), which cleaves the spike protein, making it
more efficient at promoting fusion. Once the membranes
are fused, the viral envelope merges with the host cell
membrane, allowing the viral RNA genome to be
released into the cytoplasm (38).

Replication Phase: Once inside the host cell, the viral
RNA genome undergoes Uncoating, which involves the
disassembly of the viral particle and exposure of the
RNA to the cytoplasmic environment. SARS-CoV-2
possesses a positive-sense single-stranded RNA genome,
which means it can directly serve as messenger RNA
(mRNA) for translation by the host’s ribosomes. The
first step in the replication process involves the
translation of the viral RNA into two large polyproteins,
ppla and pplab. These polyproteins are subsequently
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cleaved by viral proteases into several functional non-
structural proteins (nsps). These nsps are crucial for the
virus’s replication and include, RNA-dependent RNA
polymerase (RdRp) which is responsible for
synthesizing new viral RNA genomes. These nsps cleave
polyproteins into functional units, facilitating the
assembly of the replication complex. The newly
synthesized non-structural proteins assemble to form a
replication-transcription complex that facilitates the
synthesis of new viral genomes. This involves the
creation of a complementary negative-sense RNA strand,
which serves as a template for producing additional
positive-sense RNA genomes and sub genomic mRNAs.
This replication process is highly efficient, allowing the
virus to rapidly increase its numbers within the host cell
(39).

Transcription Phase: During the transcription phase,
the viral replication complex synthesizes sub genomic
mRNAs from the negative-sense RNA templates. These
sub genomic mRNAs encode for several structural and
accessory proteins required for the assembly of new
virions. The primary proteins synthesized during this
phase include Spike (S) Protein which is vital for the
virus’s ability to attach to host cells and facilitate entry.
Nucleocapsid (N) Protein which binds to the viral RNA,
forming the nucleocapsid and protecting the viral
genome. Membrane (M) and Envelope (E) Proteins
which are important for the structural integrity of the
virions and the assembly process. The transcription of
these viral proteins is tightly regulated, ensuring that the
necessary quantities of each protein are produced for
efficient assembly and release of new virions (40).

Release Phase: Following the synthesis of viral proteins
and RNA, the assembly of new virions takes place.
Structural proteins, including M, E, and S proteins, are
directed to the endoplasmic reticulum (ER) and Golgi
apparatus, where they are incorporated into the
membranes of these organelles. The nucleocapsid, which
consists of the RNA genome and N protein, is packaged
with the envelope proteins in a process that ensures each
new virion contains the necessary components for
infection. Once the new virions are assembled, they exit
the host cell through a process known as budding.
During budding, the new virions acquire their lipid
envelope from the host cell membrane. This process is
critical, as it allows the virions to exit the cell without
causing immediate lysis, which would otherwise destroy
the host cell and prevent further viral propagation. After
budding, the new virions are transported to the cell
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surface in vesicles, where they fuse with the plasma
membrane. This exocytosis process releases mature
virions into the extracellular space, allowing them to
infect neighbouring cells and perpetuate the infection
(41).

The viral replication cycle of SARS-CoV-2 is a multi-
faceted process encompassing entry, replication,
transcription, and release phases. Each of these stages is
essential for the virus’s ability to propagate and establish
infection within the host. Understanding the detailed
mechanisms underlying these phases not only enhances
our knowledge of SARS-CoV-2 pathogenesis but also
identifies potential therapeutic targets. For instance,
antiviral agents can be developed to inhibit specific steps
of the replication cycle, such as entry inhibitors that
block the interaction between the spike protein and
ACE2 or polymerase inhibitors that disrupt RNA
synthesis. In addition, insights into the viral life cycle
can inform vaccine development strategies that aim to
elicit strong immune responses against critical viral
components. By comprehensively understanding the
pathogenesis of SARS-CoV-2, researchers and public
health officials can devise more effective measures to
control COVID-19, reducing its impact on global health
and aiding in the management of future viral outbreaks
(42).

Host-Pathogen Interactions (How SARS-CoV-2
Affects Host Cells): The interaction between SARS-
CoV-2, the virus responsible for COVID-19, and host
cells is a critical area of study for understanding the
disease’s pathogenesis. These interactions lead to
significant alterations in cellular functions, immune
responses, and ultimately result in tissue damage. The
complex interplay between the virus and host cells can
be delineated into several key processes: viral entry and
its effects on cellular signaling, the induction of
inflammation, cellular damage mechanisms, and
immune evasion strategies (43). Each of these processes
is crucial for the virus’s ability to replicate and cause
disease.

Viral Entry and Its Impact on Cellular Processes:
SARS-CoV-2 primarily utilizes the spike (S) protein to
engage with the angiotensin-converting enzyme 2
(ACE2) receptor on host cells. This interaction is
fundamental for viral entry and occurs predominantly in
cells of the respiratory tract, but ACE2 is also expressed
in other tissues, such as the heart, kidneys, and
gastrointestinal tract. The binding of the spike protein to
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ACE2 not only facilitates entry but also initiates a
cascade of intracellular signaling events. ACE2 serves a
dual function; it regulates the renin-angiotensin system,
which is involved in blood pressure control and fluid
balance. When SARS-CoV-2 binds to ACE2, it disrupts
this regulatory mechanism, leading to an accumulation
of angiotensin I, a peptide that promotes inflammation,
vasoconstriction, and fibrosis. This dysregulation can
contribute to the systemic manifestations of COVID-19,
including acute respiratory distress syndrome (ARDS)
and cardiovascular complications (44).

Upon entry, the virus manipulates various host signaling
pathways to favour its replication. The infection triggers
an array of intracellular responses, including the
activation of PRRs such as Tolllike receptors (TLRs),
which are essential for detecting viral components.
While this activation aims to mount an immune
response, SARS-CoV-2 can subvert these pathways. For
instance, the virus can down regulate the expression of
type I interferons (IFN-a and IFN-B), key mediators in
antiviral defense. This suppression not only hinders the
immediate antiviral response but also allows for
enhanced viral replication, as the host’s antiviral state is
compromised (45).

Induction of Inflammation: The host’s immune
response to SARS-CoV-2 infection is characterized by
the release of pro-inflammatory cytokines and
chemokines. This response is critical for recruiting
immune cells to the site of infection but can become
pathological when excessively activated. Cytokines such
as interleukin-6 (IL-6), tumor necrosis factor-alpha
(TNF-a), and interleukin-1 beta (IL-1p) are released by
infected and neighbouring cells in an effort to control the
viral load. However, the dysregulation of this
inflammatory response can lead to a cytokine storm, a
hyper-inflammatory state that can cause extensive tissue
damage, particularly in the lungs. The excessive
accumulation of inflammatory mediators leads to
increased vascular permeability, resulting in pulmonary
edema and ARDS. This condition is marked by the
infiltration of immune cells into lung tissue, which can
further exacerbate inflammation and disrupt normal
pulmonary function. In severe cases of COVID-19, the
cytokine storm can trigger a systemic inflammatory
response syndrome (SIRS), affecting multiple organ
systems. The inflammatory mediators not only harm the
lungs but can also lead to dysfunction in other organs,
including the heart, liver, and kidneys. The result is a
cascade of events that culminates in multi-organ failure,
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highlighting the importance of regulating inflammation
in managing COVID-19 (46).

Cellular Damage and Apoptosis: The replication of
SARS-CoV-2 within host cells can lead to direct cellular
injury. The virus’s life cycle results in the accumulation
of viral components, which can disrupt normal cellular
processes and lead to cell death. Infected cells may
undergo apoptosis, a programmed cell death mechanism
that is triggered in response to stress or damage. The
presence of viral RNA and proteins within the cytoplasm
can activate apoptotic pathways, including the intrinsic
pathway involving mitochondrial dysfunction and the
extrinsic pathway triggered by death receptors. This
apoptotic process can lead to the death of both infected
and nearby uninfected cells, contributing to the overall
tissue damage observed in COVID-19. Infected tissues
may display necrosis as well, a form of cell death that
results from acute injury and is often accompanied by
inflammation (47). In addition to direct cytopathic
effects, SARS-CoV-2 alters the metabolic state of host
cells to favour viral replication. Infected cells often shift
their metabolism towards glycolysis and other pathways
that support the rapid production of viral components.
This metabolic reprogramming can compromise cellular
functions and contribute to the overall pathophysiology
of COVID-19. For example, the virus can induce
endoplasmic reticulum (ER) stress, leading to an
unfolded protein response (UPR), which further affects
cell viability and function (48).

