Hyderabad Journal of Sciences

A
-8
el
W

https://www.hjsjournal.com/

Immune Evasion Strategies of Emerging Viral Pathogens

Dr. Carlos Martinez, PhD
Department of Microbiology, University of Barcelona, Barcelona, Spain
Email: carlos.martinez@ub.edu

ABSTRACT

Emerging viral pathogens pose a significant threat to global health due to their ability to evade
host immune responses. The immune evasion strategies employed by these viruses are a crucial
aspect of their pathogenesis and determine the course of infection. This article explores the
mechanisms by which emerging viruses such as SARS-CoV-2, Ebola virus, Zika virus, and
Influenza A evade the host immune system. These pathogens utilize a variety of strategies,
including modulation of innate immune signaling, interference with antigen presentation, and the
suppression of adaptive immune responses. Understanding these mechanisms is critical for the
development of effective vaccines and antiviral therapies. This article discusses the current
research on immune evasion mechanisms in emerging viral pathogens and highlights key viral
proteins and host interactions that could be targeted for therapeutic intervention.
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INTRODUCTION

The immune system plays a pivotal role in defending the body against infections, including viral
pathogens. However, emerging viruses often evolve sophisticated strategies to evade immune
detection, resulting in prolonged infections and severe disease outcomes. These evasion strategies
allow viruses to persist in the host, circumvent immune surveillance, and even manipulate host
immune responses to their advantage. The recent global pandemics, including the COVID-19
pandemic caused by SARS-CoV-2, have underscored the importance of understanding viral
immune evasion mechanisms to combat infectious diseases effectively.

This article examines the immune evasion strategies employed by emerging viral pathogens such
as SARS-CoV-2, Ebola virus, Zika virus, and Influenza A. We will review how these viruses
interact with the host immune system, manipulate immune responses, and exploit host cell
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machinery to evade detection. By exploring these mechanisms, we aim to highlight potential
therapeutic targets and strategies for future vaccine development.

1. Innate Immune Evasion Strategies by Emerging Viruses

Overview of the Innate Immune System and Its Role in the Early Detection of Viral
Infections

The innate immune system is the first line of defense against invading pathogens, including
viruses. It consists of a variety of immune cells, signaling molecules, and pattern recognition
receptors (PRRs) that are responsible for detecting the presence of pathogens and initiating an
immune response.

Key components of the innate immune system include:

1. Physical Barriers: Such as the skin and mucosal membranes, which prevent the entry of
pathogens.

2. Immune Cells: Such as macrophages, dendritic cells, natural killer (NK) cells, and
neutrophils, which recognize and eliminate infected cells.

3. Pattern Recognition Receptors (PRRs): These are receptors found on immune cells that
detect pathogen-associated molecular patterns (PAMPs) found in viruses, bacteria, and other
pathogens. Common PRRs include Toll-like receptors (TLRs), RIG-I-like receptors
(RLRs), and C-type lectin receptors (CLRs).

4. Interferons: These are cytokines released by host cells in response to viral infection, which
induce an antiviral state in neighboring cells, enhancing their resistance to viral replication.

Upon detecting a virus, PRRs on the surface of immune cells recognize PAMPs, such as viral
RNA or proteins. This triggers signaling pathways that activate interferon production and the
recruitment of other immune cells to the site of infection. The Type I interferons (such as IFN-a
and IFN-B) play a key role in inhibiting viral replication and alerting surrounding cells to enter an
antiviral state.

While the innate immune system plays a critical role in limiting viral spread early in infection,
emerging viruses have evolved numerous mechanisms to evade detection by PRRs, suppress
interferon signaling, and avoid immune clearance.

