Int. j. adv. multidisc. res. stud. 2024; 4(6):2479-2487

Received: 11-11-2024

International Journal of Advanced Multidisciplinary
Accepted: 21-12-2024

Research and Studies

Recent Developments in Antiviral Strategies: Combating Emerging Viral
Threats

ISSN: 2583-049X

1 Opeoluwa Oluwanifemi Akomolafe, 2 Irene Sagay-Omonogor, * Tolulope Bolarinwa
'Independent Researcher, UK

2 Independent Researcher, Maryland, MD, USA

3 Independent Researcher, Indiana, USA

DOI: https://doi.org/10.62225/2583049X.2024.4.6.4484

Corresponding Author: Tolulope Bolarinwa

Abstract

This review paper explores recent developments in antiviral
strategies, highlighting the significance of innovative
approaches in combating emerging viral threats. It discusses
the mechanisms of antiviral action, including targeting key
stages in the wviral life cycle. It examines recent
technological ~ advancements such as  CRISPR,
nanotechnology, and artificial intelligence in antiviral
research. The review also covers novel antiviral drugs and

innovative platforms like mRNA and viral vector vaccines.
Additionally, the paper addresses the challenges in antiviral
development, the importance of global collaboration and
policy, and future directions in antiviral research. By
summarizing these key aspects, this review provides a
comprehensive understanding of current and future antiviral
strategies, shaping the direction of future research and
public health initiatives.

vaccines, emphasizing recently approved therapies and

Keywords: Antiviral Strategies, Emerging Viral Threats, CRISPR, Nanotechnology, mRNA Vaccines, Drug Resistance

1. Introduction

1.1 Background

Antiviral strategies have become a cornerstone of modern medicine, playing a pivotal role in preventing and treating viral
infections (Rizvi, Einstein, Tulp, Sainvil, & Branly, 2022) (44, Unlike bacterial infections, which can often be managed with a
broad spectrum of antibiotics, viral infections require more nuanced and specific approaches. The complexity of viruses, which
hijack host cellular machinery for replication, necessitates targeted interventions that disrupt various stages of the viral life
cycle without harming the host. Over the past few decades, advancements in virology, molecular biology, and pharmacology
have led to the development of various antiviral agents, including vaccines, direct-acting antivirals (DAAs), and
immunomodulatory therapies. These interventions have significantly reduced the burden of viral diseases such as influenza,
HIV/AIDS, hepatitis B and C, and more recently, COVID-19 (Arumugam, Damodharan, Doble, & Thennarasu, 2022; N.
Kumar et al., 2020) 311,

The significance of antiviral strategies extends beyond individual patient outcomes. Effective antiviral treatments and
preventive measures have profound public health implications, curbing the spread of infectious diseases, reducing morbidity
and mortality, and mitigating the economic impact of viral epidemics. Vaccination campaigns, for instance, have eradicated
smallpox and brought diseases like polio to the brink of eradication. Antiviral drugs have transformed HIV from a fatal disease
into a manageable chronic condition, enabling millions of people to lead healthier lives. As we face new and re-emerging viral
threats, developing and refining antiviral strategies remain critical to safeguarding global health.

1.2 Importance of the Study

Addressing emerging viral threats is crucial for several reasons. Firstly, the global interconnectedness of today's world means
that infectious diseases can spread rapidly across borders, leading to pandemics that can overwhelm healthcare systems and
disrupt economies. The COVID-19 pandemic has starkly illustrated the devastating impact of a novel virus on global health,
economies, and everyday life. Emerging viruses, such as SARS-CoV-2, Zika, and Ebola, have demonstrated the potential for
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significant outbreaks with high morbidity and mortality
rates. These viruses often have zoonotic origins, jumping
from animals to humans, complicating their control and
prevention (Christakis, 2020) ('],

Secondly, emerging viral threats pose a unique challenge
due to their ability to evolve and adapt. Viral mutations can
increase transmissibility, virulence, and resistance to
existing treatments. This evolutionary potential necessitates
continuous monitoring, research, and development of new
antiviral strategies to stay ahead of these threats. For
example, the rapid growth and deployment of mRNA
vaccines during the COVID-19 pandemic showcased the
importance of innovative technologies in responding to viral
threats quickly and effectively (Mayer & Lewis, 2020) (331,
Thirdly, the economic impact of viral outbreaks can be
staggering. Beyond the direct costs of healthcare and
treatment, pandemics can disrupt trade, travel, and supply
chains, leading to significant economic losses. The World
Bank estimates that pandemics can cost the global economy
trillions of dollars, underscoring the importance of investing
in antiviral research and preparedness to mitigate these
impacts (Kabagambe, 2020; Williams, Jones, Welch, &
True, 2023) 128601,

1.3 Scope and Objectives

This paper aims to provide a comprehensive overview of
recent developments in antiviral strategies, focusing on their
role in combating emerging viral threats. The scope of the
paper includes an examination of the mechanisms of
antiviral action, recent technological advancements, novel
antiviral drugs and vaccines, and the challenges and future
directions in this field.

In the first section, we will delve into the nature of emerging
viral threats, highlighting recent examples and their impact
on global health. Understanding the characteristics and
behavior of these viruses is fundamental to developing
effective antiviral strategies. The second section will explore
the mechanisms of antiviral action, discussing how different
antiviral agents target various stages of the viral life cycle
and the challenges of viral resistance.The third section will
highlight recent technological advancements transforming
antiviral research and development. This includes using
CRISPR and gene editing technologies, nanotechnology for
drug delivery and vaccine development, and the application
of artificial intelligence and machine learning in identifying
new antiviral compounds and predicting viral mutations.
These innovations represent the cutting edge of antiviral
strategies and potentially revolutionize the field.

The fourth section will review novel antiviral drugs and
vaccines developed in recent years. This will include a
discussion of recently approved antiviral drugs, innovative
vaccine platforms such as mRNA and viral vector vaccines,
and the benefits of combination therapies in enhancing
treatment efficacy and reducing resistance.Finally, the paper
will address the challenges and future directions in antiviral
research. This section will examine the hurdles in
developing effective antiviral treatments, including drug
resistance, side effects, and production costs. It will also
highlight the importance of global collaboration and
supportive policies in combating viral threats and discuss
promising areas of research that hold potential for future
breakthroughs.

