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1) INTRODUCTION 

Viruses and hosts are engaged in a constant evolutionary 

arms race. Over millions of years, viruses have co-

evolved with their hosts, developing numerous strategies 

to subvert or avoid host immune defenses.
[1],[2]

 In turn, 

the vertebrate immune system has evolved elaborate 

mechanisms to detect and eliminate viruses. Despite this, 

many viruses establish successful infections by evading 

immune surveillance through a variety of molecular 

tricks. These immune evasion strategies enable viruses to 

persist, cause chronic or latent infections, and facilitate 

transmission to new hosts even in the face of robust 

immune responses.
[1],[3]

 Two of the most potent and 

intriguing viral evasion mechanisms are latency – a 

dormant state with minimal viral gene expression – and 

antigenic variation – dynamic changes in viral antigens 

to escape recognition. This review provides a 

comprehensive overview of viral immune evasion, with a 

focus on the molecular and immunological aspects of 

latency and antigenic variation across representative 

viruses (herpesviruses, HIV, influenza, hepatitis viruses, 

coronaviruses, etc.). We discuss how these mechanisms 

work, give examples from key virus families, and 

consider the implications for vaccine design and 

therapies. By understanding the ―playbook‖ of viral 

evasion strategies, immunologists and virologists can 

better design interventions to counteract these 

tactics.
[1],[2]

 

 

2) Mechanisms of immune evasion 

Viral immune evasion strategies are remarkably diverse, 

targeting virtually every arm of the immune system. 

Generally, large DNA viruses (e.g. herpesviruses, 

poxviruses) encode an array of immunomodulatory 

proteins, while small RNA viruses rely more on rapid 

mutation and multifunctional proteins.
[2]

 Broadly, viral 

evasion mechanisms can be grouped into several 

categories: 

 Hiding from immune surveillance: Viruses may 

hide by entering a latent or dormant state with 

minimal antigen expression, or by sheltering in 

immune-privileged sites (e.g. neurons for herpes 

simplex virus). In these states, they present few 

targets for immune attack. For example, truly latent 

viruses produce little to no viral protein, effectively 

―invisible‖ to T cells.
[4]

 Some viruses also avoid 

detection by preventing death of the infected cell 

(inhibiting apoptosis) or by interfering with 
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autophagy, thus delaying the exposure of viral 

antigens.
[1],[2]

 

 

 Antigenic variation: Many viruses continually 

change the sequence or structure of their surface 

antigens to evade recognition by antibodies and T 

cells. RNA viruses with error- prone polymerases 

(like HIV or influenza) exist as quasispecies and 

rapidly accumulate mutations in epitopes, a classic 

strategy known as antigenic drift.
[2],[5]

 Some viruses 

with segmented genomes (like influenza A) can also 

abruptly reshuffle genome segments between strains 

(antigenic shift), creating novel antigens 

unrecognizable to prior immunity. We will detail 

these in a later section. Additionally, large viruses 

like HIV incorporate extensive glycosylation on 

their envelope proteins (a ―glycan shield‖) to mask 

antigenic sites from neutralizing antibodies. 

 

 Blocking adaptive immune recognition: Viruses 

can directly interfere with antigen presentation to T 

lymphocytes. A variety of viral proteins disrupt the 

major histocompatibility complex (MHC) pathway: 

for instance, some viral proteins retain newly made 

MHC class I in the endoplasmic reticulum, target 

MHC molecules for degradation, or interfere with 

peptide loading.
[1],[2]

 The net effect is to reduce the 

display of viral peptides on infected cells, so 

cytotoxic T lymphocytes (CTLs) cannot recognize 

and kill them. In fact, virtually every step of the 

MHC-I antigen processing and presentation 

pathway can be blocked by at least one virus.
[1]

 

Other viruses downregulate or mislocalize MHC 

class II on antigen-presenting cells to impair CD4⁺ T 

cell responses. In addition, viruses like HIV encode 

factors (e.g. Nef) that remove immune receptors 

(MHC I, CD4, etc.) from the cell surface to avoid 

detection or prevent superinfectios.
[1]

 

 

 Evasion of humoral immunity (Antibodies and 

Complement): To thwart antibodies, some viruses 

produce decoy antigens or secrete excess viral 

proteins. Hepatitis B virus (HBV) is a prime 

example, releasing vast quantities of non-infectious 

subviral particles coated with hepatitis B surface 

antigen (HBsAg) – on the order of 10^4–10^5 times 

more particles than actual virions – which soak up 

neutralizing antibodies.
[6]

 This decoy strategy diverts 

the antibody response away from the real virions. 

Other viruses (e.g. poxviruses, herpesviruses) 

secrete soluble glycoproteins that bind antibodies or 

complement components. Herpes simplex virus 

(HSV) encodes glycoprotein C, which binds the 

complement component C3 and prevents formation 

of the membrane-attack complex, thus protecting the 

virus from complement-mediated lysis.
[1]

 Some 

herpesviruses and poxviruses even express Fc 

receptor homologs that grab the Fc portion of 

antibodies, blocking their effector functions.
[2] 

By 

inhibiting complement activation and antibody 

function, viruses can continue to spread despite a 

host antibody response. 

 

 Subverting or infecting immune cells: An 

especially cunning strategy is to directly attack the 

immune system. Viruses like HIV and human T-

lymphotropic virus (HTLV) infect critical immune 

cells (CD4⁺ T cells, macrophages, dendritic cells), 

impairing immune coordination and creating 

immunodeficiency. HIV, for instance, infects and 

gradually depletes CD4⁺ T helper cells, 

undermining both cellular and humoral immunity. It 

can also induce apoptosis of bystander lymphocytes 

and disrupt dendritic cell function.
[1]

 Some 

poxviruses (e.g. myxoma virus) produce proteins 

that selectively kill immune cells or suppress their 

function . By crippling immune cell populations, 

these viruses create an immunosuppressed 

environment more permissive for infection.
[1]

 

 

 Cytokine and Chemokine modulation: Many 

large DNA viruses encode virokines and 

viroceptors – viral proteins that mimic host 

cytokines or their receptors.
[1],[3]

 These decoys can 

bind and sequester host cytokines, interfering with 

communication between immune cells. For example, 

Epstein–Barr virus (EBV) produces a viral IL-10 

homolog that dampens cell-mediated immunity, and 

poxviruses secrete soluble receptors that neutralize 

interferons, TNF, or chemokines.
[2]

 By neutralizing 

pro-inflammatory cytokines or chemokines, viruses 

reduce immune cell recruitment and activation. 

Additionally, many viruses counteract the interferon 

(IFN) response – a cornerstone of innate antiviral 

defense. Viral IFN antagonists (like influenza NS1, 

Ebola VP35, or coronaviral nsp1 and nsp6) block 

IFN production or signaling, allowing the virus to 

replicate before an antiviral state is established.
[1],[7]

 

Some coronaviruses (SARS-CoV-2 included) 

encode multiple factors that sabotage pattern-

recognition receptor pathways (RIG-I, MDA5, 

cGAS-STING, TLRs), thereby blunting IFN 

induction and the antiviral gene cascade.
[7]

 

 

 Avoiding natural killer cells: Natural killer (NK) 

cells are innate lymphocytes that kill cells with 

missing self (low MHC-I) or induced stress ligands. 

Viruses that downregulate MHC-I to evade T cells 

can inadvertently make themselves targets for NK 

cells (―missing-self‖ recognition). To counter this, 

cytomegaloviruses (CMVs) and others have evolved 

MHC-I decoys or modulators. HCMV expresses 

UL18, a fake MHC-I heavy chain that engages NK 

inhibitory receptors, and uses a peptide (UL40) to 

stabilize the non-classical MHC-E on the cell 

surface, sending a ―false alarm‖ that everything is 

normal.
[2]

 Some viruses also reduce the expression 

of NK-activating ligands on infected cells. Through 

such measures, viruses can tilt the balance between 

activating and inhibitory signals on NK cells, 
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avoiding NK-mediated elimination. 

