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Abstract The mammalian host immune system has wide

array of defence mechanisms against viral infections.

Depending on host immunity and the extent of viral persis-

tence, either the host immune cells might clear/restrict the

viral load and disease progression or the virus might evade

host immunity by down regulating host immune effector

response(s). Viral antigen processing and presentation in the

host cells through major histocompatibility complex (MHC)

elicit subsequent anti-viral effector T cell response(s). How-

ever, modulation of such response(s) might generate one of

the important viral immune evasion strategies. Viral peptides

are mostly generated by proteolytic cleavage in the cytosol of

the infected host cells. CD8? T lymphocytes play critical role

in the detection of viral infection by recognizing these pep-

tidesdisplayedat theplasmamembranebyMHC-Imolecules.

The present review summarises the current knowledge on the

regulation of mammalian host innate and adaptive immune

components, which are operative in defence mechanisms

against viral infections and the variety of strategies that

viruses have evolved to escape host cell immunity. The

understandingofviral immuneevasionstrategies is important

for designing anti-viral immunotherapies.
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Introduction

Viruses are known to use host cell machinery to replicate

by modulating different cellular functions. Although, the

mammalian host immune system is triggered to combat

viral infections, virus can still persist in the host cell due

to its immune evasion mechanisms [87]. Host immunity

can be downregulated with increasing viral load and sub-

sequently the diminished immunity may allow the virus

to sustain, attach itself to the adjacent healthier cells, rep-

licate, proliferate and ultimately override the host cell

immunity. On the other hand, after encountering the

pathogen, the immune cells get activated and then prolif-

erate to eliminate the pathogen or altered self cells to

prevent bystander injury and maintain tissue homeostasis.

There are several mechanisms, like, apoptosis, necrosis,

autophagy, phagocytosis, generation of immune-regulatory

cells, activation induced cell death (AICD) which are found

to control the activation and maintain cellular homeostasis

[6, 40, 41, 46].

The battle between viruses and host cell immunity is an

evolutionary process, where successful immune evasion by

viruses reduces host protective immune response. One of

the major targets of immune evasion of pathogenic virus is

regulation of the processing and presentation pathway of

major histocompatibilty complex class I (MHC-I) [60, 62].

Moreover, there are several other important cellular com-

ponents of host cell immunity which are also known to be

regulated during viral infections [70, 103, 133]. However, a

concise updates about the modulation of mammalian innate

and adaptive immunity during viral infection is warranted.

The present review focuses on the role of host innate and
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adaptive immune components involved in defence mech-

anisms against viral infections and various approaches that

viruses have acquired to evade mammalian host cell

immunity. The updated information of virus mediated

altered cellular immune responses will help to understand

those processes and design future strategies of anti-viral

immunotherapies.

An Overview of Antigen Processing and Presentation

MHC is a set of cell surface molecules that are responsible

for immune recognition and ‘‘antigen presentation’’. Two

distinct types of MHC molecules, viz., MHC class I (MHC-

I) and MHC class II (MHC-II) present peptides at the cell

surface to CD8? and CD4? T cells, respectively. The

origins of these peptides are different. MHC-I molecules

are expressed ubiquitously on all nucleated cells and

present protein fragments of cytosolic and nuclear origin at

the cell surface for further immune regulation. On the other

hand, MHC-II molecules are primarily expressed by pro-

fessional antigen presenting cells (APCs), such as, den-

dritic cells (DCs), macrophages and B cells and present

exogenous peptides on the surface. In the following sections,

we have discussed how pathogens have evolved various

strategies to manipulate the MHC-I and II pathways

[102].

Intracellular viral antigen processing through MHC-I

involves sequential steps to present peptides at the antigen

presenting cell surface. At first, the proteolysis of viral

antigen by the proteasome takes place in the cytosol of host

APCs and the resulting peptides are translocated from

cytosol to the lumen of the endoplasmic reticulum (ER) by

TAP (transporter associated with antigen processing). TAP

is a heterodimeric multimembrane-spanning ATP-binding

cassette transporter (ABC transporter), consisting of TAP1

and TAP2 with two peptide binding sites and an ATP

binding site. The peptide-loading complex of ER forms a

multimeric complex consists of TAP, b2 microglobulin,

calreticulin, ERp57, tapasin and MHC class I. Upon

binding to the peptides on cytoplasmic site, TAP translo-

cates them into the lumen of the ER through the secretory

pathway. Ultimately, the peptide loaded MHC-I complex is

transported from the ER through Golgi to reach the cell

surface, where they are recognised as epitopes by cytolytic

T cells (CD8? T cells/CTLs) through their respective T cell

receptors (TCR) to generate effector T cell response [31,

53, 118, 144, 146]. However, several virus-mediated

immune evasion mechanisms are found to downregulate

anti-viral immunity leading to defective antigen processing

and presentation (Fig. 1).

Proteins from exogenous sources can also be processed for

peptide presentation by MHC-I molecules and ‘‘cross-priming’’

to CD8? T cells [14]. Similarly, the ‘cross-presentation’ is

considered as a presentation process of exogenous peptides by

MHC-I complex, without being synthesized by translational

machinery of the respective APCs [4, 15, 129, 150]. Numerous

examples have been shown to illustrate the essential role of

CD8? T cells in protective immunity against intracellular

pathogens. Moreover, the peptide-loaded MHC-I molecules

(pMHC-I) serve as ligands for CD8? T cells [15]. These CD8?

T cells can recognize a large number of pMHC-I derived

peptides of different viral proteins [79, 101]. However, viruses

have evolved multiple strategies to overcome the host defense

mechanism for their own survival. The following sections focus

on how different pathways have been targeted by different

viruses to disrupt the host immunity.