This paper aims to underscore the importance of continued
innovation and vigilance in antiviral research by providing a
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detailed analysis of these aspects. The ultimate goal is to
contribute to a better understanding of how we can
effectively combat emerging viral threats and safeguard
global health in an increasingly interconnected world.

2. Understanding Emerging Viral Threats

2.1 Definition and Characteristics

Emerging viral threats are defined as viruses that have
newly appeared in a population or have existed but are
rapidly increasing in incidence or geographic range. These
threats can arise due to various factors, including ecological,
environmental, and human behavioral changes. Emerging
viruses often originate in animal populations and cross
species barriers to infect humans, a phenomenon known as
zoonosis. Characteristics that make these viruses particularly
concerning include their potential for high transmissibility,
significant morbidity and mortality, and the ability to evade
current diagnostic, therapeutic, and preventive measures
(Abebe, 2020; Pierson & Diamond, 2020) [,

The unpredictability of emerging viral threats adds to their
danger. Novel viruses can evolve rapidly, acquiring
mutations that enhance their ability to infect human hosts,
evade immune responses, or develop resistance to existing
antiviral treatments. These characteristics necessitate
constant vigilance and adaptive strategies in public health
and biomedical research. The ability of viruses to spread
globally, facilitated by increased travel and trade, further
underscores the need for international collaboration in
surveillance and response efforts (Badia, Garcia-Vidal, &
Ballana, 2022; Smyk, Szydlowska, Szulc, & Majewska,
2022) [5-50,

2.2 Examples of Recent Emerging Viruses

Several recent examples illustrate the profound impact of
emerging viral threats. One of the most significant in recent
history is SARS-CoV-2, the virus responsible for COVID-
19. First identified in Wuhan, China, in late 2019, SARS-
CoV-2 quickly spread worldwide, causing a global
pandemic. This virus is characterized by its high
transmissibility, with airborne transmission playing a key
role in its rapid spread. COVID-19 has led to millions of
deaths and has had unprecedented social and economic
impacts, highlighting the devastating potential of emerging
viruses (Organization, 2021) (491,

Another notable example is the Zika virus, which emerged
as a significant public health threat in the Americas around
2015-2016. Transmitted primarily by Aedes mosquitoes,
Zika virus infections are often mild or asymptomatic, but the
virus gained international attention due to its association
with severe congenital disabilities, including microcephaly,
in babies born to infected mothers. The Zika virus outbreak
underscored the importance of vector control and prenatal
health monitoring in managing viral threats (Oliveira et al.,
2020; V. Sharma et al., 2020) B34,

The Ebola virus, which caused widespread outbreaks in
West Africa between 2014 and 2016, is another critical
example. Ebola virus disease (EVD) is highly virulent, with
fatality rates ranging from 25% to 90% in past outbreaks.
The virus is transmitted through direct contact with bodily
fluids of infected individuals or contaminated surfaces,
leading to severe hemorrhagic fever. The West African
outbreak highlighted the challenges of managing viral
threats in regions with limited healthcare infrastructure. It
prompted significant international efforts to improve
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diagnostic, therapeutic, and preventive measures for EVD
(Batra et al., 2020; Jacob et al., 2020) & 241,

2.3 Impact on Global Health

The impact of emerging viral threats on global health is
profound and multifaceted, affecting public health,
economies, and societies. From a public health perspective,
these viruses can overwhelm healthcare systems, increasing
morbidity and mortality. During the COVID-19 pandemic,
hospitals worldwide faced unprecedented challenges,
including shortages of medical supplies, personnel, and
critical care capacity. This strain on healthcare resources
affected the treatment of COVID-19 patients and disrupted
routine medical care, exacerbating outcomes for other health
conditions (Weiss, Schwarzenberg, Nelson, Sutter, &
Sutherland, 2020) 1,

Economically, emerging viral threats can cause significant
disruptions. The COVID-19 pandemic, for instance, led to
massive economic downturns, with global GDP shrinking
by 3.5% in 2020, according to the International Monetary
Fund (IMF). Lockdowns and restrictions aimed at
controlling the virus's spread resulted in business closures,
job losses, and disruptions to global supply chains (Ewim et
al., 2023) "9 The economic impact extended beyond
immediate financial losses, with long-term consequences for
travel, tourism, and retail industries (McKibbin & Vines,
2020) 1361,

Socially, the effects of emerging viral threats are equally
severe. These viruses can lead to widespread fear and
uncertainty, affecting mental health and societal cohesion.
The social distancing measures and lockdowns implemented
during the COVID-19 pandemic, while necessary for public
health, resulted in isolation, increased mental health issues,
and disruptions to education and daily life. Furthermore, the
unequal impact of viral threats on different populations
highlighted existing health disparities, with marginalized
and vulnerable groups often bearing the brunt of the
consequences (Jakovljevic, Bjedov, Jaksic, & Jakovljevic,
2020) 23,

The global nature of emerging viral threats necessitates
coordinated international responses. Effective surveillance,
rapid diagnostic capabilities, and robust healthcare
infrastructure are crucial for managing these threats.
Additionally, global collaboration in research and
development, as seen in the rapid creation and distribution
of COVID-19 vaccines, is vital for developing and
deploying effective antiviral strategies. The importance of
preparedness and resilience in the face of emerging viral
threats cannot be overstated, as the consequences of inaction
or delayed response can be catastrophic.

3. Mechanisms of Antiviral Action

3.1 Viral Life Cycle and Targets

Understanding the viral life cycle is fundamental to

developing effective antiviral strategies. Viruses, unlike

other pathogens, cannot replicate independently. They must

infect a host cell and hijack its machinery to produce

progeny viruses. The viral life cycle can be divided into

several key stages: Attachment and entry, uncoating,

replication, assembly, and release. Each stage presents

potential targets for antiviral intervention.