 

Each of these strategies illustrates a principle: viruses 

find creative ways to extend the window of infection by 

delaying or defeating immune clearance.
[3]

 Notably, large 

genome viruses (like herpesviruses) often deploy many 

of these evasion tactics simultaneously (encoding 

dozens of immunomodulatory proteins), whereas small 

RNA viruses tend to rely on antigenic variation and a 

few multifunctional proteins.
[2]

 In the following sections, 

we delve deeper into two major evasion mechanisms – 

latency and antigenic variation – and examine how they 

manifest in different viral families. 

 

3) Latency in viral pathogenesis 

Viral latency is an immune evasion strategy in which the 

virus remains in the host in an inert or transcriptionally 

quiescent state. During latency, the full viral genome 

persists in infected cells (often as an episome or 

integrated DNA) but expression of viral proteins is 

extremely limited, producing few if any antigenic 

peptides.
[8],[9]

 Because the immune system typically 

recognizes virus-infected cells by viral protein fragments 

(peptides) presented on MHC molecules, latent infection 

renders the virus largely invisible to cytotoxic T cells. In 

a strict sense, latency is defined by two key properties: 

persistence of the viral genome and reversibility – the 

ability to reactivate into productive, lytic infection 

given the right triggers.
[8]

 This distinguishes latency 

from abortive infection (in which a virus fails to 

complete its cycle but cannot resume it). Viruses capable 

of true latency can essentially hide within host cells for 

months, years, or a lifetime, periodically re-emerging 

when conditions favor transmission. 

 

The quintessential latent viruses are the herpesviruses 

(a large family of DNA viruses) and the retroviruses 

(e.g. HIV). All human herpesviruses (such as HSV-1, 

HSV-2, Varicella zoster virus, Epstein–Barr virus, 

cytomegalovirus, HHV-6/7, and Kaposi‘s sarcoma-

associated herpesvirus) establish lifelong latent 

infections in their hosts.
[8],[10]

 During latency, 

herpesviruses express only a few specialized genes 

needed to maintain the viral genome and the latent state, 

while avoiding overt detection. For example, herpes 

simplex viruses in latency (within sensory neurons) 

express no viral proteins except perhaps latency-

associated transcripts (LATs), which are non-coding 

RNAs that help suppress lytic gene expression. No 

virions are produced in latency, and the infected cell 

typically remains unharmed, allowing the virus to persist 

in a ―stealth‖ mode. Cytomegalovirus and HHV-6/7 

establish latency in myeloid precursor cells, and EBV 

and KSHV in B lymphocytes; these viruses express a 

small subset of latency proteins (for genome 

maintenance and cell survival) but notably downregulate 

immunogenic proteins. EBV provides a striking 

example: its nuclear antigen EBNA1, required for 

maintaining the EBV genome in proliferating B cells, 

contains an internal glycine-alanine repeat that prevents 

its efficient proteasomal degradation, thereby reducing 

peptide presentation to CD8⁺ T cells.
[11],[12]

 This gly-ala 

repeat in EBNA1 is a dedicated latency mechanism to 

escape T cell surveillance.
[13]

 Thus, even when some 

latency-associated proteins are made, viruses often 

modify them to minimize MHC presentation. 

 

Retroviruses like HIV-1 can also enter a latent state: after 

integrating their DNA (provirus) into the host cell 

genome, some infected CD4⁺ T cells become resting 

―memory‖ T cells in which the viral genes are 

transcriptionally silent. This latent HIV reservoir is 

established early in infection and can persist for decades. 

Because latent proviruses do not produce viral peptides, 

the infected cells escape immune clearance – neither 

CTLs nor antibodies can target a cell harboring a truly 

silent provirus.
[4]

 HIV latency (in resting T_CD4 

memory cells and perhaps other long-lived cells) is a 

major barrier to curing the infection, since standard 

antiretroviral therapy has no effect on latent proviruses 

and the immune system cannot ―see‖ these cells. The 

virus can reactivate from latency upon T cell activation, 

leading to renewed virus production if therapy is stopped. 

 

Latency confers obvious survival advantages to the virus: 

the host immune response ―thinks‖ the infection is over, 

while the viral genome persists intact. However, 

maintaining latency requires the virus to carefully 

balance gene expression and suppression of its own 

replication. Latent viruses often encode regulators 

(proteins or non-coding RNAs) that actively maintain the 

dormant state and periodically sense signals to reactivate. 

For instance, EBV toggles between different latency 

programs – latency III (with several proteins expressed) 

in active B cell proliferation (e.g. in immunosuppressed 

states or associated cancers) versus latency I (only the 

EBNA1 protein) in quiescent memory B cells to fly 

under the radar of T cells. When the host‘s immune 

surveillance is weakened (such as in transplant patients 

or AIDS), latent viruses can reactivate aggressively, 

causing opportunistic diseases. 

 

The immune system does exert some control over latent 

infections. T cell surveillance can recognize and 

eliminate occasional cells that spontaneously exit latency 

and begin expressing viral antigens. For example, in 

HSV-1 latent infection of trigeminal ganglia, localized 

CD8⁺ T cells and IFN-γ help keep the virus in check, 

swiftly terminating reactivation events before they 

spread.
[14]

 Similarly, in EBV, robust CTL responses 

against lytic-cycle antigens maintain equilibrium with 

the latent virus; loss of T cell control (as in AIDS or 

transplant immunosuppression) leads to EBV-related 

lymphoproliferative disease. Nonetheless, the fact that 

the viral genome can persist hidden for long periods 

makes latency a formidable evasion strategy – the 

immune system essentially fights an enemy that can play 

dead and wait for a better opportunity. 

 

In summary, latency allows viruses to persist indefinitely 
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in a host by avoiding immune elimination. Herpesviruses 

leverage latency to ensure transmission throughout the 

host‘s lifespan (e.g. HSV reactivating to cause recurrent 

shedding, VZV reactivating as shingles years after 

chickenpox). HIV leverages latency to form a long-term 

reservoir, frustrating efforts to eradicate the virus. From 

the immune evasion perspective, latency is perhaps the 

ultimate stealth tactic: by shutting down viral protein 

production, the virus avoids spotlight from the immune 

―police‖ and can bide its time within host cells. 

 

4) Antigenic Variation and Immune Escape 

While latency is about hiding, antigenic variation is 

about changing the viral disguise. Many viruses, 

especially RNA viruses, rapidly evolve their antigenic 

proteins to escape recognition by the host‘s antibodies 

and T cells. Antigenic variation can occur via continuous 

point mutations, reassortment of genome segments, or 

even recombination. The result is that the virus 

population presents a moving target to the immune 

system. Even as the host mounts a response to one 

variant, new variants emerge with changes in key 

epitopes, rendering prior immunity less effective or 

obsolete.
[2],[5]

 

 

High mutation rates underlie antigenic variation in RNA 

viruses. RNA-dependent RNA polymerases lack 

proofreading activity, so these viruses accumulate 

mutations at a much higher rate than DNA-based 

organisms. This generates a swarm of genetic 

variants (quasispecies). Under immune pressure, 

variants that evade neutralizing antibodies or CTLs are 

selectively favored – a classic example of Darwinian 

evolution on a fast timescale.
[2],[5]

 As a landmark 

observation, early studies on influenza viruses showed 

that human antibodies select for escape mutants in viral 

hemagglutinin (HA) over time, leading to antigenic drift. 

Antigenic drift refers to the gradual accumulation of 

point mutations in viral surface proteins that alter 

antigenic sites. In influenza A, drift in HA (and to a 

lesser extent neuraminidase, NA) is responsible for 

seasonal flu strains becoming unrecognizable to 

antibodies from prior years. Even minimal structural 

changes on the viral surface can prevent antibody 

binding, so that host immunity from previous infection or 

vaccination no longer neutralizes the new variant.
[5]

 

Consequently, the immune system fails to recognize the 

altered virus, and infection can occur despite 

immunological memory. Over time, drift can so 

thoroughly change a virus strain that it causes 

recurrent epidemics. Indeed, antigenic drift in 

influenza necessitates frequent vaccine updates – the 

influenza vaccine is reformulated almost every year to 

match the currently circulating strains.
[5]

 

 

An even more dramatic form of variation is 

antigenic shift, which is especially relevant to 

influenza A. Influenza‘s segmented genome allows 

exchange of entire gene segments between different viral 

strains co-infecting the same cell. When segments 

encoding HA or NA are swapped between animal and 

human influenza strains, a novel virus with a ―shifted‖ 

antigen can emerge. Because human populations have 

little to no pre-existing immunity to the new HA/NA, 

antigenic shift can lead to pandemics. Historic influenza 

pandemics (1918 H1N1, 1957 H2N2, 1968 H3N2, 2009 

H1N1) were all precipitated by antigenic shifts creating 

viruses to which most of the population was 

immunologically naïve.
[5]

 Thus, shift is an extreme case 

of immune evasion by wholesale antigenic change, 

resulting in global outbreaks. 