Immune Evasion Mechanisms: SARS-CoV-2 employs
multiple strategies to evade the host immune response.
One of the key mechanisms is the down regulation of
type | interferon signaling, which is essential for
initiating an effective antiviral response. By inhibiting
the production and action of type I interferons, SARS-
CoV-2 effectively suppresses the activation of immune
cells, particularly CD8+ T cells and natural killer (NK)
cells, which are crucial for controlling viral infections.
The virus also influences the function of various immune
cells, including macrophages and dendritic cells.
Infected macrophages can become polarized towards a
pro-inflammatory  phenotype (M1), which can
exacerbate tissue damage through the production of
additional inflammatory mediators (49). Conversely, the
presence of the virus can impair the maturation and
function of dendritic cells, limiting their ability to
present viral antigens to T cells and diminishing the
adaptive immune response. Moreover, the virus can
induce lymphopenia, a reduction in lymphocyte counts,
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particularly affecting CD4+ and CD8+ T cells, which
weakens the adaptive immune response. This
lymphopenia is associated with worse clinical outcomes
in COVID-19 patients, as the body’s ability to mount a
targeted immune response against the virus is
compromised (50).

The interactions between SARS-CoV-2 and host cells
are complex and multifaceted, leading to significant
alterations in cellular processes, immune responses, and
ultimately tissue damage. By understanding these
interactions, researchers can identify  potential
therapeutic targets to mitigate the effects of the virus.
Strategies such as antiviral therapies that inhibit viral
replication, immune modulators to control excessive
inflammation, and vaccines to boost adaptive immunity
are crucial in combating COVID-19. In particular,
therapies aimed at regulating the inflammatory response
may help prevent the severe complications associated
with a cytokine storm, while antiviral agents could
effectively limit viral replication and spread (51).
Continued research into the mechanisms of host-
pathogen interactions will provide deeper insights into
COVID-19 pathogenesis and inform the development of
innovative treatment approaches. By addressing these
interactions comprehensively, the medical community
can improve clinical outcomes for patients and enhance
public health responses to future viral outbreaks.

Systemic Effects of SARS-CoV-2 (Organ Systems
Affected): SARS-CoV-2, the virus responsible for
COVID-19, is primarily known for its impact on the
respiratory system. However, emerging evidence has
demonstrated that the virus can affect multiple organ
systems throughout the body. This systemic involvement
contributes to the diverse clinical manifestations of
COVID19, ranging from mild symptoms to severe
complications (52). Understanding the systemic effects
of SARS-CoV-2 is crucial for managing the disease and
developing comprehensive treatment strategies.

Respiratory System: The respiratory system is the
primary site of SARS-CoV-2 entry and replication.
Infection can lead to a spectrum of respiratory
symptoms, from mild cough and sore throat to severe
pneumonia and acute respiratory distress syndrome
(ARDS). The virus binds to ACE2 receptors present on
the epithelial cells of the respiratory tract, leading to cell
damage and inflammation. The resultant immune
response can cause alveolar damage, edema, and
impaired gas exchange. Patients often present with
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symptoms such as dyspnea (shortness of breath), cough,
and chest pain. In severe cases, the inflammatory
response can progress to ARDS, characterized by diffuse
alveolar damage, hypoxemia, and respiratory failure,
requiring mechanical ventilation. Post-acute sequelae of
SARS-CoV-2 infection, often referred to as “long
COVID,” may involve persistent respiratory symptoms
such as chronic cough and reduced lung function (53).

Cardiovascular System: SARS-CoV-2 infection has
profound effects on the cardiovascular system,
increasing the risk of thromboembolic events and
myocardial injury. The virus can directly infect cardiac
myocytes, leading to inflammation of the myocardium
(myocarditis) and potentially resulting in acute heart
failure. Elevated troponin levels in COVID-19 patients
indicate myocardial injury, even in those without prior
heart disease. COVID-19 is associated with a higher
incidence of venous thromboembolism (VTE), including
deep vein thrombosis (DVT) and pulmonary embolism
(PE). The inflammatory state induced by the virus
contributes to a hypercoagulable state, increasing the
risk of clot formation. Patients may experience
arrhythmias due to electrolyte imbalances, inflammation,
and direct cardiac injury. These can lead to
complications such as sudden cardiac arrest (54).

Nervous System: The central and peripheral nervous
systems can also be impacted by SARSCoV-2, leading
to a variety of neurological symptoms. Although the
virus primarily targets the respiratory system, it has been
detected in the cerebrospinal fluid (CSF) and brain
tissue, suggesting potential neurotropism. The
mechanisms by which the virus enters the central
nervous system (CNS) may include hematogenous
spread or via the olfactory pathway. Common
neurological symptoms reported in COVID-19 patients
include headaches, dizziness, loss of taste and smell
(anosmia), and cognitive dysfunction. Severe cases may
lead to more serious complications, such as encephalitis
and Guillain-Barre syndrome, an autoimmune condition
that affects peripheral nerves. Survivors of COVID-19
may experience prolonged cognitive and neurological
impairments, sometimes referred to as “brain fog,”
which includes difficulty concentrating, memory issues,
and emotional disturbances (55).

Gastrointestinal System: Gastrointestinal symptoms
are prevalent in COVID-19 patients and can occur even
in the absence of respiratory symptoms. Symptoms may
include diarrhoea, nausea, vomiting, and abdominal
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pain. These symptoms can arise early in the disease and
may be a result of direct viral infection of the
gastrointestinal epithelium. The presence of ACE2
receptors in the gastrointestinal tract provides a potential
route for SARS-CoV-2 entry. Viral replication in
enterocytes can disrupt gut function and contribute to
gastrointestinal symptoms. COVID-19 may also alter the
gut microbiome, leading to dysbiosis, which can have
implications for overall health and recovery. Changes in
gut microbiota have been associated with increased
inflammation and immune dysregulation (56).

Renal System: The kidneys can also be affected by
SARS-CoV-2, leading to acute kidney injury (AKI) in
some patients. The virus may directly infect renal
tubular cells, leading to tubular damage and dysfunction.
AKI is often associated with severe cases of COVID-19
and can result from various factors, including hypoxia,
sepsis, and nephrotoxic medications. Elevated serum
creatinine and proteinuria are common indicators of
kidney injury in COVID-19 patients. In severe cases,
renal replacement therapy may be necessary (57).

Beyond the aforementioned organ systems, SARS-CoV-
2 may impact other areas of health. COVID-19 can lead
to lymphopenia (a decrease in lymphocyte count),
thrombocytopenia (a decrease in platelets), and
coagulopathy, contributing to increased risk of clotting
disorders. There is evidence suggesting potential impacts
on glucose metabolism and thyroid function, possibly
leading to stress-induced hyperglycemia or thyroid
dysfunction.

Skin rashes and other dermatological symptoms have
been reported in COVID-19 patients, indicating systemic
involvement (58). The systemic effects of SARS-CoV-2
extend well beyond the respiratory system, affecting
multiple organ systems and leading to a range of clinical
manifestations. The interplay of direct viral effects,
immune-mediated damage, and systemic inflammation
underlies the complexity of COVID-19 pathology.

Understanding these systemic effects is crucial for
developing comprehensive treatment strategies and
managing the long-term consequences of the disease. As
research continues to evolve, it will be vital to monitor
the full spectrum of SARS-CoV-2’s impact on health
and to address the diverse needs of patients recovering
from COVID-19. This holistic approach can aid in
mitigating the pandemic’s effects and improving patient
outcomes (59).
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Immune Response to SARS-CoV-2: Innate

Immune Response

The immune system’s response to SARS-CoV-2, the
virus responsible for COVID-19, is intricate and
involves two primary branches: the innate immune
system and the adaptive immune system. This discussion
will focus on the innate immune response, which serves
as the body’s first line of defense against the viral
infection. It encompasses the initial immune reactions,
the crucial role of interferon production, and the release
of inflammatory cytokines (60).

Initial Immune Reactions: The response to SARS-
CoV-2 infection begins the moment the virus enters the
host. The innate immune system is equipped to
recognize and respond to viral infections almost
immediately, utilizing specialized receptors to identify
viral components.

Pattern Recognition Receptors (PRRs): These receptors
are vital for the detection of pathogens. Among them,
Toll-like receptors (TLRs) and retinoic acid-inducible
gene | (RIG-I)-like receptors (RLRs) play critical roles
in recognizing viral nucleic acids and proteins. These
receptors are present on various immune cells, including
macrophages, dendritic cells, and epithelial cells. Once
PRRs detect SARS-CoV-2, they activate signaling
pathways that result in the production of various immune
mediators. This process triggers a cascade of events that
mobilizes immune cells to the site of infection, preparing
the body to combat the virus. Phagocytes, such as
macrophages and neutrophils, are recruited to the
infected area to engulf and destroy virus particles and
infected cells. This phagocytic activity is crucial in
controlling the spread of the virus and facilitating tissue
repair (61).