= Attachment and Entry: The viral life cycle begins
when a virus attaches to a specific receptor on the
surface of a host cell. This interaction is highly specific
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and primarily determinant of host range and tissue
tropism. After attachment, the virus must enter the host
cell, which can occur through various mechanisms,
such as fusion with the cell membrane or endocytosis.
Antiviral agents that target this stage aim to block the
interaction between the virus and the host cell receptors,
preventing the virus from entering the cell. For
example, monoclonal antibodies can bind to viral
surface proteins, blocking their ability to attach to host
cells (Li, Yang, & Lo, 2021; Xia et al., 2022) 33611,

=  Uncoating: Once inside the host cell, the virus must
release its genetic material from the protein coat, a
process known as uncoating. This step is essential for
the subsequent replication of the viral genome.
Antiviral drugs can target the uncoating process to
inhibit the release of viral RNA or DNA. Amantadine,
for instance, is an antiviral drug that prevents the
uncoating of the influenza A virus (Kausar ef al., 2021)
[29]

= Replication: The replication stage involves the
synthesis of viral RNA or DNA using the host cell's
machinery. This is a critical phase in the viral life cycle,
as it leads to the production of viral genomes for new
virions. Antiviral agents that target this stage often
interfere with viral polymerases or reverse transcriptase
enzymes. Nucleoside analogs, such as acyclovir for
herpes simplex virus and zidovudine for HIV, are
incorporated into the viral genome during replication,
causing premature termination of DNA synthesis
(Zenchenko, Drenichev, II’Icheva, & Mikhailov, 2021)
[63]

= Assembly: During the assembly stage, newly
synthesized viral genomes and proteins are assembled
into new virions. Protease inhibitors are a class of
antiviral drugs that target this stage. They inhibit viral
proteases, which are enzymes necessary for the
maturation of viral proteins. By blocking protease
activity, these inhibitors prevent the formation of
infectious viral particles. An example is ritonavir, used
in the treatment of HIV (Marin, Behl, Negrut, &
Bungau, 2021) B4,

= Release: The final stage of the viral life cycle is the
release of new virions from the host cell. This can occur
through cell lysis or budding from the cell membrane.
Neuraminidase inhibitors, such as oseltamivir
(Tamiflu), target the release stage of the influenza virus.
They inhibit the neuraminidase enzyme, which is
required for the virus to exit the host cell and spread to
new cells (Mtambo et al., 2021) 381,

3.2 Types of Antiviral Agents

Various antiviral agents have been developed to target

different stages of the viral life cycle. These include

protease inhibitors, nucleoside analogs, and monoclonal

antibodies.

= Protease Inhibitors: These drugs inhibit viral
proteases, preventing the cleavage of viral polyproteins
into functional units, thereby blocking the maturation of
infectious virions. Protease inhibitors are crucial in the
treatment of HIV and hepatitis C. Examples include
ritonavir and lopinavir for HIV and sofosbuvir for
hepatitis C (da Costa et al., 2021) 1131,

= Nucleoside Analogs: These agents mimic the natural
building blocks of viral RNA or DNA. When
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incorporated into the viral genome during replication,
they cause premature termination of viral DNA or RNA
synthesis. Acyclovir is used to treat herpes simplex
virus infections, and lamivudine is used for HIV and
hepatitis B, examples of nucleoside analogs (Elzagheid,
2021) 0131,

= Monoclonal Antibodies: These are laboratory-
produced molecules that can bind to specific viral
proteins, neutralizing the virus or marking it for
destruction by the immune system. Monoclonal
antibodies have been developed for viral infections,
including Ebola, RSV, and COVID-19. For instance,
REGN-COV2, a combination of two monoclonal
antibodies, has been used to treat COVID-19 by
targeting the spike protein of SARS-CoV-2 (Weinreich
etal., 2021)181,

= Fusion Inhibitors: These drugs block the fusion of the
viral envelope with the host cell membrane, preventing
viral entry. Enfuvirtide is a fusion inhibitor used in the
treatment of HIV (Xiao, Cai, & Chen, 2021) 62,

= Neuraminidase Inhibitors: Specifically targeting
influenza viruses, these inhibitors prevent the release of
new virions from infected cells, thereby limiting the
spread of infection. Oseltamivir (Tamiflu) and
zanamivir (Relenza) are examples of neuraminidase
inhibitors (S. Kumar et al., 2020) 321,

3.3 Resistance Mechanisms

Despite the efficacy of antiviral agents, viruses can develop
resistance through various mechanisms, posing a significant
challenge to antiviral therapy. Resistance occurs due to the
high mutation rates of viruses, particularly RNA viruses,
which lack proofreading mechanisms during replication.
This leads to the rapid emergence of viral variants with
mutations that confer resistance to antiviral drugs.

One common resistance mechanism is the mutation of viral
enzymes or proteins targeted by antiviral drugs. For
example, mutations in the HIV reverse transcriptase or
protease enzymes can reduce the binding affinity of
nucleoside analogs or protease inhibitors, rendering them
ineffective. Similarly, influenza viruses can acquire
mutations in the neuraminidase enzyme, leading to
resistance against neuraminidase inhibitors. Some antiviral
drugs require activation by host or viral enzymes to become
effective. Mutations that alter these activation pathways can
confer resistance. For instance, certain mutations in the
herpes simplex virus thymidine kinase enzyme can prevent
the activation of acyclovir, leading to drug resistance (Iyede
et al., 2023; Joseph, Fasipe, Joseph, & Olatunji, 2022;
Schalkwijk, Snoeck, & Andrei, 2022) [23:26.47],

Viruses can also develop mechanisms to reduce the
intracellular concentration of antiviral drugs. This can occur
through upregulating efflux pumps that expel the drug from
the cell or mutations that decrease drug uptake. These
mechanisms are more common in bacterial resistance but
can contribute to antiviral resistance. Viruses can acquire
compensatory mutations that restore viral fitness despite
drug-resistant mutations. These compensatory changes can
make resistant strains more competitive and capable of
persisting even in the presence of antiviral therapy (Kausar
etal.,2021; S. Kumar et al., 2020) (2321,

Addressing antiviral resistance requires continuous
surveillance of viral mutations, the development of new
antiviral agents with novel mechanisms of action, and
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combination therapies that reduce the likelihood of
resistance development. Additionally, understanding the
resistance mechanisms can inform the design of next-
generation antiviral drugs and therapeutic strategies.

