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The artists of immune evasion in nature are viruses, as
ancient as their organic counterparts, these infectious pseu-
doorganisms have coevolved coupling human and animal
evolution during millions of years. Thus, virus replication is
based on an efficient recruitment of cell functions through
interactions between cellular and viral proteins. As conse-
quence, during their long evolutionary race the immune sys-
tem has specialized to control pathogens, and virus has spe-
cialized to counteract immune responses favour in the battle
by their rapid adaptation against environmental changes.

In this special issue, we summarize some of the current
knowledge in immune evasion strategies developped by
both DNA and RNA viruses. Virus explored and exploits
multiple components of the cellular biogenesis and immune
signalling. Thus, virus release and infection are enhanced
through the convergence of viral and cellular pathways as
summarized by T. Wurdinger et al. Alternative mechanisms
of chemokine receptors capture (A. G. Jensen et al.), inter-
ference of immune signalling cascades and natural killer
responses (G. J. Kotwal et al. and C. I. Odom et al.) are some
of the strategies acquire for herpesvirus, poxvirus or retro-
virus among others (S. N. Schelkunov et al.), to counteract
both innate and adaptative host immunity.

Additionally, we cannot forget that globally virus are the
causative agent of multiple diseases leading to worldwide
pandemics and associated with multiple human malignan-
cies (S. Chapenko et al.). The aim of this special issue is to put
into perspective the need to understand virus immune escape
based on a deep knowledge of viral strategies in order to
develop new vaccines and therapeutic approaches (B. Rein-
hart et al.). In this context, the design of new interventions

should be truly innovative and effective in order to reduce
mortality and mobility rates associated with viral infection
in humans.

Rika Draenert
John Frater

Julia G. Prado
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The innate immune response is initiated by the interaction of stereotypical pathogen components with genetically conserved
receptors for extracytosolic pathogen-associated molecular patterns (PAMPs) or intracytosolic nucleic acids. In multicellular
organisms, this interaction typically clusters signal transduction molecules and leads to their activations, thereby initiating signals
that activate innate immune effector mechanisms to protect the host. In some cases programmed cell death—a fundamental
form of innate immunity—is initiated in response to genotoxic or biochemical stress that is associated with viral infection. In
this paper we will summarize innate immune mechanisms that are relevant to viral pathogenesis and outline the continuing
evolution of viral mechanisms that suppress the innate immunity in mammalian hosts. These mechanisms of viral innate immune
evasion provide significant insight into the pathways of the antiviral innate immune response of many organisms. Examples of
relevant mammalian innate immune defenses host defenses include signaling to interferon and cytokine response pathways as
well as signaling to the inflammasome. Understanding which viral innate immune evasion mechanisms are linked to pathogenesis
may translate into therapies and vaccines that are truly effective in eliminating the morbidity and mortality associated with viral
infections in individuals.

1. Introduction

The innate immune system is as ancient as the bacterial
immune response to bacteriophages. As the nature and
complexity of viral innate immune evasion mechanisms
evolved, so has the innate—and eventually adaptive—
immune response to these mechanisms. The innate immune
response in mammals is initiated by the interaction of
stereotypical pathogen components with germ-line encoded
receptors. In some cases, signal transduction pathways are
stimulated in sentinel cells, such as macrophages and den-
dritic cells. Stimulation of these signaling pathways promptly
activates innate effector mechanisms to protect the host;
these innate immune signals also activate antigen-presenting
cells that are critical to the eventual adaptive immune
response of the host [1]. In this paper we will summarize
findings in the innate immune system that are relevant to

viral pathogenesis and outline the evolution of viral mech-
anisms that suppress innate immunity in mammalian hosts.

2. The Innate Immune System

The receptors of the innate immune system are germ-
line encoded and include the nucleotide-binding domain
leucine-rich repeat containing receptors, the Toll-like recep-
tors (TLRs), and the RIG-I-like receptors (RLRs). The RLRs
are cytosolic sensors of pathogen RNA and include proteins
encoded by the retinoic acid-inducible gene-I (RIG-I) [2],
the melanoma differentiation-associated gene 5 (MDA5)
[3, 4], and the laboratory of genetics protein 2 (LGP2)
[4] and DDX3, which is thought to associate with RIG-
I [5]. The helicase domains of RLRs detect the cytosolic
RNA of microbial pathogens, generating signals that drive
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production of cytokines and interferons. Helicases are ATP-
dependent enzymes that unidirectionally translocate along
a transcript thereby dissociating nucleic acid duplexes [6].
The RIG-I and MDA5 RLRs play critical roles in the
recognition of foreign RNA and in the response to many viral
pathogens. MDA5 and RIG-I contain a DExD/H-box RNA
helicase domain and caspase activation and recruitment
domains (CARDs). RIG-I recognizes 5′-triphosphate RNA,
and MDA5 can recognize complex webs of pathogen RNA,
comprised of both viral single-stranded and double-stranded
RNA [2]. The LGP2 RLR protein was found to lack a
CARD domain and was originally identified as a dominant
negative inhibitor of RIG-I signaling [7]. Under some
circumstances, though, it appears LGP2 can stimulate RLRs
such as MDA5 and RIG-I [8]. CARD engagement leads to
interaction with a protein known as mitochondrial antiviral
signaling protein (MAVS) that is alternatively designated
CARDIF, HELICARD, or IPS-1 (referred to here as MAVS)
[9, 10]. Subsequently, upon oligomerization, MAVS signals
to members of the IKK family of kinases that are critical for
the innate immune response [10]. Thus MAVS induces IKKα
and IKKβ stimulation that leads to translocation of NF-κB,
as well as IKKε/TBK1 stimulation that leads to translocation
of IRF-3. These transcription factors stimulate production of
cytokines, other innate immune response proteins, and type
I interferons [4].

Extracytosolic innate immune sensing of pathogens is
mediated via the TLRs. Humans are known to encode ten
TLRs which are each involved in the recognition of different
pathogen-associated molecular constituents [11]. The TLRs
are transmembrane receptors found on the cell surface
and/or associated with endocytic vesicles [11]. Thus, they are
ideally situated to detect extracytosolic pathogens. For exam-
ple, TLR4 is required for the recognition of Gram-negative
bacterial lipopolysaccharide (LPS, or endotoxin) while TLR3
is able to recognize dsRNA, a signature compound common
in the lifecycle of many viruses, while TLR7 and 8 recognize
ssRNA [12]. Toll/IL-1 interacting receptor (TIR) adapters
ultimately stimulate IkB family kinases (IKKs) often via
transducing proteins such as IRAKs and TRAFs, thereby
mediating signaling originally induced by engagement of
TLRs that ultimately activates NF-κB and IRF3 [13].

Two classical IKKs, IKKα and IKKβ, are critical for
NF-κB activation. They function, in large part, by phos-
phorylating the inhibitors of NF-κB, known as IkBs. Once
phosphorylated, IkBs are ubiquitinated and degraded. This
allows NF-κB subunits to translocate to the nucleus and
activate target gene expression. NF-κB is critical for driving
the expression of numerous cytokines, chemokines, and
costimulatory molecules, creating an inflammatory response
[14]. On the other hand, the two nonclassical IKK family
members, IKKε and TBK1, are implicated in IRF3 activation.
In particular, they are believed to directly phosphorylate
several serine residues within the C-terminal activation
domain of IRF3. Once phosphorylated, IRF3 dimerizes and
translocates to the nucleus where it activates target gene
expression [15]. IRF3 activation is critically important for the
activation of type I interferons, either directly [16] or via an
autocrine/paracrine loop [17, 18]. Type I interferons, in turn,

are capable of inducing a significant antiviral response in the
host [2, 13, 19].

Cells also encode cytosolic DNA sensors which detect
DNA, which is not typically present in the cytosol and
thus a pattern whose recognition signals the presence of
viral nucleic acids. Nucleotide oligomerization domain-like
receptor proteins (NLRs) are implicated in the intracytosolic
recognition of sterile inflammatory instigators, such as urate
crystals, intracytosolic DNA, or viral RNA. One such NLR,
nucleotide oligomerization domain-like receptor protein 3
(NLRP3) is an inflammasome component that signals to the
apoptosis-associated speck-like protein containing a caspase
recruitment domain (ASC) to induce the clustering-induced
self-processing of procaspase 1 into caspase 1 which then
digests the precursor form of pro-IL-1β and pro-IL-18 to
permit release of the inflammatory cytokines IL-1β and
IL-18 from the cell [20]. Similar inflammatory pathways are
triggered by engagement of other cytosolic DNA sensors such
as AIM-2, another NLR that ultimately induces cleavage of
procaspase 1 into caspase 1. Aim-2 can detect the molecular
patterns of intracellular hazards such as pathogen DNA,
particularly that of poxviruses [21]. Other NOD proteins
which are alternatively designated NACHT, LRR, and PYD
function as sensors of toxic intracellular molecules including
cytosolic DNA [22]. Thus the NLRs represent examples of
cytosolic DNA sensors capable of inducing an inflammatory
antiviral response.

Another antiviral cytosolic sensor is the DNA-dependent
activator of interferon (DAI), which binds B- and Z-form
DNA, thereby recognizing intracytosolic viral DNA. Signals
from such sensors are transduced by known innate immune
kinases such as TBK1, which interacts with a protein known
as stimulator of interferon genes (STINGs) to activate NF-
κB and IRF3 signaling [10, 23, 24]. Finally, it is assumed
that there is at least one other pathway for the detection
of the dsDNA of microbes, based in part on DNA sensing
in cells despite absence of the DAI pathway [25]. The
known receptors for viral DNA ultimately induce interferons,
cytokines, and programmed cell death pathways.

Apoptosis is the programmed death of dangerous or
unnecessary cells, for example, virally infected, aging, or
malignant cells. It is thus one of the most ancient forms
of innate immunity. Certain cellular bcl-2 proteins mediate
resistance to programmed cell death (apoptosis) [50–52],
typically via interaction with proapoptotic bcl-2-related
proteins [52]. Human bcl-2 also leads to increased nuclear
translocation of the transcription factor, NF-κB [53–55],
which typically promotes cell survival [14, 56, 57]. Other
cellular bcl-2 proteins promote cell death in response to
harmful stimuli such as viral infection. Other effectors of
programmed cell death are caspases. Cleavage of cellular
caspases and/or loss of mitochondrial integrity promote cell
death in the face of many stimuli including viral infection.
Still other death programs include pyroptosis—the death
of cells following activation of the PYRIN domains and
IL-1 release. Thus, in the absence of viral innate immune
evasion, apoptosis provides an antiviral mechanism for the
elimination of virally infected cells.
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Table 1: Examples of parallel evolution of viral innate immune evasion mechanisms.

(a) Bacteria

Mechanism Viral evasion strategy Virus protein

CRISPER Genetic variation of DNA DNA polymerase [26]

Psp-induced signaling Unknown (Psp genetic variation) Unknown

Restriction/methylation Methylation of viral target DNA
Acquired bacterial methylase
[26]

Apoptosis Lysogeny/tolerance Phage lysis gene regulation [27]

(b) Drosophila

Mechanism Evasion strategy Viral protein

DICER1 Genetic variation of DNA Virus encodes miRNAs [28]

Vago IkB, Jak/Stat inhibitors Viral IkB, unknown inhibitor of Jak/STAT [29]

DICER2 Binding of ds RNA FHV-B2 protein [30]

Apoptosis Inhibitor of apoptosis (IAP) Baculovirus p35 [31, 32]

(c) Mammalian systems

Mechanism Evasion strategy Viral protein

Interferon signaling

dsRNA binding
Influenza virus NS1 [33], VACV E3 (also
inhibits DNApol III DNA sensing) [34]

Inhibition of signaling

VACV N1 family [5, 35–37], HCV NS3A/4
[38], influenza virus NS1 [33], HCV core
proteins inhibit Jak/Stat signaling [39],
HCV NS5A inhibits MyD88 [40],
HIV Vif, and Vpr degrade IRF3 [37]

Inhibition of IFN binding VACV soluble IFN alpha/beta receptors [41]

Viral RNA/DNA sensing

Inhibitors of RIG-I HCV NS3A/4 proteolytic cleavage of MAVS
[38, 42]

Inhibitors of MDA5, LGP2
Paramyxovirus V proteins [43]

Inhibitors of DDX3
VACV K7 [5]

Inhibitors of the AIM2/NLRP3
Inflammasome KSHV vNLR [44], myxoma virus M013 [45]

Inhibitors of proteins activated
downstream of the AIM2/NLRP3
inflammasome

Cowpox virus crmA
VACV SPI-2, sIL-1βR, and sIL-18R [41]

DAI EBV EBERmiRNAs [25]

Programmed cell death

Viral inhibitor of apoptosis (IAP) KSHV vFLIP [46]

Viral bcl-2s
EBV bhrf1 and balf1 [47, 48],

KSHV orf16 [49]

Blockade of IL-1-mediated pyroptosis
Poxvirus crmA, sIL-1β, sIL18 [41]

3. Evolution of the Antiviral
Innate Immune Response: Different Genes,
Recurring Themes

Prokaryotic organisms encode primordial proteins that
recognize the molecular patterns (e.g., specific sequences
of DNA of bacteriophages) from pathogens (i.e., bacterio-
phages) and thus can be considered to possess a primitive
innate immune system. Although the mechanisms of innate

immunity in bacteria differ radically from those of higher
organism, four principles of innate immunity are preserved
in several mechanisms (Table 1). First, the clustered regularly
space short palindromic repeats (CRISPERs) of bacteria and
archaea encode a series of palindromic sequences that target
pathogen DNA and suppress their transcription in a way
similar to the antiviral action of microRNAs of Drosophila
[58, 59]. Second, following exposure of prokaryotes to bacte-
riophages, the phage shock protein (Psp) signaling pathway



4 Advances in Virology

involves an unknown sensor and signal transduction by
the leucine zipper protein PspB. PsP signaling is initiated
in response to loss of cell membrane integrity induced
by stresses such a bacteriophage infection [60]. This is
similar in principle to the enhanced cell membrane integrity
mediated by interferon in the mammalian antiviral response
[2, 13, 19]. A third conserved principle is intracytosolic
nucleic acid recognition (analogous to mammalian RLRs or
Drosophila DICER) that triggers an innate immune response.
In bacteria, restriction endonucleases recognize and digest
bacteriophage nucleic acids, while specificity of this response
is maintained by bacterial methylation of its native DNA.
Fourth, programmed death of bacteriophage-infected bac-
teria induced by the MazF protein can pre-empt spread of
viral infection, as is true of proapoptotic proteins in higher
organisms (reviewed in [27]). Bacteriophage mechanisms
to evade the bacterial innate immune pathways include
rapid mutation to generate DNA sequence diversity that
evades CRISPER, acquisition of host bacterial methylases
to mask restriction sites in bacteriophage DNA [26], and
programmed cell death resistance [27]. A bacteriophage
mechanism to evade PsP signaling has not been reported,
although it is tempting to speculate that the rapid muta-
tion observed during bacteriophage infection might avoid
detection by the Psp pathway. Although the details and
evolution of innate immune mechanisms in bacterial cells are
highly divergent from multicellular organisms (Table 1), the
principal functional attributes of innate immune recognition
and viral evasion are remarkably conserved, especially in the
invertebrate innate immune responses.

Drosophila lack an adaptive immune system; thus, they
are ideal model organisms to study innate immunity since
they possess a complex innate immune system (Table 1).
Viral mechanisms for suppression of innate immunity in
Drosophila have been reviewed recently and will be dis-
cussed only briefly here [29]. In contrast to mammalian
cells, Drosophila does not encode NOD proteins. It has
been suggested that Drosophila TLRs encoded recognize
PAMPs of viruses that are tropic for Drosophila [61]. Unlike
mammals, Drosophila rely heavily on RNA interference as
a defense against viruses. The protein DICER2 is a heli-
case/endonuclease that is related to the RIG-I-like helicase
of mammals [62]. DICER2 has two effector functions; the
first initiates a cascade of endonucleolytic cleavage of viral
RNAs that mediate gene silencing, and the second is a RIG-I-
like signaling activity of DICER2 whereby DICER-2 mediates
induction of the antiviral genes, such as Vago [62]. A distinct
protein, DICER1, cleaves isolated miRNAs that subsequently
suppress transcription of viral RNA just as mammalian
DICER2 does [58, 59]. To evade this innate immune defense,
the Flockhouse virus encodes the dsRNA-binding protein B2
that inhibits dsRNA recognition by DICER1 and DICER2 in
Drosophila [30]. Furthermore, viruses inhibit the function of
inhibitors of kappaB (I-κB) translocation to prevent signal-
ing initiated by Drosophila TLRs [61], but not the Jak/Stat
antiviral defense pathway in Drosophila. Other viral proteins
that act in signal transduction are thought to mediate the
production of antiviral peptides, including the principal
Drosophila gene induced by viral infection that is Vago,

which encodes a 14 kilodalton cysteine-rich polypeptide
[62]. Vago is thought to be, in principle, analogous to
interferons as it is a virus-induced protein critical to control
viral infection. Finally, viral innate immune evasion proteins
encoded by baculovirus inhibit the function of apoptotic
pathways [31, 32, 63, 64]. Although there are parallels
between the principles of innate immune defense against
viruses between bacteria and Drosophila (Table 1), the innate
immune responses of Drosophila more closely resemble those
of the mammalian antiviral innate immune response.

4. Viral Evasion of Host Defenses:
Highlighting Critical Components of the
Mammalian Innate Immune Response

4.1. DNA Viruses. The Poxviridae are large enveloped DNA
viruses that replicate in the cytoplasm. Vaccinia virus
(VACV) is a robust poxviral vaccine originally used to
eradicate smallpox. Poxviruses encode approximately 180
genes. About 80 genes are essential for replication in tissue
culture, whereas 100 encode virulence proteins, such as decoy
receptors for IL-1, TNF-α, and interferons. These virulence
proteins (Table 1, bold text, and Figure 1) interdict innate
immune signaling by preventing receptor engagement at the
cell surface [65]. Moreover, the pox virus proteins, E3 and
K3, bind dsRNA in the cytoplasm, reducing type I interferon
production and, in the case of E3, preventing activation of
the dsRNA-dependent protein kinase PKR [34].

Other vaccinia virus proteins have been characterized as
inhibitors of innate immune intracellular signal transduction
(Figure 1). For example the VACV N1 family of ten bcl-2
like proteins inhibits NF-κB signaling [37]. Of the proteins
characterized to date, N1 is the most robust VACV virulence
factor, increasing replication 10,000-fold, inhibiting NF-κB,
IRF3 and apoptotic signaling [35, 66, 67]. A52 inhibits
NF-κB and increases p38 kinase activity [68]. A46 inhibits
NF-κB and IRF3 signaling [36]. And K7 inhibits IRF3 and
NF-κB signaling by binding to DDX3 and preventing MAVS
signaling to TBK1 [5]. It is unclear what the role of N1’s anti-
apoptotic function is as VACV already encodes a vbcl-2 (F1),
that, unlike N1, is critical for viral survival in vitro. Thus,
the antiapoptotic potential of the N1 vbcl-2 reconciles the
absence of cell death despite N1 inhibition of NF-κB. While
no direct inhibitor of the inflammasome has been detected in
vaccinia virus, the poxvirus serpins SPI-1 and crmA inhibit
caspase 1 activity downstream of the inflammasome [69]
and another poxvirus, myxoma virus encodes the M013
PYRIN domain containing protein that inhibits signaling
by the inflammasome by interrupting association of NLRP3
and ASC ([45], see Figure 2). Thus poxviruses inhibit many
aspects of the two-signal inflammasome inflammatory path-
way by inhibiting pro-IL-1β and pro-IL-18 production by the
IKK pathway and cleavage by the inflammasome (Figure 2).
Additionally, as outlined in Figure 1, IKK complex signaling
to TNF-α, IFN, and other cytokines is impaired by viral
innate immune evasion proteins.

The gammaherpesviruses encode proteins that highlight
the role of antiapoptotic factors in innate immune evasion.



Advances in Virology 5
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Figure 1: Signaling by the innate immune system that is inhibited by several viral proteins. This model depicts the salient features of
TLR-induced NF-κB and IRF3 induction. Several poxviral proteins N1, C6, A14 A46, and A52 inhibit the activation of NF-κB and/or
IRF3 signaling pathways, by interacting with and inhibiting the activity of the classical IKK complex (IKKα/β/γ) as well as the nonclassical
IKKε/TBK1 complex. HCV protein NS5A inhibits TIR signaling by MyD88, its NS3/4A digests MAVS to inhibit RLR signaling, and its core
protein inhibits Jak/Stat signaling. Finally, HIV Vif and Vpr degrade IRF3.

Herpesviruses cause a latent, life-long infection. During
latent infection herpesvirus antigens are principally present
in the nucleus thereby evading recognition by the cytoso-
lic and extranuclear membrane-associated components of
the innate immune system. The apoptotic mechanisms
of the innate immune system affect the elimination of
herpesvirus-infected cells. Two human gammaherpesviruses,
Epstein Barr Virus (EBV) and Kaposi’s Sarcoma Herpesvirus
(KSHV) have evolved several mechanisms that induce latent
infection and thus inhibit the apoptotic innate immune
response (LMP1 and LANA1). Recent studies of recombinant
EBV containing deletions of the genes encoding both the
antiapoptotic vbcl-2, BHRF1 [47], and a second EBV bcl-2,
BALF1 [48, 70, 71], have revealed that deletion of both
EBV bcl-2 homologs dramatically increases the survival of
cells undergoing EBV infection [72]. Finally, the KSHV
gammaherpes orf63 has been shown to encode a viral NLR
(vNLR, Figure 2) that inhibits NLRP1, NLRP3, and NOD2
function, permitting persistent KSHV infection [45].

Viral caspase inhibitors are believed to neutralize
immune responses of the host that activate the caspase
pathway of apoptotic cell death (although it is logical
to hypothesize that viral caspase 1 inhibitors also inhibit

the inflammasome). Three different viral proteins inhibit
the caspase pathway of apoptosis: (1) the serpins of
the poxviruses, exemplified by crmA, a caspase inhibitor
encoded by the cowpox virus genome [69], and (2) the
baculovirus p35 caspase inhibitor protein [73]. Finally, the
v-FLIPs, which are expressed by the gammaherpesviruses
equine herpesvirus 4 and Kaposi’s Sarcoma Herpesvirus
(KSHV/HHV-8) [46] inhibit apoptosis by competing with
caspase 8 (FLICE) for binding to the death effector domains
of adaptor proteins of death receptors (reviewed by [74]).
Inhibition of the activation of the caspase cascade that would
otherwise follow oligomerization of death receptors prevents
apoptosis induced by the cascade of proteases that eventually
induce cellular self-digestion [75]. Inhibition of caspases
is thus another evolutionarily conserved mechanism for
viruses to avoid the apoptotic host innate immune response.
In addition, vFLIPs dysregulate the function of IKK-γ,
thereby activating the IKK complex-mediated dissociation
of IkB from NF-κB and subsequent NF-κB signaling [76].
Activation of the IKK cascade that would otherwise promote
innate immune signaling activates KSHV replication and
promotes KSHV-transformed cell survival. In the case of this
KSHV mechanism, signaling by the classical innate immune



6 Advances in Virology

sIL-18R
sIL-1βR

IL-1β, 18 receptors

Cytoplasm

A46

A52

N1

TIR adapter
IRAKs

TRAF6

MEKK3

RNA virus

Nucleus

p65

p65

p50

p50

NF-κB response element ISRE

mRNA for interferons

mRNA for
proIL-1B, proIL18

P
IKKβ IKKα

IKB

DNA virus

dsDNA
RNApol III

Vprotein
NALP3

Procaspase 1
Caspase 1

proIL-1B

IL-1β

crmA

C6, N1

dsDNA

IRF3

IRF3-5P

TAK1

IKKγ B14

K7

NS3/4A

E3
DAI DNA sensor

RIG-1+
MAVS

+STING

TBK1/IKKe

RIG-1

dsRNA M013,
vNLR,

5-3xpRNA

Figure 2: Viral proteins inhibit nucleic acid receptors of the intracytosolic innate immune response. Viruses inhibit each of the two signals
that initiate the inflammasome activation process. The first signal—IL-1β and/or IL-18 binding and activation of the TLR/IL-1β receptor
pathway—is inhibited by soluble IL-1β and IL-18 (from VACV); downstream, inhibitors of signaling to NF-κB (from VACV or HCV)
repeatedly target this important antiviral pathway that optimally requires NF-κB translocation leading to the production of pro-IL-1β and
pro-IL-18. Second, the inflammasome processes these pro-IL-1β and pro-IL-18 proteins via caspase-1 that is itself processed upon clustering
mediated at the NLRP3 inflammasome upon detection of intracytosolic pathogens. This leads to IL-1β and IL-18 production and release that
activates the IL-1β/IL-18 pathway in an autocrine manner, as well as the innate and adaptive immune response. Inflammasome activation is
inhibited by myxoma virus M013, measles viruses V protein, and KSHV vNLR. Finally signaling to IRF3 by intracytosolic DNA or RNA is
inhibited at the level of MAVS by HCV’s NS3/4A and at the level of TBK1 by VACV C6 and N1 (Figure 1).

response pathway is perturbed by KSHV protein, allowing
KSHV to escape the apoptotic host innate immune response.