Interferon Response: One of the hallmark features of
the innate immune response to viral infections is the
production of interferons (IFNs), which are key
signaling molecules that play a central role in antiviral
defense. Type I Interferons, Upon detection of SARS-
CoV-2, infected cells rapidly produce type I interferons,
particularly interferon-alpha (IFN-a) and interferon-beta
(IFN-B). These cytokines are critical for establishing an
antiviral state in neighbouring uninfected cells. Type I
interferons bind to the interferon-o/p receptor (IFNAR)
on surrounding cells, activating intracellular signaling
pathways that lead to the expression of a wide array of
interferon-stimulated genes (ISGs). These ISGs produce
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proteins that inhibit viral replication, enhance the
immune response, and improve antigen presentation,
thereby bolstering the body’s ability to fight off the
infection. Despite the importance of the interferon
response, SARS-CoV-2 has evolved mechanisms to
evade this defense. The virus can interfere with
interferon signaling pathways, which may help it persist
and replicate within the host (62).

Inflammatory Cytokine Release: In conjunction with
interferon production, the innate immune response also
involves the release of a variety of pro-inflammatory
cytokines and chemokines that are essential for
orchestrating an effective immune response. Infected
cells and activated immune cells produce numerous
inflammatory mediators, such as tumor necrosis factor
alpha (TNF-a), interleukin-6 (IL-6), and interleukin-1
beta (IL-1P). These cytokines play pivotal roles in
promoting inflammation and orchestrating the immune
response. The inflammatory cytokines released during
infection serve to attract additional immune cells to the
site of viral replication. For example, IL-6 is known for
its ability to recruit neutrophils and stimulate the
differentiation of T cells, thereby enhancing the overall
immune response. While inflammation is necessary to
combat the virus, excessive or dysregulated
inflammation can lead to significant tissue damage. This
phenomenon, commonly referred to as a “cytokine
storm,” may result in severe complications such as acute
respiratory distress syndrome (ARDS) and multi-organ
failure (63).

Balance between Immune Activation and Regulation:
A critical aspect of the innate immune response is the
balance between immune activation and regulation. To
prevent the potentially damaging effects of an overly
robust immune response, regulatory mechanisms are
activated. These include the activity of regulatory T cells
(Tregs) and the production of anti-inflammatory
cytokines, which help modulate the immune response
and protect against excessive tissue damage. The
effectiveness of the innate immune response plays a
pivotal role in determining the outcome of SARS-CoV-2
infection. A well-coordinated and timely response can
limit viral replication and disease severity, while an
inadequate or overly aggressive response can lead to
adverse clinical outcomes (64).

The innate immune response to SARS-CoV-2 is a
fundamental component of the host’s defense against the
virus. Through the recognition of viral components, the
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production of interferons, and the release of
inflammatory cytokines, the innate immune system
works diligently to control viral replication and initiate a
comprehensive immune response. However, the ability
of SARS-CoV-2 to evade certain innate immune
mechanisms, along with the risks associated with
excessive inflammation, highlights the complexity of the
immune response to this novel virus. A thorough
understanding of these processes is essential for the
development of effective therapies and vaccines aimed at
mitigating the effects of COVID-19. Ongoing research
will continue to shed light on the intricate dynamics of
the innate immune response and its implications for
public health and clinical practice (65).

Adaptive Immune Response to SARS-CoV-2: The
adaptive immune response is a crucial component of the
immune system that provides a targeted and specific
defense against pathogens like SARS-CoV-2. This
response is characterized by the activation of T cells and
B cells, which work in concert to eliminate the virus and
establish long-term immunity. Understanding the
mechanisms of T-cell and B-cell responses, antibody
production, and memory immunity is essential for
appreciating how the body combats SARS-CoV-2 and
develops protection against future infections (66).

T-cell Responses: T cells are pivotal players in the
adaptive immune response and can be broadly
categorized into two main types: CD4+ T helper cells
and CD8+ cytotoxic T cells. CD4+ T Cells (T Helper
Cells), Upon recognizing viral antigens presented by
major histocompatibility complex (MHC) class II
molecules on antigen-presenting cells (APCs), CD4+ T
cells become activated. They play a critical role in
orchestrating the immune response by releasing
cytokines that enhance the activity of other immune
cells, including B cells and CD8+ T cells. In the context
of SARS-CoV-2, T helper cells support the development
of a robust antibody response and help activate cytotoxic
T cells. CD8+ T Cells (Cytotoxic T Lymphocytes),
These cells are responsible for directly targeting and
killing virus-infected cells. They recognize viral peptides
presented by MHC class I molecules on the surface of
infected cells. Once activated, CD8+ T cells proliferate
and differentiate into effector cells, which release
cytotoxic granules containing perforin and granzymes to
induce apoptosis in infected cells, thus limiting viral
replication. T cells also produce a variety of cytokines,
such as interferon-gamma (IFN-y), which further
enhances the antiviral response by activating
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macrophages and promoting the recruitment of

additional immune cells (67).

B-cell Responses and Antibody Production: B cells
are responsible for the production of antibodies, which
are critical for neutralizing viruses and preventing their
spread within the host. Upon encountering viral
antigens, B cells can become activated either directly
through antigen binding or indirectly with the help of
CD4+ T cells. Activated B cells undergo clonal
expansion and differentiation into plasma cells, which
are specialized for antibody production. Plasma cells
produce large quantities of antibodies specific to SARS-
CoV-2. These antibodies can neutralize the virus by
binding to the spike protein, preventing the virus from
entering host cells. The main classes of antibodies
produced include immunoglobulin M (IgM), which
provides early response, and immunoglobulin G (IgG),
which offers long-lasting protection. Neutralizing
antibodies play a vital role in controlling the infection by
blocking viral entry into host cells. Their presence in the
bloodstream can significantly reduce the severity of the
disease and contribute to the recovery of infected
individuals (68).

Memory Immunity: A key feature of the adaptive
immune response is the generation of immunological
memory, which allows the immune system to respond
more rapidly and effectively upon re-exposure to the
same pathogen. Following an infection, some CD4+ and
CD8+ T cells differentiate into memory T cells, which
persist in the body for years. These memory cells enable
a quicker and more robust response to subsequent
infections with SARS-CoV-2. Memory T cells can
remain in peripheral tissues and the lymphatic system,
ready to respond to a reinfection. Similarly, some
activated B cells develop into memory B cells, which
circulate in the body and can quickly produce antibodies
upon re-encountering the virus. This rapid response is
crucial for preventing reinfection and contributes to
long-term immunity. Studies have shown that memory T
and B cells specific to SARS-CoV-2 can persist for
several months to years after infection, providing a
significant level of protection against reinfection. The
durability of this memory response is an important factor
in the long-term management of COVID-19 and vaccine
effectiveness (69).

The adaptive immune response to SARS-CoV-2,
involving both T cells and B cells, is integral to the
body’s ability to control and eliminate the virus.
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Through the activation of T cells, the production of
antibodies by B cells, and the establishment of
immunological memory, the adaptive immune system
equips the host with the tools needed to fight off the
virus effectively and to provide protection against future
infections. Understanding these mechanisms is crucial
for developing effective vaccines and therapeutic
strategies that enhance the immune response to SARS-
CoV-2 and ultimately help mitigate the impact of
COVID-19 on public health. Ongoing research is
essential to further elucidate the nuances of the adaptive
immune response and its implications for managing this
global pandemic (70).

Immune Evasion Strategies of SARS-CoV-2: SARS-
CoV-2, the virus responsible for COVID19, exhibits a
remarkable ability to evade the host immune response,
allowing it to persist and spread effectively. This section
explores the mechanisms by which the virus avoids
detection and neutralization by the immune system,
particularly focusing on the modulation of interferon
pathways, the delay of immune responses, and other
immune evasion strategies.

Modulation of Interferon Pathways: Interferons
(IFNs) are critical components of the innate immune
response, serving as key signaling molecules that help
coordinate the body’s defense against viral infections.
SARS-CoV-2 has evolved several strategies to modulate
and disrupt interferon signaling, which is crucial for its
survival and replication. Upon infecting a host cell,
SARS-CoV-2 has evolved mechanisms to inhibit the
production of type I interferons (IFNs), crucial antiviral
proteins. Ordinarily, the detection of viral elements by
pattern recognition receptors (PRRs) would activate
IFN-a and IFN-B, but SARS-CoV-2 interferes with this
process through specific viral proteins. For instance,
nspl binds to host messenger RNA, effectively halting
its translation and, in turn, dampening the host’s IFN
response. Another protein, nsp3, targets retinoic acid-
inducible gene I (RIG-I), a pivotal PRR for identifying
viral RNA, thus obstructing the pathway that leads to
IFN production. Additionally, nsp6 disrupts the
formation of signaling complexes essential for IFN
induction, further reducing the host’s antiviral response

(71).