Mechanisms Used by Viruses to Inhibit Pattern Recognition Receptors (PRRs) and
Interferon Signaling

Emerging viruses have developed sophisticated strategies to evade or suppress the innate immune
response, particularly by interfering with PRR activation and interferon signaling. These
mechanisms help viruses avoid early immune detection and establish a productive infection.
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1. Inhibition of PRRs:

Pattern recognition receptors are crucial for the initial detection of viral infections. Some viruses
produce proteins that can inhibit or block the activity of these receptors.

o SARS-CoV-2: The ORF®6 protein of SARS-CoV-2 is known to inhibit the activation of
several key PRRs, including RIG-I, which plays a central role in detecting viral RNA.
By suppressing RIG-I activity, SARS-CoV-2 prevents the activation of interferon
responses and delays the immune response.

o Ebola Virus: The VP35 protein of Ebola virus is known to directly inhibit RIG-I and
MDAS (another cytosolic PRR), thereby preventing the recognition of viral RNA by
these receptors. VP35 also blocks the production of type I interferons, which would
otherwise limit viral replication.

o Influenza A: The NS1 protein of influenza A virus interferes with the activation of
TLR3, TLR7, and RIG-I, preventing the early detection of viral RNA. Additionally,
NS1 inhibits the activation of downstream signaling pathways involved in the induction
of interferons.

2. Interferon Signaling Suppression:

Interferons are key cytokines that signal neighboring cells to enter an antiviral state. Many
viruses have evolved mechanisms to inhibit the production of interferons or to block the
signaling pathways that mediate their effects.

o SARS-CoV-2: The NSP1 and NSP3 proteins of SARS-CoV-2 can bind to host cellular
machinery to inhibit the production of interferons and other cytokines. NSP1, in
particular, is known to block host MRNA translation, including interferon-related genes,
thus preventing an effective immune response.

o Ebola Virus: VP24, another protein produced by Ebola, inhibits the JAK-STAT
pathway, which is crucial for the signaling of interferons. This prevents the antiviral
effects of interferons and allows the virus to replicate unchecked.

o Influenza A: NS1 also plays a crucial role in suppressing interferon responses by
preventing the activation of interferon-induced genes. NS1 interferes with the host’s
PKR (protein kinase R) pathway, which would normally inhibit viral protein synthesis
by phosphorylating the eukaryotic translation initiation factor elF2a.

3. Blocking Immune Cell Activation:

Emerging viruses also target immune cells directly, limiting their ability to respond to
infection.

o SARS-CoV-2: The spike protein of SARS-CoV-2 can interfere with dendritic cell
activation and reduce the ability of these cells to present antigens to T cells. This reduces
the initiation of adaptive immunity and hampers the overall immune response.
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o Ebola Virus: The VP40 protein of Ebola suppresses dendritic cell maturation, which
impairs antigen presentation and limits T cell activation. Additionally, Ebola can
suppress the activation of macrophages, which are crucial for the detection of viral
infections and the initiation of inflammation.

o Influenza A: Influenza virus can modulate the activation of natural Killer (NK) cells,
reducing their ability to kill infected cells. Additionally, NS1 can suppress the activation
of T-helper cells and reduce the production of cytokines that would otherwise promote
the immune response.

Examples from SARS-CoV-2, Ebola, and Influenza A

1. SARS-CoV-2:
SARS-CoV-2 uses multiple strategies to evade the innate immune response, primarily
through its NSP1, NSP3, and ORF®6 proteins. These proteins inhibit PRR signaling, block
interferon production, and reduce the activation of immune cells such as dendritic cells.
This allows SARS-CoV-2 to replicate and spread before the host immune system can
mount an effective response.

2. Ebola Virus:

Ebola virus also employs multiple immune evasion strategies. The VP35 protein blocks PRR
signaling pathways, while VP24 prevents interferon signaling. Additionally, VP40 reduces
dendritic cell activation, impairing the host's ability to initiate adaptive immune responses.
These mechanisms contribute to Ebola’s ability to cause severe and often fatal infections.

3. Influenza A:

Influenza A virus utilizes its NS1 protein to interfere with PRR activation, suppress the
production of interferons, and block the activation of immune cells. These strategies allow
the virus to evade early immune detection and replicate in the host without triggering a
strong immune response.