 

It‘s important to note that antigenic variation isn‘t 

limited to influenza. Human immunodeficiency virus 

(HIV-1) is notoriously diverse; within a single infected 

individual, HIV can generate and select escape mutants 

against neutralizing antibodies within weeks or months 

of infection. HIV‘s envelope glycoprotein (gp120/gp41) 

evolves multiple amino acid changes (and glycan 

additions) that allow the virus to resist the patient‘s 

antibody response – so much so that by the time broadly 

neutralizing antibodies sometimes develop (after years), 

the virus has long since escaped those specificities. HIV 

also acquires mutations in cytotoxic T cell epitopes 

under pressure from CTLs, especially in acute infection, 

leading to CTL escape variants.
[5]

 The result is that HIV 

exists as a myriad of strains and quasi-strains; an infected 

person typically harbors a swarm of related but distinct 

viruses that continually evade adaptive immunity. This 

hypervariability is a major reason there is no effective 

HIV vaccine yet and why one individual‘s antibodies or 

T cells often fail to protect another from a different HIV 

strain. 

 

Another example is hepatitis C virus (HCV), an RNA 

virus (Flaviviridae) that causes chronic infection. HCV 

exists as 7 genotypes and dozens of subtypes worldwide, 

and even within one host it rapidly generates 

quasispecies. The virus‘s envelope E1 and E2 proteins – 

particularly the hypervariable region 1 (HVR1) of E2 – 

undergo frequent mutations to evade neutralizing 

antibodies.
[15]

 During the course of chronic HCV 

infection, neutralizing antibodies are produced, but the 

virus often escapes them by changing the target epitopes, 

contributing to viral persistence.
[15]

 HCV can also mutate 

T cell epitopes to avoid CTL recognition. Thus, like 

HIV, HCV has antigenic plasticity that allows it to 

outpace the adaptive immune response in many 

patients. Indeed, a strong, multi-epitope T cell response 

is correlated with spontaneous clearance of HCV, 

whereas viral persistence is associated with emergence of 

escape mutations and variable viral populations.
[16],[17]

 

 

Coronaviruses also exhibit antigenic variation, though at 

a slower pace than HIV or influenza. Until recently, 

coronaviruses (like those causing common colds) were 

thought to be antigenically relatively stable, but the 

COVID-19 pandemic caused by SARS-CoV-2 

showcased how RNA viruses can adapt under immune 

pressure. SARS-CoV-2 has a proofreading polymerase 
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that keeps mutation rates moderate, yet with billions of 

infections, significant variation arose. Multiple variants 

of concern (Alpha, Beta, Gamma, Delta, Omicron) 

emerged within two years, containing mutations in the 

Spike protein (the main antibody target) that conferred 

partial escape from neutralizing antibodies.
[7]

 For 

example, the Beta variant (B.1.351) had mutations like 

E484K in the receptor-binding domain that reduced 

neutralization by many serum antibodies, leading to 

vaccine breakthrough infections. The Omicron variant 

(B.1.1.529) accumulated an unprecedented number of 

Spike mutations, drastically diminishing the efficacy of 

therapeutic monoclonal antibodies and to some extent of 

vaccine-elicited antibodies. This necessitated updated 

booster vaccines. These SARS-CoV-2 variants illustrate 

antigenic drift in action: under selection by increasing 

population immunity, the virus evolved to ―escape‖ those 

antibodies, resulting in reinfections and reduced vaccine 

protection.
[7],[18]

 Notably, despite Spike variation, SARS-

CoV-2 has largely retained its T cell epitopes; most 

COVID-19 T cell responses cross-recognize variants, 

likely contributing to maintained protection against 

severe disease. Still, antigenic variation in coronaviruses, 

if given enough time and transmission, can be a 

meaningful escape strategy. 

 

Antigenic variation also exists in pathogens as diverse as 

rhinoviruses (over 100 serotypes of common cold virus 

circulate, so prior infection with one serotype offers no 

protection against another) and Dengue virus (four 

serotypes; infection with one leads to antibodies that do 

not fully neutralize another serotype, sometimes 

exacerbating disease via ADE). While those are 

examples of static antigenic diversity (many 

serotypes), some viruses also show dynamicvariation. 

For instance, foot-and-mouth disease virus (FMDV) in 

livestock mutates rapidly to escape immunity, and 

Norovirus evolves new strains every few years to bypass 

herd immunity. 

 

In summary, antigenic variation enables viruses to outrun 

the adaptive immune system. By the time the host 

mounts a potent antibody response, new viral mutants 

may arise that the antibodies no longer bind effectively. 

Likewise, memory T cells recognizing the original virus 

may not recognize mutants with altered T cell epitopes. 

This is an ongoing cat-and-mouse game: the host adapts, 

the virus changes its coat. Antigenic drift and shift in 

influenza necessitate continual vaccine updates and 

cause recurring epidemics.
[5]

 HIV‘s antigenic variation 

has foiled traditional vaccines and demands strategies to 

elicit antibodies against conserved regions. Thus, 

antigenic variation is a fundamental challenge for 

immune control and vaccine design. 

 

Examples from key viruses 

Herpesviruses 

Herpesviruses are masters of immune evasion, 

employing multiple strategies in concert. A hallmark of 

herpesviruses is latency, as discussed – they hide in host 

cells (neurons, B cells, myeloid cells) for long periods 

with minimal protein expression.
[8]

 When herpesviruses 

do reactivate and enter lytic replication, they then deploy 

a plethora of immunomodulatory proteins. For example, 

cytomegalovirus (HCMV), a β-herpesvirus, encodes over 

200 gene products, and more than half are devoted to 

manipulating host immunity.
[19]

 HCMV encodes proteins 

(US2, US3, US6, US11) that interfere with MHC-I 

presentation by various mechanisms – causing 

degradation of MHC heavy chains or retaining them in 

the ER.
[2]

 As a result, HCMV- infected cells have 

greatly reduced surface MHC-I, avoiding CD8⁺ T cell 

recognition. At the same time, HCMV expresses a decoy 

MHC-I (UL18) and a peptide (from UL40) that stabilizes 

HLA-E, which together inhibit NK cell activation (since 

NK cells sense the pseudo-normal MHC signals).
[2]

 

HCMV also secretes a viral IL-10 homolog (cmvIL-10) 

that suppresses Th1 immunity and curbs NK and T cell 

activity.
[2]

 Additionally, CMV encodes chemokine 

receptor homologs and chemokine-binding proteins 

(vCKBP) that modulate leukocyte trafficking to 

infection sites.
[2]

 By attacking the immune system on all 

these fronts, HCMV achieves lifelong persistence; in 

immunocompetent hosts it causes little disease, but in 

immunosuppressed individuals it can reactivate 

uncontrollably. 

 

HSV-1 and HSV-2 (Herpes simplex viruses) exemplify 

evasion during both latency and lytic infection. Latent 

HSV in trigeminal ganglia is essentially invisible to T 

cells, as no viral peptides are produced. During lytic 

replication in epithelial cells, HSV-1 produces 

glycoprotein gC and gE/gI that help it evade antibody 

attack: gC binds complement C3b, inhibiting 

complement cascade, and the gE/gI complex acts as an 

Fc receptor that binds IgG Fc region, preventing 

opsonization and ADCC.
[1],[2]

 HSV also transiently 

downregulates MHC-I on infected cells (via the ICP47 

protein that blocks peptide translocation into the ER), 

hindering CTL recognition.
[1]

 Together, these measures 

allow HSV to spread cell-to-cell and establish latency 

despite active immune responses. Only when the virus is 

latent do CD8⁺ T cells stationed in ganglia help keep it 

in check; if those T cells are removed, HSV can 

reactivate more frequently. 