Beyond inhibiting IFN production, SARS-CoV-2
impairs IFN signaling pathways to evade immune
responses. After IFNs bind to their receptors, they
usually trigger a series of events via the JAK-STAT
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pathway, ultimately leading to the expression of
interferon-stimulated genes (ISGs) with antiviral
functions. SARS-CoV-2 counters this by producing
proteins that block JAK activation, preventing STAT
proteins from being phosphorylated and translocating to
the nucleus to initiate ISG transcription. Moreover,
certain viral proteins can inhibit ISG functions directly,
which would normally work to curb viral replication and
bolster immune defences. By evading the antiviral
effects of ISGs, SARS-CoV-2 enhances its own
replication and ability to persist within the host. This
suppression of interferon responses at multiple stages
aids the virus in evading immune detection and
amplifying its infectivity (72).

Delayed Immune Response: The timing of immune
activation plays a pivotal role in determining the success
of the body’s response to viral infections. SARS-CoV-2
has evolved specific strategies to postpone the onset of
both innate and adaptive immune responses, allowing it
to gain an advantage in early infection stages. One such
strategy involves delaying the presentation of wviral
antigens, which is essential for initiating an effective T-
cell response. By slowing the process through which
infected cells display viral antigens to T cells, SARS-
CoV-2 enables itself to reach higher replication levels
before the immune system can effectively counteract it
(73). Additionally, the virus can manipulate immune
checkpoints to hinder T-cell activation; for instance, it
upregulates PD-L1 expression on infected cells, which
binds to PD-1 on T cells, leading to T-cell exhaustion
and reduced immune efficiency. SARS-CoV-2 further
modulates cytokine production, disrupting the signals
required to fully activate and regulate immune
responses, thus dampening T-cell activity and response
speed. The virus also achieves immune evasion by
downregulating MHC class I molecules, which play a
critical role in presenting antigens to CD8+ T cells. This
suppression of MHC molecules on infected cells
conceals the virus from cytotoxic T cells, enabling it to
persist and spread within the host while facing delayed
immune detection (74).

Other Immune Evasion Tactics: In addition to
modulating interferon responses and delaying immune
activation, SARS-CoV-2 employs various other
strategies to evade the immune system. The virus
exhibits genetic variability, leading to the emergence of
new variants. Some of these variants have mutations in
the spike protein, which can alter the virus’s antigenic
profile. This variability can allow the virus to escape
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recognition by neutralizing antibodies developed during
previous infections or vaccinations (75). Although still
under investigation, some evidence suggests that SARS-
CoV-2 may have the potential to establish a latent
infection in certain cell types. This ability to remain
dormant allows the virus to evade the immune system
while being able to reactivate under favourable
conditions, complicating eradication efforts. SARS-
CoV-2 can modulate the function of various immune
cells to favour its persistence. For example, it can alter
the functions of dendritic cells, which play a critical role
in antigen presentation and T-cell activation, leading to
ineffective immune responses. The virus can induce a
dysregulated inflammatory response, leading to what is
commonly referred to as a “cytokine storm.” This
hyperinflammatory response can cause significant tissue
damage, further complicating the immune response and
allowing the virus to thrive in a chaotic immunological
environment (76).

Implications for Immunity and Long-term
Protection: Duration of Immunity: The global impact
of the COVID-19 pandemic caused by SARS-CoV-2 has
generated significant interest in understanding the nature
and duration of immunity following infection or
vaccination. This knowledge is essential for guiding
public health decisions, informing vaccination strategies,
and managing the ongoing response to the pandemic.
This section examines the dynamics of immune memory
generated by SARS-CoV-2 and highlights the
implications of reinfection cases (77).

Immune Memory Following SARS-CoV-2 Infection:
When SARS-CoV-2 infects the body, the immune
system’s adaptive branch initiates a targeted response,
particularly through B cells and T cells. B cells play a
fundamental role by differentiating into plasma cells,
which produce antibodies that specifically recognize and
neutralize the virus. Among these, immunoglobulin G
(IgG) is particularly effective in binding to SARS-CoV-
2 and preventing its entry into host cells.

Alongside plasma cells, memory B cells are formed,
which retain information about the virus, allowing for a
rapid and effective antibody response upon future
exposures (78). The adaptive immune response also
involves the activation of T cells. CD4+ helper T cells
support B cell activation and stimulate antibody
production, while CD8+ cytotoxic T cells directly target
and destroy infected cells. Memory T cells generated
during this initial immune response provide a foundation
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for quick mobilization if reinfection occurs. Notably,
studies suggest that both CD4+ and CD8+ T cells remain
detectable in the body for several months post-recovery,
contributing to prolonged immunity. Immune memory
following natural infection can last from 6 to 12 months
or longer, although the duration and robustness of this
memory may vary depending on factors such as age,
health status, and the severity of the original infection
(79).

Reinfection Cases: Despite the development of immune
memory, instances of reinfection with SARS-CoV-2
have been reported, raising critical questions regarding
the longevity of immunity and the possibility of long-
term protection. Reinfections can result from various
factors such as the virus can undergo mutations that alter
its surface proteins, particularly in key areas recognized
by the immune system. Variants such as Delta and
Omicron have demonstrated the ability to partially evade
the immune response generated by previous infections or
vaccinations, leading to an increased likelihood of
reinfection (80). Over time, antibody levels against
SARS-CoV-2 may diminish, which can reduce the
body’s ability to neutralize the virus upon re-exposure.
This decline can heighten susceptibility to reinfection,
especially when encountering a variant that has diverged
significantly from the strain responsible for the initial
infection. Reports of reinfection reveal a spectrum of
clinical outcomes. Some reinfections present with mild
or asymptomatic cases, while others can lead to severe
illness. The severity of reinfection may depend on
multiple factors, including the individual’s immune
status, the specific variant involved, and the time elapsed
since the original infection or vaccination. The
possibility of reinfections underscores the importance of
continuous monitoring of viral variants and the
effectiveness of vaccines over time. Public health
strategies may need to adapt in response to changes in
immunity, including recommendations for booster
vaccinations to enhance and prolong immune protection

(81).

Vaccine-Induced Immunity: Vaccination against
SARS-CoV-2 has emerged as a critical tool in
controlling the spread of COVID-19. Vaccines are
designed to elicit a robust immune response similar to
that generated by natural infection. Initial data suggested
that the immune protection afforded by vaccines could
be effective for several months against both infection
and severe disease. However, as with natural immunity,
levels of antibodies may decrease over time, leading to
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the recommendation for booster shots to maintain
adequate protection against the virus. Booster doses have
been shown to significantly enhance antibody levels and
restore protection, particularly against emerging variants
of concern. Ongoing research is focused on determining
the optimal timing and formulation for booster
vaccinations to maximize the duration and efficacy of
immune responses (82).

Variants and Immune Escape: Impact of SARS-
CoV-2 Variants on Immunity

The emergence of variants of SARS-CoV-2 has become
a critical focus in wunderstanding the pandemic,
particularly concerning their effects on transmission
dynamics and immune escape. As the virus evolves,
specific mutations can enhance its ability to spread and
evade the host immune response, which has significant
implications for public health, vaccine efficacy, and
therapeutic strategies. This section delves into how these
variants influence immunity and the underlying
mechanisms that facilitate immune evasion (83).

1. Understanding SARS-CoV-2 Variants

SARS-CoV-2 variants arise through mutations that occur
during viral replication. These mutations can happen in
various parts of the virus, including genes encoding
surface proteins that are crucial for the virus’s ability to
infect host cells. Key variants have been categorized
based on their potential impact on transmissibility and
virulence. Several variants have drawn particular
attention due to their significant implications for public
health.

The Alpha variant, also known as B.1.1.7, was initially
identified in the United Kingdom and became notable
for its increased transmissibility and a potential rise in
disease severity. Following this, the Beta variant
(B.1.351) emerged in South Africa, carrying mutations
that contributed to a heightened ability to evade immune
responses, thereby raising questions about the efficacy of
existing vaccines. Around the same time, the Gamma
variant (P.1) was reported in Brazil, sharing similar
mutations linked to immune escape. The Delta variant
(B.1.617.2), first detected in India, quickly spread across
multiple countries due to its high rate of transmission
and a partial ability to evade immunity. More recently,
the Omicron variant (B.1.1.529) surfaced in South
Africa, distinguished by a large number of mutations,
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especially within the spike protein. These mutations led
to substantial concerns about its potential for immune
escape and the implications this might have for vaccine
effectiveness (84).