4.2. RNA Viruses. Hepatitis C Virus (HCV) is a single-
stranded, positive-sense RNA virus that encodes 10 proteins.
HCV typically induces a life-long infection via successfully
evading the adaptive and innate immune responses. The
many HCV proteins that possess dual functions in both repli-
cation and innate immune evasion likely reflect the limited
number of HCV. Surprisingly for the small size of its genome,
HCV shares mechanisms of innate immune evasion with
much larger DNA viruses such as the poxviruses. Poxvirus
nucleoside triphosphate phosphohydrolase I (NPH-I) is
absolutely essential for VACV mRNA transcription and
VACV replication, yet simultaneously NPH-I inhibits the
interferon response [77]. The HCV NS3/4A protease/helicase
encodes a helicase that suppresses the IFN-β promoter
independently of NS3/4A proteolytic destruction of innate
immune signaling components such as TRIF that activate

the IFN-β [42]. A recombinant RLR engineered to encode
only a helicase domain is a dominant negative inhibitor
of RLR-driven interferon (IFN)-β promoter activity. This
dominant negative RLR lacks a signaling domain [7]. Viral
helicases inherently lack signaling domains, and thus viral
helicases structurally resemble a dominant negative RLR
and might act as RLR antagonists. HCV innate immune
evasion mechanisms also include the proteolytic destruction
of MAVS by the protease component of the NS3/4A protein.
The destruction of MAVS, which transduces signals from the
RLRs, therefore inhibits signaling to IRF3 via TBK1, blocking
the interferon response. HCV core protein expression corre-
lates with impaired signaling of the Jak/Stat pathway to IFN-
α/β, although the mechanism for this is still being defined
[78]. The HCV core protein inhibits TLR signaling through
its chronic stimulation of TLR2 resulting in TLR hypore-
sponsiveness [79], HCV core protein binds STAT1, and HCV
infection leads to STAT1 degradation, which inhibits the
antiviral signaling in the Jak/Stat pathway [80]. Finally HCV
protein NS5A inhibits recruitment of IRAK to the MyD88
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TIR adapter [40] and may inhibit interferon production via
NS5A suppression and the phosphorylation of eIF2 by the
PKR kinase [40]. Thus, HCV inhibits several types of innate
immune signaling via the action of only a few proteins.

Influenza viruses are enveloped RNA viruses with a
negative-sense, single-stranded segmented genome. Influ-
enza virus is an extremely virulent respiratory pathogen,
and influenza virus possesses distinct innate immune evasion
mechanisms that are critical for its pathogenesis. The
nonstructural protein-1 (NS1) functions to inhibit the host
interferon response [81], thus inhibiting activation of IRF3
[35, 81]. Deletion NS1 dramatically attenuates influenza
viruses [35, 81]. Inhibition of RLR signaling is a critical
event in the lifecycle of many viral pathogens, for example,
influenza virus [82, 83]. Influenza NS1 protein inhibits RIG-
I signaling to NF-κB and IRF3 by inhibiting the E3 ubiquitin
ligase TRIM 25 required for its function [33]. Furthermore,
influenza virus NS1 binds to dsRNA that would trigger
the RIG-I/MDA5 antiviral response. Finally, the influenza
virus polymerase activity depends upon cellular mRNA,
thereby depleting host mRNAs, which has been postulated
to inhibit host antiviral gene expression [45]. Similar to
herpesviruses, influenza virus undergoes replication in the
nucleus minimizing detection by intracytosolic nucleic acid
sensors dsRNA binding by the influenza. Thus, influenza
virus appears to encode inhibitors of nucleic acid sensing,
host antiviral gene expression, interferon response, dsRNA,
and physical separation of signal transduction components
from the innate immune sensors. These mechanisms are a
recurrent theme in viral innate immune evasion.

Retroviruses are highly successful at evading innate
and adaptive immune responses. The rapid evolution
of HIV envelope proteins and their heavy glycosylation
results in epitopes that are not conducive to an adaptive
immune response. The well-studied mechanisms for retro-
viral immune evasion include the infection and apoptotic
destruction of HIV-1- or HIV-2-infected T cells. It is
interesting to note that HIV protease degrades human bcl-
2 [84] and that HIV Nef, an HIV accessory’ protein, induces
apoptosis [85]. Thus this mechanism of HIV induction of
apoptosis breaks the typical paradigm where viruses encode
proteins that inhibit apoptosis (see Table 1).

HIV encodes several other “accessory” proteins that are
essential for HIV infectivity and pathogenesis in vivo. These
proteins antagonize the innate immune response in several
ways. Nef mediates activation of MAPK signaling to AP-1,
which is suggested to activate viral replication [86, 87].
HIV Vif and Vpr degrade IRF3, thereby inhibiting signaling
to IRF3 and interferon production [88]. Thus, although
inhibition of adaptive immunity by HIV is well known,
innate immune evasion plays an important role in HIV
pathogenesis.

5. Conclusion: Innate Immunoevasion—From
Insight to Innovation

Many viral mechanisms have evolved to evade the immune
response. Surprisingly, the general outline of innate antiviral

mechanism is remarkably persistent throughout evolution,
such as DNA restriction/dicing and programmed cell death;
however, differences between innate immune responses of
distinct organisms are often more striking and may hint at
novel innate immune evasion pathways still undiscovered in
mammalian virus-host interactions. Signaling to interferon
resembles antiviral protein induction in Drosophila and in
some respects, even in bacteria. The evolutionary conserva-
tion of these mechanisms suggests their study will advance
understanding of viral pathogenesis and that these pathways
would be worthy targets of antiviral inhibitors.

In this regard, there are several promising antiviral
therapies targeting viral innate immunoevasion genes. HCV
protease inhibitors have been suggested to inhibit HCV
innate immunoevasion, presumably by preventing MAVS
digestion [38, 89], and thereby permitting critical signaling
to interferon. An in vitro study of the N1 vaccinia virus
virulence factor and innate immune evasion protein iden-
tified chemical inhibitors of its antiapoptotic function [90].
This is surprising as N1 does not mediate cell death in vitro,
where these inhibitors were tested [91, 92]. These findings
highlight the difficulty of studying certain innate immune
inhibitors in vitro. Nevertheless, targeting potent virulence
factors of viral pathogens represent a promising and entirely
new approach to antiviral drug design—beyond drugs that
exclusively target viral enzymes responsible for replication.
Perhaps the most promising application of these studies is
in the development of highly immunogenic live vaccines
that contain deletions of innate immune evasion genes
outlined here. Such vaccine would have the potential to be
safer and potentially more immunogenic vaccine viruses by
virtue of their attenuated ability to mediate innate immune
suppression.
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Frequency of active human herpesvirus-6, -7 (HHV-6, HHV-7) and parvovirus B19 (B19) infection/coinfection and its association
with clinical course of ME/CFS was evaluated. 108 ME/CFS patients and 90 practically healthy persons were enrolled in
the study. Viral genomic sequences were detected by PCR, virus-specific antibodies and cytokine levels—by ELISA, HHV-6
variants—by restriction analysis. Active viral infection including concurrent infection was found in 64.8% (70/108) of patients
and in 13.3% (12/90) of practically healthy persons. Increase in peripheral blood leukocyte DNA HHV-6 load as well as in
proinflammatory cytokines’ levels was detected in patients during active viral infection. Definite relationship was observed between
active betaherpesvirus infection and subfebrility, lymphadenopathy and malaise after exertion, and between active B19 infection
and multijoint pain. Neuropsychological disturbances were detected in all patients. The manifestation of symptoms was of more
frequent occurrence in patients with concurrent infection. The high rate of active HHV-6, HHV-7 and B19 infection/coinfection
with the simultaneous increase in plasma proinflammatory cytokines’ level as well as the association between active viral infection
and distinctive types of clinical symptoms shows necessity of simultaneous study of these viral infections for identification of
possible subsets of ME/CFS.

1. Introduction

Myalgic encephalomyelitis/chronic fatigue syndrome (ME/
CFS) is a disease characterized by profound disabling fatigue
lasting at least 6 months and accompanied by a combination
of nonspecific symptoms. According to the 1994 US Center’s
for Disease Control and Prevention (CDC) case definition,
which at present, is widespread in research and clinical
practice, at least four out of eight symptoms (impaired
memory or concentration, sore throat, tender cervical or
axillary lymph nodes, muscle pain, multi-joint pain, new
headaches, sleep disturbances and post-exertion malaise)
should be present in cases of ME/CFS [1]. During the
clinical course of disease multiple body systems are affected

by immune, neuroendocrine, musculoskeletal as well as
psychiatric factors that reflect on the heterogeneity of the
disease. Because fatigue is a common symptom of many
diseases, a wide differential diagnosis needs to be done. The
observation that many cases of the disease begin with a flu-
like illness has prompted the hypothesis that viral infections
are implicated in this disorder.

Infections of human β-herpesviruses-human herpesvi-
rus-6 and -7 (HHV-6, HHV-7), cytomegalovirus (CMV) [2–
4], Epstein-Barr virus [5, 6], parvovirus B19 (B19) [7–9],
and enterovirus [10] are suggested as etiological agents for
ME/CFS. The major hypothesis of the pathogenesis of the
disease is that persistent viral infections may trigger and lead
to chronic activation of the immune system with abnormal
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regulation of cytokine production [11]. However, until now
the role of viral infections as etiological agents for ME/CFS
has been evaluated inconsistently [12–15]. Identification of
specific biomarkers for differential diagnosis of ME/CFS has
intensively been studied [16–19].

HHV-6 and HHV-7 are lymphotropic, neurotropic,
and immunomodulating viruses which primary infection
is followed by lifelong persistency. Reactivation of viruses
can provoke the development of abnormalities involving
the immune system and nervous system and probably may
trigger ME/CFS [14]. Two distinct variants of HHV-6 (A and
B) have been described [19] and the human glycoprotein
CD46 has been recorded as a receptor molecule for both
variants [20]. Clinical features of HHV-6A infection remain
unclear.

Human parvovirus B19 was first discovered by Cossart
et al. [21] in the sera of healthy blood donors. The virus
is ubiquitous and course of infection depends on the
host’s hematological status and immune response. Cellular
receptor for B19 is globoside (blood group P antigen) [22].
Tissue distribution of P antigen may explain the clinical
manifestation of the viral infection [23].

The appearance of antibodies to B19 is associated with
clearance of the virus from the bloodstream; however, the
high frequency of persistence of B19 DNA in tissue of healthy
persons under the presence of anti-B19 antibodies indicates
that complete eradication of the virus from host body has not
occurred [24]. It is unclear how often ME/CFS appears after
B19 infection and whether B19 viremia or other factors cause
ME/CFS [9].

The aim of this study was to determine frequency of
active HHV-6, HHV-7, and B19 infection/coinfection and to
evaluate association of active single and concurrent infection
with clinical outcomes in cases of ME/CFS.

2. Materials and Methods

2.1. Patients. One hundred eight randomly selected patients
(66 females, 42 males; mean age 37 years) with clinically
diagnosed ME/CFS after rigorous examination of criteria
(fatigue for at least six months and at least four of eight
symptoms: postexertional malaise, impaired memory or
concentration, unrefreshing sleep, muscle pain, multijoint
pain, tender cervical or axillary lymph nodes, sore throat,
headache) corresponding to the 1994 CDC definition and 90
practically healthy persons (55 females, 35 males; mean age
39 years) were investigated for evidence of HHV-6, HHV-7
and B19 infection/coinfection. The presence and frequency
of clinical features in ME/CFS patients were examined in
relation to active viral infection. Severity of fatigue was
evaluated by Fatigue Severity Scale (FSS) with maximal
score of 72 points [25]. The cohort was established with
the approval of the Ethics Committee of the Riga Stradins
University and all participants gave their informed consent
prior to the examination. Ninety practically healthy persons
(55 females, 35 males; mean age 39 years) were included in
this examination as a control group.

2.2. HHV-6 and B19 Serology. Plasma samples were tested
by ELISA kits (Panbio, Sinnamon Park, OLD, Australia) for
specific anti-HHV-6 IgM and IgG class antibodies according
manufacturer’s protocols. Tests for antibodies against B19
were carried out using B19 IgG and IgM the anti-VP2
enzymatic immunoassay kits (Biotrin, Dublin, Ireland) in
accordance with the manufacturer’s recommendations.

2.3. Nested Polymerase Chain Reaction (nPCR). The tech-
nique of nPCR was used to detect viral genomic sequences
in DNA isolated from peripheral blood leukocytes (PBLs)
and cell free plasma (markers of persistent and active
infection, resp.). Total DNA was isolated from 0.5 ml of fresh
whole blood by phenol-chloroform extraction. The QIAamp
Blood Kit (QIAGEN, Hilden, Germany) was used to purify
DNA from 200 μL of cell-free blood plasma. The plasma
samples were treated with DNase I (Fermentas, Vilnius,
Lithuania) before DNA purification. To assure the quality
of the PBL DNA and to exclude contamination of plasma
DNA by cellular DNA, PCR was performed with primers that
recognized the globin gene. PCR amplification of viral DNA
was carried out in the presence of 1 μg of PBL DNA or 10 μL
of plasma DNA (which corresponded to 100μL of plasma).
HHV-6, HHV-7, and B19 DNA were detected in accordance
with Secchiero et al. [26], Berneman et al. [27], and
Cavallo et al. [28], respectively. Positive controls (HHV-
6 and HHV-7 genomic DNA; Advanced Biotechnologies
Inc, Columbia, MD, USA and B19 genomic DNA isolated
from viremic serum kindly provided by Prof. K.Hedman,
Department of Virology, Heartman Institute, University of
Helsinki) and negative controls (DNA obtained from practi-
cally healthy HHV-6, HHV-7 and B19 negative blood donor
and no template DNA) were included in each experiment.

Criteria to define persistent viral infection were the
presence of virus-specific IgG class antibodies in blood
plasma and viral genomic sequences in DNA isolated from
the whole blood. The presence of HHV-6-specific IgM class
antibodies in blood plasma and viral genomic sequence in
plasma DNA samples, as well as elevated titer of virus-
specific IgG class antibodies, without IgM antibodies and
viral genomic sequence in plasma DNA samples was defined
as active HHV-6 infection. The cases with HHV-7-specific
sequence in DNA isolated from cell free blood plasma were
defined as active HHV-7 infection cases. The presence of
HHV-7-specific antibodies was not examined due to the lack
of commercial test systems for IgM class antibody detection.
The cases with persistent infection and without markers of
active viral infection were defined as latent stage of persistent
infection (latent infection) cases. B19 genomic sequence in
plasma DNA samples with or without the presence of IgM
class specific antibodies and the presence of viral sequence in
PBL DNA samples together with IgM class specific antibodies
in blood plasma we defined as active B19 infection.

2.4. Quantitative Real-Time PCR. The viral load of HHV-6
in PBL DNA samples from patients with latent and active
viral infections was determined using the HHV-6 Real-
Time Alert Q-PCR kit (Nanogen Advanced Diagnostics,
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Buttigliera Alta, Italy) and an Applied Biosystems 7500 Real-
time PCR System (Applied Biosystems, Carlsbad, CA, USA),
in accordance with the manufacturer’s recommendations.

2.5. Restriction Endonuclease Analysis. Restriction endonu-
clease analysis was carried out using the restriction enzyme
HindIII (Fermentas, Vilnius, Lithuania), which cleaves the
163 bp HHV-6B amplimer into two fragments of 66 and
97 bp but does not cleave HHV-6A amplimer.

2.6. Assay for Cytokine Determination. Endogen Human
ELISA kits (Pierce Biotechnology, Rockford, IL, USA) were
used to detect the level of tumor necrosis factor (TNF)-α,
interleukin (IL)-6 and IL-4 in plasma samples from ME/CFS
patients according to the manufacturer’s recommendations.
The sensitivity of the ELISAs was 2 pg/mL for TNF-α and
<1 pg/mL for IL-6, and <4 pg/mL for IL-4. All samples
were tested in duplicate. Plasma samples were processed
immediately after collection and then stored at −70◦C.

2.7. Statistical Analysis. Statistical difference in the frequency
of active HHV-6, HHV-7, and B19 infection/coinfection
between tested groups was assessed by Odds ratio, 95% CI
values and Fisher’s exact test and in the levels of cytokines-
by Student’s t-test, using MedCalc software for Windows,
version 12.2.1; a value of P < 0.05 was considered to be
significant.

3. Results

3.1. HHV-6 and B-19 Serology. Specific anti-HHV-6 anti-
bodies were detected in 87/108 (80.6%) plasma samples
(IgG-71, IgM-3, IgM + IgG-13) from the ME/CFS patients
versus 69/90 (76.7%) practically healthy persons’ plasma
samples (IgG-67, IgM + IgG-2) and specific anti-B19
antibodies in 92/108 (85.2%) plasma samples (IgG-62, IgM-
6, IgM + IgG-24) from the ME/CFS patients versus 55/90
(61.1%) plasma samples ( IgG-44, IgM-2, IgM + IgG-9) from
the practically healthy persons.

3.2. Prevalence of Active HHV-6, HHV-7, and B19 Infections.
Active viral infection/coinfection was detected in 70 (64.8%)
and latent—in 32 (29.6%) out of 108 patients with ME/CFS.
Six (5.6%) patients were negative for viral infection (Table
1). The rate of active viral infection was significantly higher
in patients comparing to the rate in the practically healthy
persons (70/108 and 12/90, resp.; Odds ratio 0.14, 95% CI
0.07–0.26, P = 0.0001). In the patients significant difference
was detected between the frequency of single active and
concurrent active viral infection (41/70, 58.6% and 29/70,
41.4%, resp.; Odds ratio 2.0, 95% CI 1.02–3.92, P = 0.044).
Among the patients who were infected with a single virus,
the rate of HHV-7 active infection (40%) was significantly
higher in comparison with B19 (15.7%, Odds ratio 3.58,
95% CI 1.60–7.97, P = 0.002) and HHV-6 active infection
(2.9%, Odds ratio 22.7, 95% CI 5.13–100.1, P < 0.0001). No
significant difference was detected between the frequency of
active concurrent dual HHV-6 + HHV-7 and dual HHV-7 +

Table 1: Frequency of Active HHV-6, HHV-7 and B19 Infection in
ME/CFS Patients and Practically Health Persons.

Viral infection Plasma samples
(n = 108)

Practically
health persons

(n = 90)

Active viral infection 70/108 12/90

Single HHV-6 2/108 0/90

Single HHV-7 28/108 10/90

Single B19 11/108 2/90

Dual HHV-6 + HHV-7 10/108 0/90

Dual HHV-7 + B19 15/108 0/90

Triple HHV-6 + HHV-7 + B19 4/108 0/90

Latent viral infection 32/108 53/90

Without viral infection 6/108 25/90

B19 infection (Odds ratio 0.61, 95% CI 0.25–1.47, P =
0.273).

HHV-6B was identified in 15 and HHV-6A in one out of
16 PBL and plasma DNA samples.

3.3. HHV-6 DNA Load in PBL DNA Samples . The number
of HHV-6 DNA copies in PBL DNA of the ME/CFS patients
with and without HHV-6 viremia was compared. A clear
increase of HHV-6 load in PBL DNA was detected in 16
patients with plasma viremia in comparison with seven
patients without it (132.61 ± 41.38 × 103 and 8.73 ± 3.96 ×
103 copies/μg DNA, resp.).

3.4. Relationship between Plasma Level of TNF-α, IL-6, and
IL-4 and Active Viral Infection/Coinfection. To investigate the
relationship between the active viral infections and plasma
cytokine levels, the levels of proinflammatory (TNF-α, IL-
6) and anti-inflammatory (IL-4) cytokines were measured
in 106 ME/CFS patients (Table 2). The mean levels of TNF-
α and IL-6 cytokines were significantly higher in patients
with active viral infection/coinfection (52.51± 15.13 pg/mL,
18.59± 3.56 pg/mL, resp.) than in those with latent (18.81±
2.52 pg/mL, 2.56± 1.02 pg/mL, resp.; P < 0.0001) or without
viral infections (7.71± 3.07 pg/mL, 1.32± 3.07 pg/mL, resp.;
P < 0.0001). No significant difference was detected between
expression levels of TNF-α in the patients with active single
HHV-7 and active single B19 infection, as well as with dual
active HHV-6 + HHV-7 and dual active HHV-7 + B19
coinfection (Table 2).

The highest level of TNF-α was detected in patients with
active triple HHV-6+HHV-7 + B19 coinfection. Significantly
higher level of IL-6 expression was detected in plasma
samples of the patients with single active B19 infection
in comparison with the patients with single active HHV-
7 infection (P < 0.001) (Table 2). The mean levels of this
cytokine were also significantly higher in patients with active
concurrent HHV-7 + B19, as well as in patients with triple
HHV-6 + HHV-7 + B19 infection (29.19 ± 6.26 pg/mL, P <
0.001) in comparison with the level in patients with dual
HHV-6 + HHV-7 infection (11.22 ± 3.14 pg/mL). None of
the ME/CFS patients had increased plasma level of IL-4.
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Table 2: Plasma cytokine levels in patients with ME/CFS.

Viral infection
TNF-alpha

(pg/mL)
IL-6

(pg/mL)
IL-4

(pg/mL)

Without (n = 6) 7.71 ± 3.07 1.32 ± 0.43 <2

Latent (n = 32) 18.81 ± 2.52 2.56 ± 1.02 <2

Active (n = 68)
Single HHV-7 (n = 28)

44.81 ± 10.56 7.76 ± 2.45 <2

Single B19 (n = 11) 44.12 ± 11.67 15.62 ± 4.63 <2

Dual HHV-6 + HHV-7
(n = 10)

50.38 ± 8.74 11.22 ± 3.14 <2

Dual HHV-7 + B19
(n = 15)

49.89 ± 16.1 28.70 ± 3.05 <2

Triple HHV-6 + HHV-7 +
B19 (n = 4)

73.33 ± 18.76 29.67 ± 4.52 <2

3.5. Assessment of Active Betaherpesviruses and B19 Infec-
tion/Coinfection in Association with Clinical Outcomes in
ME/CFS Patients. Severe chronic fatigue for at least six
months or longer was observed in all patients irrespective of
the causation of the active infection (total FSS scores 58.89–
60.99, P < 0.05). Subfebrility, tender cervical or axillary
lymph nodes, and postexertional malaise were not revealed
in the patients with single B19 active infection but were
detected in patients with single HHV-7 active (50%, 75%,
100%, resp.), dual HHV-6 + HHV-7 (70%, 80%, 90%, resp.)
as well as triple HHV-6 + HHV-7 + B19 coinfection (74.1%,
68.4%, 74.1%) (Table 3).

Although muscle pain was observed in all patients, the
frequency of multijoint pain was more clearly displayed in all
patients with active B19 infection, as in cases of single as well
as in cases of coinfection with β-herpesviruses.

Severe postexertional malaise corresponding to “Exercise
brings on my fatigue” by FSS was detected in all patients
(mean score 6.94 ± 0.243 from 7 maximum) with single
HHV-6, HHV-7, and in 9/10 with dual HHV-6 + HHV-7
coinfection as well as in 14/19 with triple HHV-6 + HHV-
7 + B19 coinfection (90% and 74%, resp.).

Neuropsychological disturbances were observed in all 70
patients. Impaired memory was detected in 22 out of
57 (38.6%) patients with active β-herpesviruses infection/
coinfection but not observed in patients with single HHV-
6 and single B19 infection. Impaired concentration was
detected in 34 out of 70 patients (48.6%), more frequently in
patients with B19 infection. Sleep disturbances were revealed
in 49 out of 70 (70%) patients, the sleepiness was more
characteristic for patients with single HHV-6, B19, and dual
HHV-7+B19 coinfection (2/2, 11/11 and 15/15, resp.).