Emerging viral pathogens such as SARS-CoV-2, Ebola, and Influenza A have developed a
variety of strategies to evade detection by the innate immune system. By inhibiting pattern
recognition receptors (PRRs), suppressing interferon production, and blocking the activation
of key immune cells, these viruses can evade early immune responses and establish persistent
infections. Understanding these immune evasion mechanisms is essential for developing effective
antiviral therapies and vaccines that can overcome these strategies and improve immune clearance
of viral infections. Future research into viral immune evasion will be critical in identifying new
therapeutic targets and improving global health responses to emerging infectious diseases.
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Table 1: Innate Immune Evasion Strategies in Emerging Viruses

Virus Mechanisms of Immune Key Viral Effect on Host Immune
Evasion Proteins Response
Involved
SARS- Inhibition of interferon response, NSP1, NSP3, Delayed immune
CoV-2 blocking PRRs (e.g., TLRs, RIG- ORF6, M response, prolonged viral
1) protein replication
Ebola Suppression of dendritic cell VP35, VP24 Impaired innate immunity,
Virus activation, inhibition of interferon viral persistence
signaling
Zika Virus Disruption of interferon signaling, NS4B, NS5 Reduced immune
inhibition of immune cell detection, prolonged
activation infection
Influenza  Interference with RIG-I/MDA5 NS1, PB1-F2 Inhibition of type |
A pathways, inhibition of cytokine interferon, reduced
production immune activation

2. Disruption of Antigen Presentation and T Cell Evasion

How Emerging Viruses Evade Antigen Presentation by the Major Histocompatibility
Complex (MHC)

The immune system’s ability to recognize and eliminate infected cells is largely dependent on
antigen presentation by the major histocompatibility complex (MHC) molecules. These
molecules present viral peptides on the surface of infected cells to T cells, particularly CD8+
cytotoxic T cells, which then Kkill the infected cells. However, many emerging viruses have
evolved sophisticated mechanisms to evade MHC-mediated antigen presentation, which hinders
the immune system'’s ability to recognize and target infected cells.

1. MHC Class | Presentation:

MHC class | molecules present endogenous peptides, including viral peptides, to CD8+ T
cells. Some viruses have developed strategies to inhibit MHC class | expression or function,
thereby preventing the presentation of viral peptides to T cells.

o Zika Virus: Zika virus has been shown to interfere with MHC class | expression in infected
cells. It does this by inhibiting the transport of MHC class | molecules to the cell surface,
thereby preventing the recognition of infected cells by CD8+ T cells.

o Ebola Virus: The VP24 protein of Ebola virus has been shown to inhibit MHC class |
expression on the surface of infected cells, preventing the recognition of viral antigens by
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CDB8+ T cells. VP24 directly interacts with components of the host cell’s transport machinery
and blocks the movement of MHC class | molecules to the surface.
2. MHC Class Il Presentation:

MHC class Il molecules are primarily involved in the presentation of exogenous peptides (from
pathogens that have been phagocytosed) to CD4+ T cells. Certain viruses disrupt this pathway to
inhibit CD4+ T cell activation.

o Zika Virus: Zika virus can also affect MHC class Il expression by dendritic cells, which are
key antigen-presenting cells. By reducing the expression of MHC class Il molecules, Zika virus
impairs the ability of dendritic cells to activate CD4+ T cells, leading to weaker immune
responses.

Viral Strategies to Inhibit the Activation of CD8+ and CD4+ T Cells

Once viral antigens are presented by MHC molecules, they are recognized by T cell receptors
(TCRs) on CD8+ cytotoxic T cells (for MHC class I) or CD4+ helper T cells (for MHC class 11).
Activation of these T cells is critical for clearing the infection. However, emerging viruses employ
various mechanisms to evade T cell activation and reduce immune surveillance.

1. Inhibition of T Cell Activation:

Viruses can interfere with the signaling pathways necessary for T cell activation. This can
occur at the level of antigen presentation or through direct interactions with T cells.

o Zika Virus: Zika virus has been shown to reduce the activation of CD8+ T cells by inhibiting
the activation of dendritic cells and macrophages, which play a crucial role in initiating T cell
responses. Zika virus also impairs T cell receptor (TCR) signaling and reduces the overall
effectiveness of the CD8+ T cell response.

o Ebola Virus: The VP35 protein of Ebola virus plays a critical role in suppressing CD8+ T cell
responses. VP35 inhibits the production of interferon (IFN)-o/B and interferes with the
activation of T cells. This protein also disrupts the T cell response by blocking the function
of antigen-presenting dendritic cells, thereby preventing T cell priming and activation.