2. Impact on Transmission

The mutations observed in various SARS-CoV-2
variants have significant implications for wviral
transmission. These alterations, particularly in the spike
protein, often enhance the virus’s capacity to attach to
host cell receptors, notably the ACE2 receptor, thereby
improving its entry into human cells. This mechanism
has been particularly evident in variants such as Delta
and Omicron, which have exhibited significantly higher
transmission rates than earlier strains. Research indicates
that this increased transmissibility may be attributed to
shifts in viral shedding patterns and a higher viral load in
individuals infected with these variants (85). As a result,
even vaccinated populations are at a greater risk of
infection and subsequent spread. Moreover, the rapid
proliferation of certain variants has led to the occurrence
of superspreader events, where a single infected
individual can give rise to numerous cases in a short
time. This situation underscores the critical importance
of continuous surveillance and the need for swift public
health responses to effectively manage emerging
variants and their potential impact on community health.

3. Immune Evasion Mechanisms

One of the most concerning features of some SARS-
CoV-2 variants is their ability to escape immune
detection and neutralization. This immune evasion can
occur through several mechanisms, Many key mutations
in variants are located in the spike protein, the primary
target for neutralizing antibodies generated through
natural infection and vaccination. These mutations can
alter epitopes recognized by the immune system,
reducing the effectiveness of neutralizing antibodies. For
example, the E484K mutation, found in variants like
Beta and Gamma, has been associated with a reduced
neutralizing response. The presence of specific
mutations has raised concerns about the effectiveness of
vaccines. While most vaccines still provide strong
protection against severe disease and hospitalization,
some studies indicate diminished efficacy against
infection with variants such as Delta and Omicron. This
has led to increased recommendations for booster doses
to enhance immunity and broaden protection against
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emerging variants. Variants can also affect T-cell
recognition. Although some mutations may primarily
impact antibody neutralization, they can also influence
the presentation of viral peptides to T cells. Variants that
evade T-cell recognition can compromise the cellular
immune response, potentially leading to more severe
disease upon reinfection (86).

4. Implications for Public Health and Vaccine
Strategy

The impact of SARS-CoV-2 variants on immunity
underscores the need for adaptive public health
strategies. Continuous genomic surveillance is essential
to monitor emerging variants and their mutations to
inform vaccine updates and therapeutic approaches.
Vaccine manufacturers are exploring the development of
modified vaccines that can specifically target prevalent
variants. This may include the formulation of
multivalent vaccines that can elicit a broader immune
response against multiple strains of the virus. Enhanced
surveillance and rapid response strategies are critical in
containing outbreaks associated with variants. This may
involve reinforcing mask mandates, optimizing testing
and contact tracing, and promoting vaccination and
booster campaigns, especially in areas with rising variant
prevalence (87).

Herd Immunity and Vaccination (The Role of
Vaccination in Establishing Herd Immunity and
Controlling Transmission): Herd immunity is a crucial
public health goal in managing infectious diseases,
including COVID-19, caused by the SARS-CoV-2 virus.
This concept involves protecting the entire population
from an infectious disease when a substantial portion of
the community becomes immune, -either through
vaccination or prior infection. Vaccination is particularly
pivotal in achieving herd immunity against COVID-19,
as it plays a vital role in controlling the wvirus's
transmission and mitigating its impact on public health
(88).

Herd immunity occurs when a significant percentage of
a population is immune to a specific disease, making the
spread of the pathogen less likely. This situation protects
those who are not immune, including individuals who
cannot receive vaccinations due to health conditions,
young children, or those with weakened immune
systems. The percentage of the population that needs to
be immune to achieve herd immunity varies depending
on the infectious disease’s transmissibility. For SARS-
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CoV-2, research suggests that approximately 70% to
90% of individuals may need to be immune to
significantly curb the spread of the virus. Factors such as
the presence of new variants can influence this threshold,
highlighting the dynamic nature of achieving herd
immunity in the context of COVID-19 (89). Vaccination
is a primary method to establish herd immunity, as it
effectively prepares the immune system to recognize and
combat the virus without causing disease. Vaccines
designed for COVID-19 have been developed using
various technologies, including mRNA and viral vectors.
COVID-19 vaccines stimulate an immune response by
introducing harmless components of the virus, such as
the spike protein, which prompts the body to produce
specific antibodies. This response not only helps
individuals fight off the virus if exposed but also
contributes to a broader community immunity when a
large portion of the population is vaccinated.
Widespread vaccination reduces the likelihood of virus
transmission within communities. When enough
individuals are vaccinated, the overall pool of
susceptible  hosts  decreases, thereby  limiting
opportunities for the virus to spread. This is particularly
important in interrupting transmission chains and
protecting vulnerable populations (90).

Despite the clear benefits of vaccination in establishing
herd immunity, several challenges must be addressed to
reach this goal effectively. Misinformation, cultural
beliefs, and distrust in healthcare systems contribute to
vaccine hesitancy. Individuals may delay or refuse
vaccination, which can undermine efforts to achieve
herd immunity. Public health campaigns aimed at
educating communities about vaccine safety and efficacy
are essential to counteract this hesitancy and increase
vaccination rates. The emergence of new SARS-CoV-2
variants poses additional challenges to achieving herd
immunity. Variants may exhibit mutations that enhance
transmissibility or confer some degree of immune
evasion, complicating the landscape of vaccination
efforts. These variants can potentially diminish the
effectiveness of existing vaccines, necessitating ongoing
research and adaptation of vaccination strategies.
Immunity following vaccination or natural infection may
wane over time, raising concerns about reinfection.
Research indicates that antibody levels can decrease,
which may leave individuals susceptible to new
infections. Regular booster vaccinations may be
necessary to maintain high levels of immunity in the
population and ensure sustained protection against
emerging variants (91).
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Implications for Public Health Strategies: The pursuit
of herd immunity through vaccination carries significant
implications for public health policy and strategy.
Implementing comprehensive vaccination programs that
prioritize access and distribution is crucial. Ensuring that
vaccines are available to all segments of the population,
especially marginalized communities, will help raise
overall immunity levels and support the goal of herd
immunity. Ongoing genomic surveillance of SARS-
CoV-2 variants is essential for understanding their
impact on vaccine effectiveness. This monitoring allows
for timely adjustments to vaccination strategies, such as
updating vaccine formulations to address new variants
and implementing booster campaigns to enhance
immunity. While vaccination is vital, it should be part of
a multifaceted public health response. Continued
adherence to preventive measures such as mask-wearing,
physical distancing, and testing remains critical,
particularly in areas with low vaccination rates or high
transmission of variants. These strategies work in
tandem with vaccination efforts to control the spread of
the virus (92).

Therapeutic  Strategies  Against SARS-CoV-2
(Antiviral Treatments): As the COVID-19 pandemic
unfolded, the need for effective therapeutic strategies to
combat SARS-CoV-2 became increasingly evident.
Antiviral treatments have emerged as a critical
component of the therapeutic landscape for COVID-19,
aimed at inhibiting the virus’s replication and reducing
the severity of the disease. This section provides an
overview of key antiviral treatments, including
remdesivir and molnupiravir, along with their
mechanisms of action. Antiviral drugs are designed to
target specific stages of the viral life cycle, thereby
preventing the virus from replicating and spreading
within the host. These treatments can be classified into
several categories based on their mechanisms of action,
including those that inhibit viral entry, replication, or
assembly (93).

Remdesivir: Remdesivir is a nucleotide analog that
interferes with viral RNA synthesis. Once inside the host
cell, remdesivir is converted to its active form, which
mimics adenosine triphosphate (ATP). This leads to the
incorporation of remdesivir into the growing viral RNA
chain during replication, resulting in premature
termination of RNA transcription. By disrupting this
process, remdesivir effectively hinders the ability of
SARS-CoV-2 to replicate and propagate. Remdesivir
was one of the first antiviral treatments to receive
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emergency use authorization for COVID-19. Clinical
trials have demonstrated that it can reduce the time to
recovery in hospitalized patients, particularly those
requiring  supplemental oxygen or mechanical
ventilation. Its use is generally recommended for
patients with severe COVID-19 symptoms, although it
has also been studied in mild to moderate cases (94).