Headaches of new type were observed in 16 out of 30
(53.3%) patients with B19 infection/coinfection and in 14
out of 38 (36.8%) patients with HHV-7 and dual HHV-6 +
HHV-7 infection.

Chronic fatigue (for at least 6 months or longer period)
was observed also in all 38 patients with latent infection
and without infection (32 with latent infection and 6 with-
out infection). Postexertional malaise (23/38, 60.5%, mean
score 5.23 ± 0.135 from 7 maximum), impaired memory
(34/38, 89.5%), decreased concentration (32/38, 84.2%),

and sleep disturbances (24/38, 63.2%) were predominant
symptoms in these patients. Subfebrility (10/38, 26.3%)
and lymphadenopathy (11/38, 29%) were observed only in
patients with latent single HHV-7 and dual HHV-6 + HHV-7
infection/coinfection; muscle pain (14/38, 36.8%) in patients
with β-herpesviruses infection/coinfection (11/14) as well as
with B19 infection/coinfection (3/14). Multijoint pain was
observed in 15 out of 38 (39.5%) patients and in 10 of them
B19 infection/coinfection was found. Headaches of new type
were observed in 13 out of 38 (34.2%) patients. Among
these 13 patients β-herpesviruses infection/coinfection was
detected in 9 patients and B19 infection/coinfection in 4
patients. Clinical manifestations of the above-mentioned
symptoms were not severe (total FSS scores were 42.83–
48.90, P < 0.05).

Subfebrility, lymphadenopathy, malaise after exertion,
muscle pain, multijoint pain, sleep disturbances, and
headaches of new type were more frequent in patients
with active viral infection/coinfection than in patients with
latent infection and without infection. Whereas presence of
impaired memory and impaired concentration was more
frequent in patients with latent infection and without
infection in comparison to the patients with active infection.

4. Discussion

ME/CFS is heterogeneous disorder with common set of
symptoms that follows a viral infection. Despite efforts in
the development of standardized research criteria to define
ME/CFS [1, 11, 29, 30] progress in diagnosis and elucidation
of the role of viral infections is slow, due to a lack of
common standard clinical definition and specific biomarkers
of disease.

This study is the continuation of research of HHV-6
and HHV-7 as triggering factors for ME/CFS [3]. In the
study reported herein, we investigated the frequency of active
HHV-6, HHV-7 and parvovirus B19 infection/coinfection
and potential relationship of active viral infection with
different clinical symptoms in 108 patients with clinically
diagnosed ME/CFS.

The results of our study showed a high rate of HHV-6
and B19 seroprevalence among our patients and practically
healthy persons. The positive rates of anti-HHV-6 and anti-
B19 IgG class antibodies are similar in ME/CFS patients and
practically healthy persons. At the same time, the elevated
frequency of anti-HHV-6 IgM class antibodies is found in
ME/CFS patients which is in concordance with previously
observation by Patnaik et al. [31] and Ablashi et al. [2].
In contrast, Koelle et al. [32] and Cameron et al. [15]
do not support these data. Also the elevated frequency of
anti-B19 IgM class antibodies is found in ME/CFS patients
in comparison with the practically healthy persons (Odds
ratio 0.36, 95% CI 0.17–0.77, P = 0.009). High rates of
active viral infection/coinfection in ME/CFS patients might
be associated with insufficiency of the humoral immune
response to the viruses.

We identified active viral infection in 70 (65%) ME/CFS
patients, 41 of them had active single HHV-6, HHV-7, and
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Table 3: Symptoms of ME/CFS in patients with active viral infection/coinfection.

Defining symptoms

Active viral infection

HHV-6
(n = 2)

HHV-7
(n = 28)

B19
(n = 11)

HHV-6 + HHV-7
(n = 10)

HHV-7 + B19 and
HHV-6 + HHV-7 +

B19
(n = 19)

Subfebrility 0/2 14/28 0/11 7/10 14/19

Lymphadenopathy 2/2 21/28 0/11 8/10 10/19

Malaise after exertion 2/2 28/28 0/11 9/10 14/19

Muscle pain 2/2 28/28 11/11 10/10 19/19

Multijoint pain 2/2 7/28 11/11 10/10 19/19

Impaired memory 0/2 7/28 0/11 6/10 9/19

Impaired concentration 2/2 7/28 11/11 4/10 10/19

Sleep disturbances 2/2 7/28 11/11 10/10 19/19

New headaches 0/2 14/28 11/11 0/10 5/19

B19 infection and 29-concurrent (dual HHV-6 + HHV-7,
HHV-7 + B19 and triple HHV-6 + HHV-7 + B19) infection.
The active single HHV-7 and B19 infection, but not active
single HHV-6 or active concurrent infection, has been
previously detected in Latvian blood donors [33]. The
active HHV-6 infection was confirmed by the detection of
viral sequence in plasma DNA samples and a concomitant
increase of HHV-6 load in PBLs. This corresponds with the
data demonstrated by Ihira et al. [34].

Although HHV-6A is predominant in ME/CFS patients,
it was detected in only one patient that might be limited to
persistency sites other than the peripheral blood [8].

Despite the fact that the precise mechanism by which
betaherpesviruses and B19 impair immunological function
are not completely clear, previous investigations have shown
that these viruses are effective modulators of the immune
response, mainly by modulating the production of proin-
flammatory cytokines, including TNF-α and IL-6 [35, 36].
We detected the presence of significantly higher levels of
TNF-α and IL-6 in plasma samples from patients with active
viral infection. This finding confirms the immunomodu-
lating properties of these viruses and is in concordance
with the data of Fletcher et al. [37]. However, our data do
not corroborate with the findings of Vollmer-Conna et al.
[38] that have found no significant difference of cytokine
production in patients with postinfection fatigue syndrome.

The relationship between active β-herpesviruses and B19
infection/coinfection and ME/CFS clinical symptoms is not
clear. In the present study, clinical features of the disease were
particularly studied in detail specially in subgroups of 70
patients with different active viral infections although clinical
diagnosis of ME/CFS was confirmed in the presence of four
from eight analyzed symptoms [1] in all patients including
those with latent viral infection and without infection. The
analysis of our results showed definite relationship between
active single HHV-6 and HHV-7 infection and presence of
subfebrility, lymphadenopathy, and malaise after exertion,
and single B19 infection with multijoint pain. By concurrent
infection no clear differences in manifestations of the
symptoms were detected. Neuropsychological disturbances

were detected in all ME/CFS patients. Neuropsychological
disturbances were detected in all ME/CFS patients.

Results of our study correspond to the newest Inter-
national Consensus Criteria for clinical case definition [30]
which proposed several subsets of myalgic encephalomyelitis
such as neurological, immune, metabolism/cardiorespira-
tory.

5. Conclusions

The association between occurrence of ME/CFS clinical
symptoms, HHV-6, HHV-7 and B19 infection/coinfection
reactivation and increased expression levels of TNF-α and IL-
6 allows suggesting that these immunomodulating pathogens
are involved in ME/CFS etiopathogenesis. Their role as
trigger factors could not be excluded. The correlation of
distinctive active viral infection with various types of clinical
symptoms shows necessity of simultaneous study of these
viral infections for identification of possible subsets of
ME/CFS.
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Successful oncolytic virus treatment of malignant glioblastoma multiforme depends on widespread tumor-specific lytic virus
replication and escape from mitigating innate immune responses to infection. Here we characterize a new HSV vector, JD0G,
that is deleted for ICP0 and the joint sequences separating the unique long and short elements of the viral genome. We observed
that JD0G replication was enhanced in certain glioblastoma cell lines compared to HEL cells, suggesting that a vector backbone
deleted for ICP0 may be useful for treatment of glioblastoma. The innate immune response to virus infection can potentially
impede oncolytic vector replication in human tumors. Indoleamine-2,3-dioxygenase (IDO) is expressed in response to interferon
γ (IFNγ) and has been linked to both antiviral functions and to the immune escape of tumor cells. We observed that IFNγ treatment
of human glioblastoma cells induced the expression of IDO and that this expression was quelled by infection with both wild-type
and JD0G viruses. The role of IDO in inhibiting virus replication and the connection of this protein to the escape of tumor cells
from immune surveillance suggest that IDO downregulation by HSV infection may enhance the oncolytic activity of vectors such
as JD0G.

1. Introduction

Glioblastoma multiforme (GBM) is the most common
type of primary brain tumor with an incidence rate of
approximately 3 cases per 100,000 people per year in
the United States (2004-2005, http://www.cbtrus.org/). The
current treatment modality for GBM typically involves
surgery to remove the tumor, followed by radiotherapy
and adjuvant chemotherapy with temozolomide [1]. The
infiltrative nature of the tumor makes complete surgical
removal difficult, and tumor recurrence is common at the
tumor margin. The median survival for patients with GBM is
generally less than two years despite treatment. Clearly, new
and effective therapies are needed.

Oncolytic vectors (OVs), viruses that have been designed
to undergo lytic replication specifically in tumor cells,

provide a novel therapeutic approach to treatment of GBM.
Herpes simplex virus-based oncolytic vectors (oHSV) have
been used in early-phase clinical trials for a variety of tumors
including recurrent GBM. Recent trials using the genetically
engineered HSV strains G207, HSV1716, OncoVEXGM-CSF

and NV1020 have been encouraging, demonstrating that
these viruses are relatively nontoxic for normal tissue and
showing instances of promising patient responses [2–6].
However, despite their antitumor potential, the overall effec-
tiveness of these vectors has been limited. This observation
warrants the exploration of other mutant vector backbones
that may improve tumor cell-dependent vector replication.

The engineering of an oHSV vector relies upon the
deletion of viral genes that are needed to efficiently complete
the virus life cycle in normal cells, but that are complemented
by genetic alterations that commonly occur in tumor cells.
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The ICP0 protein is an attractive target for the design
of an oncolytic vector. ICP0 is a nonessential, immediate
early gene product that performs a wide range of functions
important for virus replication such as counteracting the
IFN response [7–9], maintaining the viral genome in a
transcriptionally active state [10–12], and targeting specific
cellular proteins for degradation by the proteasome, includ-
ing proteins important in modulating DNA repair pathways,
apoptosis and cell-cycle progression [13–19]. Importantly,
mutants lacking ICP0 protein are impaired for growth at low
multiplicity of infection (MOI) in most cell lines [20], while
vigorous replication has been observed in tumor cell lines
such as U2OS osteosarcoma cells [21, 22]. It has recently
been demonstrated that other tumor cell lines enhance the
replication of ICP0-deficient vectors, and an HSV-1 mutant
lacking ICP0 protein expression was shown to increase
survival in a mouse breast adenocarcinoma model [23, 24].
The tumor cell-specific replication of ICP0-deficient HSV
suggests that this mutant backbone may represent a new class
of oHSV vector useful for treatment of GBM.

The innate immune response to virus infection can
potentially inhibit virus replication and spread. For example,
natural killer (NK) cells recruited to the site of HSV infection
release interferon γ (IFNγ) a cytokine that triggers multiple
downstream pathways that can inhibit virus replication
[25]. The production of IFNγ has been shown to inhibit
replication of certain oHSV in vitro and virus gene expression
in vivo [25, 26]. Local production of IFNγ induces the
synthesis of indoleamine-2,3-dioxygenase (IDO), an enzyme
that catalyzes the degradation of the essential amino-acid
tryptophan producing kynurenine and multiple downstream
metabolites. The consequent depletion of tryptophan from
the cell and its surroundings impedes virus replication [27].
Furthermore, kynurenine along with other catabolites has
been linked to the escape of tumor cells from immune
surveillance [28–30]. Thus, IDO may present obstacles
to both OV replication and immune clearance of tumor
cells.

In this report, we characterized an ICP0-deficient oHSV
vector, JD0G [31], for its ability to replicate in glioblastoma
cells in the absence and presence of IFNγ. We show that
JD0G virus replication was enhanced in glioblastoma cell
lines compared to HEL cells, suggesting that the former
complement the loss of ICP0 protein. Both wild-type KOS
virus and JD0G were moderately sensitive to IFNγ at low
MOI in glioblastoma cells, an effect that was dramatically
reduced at higher MOI. Moreover, while glioblastoma cell
lines produced IDO protein when stimulated with IFNγ,
IDO induction had a minimal effect on virus replication.
This observation may be related to our finding that IFNγ-
induced IDO levels were substantially reduced in glioma cells
infected with KOS or JD0G

2. Results

2.1. JD0G Structure. To create JD0G, the internal repeat
sequences “joint” were deleted from the strain KOS HSV-1
genome, a modification that removes one copy each of the
gamma 34.5 gene and the immediate early genes encoding

ICP0 and ICP4. The removal of the joint enhances vector
stability by eliminating internal genome rearrangements that
occur during UL/US isomerization [38]. The joint deletion
removes a region spanning positions from 116,982 to
132,605 of the HSV genome (nucleotide positions based on
NC 001806). The remaining copy of ICP0 was then deleted,
and an eGFP expression construct driven by the human
cytomegalovirus (hCMV) major immediate early promoter
was inserted in its place. The structure of the mutant virus
was confirmed by PCR, sequencing, and Southern blot
analysis. Figure 1 shows the structure of the JD0G genome
compared to that of wild-type HSV-1 KOS.

2.2. Glioblastoma Cell Lines Support Replication of the JD0G
Virus. Successful oncolytic virus treatment of GBM requires
efficient, tumor-specific replication, and lysis of the tumor
cell. We compared JD0G replication with that of wild-
type KOS virus and another oncolytic vector, MGH2, a
derivative of the well-studied vector G207 [32]. MGH2 lacks
expression of γ34.5 and produces a nonfunctional ICP6
protein fused with GFP from the UL39 locus. In addition,
MGH2 carries two genes that encode prodrug activating
enzymes, CYP2B1 (cytochrome p450), and shiCE (secreted
human intestinal carboxylesterase). ICP0-deficient viruses
are impaired for replication at low MOI in cells such
as human embryonic lung fibroblasts (HEL cells), while
certain tumor cell lines have been shown to allow efficient
replication [22]. To assess the ability of human glioblastoma
cell lines to support virus replication, HEL, SNB19, and
U251 glioblastoma cells were infected at an MOI of 0.1
(based on U2OS titers), supernatants were collected at 24
hours postinfection (hpi) and virus yields were measured
by titration on U2OS cells. Infections with KOS consistently
generated slightly higher virus yields on HEL cells than on
the two glioma cell lines (Figure 2(a)). In contrast, infection
of the glioma cells with JD0G virus produced titers that were
on average 10-fold higher than those obtained from HEL
cells (Figure 2(a)). A similar comparison of MGH2 titers
across the cell lines demonstrated that while MGH2 was able
to replicate in HEL cells, its replication was substantially
more impaired than that of JD0G on the two glioblastoma
cell lines (Figure 2(a)). These results suggest that both
glioblastoma cell lines provided an enhanced environment
for JD0G growth, but not for MGH2, and that these tumor
cells partially complement the ICP0 deficit.

We then examined the ability of the JD0G and MGH2
oncolytic viruses to cause tumor-specific cell death. HEL,
SNB19, and U251 cells were infected at an MOI of 0.1,
and the surviving cells were counted at 48 hpi (Figure 2(b)).
Compared to mock-infected HEL cells, JD0G infection
reduced the number of HEL cells by less than 2-fold. In
contrast, the number of glioma cells that survived infection
with JD0G was reduced by 10-fold or greater. MGH2
infection did not exhibit similar tumor-specific cell-killing
activity, causing more cell death in the HEL cell line than
in either glioma cell line. Thus, the JD0G oncolytic vector
both exhibited a better tumor-selective replication profile
than MGH2 and demonstrated clear glioma-specific cell
death.
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Figure 1: Structure of the JD0G virus compared to the wild-
type HSV-1 virus. Schematics depicting the genome structure of
wild-type HSV-1 (top) and the JD0G virus (bottom). The unique
long (UL) and unique short (US) portions of the viral genome are
indicated with solid lines, and the repeat regions of the genome
(ab/b′a′, a′c′/ca) are shown as open boxes. The locations of the
two ICP0 loci are designated with inverted triangles. Black boxes
represent deleted regions of the JD0G genome. The joint deletion
removes a region spanning positions from 116,982 to 132,605 of
the HSV genome (nucleotide positions based on NC 001806). The
terminal ICP0-deletion (ΔICP0) replaces the ICP0 coding sequence
with an hCMV:eGFP expression cassette.

2.3. IFNγ Treatment Inhibits Virus Replication in an MOI-
Dependent Manner. IFNγ presents a potential impediment
to virus replication in tumor cells in vivo. To evaluate the
sensitivity of KOS and JD0G to type II IFN, SNB19 and U251
cells were treated with IFNγ for 24 h and infected with either
KOS or JD0G at an MOI of 0.1 or 10. Virus yields at 24 hpi
were assessed by titration on U2OS cells. The results (Figures
3(a) and 3(b)) showed that (i) growth of KOS and JD0G was
inhibited by IFNγ at low MOI on both cell lines; (ii) JD0G
was somewhat more sensitive than KOS; (iii) both viruses
at low MOI were hypersensitive to IFNγ on U251 cells; and
(iv) high-MOI infection minimized IFNγ sensitivity. These
results suggested that ICP0 deficiency has a moderate (≤5-
fold) effect on IFNγ sensitivity at low MOI, a condition
that likely models in vivo infection more realistically than
high-MOI infection of cultured cells. In addition, the data
indicated that both the antiviral response to IFNγ and the
contribution of ICP0 to viral escape from this response at
high MOI vary between glioblastoma lines.

2.4. IFNγ-Induced IDO Protein Has a Minimal Effect on Virus
Replication. Local production of IFNγ induces the synthesis
of indoleamine-2,3-dioxygenase (IDO), an enzyme that
catalyzes degradation of the essential amino acid tryptophan
producing kynurenine. IDO production in response to IFNγ
has been linked to the inhibition of HSV replication in
certain cell lines in vitro [27]. In order to determine if
the glioblastoma cells used in this study produce active
IDO protein either constitutively or in response to IFNγ,
IDO-enzymatic activity was assessed by measuring the level
of kynurenine in the supernatants of IFNγ-treated cells.
Kynurenine levels increased in a dose-dependent manner in
response to increasing levels of IFNγ (Figure 4(a)). These
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Figure 2: JD0G infection of glioblastoma cells results in efficient
virus replication and tumor-selective cell death. (a) The replication
of JD0G was evaluated in comparison to KOS and MGH2. HEL,
U251, and SNB19 cell lines were infected in parallel with KOS,
MGH2, or JD0G at an MOI of 0.1 based on U2OS titers.
Supernatants were collected at 24 hpi, and the amount of virus
produced was assessed by titration on U2OS cells. The data
represent the average of three independent infections, and error bars
represent the standard deviation. For all three viruses the differences
in virus yield observed between HEL cells and either glioma cell
line are statistically significant as determined by the student t-test
(P values less than 0.03). (b) Tumor-specific cell death was assessed
by counting the number of surviving cells following infection with
either JD0G or MGH2 virus. HEL, U251 or SNB19 cells were
infected at an MOI of 0.1, and Trypan Blue staining was performed
to count the number of viable cells 48 h postinfection. The data
represent the average of three independent infections, and error
bars represent the standard deviation. All differences are statistically
significant (P values less than 0.01).
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Figure 3: IFNγ treatment of glioblastoma cells results in a decrease
in virus yield in an MOI-dependent manner. U251 and SNB19 cells
were pretreated or mock treated with IFNγ (500 U/mL) 24 h prior
to infection with either KOS or JD0G at an MOI of 0.1 (a) or 10 (b),
and the supernatants were titered at 24 hpi. The data present the
average of two independent infections, and the error bars represent
the standard deviation; these data are representative of replicate
experiments.

data illustrated that active IDO protein was produced in
response to IFNγ treatment of glioblastoma cells.

We used the small molecule inhibitor of IDO activity, 1-
methyl-tryptophan (1-MT), to assess the role of IDO in the
observed reduction in virus yields from glioblastoma cells
treated with IFNγ prior to low-MOI infection (Figure 4(b)).
In U251 cells, IFNγ decreased both KOS and JD0G yields

over 100-fold, and the addition of 1-MT consistently reduced
this loss to approximately 15-fold; 1-MT alone had no effect
on virus growth (data not shown). In contrast, the presence
of 1-MT did not significantly alter the reduced yields of KOS
and JD0G on IFNγ-treated SNB19 cells. These data suggested
that IDO contributes to the IFNγ hypersensitivity of the two
viruses on U251 cells, but not to their lower sensitivity on
SNB19 cells. In both instances, however, the main effect of
IFNγ appeared to be mediated via a different pathway.

2.5. Virus Infection Reduces the Amount of IDO mRNA and
Protein in IFNγ-Treated Cells. Although active IDO protein
was produced in response to IFNγ in both U251 and SNB19
cells, the 1-MT experiments described above indicated that
IDO activity did not significantly influence virus replication
in at least one of these lines, SNB19. This may suggest
that HSV-1 can counteract the IDO pathway to allow virus
replication. The level of IDO protein present in U251
and SNB19 cells was measured following IFNγ treatment
and virus infection (Figure 5(a)). Untreated cells and cells
infected with virus alone did not show detectable levels of
IDO protein at 12 and 24 hpi (Figure 5(a)). Cells treated with
IFNγ produced IDO protein in both cell lines. However, cells
treated with IFNγ and then infected with either KOS or JD0G
virus showed a substantial reduction in the amount of IDO
protein (Figures 5(a) and 5(b)). At 24 hpi, less than 20% of
the IDO protein remained in SNB19 cells and less than 30%
in U251 cells (Figure 5(b)). These data, representative of 3
independent experiments, suggested that infection of cells
with HSV-1 can lead to downregulation of IDO protein.

Downregulation of IDO in response to virus infection
can occur either at the protein or mRNA level. We therefore
measured IDO mRNA expression by quantitative RT-PCR at
2 and 8 hours following virus infection of IFNγ-treated cells.
The results (Figure 5(c)) demonstrated that IDO mRNA
levels were reduced as early as 2 hours postinfection with
either KOS or JD0G viruses when compared to mock-
treated controls. Together these data suggest that infection
of glioblastoma cells with HSV results in reduced expression
of both IDO mRNA and protein, thereby minimizing the
inhibitory effects of this protein on virus replication.

3. Discussion

The development of attenuated viruses that are adapted
for preferential replication in solid tumors is an attractive
approach to treatment of malignancies where more standard
therapies are either ineffective or difficult to apply. HSV-1-
oncolytic vectors used in early-phase clinical trials for the
treatment of GBM have shown some success without serious
side effects [33, 34]. Tumor specificity can be achieved by
deleting viral genes that permit mutant virus replication in
tumor cells while profoundly impairing virus replication in
normal host cells [1]. The vector prototype is G207, that is,
deleted for γ34.5 and produces a nonfunctional ICP6-LacZ
fusion protein [35]. ICP6 encodes the large subunit of the
viral ribonucleotide reductase, a protein that permits virus
growth in nondividing cells by maintaining the nucleotide
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Figure 4: IFNγ-induced IDO protein has a minimal effect on virus replication. (a) SNB19 or U251 cells were pretreated with varying
concentrations of IFNγ (0–500 U/mL) in media supplemented with 100 μg/mL of L tryptophan. After 3 days of incubation, IDO activity
was measured by determining kynurenine content in the cell supernatants. (b) U251 or SNB19 cell lines were pretreated or mock treated
with IFNγ (500 U/mL) with or without 1-MT (300 μM) 24 h prior to infection with JD0G or KOS virus, and the supernatants were titered
at 24 hpi. The data represent the average of two independent infections, and the error bars represent the standard deviation; these data are
representative of replicate experiments.

pool, while γ34.5 counteracts the virus-induced activation
of the PKR pathway. The more advanced oncolytic vector
examined in this study, MGH2, was derived from G207 by
replacing lacZ with eGFP at the ICP6 locus and inserting two
antitumor genes, CYP2B1 (encoding cytochrome p450) and
shiCE (encoding secreted human intestinal carboxylesterase)
[32]. These enzymes activate the anticancer drugs cyclophos-
phamide and irinotecan, respectively, both of which are
potent tumor toxic products. In one study, MGH2 showed
oncolytic activity in vivo only with the addition of cyclophos-
phamide and irinotecan [32], indicating that the MGH2
vector backbone alone does not function as an effective OV.
Some evidence suggests that vector replication in certain

tumor cells may require γ34.5 activity and that oHSV is
susceptible to innate immune responses, potentially limiting
the effectiveness of this and other oHSV vectors [36]. We
therefore sought to examine other mutant backbones that
may overcome these limitations.