 

Epstein–Barr virus (EBV), a γ-herpesvirus, primarily 

infects B cells and uses latency programs to its 

advantage. In acute infection (infectious mononucleosis), 

EBV expresses many proteins and elicits strong CD8⁺ T 

cell responses. But in the latent phase in memory B cells, 

EBV switches to expressing almost no proteins (latency 

0 or I) – only a noncoding RNA (EBERs) and maybe 

EBNA1, which as noted has a built-in evasion 

mechanism (GAr repeats to avoid proteasomal 

processing).
[11],[12]

 EBV-infected cells in this state are not 

removed by T cells. If EBV reactivates or if it drives B-

cell proliferation (as in lymphomas), it upregulates 

latency III genes; notably, EBV‘s LMP1 oncoprotein can 

mimic CD40 signaling to activate B cells but also 
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induces immunomodulatory cytokines, and LMP2A 

provides a BCR-like survival signal in the absence of 

external antigen, keeping the infected B cell alive and 

partially differentiating it away from immune detection. 

EBV‘s broad strategy is to lie low (latency) to persist, 

but even when ―visible,‖ to manipulate B cell signaling 

and the surrounding immune environment (e.g. via its 

viral IL-10) to favor its survival.
[2]

 

 

Kaposi’s sarcoma-associated herpesvirus 

(KSHV/HHV-8) also persists latently in B cells (and in 

endothelial cells in lesions), expressing only a few latent 

proteins like LANA, which tethers the viral genome to 

host chromosomes. KSHV encodes K3 and K5 (also 

called MIR1 and MIR2), membrane ubiquitin ligases that 

downregulate MHC-I by enhancing its endocytosis and 

degradation.
[2]

 By removing MHC-I from the surface, 

KSHV-infected cells avoid CTLs. KSHV also encodes 

viral cytokines (e.g. vIL-6) and chemokine analogs that 

modulate the local immune response and promote 

angiogenesis in lesions. These tactics help KSHV 

establish lifelong infection and, in settings of immune 

suppression, contribute to tumorigenesis (Kaposi‘s 

sarcoma, primary effusion lymphoma), illustrating the 

link between immune evasion and pathogenic outcomes. 

 

In sum, herpesviruses combine stealth (latency) with 

active immunomodulation. They interfere with 

antibodies, complement, T cells (both CD8⁺ and 

CD4⁺), NK cells, and cytokine networks.
[3]

 This multi-

layered evasion is why herpesviruses are so ubiquitous 

and successful: once acquired, the virus is never truly 

cleared, but persists in equilibrium with the host‘s 

immune system for life. 

 

Human Immunodeficiency Virus (HIV) 

HIV-1, the causative agent of AIDS, is a prototypical 

example of a virus that evolves within the host to escape 

immunity. HIV‘s high mutation rate (due to error-prone 

reverse transcriptase) and fast replication cycle generate 

enormous genetic diversity. From the moment of 

infection, HIV is mutating – and under selective pressure 

from the host‘s immune responses, it rapidly 

accumulates escape mutations. In acute HIV infection, 

within weeks, viruses with mutations in key cytotoxic T 

lymphocyte epitopes outgrow the wild-type if those 

epitopes are targeted by a strong CTL response.
[5]

 Classic 

studies showed that CTL pressure selects for variant 

viruses that the original CTLs no longer recognize 

(―immune escape variants‖), explaining how HIV can 

persist even as vigorous T cell responses arise. Likewise, 

as soon as neutralizing antibodies are produced (typically 

a few months post-infection), HIV quasispecies with 

mutations in the gp120 envelope glycoprotein that 

abrogate antibody binding will dominate. HIV‘s gp120 is 

heavily glycosylated, and it can tolerate numerous amino 

acid changes in its variable loops – in fact, the virus 

often adds N-linked glycan sites or shifts glycan 

positions to shield underlying epitopes from antibodies. 

The result is a ―moving target‖ where autologous 

neutralizing antibodies constantly chase new viral 

variants. Over the chronic phase, the virus diversifies 

into many lineages within the host, some of which may 

evade the majority of existing antibodies. Only rarely do 

broadly neutralizing antibodies (bnAbs) arise after years, 

and even those typically target relatively conserved 

regions of Env (like the CD4 binding site or MPER), 

which the virus protects with a glycan shield or 

conformational masking. 

 

Beyond antigenic variation, HIV employs other evasion 

strategies: latency and direct immune cell infection. HIV 

establishes a latent reservoir in resting CD4⁺ T cells (and 

possibly macrophages and other cells), as noted earlier. 

These latently infected cells are invisible to the immune 

system because they produce no viral antigens.
[4]

 This 

reservoir serves as a long- term hideout that allows HIV 

to rebound if treatment or immune pressure is relaxed. 

Meanwhile, actively replicating HIV has tactics to 

diminish immune recognition. The HIV accessory 

protein Nef is a multifunctional immune evasion gene. 

Nef in infected cells causes internalization and 

degradation of MHC-I molecules from the cell surface, 

drastically reducing the presentation of HIV peptides to 

CD8⁺ T cells.
[2]

 By downregulating MHC-I (especially 

A and B locus, while sparing HLA-C/E to avoid NK 

activation), Nef shields infected cells from CTL killing. 

Nef also downregulates CD4 (to prevent superinfection 

and to assist in virion release) and modulates various 

signaling pathways that can affect immune activation. 

Another HIV protein, Vpu, counteracts a host restriction 

factor called tetherin (BST-2) that normally would tether 

budding virions to the cell surface. By degrading 

tetherin, Vpu prevents virions from being held as easy 

targets for antibodies on the cell surface. Although 

tetherin is part of intrinsic immunity rather than adaptive, 

this is an example of HIV evading a host defense and 

indirectly affecting antibody efficacy (since free virions 

are harder for antibodies to neutralize once dispersed). 

 

HIV also exhausts and misdirects the immune system 

over time. The chronic antigenic stimulation by HIV can 

induce an exhausted phenotype in HIV-specific CTLs 

(characterized by PD-1 upregulation and reduced 

function), and cause aberrant activation of bystander 

cells leading to their apoptosis. The virus‘s assault on 

helper T cells cripples the coordination of immune 

responses, leading ultimately to collapse of immunity 

(AIDS) if untreated. In late-stage infection, the severely 

weakened immune system is no longer a barrier to any 

viral replication or dissemination. 

 

In summary, HIV evades immunity through a 

combination of hypermutation, latency, and 

immunosuppression. It mutates so quickly that neither 

antibodies nor T cells can reliably keep up; it hides in 

latently infected cells that immunity cannot reach; and it 

destroys or perturbs key immune cells to undermine the 

host defense. This multifaceted evasion strategy is why 

HIV can establish lifelong infection and why developing 
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an effective HIV vaccine is extraordinarily challenging – 

a vaccine must contend with an enemy that is a shape-

shifter and a saboteur of the immune system from within. 

 

Influenza viruses 

Influenza is often cited as the prime example of antigenic 

variation. Influenza viruses (especially influenza A) 

undergo continual antigenic drift in their surface 

glycoproteins hemagglutinin (HA) and neuraminidase 

(NA). As discussed under antigenic variation, this drift is 

driven by point mutations that alter the immunodominant 

epitopes on HA/NA, enabling the virus to reinfect hosts 

who have immunity to previous strains.
[5]

 The 

evolutionary pace of drift is such that every 2–5 years, 

enough mutations accumulate in HA that a person‘s 

antibody memory from prior flu infections or 

vaccinations is no longer fully protective. This is why 

seasonal influenza epidemics recur and why flu vaccine 

strains are updated frequently.
[5]

 From the immune 

evasion perspective, influenza‘s error-prone RNA 

polymerase and rapid transmission create a ―Red Queen‖ 

effect – the virus must keep mutating to infect hosts with 

residual immunity, and it does so quite efficiently. 