Altered MHC Response During Viral Infection

The highly sensitive recognition system of MHCs for

antigenic peptides is one of the prime targets for immune

evasion strategies of many viruses. Complex membrane

trafficking events in the regulation of antigen processing

and presentation of both endogenous and exogenous anti-

gens may also be exploited by viruses to escape host

immune response.

It has been reported that various autophagy processes

can be involved in the presentation of endogenous viral

antigens on MHC class I molecules during Herpes simplex

virus-1 (HSV-1) infection. In autophagosome viral proteins

undergo further processing by the proteasome for MHC

presentation [37, 38]. It has been shown that altered HSV-1

gene transfer to neuronal cells leads to the induction of

MHC-I and MHC-II, which drives inflammatory effects

characterized by the recruitment of activated T cells and

macrophages [143]. In SJL/J mice it has been demonstrated

that Theiler’s murine encephalomyelitis virus (TMEV)

infection promotes high expression level of MHC-I/II,

inflammatory cytokines and chemokines along with pro-

liferating cell nuclear antigen (PCNA) in the microglia

[33]. However, in mouse model of Lassa virus (LASV)

infection, a major role of MHC-I restricted T cell response

has been demonstrated in the regulation of viral patho-

genesis [47].

In contrast, downregulation of MHC-I has been reported

during human immunodeficiency virus 1 (HIV-1) infection.

Moreover, MHC-II expression in HIV-1 infection has been

studied in primary monocytes and monocytic cell lines,

which reveals that downregulation of MHC-II expression

contributes to pathogenesis by allowing virus to replicate

faster. At the same time, upregulation of MHC-II may also

enhance infectivity mediated by high density of MHC-II on

macrophages and increased number of virions in a dynamic

immunoregulatory response [72]. HIV-1 infection has also

2 B. M. Pratheek et al.

123



been found to upregulate MHC-II expression in T and B cell

lines, macrophages and peripheral blood mononuclear cells

(PBMC) without significantly altering CD80/86 expression

[42]. Moreover, increased expression of both MHC-I and II

antigens has been observed in Maedi-visna virus (MVV)

infected pulmonary alveolar macrophages, whereas sheep

choroid plexus cells only demonstrated the upregulation

of MHC-I [99]. These results suggest that upregulation of

the expression of MHC molecules depend on specific viral

infection, probably due to differential response of APCs

towards host immunity. However, due to lack of activation

of accessory co-stimulation of the infected cells, viruses

may override host protective immunity.

DCs are important for MHC-I processing and presen-

tation of peptide epitopes to memory CD8? T cells and it

can potentially be targeted to activate memory CD8? T

cells to a broad array of HIV-1 epitopes for anti-retroviral

therapy. Gag and Nef epitopes of HIV-1 are found to prime

DCs to induce an MHC-I restricted T cell response. Such

HIV-1 epitope-primed DCs are found to promote poly-

clonal effector T cell response with cytokine and chemo-

kine production (such as, IFN-c, IL-2, TNF-a, MIP-1b)

and expression of cytotoxic de-granulation molecule

(CD107a) [67]. It suggests the potential implication of DC-

based immunotherapy for HIV-1 infection. However, in the

Foot-and-mouth disease virus (FMDV) infection, MHC-I

molecules become unable to present viral peptides to T

lymphocytes [123] suggesting a possible mechanism of

virus evasion from host cell cytotoxic immune response.

Additionally, it has been shown that three isolates

of Rinderpest virus (RPV) with different in vivo virulency

are able to infect and productively replicate in bovine

monocytic cells. They all produce infectious progenies by

downregulating MHC-II expression without changing any

Fig. 1 Immune regulation through inhibition of MHC class I

associated antigen presentation pathway during viral infection. An

outline of virus mediated inhibition of various stages of MHC class-I

antigen presentation pathways for recognition of CD8? T cell has

been described in this figure along with few examples of viruses that

inhibit the specific step to escape immune evasion strategies. 1 The

degradation of viral proteins by proteasome to generate small

peptides. Epstein Barr virus (EBV), Kaposi’s sarcoma associated

virus (KSHV) and Murine gamma herpes virus (MHV) escape the

proteasomal degradation of viral proteins into antigenic peptides with

the help of different viral proteins [27, 38, 77, 147]. 2 Translocation

of proteasome generated peptides into the ER to bind TAP. Different

proteins of Varicellovirus, Kaposi’s sarcoma associated virus

(KSHV), Herpes Simplex virus (HSV), Cow Pox Virus (CPX) and

Human Cytomegalovirus (HCMV) act as inhibitors of TAP, block the

peptide and ATP binding and thereby inhibit TAP-mediated peptide

transport [58, 90, 132]. 3 Formation of mature MHC class I molecule

from nascent MHC class I molecule by addition of TAP, b2

microglobulin, calreticulin, ERp57 and tapasin in ER. Rhesus CMV

(RhCMV)/HCMV interferes with the function of tapasin. HCMV,

alpha and gamma herpes viruses restrict MHC-I molecule in ER.

Adenovirus also retains MHC-I molecules in ER [36, 45, 65, 106].

The complex assembly of the mature MHC complex has been

simplified and depicted with a small circle, filled in black. 4
Translocation of peptide loaded mature MHC class I to Golgi. For

example, Murine cytomegalovirus (MCMV) and CPX inhibit the

transport of mature MHC-I molecules out of the ER membrane. HIV-

1 protein, Nef diverts MHC-I trafficking from the trans-Golgi network

to the lysosomal compartment [109, 145]. Varicella zoster virus

(VZV) retains mature MHC-I complexes in the cis/medial Golgi of

the trans-Golgi network that regulates the vesicular trafficking of

these molecules [36]. 5a Transport of peptide loaded mature MHC

from Golgi to cell surface for antigen presentation to CD8? T cell.