Molnupiravir: Molnupiravir operates through a
different mechanism, acting as a mutagenic
ribonucleoside. It introduces errors into the viral RNA
during replication. When the virus attempts to replicate
its genetic material, the incorporation of molnupiravir
leads to an accumulation of mutations that ultimately
render the virus non-viable. This error catastrophe
prevents SARS-CoV2 from effectively reproducing.
Molnupiravir has been granted emergency use
authorization for the treatment of mild to moderate
COVID-19 in patients at high risk of progressing to
severe disease. Its oral formulation offers significant
convenience for patients, allowing for early treatment at
home, which is particularly beneficial in outpatient
settings (95).

While remdesivir and molnupiravir are among the most
discussed antiviral treatments, several other agents have
also been evaluated for their efficacy against SARS-
CoV-2. Favipiravir which is an antiviral that inhibits
viral RNA polymerase, favipiravir has shown activity
against various RNA viruses. Some studies suggest its
potential effectiveness against COVID-19, although
more research is needed to establish its clinical utility
and other one is Paxlovid, This combination of
nirmatrelvir and ritonavir has been authorized for
treating COVID-19 in high-risk patients. Nirmatrelvir
inhibits the SARS-CoV-2 protease, crucial for viral
replication, while ritonavir boosts the effectiveness of
nirmatrelvir by inhibiting its metabolism, increasing its
concentration in the body (96).

While antiviral treatments represent a promising strategy
against COVID-19, several challenges must be
considered such as, the potential for viral resistance to
antiviral medications is a significant concern. Mutations
in the virus may diminish the effectiveness of
treatments, necessitating ongoing surveillance and
research to adapt therapeutic strategies accordingly. The
timing of antiviral treatment initiation is crucial for
maximizing effectiveness. Early intervention, preferably
within the first few days of symptom onset, may lead to
better outcomes, highlighting the importance of timely
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diagnosis and treatment. Exploring combination
therapies, where antiviral agents are used alongside other
treatments such as monoclonal antibodies or anti-
inflammatory drugs, may enhance therapeutic efficacy
and reduce disease severity (97).

Immunomodulatory Drugs (Targeting the Immune
Response to Reduce Severe Disease in COVID-19): In
the fight against COVID-19, managing the immune
response has become a crucial aspect of therapeutic
strategies. While antiviral agents focus on inhibiting
viral replication, immunomodulatory drugs aim to
modulate the immune system’s activity, particularly in
patients experiencing severe disease characterized by
hyperinflammation and a cytokine storm. This section
discusses key immunomodulatory drugs, including
dexamethasone and interleukin-6 (IL6) inhibitors, and
their roles in mitigating severe COVID-19 outcomes
(98)

The immune response to SARS-CoV-2 involves a
complex interplay between innate and adaptive
immunity. In mild cases, the immune system effectively
controls the virus, leading to recovery. However, in
severe cases, an overactive immune response can occur,
resulting in excessive inflammation, tissue damage, and
complications such as acute respiratory distress
syndrome (ARDS). This hyperinflammatory response is
often mediated by the release of pro-inflammatory
cytokines, leading to the so-called “cytokine storm”
(99).

Dexamethasone: Dexamethasone is a corticosteroid that
exerts anti-inflammatory effects by inhibiting the
production of pro-inflammatory cytokines and
modulating the immune response. It works by binding to
glucocorticoid receptors in immune cells, leading to
decreased expression of inflammatory mediators and
promoting  the  resolution  of  inflammation.
Dexamethasone also inhibits the activation of nuclear
factor kappa B (NF-kB), a key transcription factor
involved in the inflammatory response. Dexamethasone
was one of the first drugs shown to reduce mortality in
severe COVID-19 cases. The RECOVERY trial
demonstrated that patients receiving dexamethasone had
a significant reduction in mortality compared to those
receiving standard care, particularly among those
requiring  supplemental oxygen or mechanical
ventilation. Given its effectiveness, dexamethasone is
now a standard treatment for hospitalized COVID-19
patients with severe disease (100).
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Interleukin-6 (IL-6) Imhibitors: IL-6 is a pro-
inflammatory cytokine that plays a pivotal role in the
immune response and is implicated in the pathogenesis
of severe COVID-19. IL-6 inhibitors, such as
tocilizumab and sarilumab, target the IL-6 receptor,
blocking the action of this cytokine and thereby
mitigating the inflammatory response. By inhibiting IL-6
signalling, these drugs can help reduce fever,
inflammatory markers, and the risk of complications
associated with cytokine storms. Tocilizumab and
sarilumab have been studied in clinical trials for their
efficacy in treating severe COVID-19. The findings
indicate that these agents may reduce the need for
mechanical ventilation and improve outcomes in patients
with significant inflammatory responses. The use of IL-6
inhibitors is generally recommended for hospitalized
patients exhibiting rapid respiratory deterioration and
elevated inflammatory markers (101).

In addition to dexamethasone and IL-6 inhibitors, other
immunomodulatory therapies are being investigated for
their potential benefits in treating severe COVID-19,
such as 1) JAK Inhibitors, Janus kinase (JAK) inhibitors,
such as baricitinib, are another class of drugs that can
modulate the immune response. They work by inhibiting
signaling pathways involved in the inflammatory
response, leading to reduced cytokine production.
Baricitinib has shown promise in combination with
remdesivir for hospitalized patients with COVID-19,
further underscoring the potential of targeting
inflammation in treatment strategies. 2) Monoclonal
Antibodies: Some monoclonal antibodies targeting
inflammatory cytokines are also being studied. For
example, agents that inhibit tumor necrosis factor-alpha
(TNF-a) or other pro-inflammatory cytokines may offer
additional therapeutic options in managing severe
inflammatory responses (102).

While immunomodulatory drugs offer valuable
therapeutic avenues for managing severe COVIDI9,
there are important considerations such as, the timing of
immunomodulatory treatment is critical. These drugs are
most effective when administered at the right stage of
disease progression typically when hyperinflammation is
evident. Early use in patients without significant
inflammation may compromise the immune response
and increase the risk of severe infection.
Immunomodulation can increase the risk of secondary
infections due to dampened immune responses. Careful
monitoring and assessment are necessary to balance the
benefits of reducing inflammation against the potential
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risks of opportunistic infections. Patient characteristics,
including age, comorbidities, and the severity of the
immune response, can influence the efficacy of
immunomodulatory treatments. Tailoring treatment
approaches to individual patient profiles is essential for
optimizing outcomes (103).

Monoclonal Antibodies and Passive Immunotherapy
(Neutralizing SARS-CoV-2): In the battle against
COVID-19, monoclonal antibodies (mAbs) and passive
immunotherapy have emerged as pivotal therapeutic
strategies aimed at neutralizing SARS-CoV-2. These
approaches leverage the body’s immune response to
enhance the effectiveness of treatments, particularly in
high-risk patients or those with severe disease. This
section provides an overview of convalescent plasma
therapy and the development of monoclonal antibodies,
highlighting their mechanisms of action, clinical
applications, and challenges (104).

Passive immunotherapy involves the administration of
pre-formed antibodies to individuals, providing
immediate, but temporary, immunity against pathogens.
This approach can be particularly beneficial in the
context of emerging infectious diseases like COVID-19,
where rapid therapeutic interventions are needed. There
are two primary forms of passive immunotherapy
utilized in the fight against SARS-CoV-2: convalescent
plasma and monoclonal antibodies (105).

Convalescent Plasma: Convalescent plasma therapy
involves the transfusion of plasma from individuals who
have recovered from COVID-19 into patients currently
battling the disease. The plasma contains antibodies
against SARS-CoV-2, which can bind to the virus,
neutralizing it and preventing it from infecting host cells.
This passive transfer of immunity aims to bolster the
recipient’s immune response and accelerate recovery.
Early in the pandemic, convalescent plasma was
explored as a potential treatment for COVID-19. Some
observational studies suggested that it might reduce the
severity of illness and mortality, particularly when
administered early in the course of the disease. However,
subsequent randomized controlled trials yielded mixed
results regarding its efficacy, leading to discussions
about the timing of administration, the concentration of
neutralizing antibodies in the plasma, and the patient’s
clinical status (106).