In this study we characterize an oHSV vector (JD0G)
that is deleted for ICP0 and the joint elements of the viral
genome. HSV-1 mutants defective for the production of
ICP0 protein provide an attractive alternative to the MGH2
vector backbone. ICP0-deficient vectors are impaired for
growth at low MOI in most cell lines, while replication
preferentially occurs in certain tumor cell lines [22, 23,
37]. Moreover, Hummel and colleagues have reported that
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Figure 5: Reduction in IFNγ-induced IDO expression following virus infection of glioblastoma cells. (a) The effect of virus infection on
IFNγ-induced IDO protein levels in SNB19 cells (top) and U251 cells (bottom) was visualized by Western blot. Cells were treated with IFNγ
or mock treated for 24 h prior to infection with either JD0G or KOS virus. At 12 and 24 hpi, cell lysates were analyzed by Western blot
with antibodies against IDO protein (upper panels) or α-tubulin (lower panels). (b) IDO protein levels were quantified using the Odyssey
Infrared Imaging System, and the relative amount of IDO protein (IDO/α-tubulin) in each sample is shown. Data are representative of three
experiments using different time points. (c) The effect of virus infection on IDO mRNA levels in SNB19 and U251 cells was assessed by
quantitative RT-PCR. Cells were treated with IFNγ or mock treated for 24 h prior to infection with either JD0G or KOS virus, and total
cellular RNA was collected at 2 and 8 hpi. IDO mRNA levels for each sample were normalized to GAPDH levels and the fold change in IDO
expression for each sample is shown relative to the untreated, mock-infected control.
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an HSV-1 double mutant lacking VP16 and ICP0 protein
expression replicates efficiently in a variety of tumor cells
derived from prostate, lung, colon, and mammary carcino-
mas with evidence of oncolytic activity in animal models
[24]. Using the JD0G backbone, we sought to determine
whether the unique interaction of an ICP0-deleted vector
with tumor cells could be exploited to develop novel
oncolytic viruses suitable for treatment of brain tumors.
Our findings showed that JD0G replication was significantly
enhanced in the U251 and SNB19 glioblastoma cell lines
compared to HEL cells, while MGH2 replication was highly
impaired, showing 2-3 logs lower yields on the glioblastoma
lines than JD0G. These findings point to the possibility that
genetic changes related to glioblastoma development relieve
the need for ICP0 expression and permit JD0G replication,
while the mutations in MGH2 are detrimental to vector
growth and not complemented in these lines. Furthermore,
the difference in replication between these two vectors was
most pronounced at low multiplicity (data not shown), a
condition that may be more relevant to circumstances in
vivo than high-MOI infections in cell culture. An oHSV
vector that can replicate efficiently from a small number of
initial infectious particles is most likely to be effective in
tumors.

It is likely that the tumor-specific replication of the JD0G
vector can be ascribed to the ICP0 deficiency and not to
the removal of the joint components of the viral genome.
The HSV genome consists of two unique elements (UL and
US) that are each flanked by repeated sequences (ab/b′a′;
a′c′/ca) (Figure 1). This arrangement creates two terminal
repeat regions that together contain one copy of the genes for
ICP34.5, ICP4, ICP0, and the latency-associated transcript
(LAT), and an internal repeat element (joint) that contains a
second copy of each gene. Thus, the joint deletion generated
in the construction of JD0G removes a single copy of each
gene, reducing but not eliminating gene expression. This
modification alone has a minimal effect on virus replication
(unpublished observations, [38]). The benefit of this deletion
is that it eliminates the possibility of genome isomerization
events that typically occur between the repeated elements of
the viral genome and generate four possible HSV isomers.
Hence, the JD0G genome has enhanced stability over the
wild-type KOS genome.

Following inoculation of oHSV in vivo, IFNγ can be
produced by resident microglia, recruited macrophages,
dendritic and NK cells at the growing tumor site [25,
39]. In response to IFNγ, dendritic cells and tumor cells
may produce IDO, whose enzymatic activity leads to the
degradation of tryptophan and the production of toxic
catabolites such as kynurenine and quinolinate [40]. Addi-
tionally, tumor cells including glioblastoma cells have been
reported to express IDO without IFNγ induction [41].
Tryptophan depletion can impede the production of viral
proteins and, together with kynurenine, can induce effector
T-cell anergy [30]. Therefore, IFNγ can negatively affect both
oncolytic virus replication and tumor-specific immunity at
several levels. Although IFNγ-mediated inhibition of oHSV
replication may be overcome in part by the administration
of immunosuppressive drugs such as cyclophosphamide,

a drawback to this approach is that it will also inhibit the
induction of tumor-specific immunity.

In view of these considerations, and to explore the
tumor-related changes that may potentially influence the
innate immune response to virus infection, KOS and JD0G
viral replication in glioblastoma cells were tested for their
sensitivity to IFNγ treatment. Our data demonstrate that
both viruses were sensitive to IFNγ at low MOI, but the
ability of IFNγ to control virus replication was largely lost
at elevated MOI. However, we observed marked differences
between the glioblastoma cell lines in both the IFNγ
sensitivity of virus replication and the involvement of IDO
activity in the inhibition of virus replication. SNB19 cells
produced lower levels of IDO protein than U251 cells, and
virus replication in SNB19 cells was less sensitive to IFNγ
treatment. In the IFNγ-hypersensitive U251 cells, both KOS
and JD0G were found to downregulate, but not eliminate,
IDO mRNA and protein, and the IDO inhibitor 1-MT
was able to improve the efficiency of virus replication. In
contrast, both KOS and JD0G infection nearly eliminated
IDO expression in IFNγ-treated SNB19 cells, and 1-MT did
not improve virus replication. Together, these results indicate
that IDO expression above a certain level can inhibit virus
replication in glioblastoma cells, but also that the majority
of IFNγ-induced inhibition of virus replication occurs via
a different pathway. The limited role of IDO in controlling
virus replication may be attributable to the virus-mediated
downregulation of IDO observed on infection with both
KOS and JD0G. This downregulation may not only allow for
vector replication in the presence of IFNγ, but also minimize
adverse effects on antitumor immunity. Thus, we propose
that vector-induced IDO downregulation may be an impor-
tant aspect of the therapeutic potential of oHSV vectors.

4. Methods

4.1. Cell Lines and Viruses. Human glioblastoma SNB19
and U251 [42], osteosarcoma U2OS (ATCC, Manassas, VA,
USA), embryonic lung HEL (ATCCs), and monkey kidney
Vero cells (ATCC) were cultured by standard methods. HEL
cells were maintained in RPMI supplemented with 10%
fetal bovine serum (FBS). All other cells were maintained
in Dulbecco’s Modified Eagle Medium (Atlanta Biologicals,
Norcross, GA, USA) supplemented with 10% FBS at 37◦C
in 5% CO2. The wild-type HSV-1 (KOS) virus stock was
prepared on Vero cells.

The JD0G mutant HSV-1 virus was derived by deletion
of ICP0 by mixed infection/transfection of the Joint Deleted
vector with plasmid 28E3. In order to obtain 28E.3 we
initially deleted the fragment StuI/HpaI from the plasmid
28.1 (which consists of the Dra I fragment of psg28 [43],
and a Bgl II linker was inserted into this site. Plasmid 28E3
was created by cloning a Bgl II fragment containing a HCMV
eGFP expression construct from pEGFPN-1 (Clontech, Palo
Alto, CA, USA) into the Bgl II site of 28B.

JD0G virus stocks were prepared on U2OS cells. The
MGH2 virus was kindly provided by Antonio Chiocca (Ohio
State University). For comparison purposes, MOIs were
based throughout on viral titers determined on U2OS cells.
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4.2. Virus Growth. 1 × 105 cells were seeded in 24-well
dishes prior to infection. Confluent monolayers of cells were
infected at an MOI of 0.1 in serum-free DMEM (Atlanta
Biologicals) for 2 h. Supernatants were collected at 24 hpi,
and viral titers were determined by serial dilution on U2OS
cells. Plaques were visualized by crystal violet staining.

4.3. IFNγ Treatment. 7 × 104 cells were seeded in 24-
well dishes and pretreated or mock treated for 24 h with
500 U/mL of recombinant human IFNγ (Cell Sciences, Can-
ton, MA, USA). The IDO inhibitor 1-methyl-L-tryptophan
(Sigma, St. Louis, MO, USA) was used at a final con-
centration of 300 μM. Pretreated cells were infected at the
appropriate MOI in serum-free DMEM for 2 h, virus was
removed, and the cells were fed with fresh media plus IFNγ.
Supernatants were collected at 24 hpi and viral titers were
determined by serial dilution on U2OS cells. Plaques were
visualized by crystal violet staining.

4.4. Quantitative RT-PCR. 3 × 105 cells were seeded in
6-well dishes and pretreated or mock treated for 20 h with
500 U/mL of IFNγ. Pretreated cells were infected at an MOI
of 20 in serum-free DMEM with either KOS or JD0G for
2 h, virus was removed, and fresh media with IFNγ was
added to the wells. Cells were harvested at the indicated
times postinfection (either 2 or 8 h), and total RNA was
extracted using the RNeasy kit (QIAGEN, Valencia, CA,
USA). 2 μg of total RNA was used to synthesize the first
cDNA strand using Superscript First-Strand Synthesis
System (Invitrogen, Carlsbad, CA, USA). Quantitative PCR
was performed as previously described [44]. Average CT

values for IDO were normalized with average CT values
for GAPDH, and data were plotted as the fold change
relative to untreated, mock-infected controls using the
2−ΔΔCT method [45]. The following primers and probes
were obtained from PE Applied Biosystems (Foster City,
CA, USA): IDO Fwd, GGTCATGGAGATGTCCGTAA; IDO
Rev, ACCAATAGAGAGACCAGGAAGAA; IDO Probe,
6FAM-CTGTTCCTTACTGCCAACTCTCCAAGAAACTG-
Tamra; GAPDH-FWD, CCCCACACACATGCACTTACC;
GAPDH-REV, CCTACTCCCAGGGCTTTGATT; GAPDH-
Claw-Probe, 6FAM-AAAGAGCTAGGAAGGACAGGC-
AACTTGGC-TAMRA.

4.5. Kynurenine Assay. 3 × 104 cells were pretreated with
varying concentrations of IFNγ (0–500 U/mL) in media
supplemented with 100 μg/mL L-tryptophan. After 3 days of
incubation, supernatants were harvested for determination
of kynurenine content. Samples of 160 μL were incubated
with 10 μL of 30% TCA for 30 min at 50◦C and centrifuged
at 3,000 rpm for 20 min at room temperature. 100 μL of each
sample was reacted with an equal volume of Ehrlich reagent
(Sigma) at room temperature for 10 min, and the OD490

measured using a microplate reader.

4.6. Western Blot. 3 × 105 cells were seeded in 6-well dishes
and pretreated or mock treated for 20 h with 500 U/mL
of IFNγ. Pretreated cells were infected at an MOI of 20

in serum-free DMEM with either KOS or JD0G for 2 h,
virus was removed, and fresh media with IFNγ was added
to the wells. Cells were harvested at the indicated times
postinfection (either 12, or 24 h), resuspended in 200 μL lysis
buffer (10 mM Tris pH 7.4, 150 mM NaCl, 5 mM EDTA pH 8,
0.1% Triton-X, 1 mM DTT, 1 mM PMSF, 1 mM NaVO4, and
0.2% Protease Inhibitor Cocktail [Sigma]), and incubated
on ice for 30 min. 5 μg of total protein was resolved on
an 8% SDS-PAGE gel and transferred to Protran 0.45 μm
nitrocellulose membrane (Whatman, Piscataway, NJ, USA).
The membrane was blocked for 1 h at room temperature in
Tween-20-free Odyssey blocking buffer (LI-Cor Biosciences,
Lincoln, NE, USA) and incubated overnight at 4◦C with a
1 : 5,000 dilution of ALX-210-429 rabbit anti-IDO antibody
(Alexis Biochemicals, Lausanne, Switzerland) and a 1 : 20,000
dilution of mouse anti-α-tubulin antibody (T6074, Sigma)
in 1x PBS/0.05% Tween-20. The membrane was washed
with 1x PBS/0.05% Tween-20, incubated for 1 h at room
temperature with goat anti-mouse IRDye800CW-green and
goat anti-rabbit IRDye680-red secondary antibodies (both
from LI-Cor), and washed with 1x PBS/0.05% Tween-20.
The membrane was scanned with Odyssey Infrared Imaging
System (LI-Cor) and analyzed with Odyssey 3.0 software as
specified by the manufacturer.

4.7. Cell Killing. 1 × 106 cells were seeded in 6-well dishes
and infected 24 hours later at an MOI of 0.1 in serum-free
DMEM (Atlanta Biologicals). Media was replaced with fresh
serum-containing media after 1.5 h and 48 h postinfection
viable cells were stained with Trypan Blue and counted.
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Several herpes- and poxviruses have captured chemokine receptors from their hosts and modified these to their own benefit. The
human and viral chemokine receptors belong to class A 7 transmembrane (TM) receptors which are characterized by several
structural motifs like the DRY-motif in TM3 and the C-terminal tail. In the DRY-motif, the arginine residue serves important
purposes by being directly involved in G protein coupling. Interestingly, among the viral receptors there is a greater diversity in
the DRY-motif compared to their endogenous receptor homologous. The C-terminal receptor tail constitutes another regulatory
region that through a number of phosphorylation sites is involved in signaling, desensitization, and internalization. Also this
region is more variable among virus-encoded 7TM receptors compared to human class A receptors. In this review we will focus on
these two structural motifs and discuss their role in viral 7TM receptor signaling compared to their endogenous counterparts.

1. Introduction

Seven transmembrane (7TM) receptors constitute the largest
superfamily of membrane proteins and function as impor-
tant mediators of extracellular signals to intracellular re-
sponses. The chemical diversity of the endogenous ligands
is tremendous ranging from small simple chemical entities
like photons, ions, and nucleotides, to more complex small
ligands like monoamines and peptides, and larger proteins,
glycoproteins, and lipids. The 7TM receptors are divided into
five classes of which class A or rhodopsin-like receptors is
the dominating class [1]. The receptors are characterized by
seven membrane-spanning α-helices as well as coupling to
G proteins; hence, the name is G protein coupled receptors
(GPCRs). (In this review we will use the term 7TM receptors
instead of GPCRs as these receptors also signal trough non-
G protein-dependent pathways, like β-arrestin-mediated sig-
naling [2].) Signaling by 7TM receptors through G proteins

leads to, for example, either inhibition (Gαi) or activation
(Gαs) of adenylyl cyclase and cAMP production, activation of
phospholipase C with inositol triphosphate turnover (Gαq),
or activation of RhoGEF (Gα12/13) depending on which G
protein the receptor is activating [3]. Furthermore, the Gβγ

subunit is also involved in signaling and the 7TM receptors
also signal via G protein-independent pathways like MAP-
kinase activation-mediated by β-arrestins [4].

Despite the structural diversity in the repertoire of
the endogenous 7TM receptor agonists, the conformational
changes that occur upon receptor activation are believed to
be overall identical. Thus, as the last two decades of biochem-
ical and biophysical studies indicate, TM6, and to a minor
degree TM7 and TM3, undergo conformational rearrange-
ment during receptor activation [5, 6]. Centered around the
highly conserved proline in the middle of TM6 (position
VI:15 or 6.50) TM6 is believed to perform movements
that results in space creation thereby permitting binding
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of intracellular signal transduction molecules like G proteins
and β-arrestins [7]. (The numbering of amino acids in the
helices is provided according to two numbering systems: the
generic numbering system suggested by Schwartz [8], fol-
lowed by the numbering system of Ballesteros and Weinstein
[9],) Several crystal structures of 7TM receptors have been
presented within the last decade initiated by the structure
of bovine rhodopsin [10] followed by the adrenergic recep-
tors [11–15], the adenosine receptors [16–18], additional
rhodopsin variants [19–21], muscarinic receptors, [22, 23]
and several others [24–26] including the chemokine receptor
CXCR4 [27]. In the recent years, crystal structures of not
only inactive, but also active 7TM receptors, have been iden-
tified. Thus, in the agonist-bound β2-adrenergic receptor,
a relatively large rearrangement of the lower segments of
TM6 is observed, when compared to the corresponding
inactive structure [13–15]. This structural feature is also
observed in the crystal structure of opsin in complex with a G
protein peptide fragment upon comparison with dark-state
rhodopsin [21, 28]. The overall arrangement of the seven
transmembrane α-helices delineate the main binding pocket,
and most studies in the search of functionally important
residues have focused on amino acids facing this main
binding pocket (delimited by TM3, TM4, TM5, TM6, and in
part TM7). This is with good reason as most small molecule
ligands interact with residues in this pocket [11, 12, 29].
Furthermore, most conserved microswitches of functional
importance also face the main binding pocket. This includes
ArgIII:26 (3.50), which is part of the conserved DRY-motif
in TM3, the rotameric toggle switch TrpVI:13 (6.48), which
is part of the CWxP-motif in TMVI, and TyrVII:20 (7.53),
which is part the NPxxY-motif in TMVII—all of which play
crucial roles during receptor activation [30, 31]. However,
also residues in the region delimited by TM1, TM2, TM3,
and TM7 (the so-called minor binding pocket) function
as regulatory switches or major ligand anchor points [32–
34].

The DRY-motif is the most conserved motif among
the microswitches mentioned above (Figures 2(a) and 2(c))
[21, 30] and has been shown to directly interact with the
G protein in a recent crystal structure of the β2-adrenergic
receptor in complex with the Gαs-subunit—a crystal that
displayed the actual signaling complex and uncovered the
importance of both the DRY-motif and the NPxxY-motif
in receptor activation [14, 35]. While the overall interaction
between the G protein and the receptor is mainly hydropho-
bic within the transmembrane core, the ArgIII:26 (3.50) is
sandwiched between a Tyr in the G protein and TyrVI:20
(7.53) of the NPxxY-motif, highlighting the importance of
concerted action of both motifs [14, 35].

The positively charged ArgIII:26 (3.50) has been pro-
posed to be involved in other conformational constrains of
importance for receptor activation. Thus, an inactivating salt
bridge (a so-called ionic lock) has been suggested between
the Arg and another conserved residue, the acidic GluVI:-
05 (6.30) in intracellular loop 3 (ICL3) [36]. This ionic lock
is broken during receptor activation where TyrVI:20 (7.53)
rotates towards the helix bundle as seen in the active crystal
structures of both rhodopsin [21] and the β2-adrenergic

receptor irreversibly bound to an agonist [37] or stabilized
by a nanobody [13]. However, as the GluVI:-05 (6.30) is
only conserved among 25 % of all class A receptors [14,
35], and not present in any of the chemokine receptors
[38], the molecular interactions involved in conformational
constraining of inactive receptor states and the role of
ArgIII:26 (3.50) must be different in receptors without
GluVI:-05(6.30). Finally, the DRY-motif interacts with ICL2
of the receptor, thereby stabilizing a position of this loop
capable of interacting with a hydrophobic pocket on the G
protein and directly linking the highly conserved DRY-motif
to the receptor/G protein interaction [14].

Another important region for receptor activity is the
intracellular C-terminal tail of the 7TM receptors as it
contains phosphorylation sites and other regulatory recog-
nition motifs necessary for desensitization by G protein-
coupled receptor kinases (GRKs), β-arrestin recruitment and
signaling, internalization and receptor recycling, and for
other means of signal regulation [39]. These two receptor
motifs will be the focus of the current review, where we
will compare the structural and functional properties, degree
of conservation, and functional diversity of the two motifs
between class A 7TM receptors encoded by viruses and
endogenously encoded 7TM receptors. Most of the virus-
encoded 7TM receptors belong to the chemokine subfamily
[40] and consequently extra attention will be directed
towards the viral molecular piracy within the chemokine
system and the endogenous chemokine receptors.

2. The Chemokine System

The chemokine system plays an important role in the human
immune defense against pathogens such as viruses since the
chemokines (abbreviated from chemotactic cytokines) are
involved in leukocyte migration during inflammation and
also control activation and differentiation of lymphoid cells
[41, 42]. The chemokine receptors belong to class A 7TM
receptors and comprise the largest subfamily within this
group with 19 different endogenous chemokine receptors
and up to 50 chemokine ligands [43]. The chemokines are
divided into four subfamilies depending on the presence or
absence of residues between the first two of usually four
conserved cysteines: the CXC (CXCL1-16) and CC (CCL1-
28) chemokines along with the CX3C (CX3CL1) and XC
(XCL1) chemokines [44, 45]. The CXC chemokines are
further divided based on an ELR-motif prior to the CXC-
motif. (In the following, the “novel” systematic chemokine
nomenclature is used [44]) ELR CXC chemokines are
induced under acute and chronic inflammation, play an
angiogenic role, and mainly attract neutrophils while the
non-ELR CXC chemokines exert their effect on lymphocytes
and are more constitutively expressed as well as being
angiostatic or angiomodulatory [46, 47]. The chemokine
receptors are likewise divided into four groups in accordance
with the classification of their preferred ligands [44, 48].
The interaction between chemokine and receptor range
from high selectivity to large promiscuity; although not
cross-interacting with other subfamilies. The main signaling
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pathway of the endogenous chemokine receptors is via Gαi

leading to calcium release and chemotaxis [49].

3. The Virus-Encoded 7TM Receptors

Considering the role of chemokines in the immune system
it is not surprising that several viruses, by an act of
molecular piracy of host genes, encode chemokines and/or
chemokine receptors in their genomes. It is primarily the
large poxviruses and the β- and γ-herpesviruses which
encode chemokine receptors (and ligands) [50], however
also the retrovirus HIV utilizes the endogenous chemokine
system by using the two chemokine receptors CCR5 and
CXCR4 as cell-entry co-factors together with CD4 during
infection and spread [42, 51]. Also the viral CC (and
CX3C) chemokine receptor homolog US28 (described fur-
ther below) encoded by HCMV (human cytomegalovirus)
has been implicated as a HIV cell-entry co-factor [52]. The
majority of the viral receptors have structural features in
common with the endogenous chemokine receptors in spite
of having a sequence identity to these of only 25–59% [42].
However, compared to the endogenous chemokine receptors,
the viral receptors show a vast divergence in their signaling
capacities as well as ligand specificity with constitutive activ-
ity being typical for the viral receptors, unlike the endoge-
nous chemokine receptors [53–57]. Constitutive activity
also occurs among endogenous non-chemokine receptors,
as shown for a few receptors [58]; however an increasing
number of examples illustrate that the range of naturally-
occurring constitutively activating mutations are tightly
associated with disease or a particular phenotype [58]. This
includes mutations in the melanocortin 1 receptor (MC1R;
associated with melanism, [59]), MC4R (obesity, [60]), the
ghrelin receptor (short stature, [61]) and rhodopsin (retinitis
pigmentosa, [62]) among others.

Furthermore, besides being constitutively active, the viral
receptors also signal promiscuously through many pathways,
as compared to the predominant Gαi coupling of endogenous
chemokine receptors [41, 47]. For instance the ORF74 (open
reading frame 74) 7TM receptor encoded by HHV8 (human
herpesvirus 8) associates with both Gαi and Gαq [63] as well
as signals through MAP kinases [64] leading to the activation
of numerous transcription factors, cell proliferation and
transformation, VEGF secretion and angiogenesis [64–68].
The ORF74 from herpesvirus saimiri (HVS-ECRF3) also
signals through both Gαi, Gα12/13, and Gαq in a ligand-
dependent manner, however the constitutive activity of this
receptors is constrained to Gαi and Gα12/13, but not Gαq [69,
70]. A similar broad spectrum and promiscuous signaling
is also observed for the US28 (unique short 28) and UL33
(unique long 33) 7TM receptors encoded by HCMV, which
signals constitutively through both Gαi, and Gαq along with
MAP kinases [71–73].

Besides being evolutionary distinct from the endogenous
chemokine receptors, the herpesvirus-encoded chemokine
receptors cluster in four families (Figure 1): U12/UL33 of
HHV6, HHV7, and CMV; U51/UL78 of HHV6, HHV7 and
CMV; US27/US28 of CMV; and ORF74 of HHV8 as well

as non-human herpesviruses [50]. (UL78 from CMV is
evolutionarily conserved with U51 from HHV6 and HHV7.
However, as the UL78 receptors have shown no functional
homology to chemokine receptor, they have been excluded
from current review.) The common feature of encoding
chemokine receptors throughout the pox- and herpesviruses
suggests that these receptors play an important role in the
viral life cycle as well as in circumvention of the host immune
system. A few studies of receptor-disrupted viruses have
shown diminished replication in vivo in selected tissues [74,
75].