4. Recent Technological Advancements

4.1 CRISPR and Gene Editing

CRISPR  (Clustered Regularly  Interspaced  Short
Palindromic Repeats) technology has revolutionized genetic
engineering and holds significant promise for developing
antiviral therapies. Originally discovered as a part of the
bacterial immune system, CRISPR allows precise editing of
DNA and RNA, offering a powerful tool to combat viral
infections. CRISPR-Cas9, the most widely used system,
employs a guide RNA to target specific sequences in the
genome, enabling the Cas9 enzyme to make precise cuts,
which can disrupt viral genes or introduce mutations that
render the virus non-infectious (Huang, Zhang, Zhu, & Ji,
2022) 21,

One of the most promising applications of CRISPR in
antiviral therapy is its potential to target and eliminate latent
viral genomes from host cells. For example, CRISPR has
been explored as a tool to excise integrated HIV-1 provirus
from infected cells, a major step toward curing HIV/AIDS.
Studies have shown that CRISPR-Cas9 can effectively
target and disrupt the HIV genome, reducing viral load and
potentially eliminating the virus from the host (Bhowmik &
Chaubey, 2022; Hussein, Molina, Berkhout, & Herrera-
Carrillo, 2023; Joseph, Joseph, Olokoba, & Olatunji, 2020)
[9,22,27]

CRISPR technology can also combat DNA viruses, such as
hepatitis B (HBV). Researchers have demonstrated that
CRISPR can target and degrade covalently closed circular
DNA (cccDNA), a persistent form of the HBV genome that
resides in the nucleus of infected cells and serves as a
template for viral replication. By targeting cccDNA,
CRISPR could potentially offer a cure for chronic hepatitis
B, a condition that currently lacks effective curative
treatments (Vasconcelos Komninakis et al., 2024) B7,
Furthermore, CRISPR can be employed to develop antiviral
defenses in genetically modified organisms. For instance,
plants and livestock can be engineered to express CRISPR
components that provide resistance against viral pathogens,
enhancing agricultural productivity and food security
(Bigini, Camerlengo, Botticella, Sestili, & Savatin, 2021; S.
K. Sharma et al., 2021) [19- 481,

4.2 Nanotechnology

Nanotechnology, manipulating matter at the nanoscale, has
opened new frontiers in antiviral drug delivery and vaccine
development. Due to their small size and unique properties,
Nanoparticles can improve the efficacy and delivery of
antiviral agents, ensuring that they reach target sites in the
body more effectively.

In antiviral drug delivery, nanoparticles can be engineered to
encapsulate antiviral drugs, protecting them from
degradation and enhancing their bioavailability. This
targeted delivery reduces side effects and increases the
concentration of the drug at the site of infection. For
instance, lipid nanoparticles (LNPs) have been used to
deliver RNA-based therapeutics, such as small interfering
RNA (siRNA) that can silence viral genes. LNPs are also
the delivery vehicles for mRNA vaccines, such as the
Pfizer-BioNTech and Moderna COVID-19 vaccines, which
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have demonstrated high efficacy in preventing SARS-CoV-
2 infection.

Nanoparticles can also be functionalized with ligands that
bind to viral particles or infected cells, providing targeted
antiviral action. Gold nanoparticles, for example, have been
functionalized with molecules that can bind to the surface
proteins of viruses, blocking their entry into host cells and
preventing infection. Additionally, these functionalized
nanoparticles can be designed to release antiviral drugs in
response to specific stimuli, such as changes in pH or
temperature, ensuring that the drugs are released precisely
where and when they are needed (Alavi, Kamarasu,
McClements, & Moore, 2022; Gurunathan et al., 2020) (3201,
In vaccine development, nanotechnology has enabled the
creation of nanoparticle-based vaccines that mimic the
structure of viruses, eliciting a strong immune response.
These vaccines, known as virus-like particles (VLPs), are
non-infectious and do not contain viral genetic material.
VLP-based vaccines have been developed for hepatitis B
and human papillomavirus (HPV), and research is ongoing
to create VLP vaccines for other viral infections, including
influenza and norovirus (Diaz-Arévalo & Zeng, 2020;
Kheirollahpour, Mehrabi, Dounighi, Mohammadi, &
Masoudi, 2020) [14. 301,

4.3 Al and Machine Learning

Artificial intelligence (Al) and machine learning (ML) are
transforming the field of antiviral research by accelerating
the discovery of new antiviral compounds and predicting
viral mutations. Al algorithms can analyze vast amounts of
biological data to identify potential antiviral candidates
much faster than traditional methods.

One of the key applications of Al in antiviral research is the
identification of new drug candidates. Machine learning
models can be trained on data from known antiviral
compounds and viral structures to predict the activity of new
molecules. This approach has been used to screen large
libraries of compounds, identifying those with the highest
potential for antiviral activity. For instance, during the
COVID-19 pandemic, Al rapidly identified potential
inhibitors of the SARS-CoV-2 main protease, a crucial
enzyme for viral replication. These Al-driven efforts have
significantly shortened the drug discovery timeline, enabling
quicker responses to emerging viral threats (Tripathi, Misra,
Dhanuka, & Singh, 2023) 5%,

Al and ML are also instrumental in predicting viral
mutations and their impact on drug resistance and vaccine
efficacy. By analyzing genetic sequences of viruses and
their evolutionary patterns, AI models can forecast how
viruses might mutate in response to selective pressures, such
as antiviral drugs or immune responses. This predictive
capability is crucial for staying ahead of viral evolution and
developing strategies to counteract resistance. For example,
Al has been used to predict potential escape mutations in the
spike protein of SARS-CoV-2, guiding the design of next-
generation vaccines that can provide broader protection
against emerging variants.Moreover, Al-driven platforms
can integrate data from various sources, including genomic,
proteomic, and clinical data, to comprehensively understand
viral infections and host responses. This holistic approach
facilitates the identification of novel therapeutic targets and
the development of personalized antiviral therapies (Al-
Amran, Hezam, Rawaf, & Yousif, 2023; Bagabir, Ibrahim,
Bagabir, & Ateeq, 2022) %1,
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5. Novel Antiviral Drugs and Vaccines

5.1 Recently Approved Antiviral Drugs

The last decade has witnessed significant advancements in
developing and approving novel antiviral drugs, offering
new hope in the fight against viral infections. One notable
example is remdesivir, which gained prominence during the
COVID-19 pandemic. Originally developed for Ebola,
remdesivir is a broad-spectrum antiviral agent that inhibits
viral RNA-dependent RNA polymerase, an essential enzyme
for viral replication. Its emergency use authorization by the
FDA in 2020 marked a significant milestone in the
therapeutic management of COVID-19, providing a
treatment option that can reduce the duration of
hospitalization for patients with severe symptoms (Parasidis,
Berman, & Zettler, 2021) 41,