For example MCMV gp48 and CPX can restrict MHC-I transport

from Golgi and redirect it to lysosome [19, 113]. 5b Degradation of

peptide through lysosomal and/or autophagy pathway [24]. EBV and

KSHV enhance the endocytosis and lysosomal degradation of mature

MHC-I molecule of the cell surface [95, 151]
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apparent effect on MHC-I response. It has been suggested

that the downregulation of MHC-II expression may offer a

way by which the virus can evade immune recognition

[114]. In Semliki forest virus (SFV) infection, which

induces multiple sclerosis (MS) and in mouse model

of experimental allergic encephalomyelitis (EAE), the

expression of MHC-I and II have been found to be upreg-

ulated in microglia, adjacent macrophages and in mono-

nuclear cell infiltrates in the central nervous system (CNS)

[100]. Varicelloviruses, the largest subgroup of alpha her-

pes viruses, express two viral proteins, UL49.5 and US3,

that are reported to diminish MHC-I cell surface expression.

Pseudorabies virus (PRV)-induced downregulation of cell

surface MHC-I has been found to be cell-type-dependent,

with variable roles of US3 and UL49.5 [32]. Enterovirus

infection of the pancreas induces the co-expression of

IFN-c and CXCL10 (CXC chemokine ligand 10) in beta-

cells along with MHC-II expression. Hyperexpression of

MHC-I in some islet cells of the pancreas and subsequent

activation followed by attraction of autoreactive T cells and

macrophages to the islets have also been reported [137].

Hence, it appears that in case of viral induced autoimmune

disorders, MHC response and effector T cell function may be

elevated as compared to immunosuppressive viral infection.

Porcine circovirus (PCV) infection in alveolar macro-

phages leads to a transient increase in MHC-I expression

initially that is followed by a decrease in MHC-II expres-

sion in the late stage of this infection [94].

Arbovirus infection can cause encephalitis of the host

neurons and it may cause death or dysfunction of neurons.

It has been suggested that unlike neurons, microglia and

perivascular macrophages, probably present the viral anti-

gens through MHCs to activated T cells, which migrate to

the brain from lymphoid organs [56].

It has been reported that Ebola virus-like particles

(eVLPs) are immunogenic, in vitro, as they activate mouse

bone marrow-derived dendritic cells leading to the upreg-

ulation of MHC-I/II and elevated production of IL-6,

IL-10, MIP-1a, and TNF-a [140].

Dengue virus infection activates B and NK cells and

also enhances the expression of MHC-I molecules on

macrophages and dendritic cells in mice [134].

It is evident that most viruses target the MHC and its

allied molecules to escape the host immunity for persis-

tence. However, many other viruses disrupt the antigen

processing and presentation pathway as an effective strat-

egy to combat the host defence.

Regulation of Proteasomal Response

The proteasome is a multicatalytic protease complex which

can generate peptides by proteolysis of viral proteins for

MHC-I presentation. Viruses like HSV-1 and HIV target

the immunoproteasome to regulate the MHC-I associated

viral antigen processing and presentation. It has been

suggested that HSV-1 evades host immunity by down-

regulating IFN-c-inducible low-molecular-mass polypep-

tide 7 (LMP7, an immunoproteasomal subunit of the host

cells) in mature DCs [35]. HIV protein Tat (transcriptional

activation) has been found to destabilize the balance of the

three immunoproteasomal subunits: LMP2, LMP7 and

MECL1 (multicatalytic endopeptidase complex-like 1) [7].

Moreover, both human and mouse cytomegaloviruses

(HCMV and MCMV) have been suggested to evade pep-

tide presentation by MHC-I to CD8? T cells by blocking

of immunoproteasome formation. Accordingly, it can be

implied that the blockade of immunoproteasome assembly

formation may regulate the CD8? T cells repertoire during

the effector phase of the immune response [75].

Epstein-Barr virus (EBV) nuclear antigen-1 (EBNA1)

and latency-associated nuclear antigen 1 (LANA1) of

Kaposi’s sarcoma-associated herpes virus (KSHV) express

during viral latency. Both the proteins of these gamma

herpes viruses are known to downregulate MHC-I function

and thereby inhibit anti-viral CTL response. EBNA1 con-

tains an internal repeat composed of glycines and alanines

that inhibits the presentation of MHC-I restricted T cell

epitopes and interferes ubiquitin/proteasome-dependent

proteolysis [29]. It has been reported that LANA1 func-

tionally mimics EBNA1 to evade host immunity through

central repeat domain inhibiting protein processing for

MHC-I response. Moreover, it has been proposed that

deletion of these inhibitory regions of the viruses may

promise for effective vaccine to upregulate MHC-I

response and anti-viral CTL responses [81]. Accordingly, a

detailed study is required to understand the role of pro-

teasome in viral protein mediated host immune regulation

and it will shed light on the effective strategies of viruses,

which are operative for the immune evasion mechanism.

Regulation of TAP and Tapasin

As mentioned earlier TAP, an important component of

peptide loading complex, involves in delivering cytosolic

peptides to MHC-I molecules in ER. It has been suggested

that TAP can be one of the major targets of viral proteins,

which may lead to downregulate MHC-I dependent antigen

presentation [93, 126].

Recently the inhibition of TAP function by varicello-

virus has been reported. Precisely, the domains of UL49.5

of varicellovirus have been shown to block the transloca-

tion of peptides by TAP and target TAP for proteasomal

degradation [138].

Clinical studies with nasopharyngeal carcinoma (NPC)

lesions during EBV infection suggest that LMP2, TAP1,

tapasin and HLA class I antigens are downregulated [105].
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Unique short region glycoprotein (US3) of HCMV has

been found to downregulate the surface expression of

MHC-I molecules by inhibiting tapasin and also by ER

retention [133].

Gamma-herpes viruses are able to regulate MHC-I

expression by the viral mK3 protein mediated degradation

of nascent class I molecules. The mK3 protein has been

found to interact with TAP/tapasin and regulate the ubiq-

uitination of TAP/tapasin-associated MHC-I response [90].