Chemokine receptors are also found in the genomes of
poxviruses [76, 77]. In contrast to the broader subfamily
resemblance to CC as well as CXC chemokine receptors
along with the promiscuous chemokine-binding profile of
many herpesvirus-encoded receptors, the poxvirus-encoded
receptors solely resemble the CCR8 chemokine receptor (as
illustrated in Figure 1) and only interact with CCR8-binding
ligands [78, 79]. Briefly, the poxvirus-encoded receptors are
located in two areas in the viral genome: 7L and 145R. The
best characterized poxvirus receptors are 7L and 145R from
YLDV (Yaba-like disease virus) [76, 77].

Also, nonchemokine receptors are found in viral
genomes exemplified by the BILF family from several γ1-
herpesviruses including human EBV (Epstein Barr virus).
The BILF1 receptors from human and rhesus EBV are the
only BILF receptors that have been characterized from a
pharmacological point of view and like most other virus-
encoded 7TM receptors they display constitutive activity
[80, 81]. As an extra refinement and interplay with the host
immune system, it should be mentioned that viruses also
regulate the expression of endogenous 7TM receptors within
the chemokine system, and class A in general. For instance,
GPR183, also known as EBI2 (Epstein-Barr virus induced
receptor 2), which is induced >200 fold upon EBV cell-entry
[33, 40, 82].

4. The Impact of the DRY-Motif among
Endogenous Class A Receptors

The Asp, Arg, Tyr, or DRY-motif in the intracellular end
of TM3 is one of the most conserved motifs among class
A 7TM receptors [31] (Figure 2(c)) and plays a pivotal
role in receptor activation. This amino acid triplet is
located in positions III:25 (3.49), III:26 (3.50), and III:27
(3.51), respectively, at the border to the intracellular loop
2 (ICL2) with a conservation as DRY in 66%, 96%, and
67% of all class A 7TM receptors [31]. The DRY-motif
is even more conserved within the chemokine subfamily
(Figure 2(a)) with 100% conservation of ArgIII:26 (3.50)
and 95% conservation of both aromatic residues in position
III:27 (3.51) and negatively charged residues in position
III:25 (3.49).

As mentioned in the introduction, it has been sug-
gested that, in some class A 7TM receptors (e.g., the β-
adrenergic receptors and in rhodopsin) the ArgIII:26 (3.50)
together with AspIII:25 (3.49) and GluVI:-05 (6.30), the
latter located in ICL3, form an ionic lock holding TM3
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Figure 1: Phylogenetic tree of viral and human chemokine receptors based on their amino acid sequence. The length of each branch reflects
the similarity between receptors. It was generated by aligning the sequences using the settings: Blosum62, gap open penalty of 5 and gap
extension penalty of 0.1 followed by the Jukes-Cantor distance analysis done in Geneious Pro. For further information about the virus-
encoded receptors and GenBank accession number please see Table 1. ∗As the sequence of these viral receptors are very alike it cannot be
excluded that they are in fact the same.

and TM6 together in the inactive state [10, 36]. During
receptor activation, protonation of AspIII:25 (3.49) leads
to release of the constraining interaction, thus allowing the
outward movement of TM6 [5, 83]. This is also supported
by charged- neutralizing mutations of AspIII:25 (3.49) sug-
gesting that this residue is important for receptor activation
[84]. However, the negatively charged residue at position
VI:-05 (6.30) is not nearly as conserved as the DRY-motif
indicating other possible ways to constrain the receptor in
the inactive conformation [30]. During receptor activation,
the interaction between adjacent Asp/GluIII:25 (3.49) and
ArgIII:26 (3.50) of the DRY-motif is disturbed and ArgIII:26
(3.50) is instead able to interact with TyrV:24 (5.58) as well

as directly with the Gα protein. This direct interaction with
the G protein has been confirmed by the crystal structure of
Opsin in complex with a small peptide from the C-terminal
of the Gαt protein [21]. Receptor activation opens a pocket
at the intracellular site making the interaction with the C-
terminal of the Gα protein possible. This allows for the
exchange of GDP with GTP thus activating the G protein for
further downstream signaling [85].

From the crystal structure of the chemokine receptor
CXCR4, it is evident that the overall structure is similar
to the other crystal structures of class A 7TM receptors,
nevertheless with a few differences mainly in the extracellular
part which constitutes the chemokine ligand-recognition
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Figure 2: Sequence logos of the DRY-motif for chemokine receptors (a), chemokine-like viral receptors (b), class A 7TM receptors (c), and
BILF-like receptors (d). The chemical properties of the amino acids are represented in color (polar: green, neutral: purple, basic: blue, acidic:
red, and hydrophobic: black). This figure was created using the web application: http://weblogo.threeplusone.com/.

domain [27]. Importantly, the chemokine receptors (though
belonging to class A) contain a positively charged residue
at position VI:-05 (6.30) and hence the ionic lock between
ArgIII:26 (3.50) and a negative charged residue at VI:-05
(6.30) does not exist in these receptors [38]. The lack of a
negative charge in this position has inspired the introduction
of the ionic lock in the chemokine receptors by substitution
of the positive charge in VI:-05 (6.30) with a negative
charge. This introduction of the putatively correct conditions
for the ionic lock resulted in a reduced basal activity of
the chemokine receptor CCR5, indicating that the receptor
is locked in an inactive conformation with no ligand-
induced activation and a strongly impaired ability to bind
chemokines. Substitution of ArgIII:26 (3.50) with Ala or
Gln maintained chemokine binding though still showed
reduced basal activity [38]. Thus, the presence of an ionic

lock between TM3 and TM6 leaves the chemokine receptor
unable to switch to an active conformation; therefore, che-
mokine receptors must utilize a different mechanism than
the classic ionic lock described above. However, the decrease
in basal activity of CCR5 upon introduction of the ionic
lock is in accordance with the general interpretation of
the role of this motif in class A receptor activation, where
loss of the ionic lock (VI:-05 (6.30) mutation), leads to
constitutive activity [36]. Disregarding the lack of an ionic
lock in chemokine receptors, the DRY-motif still plays an
important role in the receptor activation, as exemplified in
CCR5, where mutation of ArgIII:26 (3.50) to the neutral
Asn disrupted both basal activity and chemokine-induced
Gαi protein coupling (through calcium mobilization and
GTPγS binding assays) despite retained affinity for CCL4
[86]. Interestingly, an increased basal phosphorylation of
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Table 1

No. Receptor Accession number

1 Class A 7TM receptors

2 CCR1 NP 001286.1

3 CCR2 NP 001116513.2

4 CCR3 NP 001828.1

5 CCR4 NP 005499.1

6 CCR5 NP 000570.1

7 CCR6 NP 004358.2

8 CCR7 NP 001829.1

9 CCR8 NP 005192.1

10 CCR9 NP 112477.1

11 CCR10 NP 057686.2

12 CCR11 NP 057641.1

13 CXCR1 NP 000625.1

14 CXCR2 NP 001548.1

15 CXCR3 NP 001495.1

16 CXCR4 NP 003458.1

17 CXCR5 NP 001707.1

18 CXCR6 NP 006555.1

19 CX3CR1 NP 001328.1

20 XCR1 NP 005274.1

21 HCMVUS28 P69332.1

22 RhCMVUS28.1 YP 068305.1

23 RhCMVUS28.2 AAN15199.1

24 RhCMVUS28.3 YP 068303.1

25 RhCMVUS28.4 YP 068302.1

26 RhCMVUS28.5 YP 068307.1

27 HCMVUS27 P09703.1

28 HCMVUL33 CAA37385.1

29 GpCMVGp33 AAK43591.1

30 RhCMVUL33 YP 068150.1

31 TCMVT33 NP 116383.1

32 MCMVM33 Q83207.1

33 RCMVR33 NP 064138.1

34 HHV6U12 P52380.1

35 HHV7U12 P52381.1

36 HHV6U51 NP 042944.1

37 HHV7U51 YP 073791.1

38 HHV8ORF74 AAC28486.1

39 MgHV68ORF74 NP 044914.1

40 AtHV3ORF74 NP 048046.1

41 SHV2ORF74 NP 040276.1

42 MMRVORF74 NP 570822.1

43 EHV2ORF74 NP 042670.1

44 EHV3E1 NP 042597.1

45 SPV 146 Swinepox virus NP 570306.1

46 Sheeppox-GPCR NP 659585.1

47 lumpy skin disease virus AAN02735.1

48 Sheeppox-Q2/3L Q86917.1

49 7L Yaba-like disease virus NP 073392.1

50 7L Yaba Monkey Tumor virus NP 938268.1

51 145R-Yaba Monkey Tumor virus NP 938396.1

52 145R-Yaba-like disease virus NP 073530.1

the ArgIII:26Asn- (3.50-) mutated receptor was observed
along with β-arrestin-mediated endocytosis as well as a
higher rate of internalization in response to CCL4 stimula-
tion [86]. Other studies have indicated the need for an intact
DRY-motif in β-arrestin1 binding to CCR5, thus supporting
the importance of this motif for receptor function [87].

Another class A receptor lacking the ionic lock residue
VI:-05 (6.30) is the histamine 4 receptor (H4R), which shows
high constitutive activity. Introduction of GluVI:-05 (6.30)
did, however, not decrease the constitutive activity [88] as
expected from other studies where disruption of an already
existing ionic lock leads to increased constitutive activity
[36] or like the CCR5 chemokine receptor loss of activity
upon ionic lock introduction [38]. Additionally, the H3R
also shows constitutive activity in spite of having the putative
conditions for an ionic lock [88–90] indicating that the
histamine receptors have a functional difference from the
general class A 7TM receptors when it comes to activation
and constitutive activity. However, the H4R did show com-
plete loss of G protein activation upon mutation of ArgIII:26
(3.50) supporting the importance of the DRY-motif for cou-
pling to G proteins [85, 88, 91]. A similar phenomenon was
observed in the H2R where charge-neutralizing mutations
of ArgIII:26 (3.50) led to severely decreased basal cAMP
production in terms of efficacy indicating diminished Gαs

coupling. However, the mutated receptor was able to induce
a response upon agonist stimulation though still with lower
efficacy compared to wild type [92]. In the same study, it was
shown that the charge-neutralizing mutations of ArgIII:26
also resulted in highly structurally instable receptors, where
surface expression could only be detected after stabilization
with either an agonist or inverse agonist, indicating a role not
only in receptor activation, but also in receptor stability for
this position [92]. Furthermore, the DRY-motif has also been
implicated in receptor stability of the β2-adrenergic receptor
[15].

The C5A binding protein, C5L2, is among the few 7TM
receptors that lack a positive charge in position III:26, as
it has a Leu in this position (together with Asp in III:25
(3.49) and Cys in III:27 (3.51) [93]). The native C5L2 is also
known as a nonsignaling C5A binding protein, however, this
impaired G protein coupling could be partially restored by
reintroducing ArgIII:26 (3.50) [93]. Other endogenous class
A receptors without a positive charge in III:26 (3.50) include
D6 and Duffy antigen/receptor for chemokines (DARC)—
two nonsignaling 7TM structured receptors belonging to the
chemokine receptor system. Both are known as nonsignaling
proteins as they do not couple to G proteins, but they
exert chemokine scavenging and transendothelial transport
instead. DARC is, furthermore, rather specifically expressed
by endothelial cells lining postcapillary venules, and here it
exerts its presumed role in accumulation of extravascular
chemokines, chemokine transcytosis, and presentation on
the luminal surface thereby facilitating leukocyte adhesion
[94–97]. GPR77, GPR78, and GPR133 constitute three
orphan class A receptors with unknown functions that also
lack the ArgIII:26 (3.50), and, in addition a handful of
receptors without positive, charge are identified among the
olfactory receptors.
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5. The DRY-Motif Is Less Conserved among
Virus-Encoded 7TM Receptors

The conservation of the ArgIII:26 (3.50) in the DRY-motif
is low among the virally encoded chemokine receptors when
compared to the endogenous counterparts (Figures 2(a) and
2(b)). Furthermore, there is a much larger diversity with
respect to all three residues as evident by Figure 2(b). These
changes in the DRY-motif could be part of the reason for the
altered signaling properties with higher constitutive activity,
and activation of a broader range of signaling pathways
[53, 98].

Regarding ArgIII:26 (3.50), one receptor deserves special
notice, namely, the CXC chemokine receptor ORF74 from
equine herpesvirus 2 (EHV2). This receptor contains a
DTW-motif instead of the DRY consensus, thus missing a
positive charged residue in position III:26 (3.50). In spite
of this, the receptor shows constitutive activity through the
Gαi pathway and ligand-mediated signaling in response to
the endogenous chemokine CXCL6 [55, 99]. Interestingly,
introduction of the DRY-motif in the EHV2-ORF74 led
to a 4-fold decrease in constitutive activity while retaining
activation by the agonist, CXCL6 [55], suggesting that this
receptor has been optimized to act in the absence of a positive
charge in the DRY-motif.

As is also evident from Figure 2(b), the virus-encoded
chemokine receptors from different pox- and herpesviruses
show a larger diversity in the whole DRY-motif; primarily
with large deviations within the first residue III:25 (3.49).
For instance, the CXC chemokine receptor ORF74 by HHV8
contains a VRY-motif in place of the endogenous DRY-
motif. This receptor is associated with Kaposi’s sarcoma and
shows a high degree of constitutive signaling and stimulates
proliferation [100] as well as tumor transformation in mice
[64]. The closest endogenous chemokine receptor to HHV8-
ORF74 is CXCR2, and studies have shown that replacement
of AspIII:25 (3.49) with Val in CXCR2, thus making this
receptor more ORF74-like with respect to this motif, leads
to constitutive activation of CXCR2 with altered signal-
ing properties in the direction of HHV8-ORF74 signaling
[101]. In contrast, the opposite mutation in HHV8-ORF74
(ValIII:25Asp thereby reintroducing the DRY-motif) did not
have major effects on either ligand binding or receptor
signaling [102]. Another example is the ORF74 receptor from
murine herpesvirus 68 (MHV68), which contains an HRC-
motif and has been indicated to activate similar oncogenic
pathways as HHV8-ORF74 [103, 104]. However, further
studies are needed to determine the signaling capabilities
of several ORF74 receptors as well as the influence of their
altered DRY-motif on constitutive activity and regulatory
circumvention.

The human herpesviruses HHV6 and HHV7 both
encode two 7TM receptors, U12 and U51, which contain
IRY- and ERI-motifs, respectively. HHV6-U12 has been
shown to act as a chemokine receptor [105], whereas HHV6-
U51 has been shown to be a constitutively active Gαq-coupled
CC chemokine receptor [106]. However, neither of these two
receptors have the functional impact of the altered DRY-
motif been studied.

The UL33 family, consisting of 7TM receptors from
murine (M33), rat (R33), and human (UL33) cytome-
galovirus, is known to constitutively signal through a vast
array of G proteins [72]. The rodent counterparts differ
from the human by containing an NRY-motif whereas UL33
contains the conserved DRY-motif. A mutational analysis
of M33 revealed that ArgIII:26 (3.50) is important for the
viral constitutive signaling in NFAT, CREB, and IP-turnover
assays as mutation into a neutral Gln abolished constitutive
activation of the receptor. The importance of this was sup-
ported by in vivo data where a virus with a missing ArgIII:26
(3.50), NRY changed to NQY, was unable to replicate in
the salivary glands [107]. Very interestingly, mutation of
AsnIII:25 (3.49) into the consensus AspIII:25 (3.49), NRY to
DRY, leads to an increased constitutive signaling (especially
through NFAT-mediated transcription) suggesting that the
endogenous DRY-motif is preferable for high activity. Having
lower receptor activity could be advantageous for the virus
as this might be favorable for the virus life cycle [107].
In line with the results for M33, a mutation of ArgIII:26
(3.50) rendered the R33 receptor inactive with respect to
G protein coupling [108]. However, in contrast to M33, it
was found that replacement of AsnIII:25 (3.49) with the
endogenous AspIII:25 (3.49) in R33 (NRY to DRY) did
not change the constitutive activity, and that replacement
with the nonpolar AlaIII:25 (3.49) (NRY to ARY) led to
a diminished PLC stimulation, but an unaltered pertussis
toxin-sensitive signaling indicating impaired Gαq-signaling
but maintained Gαi.

Another HCMV-encoded receptor, US28, signals consti-
tutively through several pathways such as Gαq/phospholipase
C, NFκB, CREB, and MAP kinases [73, 109, 110]. This
viral chemokine receptor contains the conserved DRY-
motif and a mutational analysis of ArgIII:26Ala found that
disruption of the DRY-motif leads to impaired Gαq protein
activation and IP-turnover in spite of wild-type levels of
cell-surface expression [111]. Like HHV8-ORF74, US28 has
been implicated in cancer as the constitutive signaling of
the receptor can activate proliferative pathways leading to
tumor formation [112–114]. Additionally, HCMV has been
found in glioblastomas, which could indicate a possible role
in tumorigenesis [115–118].

Also among the BILF receptors, found in several γ1-
herpesviruses, has this motif obtained extra attention.
Interestingly, the DRY-motif in the constitutively active
BILF1 receptors from human and rhesus EBV differs from
the consensus in all three residues being EKT (GluIII:25
(3.49), LysIII:26 (3.50), ThrIII:27 (3.51), Figure 2(d)) [80,
81]. Substitution of EKT with EAT in BILF1 from EBV
resulted in abolished Gαi signaling, whereas the conservative
substitution of Lys with Arg (ERT) signaled as wt BILF1
(EKT). Interestingly, introduction of the whole conserved
motif (DRY) actually impaired the receptor activity partially,
indicating that the EKT-motif is functionally superior to the
conserved DRY-motif in this BILF1 receptor. In addition to
the Gαi coupling, the authors tested the impact of the EAT-
motif in NIH3T3 cell transformation and tumor growth in
nude mice, and they found that also via these pathways
the EAT-motif was completely silent compared to wt BILF1
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Figure 3: Relative sequence length and putative phosphorylation sites of the C-terminal region of class A 7TM receptors, chemokine
receptors and virus-encoded chemokine receptors. The vertical axis displays the number of amino acids of the C-terminus (blue), defined
as being after the highly conserved proline of the NPxxY-motif, and the number of serine, threonine and tyrosine in this region (beige). The
horizontal axis displays the average of 334 non-olfactory class A 7TM receptors (1), the chemokine receptors (2–20) and the viral chemokine
receptors (21–52). For further information about specific receptors and GenBank accession number please see Table 1.

(EKT). Furthermore, the DRY substitution displayed an
intermediate active phenotype in these two functional read-
outs [119]. Thus, the BILF1 receptor depends on a positive
charge in the DRY-motif and has, as a consequence of the
altered motif (DRY to EKT), been optimized to signal with
higher activity [80, 81, 119].

6. The C-Terminal Tails of Class A Receptors
Are Conserved with Respect to Length and
Number of Phosphorylation Sites

Whereas the extracellular N-terminal region of class A 7TM
receptors are quite diverse, the intracellular C-terminal tails
are more homologous, both in terms of length and primary
structure. As evident from Figure 3, the average length and
number of phosphorylation sites are similar among the
endogenous chemokine receptors and class A 7TM receptors
in general, whereas the virally encoded receptors show a
larger diversity, but are generally shorter in length and
have fewer phosphorylation sites. The phosphorylation sites
serve important regulatory purposes for receptor desensiti-
zation and cell surface expression [120, 121]. Quickly after
receptor activation and G protein interaction, GRKs initiate
phosphorylation of serine and threonine residues in the C-
terminal tail (and intracellular loops) thereby promoting the
interaction of the receptor with β-arrestins and a subsequent

steric hindering of the receptor/G protein-interaction [4].
The consequences of β-arrestin recruitment are endocytosis
of the receptor/β-arrestin complex and a subsequent recy-
cling to the cell surface or degradation. Interestingly, β-
arrestins only associate with the ubiquitin ligase promoting
the degradation pathway when it interacts with a ligand-
stimulated receptor [122, 123]. The shorter C-terminal tails
of the viral receptors could suggest that viruses circumvent
the host regulatory processes of receptor internalization in
order to obtain constitutive signaling abilities. Furthermore,
some viral receptors are constitutively endocytosed and
predominantly intracellularly localized [74, 124, 125], which
have led to the suggestion, that they could act as scavengers
(like DARC and D6 among endogenous chemokine recep-
tors, see above) by internalizing the endogenous chemokine
ligands that binds to the receptor and thereby removing the
chemokines from the host cell surroundings as a way of
evading the immune system, as discussed further below for
the HCMV-encoded US28 [53, 124, 126, 127].

7. The C-Terminal Tail of Endogenous
Chemokine Receptors

The endogenous chemokine receptors are rather similar in
their C-terminal tails, and not different from the super-
family of endogenous class A 7TM receptors (Figure 3).
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The 19 human chemokine receptors have in average the
same number of phosphorylation sites as the endogenous
class A 7TM receptors (13 in each case), and an average
length of 57 residues, which is in the proximity of the 66
residues in average for the endogenous class A receptors.
The internalization routes and regulation has been described
for several endogenous chemokine receptors, an interest
facilitated by the discovery of CCR5 and CXCR4 acting as
HIV cell-entry cofactors [125, 128, 129]. Consequently, the
endocytosis pattern of CCR5 and CXCR4 and the regulation
of this have been studied in great detail and it was recently
shown that internalization of CXCR4 plays an important
antiviral role [130–133]. In the case of CCR5, the binding
of CCL5 leads to receptor phosphorylation of serine residues
in the C-terminal tail by GRKs, which consequently leads to
internalization and desensitization of the signal [134, 135].
Besides the involvement of the serine residues in β-arrestin
recruitment, a dileucine motif in the C-terminal tail is also
important for CCR5 receptor endocytosis [136]. Serial trun-
cation of the CCR5 C-terminal tail resulted in progressive
loss of cell surface expression, which could not be rescued
by substitution with the C-terminal tail of CXCR4 [137].
Mutational analysis of CXCR4 showed that this receptor is
likewise dependent on C-terminal serine phosphorylation
sites and a dileucine motif for proper receptor internalization
[138, 139]. Internalization of CXCR4 can follow two distinct
pathways: CXCL12 ligand-mediated endocytosis was shown
to be dependent on the serine phosphorylation sites whereas
phorbol ester induced internalization is dependent on the
dileucine motif [131, 132]. Interestingly, a naturally occur-
ring mutation of CXCR4 with C-terminal deletions exists in
patients with WHIM syndrome (warts, hypogammaglobu-
linemia, recurrent bacterial infection, myelokathexis). Loss
of the C-terminal tail leads to decreased endocytosis of
the receptor and consequently a reduced regulation of the
receptor followed by an increased signaling with enhanced
calcium flux and cell migration; a possible cause of the
pathophysiology seen in WHIM syndrome [140]. Thus, the
C-terminal tail plays an important role in the physiology of
endogenous chemokine receptors.

8. The C-Terminal Tails of Virus-Encoded
Receptors Are Generally Shorter

The HCMV-encoded chemokine receptor US28 signals con-
stitutively via several pathways and upon stimulation by
CC chemokines [54, 73]. Furthermore, CX3CL1 has been
reported to act as an inverse agonist, albeit with low efficacy
(up to 25% inhibition of basal activity) [141]. Additionally,
unlike the majority of endogenous class A 7TM receptors,
US28 is constitutively internalized in a ligand-independent
manner [126, 127, 142]. Thus, by immunofluorescence
staining, US28 was found to be accumulated intracellularly
in endocytic organelles and by advanced immunogold
electron microscopy shown to be localized to multivesicular
endosomes [126]. Further studies revealed that US28 endo-
cytosis occurs via a clathrin-mediated mechanism [127].
Importantly, only a small fraction of US28 is present at the

cell surface (<20%), with the rest undergoing constitutive
ligand-independent endocytosis with a fast internalization
rate, as compared to CXCR4. Truncation of the C-terminal
tail of US28 led to an increase in both magnitude and
duration of the constitutive signaling indicating that the
C-terminal tail plays a regulatory role in desensitizing the
receptor. This was supported by hyperactivation of US28 in
cells where β-arrestin 1 and 2 were genetically deleted [141].
A mutational analysis of serine residues in the C-terminal of
US28 revealed that a decreased number of phosphorylation
sites increased the cell surface expression of the receptor
[143]. Truncating the C-terminal tail of US28 or replacing
it with tails from other 7TM receptors (HHV8-ORF74 and
human tachykinin NK1) led to an increase in constitutive
activity of the receptor. Substitution of the HHV8-ORF74
tail with the tail from US28 diminished the cell surface
expression of the HHV8-ORF74 chimera indicating that the
C-terminal tail, in itself, is sufficient for desensitization by
receptor endocytosis [144]. The constitutive endocytosis of
US28 may serve as a chemokine scavenger and mediate
the viral immune evasion by antagonizing the recruitment
of cells involved in the immune response and thereby
manipulating the host immune system. Another HCMV-
encoded chemokine receptor, US27, also shows a large degree
of intracellular localization. Swapping the C-terminal tail
of US27 with that of the endogenous chemokine receptor
CXCR3 led to cell surface expression similar to wild-type
CXCR3; likewise, when substituting the endogenous tail with
the viral US27 tail, the chimeric receptor was predominantly
located intracellularly indicating that the C-terminal tail of
US27 is necessary and sufficient for intracellular localization
[145].