Monoclonal Antibodies: Monoclonal antibodies are
engineered antibodies designed to specifically target and
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neutralize SARS-CoV-2. They are produced in the
laboratory by cloning immune cells that produce a
desired antibody, allowing for the generation of a
consistent and potent therapeutic agent. These antibodies
bind to the spike protein of the virus, preventing it from
attaching to and entering human cells. Several
monoclonal antibody therapies have been authorized for
emergency use against COVID-19. Notable examples
include 1) Casirivimab and Imdevimab, This
combination targets the spike protein and has shown
efficacy in reducing viral load and improving clinical
outcomes in non-hospitalized patients with mild to
moderate COVID19. 2) Bamlanivimab and Etesevimab:
This combination also targets the spike protein and has
been studied for its role in preventing disease
progression in high-risk patients. Monoclonal antibodies
are typically administered via infusion, and their use is
recommended for patients at high risk of severe disease,
particularly those who are not yet hospitalized. Clinical
trials have demonstrated that these therapies can
significantly reduce the risk of hospitalization and death
in high-risk populations (107).

Benefits and Limitations: While both convalescent
plasma and monoclonal antibodies offer promising
therapeutic options, several factors must be considered
such as Monoclonal antibodies can be produced more
rapidly than convalescent plasma, allowing for a more
consistent and standardized therapeutic product. This
aspect is particularly important in the context of a
pandemic. Monoclonal antibodies can be engineered for
high specificity and potency against SARS-CoV-2,
potentially leading to more effective neutralization
compared to the broad range of antibodies present in
convalescent plasma. The emergence of SARS-CoV-2
variants poses a challenge for both convalescent plasma
and monoclonal antibody therapies. Some variants may
evade neutralization by existing antibodies, necessitating
ongoing monitoring and potential updates to therapeutic
antibodies to ensure efficacy. The response to passive
immunotherapy can vary based on individual patient
factors, including the severity of disease, the timing of

treatment, and the presence of underlying health
conditions (108).
Vaccines and Immunization Strategies (Types,

Mechanisms, and Effectiveness against Variants):
Vaccination has been a cornerstone of the global
response to the COVID-19 pandemic, significantly
contributing to the control of the virus’s spread and the
prevention of severe disease. Several types of vaccines
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have been developed, each employing different
technologies and mechanisms to elicit an immune
response. This section discusses the primary types of
COVID-19 vaccines, their mechanisms of action, and
their effectiveness against emerging variants (109).

Types of COVID-19 Vaccines

a. mRNA Vaccines

mRNA vaccines utilize messenger RNA (mRNA) to
instruct cells to produce a harmless piece of the spike
protein unique to SARS-CoV-2. Once this protein is
expressed on the cell surface, it triggers an immune
response, including the production of antibodies and
activation of T-cells.

Examples:

Pfizer-BioNTech (Comirnaty): This mRNA vaccine was
among the first to receive emergency use authorization.
Clinical trials demonstrated high efficacy (approximately
95%) in preventing symptomatic COVID-19. It has
shown effectiveness against various variants, although
booster doses may be necessary to enhance protection.

Moderna (Spikevax): Similar to Pfizer-BioNTech, the
Moderna vaccine utilizes mRNA technology and has
shown around 94% efficacy in clinical trials. Studies
indicate its ability to elicit a robust immune response
against variants, though efficacy may vary (110).

b. Viral Vector Vaccines

Viral vector vaccines use a harmless virus (not the
coronavirus itself) as a delivery system to carry genetic
material that encodes the spike protein of SARS-CoV-2.
Upon vaccination, the viral vector enters cells, leading to
the production of the spike protein and triggering an
immune response.

Examples:

AstraZeneca (Vaxzevria): This viral vector vaccine uses
a modified version of a chimpanzee adenovirus. Clinical
studies have demonstrated an efficacy rate of about 76%
in preventing symptomatic COVID-19. Although some
concerns were raised about its effectiveness against
certain variants, it remains an important tool in
vaccination campaigns worldwide.
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Johnson & Johnson (Janssen): This single-dose viral
vector vaccine employs a human adenovirus to deliver
the spike protein. It has shown approximately 66%
efficacy in preventing moderate to severe COVID-19.
The vaccine has been effective against variants, and its
single-dose regimen makes it particularly advantageous
for mass immunization efforts (111).

c. Inactivated or Live Attenuated Vaccines

These vaccines use killed (inactivated) or weakened (live
attenuated) forms of the virus to stimulate an immune
response without causing disease.

The immune system recognizes these inactivated or
weakened viruses as foreign, leading to the production
of antibodies.

Examples:

Sinovac (CoronaVac): This inactivated virus vaccine has
shown varying efficacy rates in clinical trials, typically
around 50% to 84%, depending on the population and
study design. It has been widely used in many countries,
particularly in Asia and Latin America.

Sinopharm (BBIBP-CorV): Another inactivated virus
vaccine, it has demonstrated efficacy of approximately
79%. It is part of vaccination campaigns in several

countries and contributes to global vaccination efforts
(112).

Effectiveness against Variants

As new variants of SARS-CoV-2 emerge, concerns
about vaccine effectiveness have prompted ongoing
studies and surveillance. Variants such as Delta and
Omicron have shown some ability to partially evade
immune responses elicited by vaccines. For instance,
studies have indicated reduced neutralization capacity of
antibodies against the Omicron variant compared to the
original strain. However, vaccines continue to provide
significant protection against severe disease and
hospitalization. To enhance immunity against variants,
booster doses of existing vaccines have been
recommended. Clinical data suggest that booster shots
can significantly increase the neutralizing antibody
levels against wvariants, thus improving overall
protection. Vaccine manufacturers are also exploring
modified formulations that specifically target variants of
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concern. For instance, updated versions of mRNA
vaccines that incorporate sequences from variants are
under investigation to improve efficacy (113).

The development of COVID-19 vaccines, including
mRNA and viral vector vaccines, has been instrumental
in controlling the pandemic. Each vaccine type employs
unique mechanisms to stimulate an immune response,
leading to the production of antibodies and T-cells.
While challenges remain regarding the emergence of
variants, vaccination continues to be a critical strategy in
reducing transmission and preventing severe illness.
Ongoing research and adaptation of vaccines will play a
vital role in maintaining effective immunity against
current and future variants of SARS-CoV-2 (114).

Emerging Therapeutics (New Approaches in the
Fight against SARS-CoV-2): As the COVIDI19
pandemic has progressed, researchers and scientists have
continually sought innovative methods to combat SARS-
CoV-2. Beyond traditional vaccines and therapies,
several emerging therapeutics are being investigated.
This section highlights novel approaches, including gene
therapies and nanoparticle vaccines, that may enhance
our ability to prevent and treat COVID-19 (115).

Gene Therapies: Gene therapy involves the direct
alteration of a person’s genes to prevent or treat disease.
In the context of COVID-19, gene therapies aim to
bolster the immune response against SARS-CoV-2 or to
inhibit the virus’s ability to replicate and cause harm.
Building on the success of mRNA vaccines, researchers
are exploring the potential of mRNA to deliver
therapeutic genes that can enhance the immune response.
For instance, mRNA can be engineered to produce
proteins that activate immune cells or to express factors
that inhibit viral replication. CRISPR-Cas9 technology is
being investigated as a method to target and disrupt the
viral genome. By employing CRISPR, researchers aim
to develop therapies that can recognize and cleave viral
RNA, effectively preventing the virus from replicating
within host cells. Although still in the early stages of
research, initial studies have shown promise in animal
models, and clinical trials are being planned to evaluate
the safety and efficacy of these gene therapy approaches
in humans (116).

Nanoparticle Vaccines: Nanoparticle vaccines utilize
engineered nanoparticles to deliver antigens (substances
that provoke an immune response) effectively. These
nanoparticles can mimic the virus structure, enhancing
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the body’s immune response. Nanoparticles can be
designed to display multiple copies of the spike protein
or other viral components on their surface, which can
stimulate a robust immune response. This presentation
mimics the natural infection, leading to the generation of
antibodies and T-cell responses. Nanoparticles can be
engineered to enhance the delivery of antigens to
specific immune cells, improving the overall
effectiveness of the vaccine. They may also be combined
with adjuvants substances that enhance the body’s
immune response to the vaccine providing a more robust
reaction (117).

Researchers are developing vaccines that consist of self-
assembling protein nanoparticles that can present viral
antigens effectively. Studies in preclinical models have
indicated that these nanoparticle vaccines can induce
strong immune responses. Virus-Like Particle (VLP)
Vaccines are engineered to resemble viruses but do not
contain any viral genetic material. These particles can
elicit a strong immune response without the risk of
causing disease. Examples include the development of
VLP-based vaccines targeting the spike protein of
SARS-CoV-2, which are currently undergoing
preclinical and clinical evaluations. In addition to gene
therapies and nanoparticle vaccines, researchers are
investigating other novel therapeutic strategies such as,
Beyond prevention, new monoclonal antibodies are
being designed to target specific variants of SARS-CoV-
2. These engineered antibodies may offer enhanced
neutralization capacity against emerging strains.
Research is focused on identifying antibodies that can
neutralize multiple strains of coronaviruses. This could
provide protection not just against SARS-CoV-2 but also
other coronaviruses that may emerge in the future. The
other strategy such as Peptide-based vaccines which use
specific peptide sequences from the virus to stimulate an
immune response. They may offer advantages in terms
of stability and ease of production compared to
traditional vaccines (118).