Integral membrane proteins in the early transcription

unit 3 (E3) of Adenoviruses have been suggested to alter

the host immune system by regulating the MHC-associated

intracellular trafficking pathways. It has been suggested

that E3 downregulates surface expression of MHC-I anti-

gens and inhibits cellular cytolysis. E3-19K prevents the

expression of newly synthesized MHC molecules. It binds

to TAP and acts as a tapasin inhibitor, preventing MHC-I/

TAP association which leads to inhibition of ER export.

E3/10.4–14.5K, another E3 protein, is known to down-

regulate infected host cell apoptosis receptors by redirect-

ing them into lysosomes [142].

In summary, interaction between TAP, tapasin and

viral proteins represent an important step towards MHC-I

associated viral immune escape strategies.

Regulation of ER

ER is one of the important organelles which works for the

assembly and transportation of viral peptides and can lead

to the presentation of antigenic peptides through MHC-I to

cytotoxic T cell. However, viruses evolve several strategies

to disrupt the activities in ER as mentioned below.

During the replication cycle of HCMV, ER-resident

transmembrane glycoproteins, US2, US3 and US10 can be

expressed. It has been shown that US10 of HCMV down-

regulates HLA-G without modulating classical class I MHC

molecules expression on the cell surface [107]. However, it

has also been reported that the stably expressing cells with

HCMV derived US2 and US3 protein can downregulate

MHC-I from the cell surface [104]. In HIV infection, it has

been proposed that a HIV Nef protein may affect immune

evasion by inhibiting the trafficking of newly synthesized

HLA-I from the ER to the plasma membrane [145]. KSHV

and HIV can inhibit recognition of CD8? T cell by retention

of MHC-I in ER. HIV Vpu protein holds the nascent MHC-I

chains in the ER and LANA1 of KSHV can inhibit MHC-I

peptide presentation [71, 80]. Varicella-zoster virus (VZV)

constitute an open reading frame 66 (ORF66) protein kinase,

that can reduce the expression of MHC-I by delaying the

maturation step of transport from ER through Golgi appa-

ratus [36]. Adenoviruses are found to evade immune rec-

ognition by disrupting the pathway of MHC-I assembly in

ER. Human adenovirus produces a glycoprotein, gp19K, that

binds to MHC-I in the endoplasmic reticulum and prevents

MHC transport to the cell surface, whereas, adenovirus 2

synthesizes an early glycoprotein, E19, that binds to nascent

MHC-I antigens in the ER and restricts their transport to the

cell surface [45, 106]. Furthermore, detailed knowledge

about different viral proteins is required to ascertain the

events in ER that contribute to viral immune evasion

strategies.

Regulation of Trans-Golgi Network (TGN)

Viral invasion in host cells may subsequently override the

APC function at the TGN level. Restriction of antigen

loaded MHC trafficking through TGN is reported to inhibit

APC function and thereby may help the viruses to evade

host cell immunity. African swine fever virus (ASFV) is

found to restrict TGN by altering the localization of

TGN46, an organelle marker for the efferent secretory

pathway. Interference of TGN by ASFV can retard mem-

brane trafficking during viral infection. It has been reported

that such interference of TGN function may have important

role towards the infection of macrophages with virulent

ASFV infection. Albeit ASFV apparently induces expres-

sion of MHC-I genes, the functional increase in MHC-I

complex delivery to the cell membrane is restricted [103].

It has been suggested that HIV-1 Nef protein binds to

the cellular protein phosphofurin acidic cluster sorting

protein-1 (PACS-1) to downregulate MHC-I complexes in

association with altered TGN function [109]. Moreover,

recently it has been shown that HIV-1 Nef protein binds to

a subpopulation of MHC-I throughout its trafficking itin-

erary including dispersal of TGN and results in downreg-

ulation of MHC-I by inducing both anterograde and

retrograde trafficking [145].

TGN has also been found to be associated with Nef

mediated downregulation of non classical MHC-I like

CD1d molecule that has been demonstrated by retention of

CD1d in TGN and internalization from the cell surface

[25]. In another study, it has also been demonstrated that

a KSHV induces internalization of MHC-I complex by

endocytosis and subsequently redirects them to TGN and

targets MHC-I to the lysosomal compartment. It facilitates

the virus to evade immune effector recognition mediated

by the viral protein K3 [95]. All these works suggest that

TGN is one of the important targets for immune evasion

processes during virulent virus infection.

Costimulation and APC Function During Viral

Infection

Costimulatory molecules, such as, CD80 (B7.1), CD86

(B7.2) and CD40 are important to promote successful

Immune Regulation and Evasion During Viral Infection 5
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immune effector response on host APCs. However, virus

mediated suppression of MHC response may reflect the

downregulation of costimulatory response in APCs. HIV-1

Tat protein induces degradation of RON (recepteur d’origine

nantais), a receptor tyrosine kinase, through ubiquitin–pro-

teasome pathway to facilitate HIV replication and progres-

sion of AIDS-associated diseases [70]. It has been shown that

Nef protein of HIV-1 mediates the loss of CD80 and CD86 in

APCs, which may restrict the activation of T cells for the

anti-viral effector T cell response [23]. VLPs of Ebola virus

and Marburg virus (MARV) have been found to induce

maturation of DCs by upregulating costimulatory molecules

(CD40, CD80 and CD86), MHC-I/II surface antigens and the

late DC maturation marker CD83 [16]. Accordingly, it has

been suggested that VLPs can effectively stimulate DCs and

thereby induce innate and adaptive immune responses. Many

herpes viruses interfere with the MHC-I antigen-processing

pathway in order to restrict CTL response.