In general, the viral chemokine receptors, ORF74,
encoded by several herpesviruses have very short C-terminal
tails when compared to the endogenous receptors (Figure 3).
A study of several γ-herpesviruses identified an eight-amino-
acid conserved region at the membrane proximal part of the
C-terminal tail suggested to play a role in G protein coupling
and Gα-selectivity [146]. Especially one basic residue showed
importance for Gαq coupling—a residue which is conserved
among the endogenous chemokine receptors suggesting an
evolutionary conserved function of this residue such as G
protein signaling [146]. HHV8-ORF74 is primarily located at
the cell surface and deletion of the five terminal amino acids
containing 3 phosphorylation sites did not seem to affect
cell surface expression, though it did impact the signaling
capabilities of the receptor seen by a diminished NFκB and
AP-1 signaling [147]. As signaling deficiencies are seen by the
removal of just five amino acids, it is tempting to consider
that the length of the C-terminal tail has been optimized to
only contain necessities and thus demonstrating a minimum
requirement for a functional viral receptor tail. Another
study also found expression levels of 12 and 24 amino
acids C-terminal tail deletions similar to wild-type albeit
with reduced constitutive activity in spite of retained ligand
regulation by chemokines [148]. It was suggested that the C-
terminal helix 8, which is present in the terminal 24 amino
acids, is involved in stabilizing the interaction between the
receptor and G protein, thus playing a role in mediating
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Table 2

No. Receptor Accession number

1 Class A 7TM receptors

2 CaHV3-ORF6 NP 733858.1

3 CHV15-BILF1-rh YP 068006.1

4 EBV-BILF1 YP 401711.1

5 EHV2-E6 NP 042607.1

6 AlceHV-E5 NP 065513.1

7 PLHV3-A5 AAO12316.1

8 PHV2-A5 AAF16523.1

9 PLHV1-A5 AAF16521.1
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Figure 4: Relative sequence length and putative phosphorylation
sites of the C-terminal region of class A 7TM receptors and the
BILF-like receptors. The vertical axis displays the number of amino
acids of the C-terminus (blue), defined as being after the highly
conserved proline of the NPxxY-motif (class A 7TM receptors)
or predicted by the Transmembrane Hidden Markov model using
Geneious Pro (BILF receptor family), and the number of serine,
threonine, and tyrosine in this region (beige). The horizontal axis
displays the average of 334 non-olfactory class A 7TM receptors
(1) and the EBV-encoded BILF receptors (2–9). For further details
about specific receptors and GenBank accession number please see
Table 2.

signals upon chemokine binding [148]. Though the C-
terminal tail of ORF74 appears to be involved in signal
mediation, deletion of small parts of the tail including
phosphorylation sites does not seem to largely affect cell
surface expression or constitutive signaling suggesting that
a short tail is enough for the receptor to function to a
certain degree. Having such short tails might be a way of
evading host regulatory mechanisms, such as GRKs and
internalization, thereby ensuring virus-mediated constitutive
signaling.

The BILF receptor family is rather conserved when it
comes to the length of their C-terminal tails suggesting that
the C-terminus serves an important purpose for the virus
(Figure 4). The BILF1 receptor encoded by EBV shows a
similar cell surface expression pattern as HHV8-ORF74 and
signal constitutively through Gαi [80]. Though the BILF1
receptor does not resemble the endogenous chemokine

receptors, it does serve a purpose in viral immune evasion
as it is involved in internalization and degradation of MHC-
I (major histocompatibility complex class I) molecules.
Deletion of the C-terminal tail of the receptor led to impaired
lysosomal degradation of internalized MHC-I molecules
suggesting that the tail might contain a localization sequence
guiding the receptor/MHC-I complex to the lysosomes
[149].

9. Summary

From what is reviewed above, it is evident that the
virus-encoded 7TM receptors differ from the endogenous
counterparts—both from a structural and a functional point
of view. The viral receptors have been captured from the
host and through evolution (i.e., combinatorial chemistry
by random mutagenesis followed by natural selection of the
most virulent strain) been optimized to benefit the virus
life cycle. As the chemokine receptor exploitation (and the
general 7TM receptor piracy) is a widespread phenomenon
among many viruses, it is likely that these receptors serve
important purposes for virus survival, for instance, evasion
of the antimicrobial immune response, viral persistence, viral
dissemination, and control of own infection as shown for
a few receptors. The selection of the chemokine system for
interference by the viruses points towards this system as
essential in multiple different immune responses. By study-
ing the structural and functional alterations in the virus-
encoded receptors as compared to the endogenous receptors,
greater knowledge can be obtained for 7TM receptors in
general. Thus, from a molecular pharmacology point of view,
the chemokine receptors represent unique opportunities to
study basic principles of receptor activation, internalization,
and recycling pathways as examples of targeted evolution
where the receptors have undergone major changes driven
by a heavy evolutionary pressure. Since 7TM receptors are
excellent drug targets, the development of high-potency
antagonists or inverse agonists for the virus-encoded 7TM
receptors could putatively pave the path for tomorrow’s
antiviral and anti-inflammatory drugs.
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[98] P. J. Holst, H. R. Lüttichau, T. W. Schwartz, and M. M.
Rosenkilde, “Virally encoded chemokines and chemokine
receptors in the role of viral infections,” Contributions to
Microbiology, vol. 10, pp. 232–252, 2003.

[99] C. A. Flanagan, “A GPCR that is not ‘DRY’,” Molecular
Pharmacology, vol. 68, no. 1, pp. 1–3, 2005.

[100] L. Arvanitakis, E. Geras-Raaka, A. Varma, M. C. Gershen-
gorn, and E. Cesarman, “Human herpesvirus KSHV encodes
a constitutively active G-protein- coupled receptor linked to
cell proliferation,” Nature, vol. 385, no. 6614, pp. 347–350,
1997.

[101] M. Burger, J. A. Burger, R. C. Hoch, Z. Oades, H. Takamori,
and I. U. Schraufstatter, “Point mutation causing constitutive
signaling of CXCR2 leads to transforming activity similar to
Kaposi’s sarcoma herpesvirus-G protein- coupled receptor,”
Journal of Immunology, vol. 163, no. 4, pp. 2017–2022, 1999.

[102] M. M. Rosenkilde, T. N. Kledal, P. J. Holst, and T. W.
Schwartz, “Selective elimination of high constitutive activity
or chemokine binding in the human herpesvirus 8 encoded
seven transmembrane oncogene ORF74,” Journal of Biologi-
cal Chemistry, vol. 275, no. 34, pp. 26309–26315, 2000.

[103] M. N. Wakeling, D. J. Roy, A. A. Nash, and J. P. Stew-
art, “Characterization of the murine gammaherpesvirus
68 ORF74 product: a novel oncogenic G protein-coupled
receptor,” Journal of General Virology, vol. 82, pp. 1187–1197,
2001.

[104] D. Verzijl, C. P. Fitzsimons, M. Van Dijk et al., “Differential
activation of murine herpesvirus 68- and Kaposi’s sarcoma-
associated herpesvirus-encoded ORF74 G protein-coupled
receptors by human and murine chemokines,” Journal of
Virology, vol. 78, no. 7, pp. 3343–3351, 2004.

[105] Y. Isegawa, Z. Ping, K. Nakano, N. Sugimoto, and K.
Yamanishi, “Human herpesvirus 6 open reading frame U12
encodes a functional β- chemokine receptor,” Journal of
Virology, vol. 72, no. 7, pp. 6104–6112, 1998.

[106] C. P. Fitzsimons, U. A. Gompels, D. Verzijl et al.,
“Chemokine-directed trafficking of receptor stimulus to
different G proteins: selective inducible and constitutive sig-
naling by human herpesvirus 6-encoded chemokine receptor
U51,” Molecular Pharmacology, vol. 69, no. 3, pp. 888–898,
2006.

[107] R. Case, E. Sharp, T. Benned-Jensen, M. M. Rosenkilde,
N. Davis-Poynter, and H. E. Farrell, “Functional analysis of
the murine cytomegalovirus chemokine receptor homologue
M33: ablation of constitutive signaling is associated with an
attenuated phenotype in vivo,” Journal of Virology, vol. 82,
no. 4, pp. 1884–1898, 2008.

[108] Y. K. Gruijthuijsen, E. V. H. Beuken, M. J. Smit, R. Leurs, C.
A. Bruggeman, and C. Vink, “Mutational analysis of the R33-
encoded G protein-coupled receptor of rat cytomegalovirus:
identification of amino acid residues critical for cellular
localization and ligand-independent signalling,” Journal of
General Virology, vol. 85, pp. 897–909, 2004.

[109] S. M. Rodems and D. H. Spector, “Extracellular signal-
regulated kinase activity is sustained early during human
cytomegalovirus infection,” Journal of Virology, vol. 72, no.
11, pp. 9173–9180, 1998.

[110] J. Vomaske, R. M. Melnychuk, P. P. Smith et al., “Differen-
tial ligand binding to a human cytomegalovirus chemok-
ine receptor determines cell type-specific motility,” PLoS
Pathogens, vol. 5, no. 2, Article ID e1000304, 2009.

[111] O. Pleskoff, P. Casarosa, L. Verneuil et al., “The human
cytomegalovirus-encoded chemokine receptor US28 induces
caspase-dependent apoptosis,” FEBS Journal, vol. 272, no. 16,
pp. 4163–4177, 2005.

[112] D. Maussang, D. Verzijl, M. Van Walsum et al., “Human
cytomegalovirus-encoded chemokine receptor US28 pro-
motes tumorigenesis,” Proceedings of the National Academy
of Sciences of the United States of America, vol. 103, no. 35, pp.
13068–13073, 2006.

[113] D. Maussang, E. Langemeijer, C. P. Fitzsimons et al.,
“The human cytomegalovirus-encoded chemokine receptor
US28 promotes angiogenesis and tumor formation via
cyclooxygenase-2,” Cancer Research, vol. 69, no. 7, pp. 2861–
2869, 2009.

[114] E. Slinger, D. Maussang, A. Schreiber et al., “HCMV-encoded
chemokine receptor US28 mediates proliferative signaling
through the IL-6-STAT3 axis,” Science Signaling, vol. 3, no.
133, Article ID ra58, 2010.

[115] P. Ranganathan, P. A. Clark, J. S. Kuo, M. S. Salamat, and
R. F. Kalejta, “Significant association of multiple human
cytomegalovirus genomic loci with glioblastoma multiforme
samples,” Journal of Virology, vol. 86, no. 2, pp. 854–864,
2012.

[116] K. G. Lucas, L. Bao, R. Bruggeman, K. Dunham, and C.
Specht, “The detection of CMV pp65 and IE1 in glioblastoma
multiforme,” Journal of Neuro-Oncology, vol. 103, no. 2, pp.
231–238, 2011.

[117] C. S. Cobbs, “Evolving evidence implicates cytomegalovirus
as a promoter of malignant glioma pathogenesis,” Herpesviri-
dae, vol. 2, no. 1, p. 10, 2011.

[118] K. Dziurzynski, J. Wei, W. Qiao et al., “Glioma-associated
cytomegalovirus mediates subversion of the monocyte lin-
eage to a tumor propagating phenotype,” Clinical Cancer
Research, vol. 17, no. 14, pp. 4642–4649, 2011.

[119] R. Lyngaa, K. Nørregaard, M. Kristensen, V. Kubale, M. M.
Rosenkilde, and T. N. Kledal, “Cell transformation mediated
by the Epstein-Barr virus G protein-coupled receptor BILF1
is dependent on constitutive signaling,” Oncogene, vol. 29, no.
31, pp. 4388–4398, 2010.

[120] A. J. Butcher, R. Prihandoko, K. C. Kong et al., “Differ-
ential G-protein-coupled receptor phosphorylation provides
evidence for a signaling bar code,” Journal of Biological
Chemistry, vol. 286, no. 13, pp. 11506–11518, 2011.

[121] A. J. Butcher, K. C. Kong, R. Prihandoko, and A. B.
Tobin, “Physiological role of g-protein coupled receptor
phosphorylation,” Handbook of Experimental Pharmacology,
vol. 208, pp. 79–94, 2012.

[122] S. K. Shenoy and R. J. Lefkowitz, “Multifaceted roles of
β-arrestins in the regulation of seven-membrane-spanning
receptor trafficking and signalling,” Biochemical Journal, vol.
375, pp. 503–515, 2003.

[123] S. K. Shenoy, P. H. McDonald, T. A. Kohout, and R. J.
Lefkowitz, “Regulation of receptor fate by ubiquitination of
activated β2-adrenergic receptor and β-arrestin,” Science, vol.
294, no. 5545, pp. 1307–1313, 2001.

[124] A. Fraile-Ramos, A. Pelchen-Matthews, T. N. Kledal, H.
Browne, T. W. Schwartz, and M. Marsh, “Localization of
HCMV UL33 and US27 in endocytic compartments and viral
membranes,” Traffic, vol. 3, no. 3, pp. 218–232, 2002.



Advances in Virology 15

[125] E. A. Berger, “HIV entry and tropism: the chemokine recep-
tor connection,” AIDS, vol. 11, pp. S3–16, 1997.

[126] A. Fraile-Ramos, T. N. Kledal, A. Pelchen-Matthews, K.
Bowers, T. W. Schwartz, and M. Marsh, “The human
cytomegalovirus US28 protein is located in endocytic vesi-
cles and undergoes constitutive endocytosis and recycling,”
Molecular Biology of the Cell, vol. 12, no. 6, pp. 1737–1749,
2001.

[127] A. Fraile-Ramos, T. A. Kohout, M. Waldhoer, and M. Marsh,
“Endocytosis of the viral chemokine receptor US28 does
not require beta-arrestins but is dependent on the clathrin-
mediated pathway,” Traffic, vol. 4, no. 4, pp. 243–253, 2003.

[128] G. Alkhatib, C. Combadiere, C. C. Broder et al., “CC CKR5:
a RANTES, MIP-1α, MIP-1β receptor as a fusion cofactor for
macrophage-tropic HIV-1,” Science, vol. 272, no. 5270, pp.
1955–1958, 1996.

[129] Y. Feng, C. C. Broder, P. E. Kennedy, and E. A. Berger,
“HIV-1 entry cofactor: functional cDNA cloning of a seven-
transmembrane, G protein-coupled receptor,” Science, vol.
272, no. 5263, pp. 872–877, 1996.

[130] C.-Z. Dong, S. Tian, N. Madani et al., “Role of CXCR4
internalization in the anti-HIV activity of stromal cell-
derived factor-1α probed by a novel synthetically and modu-
larly modified-chemokine analog,” Experimental Biology and
Medicine, vol. 236, no. 12, pp. 1413–1419, 2011.

[131] N. Signoret, J. Oldridge, A. Pelchen-Matthews et al., “Phor-
bol esters and SDF-1 induce rapid endocytosis and down
modulation of the chemokine receptor CXCR4,” Journal of
Cell Biology, vol. 139, no. 3, pp. 651–664, 1997.

[132] N. Signoret, M. M. Rosenkilde, P. J. Klasse et al., “Differential
regulation of CXCR4 and CCR5 endocytosis,” Journal of Cell
Science, vol. 111, pp. 2819–2830, 1998.

[133] P. J. Klasse, M. M. Rosenkilde, N. Signoret, A. Pelchen-
Matthews, T. W. Schwartz, and M. Marsh, “CD4-chemokine
receptor hybrids in human immunodeficiency virus type 1
infection,” Journal of Virology, vol. 73, no. 9, pp. 7453–7466,
1999.

[134] M. Oppermann, M. Mack, A. E. I. Proudfoot, and H. Olbrich,
“Differential effects of CC chemokines on CC chemokine
receptor 5 (CCR5) phosphorylation and identification of
phosphorylation sites on the CCR5 carboxyl terminus,”
Journal of Biological Chemistry, vol. 274, no. 13, pp. 8875–
8885, 1999.

[135] I. Aramori, J. Zhang, S. S. G. Ferguson, P. D. Bieniasz,
B. R. Cullen, and M. G. Caron, “Molecular mechanism of
desensitization of the chemokine receptor CCR-5: receptor
signaling and internalization are dissociable from its role as
an HIV-1 co-receptor,” The EMBO Journal, vol. 16, no. 15,
pp. 4606–4616, 1997.

[136] K. Kraft, H. Olbrich, I. Majoul, M. Mack, A. Proudfoot, and
M. Oppermann, “Characterization of sequence determinants
within the carboxyl-terminal domain of chemokine receptor
CCR5 that regulate signaling and receptor internalization,”
Journal of Biological Chemistry, vol. 276, no. 37, pp. 34408–
34418, 2001.

[137] S. Venkatesan, A. Petrovic, M. Locati, Y. O. Kim, D.
Weissman, and P. M. Murphy, “A membrane-proximal
basic domain and cysteine cluster in the C-terminal tail of
CCR5 constitute a bipartite motif critical for cell surface
expression,” Journal of Biological Chemistry, vol. 276, no. 43,
pp. 40133–40145, 2001.

[138] M. J. Orsini, J. L. Parent, S. J. Mundell, and J. L. Benovic,
“Trafficking of the HIV coreceptor CXCR4. Role of arrestins

and identification of residues in the C-terminal tail that
mediate receptor internalization,” Journal of Biological Chem-
istry, vol. 274, no. 43, pp. 31076–31086, 1999.

[139] B. Haribabu, R. M. Richardson, I. Fisher et al., “Regulation
of human chemokine receptors CXCR4: role of phospho-
rylation in desensitization and internalization,” Journal of
Biological Chemistry, vol. 272, no. 45, pp. 28726–28731, 1997.

[140] T. Kawai, U. Choi, N. L. Whiting-Theobald et al., “Enhanced
function with decreased internalization of carboxy-terminus
truncated CXCR4 responsible for WHIM syndrome,” Exper-
imental Hematology, vol. 33, no. 4, pp. 460–468, 2005.

[141] M. P. Stropes, O. D. Schneider, W. A. Zagorski, J. L. C.
Miller, and W. E. Miller, “The carboxy-terminal tail of human
cytomegalovirus (HCMV) US28 regulates both chemokine-
independent and chemokine-dependent signaling in HCMV-
infected cells,” Journal of Virology, vol. 83, no. 19, pp. 10016–
10027, 2009.

[142] B. Bodaghi, T. R. Jones, D. Zipeto et al., “Chemokine
sequestration by viral chemoreceptors as a novel viral escape
strategy: withdrawal of chemokines from the environment
of cytomegalovirus- infected cells,” Journal of Experimental
Medicine, vol. 188, no. 5, pp. 855–866, 1998.

[143] T. Mokros, A. Rehm, J. Droese, M. Oppermann, M. Lipp,
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In the course of evolution, viruses have developed various molecular mechanisms to evade the defense reactions of the host
organism. When understanding the mechanisms used by viruses to overcome manifold defense systems of the animal organism,
represented by molecular factors and cells of the immune system, we would not only comprehend better but also discover new
patterns of organization and function of these most important reactions directed against infectious agents. Here, study of the
orthopoxviruses pathogenic for humans, such as variola (smallpox), monkeypox, cowpox, and vaccinia viruses, may be most
important. Analysis of the experimental data, presented in this paper, allows to infer that variola virus and other orthopoxviruses
possess an unexampled set of genes whose protein products efficiently modulate the manifold defense mechanisms of the host
organisms compared with the viruses from other families.

1. Introduction

In the course of evolution, viruses have developed various
molecular mechanisms allowing them to evade the host’s
defense reactions [1–3]. Viruses can become particularly
dangerous when they evolve to acquire the possibility to
infect new animal species [4, 5]. The defense systems of the
new host may be generally unable to counteract the new
pathogen and many individuals will die. In any epidemics,
there are also individuals showing little sensitivity or com-
plete resistance to the particular pathogen. Both increased
sensitivity and resistance to the infection are specified by
the individual’s genetic makeup and various environmental
factors. Accordingly, mass epidemics not only produce new
virus variants but also alter the host population structure:
highly sensitive individuals die, while the portion of resistant
individuals in the population increases. Therefore, the
coevolution of the virus and the host is a mutually dependent
process. It should be noted that mutational frequencies
that drive genetic variations in viruses are much higher
than in mammals [6]. On the other hand, animal genomes

contain incomparably higher numbers of genes, while virus
resistance mutations usually affect one or, less frequently,
several genes. Such mutations may affect virus adsorption on
the target cells, its replication, and/or the evasion of the host’s
defense systems.

Poxviruses are the largest mammalian DNA viruses
with the developmental cycle taking place in the cellular
cytoplasm [7]. These viruses encode a large set of proteins
providing for extranuclear synthesis of virus mRNAs, repli-
cation of virus DNA, and assembly of complex virions and
are involved in the regulation of multifactorial interactions
of the virus with both individual cells and infected host
organism. The unique properties of poxviruses attract close
attention of researchers. The viruses belonging to the genus
Orthopoxvirus are best studied among other viruses of
the family Poxviridae, because this genus includes four
virus species pathogenic for humans: variola (smallpox)
virus (VARV), monkeypox virus (MPXV), cowpox virus
(CPXV), and vaccinia virus (VACV). These orthopoxviruses
are immunologically cross-reactive and cross-protective, so
that infection with any member of this genus provides
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protection against an infection with any other member
[3]. An important experimental model is ectromelia virus
(mousepox virus, ECTV) [8, 9].

VARV causes smallpox and is an exclusively anthro-
ponotic agent. For years, this human pathogen caused
epidemics of disease with mortalities of 10–40%. Only the
coordinated efforts of the world community, under the
aegis of the World Health Organization, accomplished the
eradication of smallpox [3, 10].

Natural reservoir of MPXV is rodents. Human monkey-
pox resembles the clinical course of smallpox that was preva-
lent on the African continent and is recorded predominantly
in Central and Western Africa [11, 12]. Its mortality rate
in several studied human monkeypox outbreaks in Central
Africa reached 16% [3, 11]. The specific feature of human
monkeypox clinical course, distinguishing it from smallpox,
is lymphadenitides. Another difference between the human
monkeypox and smallpox is in that the human-to-human
transmission efficiency of MPXV is considerably lower as
compared with VARV [3]. That is why this virus has not so
far caused any expanded epidemics.

CPXV displays the widest host range among the ortho-
poxviruses. Generally, human cowpox is a benign disease
manifesting itself by isolated local lesions [3]. Human
cowpox is recorded in the majority of European countries.
Rodents (the main natural reservoir) or home pets and cattle
(bridging hosts) represent the main sources of human CPXV
infection [13–15]. In immunocompromised persons cowpox
virus can cause a generalized eruption [16, 17] with lethal
outcome in some cases [18].

VACV, used for vaccinating humans against smallpox,
can be transmitted to man accidentally by contact with a
vaccinee. Last years the number of reported outbreaks of the
human diseases caused by the zoonotic VACV-like viruses is
increasing in several countries [19–21].

VARV infection is a rare example of a strict anthropono-
sis caused by a virus propagating and spreading only within
human populations; it is highly pathogenic for humans,
being well adapted to overcome the defense barriers of
this particular host. MPXV, CPXV, and VACV are zoonotic
viruses with a wide range of sensitive species; they are
evolutionary adapted to propagate in different mammalian
hosts. In humans, they cause relatively rare sporadic disease
cases when the virus is transmitted from an affected animal
to a human [3]. ECTV, similarly to VARV, has a very narrow
host range, being highly pathogenic only for certain mouse
strains [8].