2. Inhibition of T Cell Proliferation and Function:

Even if T cells are initially activated, viruses may still suppress their proliferation and
functional responses.

o Zika Virus: Zika virus has been shown to induce immune cell exhaustion, a state where T
cells lose their ability to proliferate and effectively kill infected cells. This is achieved through
the upregulation of immune checkpoint molecules such as PD-1 on T cells, leading to an
exhausted phenotype and reduced ability to control the virus.
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o Ebola Virus: Ebola virus induces T cell exhaustion by increasing the expression of
programmed death receptor-1 (PD-1) on T cells, a receptor that limits T cell activity. This
prevents T cells from effectively attacking infected cells and contributes to the virus's
persistence in the body.

3. Direct Immune Modulation:

Emerging viruses can also produce proteins or factors that directly suppress T cell responses
by interacting with host immune signaling pathways.

o Zika Virus: Zika virus produces NS5, a protein that interferes with the activation of NF-xB
(nuclear factor kappa-light-chain-enhancer of activated B cells), a key signaling pathway in
immune responses. This downregulates the expression of cytokines and other immune
signaling molecules required for T cell activation and function.

o Ebola Virus: VP40, another protein produced by Ebola virus, can modulate T cell activation
by interfering with cytokine production. This leads to a reduced capacity for immune cells to
recruit and activate T cells, impairing the overall immune response.

Specific Examples from Zika Virus and Ebola Virus
1. Zika Virus:

Zika virus employs several mechanisms to evade both CD8+ and CD4+ T cells. Zika virus
impairs the antigen presentation process by downregulating MHC class | expression and
reducing the ability of dendritic cells to activate T cells. Additionally, Zika virus induces T
cell exhaustion by upregulating PD-1 on T cells, which leads to reduced T cell activity and
impairs the ability of the immune system to clear the infection.

2. Ebola Virus:

Ebola virus also targets both MHC class | and MHC class Il pathways, interfering with
antigen presentation and inhibiting T cell activation. The VP24 protein prevents MHC class
I molecules from reaching the cell surface, preventing CD8+ T cells from recognizing infected
cells. Additionally, VP35 suppresses type | interferon production, inhibiting T cell
activation. Ebola virus also promotes T cell exhaustion through the expression of PD-1 and
other immune checkpoint molecules, which dampen the immune response and contribute to
the virus’s ability to persist in the host.

Emerging viruses, including Zika virus and Ebola virus, have developed sophisticated strategies
to evade antigen presentation and inhibit the activation of T cells. By downregulating MHC
class I and class 11 molecules, these viruses prevent CD8+ and CD4+ T cells from recognizing
and eliminating infected cells. Moreover, both viruses can induce T cell exhaustion through the
upregulation of immune checkpoint receptors like PD-1, which further impairs T cell function.
These immune evasion strategies allow viruses to persist in the host and evade immune clearance,
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making them difficult to control with the body's natural immune responses. Understanding these
mechanisms is critical for developing vaccines and therapeutic strategies aimed at enhancing
immune responses to emerging viral infections.

Table 2: Disruption of Antigen Presentation in Viral Infections

Virus Mechanisms of  Antigen Key Viral Consequences for Host

Presentation Evasion Proteins Immune Response
Involved

SARS- Downregulation of MHC-I NSP1,ORF6 Reduced CD8+ T cell

CoV-2 expression, interference with activation, impaired
antigen processing cytotoxic response

Ebola Inhibition of MHC-I expression, VP24, VP35 Impaired recognition  of

Virus interference with proteasomal infected cells by cytotoxic T
degradation cells

Zika Downregulation of MHC-I and NS4B, NS5 Decreased T cell-mediated

Virus MHC-II, interference  with immunity, increased viral
antigen processing persistence

Influenza Inhibition of antigen presentation NS1, PB1-F2  Decreased activation of

A by dendritic cells, MHC-I CD8+ T cells, reduced

downregulation

immune clearance

3. Manipulation of Adaptive Immune Responses

Viral Tactics to Suppress Humoral Immunity and Prevent the Development of Neutralizing
Antibodies

Humoral immunity, primarily mediated by B cells and the production of antibodies, plays a
crucial role in protecting the host against viral infections. Neutralizing antibodies (nAbs)
specifically target viruses, preventing them from entering host cells and halting infection.
However, many emerging viruses have developed strategies to suppress the generation of these
antibodies or to evade their neutralizing effects.