Another groundbreaking antiviral drug is sofosbuvir,
approved in 2013 for treating hepatitis C virus (HCV).
Sofosbuvir is a nucleotide analog that acts as an inhibitor of
the HCV RNA polymerase. Its introduction revolutionized
HCV treatment, offering a cure rate exceeding 90% when
combined with other antiviral agents such as ledipasvir or
velpatasvir. These combination therapies have dramatically
improved outcomes for HCV patients, reducing the burden
of liver disease and preventing complications like cirrhosis
and liver cancer (Barenie, Avorn, Tessema, & Kesselheim,
2021; Sofia, 2022) [7-31,

Baloxavirmarboxil, approved in 2018, represents a new
class of antiviral drugs for influenza. Unlike traditional
neuraminidase inhibitors, baloxavir targets the cap-
dependent endonuclease enzyme, which is crucial for viral
mRNA synthesis. This novel mechanism of action provides
an effective alternative for treating influenza, especially for
strains resistant to older antiviral drugs (Swierczynska,
Mirowska-Guzel, & Pindelska, 2022; Toots & Plemper,
2020) B 34 Maribavir, approved in 2021, is another
noteworthy addition to the antiviral arsenal. It is specifically
designed to treat cytomegalovirus (CMV) infection in
transplant recipients, a population particularly vulnerable to
CMV due to immunosuppression. Maribavir's unique
mechanism of action involves inhibition of the CMV UL97
kinase, which is essential for viral replication. This approval
offers a new option for managing CMV, particularly for
patients who do not respond to conventional therapies
(Griffiths & Reeves, 2021) [,

5.2 Innovative Vaccine Platforms

Innovative vaccine platforms have transformed the
landscape of viral disease prevention, with mRNA and viral
vector vaccines at the forefront of this revolution. The
development of mRNA vaccines, exemplified by the Pfizer-
BioNTech and Moderna COVID-19 vaccines, has been a
game-changer. These vaccines utilize synthetic mRNA to
instruct cells to produce a viral protein, triggering an
immune response. The speed and flexibility of mRNA
vaccine development have been unprecedented, allowing for
rapid adaptation to emerging viral threats. The success of
mRNA vaccines in the COVID-19 pandemic has
demonstrated their potential for coronavirus and other viral
diseases, such as influenza and Zika (Pilkington et al., 2021;
Rzymski, Szuster-Ciesielska, Dziecigtkowski, Gwenzi, &
Fal, 2023) (43431,

Viral vector vaccines, another innovative platform, use a
harmless virus to deliver genetic material encoding a viral
protein to cells, inducing an immune response. The Oxford-
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AstraZeneca and Johnson & Johnson COVID-19 vaccines
are prime examples. These vaccines utilize adenovirus
vectors to deliver the spike protein gene of SARS-CoV-2.
Viral vector vaccines have the advantage of robust
immunogenicity and ease of production, making them
suitable for rapid deployment during outbreaks.
Additionally, they have shown potential in combating other
viral infections, including Ebola, where the rVSV-ZEBOV
vaccine has been successfully deployed (Cross et al., 2021;
Garrison, 2020) !> 7. These innovative platforms offer
several benefits over traditional vaccines. They can be
developed and produced rapidly, are highly adaptable to
new pathogens, and often induce strong and durable immune
responses. Their success in the COVID-19 pandemic
underscores the importance of continued investment and
research in these technologies to prepare for future viral
threats.

5.3 Combination Therapies

Combination therapies, which involve using multiple
antiviral agents together, have emerged as a highly effective
strategy in treating viral infections. This approach offers
several Dbenefits, including enhanced antiviral efficacy,
reduced risk of resistance, and improved patient outcomes.
By targeting different stages of the viral life cycle or using
drugs with complementary mechanisms of action,
combination therapies can provide a synergistic effect,
making it more difficult for the virus to escape treatment.
The treatment of HIV/AIDS is a prime example of the
success of combination therapies. Highly active
antiretroviral therapy (HAART) involves the use of multiple
drugs from different classes, such as nucleoside reverse
transcriptase inhibitors (NRTIs), non-nucleoside reverse
transcriptase inhibitors (NNRTIs), and protease inhibitors.
This combination approach has transformed HIV from a
fatal disease into a manageable chronic condition,
significantly extending the lifespan and improving the
quality of life for millions of people living with
HIV.Hepatitis C treatment has also benefited from
combination therapies. The use of sofosbuvir in combination
with other direct-acting antivirals, such as ledipasvir or
velpatasvir, has achieved cure rates exceeding 90%. These
combination regimens are well-tolerated and offer shorter
treatment durations, making them a preferred option for
patients with chronic HCV infection (Said et al., 2020;
Stanciu et al., 2021) [46: 321,

In COVID-19, combination therapies have been explored to
improve treatment outcomes. For instance, remdesivir with
immunomodulators such as dexamethasone has been shown
to reduce mortality in severe cases by mitigating the
hyperinflammatory response associated with severe
COVID-19. Additionally, combining antiviral drugs like
lopinavir/ritonavir with other supportive treatments has been
investigated to enhance therapeutic efficacy.Another notable
example is the treatment of influenza, where combination
therapies involving neuraminidase inhibitors (such as
oseltamivir) and endonuclease inhibitors (such as
baloxavirmarboxil) have been explored. Combining drugs
with different mechanisms of action can improve antiviral
activity and reduce the likelihood of resistance
development.Combination therapies also hold promise for
emerging viral infections. For instance, research
intocombination treatments for Ebola has shown that using
multiple monoclonal antibodies targeting different viral
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epitopes can enhance therapeutic efficacy and improve
survival rates. This approach underscores the potential of
combination therapies to provide a robust defense against
highly lethal viral pathogens (Gongalves et al., 2021;
Meganck & Baric, 2021; Tse, Meganck, Graham, & Baric,
2020) [18,37, 56].

6. Challenges and Future Directions

6.1 Challenges in Antiviral Development

Despite significant advancements, antiviral development
faces numerous challenges. One of the primary issues is
drug resistance. Viruses, especially RNA viruses, mutate
rapidly, often rendering antiviral drugs ineffective. This
necessitates continuous monitoring and developing new
drugs to stay ahead of resistant strains. For instance,
resistance to oseltamivir, a commonly used antiviral for
influenza, has been observed, necessitating alternative
treatments like baloxavirmarboxil.