Influenza also showcases antigenic shift: when a host 

(like a pig) is co-infected with two different influenza A 

strains, the segmented genome allows reassortment of 

HA and NA segments, potentially generating a novel 

combination (for example, an avian HA segment inserted 

into a human-compatible strain). Such a shift can 

produce a virus to which the human population has no 

pre-existing antibodies, leading to pandemics. The 2009 

H1N1 ―swine flu‖ pandemic strain had gene segments 

from American pig viruses that were sufficiently distinct 

antigenically from human H1N1 strains that younger 

people had little immunity. Thus, influenza evades 

population immunity on a global scale by both 

incremental drift and occasional abrupt shift.
[5]

 

 

Within an infected individual, influenza‘s evasion is less 

about within-host mutation (the infection is acute, and 

the virus often clears before significant new variants 

arise in that host) and more about the virus‘s ability to 

suppress immediate host defenses to maximize 

replication and transmission. Influenza virus encodes the 

NS1 protein, an antagonist of the interferon response. 

NS1 interferes with RIG-I sensing of viral RNA and 

blocks IRF3 and NF-κB signaling, thereby reducing type 

I interferon production by infected cells.
[1]

 By delaying 

the interferon-mediated antiviral state and downstream 

adaptive immune activation, influenza gains a crucial 

window (the first 48 hours of infection) to replicate to 

high titers. Influenza also modulates apoptosis and has 

proteins (like PB1-F2 in some strains) that can modulate 

immune cell functions (e.g. PB1-F2 can induce cell death 

in macrophages). These factors contribute to virulence 

and immune evasion in the early phase. However, it is 

the antigenic variation of HA and NA that chiefly 

enables influenza viruses to evade long-term immunity at 

the population level. 

 

An interesting consequence of influenza‘s antigenic drift 

is the phenomenon of ―original antigenic sin‖ – where 

the immune system, when encountering a drifted strain, 

tends to preferentially recall antibodies to epitopes of 

earlier strains it has seen (which may not neutralize the 

new strain effectively). This imprinting can sometimes 

skew the immune response and allow the virus with new 

epitopes to slip through (since the host focuses on the 

old, less relevant epitopes). Influenza‘s ability to change 

just enough to avoid neutralization, while still using the 

same functional HA to bind host receptors, is a testament 

to fine-tuned immune evasion. 

 

In summary, influenza evades immunity by constant 

antigenic change and by blunting early immune 

responses. It is a moving target for both our immune 

system and our vaccine strategies, requiring perpetual 

updates and monitoring for new variants. 

 

Hepatitis B and Hepatitis C Viruses 

The hepatitis viruses that cause chronic infections have 

evolved distinct evasion strategies to persist in the liver, 

an organ with unique immunological features. 

 

Hepatitis B virus (HBV), a DNA virus (Hepadnaviridae), 

often establishes chronic infection especially when 

acquired perinatally or in early childhood. A key to 

HBV‘s persistence is inducing a state of relative immune 

tolerance. High viral antigen levels, particularly HBsAg, 

in neonatal infection can lead to T cell tolerance. As 

mentioned, HBV produces non- infectious HBsAg 

subviral particles in enormous excess.
[6]

 These decoys 

can bind and neutralize HBV-specific antibodies, 

preventing efficient virion neutralization. Moreover, 

the sheer quantity of HBsAg and HBeAg (a secreted 

antigen derived from the nucleocapsid) in the blood 

seems to exhaust or mislead the immune response. HBV-

specific T cells in chronic infection are often functionally 

impaired or deleted – a result of high antigen load and 

regulatory mechanisms. HBV also limits the activation 

of innate immunity: the virus‘s replication (via an RNA 

pregenome reverse transcribed to DNA) is largely 

cloaked from pattern recognition receptors, and HBV 

does not robustly induce interferon responses in many 

cases. In infected hepatocytes, HBV can integrate into 

the host genome or persist as a stable nuclear cccDNA 

mini- chromosome. Even when immune pressure mounts 

(e.g. during a flare of hepatitis), the virus may not be 

completely eradicated because nuclear cccDNA can 

remain, ready to resume transcription when pressure 

wanes. Mutations in HBV‘s polymerase or surface gene 

can confer escape from antibody therapy or vaccination – 

indeed ―vaccine escape‖ HBV mutants (with altered 

HBsAg epitopes) have been documented, though 

fortunately rare. Overall, HBV‘s evasion is 

characterized by immune decoy production, stealth 

replication, and inducing host immune tolerance. The 

immune response (especially CTLs) is actually the main 

driver of liver damage in hepatitis; HBV itself is not 

cytopathic. By keeping the immune response in check or 
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tolerized, HBV minimizes this damage and maintains a 

long-term niche. 

 

Hepatitis C virus (HCV), an RNA virus, as noted relies 

heavily on antigenic variation. In acute HCV infection, a 

robust CD4⁺ and CD8⁺ T cell response is associated 

with viral clearance, whereas in those who progress to 

chronic infection, the virus often escapes the initial T 

cells by mutating targeted epitopes or the T cells become 

exhausted. HCV‘s variability in its envelope 

glycoproteins (E1 and E2) is a major hurdle for 

neutralizing antibodies. HCV-specific neutralizing 

antibodies do arise and can even neutralize the initially 

circulating virus, but HCV rapidly selects for variants 

with amino acid substitutions in the antibody-binding 

regions (for example, within HVR1 of E2).
[15]

 These 

escape variants outgrow, leading to persistent viremia 

despite high titers of antibodies. HCV also has strategies 

to avoid antibody neutralization by cell-to-cell spread in 

the liver and by cloaking its envelope with host-derived 

lipoproteins, forming lipo-viral particles that can hinder 

antibody access. On the innate side, HCV encodes 

NS3/4A protease which cleaves critical adaptor proteins 

MAVS and TRIF in the interferon signaling pathway, 

thereby blocking RIG-I-like receptor and TLR3 

pathways and dampening IFN production.
[7]

 This potent 

IFN antagonism means HCV can establish infection 

before the host intrinsic defenses kick in. Additionally, 

chronic HCV drives T cell exhaustion (HCV- specific T 

cells upregulate PD-1 and other inhibitory receptors and 

lose function), similar to chronic LCMV in mice or HIV 

in humans. The virus also skews cytokine responses in 

the liver microenvironment to favor its persistence. In 

essence, HCV uses a combination of stealth, decoy, and 

quick-change artist approaches: it hides from interferon 

responses, decoys antibodies with constantly shifting 

epitopes and possibly lipoprotein camouflaging, and 

induces a dampened T cell state, all contributing to its 

ability to persist for decades in some patients.
[15]

 

 

Coronaviruses (SARS-CoV-2 and others) 

Coronaviruses, like SARS-CoV-2 (the cause of COVID-

19), SARS-CoV-1, and MERS-CoV, have taught us 

much about viral immune evasion in acute infections. 

Though coronaviruses typically do not establish lifelong 

persistence (SARS2 can be cleared by most people in 

weeks), they employ numerous evasion tactics to subvert 

the immune system during the course of infection: 

 Innate immune evasion: SARS-CoV-2 encodes 

several proteins that antagonize the interferon 

response. For instance, nsp1 binds to host ribosomes 

and globally shuts off host mRNA translation, 

including IFN mRNAs. NSP3, NSP5, NSP15 and 

other nonstructural proteins interfere with RIG-

I/MDA5 sensing and downstream signaling (some 

degrade RNA sensors or their signaling molecules). 

ORF6 of SARS-CoV-2 blocks nuclear import of 

STAT1/STAT2, preventing interferon-stimulated 

gene expression. The net effect is that SARS-CoV-

2-infected cells produce remarkably low levels of 

type I interferons compared to other viral 

infections.
[15]

 This allows the virus to replicate 

efficiently in the early phase without the host 

mounting a robust antiviral state. MERS- CoV and 

SARS-CoV-1 have similar anti-IFN capabilities 

with their accessory proteins (like MERS ORF4a 

blocking dsRNA sensing). By delaying the innate 

response, coronaviruses gain a foothold and often 

achieve high titers, which can later contribute to 

immunopathology once the immune system catches 

up. 