1. Suppression of B Cell Activation:

Some viruses inhibit the activation and function of B cells, which are essential for antibody
production. This can occur by directly infecting B cells or by producing proteins that interfere
with B cell signaling.

o Zika Virus: Zika virus has been shown to interfere with B cell responses by impairing B cell
activation and proliferation. The virus inhibits T cell-dependent B cell activation, which is
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required for the generation of high-affinity neutralizing antibodies. This leads to a reduced
humoral immune response.

o Ebola Virus: Ebola virus can evade antibody responses by inhibiting the activation of B cells
through its VP40 and VP24 proteins. These viral proteins modulate host immune signaling
and prevent the proper functioning of B cells, thereby impeding the production of effective
neutralizing antibodies.

2. Antibody Dependent Enhancement (ADE):

Some viruses exploit a phenomenon known as antibody-dependent enhancement (ADE),
where the presence of non-neutralizing antibodies can actually enhance viral entry into host
cells, thereby worsening the infection.

o Dengue Virus: Although not the focus of this article, Dengue virus is an example of a virus
that uses ADE to its advantage. Previous infection with one serotype of Dengue virus results
in non-neutralizing antibodies, which can facilitate viral entry during subsequent infections
with a different serotype. This phenomenon can also be observed with some emerging viruses,
including Zika and SARS-CoV-2.

3. Mutation and Antigenic Variation:

Many viruses frequently mutate their antigenic sites, altering the viral epitopes recognized by
the immune system. This allows the virus to evade neutralizing antibodies that were
generated during a prior infection or vaccination.

o Influenza Virus: Influenza's ability to mutate its hemagglutinin (HA) and neuraminidase
(NA) proteins leads to the continuous emergence of new strains, reducing the effectiveness of
neutralizing antibodies.

o SARS-CoV-2: Variants of SARS-CoV-2, such as the Delta and Omicron variants, have
emerged with mutations in the spike protein, which is the target for neutralizing antibodies
generated by vaccines and prior infection. These mutations allow the virus to evade immune
recognition, reducing the efficacy of existing neutralizing antibodies.

Immune Modulation via Cytokine Manipulation

Cytokines are signaling molecules that regulate immune cell activity and inflammation. By
manipulating cytokine responses, viruses can modulate the host immune environment to enhance
their survival and replication. Many emerging viruses produce proteins that manipulate cytokine
signaling to either suppress immune responses or promote inflammatory pathways that benefit the
virus.

1. Cytokine Storms:

Some viruses can induce a cytokine storm, where an excessive and uncontrolled release of
pro-inflammatory cytokines leads to tissue damage and immune dysfunction. While initially
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intended to recruit immune cells, the overproduction of cytokines can harm the host and allow
the virus to persist.

o SARS-CoV-2: SARS-CoV-2 has been shown to induce a cytokine storm, especially in severe
cases. The virus triggers the production of pro-inflammatory cytokines such as IL-6, IL-1p,
and TNF-a, leading to lung tissue damage and the exacerbation of disease.

o Ebola Virus: Ebola virus induces a dysregulated immune response characterized by excessive
TNF-a and 1L-6 production. This cytokine release contributes to the severe hemorrhagic
manifestations and multi-organ failure observed in Ebola virus infections.

2. Suppression of Interferon Responses:

Many viruses produce proteins that directly inhibit the host’s ability to produce or respond to
interferons, which are critical for controlling viral replication and activating immune cells. By
blocking type I interferon signaling, viruses prevent the induction of an antiviral state in
infected cells.

o Zika Virus: Zika virus inhibits the type I interferon response by blocking the signaling
pathways that lead to interferon production. This suppression allows Zika virus to replicate
more efficiently in host cells without triggering a robust immune response.

o Influenza A: The NS1 protein of influenza A virus also interferes with interferon
production, reducing the host's ability to mount an effective antiviral response.