Side effects also pose a significant challenge. Antiviral
drugs can cause adverse reactions, which may limit their
use. For example, interferon-based therapies for hepatitis C
have been associated with severe side effects, including flu-
like symptoms, depression, and hematologic abnormalities.
Although newer therapies like direct-acting antivirals
(DAAs) have fewer side effects, the potential for adverse
reactions remains a concern.Production costs and
accessibility are additional hurdles. The high cost of
developing and producing antiviral drugs can limit their
availability, especially in low- and middle-income countries.
This economic barrier underscores the need for cost-
effective production methods and equitable distribution
mechanisms to ensure global access to life-saving
treatments.

6.2 Global Collaboration and Policy

International cooperation and supportive policies are crucial
in combating viral threats. Viruses do not respect borders,
and effective response requires a coordinated global effort.
Organizations like the World Health Organization (WHO)
are pivotal in facilitating international collaboration, setting
guidelines, and ensuring that resources are distributed where
they are needed most.

Supportive policies, including funding for research and
development, are essential. Governments and international
bodies must invest in antiviral research to accelerate the
discovery of new treatments. Additionally, policies that
promote data sharing and collaboration among researchers
can expedite the development of antiviral strategies.Global
health initiatives, such as the Global Fund to Fight AIDS,
Tuberculosis, and Malaria, exemplify the importance of
international collaboration in addressing viral threats. These
initiatives provide funding and foster partnerships between
governments, private sectors, and civil society to combat
infectious diseases effectively.

6.3 Future Prospects

The future of antiviral strategies looks promising, with
several areas of research poised for breakthroughs. One
promising area is the use of CRISPR and gene editing
technologies. CRISPR's ability to precisely target and
modify genetic material holds the potential for developing
novel antiviral therapies that can eliminate latent viral
infections or prevent viral replication.
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Advancements in nanotechnology offer new possibilities for
antiviral drug delivery and vaccine development.
Nanoparticles can be engineered to deliver drugs more
effectively to infected cells, enhancing therapeutic efficacy
while minimizing side effects. Additionally, nanoparticle-
based vaccines, such as virus-like particles (VLPs), are
being explored for their ability to elicit robust immune
responses.

Artificial intelligence (AI) and machine learning (ML) will
continue to play a critical role in antiviral research. Al can
accelerate the discovery of new antiviral compounds by
predicting their efficacy and safety profiles. At the same
time, ML algorithms can analyze viral genetic data to
predict potential mutations and resistance patterns. These
technologies can significantly reduce the time and cost
associated with antiviral drug development.Combination
therapies will likely remain a key strategy in managing viral
infections. By using multiple antiviral agents with different
mechanisms of action, combination therapies can enhance
treatment efficacy and reduce the likelihood of resistance
development. Continued research into optimal combinations
and dosages will further improve patient outcomes.

7. Conclusion

7.1 Summary of Key Points

This review has provided a comprehensive overview of
recent developments in antiviral strategies, emphasizing the
importance of addressing emerging viral threats. The
discussion began with examining the mechanisms of
antiviral action, highlighting key stages in the viral life cycle
targeted by antiviral agents and the various types of antiviral
drugs available. This was followed by exploring recent
technological advancements, including CRISPR and gene
editing, nanotechnology, and artificial intelligence,
revolutionizing antiviral research and development.

The review also covered novel antiviral drugs and vaccines,
showcasing recently approved therapies such as remdesivir
and innovative platforms like mRNA and viral vector
vaccines. These advancements have significantly improved
our ability to treat and prevent viral infections, offering new
hope in the fight against diseases like COVID-19, hepatitis
C, and influenza. Additionally, the benefits of combination
therapies were discussed, illustrating how multiple antiviral
agents can enhance treatment efficacy and reduce the risk of
resistance.

The challenges in antiviral development were also
addressed, including drug resistance, side effects, and
production costs. The importance of global collaboration
and supportive policies was emphasized, highlighting the
need for international cooperation and investment in
antiviral research to combat viral threats effectively. Finally,
the review looked ahead to prospects, identifying promising
research areas and potential breakthroughs in antiviral
strategies.

7.2 Implications for Future Research

The advancements discussed in this review have significant
implications for future research and public health strategies.
Developing novel antiviral drugs and innovative vaccine
platforms has set a new standard for rapid response to
emerging viral threats. Future research should continue to
explore the potential of CRISPR and gene editing
technologies, nanotechnology, and artificial intelligence in
developing more effective and targeted antiviral therapies.

www.multiresearchjournal.com

Addressing the challenges in antiviral development will
require a multifaceted approach. Continued investment in
research and development, along with policies that promote
equitable access to antiviral treatments, is essential.
International cooperation will ensure that resources and
knowledge are shared to combat viral threats globally.The
success of combination therapies in managing viral
infections underscores the importance of exploring new drug
combinations and optimizing treatment regimens. Future
research should focus on identifying synergistic
combinations and understanding the mechanisms underlying
their enhanced efficacy.

8. References

1. Abebe GM. Emerging and re-emerging viral diseases:
The case of coronavirus disease-19 (COVID-19). Int. J.
Virol. AIDS. 2020; 7(067).

2. Al-Amran FG, Hezam AM, Rawaf S, Yousif MG.
Genomic  Analysis and Artificial Intelligence:
Predicting Viral Mutations and Future Pandemics,
2023. arXiv preprint arXiv:2309.15936.

3. Alavi M, Kamarasu P, McClements DJ, Moore MD.
Metal and metal oxide-based antiviral nanoparticles:
Properties, mechanisms of action, and applications.
Advances in Colloid and Interface Science. 2022;
306:102726.

4.  Arumugam GS, Damodharan K, Doble M, Thennarasu
S. Significant perspectives on various viral infections
targeted antiviral drugs and vaccines including COVID-
19 pandemicity. Molecular Biomedicine. 2022; 3(1):21.

5. Badia R, Garcia-Vidal E, Ballana E. Viral-host
dependency factors as therapeutic targets to overcome
antiviral drug-resistance: A focus on innate immune
modulation. Frontiers in Virology. 2022; 2:935933.

6. Bagabir SA, Ibrahim NK, Bagabir HA, Ateeq RH.
Covid-19 and Artificial Intelligence: Genome
sequencing, drug development and vaccine discovery.
Journal of Infection and Public Health. 2022;
15(2):289-296.

7. Barenie RE, Avorn J, Tessema FA, Kesselheim AS.
Public funding for transformative drugs: The case of
sofosbuvir. Drug Discovery Today. 2021; 26(1):273-
281.