 

 Modulating Cytokines and Cell Death: SARS-

CoV-2 causes dysregulated production of certain 

cytokines – some proteins (e.g. ORF3b, ORF9b) 

skew NF-κB and inflammasome pathways, which 

might help the virus by causing suboptimal or mis-

timed inflammation. Coronaviruses can also inhibit 

apoptosis of infected cells early on (to maximize 

virion production), then possibly trigger pyroptosis 

or other cell death later to facilitate release and 

spread. The precise immunomodulatory roles of 

each SARS-CoV-2 accessory protein are still 

being elucidated, but collectively, SARS-CoV-2 is 

adept at dampening antiviral signals while not 

completely shutting off immune activation (which 

in late infection can lead to the cytokine storm in 

severe COVID-19). 

 

 Escape from Adaptive Immunity via Variation: 

Although not as mutable as HIV or influenza, 

SARS-CoV-2 showed during COVID-19 that it can 

adapt antigenically under immune pressure. The 

emergence of variants with mutations in the Spike 

protein‘s receptor-binding domain (RBD) and 

N-terminal domain (NTD) allowed the virus to 

evade many neutralizing antibodies from prior 

infection or vaccination.
[7]

 For example, the 

Gamma variant had mutations at L18, K417, 

E484, N501 that reduced neutralization by 

convalescent plasma. The Delta variant‘s mutations 

(like L452R, T478K) also conferred partial immune 

escape. Omicron, with over 30 Spike mutations, 

showed the highest degree of antibody escape, 

rendering many therapeutic monoclonal antibodies 

ineffective and significantly reducing vaccine-

induced neutralization titers. This forced updates to 

vaccines and demonstrated that coronaviruses, 

when faced with global immunity, can evolve to 

some extent like ―drifting‖ viruses. It‘s notable 

that coronaviruses have RNA proofreading (via 

ExoN enzyme), so their mutation rate is lower, but 

selection over millions of transmissions can still 

yield escape mutants. Fortunately, T cell epitopes 

in Spike and other proteins have remained largely 

conserved across variants, and T cell immunity 

(from vaccines or prior infection) has held up in 

protecting against severe disease even when 

antibody protection against infection dropped. 
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 Downregulation of MHC-I: There is evidence that 

SARS-CoV-2 infection leads to a reduction of 

surface MHC-I on cells. The SARS-CoV-2 ORF8 

protein was reported to bind to MHC-I and facilitate 

its intracellular retention or degradation, thus 

impairing antigen presentation to CD8⁺ T 

cells.
[20],[21] 

A study showed that deleting ORF8 in 

SARS-CoV-2 led to higher MHC-I levels on cells 

and greater susceptibility to CTLs, confirming 

ORF8‘s role in immune evasion. Moreover, recent 

variants like Omicron have evolved changes that 

make them even better at suppressing interferon and 

MHC-I responses in cells compared to the original 

strain.
[18]

 For instance, a mutation in the E protein of 

Omicron was found to further inhibit MHC-I 

upregulation.
[18]

 By reducing MHC-I, SARS-CoV-2-

infected cells become less visible to CD8 T cells, 

which could contribute to prolonged viral replication 

especially in individuals with weaker T cell 

responses. This is somewhat analogous to strategies 

seen in large DNA viruses, though achieved with a 

tiny accessory protein in this case. 

 

In summary, coronaviruses like SARS-CoV-2 combine 

robust innate immune suppression with a capacity for 

antigenic change under population pressures. They may 

not establish lifelong latency, but by evading early 

defenses and rapidly adjusting to herd immunity, they 

ensure maximal spread. The rapid evolution of SARS-

CoV-2 during the pandemic was a crash course in viral 

immune escape, underlining the need for pan-

coronavirus vaccine strategies that anticipate variation. 

 

5) Implications for vaccine design 

Viral immune evasion presents significant challenges to 

vaccine development and efficacy. Understanding 

latency and antigenic variation is crucial in guiding 

vaccine strategies: 

 Targeting latent viruses: For viruses that employ 

latency (like EBV, HSV, HIV), traditional 

vaccination that elicits neutralizing antibodies may 

be insufficient, because the virus can lurk beyond 

the reach of antibodies. Instead, vaccine design may 

need to focus on preventing initial infection or 

boosting T cell responses to quickly eliminate cells 

as they emerge from latency. For example, an 

effective EBV vaccine might need to induce strong 

T cell immunity against lytic cycle antigens so that 

any reactivating cell is promptly destroyed before 

the virus spreads. Similarly, therapeutic vaccines for 

HSV are being explored to bolster tissue-resident 

CD8⁺ T cells in ganglia to suppress reactivations 

(since the virus is vulnerable only at the moment of 

reactivation). In HIV, the ―holy grail‖ would be a 

vaccine that generates broadly neutralizing 

antibodies to prevent infection entirely, because 

once HIV establishes latent reservoirs, sterilizing 

immunity is lost. Additionally, for latent viruses that 

cause disease upon reactivation (like VZV causing 

shingles), vaccines can be designed to boost immune 

surveillance in older adults – the shingles subunit 

vaccine (HZ/su) essentially works by enhancing 

VZV- specific T cell responses, keeping the latent 

virus contained. A general principle is that 

vaccines against latent viruses must achieve either 

sterilizing immunity or lifelong immune pressure to 

keep the latent reservoir in check. 

 

 Coping with Antigenic Variation: Vaccines 

against highly variable viruses must contend with 

the virus‘s moving target. One approach is to 

frequently update vaccines (e.g. seasonal influenza 

vaccines) to match prevalent strains, essentially 

playing catch-up with viral drift. This has been 

successful to a degree for influenza, though some 

seasons mismatches occur due to unexpected drift. 

Another approach is to design vaccines that elicit 

immunity to conserved viral epitopes that the virus 

cannot easily alter without losing fitness. This is the 

rationale behind universal influenza vaccine efforts 

– for instance, vaccines that present the conserved 

stem (Stalk) region of HA, which mutates less than 

the globular head, aiming to induce antibodies that 

neutralize a broad range of influenza subtypes. 

Similarly, for HIV, vaccines are exploring mosaic 

antigens (artificial proteins that include fragments 

from multiple strains) to train the immune system to 

recognize diverse variants, and sequential 

immunization strategies to guide the maturation of 

B cell responses toward broadly neutralizing 

antibody targets.
[22],[23],[24]

 The discovery of broadly 

neutralizing antibodies against HIV and their 

conserved epitopes (like the CD4 binding site on 

gp120, or the MPER on gp41) has provided 

templates for immunogen design.
[22],[25],[26]

 While 

eliciting such bnAbs by vaccination is extremely 

challenging, these approaches hold promise for 

outpacing the virus‘s variation by focusing on parts 

of the virus that are genetically constrained. 

 

 Breadth vs. specificity: Vaccines for antigenically 

variable viruses often need to sacrifice some 

specificity for breadth. For instance, the ideal 

influenza vaccine might induce memory B and T 

cells that cover not just one strain but many possible 

drift variants. Similarly, a COVID-19 vaccine 

strategy now considers including antigens from 

multiple variants or more conserved antigens (like 

the S2 subunit of Spike, or even other proteins) to 

provide broader immunity that is less affected by 

new mutations. Polyvalent vaccines and cocktail 

antibodies are a direct application: by combining 

multiple immunogens or antibodies targeting 

different sites, the chance that a single viral mutation 

can escape all of them is reduced. This principle 

is used in HIV antiretroviral therapy (three-drug 

combos prevent the virus from escaping via a single 

mutation) and is being explored for prophylactic 

antibodies (a combination of broadly neutralizing 

mAbs targeting distinct epitopes might be far more 
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resistance-proof than a single mAb). 

 

 Overcoming latent reservoirs: In contexts like 

HIV, even an effective vaccine may not eliminate 

established latent reservoirs. Therefore, for vaccines 

as part of a cure strategy, novel ideas are needed. 

―Shock and kill‖ approaches (using latency-

reversing agents to flush out latent virus so immune 

responses or drugs can clear them) could potentially 

be coupled with therapeutic vaccination: the vaccine 

boosts CTL responses, and latency-reversing drugs 

induce viral antigen expression in reservoir cells, 

making them visible to the primed CTLs.
[4]

 Though 

still experimental, this combination could help 

reduce or eliminate reservoirs. Another idea is 

―block and lock‖ – a vaccine or immunotherapy that 

drives infected cells into deeper latency 

(permanently silencing HIV transcription) so even if 

the virus isn‘t eradicated, it‘s functionally inert. 