Immune Regulation and Cellular Micro-Environment

During Viral Infection

In an ongoing immune response during infection and/or

cancer progression, in addition to altered MHC and

costimulatory response, several other cellular consequences

may occur. During viral infection especially for the persis-

tent one, there may be alteration of host cellular microen-

vironment with immunoregulatory cell-derived cytokines

and chemokines. Moreover, there may be emergence of

different categories of regulatory immune cells including

regulatory T cells (Tregs) and accessory immunoregulatory

APCs. During viral infection, an inflammatory immune

effector response may be generated with subsequent

induction of tissue damage through innate and adaptive

inflammatory cytokines [120]. Viral antigens are taken up

by antigen-presenting cells and carried to local draining

lymph nodes. Depending on the cytokine milieu generated

in the draining lymph node, different types of T helper

(Th) cell responses are induced. Primed CD8? cytotoxic

CTLs migrate to the site of infection and kill virus infected

cells, thereby contributing to tissue damage. The interplay

between effector immune cells, immunoregulatory sup-

pressor cells, viral host evasion and persistence could be

reflected with altered host microenvironment [8, 120, 132,

141].

In a highly enriched primary ovine microglial cell cul-

tures from brain tissues of lambs, it has been shown that

these cells can be infected with MVV and that leads to a

selective upregulation of pro-inflammatory cytokines.

Moreover, these cells are found to be positive for CD1,

CD11a, CD11c, CD14, MHC-I, MHC-II and b-N-acetyl

galactose expression [34].

Regulatory T Cells (Tregs)

As mentioned above that several type of Tregs are found

to be operative during ongoing infection and cancer, the

complex nature of Tregs’ ontogeny and its functional

attributes are yet under investigation [6, 21, 119, 122]. In

acute, self-limited virus infections, a vigorous CD8? T cell

response leads to viral clearance. However, many viruses

induce persistent infections, despite continuous measurable

CD8? T cell responses [116]. Moreover, Tregs are known

to regulate effector T cell function including an anti-viral

CTL response [119]. All Tregs, both naturally occurring

and induced, need T cell receptor (TCR) triggering, for

their suppressive function. However, it has been suggested

that once activated, Tregs’ suppressive activity found to be

antigen-nonspecific [130]. The two most possible candi-

dates for the maintenance of self tolerance are the Cyto-

toxic T lymphocyte antigen-4 (CTLA-4) dependent and

IL-2-dependent mechanism in FOXP3? Treg cells [49].

The mechanism of counteracting excessive tissue damage

following virus infection is the induction, activation and

expansion of several types of Treg cells, which mainly

inhibit the function of other cell types. Tregs inhibit both

CD4? and CD8? T cell activation, proliferation and

effector function along with suppression of APC response.

However, the detailed cellular and molecular mechanism

of Treg mediated immune suppression needs further

investigation [149].

In a clinical study with HIV-infected pregnant women,

existence of higher frequencies of several Treg populations

including CD4?CD25?FOXP3?, CD8?CD25?FOXP3?,

CD4?TGFb? and CD4?IL10? Treg cells has been

observed during early pregnancy. Moreover, it has been

suggested that Tregs have differential intensity during

pregnancy in HIV-infected and uninfected women.

Enhanced inflammatory cytokines and decreased Treg

frequency during later stage of pregnancy in HIV-infected

women may contribute to their increased incidence of

maternal-fetal morbidity [115].

Tregs have been found to induce robust neuroprotection

in murine models of neuroAIDS by promoting neuropro-

tection through the killing of virus-infected macrophages

by caspase-3, granzyme and perforin pathways. Tregs

transform virus-infected macrophage phenotype by mod-

ulating inducible nitric oxide synthase and arginase 1 [66].

In a xenogenic graft versus host disease model, it has been

shown that HIV-1 envelope glycoprotein gp120 can acti-

vate human Tregs by binding and signaling through CD4.

Upon stimulation with gp120, human Tregs enrich cyclic

adenosine monophosphate (cAMP) in their cytosol [12].

In a study of neuromodulatory effects of CD4?CD25?

Tregs in HIV-1 associated neurodegeneration, it has been

found that Treg mediated anti-inflammatory activities and
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neuroprotection are associated with upregulation of brain-

derived neurotrophic factor and glial cell derived neuro-

trophic factor and downregulation of proinflammatory

cytokines, oxidative stress and viral replication [89]. In

feline immunodeficiency virus (FIV), which is similar to

HIV, it has been suggested that CD4?CD25? T cells of

FIV infected cats had higher transcript numbers of FOXP3,

programmed death-1 (PD-1) and PD-Ligand 1 than CD4-

and CD4?CD25- T cells, indicating the immunosuppres-

sive function of Treg cells in lentiviral infection [1].

In HSV-induced Behcet’s disease (BD)-like symptoms,

such as, chronic and multisystemic inflammatory disorder,

it has been found that upregulation of the CD4?CD25? T

cells facilitates the inflammatory symptoms in BD-like

mice, while decreased CD25? T cells may deteriorate

the symptoms [131]. FOXP3 expression has a major role

in regulating inflammatory responses and in inhibition of

proinflammatory and effector immune responses. Interest-

ingly, FOXP3 expression has been found to be elevated by

the CD4? T cell sub-population of peripheral blood

mononuclear cells (PBMC) and in liver tissues in associ-

ation with proinflammatory IL-23/IL-17 response in chronic

hepatitis B (CHB) infected patients. This work suggests an

inefficiency of FOXP3? Tregs in regulating CHB driven

proinflammatory response [139].

Hepatitis C virus in chronic hepatitis has been found to

induce expression of CCL17 and CCL22 chemokines by

dendritic cells in liver that attract regulatory T cells to the

site of infection. Accumulation of Treg favours immune

suppression, which may result in restricting liver damage

and limiting the extent of liver fibrosis [26, 117]. In

Hodkgin’s lymphoma, it has been found that EBV, an

oncogenic herpes virus, upregulates the expression of the

chemokine, CCL20, which can be mediated by the EBV

nuclear antigen 1 protein. It has also been demonstrated

that it mediates migration of CD4?FOXP3? Tregs which

prevent immune responses against the virus-infected tumor

population [10].