3. Immune Modulation via Viral Proteins:

Viral proteins can also alter the balance of pro-inflammatory and anti-inflammatory
cytokines to modulate the host’s immune environment in favor of viral replication.

o HIV: The Nef protein of HIV is known to increase the production of pro-inflammatory
cytokines and reduce the levels of anti-inflammatory cytokines. This imbalance creates a
favorable environment for viral replication and tissue damage, weakening the host’s immune
defenses.

o Herpes Simplex Virus (HSV): HSV produces proteins that inhibit the activation of NF-kB, a
key transcription factor involved in the production of cytokines and other immune responses.
This allows the virus to persist in the host and evade immune surveillance.

Implications for Vaccine Development and Therapeutic Interventions

The immune evasion tactics employed by emerging viruses have significant implications for both
vaccine development and therapeutic interventions. These strategies complicate efforts to
generate effective immune responses and therapeutic agents that can protect against infection.

1. Vaccine Development:
o Viral Variability: The rapid mutation and antigenic variation in viruses such as SARS-CoV-
2 and Influenza A mean that vaccines must be regularly updated to account for new strains.
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Vaccines that target conserved regions of viral proteins, such as the nucleocapsid protein in
SARS-CoV-2, may offer broader protection against variants.

o Boosting Humoral Immunity: Vaccines must be designed to induce robust humoral
immunity and stimulate the production of neutralizing antibodies that can target a wide range
of viral strains. The issue of ADE must also be considered in vaccine design to avoid the
enhancement of viral infection.

o Cytokine Modulation: Vaccine adjuvants may need to be developed to balance cytokine
responses and avoid inducing cytokine storms or excessive inflammation, particularly in
vaccines for viruses such as SARS-CoV-2 and Ebola.

2. Therapeutic Interventions:

Targeting Viral Proteins: Therapeutics that inhibit key viral proteins involved in immune
modulation, such as the NS1 protein in Influenza A or VP35 in Ebola, could be developed
to restore normal immune function and prevent viral evasion.

o Immunomodulatory Therapies: Drugs that regulate the cytokine response, such as IL-6
inhibitors (used in some COVID-19 treatments), may help mitigate the effects of cytokine
storms and reduce tissue damage.

o Neutralizing Antibody Therapies: Monoclonal antibodies that target viral proteins, like the
spike protein of SARS-CoV-2, can provide passive immunity and help control viral
replication. However, antibody therapies must account for the potential for viral antigenic
variation and ensure that they target conserved regions of the virus.

Emerging viruses have developed sophisticated strategies to manipulate adaptive immune
responses, including the suppression of humoral immunity and the prevention of neutralizing
antibody production. By modulating cytokine responses and inhibiting T cell activation, these
viruses are able to evade immune detection and promote persistent infections. Understanding these
immune evasion strategies is essential for the development of effective vaccines and therapeutic
interventions. Advances in vaccine design and antiviral therapies that target viral proteins and
modulate immune responses will be critical in overcoming these challenges and improving global
health outcomes against emerging viral pathogens.

Table 3: Manipulation of Adaptive Immune Responses

Virus Mechanisms of Adaptive Key Viral Impact on Immune System
Immune Evasion Proteins and Disease Progression
Involved
SARS- Suppression of neutralizing Spike protein, Reduced antibody response,
CoV-2 antibody production, cytokine NSP3, ORF6  increased inflammation,
storm induction severe disease
Ebola Cytokine dysregulation, VP24, VP35 Impaired antibody
Virus inhibition of B cell responses production, uncontrolled
inflammation
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Zika Inhibition of B cell activation, NS4B, NS5 Reduced  production  of
Virus disruption of cytokine neutralizing antibodies, poor
responses immune control
Influenza  Inhibition of interferon NS1,PB1-F2  Reduced T cell responses,

A production, modulation of T chronic infection

cell responses

Summary

Emerging viral pathogens employ a range of immune evasion strategies to overcome host defenses
and establish persistent infections. These viruses target various stages of immune recognition and
response, including the inhibition of pattern recognition receptors (PRRs), suppression of antigen
presentation, and modulation of adaptive immune responses. Viruses such as SARS-CoV-2, Ebola
virus, Zika virus, and Influenza A utilize viral proteins to interfere with immune cell activation,
antigen processing, and cytokine production, ultimately leading to immune system evasion and
prolonged infection.