Immunologically, one could imagine leveraging 

cytokines or immune checkpoints to enforce latency. 

 

 Vaccine-Induced Immunopathology: Designers 

must be cautious that in countering evasion, 

vaccines do not trigger harmful effects. For instance, 

Dengue‘s complexity with four serotypes means a 

vaccine must avoid priming an immune response 

that could enhance a different serotype infection (as 

partial immunity can cause severe dengue). This 

relates to viruses with multiple serotypes or strains 

where incomplete coverage can sometimes worsen 

disease (ADE). Thus, achieving broad neutralization 

is key not just for efficacy but for safety in some 

cases. 

 

 Role of T cells: While antibodies are central to 

many vaccines, for viruses that frequently change 

their surface proteins, T cell immunity provides a 

second line of defense. T cell epitopes are often 

more conserved than B cell epitopes (because many 

internal viral proteins, like polymerases or capsid 

proteins, cannot tolerate as much change). A vaccine 

that elicits strong CD8⁺ and CD4⁺ T cell 

responses to conserved internal proteins might not 

prevent infection, but can mitigate disease severity 

and help clear infection faster. This is an area of 

interest for a universal influenza vaccine (targeting 

NP and M1proteins for T cell responses) and for 

COVID-19 second-generation vaccines that include 

conserved antigens (like nucleocapsid or replicase 

proteins) to induce cross-reactive T cells across 

variants. T cell-focused vaccines might also be 

crucial for chronic infections like HCV, where 

antibody evasion is rampant – a robust T cell 

response can target infected hepatocytes across 

different HCV quasispecies if focused on conserved 

parts of the virus. 

 

In essence, vaccine design in the context of viral evasion 

must be forward-looking – anticipating the ways the 

virus might escape. This includes selecting antigens that 

are less prone to variation, using vaccine platforms that 

can be rapidly updated (like mRNA vaccines, which 

proved invaluable for COVID-19 variant boosters), and 

sometimes accepting that periodic boosters will be 

needed to maintain immunity if the virus can re-emerge 

from latency or evolve. Understanding mechanisms like 

latency also tells us that timing matters: for example, 

vaccinating before exposure (prophylactic) is far more 

effective than trying to vaccinate during chronic 

infection (therapeutic) when the virus has already 

established evasion strongholds. Thus, for viruses like 

HIV and HCV, the focus is on prophylactic vaccines to 

prevent that initial foothold. For ubiquitous viruses like 

EBV or CMV, vaccines given in childhood could prevent 

establishment of latency or at least reduce viral load set-

points, which in turn reduces disease risk. 

 

6) Therapeutic approaches to counter immune 

evasion 

In addition to vaccines, therapeutic strategies are being 

developed to overcome viral immune evasion. A multi-

pronged understanding of evasion can reveal 

vulnerabilities to exploit: 

 Antiviral Drugs and Combination Therapy: One 

straightforward way to deal with viral variants is to 

use drugs that the virus cannot easily evade without 

crippling itself. For example, combination 

antiretroviral therapy (cART) for HIV uses multiple 

drugs targeting different viral enzymes (reverse 

transcriptase, protease, integrase, etc.). The chance 

of HIV developing simultaneous resistance to all 

drugs is astronomically low, so the virus is 

suppressed despite its high mutation rate. This 

principle has effectively turned HIV into a chronic 

manageable condition. Similarly, direct-acting 

antivirals (DAAs) for HCV (protease, NS5A, and 

polymerase inhibitors used in combination) achieve 

cure rates >95%, because any single mutation that 

confers resistance to one drug will not protect 

against the others, and the virus cannot easily 

accumulate multiple mutations without losing 

fitness. These successes are essentially 

pharmacological ways to beat viral variation by not 

giving the virus any leeway – a lesson that can 

inform immunotherapies as well (e.g., using 

antibody cocktails for therapy). In the case of 

SARS-CoV-2, monoclonal antibody therapies 

initially had combinations (like casirivimab + 

imdevimab) to reduce the risk of escape, but 

Omicron‘s many mutations unfortunately evaded 

most of those antibodies altogether, showing that 

even cocktails need to target very conserved regions 

or be adaptable. 

 

 Broadly Neutralizing Antibodies (bnAbs) and 

Passive Immunotherapy: The identification of 

bnAbs against HIV, influenza, and other viruses 

opens possibilities for therapy. Passive transfer of 

bnAbs can both treat and prevent infections. For 
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instance, certain bnAbs in HIV-infected individuals 

have been shown to reduce viremia, and there are 

clinical trials infusing combinations of bnAbs 

as a strategy to maintain HIV suppression 

without drugs. For influenza, experimental therapies 

use broadly neutralizing antibodies targeting the HA 

stem to treat severe cases or to protect 

immunocompromised patients as an adjunct to 

vaccines. The advantage of bnAbs is that they 

recognize conserved viral structures, so the virus is 

less likely to escape. However, viruses can still 

sometimes mutate even conserved sites under 

pressure (HIV, for example, can acquire glycan 

shifts to escape some bnAbs). Thus, using antibody 

combinations targeting different conserved epitopes 

is considered – analogous to combination drugs. 

Passive immunotherapy is also being explored for 

EBV in transplant patients (using T cells more often 

than antibodies) and has long been used for rabies 

and HBV post-exposure prophylaxis (HBIG for 

HBV, which provides immediate neutralizing 

antibodies to curtail infection). 

 

 Immune checkpoint blockade in chronic 

infections: T cell exhaustion is a form of immune 

evasion exploited by chronic viruses (HIV, HCV, 

HBV). The success of PD-1 checkpoint inhibitors in 

cancer has prompted trials in chronic infections to 

reinvigorate exhausted T cells. In a proof-of-

concept, PD-1 blockade in chronically SIV-infected 

monkeys led to transiently improved virus control as 

T cells regained function. In humans, small studies 

of PD-1/PD-L1 inhibitors in chronic HBV or HIV 

are underway. The risk is activation of T cells could 

also cause tissue damage (e.g. hepatitis flares in 

HBV), but if managed, it could help clear infected 

cells that were previously ignored. Immune 

checkpoint therapy combined with therapeutic 

vaccines or latency-reversing agents might synergize 

– e.g., ―shock and kill‖ for HIV might benefit from 

checkpoint blockade to ensure the CTLs can 

perform the kill after the shock. This approach 

essentially tries to undo the immune evasion state 

(exhaustion) that the virus established. 

 

 Latency-Reversing and Latency-Silencing 

Agents: For latent viruses like HIV and HSV, new 

classes of drugs are being investigated. Histone 

deacetylase (HDAC) inhibitors, PKC agonists, and 

other molecules can ―wake up‖ latent HIV in 

reservoirs (latency-reversing agents, LRAs). The 

idea is to force the virus to reveal itself (express 

antigens) so that either the immune system or 

cytopathic effects of the virus or concurrent therapy 

can eliminate that cell – the ―shock and kill‖ 

strategy.
[4]

 While LRAs have succeeded in inducing 

HIV RNA production in latent cells, clearing those 

cells has been a challenge – hence the interest in 

bolstering immune clearance (vaccines, engagers, 

etc.). On the other side, some are looking at latency-

promoting agents (block and lock) which would 

drive the provirus into deeper latency so it cannot 

reactivate, converting the infection into a functional 

cure without eradication. For herpesviruses, latency 

reversal is tricky (as they reside in immune-

privileged neurons), but continuous antiviral 

prophylaxis (e.g. daily acyclovir for HSV) can 

prevent reactivations and thus reduce pathology and 

transmission – in effect containing the latent virus‘s 

impact. 

 

 Adoptive cell therapies: In immunocompromised 

patients, viruses like EBV, CMV, BK virus, etc., 

can cause life-threatening disease. An emerging 

therapy is to infuse donor-derived virus-specific T 

cells (isolated or expanded in vitro) to reconstitute 

immunity. For instance, EBV-specific CTL therapy 

is used to treat EBV-driven post- transplant 

lymphoproliferative disorder, with high success 

rates, as these T cells target EBV-infected B cells 

that the patient‘s immune system fails to control. 