It is believed that viruses during coevolution with the
host organism had incorporated into their genomes the
coding sequences of various cellular genes and modified
them for adapting to provide for their viability and preser-
vation in the biosphere [22, 23]. Acquiring the knowledge
about how viruses overcome numerous protective systems
of mammals, which are represented by molecular factors
and cells of the immune system, we will not only get
a deeper understanding but also discover new patterns
in organization and functioning of these most important
mammalian organism responses directed against infectious
agents.

2. Suppression of Molecular Recognition of
Viruses by Innate Immune Cells

Innate immune cells express a large repertoire of germ line-
encoded pattern recognition receptors (PRRs) that recognize
microbial components. The receptors include toll-like recep-
tors (TLRs), nod-like receptors (NLRs), RIG-1-like receptors
(RLRs), and AIM2-like receptors (ALRs) [24]. These PRRs
bind microbial ligands and initiate signaling cascades which
result in the activation of transcription factors such as
nuclear factor kappa B (NF-κB), interferon regulatory factors
(IRFs), and activating protein-1 (AP-1) involved in the
expression of inflammatory and type I interferon (IFN) genes
[1].

In response to infection, cells constituting the mam-
malian innate immune system, such as macrophages and
dendritic cells, produce proinflammatory cytokines. IL-
1β and IL-18 are synthesized as cytoplasmic precursors,
which should be cleaved by a cysteine protease termed
caspase-1 to acquire the active form. Caspase-1, in turn,
is also synthesized as an inactive precursor, which can be
activated within a large cytosolic protein complex called
inflammasome [25–27]. Inflammasomes act as intracellu-
lar sensors responsive to conserved microbial components
similarly to the functioning of TLRs on the cell surface
or in endosomes. Proteins of the TLR family possess an
intracellular TIR domain, which responds to infection by
triggering intracellular signal cascades that activate innate
immune reactions.

It was revealed that orthopoxvirus genomes contain two
genes of TIR-containing proteins: VACV A46 and A52 [28–
30]. These proteins have different functions and specifically
inhibit intracellular signal cascades activating transcription
factor NF-κB, critical for innate immunity. A46 interacts
with the factors MyD88, TIRAP, TRAM, and TRIF, and A52
with IRAK2 and TRAF6. It should be noted that CPXV and
some VACV strains encode both above proteins, while VARV
and MPXV, which are most pathogenic for humans, do not
produce A52 VACV isologs (Table 1).

The crystallographic structure of A52 has been solved
showing that this one is homodimer with folding sim-
ilarity to B-cell-lymphoma- (Bcl-) 2-like proteins whose
members inhibit apoptosis or activation of proinflamma-
tory transcription factors [31]. To date a set of Bcl-2-like
orthopoxviral proteins was discovered and characterized [32,
33] (Table 1). While these proteins share structural similarity,
their degree of amino acid similarity is low indicating
that they diverged long ago and although they share an
ability to manipulate innate immune signaling pathways,
they differ in their targets (Table 1) and mechanisms of action
[32].

The crystallographic structure of VACV protein N1 (see
Table 1) identified a groove similar to those of cellular
antiapoptotic Bcl-2 proteins. N1 is therefore unusual in its
dual ability to modulate both apoptosis and inflammatory
signaling. N1 inhibits proapoptotic and proinflammatory
signaling using independent surfaces of the protein [34].
Analyses of the other available three-dimensional structures
of the orthopoxviral Bcl-2-like proteins have shown that
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Table 1: Orthopoxviral Bcl-2-like proteins.

Protein function
VACV-COP CPXV-GRI MPXV-ZAI VARV-IND

ORF Size, aa ORF Size, aa ORF Size, aa ORF Size, aa

Inhibition of NF-κB and IRF3 activation by interacting
with MyD88, TIRAP and TRIF, and TRAM

A46R 214 A49R 240 A47R 240 A52R 240

Inhibition of NF-κB activation by interacting with
IRAK2 and TRAF6

A52R 190 A55R 190 — — J6R 71

Inhibition of NF-κB activation by interacting with IKK
complex

B15R 149 B13R 149 B13R 149 B14R 149

Inhibition of NF-κB and IRF3 activation by interacting
with IKK complex and TBK1, apoptosis inhibitor

N1L 117 Q1L 117 P1L 117 P1L 117

Inhibition of NF-κB and IRF3 activation by interacting
with IRAK2, TRAF6, and DDX3

K7R 149 M6R 149 C6R 149 C4R 149

Inhibition of IRF3 and IRF7 activation by interacting
with TANK, NAP1, and SINTBAD

C6L 151 C14L 156 D11L 153 D9L 156

Unknown C1L 224 C19L 231 D19L 214 D14L 214

Unknown C16L 181 D5L 153 — — D1L 153

Unknown N2L 175 Q2L 175 P2L 177 P2L 177

VARV-IND: VARV strain India,1967, MPXV-ZAI: MPXV strain Zaire-I-96, CPXV-GRI: CPXV strain GRI-90, VAC-COP: VACV strain Copenhagen. ORF:
open reading frame; aa: protein size in number of amino acid residues.

VACV proteins A52, B15, and K7 do not contain BH3-
peptide-binding groove important for inhibition of apop-
totic stimuli and these proteins inhibit only activation of
proinflammatory transcription factors [31, 32].

Based on the sequence/structure similarity, it was pro-
posed that additional VACV proteins N2, C1, and C16/B22
(and their orthopoxviral isologs) might have a similar role
in suppression of PRR-induced host immune response as
other studied Bcl-2-like proteins (Table 1), by antagonizing
at different levels with the TLR signaling pathways [32, 34].

Thus, orthopoxviruses have a multigenic system control-
ling their recognition by innate immune cells. The detected
distinctions between the Bcl-2-like genes of VARV, MPXV,
CPXV, and VACV require further studies of the properties of
the corresponding proteins.

3. The Ubiquitin-Proteasome Pathway in
Viral Infection

It has been recently discovered that protein degradation
is an especially important regulatory cell process [35, 36].
In the majority of cases, proteins in eukaryotic cells are
degraded via an ubiquitin-directed pathway. Ubiquitin (Ub)
comprises 76 amino acid (aa) residues and is among the
most evolutionarily conserved polypeptides; Ub is covalently
attached to target proteins by a coordinated action of three
enzyme classes [37].

The ubiquitin-activating enzyme (E1) cleaves ATP to
form a thioester bond between the Ub C-end and the
cysteine in the active site of this enzyme. Thus, activated
Ub is then transferred to the ubiquitin-conjugating enzyme
(E2), also forming a thioester bond. E2–Ub interacts with
ubiquitin-protein ligase (E3), which concurrently binds the
target protein, frequently named the substrate. E3 causes

transfer of the Ub from E2–Ub complex to the substrate by
formation of the covalent isopeptide bond between the Ub
C-end and the lysine residues in target protein (substrate).
Attachment of a single Ub can change the function or
localization of the protein in the cell. A tandem attachment
of Ub molecules, producing a polyubiquitin chain, can also
modify the function or cell localization of target protein or
causes involvement of such protein in degradation by the
cellular 26S proteasome leading to protein cleavage into short
peptides and Ub release [35].

Ubiquitin is the first member of the ever increasing fam-
ily of ubiquitin-like (Ubl) proteins, which are also involved
in modification of various proteins and their functions. Such
modification processes are frequently of transient character
because of existence of Ub/Ubl-deconjugating enzymes
(Ub/Ubl-specific proteases) along with Ub/Ubl-conjugating
enzymes. It has been discovered that Ubl attachment to
target protein can frequently enhance the interaction of this
modified protein with other proteins or, on the contrary,
block its interaction with the target [37].

The most numerous group of E3 ligases contains cullin-
RING ubiquitin ligases (CRLs), multisubunit complexes
comprising cullin proteins [38], RING H2 finger proteins
(designated Rbx1, Roc1, or Hrt1) [39], variable substrate-
recognition subunit (SRS), and, for the majority of CRLs,
additional adaptor proteins uniting SRS with other CRL
proteins [36].

Proteins of the cullin family are hydrophobic proteins
playing the role of a backbone for assembly of the CRL
complex [36, 38]. The CRL containing cullin-1 (CUL1),
named SCF complex, has been most intensively studied.
This complex comprises four subunits—Skp1, CUL1, F-box-
containing protein, and Rbx1 (Figure 1(a)). The N-end of
CUL1 protein binds to the Skp1 adaptor, which, in turn,
interacts with F-box-containing protein. The C-terminal part
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of CUL1 binds to Rbx1 protein, whose function is in the
interaction with E2-Ub. In turn, F-box-containing protein
[40, 41] provides for the interaction with substrate protein,
which is ubiquitinated by the complex (see Figure 1(a)).

The CUL3-containing CRL complexes contain Rbx1;
however, they differ from the other studied CRL classes by
the absence of adaptor proteins [42]. The BTB-domain-
containing protein, accomplishing interaction with substrate
protein of the complex by another protein-protein binding
domain [43], directly interacts with the N-terminal CUL3
region (see Figure 1(b)).

Thus, the information accumulated so far demonstrates
that a tremendous diversity of CRL complexes can be
formed in mammalian cells. This agrees with the modern
understanding that the modification of proteins by ubiquitin
or ubiquitin-like polypeptides is important for the fate and
functioning of the majority of proteins in eukaryotic cell and
can be involved in regulation of various biological processes
[44–46].

Taking into account the importance of ubiquitin-ligase
and ubiquitin-proteasome systems for the function of
eukaryotic cells, the role of viruses in regulation of these
processes has been intensively studied recently. Although the
data on this topic are sparse, it has been already discovered
that viruses of various families can influence the protein
ubiquitination to overcome the cell defense mechanisms,
including apoptosis, type I interferon response, and antigen
presentation by the class I major histocompatibility complex
[45, 47, 48].

The developmental cycle of orthopoxviruses takes place
in the cell cytoplasm. Orthopoxviruses replicate in the
discrete cytoplasmic structures called virus factories or viro-
somes. These structures are encompassed by endoplasmic
reticulum membranes, resembling cytoplasmic mininuclei
[49].

Recent experiments with VACV have demonstrated that
proteasome inhibitors interfere with formation of virus
factories in the cytoplasm of permissive cells and, as a
consequence, lead to a radical decrease in virus replication
[50, 51]. These results suggest that a normal development
of orthopoxvirus infection requires a functioning ubiquitin-
proteasome system.

Since it has been discovered that ubiquitin constitutes
at least 3% of the total protein in VACV virions [52], this
suggests that either the ubiquitin-ligase system is important
for modification of virus proteins and assembly of virus
particles or ubiquitin-modified proteins are packaged into
virions for further involvement in the early infection stages
in sensitive cells.

Metabolism of animal viruses depending on their spe-
cific features is directed to utilize the structures of the
cell cytoplasmic or nuclear protein skeleton. In particular,
it is assumed that the virus-specific cytopathic effect is
determined not by cell damage meaningless from the
virus standpoint but rather by a specific rearrangement
of cytoskeleton elements that would create the conditions
for virus reproduction [53, 54]. The cytoskeleton proteins
are encoded by a large set of various genes with a tissue-
specific expression. This determines the difference between

the compositions of protein “backbone” in different cell
types, which influences the functions of these cells [55].
These differences can influence the parameter of virus
replication in the host organism, such as tissue tropism.
In addition, the protein composition of cytoskeleton in
various mammalian species (or cell cultures) can influence
the overall sensitivity to certain viruses and determine the so-
called host range. It is known that individual orthopoxvirus
species considerably differ in the range of animal species
where they can reproduce [56].

3.1. Viral Ankyrin-F-Box Containing Proteins. It is known
that viral infections activate the cell antiviral signaling and
inflammatory responses. The nuclear factor NF-κB, which
regulates transcription of the genes involved in development
of the apoptosis, inflammation, immune response, and cell
proliferation [57], plays an important role in these responses.
Activation of NF-κB is controlled by ankyrin (ANK) repeat
containing proteins of the IκB family, which interact with
this factor. In an inactive form, NF-κB (the dimer p65/p50)
is bound to the inhibitory protein IκBα which via six ANK
repeats interacts with p65 subunit. In response to molecular
signals of infection, IκBα kinase (IKK) is phosphorylated by
cellular protein kinase to phosphorylate IκBα at the serine
residues at positions 32 and 36. The phosphorylated IκBα
is polyubiquinated by the SCF complex at lysine 48 and
degraded by the 26S proteasome complex, thereby removing
the NF-κB inhibition; this factor moves to the cell nucleus
and stimulates gene transcription via the interaction with
specific DNA sequences [57, 58].

Different VACV strains inhibit activation of the cellular
transcription factor NF-κB, thereby providing inhibition
of inflammatory response development, which is among
the first reactions of nonspecific protection from infectious
agents. It was demonstrated that the highly attenuated
VACV strain MVA failed to inhibit NF-κB activation.
Recombination-based introduction of the K1L gene from
VACV strain WR to the MVA genome restored the ability
of the virus to inhibit the activation of cellular factor NF-
κB [59]. VACV protein K1 belongs to the family of ANK
proteins [60–62] and it was assumed that K1 can inhibit
degradation of the cellular IκBα via competing with it
for phosphorylation by the enzyme IKK and subsequent
ubiquitination and degradation. Another ANK-containing
protein, CPXV C9 (not synthesized by VACV; Table 1) is
likely to act in an analogous manner [58] and, consequently,
is able to rescue the mutation VACV K1L − [63].

Our analysis has demonstrated [62–64] that orthopox-
viruses code for a large set of ANK proteins (Table 2). This
is the largest family of orthopoxvirus proteins; moreover,
each species has its specific set of the corresponding genes
[63]. Of the natural orthopoxviruses, CPXV, displaying
the widest host range, has 14 unique ANK genes in its
genome (two of them are duplicated in the terminal genomic
regions); MPXV, eight such genes and VARV, a stringently
anthroponotic virus, five ANK genes, VACV-COP encodes
five ANK proteins (three match the VARV proteins), while
the highly attenuated variant VACV-MVA, obtained by
multiple passages on chorioallantoic membranes (CAMs) of
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Figure 1: A schematic of two classes of orthopoxvirus E3 ubiquitin ligases: (a) SCF E3 ligase and (b) BTB-kelch/Cul3 E3 ligase.

chick embryos and having a very narrow range of sensitive
cell cultures, retained only one ANK gene [65].

It has been shown that many poxvirus ANK proteins
contain F-box sequences at their C-ends [66]. Such com-
bination of domains is characteristic of poxviruses only. In
the cellular proteins, F-box domain is usually localized to
the N-terminal part. In addition, the combination of ANK
and F-box domains has not been found in cellular proteins
[67, 68]. Our analysis allowed to detect F-box sequences in
the C-terminal regions in 13 of the 14 CPXV ANK proteins
(Table 1) [63].

Recently, it has been experimentally demonstrated for
the ANK-F-box proteins C9 (CHOhr) of CPXV [58], G1 of
VARV (D3/H3 in CPXV) [69], 186R of VACV-MVA (B16 in
CPXV) [70], as well as EVM002, EVM005, and EVM154 of
ECTV (D3/H3, D8, and B3 in CPXV) [71] that they interact
with the cellular SCF complex (Figure 1(a)) and, presumably,
provide for specific interaction with substrate proteins of
cellular or viral origins, which are then ubiquitinated by this
complex. An important problem is to detect these substrate
proteins for each of the numerous orthopoxvirus proteins of
the considered family.

3.2. Viral BTB-Kelch-Like Proteins. Among all the viruses,
only the representatives of the family Poxviridae contain
the genes of kelch-like proteins in their genomes. According
to structural similarity, they are ascribed to the same
group as Drosophila kelch protein (BTB-kelch) [72–74].
These proteins contain the N-terminal BTB domain and C-
terminal kelch domain. Computer analysis of orthopoxvirus
genomes has demonstrated that CPXV codes for six BTB-
kelch family proteins with a size of about 500 AA residues
each and mutual identity in AA sequence in the range of 22–
26%. VACV genome codes for only three full-sized kelch-like
proteins, which are highly homologous to the corresponding
CPXV proteins; as for the highly attenuated strain VACV-
MVA, unable to replicate in the majority of mammalian cell
lines, it retained only one gene of this family [65]. The same
gene is the only gene in MPXV genome encoding a BTB-
kelch protein. As for VARV genome, all genes of this family
are destroyed due to multiple mutations; consequently, only
short potential ORFs, which are nonfunctional fragments of
the genes of a precursor virus, are detectable in this virus

[74] (Table 3). ECTV codes for four genes of the considered
family—EVM18, EVM27, EVM150, and EVM167, which
correspond to the CPXV-GRI genes C18L, G3L, A57R, and
B19R [23, 75].

The absence of the genes from this family in various
VARV isolates and the possibility of their deleting in VACV
without any loss in its viability in cell culture [76] indicate
that these genes are not vitally important for orthopoxvirus
replication in cultured cells. Presumably, these genes are
important for manifestation of species-specific properties of
orthopoxviruses in vivo. It has been assumed that these genes
can play a role in adaptation, that is, they can determine the
host range (tissue tropism) and/or the possibility of virus
persistence in animal body [23]. In particular, CPXV, low
pathogenic for humans and displaying the widest range of
sensitive animals in nature, codes for the largest set of BTB-
kelch proteins. In VARV, highly pathogenic for its only host,
human, in organism of which this virus cannot persist, all
the genes of BTB-kelch subfamily are mutationally destroyed
[63, 64].

The available data suggest that various BTB-kelch pro-
teins interact with CUL3 (Figure 1(b)) rather than with
the other cullins, that is, BTB-kelch proteins are substrate-
specific adaptors for CUL3 ubiquitin-ligase complex and
regulate modification and/or degradation of various proteins
[42].

When studying the properties of orthopoxvirus BTB-
kelch proteins, it has been found that the ECTV proteins
EVM150 and EVM167 are involved in formation of active
CUL3-containing ubiquitin ligases [77]. Two other proteins,
EVM18 and EVM27, also interact with CUL3 [78]. Since
the mutual homology of these viral proteins is low, it is
likely that their functions are different and they interact with
different targets. It has been experimentally demonstrated
that a directed deletion of individual genes encoding EVM18,
EVM27, or EVM167 radically decreases the ECTV virulence
for white mice, while the damage of EVM150 gene has no
effect on the virulence [79].

Deletion of four CPXV BTB-kelch genes led to a decrease
in the cytopathic effect on cell culture and statistically
significant reduction in formation of the virus-induced
cytoplasmic pseudopodia [80, 81].
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Table 2: Orthopoxviral ankyrin-F-box-like proteins.

VACV-COP CPXV-GRI MPXV-ZAI VARV-IND

ORF Size, aa ORF Size, aa ORF Size, aa ORF Size, aa

C19L∗ 259 D3L∗ 586 J3L∗ 587 None None

C17L∗ 386 D4L∗ 672 None None None None

None None D8L 661 None None None None

None None D14L 764 None None None None

None None C1L 437 D1L∗ 437 None None

None None C3L 833 None None None None

None None C9L 668 D7L 660 D6L 452

C9L 634 C11L 614 D9L 630 D7L 153

M1L 472 O1L 474 O1L 442 O1L 446

K1L 284 M1L 284 C1L 284 C1L 66

B4R 558 B3R 558 B5R 561 B6R 558

B18R 574 B16R 574 None None B19R 574

B20R 127 B18R 795 B17R 793 B21R 787

B21R∗ 91 K1R 581 None None None None

None None None None N4R∗ 437 None None

B23R∗ 386 H2R∗ 672 None None None None

B25R∗ 259 H3R∗ 586 J1R∗ 587 G1R 585

Asterisks denote ORFs that are duplicated in left and right inverted terminal repeat regions of the viral genome. ORFs with full length are set in bold. The ORFs
for the proteins with experimentally confirmed interaction with the cellular Cullin1-containing ubiquitin-protein ligase are indicated by bold italic letters.

Table 3: Orthopoxviral BTB-kelch-like proteins.

VACV-COP CPXV-GRI MPXV-ZAI VARV-IND

ORF Size, aa ORF Size, aa ORF Size, aa ORF Size, aa

None None D11L 521 None None None None

C2L 512 C18L 512 D18L 107 None None

F3L 480 G3L 485 C9L 487 C7L 179

A55R 564 A57R 564 None None J7R 71

B10R 166 B9R 501 None None None None

None None B19R 557 B18R 70 B22R 70

ORFs with full length are set in bold. The ORFs for the proteins with experimentally confirmed interaction with the cellular Cullin 3-containing ubiquitin-
protein ligase are indicated by bold italic letters.

Deletion of individual kelch-like genes in the VACV
genome provided for demonstrating that the damage of
genes C2L or A55R (see Table 2) led to similar effects, appear-
ing as changes in the morphology of virus plaques on cell cul-
ture monolayer, decrease in virus-induced cytoplasmic pseu-
dopodia, decrease in Ca2+-independent adhesion of VACV-
infected cells, and induction of larger lesions in the model of
intradermal infection of mouse ear pinnae as compared with
the wildtype virus [82, 83]. Damage of the VACV kelch-like
gene F3L did not cause so pronounced effects [84]. Inter-
estingly, this particular single BTB-kelch gene remained in
MPXV (see Table 3) and the highly attenuated VACV strain
MVA.

The ability of orthopoxvirus BTB-kelch-like proteins to
interact with Cullin-3-containing ubiquitin-protein ligase to
a considerable degree relates this family to the family of

orthopoxvirus ankyrin-F-box-like proteins interacting with
Cullin-1-containing ubiquitin-protein ligase. Most likely, the
proteins of these two families are involved in organization
of the multifactorial intricate system of interactions of
virus proteins with one another and cellular components.
We believe that such interactions can determine a wide
range of animal tissues and species sensitive to CPXV as
well as for the tolerant mode of relationships between this
virus and the host. One can speculate that destruction of
the majority of the genes/proteins belonging to these two
families, characteristic of VARV, is the most likely reason
underlying a drastic narrowing of the VARV host range
and its transition to an “aggressor” mode [63]. Note that
VARV retained five genes encoding ankyrin-F-box proteins
(Table 2), whereas the genes for BTB-kelch proteins are
completely destroyed (Table 3).
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4. Viral Apoptosis Inhibitors

One of the first lines of the organism’s nonspecific defense
against infectious agents and probably one of the most
ancient ones is apoptosis (programmed cell death) [85, 86].
After a cell has been infected by a virus, apoptosis serves
to kill the cell, thus preventing virus proliferation and
protecting nearby cells from the infection. Apoptosis is a
very common phenomenon in multicellular organisms. It is
primarily mediated by cysteine proteases termed caspases.
An important role in apoptosis regulation belongs to mito-
chondria and Bcl-2 proteins. Interferon-induced synthesis
of RNase L (see Section 5) causes apoptosis mediated by
caspases 8, 9, and 2 [87].

A key function in the induction of programmed cell
death is performed by cellular caspase 1, which specifically
cleaves inactive prointerleukin-1β and producing the mature
interleukin-1β form (IL-1β). It should be noted that IL-1β
itself is not associated with apoptosis; that is, it is other
proteins that caspase-1 targets when triggering programmed
cell death [88]. It was revealed that the product of the CPXV
gene SPI-2 is an inhibitor of caspases 1 and 8 and, therefore,
an apoptosis inhibitor [89, 90]. A comparison of SPI-2 amino
acid sequences showed that CPXV and VACV proteins are
very similar but differ significantly from the VARV isolog [3].

Based on an in silico amino acid sequence analysis,
another VACV protein, C12 (in VARV-IND, B25; see Table 4),
was also classified into the same family of protease inhibitors
as SPI-2 and named SPI-1; it was shown to act as an
apoptosis inhibitor, too. However, the principle of its action
so far remains unclear. Supposedly, SPI-1 inhibits a caspase-
independent apoptosis pathway [91].

VACV protein F1 is localized in mitochondria and acts as
a caspase 9 inhibitor, suppressing the programmed death of
infected cells [92–94]. The amino acid sequence of another
conserved orthopoxvirus protein, N1 (VACV-COP, Table 4),
has little homology to the Bcl-2 sequence, but its tertiary
structure closely resembles the proteins of this family, and N1
is an apoptosis inhibitor (see additionally Section 2) [34, 95].

Some VACV strains, as well as the camelpox virus,
contain a gene of a transmembrane protein of 237 amino
acids located in the Golgi apparatus, which suppresses
apoptosis of infected cells [96]. CPXV encodes a somewhat
shorter version of the same protein (T1), while VARV and
MPXV lack gene of the isolog protein (Table 4).

Double-stranded RNA apparently also can induce apop-
tosis, as suggested by investigation of a VACV strain carrying
a mutant E3L variant. It was shown that disruption of this
gene results not only in increased interferon sensitivity of the
virus (see Section 5) but also in activation of apoptosis of
infected cells [97]. This gene is fairly well conserved among
different orthopoxvirus species.