Other than CD4?FoxP3? Tregs, many more lineages of

Tregs including CD8? Tregs are found, which can suppress

host protective immunity during viral infection [119]. It has

been suggested that an alteration of the microenvironment

by the production of TGF-b and IL-10 can induce CD8?

Tregs that may inhibit activated effector T cells (e.g., CTL).

Additionally, subsets of CD8, NK and NK Treg cells are

reported to express inhibitory dimeric CD94/NKG2A

receptors associated to non-classical MHC-I molecules

(e.g., Qa-1 in mouse and HLA-E in human) during viral

infection resulting in suppression of CTL response

[54, 73, 136].

Accordingly, it appears that different subsets of Tregs

may be associated to viral infection and its persistence.

Natural Killer (NK) Cell Response During Viral

Infection

NK cells can serve an important function as robust first line

defense during infection. Moreover, it has also been

observed that during viral immune evasion stage NK cell

response may be reduced. Low numbers of circulating NK

cells in HIV patients of rapidly progressive infection has

been reported. This work indicates the importance of NK

associated altered non-MHC restricted cytotoxicity for the

viral disease progression [18]. Moreover, it has been sug-

gested that the interaction between NK cells and other

innate and adaptive immune cells are also altered during

viral infection, partially through the release of IL-2 and

IFN-c cytokines [28]. In addition to that, the suppression of

NK cell activity and T cell proliferation by freshly isolated

HCMV has also been demonstrated [127].

Immunoregulatory NKT cells have been found to inhibit

CD8? T cell-mediated graft rejection of human papilloma-

virus E7-expressing skin through an IFN-c-dependent

mechanism. In a recent study of skin transplantation, it has

been shown that in draining lymph nodes, Ag-specific CD8?

T cell proliferation, cytokine production and cytotoxic

activity are impaired by NKT cells. It has been observed that

the suppression of NKT cells is induced by CD11c? den-

dritic cells. Moreover, it has been suggested that inhibition of

CD8? T cell function may not require FOXP3? regulatory T

cells or NKT cell-secreted IFN-c, IL-10, or IL-17 [92].

CD1d-restricted NKT cells are known to serve as a bridge

between innate and adaptive immunity to regulate an

ongoing immune response. In vivo and in vitro investigation

of human papilloma virus (HPV) demonstrated that in cell

lines like a vaginal keratinocyte (Vag) bearing endogenous

CD1d? and a stably transfected HPV-negative cervical

cancer cell line, C33A (C33A/CD1d), HPVs have been

found to downregulate CD1d expression by E5 protein

mediated disruption of ER traffic. Accordingly, it has been

suggested that the decreased CD1d expression in the pres-

ence of HPV E5 may facilitate the virus infected cells to

evade protective immunological surveillance [97].

B Cell Response During Viral Infection

Lymphomagenesis in HIV-infection has been correlated to

diminished host immunity, which may lead to loss of

immunoregulation of EBV infected B cells. Moreover,

during HIV infection, altered immune responses including

chronic B cell activation has been reported [39]. It has been

suggested that combination of highly regulated latent

infection of EBV in B cell and chronic reactivation of

replication in lymphoid tissue and mucosal surfaces may

Immune Regulation and Evasion During Viral Infection 7
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lead to many patterns of virus-host interaction, which may

reveal important strategies of EBV mediated immune eva-

sion [85]. Burkitt’s lymphoma (BL) cells lack immunoge-

nicity, in contrary to EBV-immortalized B cells. However,

induced expression of c-MYC (a product of c-myc proto-

oncogene) has been reported to recapitulate the cell surface

phenotype, the pattern of proliferation and the immuno-

logical characteristics of BL cells. c-MYC is found to

downregulate Nuclear factor kappa B NF-kB and IFN

pathway in a dose-dependent manner [124]. In case of

chronic hepatitis B virus infection, immunosuppressive

regulatory B cells (Bregs) have been recently reported.

Those Bregs are found to regulate anti-viral CTL response

in an IL-10-dependent manner [30].

Dendritic Cell (DC) Response During Viral Infection

DCs are known to be one of the major APC. Moreover,

DCs serve many functions during viral infection. Mono-

cytes may differentiate into functional DCs, which express

CD11c, CD123, BDCA-4, DC-SIGN and acquire the

capacity to activate T cells [135]. In a co-culture experi-

mental model, respiratory syncytial virus (RSV) infected

airway epithelial cells lead to the differentiation of

monocytes into partially mature DC. However, it does not

upregulate other immune effector makers, such as, CD80,

CD83, CD86 and CCR7. Moreover, those DCs are reported

not to release proinflammatory cytokines upon induction of

TLR signaling [135]. This work suggests an important role

of DC in RSV mediated host cell inflammatory response. In

another study, a similar observation is reported in case of

HCMV where signal delivery required for T cell activation

is impaired in infected DCs which lead to persistent viral

infection in the host system. In addition, HCMV infection

diminishes the expression of adhesion molecules which in

turn may lead to inefficient DC migration [11].

HCV induces immunosuppression in DCs during mat-

uration. The T cell stimulatory capacity of DCs from the

bone marrow of two founder lineages of transgenic mice,

harboring HCV cDNA expressing HCV structural proteins,

have been found to be impaired significantly. Additionally,

the surface expression of MHC class-I molecules has been

found to be significantly abridged in infected DC, espe-

cially with respect to MHC class-I of H-2D complex.

During DC maturation, the transportation of H-2D to

the cell surface has been found to be inhibited by HCV

expression [62].