8. Batra S, Ochani RK, Diwan MN, Yasmin F, Qureshi
SS, Bhimani S, et al. Clinical aspects of Ebola virus
disease: A review. Infez Med. 2020; 28(2):212-222.

9. Bhowmik R, Chaubey B. CRISPR/Cas9: A tool to
eradicate HIV-1. AIDS Research and Therapy. 2022;
19(1):58.

10. Bigini V, Camerlengo F, Botticella E, Sestili F, Savatin
DV. Biotechnological resources to increase disease-
resistance by improving plant immunity: A sustainable
approach to save cereal crop production. Plants. 2021;
10(6):1146.

11. Christakis NA. Apollo's arrow: The profound and
enduring impact of coronavirus on the way we live:
Hachette UK, 2020.

12. Cross S, Rho Y, Reddy H, Pepperrell T, Rodgers F,
Osborne R, et al. Who funded the research behind the
Oxford—AstraZeneca COVID-19 vaccine? BMJ Global
Health. 2021; 6(12):e007321.

13. da Costa LJ, Pereira MM, de Souza Ramos L, de Mello
TP, Silva LN, Branquinha MH, et al. Protease
Inhibitors as Promising Weapons against COVID-19:

2485


http://www.multiresearchjournal.com/

International Journal of Advanced Multidisciplinary Research and Studies

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Focus on repurposing of drugs used to treat HIV and
HCV infections. Current Topics in Medicinal
Chemistry. 2021; 21(16):1429-1438.

Diaz-Arévalo D, Zeng M. Nanoparticle-based vaccines:
Opportunities and limitations. In Nanopharmaceuticals
(pp. 135-150): Elsevier, 2020.

Elzagheid MI. Nucleosides and nucleoside analogues as
emerging antiviral drugs. Mini-Reviews in Organic
Chemistry. 2021; 18(6):672-679.

Ewim DRE, Abolarin SM, Scott TO, Opateye JA,
Uduafemhe ME, Olatunji OO. Experiences of
engineering thermodynamics students during online
learning: Lessons for post-pandemic. The Journal of
Engineering and Exact Sciences. 2023; 9(9):16497-
16401e.

Garrison C. How the ‘Oxford’Covid-19 vaccine became
the ‘AstraZeneca’Covid-19 vaccine. Medicines Law &
Policy, 2020.

Gongalves BC, Lopes Barbosa MG, Silva Olak AP,
Belebecha Terezo N, Nishi L, Watanabe MA, et al.
Antiviral therapies: Advances and perspectives.
Fundamental &  Clinical Pharmacology. 2021;
35(2):305-320.

Griffiths P, Reeves M. Pathogenesis of human
cytomegalovirus in the immunocompromised host.
Nature Reviews Microbiology. 2021; 19(12):759-773.
Gurunathan S, Qasim M, Choi Y, Do JT, Park C, Hong
K, et al. Antiviral potential of nanoparticles—can
nanoparticles fight against coronaviruses?
Nanomaterials. 2020; 10(9):1645.

Huang Y-Y, Zhang X-Y, Zhu P, Ji L. Development of
clustered regularly interspaced short palindromic
repeats/CRISPR-associated technology for potential
clinical applications. World Journal of Clinical Cases.
2022; 10(18):5934.

Hussein M, Molina MA, Berkhout B, Herrera-Carrillo
E. A CRISPR-Cas Cure for HIV/AIDS. International
Journal of Molecular Sciences. 2023; 24(2):1563.

Iyede TO, Raji AM, Olatunji OA, Omoruyi EC, Olisa
O, Fowotade A. Seroprevalence of Hepatitis E Virus
Infection among HIV-infected Patients in Saki, Oyo
State, Nigeria. The Nigerian Journal of Immunology.
2023; 4(2).

Jacob ST, Crozier I, Fischer WA, Hewlett A, Kraft CS,
Vega M-AdL, et al. Ebola virus disease. Nature reviews
Disease primers. 2020; 6(1):13.

Jakovljevic M, Bjedov S, Jaksic N, Jakovljevic I.
COVID-19 pandemia and public and global mental
health from the perspective of global health security.
Psychiatria Danubina. 2020; 32(1):6-14.

Joseph AA, Fasipe OJ, Joseph OA, Olatunji OA.
Contemporary and emerging pharmacotherapeutic
agents for the treatment of Lassa viral haemorrhagic
fever disease. Journal of Antimicrobial Chemotherapy.
2022; 77(6):1525-1531.

Joseph AA, Joseph OA, Olokoba BL, Olatunji OA.
Chronicles of challenges confronting HIV prevention
and treatment in Nigeria. Port Harcourt Medical
Journal. 2020; 14(3):100-113.

Kabagambe A. A Global Playbook for the Next
Pandemic: John Hunt Publishing, 2020.

Kausar S, Said Khan F, Ishaq Mujeeb Ur Rehman M,
Akram M, Riaz M, Rasool G, et al. A review:
Mechanism of action of antiviral drugs. International

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

www.multiresearchjournal.com

Journal of Immunopathology and Pharmacology. 2021;
35:20587384211002621.

Kheirollahpour M, Mehrabi M, Dounighi NM,
Mohammadi M, Masoudi A. Nanoparticles and vaccine
development. Pharmaceutical nanotechnology. 2020;
8(1):6-21.

Kumar N, Sharma S, Kumar R, Tripathi BN, Barua S,
Ly H, Rouse BT. Host-directed antiviral therapy.
Clinical microbiology reviews. 2020; 33(3). Doi:
10.1128/cmr. 00168-00119.

Kumar S, Goicoechea S, Kumar S, Pearce CM,
Durvasula R, Kempaiah P, et al. Oseltamivir analogs
with potent anti-influenza virus activity. Drug
Discovery Today. 2020; 25(8):1389-1402.

Li H-C, Yang C-H, Lo S-Y. Cellular factors involved in
the hepatitis C virus life cycle. World Journal of
Gastroenterology. 2021; 27(28):4555.

Marin R-C, Behl T, Negrut N, Bungau S. Management
of antiretroviral therapy with boosted protease
inhibitors—darunavir/ritonavir or darunavir/cobicistat.
Biomedicines. 2021; 9(3):313.

Mayer JD, Lewis ND. An inevitable pandemic:
Geographic insights into the COVID-19 global health
emergency. Eurasian Geography and Economics. 2020;
61(4-5):404-422.