Similarly, CMV- specific T cells can be given to 

transplant patients with refractory CMV viremia. 

These therapies demonstrate the principle that 

supplementing the immune system can overcome the 

virus‘s evasion (which in these cases is aided by the 

patient‘s immunosuppression). In the future, 

genetically engineered T cells (CAR T cells or TCR-

modified T cells) might be used against viral 

infections or virus-associated cancers (e.g. HPV-

associated tumors or HBV-associated liver cancer 

by targeting viral antigens). 

 

 Targeting viral immune evasins: As we learn the 

specific molecular mechanisms viruses use to evade 

immunity, a tantalizing idea is to drug the evasion 

factors themselves. For example, if a small molecule 

could inhibit HIV Nef‘s interaction with the cellular 

trafficking machinery, infected cells might keep 

MHC-I on their surface and become susceptible to 

CTLs. If we had an inhibitor of EBV‘s EBNA1 

function (its replication function or its GAr-

mediated protection), we might force EBV-infected 

cells to present antigens and be cleared. In CMV, 

blocking the function of UL37 or other apoptosis 

inhibitors could make infected cells die faster 

(limiting spread). These are niche strategies and 

challenging because viral proteins often lack easy 

druggable pockets or such drugs might have off-

target effects. However, it‘s conceivable for 

something like ORF8 of SARS-CoV-2: if severe 

COVID cases are partly because ORF8 dampens 

MHC-I and T cell responses, an ORF8 inhibitor 

could tilt the battle in favor of the immune system. 

Another angle is targeting host factors that viruses 

co-opt for evasion – for instance, blocking the IL-10 

receptor in EBV-related cancers to counteract vIL-

10 immune suppression, or using CCR5 antagonists 

in HIV not just to block entry but perhaps to alter 

immune cell trafficking. 
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 Preventing transmission: Some evasion strategies 

primarily help the virus spread (e.g. antigenic drift 

allows reinfection of previously immune hosts). 

Public health measures and antivirals can indirectly 

counter evasion by reducing opportunities for the 

virus to adapt. For example, aggressive vaccination 

and reduction in community transmission of a virus 

limit the size of the ―playing field‖ for variants to 

emerge. This isn‘t a direct therapy against evasion 

but is a strategy to prevent the virus from rolling the 

genetic dice as much. The near-elimination of polio 

and measles in many regions through vaccination 

has left those viruses little room to maneuver (even 

though measles, for instance, doesn‘t evade by 

variation, it shows that complete coverage can 

compensate for any evasion by sheer removal of 

susceptible hosts). 

 

In a broad view, therapeutic approaches are increasingly 

aiming not only to attack the virus directly, but also to 

reverse the virus‘s subversion of the immune system. 

The combination of antiviral drugs to cut down viral 

load, immunotherapies to empower immune cells, and 

vaccines to prime immune memory represents a 

coordinated assault on viral evasion. As we decode more 

viral strategies, we expect more clever countermeasures. 

For instance, if a virus uses a decoy cytokine, perhaps a 

mutated ligand or receptor could be used as a ―trap‖ to 

bind and neutralize the decoy. If a virus hides in 

reservoirs, perhaps nanomedicines can deliver antivirals 

or gene editors specifically to those reservoir cells (e.g. 

CRISPR-based excision of latent viral genomes is being 

researched for HIV and HBV). The interplay between 

virologists and immunologists in this field is driving 

innovative therapies that essentially turn the tables on 

viral evasion – using the immune system as a tool rather 

than the target. 

 

7) CONCLUSION 

Viruses have evolved an astonishing array of immune 

evasion strategies, from the subtle art of latency to the 

high-speed game of antigenic variation. These 

mechanisms reflect the intense selective pressure 

exerted by host immune responses and are a testimony to 

the ingenuity of viral evolution. Latency allows viruses 

like herpesviruses and HIV to become lifelong 

passengers in the host by remaining under the radar of 

immune surveillance, reactivating only when conditions 

favor transmission or when immune control wanes. 

Antigenic variation enables viruses such as HIV, 

influenza, and HCV to stay one step ahead of adaptive 

immunity, altering their appearance so that antibodies 

and T cells must continuously play catch-up. Other 

evasion tactics – interfering with antigen presentation, 

disabling cytokine signals, infecting immune cells, and 

more – complement these primary strategies, making 

many pathogenic viruses formidable adversaries for the 

immune system. 

 

From an immunological standpoint, studying viral 

evasion has illuminated many fundamental aspects of our 

immune defenses. Viral ―cheats‖ have often revealed 

what the most crucial immune mechanisms are – for 

instance, the fact that so many viruses target MHC class I 

antigen presentation underscores the importance of CTL 

responses in viral control.
[1]

 Likewise, the prevalence of 

cytokine decoys and interferon inhibitors in viruses 

highlights how pivotal the interferon system is in initial 

defense. In a sense, viruses have been some of our best 

teachers of immunology, as their evasion proteins are 

like probes mapping the weak points or non-redundant 

nodes of the immune network. 

 

For clinicians and public health, viral immune evasion 

means we must remain vigilant and innovative. Vaccines 

for relatively invariant viruses (like measles or hepatitis 

B) can induce sterilizing immunity that lasts decades, but 

for highly variable viruses or latent viruses, next- 

generation vaccines must either broaden the immune 

response or maintain long-term T cell surveillance. The 

ongoing evolution of SARS-CoV-2 variants has 

exemplified the need for flexible vaccine platforms and 

global monitoring. It also reinforces a hopeful point: 

even as the virus evolved, prior immunity still conferred 

significant protection against severe disease, thanks to 

conserved T cell epitopes and cross-reactive antibody 

responses – the immune system is not entirely 

outmaneuvered. This layered immunity (innate, adaptive, 

humoral, cellular) means that even if one arm is evaded, 

others often compensate to some degree. 

 

Looking forward, as we design therapies and vaccines, 

we are effectively engaging in rational counter-evasion. 

The field of immunology is leveraging structural 

biology, bioinformatics, and systems biology to predict 

viral escape routes and block them preemptively. For 

instance, broadly neutralizing antibody research for HIV 

and flu provides templates for vaccine antigens that 

could elicit similar breadth. T cell vaccine designs are 

including multiple conserved peptides to prevent easy 

escape. On the therapeutic front, combining antiviral 

modalities (drugs + antibodies + immune modulators) 

might corner the virus such that escape by one route 

exposes it to attack by another. An example is the 

concept of using a vaccine to reduce viral diversity and 

load, and then a broadly neutralizing antibody to mop up 

residual virus – a multi-layered trap. 

 

Viruses will undoubtedly continue to evolve – as long as 

there are hosts, there will be new variants or new 

strategies. However, our expanding knowledge of viral 

immune evasion arms us with countermeasures. Notably, 

the COVID-19 pandemic showcased unprecedented 

scientific speed: within a year, multiple vaccines were 

developed that, while not completely stopping infection, 

blunted the virus‘s most dangerous outcomes despite its 

evasive maneuvers. This rapid response was possible 

due to decades of research into viral evasion (e.g. 

understanding coronaviruses‘ spike protein and variation 

patterns). It is a potent reminder that investment in basic 
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science of host-pathogen interactions pays dividends 

when facing emerging threats. 

 

In conclusion, the interplay between viral immune 

evasion and host defense is a dynamic equilibrium – a 

molecular chess match with high stakes. By focusing on 

latency and antigenic variation in this review, we see two 

ends of an evasion spectrum: one characterized by 

silence and stealth, the other by change and diversion. 

Successful viruses often use elements of both. 

Combating these viruses requires equally sophisticated 

strategies: persistence in immune monitoring and 

adaptability in immune targeting. As our toolkit grows – 

from next-gen vaccines to immunotherapies and 

antivirals – the hope is to tilt the balance in favor of the 

host, cornering viruses into evolutionary dead-ends or 

rendering their escape tactics ineffectual. Ongoing 

research and surveillance are essential, for the story of 

immune evasion is continually being written. By staying 

a step ahead in understanding this story, we improve our 

chances of preventing and controlling viral infections, 

even as viruses continue to rewrite the rules of 

engagement. 
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