Measles virus downregulates cellular immune response

of monocyte/macrophage and dendritic cells by decreasing

IL-12 production, which provides an important inhibitory

mechanism for the host cell immunity. Cross-linking of the

cellular receptor for measles virus, the complement

regulatory protein CD46, is found to be sufficient to inhibit

IL-12 production. It has been suggested that CD46-mediated

downregulation of IL-12 represents a more general pattern

of inhibitory control for APC function [74]. In a study of

Friend retrovirus (FV) infection in mouse DCs, it has been

shown that in virus-induced immunosuppression, cell con-

tact between DCs and T cells revealed prolonged contacts of

T cells with infected DCs compared to uninfected DCs.

Additionally, it has been suggested that infected DCs may

expand FOXP3? regulatory T cells that in turn may play an

immunosuppressive role [9]. Accordingly, it appears that

the DCs play an important role for anti-viral immunity as

well as it may be responsible for the impaired host immunity

by inducing immunosuppressive Tregs.

Complement Proteins During Viral Infection

The complement system is one of the important players of

innate immunity having cascades of complement proteins

which can restrict invasion of all the foreign pathogens.

The activation of the complement system can lead to

neutralization of cell-free viruses, phagocytosis of com-

plement protein coated viral particles, lysis of virus

infected cells and induction of inflammatory and effector

immune responses. However, to regulate host immune

responses and succeed as pathogens, viruses have devel-

oped mechanisms to limit complement function(s) towards

immune evasion strategies. Important examples of viruses

which regulate host complement system are poxviruses,

herpes viruses, retroviruses, paramyxoviruses and picor-

naviruses [13]. It has been reported that expression of

C-reactive protein (CRP), which is known to be required

for complement activation, found to be increased during

HIV-1 disease progression [112]. Accordingly, it appears

that complement contributes to the control of viral repli-

cation by various strategies, such as, complement-mediated

lysis, triggering the B cell responses by trapping the virus

on follicular DCs in the germinal center or enhancement of

the antigen presentation and subsequently generation of

virus-specific CTL response [68]. Moreover, certain viru-

ses, such as HSV-1, HIV-I, EBV are found to evade

immune system by modulating host complement pathway.

Glycoprotein C (gC) of HSV-1 has been found to act as a

receptor for the C3b complement component on infected

cells [50]. This work suggests a novel function of gC of

HSV-1 and demonstrates that HSV-1 glycoprotein can help

the virus to evade the host immune response by regulating

the host complement function.

EBV has been found to mediate factor I-mediated

breakdown of C3b to iC3b and iC3b to C3c and C3dg

complement proteins. It also acts as a cofactor for the

factor I-mediated cleavage of C4b to iC4b and iC4b to C4c
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and C4d. In addition, EBV has also been shown to have

accelerated the decay of the alternative pathway of C3

convertase [98]. Accordingly, it has been suggested that the

survival potential for the virus involves regulation of

complement response and associated host cell defence

mechanisms. It has been shown that the host cell type can

significantly regulate the susceptibility of HIV to comple-

ment-mediated virolysis in association with phosphatidyl-

inositol (PI)-linked complement control proteins, such as,

membrane inhibitor of reactive lysis (MIRL, CD59) and

decay-accelerating factor (DAF, CD55) [121].

Innate Immune Response During Viral Infection

Innate immunity in mammalian systems harbours several

innate immune cells (e.g., monocytes, macrophages, DCs

and other lineages of immune cells) which also support

adaptive immune cells to mount host immunity. Toll-like

receptors (TLRs), retinoic acid-inducible gene I (RIG-1)

and NOD-like receptors (NLRs) represent the major

receptors of innate immunity. Interestingly, TLRs have

been well studied in case of tumor immunity, infection

immunity and autoimmune diseases along with other

inflammatory disorders [22]. Viral infections usually acti-

vate the endosomal TLRs (TLR3, TLR7, TLR8 and TLR9)

that recognize viral nucleic acids and double-stranded

RNA intermediates [110]. Many viruses that persist in the

host system can induce innate immune cells, such as, DCs,

NK cells and macrophages to produce anti-inflammatory

molecules, such as, IL-10 and TGF-b. It has been reported

that viral infection in mice may result in significant

upregulation of IL-10 by APCs, leading to impaired T cell

responses and immune suppression [17].

Human respiratory syncytial virus (HRSV) is the most

common cause of severe respiratory infections in infants

and young children. It has been reported that these viruses

infect the B lymphocytes and upregulate the expression of

activation markers, including MHC-II and CD86, but not

MHC-I molecules [5]. Moreover, it has been suggested that

activation of B cells during HRSV infection may require

several activation pathways but may not require TLR4

[108, 116]. However, TLR dependent induction of IFNs in

anti-viral immunity has been well cited [148]. It has been

reported that A52R, a Vaccinia virus protein may activate

p38 mitogen activated protein kinase (MAPK) and may

induce TLR4 dependent IL-10 production [91]. Thus TLRs

may play differential role in modulating host immunity.

In bovine RSV (BRSV) infection, an induction of

immunomodulatory IL-4 and IL-10 in lung DCs and

alveolar macrophages have been observed. This work

demonstrates that neonatal lung DCs facilitate BRSV rep-

lication and produce type II cytokines after viral infection

[44]. However, another study reveals that antigen pro-

cessing and presentation are not altered by chronic HRSV

infection. However, it has been suggested that macro-

phages are able to activate RSV-specific CD8? T lym-

phocytes [57].

In cowpox virus infection, it has been observed that

TLR agonist-induced cytokine secretion could be sup-

pressed in infected DCs. Such infected DCs also do not

induce mixed leukocyte reaction (MLR) and LPS-stimu-

lated NF-jB nuclear translocation [59]. It has been dem-

onstrated in human PBMCs that Ebola virus elicits VP35

protein mediated downregulation of both IFN-a and TNF-a
due to impairment of interferon regulatory factor 7 (IRF7)

activation, which is an integral part of TLR signaling

[84]. A similar phenomenon is also observed in a study of

Hepatitis C virus infection, where decreased TLR7

expression alters TLR7-induced IRF7-mediated cell acti-

vation that results in impaired release of IFN-a [20]. The

NS3/4A protease of HCV functions as an antagonist

of virus-induced IRF-3 activation and IFN expression.