Challenges in SARS-CoV-2 Research: The rapid
emergence of SARS-CoV-2 variants poses a significant
challenge in vaccine effectiveness and disease
management. Variants such as Delta and Omicron have
shown increased transmissibility and, in some cases,
partial resistance to neutralization by antibodies
generated from previous infections or vaccinations. This
evolution necessitates ongoing surveillance and potential
updates to vaccines to maintain their effectiveness. The
need for booster doses to enhance immunity against
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these variants highlights the dynamic nature of viral
evolution and the corresponding adaptability required in
vaccine development. Despite initial robust immune
responses following vaccination or natural infection,
instances of reinfection have been reported. The waning
of immunity over time complicates the understanding of
long-term protection against SARS-CoV-2 (119).

Ongoing research is needed to better characterize the
longevity of immune responses and the factors that
contribute to reinfection. This includes investigating the
roles of different immune cells, such as memory B cells
and T cells, and how they respond to variants. The
complexities of the immune response to SARS-CoV-2
are still being unravelled. For instance, the role of
cellular immunity in providing protection against severe
disease is not fully understood. Understanding the
nuances of the immune system’s response, how it reacts
to variants, the threshold for protection, and the interplay
between humoral and cellular immunity remains a
critical area of research. This knowledge will inform
vaccination strategies and therapeutic interventions
(120).

Future of Therapeutic Strategies: In response to
ongoing challenges posed by SARS-CoV-2, several new
therapeutic avenues are being explored. Beyond existing
antiviral treatments, research into novel compounds that
can inhibit viral replication is essential. Drugs targeting
different stages of the viral lifecycle, including entry
inhibitors and polymerase inhibitors, are under
investigation. As understanding of the immune response
evolves, the development of therapies that can modulate
the immune response, rather than simply suppress it,
could be beneficial. This includes strategies to enhance
the body’s natural defences against the virus while
minimizing the risk of severe inflammatory responses.

Given the complexity of SARS-CoV-2 and the immune
response it elicits, a multi-targeted approach is
increasingly seen as vital for effective management of
COVID-19. Just as combination antiretroviral therapy is
standard in HIV treatment, similar strategies may be
needed for COVID-19. Combining antiviral treatments
with immune modulators or monoclonal antibodies
could provide a more comprehensive approach to
controlling the disease. Future strategies may also
involve personalized medicine approaches, tailoring
treatment based on individual immune responses,
genetic backgrounds, and specific variants involved in
the infection (121).

125

The journey to effectively combat SARS-CoV-2 is
fraught with challenges, from the emergence of new
variants and issues surrounding reinfection to the
evolving understanding of immune protection. However,
the landscape of therapeutic strategies is equally
promising, with ongoing research focused on innovative
treatments and multi-targeted approaches. Addressing
these challenges and harnessing new opportunities will
be crucial for enhancing global health responses and
mitigating the impact of COVID-19, both now and in the
future (122).

Lessons Learned from SARS-CoV-2 for Future
Outbreaks: The COVID-19 pandemic has had a
profound impact on global health systems, economies,
and societies. As the world begins to recover, it is crucial
to reflect on the lessons learned from the SARS-CoV-2
experience to enhance preparedness for future
pandemics. This section outlines key insights gained
during the COVID19 crisis and their implications for
future outbreak readiness. One of the most critical
lessons from the COVID-19 pandemic is the importance
of robust surveillance systems. Timely and effective
monitoring of respiratory diseases can facilitate early
detection of outbreaks and help contain the spread of
infectious agents. Strengthening international
collaboration in data sharing and surveillance can
improve the global response to emerging infectious
disecases. Initiatives like the Global Health Security
Agenda (GHSA) highlight the need for coordinated
efforts in surveillance, research, and resource allocation
(123).

The pandemic revealed vulnerabilities in healthcare
systems worldwide. Increasing healthcare capacity,
including hospital infrastructure, medical supplies, and
healthcare workforce training, is vital for managing
surges in patients during pandemics. Countries must
prioritize investment in public health infrastructure,
ensuring that health systems are equipped to handle a
variety of challenges posed by infectious diseases,
including the availability of personal protective
equipment (PPE) and ventilators. The rapid development
of effective COVID-19 vaccines, such as those using
mRNA technology, showcased the potential for
accelerated research and development in response to
emerging infectious diseases (124). Increased funding
for research and the establishment of frameworks for
expedited approval processes can enhance the speed of
vaccine and therapeutic development during future
outbreaks. Clear and transparent communication from
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public health authorities is critical during a pandemic.
Misinformation can spread rapidly and undermine public
trust and adherence to health guidelines. Effective
communication strategies should involve engaging
communities and stakeholders to ensure accurate
dissemination of information and address public
concerns, fostering a collaborative approach to health
responses. The COVID-19 pandemic highlighted
significant inequities in access to healthcare, particularly
regarding vaccines and treatments. Future pandemic
preparedness must prioritize equitable access to
healthcare resources for all populations. Strengthening
initiatives that ensure equitable distribution of vaccines
and treatments, such as COVAX, can help mitigate
disparities in healthcare access during global health
emergencies (125).

Effective pandemic response requires coordination

across multiple sectors, including public health,
government, private industry, and community
organizations. Developing comprehensive pandemic

preparedness plans that involve all stakeholders can
create a unified approach to outbreak response, ensuring
that resources are mobilized efficiently and effectively.
The emergence of zoonotic diseases like SARS-CoV-2
underscores the need for a One Health approach,
integrating human, animal, and environmental health.
Enhancing surveillance and preventive strategies in both
animal and environmental health can reduce the risk of
future zoonotic spillovers and improve overall public
health preparedness (126).

The COVID-19 pandemic, driven by the emergence of
SARS-CoV-2, has profoundly reshaped the global health
landscape. As we reflect on the extensive research
conducted over the past few years, several key insights
into the biology of the virus, the immune response it
elicits, and the therapeutic strategies developed to
combat it emerge. The structural and genomic
characteristics of SARS-CoV-2 have been fundamental
to our understanding of its pathogenicity and
transmission. The spike (S) protein’s role in viral entry
via the ACE2 receptor has highlighted potential targets
for therapeutic intervention, including vaccines and
monoclonal antibodies. Comparative studies with related
coronaviruses, such as SARS-CoV and MERS-CoV,
have provided context for understanding SARS-CoV-2’s
unique attributes and behavior. The immune response to
SARS-CoV-2 encompasses both innate and adaptive
mechanisms. The initial innate immune response
involves the release of interferons and inflammatory
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cytokines, setting the stage for a robust adaptive
response characterized by T-cell and B-cell activation.
However, the virus’s ability to evade certain immune
detection strategies has complicated the landscape,
leading to ongoing research into how these immune
responses evolve over time and the implications for
long-term immunity.

The rapid development of various therapeutic
approaches, including antiviral drugs,
immunomodulatory ~ therapies, and  monoclonal

antibodies, reflects a significant advancement in our
ability to manage COVID-19. Vaccines, particularly
mRNA-based ones, have proven effective in reducing
severe disease and hospitalization, yet the emergence of
variants necessitates continuous adaptation of our
therapeutic arsenal. The pursuit of new strategies, such
as nanoparticle vaccines and gene therapies, further
underscores the innovative spirit of the scientific
community in addressing evolving challenges. As we
continue to navigate the complexities of SARS-CoV-2
and its impact on global health, ongoing research and
collaboration remain paramount. Understanding the
virus’s biology, the nuances of the immune response,
and the effectiveness of therapeutic strategies will be
essential for developing comprehensive public health
responses and improving future pandemic preparedness.
The experiences gained from this pandemic highlight the
importance of a coordinated global effort in addressing
health threats. Lessons learned about the need for robust
healthcare systems, equitable access to medical
resources, and clear communication with the public will
serve as a foundation for future responses to emerging
infectious diseases.

In conclusion, while the challenges posed by SARS-
CoV-2 are significant, the resilience and ingenuity of the
scientific community, alongside global cooperation,
pave the way for enhanced understanding and mitigation
of the impact of such pathogens on public health. As we
move forward, continued investment in research, public
health infrastructure, and international collaboration will
be essential to safeguard against future outbreaks and
ensure a healthier, more resilient world.
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