McKibbin W, Vines D. Global macroeconomic
cooperation in response to the COVID-19 pandemic: A
roadmap for the G20 and the IMF. Oxford Review of
Economic Policy. 2020; 36(Supplement 1):S297-S337.
Meganck RM, Baric RS. Developing therapeutic
approaches for twenty-first-century emerging infectious
viral diseases. Nature medicine. 2021; 27(3):401-410.
Mtambo SE, Amoako DG, Somboro AM, Agoni C,
Lawal MM, Gumede NS, et al. Influenza viruses:
Harnessing the crucial role of the M2 ion-channel and
neuraminidase toward inhibitor design. Molecules.
2021; 26(4):880.

Oliveira JFd, Pescarini JM, Rodrigues MdS, Almeida
BdA, Henriques CMP, Gouveia FC, et al. The global
scientific research response to the public health
emergency of Zika virus infection. PLoS One. 2020;
15(3):e0229790.

Organization WH. WHO-convened global study of
origins of SARS-CoV-2: China Part, 2021.

Parasidis E, Berman ML, Zettler PJ. Assessing COVID-
19 emergency use authorizations. Food and Drug Law
Journal. 2021; 76(3):441-501.

Pierson TC, Diamond MS. The continued emerging
threat of Flaviviruses. Nature microbiology. 2020;
5(6):796.

Pilkington EH, Suys EJ, Trevaskis NL, Wheatley AK,
Zukancic D, Algarni A, et al. From influenza to
COVID-19: Lipid nanoparticle mRNA vaccines at the
frontiers of infectious diseases. Acta biomaterialia.
2021; 131:16-40.

Rizvi SA, Einstein GP, Tulp OL, Sainvil F, Branly R.
Introduction to traditional medicine and their role in
prevention and treatment of emerging and re-emerging
diseases. Biomolecules. 2022; 12(10):1442.

Rzymski P, Szuster - Ciesielska A, Dziecigtkowski T,
Gwenzi W, Fal A. mRNA vaccines: The future of
prevention of viral infections? Journal of Medical
Virology. 2023; 95(2):¢28572.

Said EM, Abdulaziz BA, El Kassas M, El Attar IH,

2486


http://www.multiresearchjournal.com/

International Journal of Advanced Multidisciplinary Research and Studies

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Emadeldeen M, Abd-Elsalam SM. High success rates
for the use of
sofosbuvir/ombitasvir/paritaprevir/ritonavir+ ribavirin
and sofosbuvir/simeprevir/daclatasvir+ ribavirin in
retreatment of chronic hepatitis C infection after
unsuccessful sofosbuvir/daclatasvir therapy: A real-life
experience. Archives of Virology. 2020; 165:1633-
1639.

Schalkwijk HH, Snoeck R, Andrei G. Acyclovir
resistance in herpes simplex viruses: Prevalence and
therapeutic alternatives. Biochemical Pharmacology.
2022;206:115322.

Sharma SK, Gupta OP, Pathaw N, Sharma D, Maibam
A, Sharma P, et al. CRISPR-Cas-led revolution in
diagnosis and management of emerging plant viruses:
New avenues toward food and nutritional security.
Frontiers in Nutrition. 2021; 8:751512.

Sharma V, Sharma M, Dhull D, Sharma Y, Kaushik S,
Kaushik S. Zika virus: An emerging challenge to public
health worldwide. Canadian Journal of Microbiology.
2020; 66(2):87-98.

Smyk JM, Szydiowska N, Szulc W, Majewska A.
Evolution of influenza viruses—drug resistance,
treatment options, and prospects. International Journal
of Molecular Sciences. 2022; 23(20):12244.

Sofia MJ. Curing Hepatitis C with Direct-Acting
Antiviral Therapy. New Drug Development for Known
and Emerging Viruses. 2022; 80:13.

Stanciu C, Muzica CM, Girleanu I, Cojocariu C, Sfarti
C, Singeap A-M, et al. An update on direct antiviral
agents for the treatment of hepatitis C. Expert opinion
on pharmacotherapy. 2021; 22(13):1729-1741.
Swierczyfiska M, Mirowska-Guzel DM, Pindelska E.
Antiviral drugs in influenza. International Journal of
Environmental Research and Public Health. 2022;
19(5):3018.

Toots M, Plemper RK. Next-generation direct-acting
influenza therapeutics. Translational Research. 2020;
220:33-42.

Tripathi A, Misra K, Dhanuka R, Singh JP. Artificial
intelligence in accelerating drug discovery and
development. Recent Patents on Biotechnology. 2023;
17(1):9-23.

Tse LV, Meganck RM, Graham RL, Baric RS. The
current and future state of vaccines, antivirals and gene
therapies against emerging coronaviruses. Frontiers in
Microbiology. 2020; 11:658.

Vasconcelos Komninakis S, Domingues W, Saeed
Sanabani S, Angelo Folgosi V, Neves Barbosa I,
Casseb J. CRISPR/CAS as a Powerful Tool for Human
Immunodeficiency Virus Cure: A Review. AIDS
Research and Human Retroviruses, 2024.

Weinreich DM, Sivapalasingam S, Norton T, Ali S,
Gao H, Bhore R, et al. REGN-COV?2, a neutralizing
antibody cocktail, in outpatients with Covid-19. New
England Journal of Medicine. 2021; 384(3):238-251.
Weiss MA, Schwarzenberg AB, Nelson RM, Sutter
KM, Sutherland MD. Global economic effects of
COVID-19: Congressional Research Service
Washington, DC, 2020.

Williams BA, Jones CH, Welch V, True JM. Outlook of
pandemic preparedness in a post-COVID-19 world. npj
Vaccines. 2023; 8(1):178.

6l.

62.

63.

www.multiresearchjournal.com

Xia X, Cheng A, Wang M, Ou X, Sun D, Mao S, et al.
Functions of viroporins in the viral life cycle and their
regulation of host cell responses. Frontiers in
Immunology. 2022; 13:890549.

Xiao T, Cai Y, Chen B. HIV-1 entry and membrane
fusion inhibitors. Viruses. 2021; 13(5):735.

Zenchenko A, Drenichev M, II’Icheva I, Mikhailov S.
Antiviral and antimicrobial nucleoside derivatives:
structural features and mechanisms of action. Molecular
Biology. 2021; 55:786-812.

2487


http://www.multiresearchjournal.com/