NS3/4A also inhibits RIG-I and TLR3 signaling by cleav-

ing the Toll-interleukin-1 receptor domain-containing beta-

interferon (TRIF) [48, 86]. NS3 is a bi-functional enzyme

with N-terminal domain encodes a serine protease and

carboxy-terminal domain encodes an RNA helicase. The

helicase activity of NS3 has been found to be important for

the control of IRF-3 activation. Moreover, it has been

suggested that NS3/4A protease inhibition may restore the

host anti-viral innate immunity [69]. Thus, understanding

Viral 
infection

Defective
B cell response

Host immune cells/APCs

Tregs
Downregulation of innate 
immunity, antigen 
presentation, costimulation

Naïve T cells

Upregulation of immumoregulatory/
immunosuppressive cytokine response

Fig. 2 Interaction of mammalian host immune cells during viral

infection featuring altered innate and adaptive immunity as discussed

in the text. Virus infected innate immune cells and/or APCs may be

suppressed for host protective immunity with defective antigen

presentation, costimulation and may represent an elevated immuno-

suppressive cytokine response (e.g., IL-10, TGF-b). These infected

host immune cells may facilitate downregulation of effector B and

T cell response. Moreover, immunosuppressive B cells and T cells

(Tregs) may be induced, which may be facilitated by immunosup-

pressive cytokine milieu during viral infection. (Abbreviation: APC
antigen presenting cells, Treg regulatory T cells; IL-10 interleukin 10,

TGF-b transforming growth factor beta)
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the molecular mechanisms by which HCV regulates the

host cell immune response may reveal important targets for

novel therapeutic strategies [52].

It is evident that host cell and viral interactions confer

several complex mechanisms. Persistent viral infection is

mostly associated with downregulation of host immune

responses. As discussed in the earlier sections, a summary

of the major components of mammalian host immunity

which can be altered during viral infection is depicted in

Fig. 2. Moreover, the important immune evasive strategies

employed by different viruses, as elaborated in the earlier

sections have been briefly summarized in Table 1. This

includes broadly the regulation of host RNA interference

(RNAi), MHC antigen presentation, innate and adaptive

immune cell receptors and immune signaling pathways

during viral infections.

Concluding Remark

Co-evolution of viruses and the host immune system are

operating over millions of years, where viruses invade and

subsequently may try to evade the host immunity for the

successful replication and maintenance of their viable

genome. On the other hand, host immunity has the immune

surveillance and protective elements to look for and

eliminate both free viruses and infected host cells. How-

ever, in this quest viruses can override host immunity

through complex and evolutionary privilege strategies and

remain successful in evading host immunity, which can be

associated to their degree of pathogenicity and virulency.

Accordingly, in depth studies for the host-viral interactions

and exploring the yet unknown pathways for those viral

immune evasion strategies are highly warranted. Moreover,

understating the new elements starting from the functional

organization of viral genome to protein expression in the

perspective of host immunity will help to understand those

new directions for the future strategies of anti-viral

immunotherapy.
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Table 1 Viral immune evasion strategies through downregulation of innate and adaptive components of host cell immunity

evasion strategy Possible mechanisms Examples References

RNAi Encodes suppressors for RNA silencing (SRS) to inhibit RNAi responses Ebolavirus [43]

Inhibition of TAP, Tapasin

and disruption of MHC-I

Post-translational strategies inhibiting peptide transport and MHC-I

biosynthesis by blocking peptide transporter (TAP) and chaperones like

tapasin

HCMV [58]

Viral proteins, BNLF2a and mK3 inhibit TAP associated MHC-I response

by targeting host tail-anchored protein integration machinery

and regulating ubiquitination of TAP/tapasin, respectively.

EBV, HSV-1,

BHV-1,GHV

[64, 90]

Viral proteins like UL49.5 and US6 alter the conformation, degrade the

TAP1/2 interfere with ATP binding. HSV ICP47 protein interferes with

peptide binding.

PRV, HCMV

HSV

[3, 51, 61, 63,

65, 76, 78, 82]

LANA1 mediated evasion Inhibits the presentation of Major Histocompatibility complex class I

(MHC-I)

KSHV, EBV [80]

IRF3 production Inhibits IFN-c and CIITA and thus MHC-I expression. KSHV [125]

Nef proteins Nef proteins down-regulate MHC-I presentation of viral peptides. SIV, HIV [83, 96, 109,

145]

Viral NLR homolog Homolog inhibits the inflammasome and also block caspase-1 activation,

IL-1b and IL-18 processing

KSHV [55]

Impairs RIG-I-like receptor-dependent signaling inhibiting IFN and TNF-a. HCV [88]

Encoding VP35 proteins

PRR control

TLRs and RLRs are taken into virus control of PRR signaling and regulation

of immune programs

EBV [84]

Inactivating MDA5 MDA5 is a cytosolic PRR that is inactivated. Paramyxovirus [111]

NF-jB suppression Prevents NF-jB dependent gene expression by retaining p65 in cytoplasm

when V protein binds to p65 (RelA)

Measles virus [128]

Proteases targeting signal

transduction

Block IFN induction by affecting molecules of the innate immune pathways HAV, HCV [110]

Degradation of cellular

TRIF

Replication and transcription activator (RTA) degrades TRIF KSHV [2]

CD1d down regulation Viral protein E5 targets CD1d (a sentinel molecule bridging innate and

adaptive immunity) by inhibiting calnexin-related CD1d trafficking

HPV [97]
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