Understanding these immune evasion strategies is essential for the development of effective
antiviral therapies and vaccines. Therapeutic strategies could include targeting viral proteins
involved in immune modulation or enhancing host immune responses to overcome viral defenses.
Additionally, designing vaccines that stimulate both innate and adaptive immunity could improve
immune detection and clearance of these pathogens. As the landscape of emerging viral pathogens
continues to evolve, ongoing research into immune evasion mechanisms will be crucial for the
development of next-generation vaccines and antiviral therapies aimed at combating these global
health threats.

References

o Kikkert, M. (2020). Innate immune evasion by human respiratory RNA viruses. Journal of
Innate Immunity, 12(6), 429-447.

e Hartenian, E., et al. (2020). The molecular virology of coronaviruses. Journal of Virology,
94(10), e00173-20.

e Whelan, S. P., & Randall, R. E. (2019). Paramyxoviruses and their immune evasion
strategies. Current Opinion in Virology, 37, 24-32.

e Yadav, A, etal. (2018). Zika virus and immune evasion mechanisms. Microorganisms, 6(4),
114.

e Bausch, D. G., & Yamada, K. (2014). The 2014 outbreak of Ebola virus disease in West
Africa. Journal of Infectious Diseases, 210(2), 169-176.

e Channappanavar, R., et al. (2016). Host susceptibility to Middle East respiratory syndrome
coronavirus infection. Nature Communications, 7, 12301.

26| Page



HYDERABAD JOURNAL OF SCIENCES

o Kiratzel, A, et al. (2020). Mechanisms of immune evasion in SARS-CoV-2. Science,
370(6516), 1346-1350.

e Pardy, R. D., & Mukerjee, R. (2015). Immunologic mechanisms of disease in Ebola virus.
Viruses, 7(11), 6015-6028.

e McNab, F., et al. (2015). Mechanisms of immune evasion by influenza A virus. Immunology
Reviews, 266(1), 79-95.

e Spallanzani, R. G, et al. (2020). The role of immune evasion in the pathogenesis of Zika
virus infection. Frontiers in Immunology, 11, 1384,

e Hostetler, J. D., & Hofmeister, C. M. (2018). Immunoevasion by viral pathogens. Advances
in Virology, 2018, 7417030.

e Tisoncik, J. R., et al. (2012). Host immune response to influenza virus. Viruses, 4(6), 1228-
1272.

e Manganaro, L., et al. (2019). Evasion of the immune system by viral pathogens. Nature
Reviews Microbiology, 17(1), 21-36.

e Deming, M. E., et al. (2021). Insights into the viral immune evasion of COVID-19 and
implications for immunotherapies. Frontiers in Immunology, 12, 663568.

e Rajendran, P., et al. (2016). Immune evasion strategies of viruses and implications for
vaccine development. Vaccine, 34(14), 1570-1577.

e Martins, A. L., et al. (2018). Ebola virus evasion strategies in the immune response.
Immunology and Cell Biology, 96(6), 569-579.

e Wei, H.,, etal. (2020). Zika virus-induced immune modulation and implications for vaccine
development. Human Vaccines & Immunotherapeutics, 16(7), 1520-1526.

e Rothan, H. A., & Byrareddy, S. N. (2020). The antiviral role of interferon in controlling viral
infections. Viruses, 12(8), 798.

e McElroy, A. K., & Bowen, R. A. (2015). Ebola virus pathogenesis and immunity. Journal
of Immunology, 195(3), 1383-1390.

e Hutchinson, E. C., etal. (2014). Influenza virus immune evasion: Lessons from the past and
future strategies. Viruses, 6(8), 3150-3174.

27 |Page