The first orthopoxvirus ubiquitin ligase belonging to the
family of mono-subunit RING-containing E3 ligases was
found in ECTV. First, it was shown that the RING domain-
containing ECTV protein p28 is a virulence factor inhibiting
TNF-induced apoptosis [98]. This viral protein localized in
cytoplasmic virus factories is essential for virus replication
in macrophages [99]. Under consideration of the growing

body of knowledge concerning RING domain-containing
ubiquitin ligases, investigation of ECTV and VARV p28
proteins showed that p28 acts as an ubiquitin ligase [100].
The respective gene is highly conserved among VARV, MPXV,
CPXV, and ECTV, but inactivated in the known VACV
strains. The molecular target (viral or cellular protein) of
orthopoxvirus ubiquitin ligase p28 has not been identified
yet.

Thus, orthopoxviruses possess at least seven genes encod-
ing apoptosis inhibitors with very diverse modes of action
(Table 4). This observation further confirms the importance
of apoptosis in the mammalian system of antiviral defense.

5. Viral Interferon Inhibitors

Mammalian cells respond to viral infection by producing
interferons (IFNs). The initial production of type I IFNs
is due to activation of IFN regulatory factors (IRFs), and
in particular IRF3, downstream of PRRs, which recognize
viral DNA, RNA, and proteins [33]. It was discovered that
some orthopoxviral Bcl-2-like proteins inhibit PRR-induced
activation of IRFs (see Section 2 and Table 1) and therefore
suppress IFN production.

IFNs are produced and secreted by animal cells also
in response to double-stranded RNA molecules (dsRNA)
synthesized in the course of viral infection. IFNs bind to
specific cell receptors and induce antiviral defense state
[101]. IFN-induced antiviral cell state is determined by at
least two enzymatic pathways. One of them involves IFN-
induced dsRNA-activated protein kinase (PKR); another
one depends on 2-5A[ppp(A2′p)nA] synthetase (usually
termed 2-5A synthetase). The protein kinase is activated by
autophosphorylation, which occurs after protein binding to
dsRNA. The activated PKR phosphorylates subunit alpha
of the eukaryotic translation initiation factor (eIF-2α),
thus blocking protein synthesis. The other enzyme, 2-5A
synthetase is activated by dsRNA and catalyzes ATP polymer-
ization to 2′-5′oligoadenylates, which, in turn, activate latent
cellular endo-RNase L. RNase L cleaves mRNA and rRNA
molecules, thus also disturbing protein synthesis.

Although orthopoxviruses produce high levels of virus-
specific dsRNA in the late phase of their life cycle [102],
they are highly resistant to IFN action [103]. VACV gene
E3L encodes an inhibitor of the IFN-induced PRK [104].
This viral protein produced directly after cell infection can
bind to dsRNA, competing with the specific cellular protein
kinase and preventing the enzyme activation. Another VACV
gene, K3L, encodes an eIF-2α homologue competing with
endogenous eIF-2α for phosphorylation by activated PRK
[105]. A mutant VACV strain with disrupted K3L is inter-
feronsensitive and produces two orders of magnitude less
viral progeny [106]. Thus, orthopoxviruses produce proteins
that inhibit the activity of the IFN-induced PRK in two
independent ways.

It should be noted that although the sequences of viral
eIF-2α homologues are well conserved within species, the
VARV protein has numerous differences in amino acids from
highly homologous VACV and CPXV isologs, while MPXV
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Table 4: Orthopoxviral proteins modulating defense reactions of mammals.

Protein function
VACV-COP CPXV-GRI MPXV-ZAI VARV-IND

ORF Size, aa ORF Size, aa ORF Size, aa ORF Size, aa

Apoptosis inhibitor, caspase-1 and caspase-8
inhibitor, SPI-2

B13R 116 B12R 345 B12R 344 B13R 344

Apoptosis inhibitor, SPI-1 C12L 353 B20R 375 B19R 357 B25R 372

Apoptosis inhibitor, Bcl-2-like N1L 117 Q1L 117 P1L 117 P1L 117

Mitochondria-associated apoptosis inhibitor,
caspase-9 inhibitor

F1L 226 G1L 238 C7L 219 C5L 251

Apoptosis inhibitor, transmembrane protein of
Golgi apparatus

None None T1R 210 R1R 105 None None

Apoptosis inhibitor, RING-domain containing E3
ubiquitin ligase

None None C7R 242 D5R 242 D4R 242

Apoptosis inhibitor, dsRNA-binding, interferon
resistance

E3L 190 F3L 190 F3L 153 E3L 190

eIF-2α homolog, interferon resistance K3L 88 M3L 88 None None C3L 88

Phosphatase, dephosphorylation of Stat 1 H1L 171 J1L 171 H1L 171 I1L 171

γ-IFN-binding B8R 272 B7R 271 B9R 267 B9R 266

α/β-IFN-binding B19R 353 B17R 351 B16R 352 B20R 354

IL-1β-binding None None C8L 124 D6L 126 D5L 126

IL-18-binding B16R 290 B14R 326 B14R 326 B15R 63

Complement binding C3L 263 C17L 259 D14L 216 D12L 263

TNF- and chemokine-binding, CrmB B28R 122 H4R 351 J2R 348 G2R 349

TNF-binding, CrmC A53R 103 A56R 186 None None None None

TNF- and chemokine-binding, CrmD None None K2R 322 None None None None

TNF-binding, CrmE None None K3R 167 K1R 70 None None

CC-chemokine-binding B29R 244 I5R 255 J3R 246 G3R 253

CC- i CXC-chemokine-binding A41L 219 A43L 219 A41L 221 A46L 218

Inhibitor of NK-mediated NKG2D-dependent lysis
of infected cells

None None C2L 178 N3R 176 None None

Inhibitor of MHC class II antigen presentation A35R 176 A36R 176 A37R 176 A38R 60

Inhibitor of MHC class I complexes release from the
PLC

None None D10L 96 None None None None

Inhibitor of the intracellular trafficking of MHC
class I molecules

B9R 77 B8R 221 B10R 221 None None

ORFs that are altered/nonfunctional as compared with a CPXV-GRI counterpart are set in bold.

does not encode this interferon resistance factor due to
multiple mutations of the respective gene (Table 4).

In the course of VACV infection, E3L is expressed from
the first and the second initiator codon producing the
long and the short protein forms, respectively [106]. The
N-terminal domain of the long form is required for the
protein binding to Z-form DNA, which explains its nuclear
localization and its pathogenic properties [107, 108]. The C-
terminal domain of both the long and the short form binds
dsRNA and inhibits the activation of the PRK [109] and 2-
5A synthetase [110]. In MPXV-ZAI, the first initiator triplet
is disrupted by a mutation; for this reason, only the short
protein form is translated. Thus, MPXV differs from other
orthopoxvirus species in the unique organization of viral
intracellular interferon resistance factors [64, 111], which
apparently results in decreased propagation rates in vivo and,
consequently, decreased efficiency of airborne transmission

of the virus, which is indeed the case for human monkeypox,
as compared to smallpox.

Recently, it has been demonstrated that VACV E3 protein
also inhibits the type III λ-IFN-mediated antiviral response
[112].

Blocking the function of Stat (signal transducer and
activator of transcription) proteins, which are critical for
antiviral responses, has evolved as a common mechanism for
pathogen immune evasion. The VACV-encoded phosphatase
H1 is critical for virus replication and plays an additional role
in the evasion of host defense by dephosphorylating Stat1
and blocking IFN-stimulated innate immune responses. It
was demonstrated that VARV H1 isolog (I1 for VARV-
IND, see Table 4) is more active than VACV H1 in Stat1
dephosphorylation [113].

A unique and efficient IFN evasion strategy employed
additionally by poxviruses is to encode soluble proteins that
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are secreted from infected cells and function as soluble IFN
decoy receptors. These factors providing interferon resistance
in orthopoxviruses are extracellular γ-IFN-binding protein
[114] and type I α/β-IFN-binding protein (α/β-IFN-BP)
[115]. Earlier we have revealed pronounced species-specific
differences in amino acid sequences of α/β-IFN-BPs of
orthopoxviruses [3, 116]. Recently it has been shown that
the VARV α/β-IFN-BP binds the human ligands with higher
affinity than the VACV α/β-IFN-BP [117].

Thus, orthopoxviruses possess a multigene system pro-
viding a high level of interferon resistance. Differences
found among these genes/proteins in VARV, MPXV, CPXV,
and VACV (Table 4) call for further investigation of their
properties.

6. Viral Inhibitors of Inflammatory Response

Inflammatory reactions play an important role in the early
nonspecific protection of the organism against the viral
infection. They are induced rapidly to limit the virus
dissemination during the first hours and days upon infection
while the full-fledged adaptive immune response is being
formed. It is known that the complement system and the
cytokines, such as tumor necrosis factor (TNF), interleukin-
1β (IL-1β), gamma-interferon (γ-IFN), and chemokines,
play the key role in inducing the inflammatory reactions
[118]. In addition, several other mediators influence either
directly or indirectly the development of the inflammatory
process [116, 119–121]. Therefore, poxviruses potentially
need several genes whose protein products are able to act as
inhibitors of various stages of inflammation development to
suppress efficiently the inflammatory response.

The first viral gene whose product represses inflamma-
tory response to infection was found in CPXV and termed
SPI-2 (B12R for CPXV-GRI, see Table 4) [122]. As noted
above (see Section 3), SPI-2 inhibits caspase 1 activity and
thus prevents the processing of pro-IL-1β to IL-1β and its
secretion from the infected cell, suppressing, as a result,
the induction of local inflammatory reactions. In addition,
SPI-2 inhibits the production of inflammatory mediators
(leukotrienes) in the arachidonic acid metabolism [123].
Furthermore, as discussed above, SPI-2 is also involved
in suppressing apoptosis of the infected cell. Thus, this
protein evidently plays an important role in determining
orthopoxvirus pathogenicity in vivo. It should be noted that
amino acid sequences of SPI-2 variants present in VARV,
MPXV, and CPXV are somewhat different [32]. In the case
of VACV-COP, the gene encoding this protein is damaged
(Table 4).

It was shown experimentally that the VACV-WR gene
B15R encodes a secreted glycoprotein acting as a soluble IL-
1β receptor [124]. The production of this soluble receptor
prevents the development of systemic reactions (such as
fever) in VACV-infected mice [125]. It was shown that
a VACV-WR strain with disrupted B15R had increased
virulence in mice (when administered intranasally) [124].
A further analysis showed that VACV strains associated
with a higher frequency of postvaccination complications

in humans lack IL-1β-binding activity [125]. These data
agree well with the fact that the respective gene in VARV is
disrupted (by fragmentation) (Table 4).

Thus, we may hypothesize that VARV suppresses pro-
duction and secretion of IL-1β by infected cells but does
not inhibit the effect of extracellular IL-1β synthesized by
other cells of the body. This suggests that VARV is capable
of suppressing local inflammatory reactions due to SPI-
2 production in the region of virus replication; however,
it does not inhibit the systemic reactions, as it is unable
to synthesize IL-1β-binding protein. Decrease in the local
inflammatory reactions may assist a more active virus
replication, while uncontrolled development of the systemic
reactions weakens the overall resistance of the organism to
infection. A concurrent development of these reactions is
likely to boost the pathogenic effect of the viral infection on
the host organism. In the case of MPXV and CPXV, both
genes in question are native (Table 4).

Orthopoxviruses, in particular, VACV-WR, but not the
less virulent VACV-COP strain, also encode an IL-18-binding
protein (Table 4), which is secreted from the cell and
suppresses the activity of proinflammatory IL-18 [126].

Similarly to other cytokines, TNF performs multiple
functions [118]. In particular, as noted above, it is a
key cytokine inducing inflammation in the infected host
along with IL-1β and IL-18. It was shown that VARV-
IND gene G2R encodes CrmB protein homologous to type
II TNF receptor [127]. An orthologous TNF-inhibitory
protein called M-T2 is an important secreted virulence
factor of the rabbit myxoma virus (a poxvirus of the
genus Leporipoxvirus). Its VARV analogue G2 apparently has
similar properties. An important difference between VARV
and VACV is that the latter possesses no genes encoding TNF
receptor analogues. In the CPXV genome, we detected five
genes of the TNF receptor family [23]. Four of them have
TNF-binding activity [128–131] (Table 4).

An analysis of amino acid sequences of CrmB isologs
detected numerous species-specific differences. Using a bac-
uluvirus expression system, we obtained individual CrmB
proteins of VARV, MPXV, and CPXV and showed that
their ability to suppress the activity of human, mouse,
and rabbit TNFs differs considerably. Only CrmB-VARV
inhibits human TNF activity with high efficiency [132, 133].
Presumably, this is a result of evolutionary adaptation of the
viral receptors to the ligands of their hosts.

It was recently shown that orthopoxvirus TNF-binding
protein CrmB possesses a further biological activity; that is,
it has high affinity to certain chemokines critically involved
in attracting dendritic cells, B-, and T-lymphocytes to the
inflammation focus [134]. Its immunomodulatory activity
is determined by the unique C-terminal domain termed
SECRET (smallpox virus-encoded chemokine receptor). The
amino acid sequence of this domain has no homology to any
vertebrate protein or to any other known viral chemokine-
binding protein. De novo modeling of the spatial structure
of the SECRET domain showed that it might be a structural
homologue of the secreted CC-chemokine-binding protein
G3 of VARV (Table 4), in spite of the low similarity of their
amino acid sequences [135].
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Chemokines are chemoattractant cytokines, which con-
trol migration and effector functions of leukocytes, thereby
playing an important role in development of inflammatory
response and protection against pathogens [136]. It was
demonstrated that VACV strain Lister at the early stages of
infection produced a protein secreted from the cells in large
amounts [137], which bound a wide range of CC chemokines
and inhibited their activities [138]. This gene is damaged in
many other VACV strains. Presumably, isologs of this protein
(G3 in VARV-IND) of various orthopoxvirus species have
different functions, as analysis of their amino acid sequences
detected considerable species-specific distinctions [3].

The VACV protein A41 and its orthopoxvirus isologs
also are secreted glycoproteins that efficiently and selec-
tively bind to certain CC and CXC chemokines preventing
chemokine-induced leukocyte migration to the infection
locus [139, 140]. This chemokine-binding protein probably
is essential for virus propagation, since it is conserved in all
orthopoxvirus species studied (Table 4).

Interestingly, all orthopoxviruses in question also pro-
duce a soluble γ-IFN-receptor, which can modulate the host’s
inflammatory response to infection [141–143]. The protein
B9 of VARV-IND and its isolog produced by VACV-COP
contain a considerable number of amino acid substitutions
[144]. Probably, these species-specific differences in the
structure of viral γ-IFN-binding protein are related to the
difference in VARV and VACV virulence.

In addition to the above genes, orthopoxviruses also
carry a gene of a complement-binding protein (C3L in
VACV-COP) [145], one of whose functions may be regu-
lation of inflammation. The complement system comprises
over 20 blood plasma proteins. Antiviral functions of
the complement systems include virus neutralization, lysis
of infected cells, and enhancement of inflammatory and
adaptive immune response [2, 119].

The VACV protein C3, named VCP, secreted from
infected cells and controlling the reaction of complement
activation comprises four short degenerated repeats of
approximately 60 amino acids each (short consensus repeat,
SCR) characteristic of the protein family of complement
activation regulators (RCA) [146]. It is considered that the
gene encoding VCP originated initially due to incorporating
a part or the complete coding sequence of a protein
belonging to RCA family of the host into the viral genome
followed by adaptation (alteration) of the gene in question
to perform the functions necessary for the virus [147]. The
X-ray structural analysis showed that SCR sequences of VCP
form a series of discrete tightly linked compact domains
[148].

VCP is a unique multifunctional viral protein func-
tionally resembling as different RCA proteins as factor
H, membrane-bound cofactor protein, type I complement
receptor, and decay-accelerating factor (DAF). Firstly, VCP
binds complement components C3b and C4b; secondly,
it blocks different stages of the complement cascade and
inhibits both the classical and the alternative complement
pathways; thirdly, it blocks complement-driven virus neu-
tralization activated by antiviral antibodies, and, finally,
binds heparin-like molecules on the surface of endothelial

cells, blocking the binding of chemokines and preventing sig-
nal transduction for chemotaxis [119]. The model of CPXV-
infected mice showed that VCP suppresses inflammatory
response in vivo [149, 150].

VCPs of VARV, CPXV, and VACV contain four SCRs
each. We have revealed the unique structure of the MPXV
VCP [3, 151]. Due to premature termination of synthesis, the
protein sequence is truncated and the C-terminal SCR-4 is
deleted in Central African MPXV strains, whereas Western
African MPXV strains lack the gene for VCP completely
[3]. Possibly this deletion or truncation of the gene for
VCP prevents effective inhibition of inflammatory response
by MPXV and therefore the specific feature of human
monkeypox clinical course, distinguishing it from smallpox,
is lymphadenitides.

Amino acid sequences of VACV and VARV VCPs differ
at 12 positions. A baculovirus system was used to produce
individual VCPs of VARV and VACV [152]. It was shown
that VCP of VARV is a significantly more efficient inhibitor
of human complement than its VACV counterpart. This
observation further supports the concept that viral soluble
receptors are evolutionary adapted to the host’s ligands.

To sum up, orthopoxviruses possess a multigene system
controlling at different stages development of the host’s
inflammatory reactions. Orthopoxviruses display species-
specific distinctions not only in the set of these genes but also
in their structure, and as a result in targeted activities of the
encoding proteins.

7. Orthopoxvirus Modulation of Cellular
Immune Response

One of the principal mechanisms of the innate cellular
immunity involves nonspecific lysis of virus-infected cells
by natural killer (NK) cells [153]. The latter are activated
by soluble mediators or in a direct cell contact. NK
proliferation peaks on days 2-3 of orthopoxvirus infection;
however, these cells alone are unable to prevent completely
the dissemination of infection in the body [154]. NK
cell activation is regulated by integrated signals of several
activating and suppressing receptors, many of which use
major histocompatibility complex (MHC) class I molecules
or related proteins as ligands. One of the cytotoxic NK-
activating receptors is NKG2D. It was shown that CPXV and
MPXV encode a protein resembling an MHC class I molecule
(OMCP; C2 in CPXV-GRI) that blocks the recognition of
host ligands and inhibits the NKG2D-dependent NK lysis of
infected cells [155]. VARV and VACV genomes lack such a
gene (Table 4).

As noted above, orthopoxviruses produce a secreted IL-
18-binding protein, which blocks not only the proinflamma-
tory activity of IL-18 but also IL-18 induced NK cytotoxicity
[126, 156].

Adaptive immune response to infection involves complex
cytokine-regulated interactions among different types of
cells [157] that give rise to B-lymphocytes producing virus-
specific antibodies and virus-specific cytolytic T lympho-
cytes. Proliferation of virus-specific cytolytic T lymphocytes
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peaks on days 5-6 of infection; the key regulatory cytokines
TNF, IL-1β, and γ-IFN control not only inflammatory
reactions but also the adaptive immune response. Specific
antibodies can interact with virus particles and their compo-
nents individually or within complement complexes. Specific
antibodies are inefficient in controlling primary poxvirus
infection but can be important in preventing secondary
infection [154]. Cellular immune response is a crucial
component of specific defense against a poxvirus infection
[158].

For some orthopoxviruses, it has been shown that they
directly infect human and rodent immune cells both in
vitro and in vivo, including lymphocytes, NK cells, and
monocytes/macrophages and VACV decrease antigen pre-
sentation in several types of antigen-presenting cells (APC)
[159]. Recently, it was revealed that VACV-COP protein
A35 inhibits MHC class II-restricted antigen presentation,
immune priming of T lymphocytes, and subsequent cytokine
and chemokine synthesis [160]. The gene of this protein is
highly conservative for VACV, CPXV, and MPXV but in the
genome of VARV is disrupted (see Table 4). Interestingly, for
VACV MVA strain it was shown that deletion of the A35R
gene increases its immunogenicity [161]. In this respect, it
should be noted known data that the persons that had small-
pox acquire a lifelong immunity, whereas the vaccination
with VACV requires repeated immunizations with a certain
periodicity to provide a reliable protection against smallpox
[10]. We may speculate that VARV nonfunctional short A38R
originated as a result of mutational changes in functional
A35R analog of ancestral zoonotic orthopoxvirus and it
allowed to highly virulent VARV caused lifelong immunity in
humans and provided the additional conditions for smallpox
endemization [4].

MHC class I molecules play an important role in antiviral
immunity. The majority of MHC class I-binding peptides are
generated in the cytosol by proteasomes and transported into
the lumen of the endoplasmic reticulum (ER) by transporter
associated with antigen processing (TAP). Peptide loading
onto the MHC class I heavy chain-β2 m heterodimer is
facilitated by a multi-subunit protein complex called the
MHC class I peptide-loading complex (PLC). In addition
to TAP and MHC class I, the PLC is composed of ER
chaperones. Upon peptide loading, the fully assembled MHC
class I complexes dissociate from the PLC and transit to the
cell surface. Recognition of viral peptides in the context of
MHC class I molecules triggers virus-specific CD8 T cells
to exert their effector functions including cytotoxicity and
cytokine secretion [162].

Recently, it has been shown that CPXV downregulates
MHC class I and evades antiviral CD8 T cell responses [163].
Two distinctly acting MHC class I regulating genes (D10L
and B8R for CPXV-GRI, see Table 4) have been revealed.
Protein D10 inhibits MHC class I expression by impairing
ER peptide loading and dissociation of MHC class I from
TAP. Protein B8 interferes with the intracellular trafficking of
MHC class I molecules by sequestering them in the ER using
its C-terminal KDEL-like sequence [162].

The in vivo significance of the discovered viral MHC
class I and class II evasion mechanisms, however, is not

well understood. Among orthopoxviruses pathogenic for
humans only CPXV produces all three known regulators
of MHC systems. Highly virulent and highly immunogenic
for humans, VARV does not produce any of these proteins
(Table 4).

8. Conclusion

Comparison of amino acid sequences of a great number of
various types of human and rodent polypeptides revealed
most pronounced interspecies differences in the sequences of
the proteins forming ligand-receptor pairs of the organismal
protective systems of these mammals against infectious
agents. In addition, the polypeptide ligands and their recep-
tors proved to be subjected to coevolution [164]. Pathogenic
microorganisms are assumed to be able to cause an accel-
erated evolution of the defense system proteins (genes)
of infected animal species. Such evolutionary changes in
the primary structure of the proteins constituting ligand-
receptor pairs were suggested to result in alterations of the
quaternary structure of the ligand-receptor contact region
[164, 165]. As a result, the species-specific mimicry of
mammalian defense system proteins may emerge, providing
a narrower range of hosts sensitive to certain infectious
microorganism [164].

The virus that maintains the balance between its
pathogenic effect on the host organism and the possibility
of its effective development in the animal organism for a
relatively long period is the best adapted from the evolu-
tionary standpoint. Such virus is able to transmit efficiently
from animal to animal under a low population density.
Among orthopoxviruses, CPXV most pronouncedly displays
such properties. It is worth noting that CPXV encodes the
complete set of immunomodulatory (Table 4) as well as
Bcl-2-like (Table 1), ankyrin-like (Table 2), and kelch-like
(Table 3) proteins found in orthopoxviruses, whereas VARV,
MPXV, and VACV each possess an incomplete species-
specific subset of these genes.

The species- and strain-specific distinctions between
VARV, MPXV, CPXV, and VACV DNAs are localized to
the long variable terminal regions [3, 23, 63, 64, 166–
168]. These distinctions comprise not only deletions in
DNAs of the viruses compared relative one another but also
rearrangements and nucleotide substitutions [3, 169]. The
determined sequences of viral DNAs allow for a comparative
analysis of organization of the VARV, MPXV, CPXV, and
VACV molecular pathogenicity factors, whose function was
verified at various laboratories in experiments mainly with
VACV, CPXV, and ECTV [3, 22, 56, 116, 120, 121, 154, 157].

The CPXV genome has the largest size as compared with
the other orthopoxviruses and contains the complete set of
all the genes characteristic of other viruses from the genus
Orthopoxvirus (Tables 1, 2, 3, and 4). The fact that CPXV
nonetheless does not display an increased virulence suggests
that orthopoxviruses have a certain regulatory system(s).
To describe this regulatory system, we earlier introduced
the concept of buffer genes, whose role is to neutralize the
negative effects developing in the body during infection
[22]. Presumably, CPXV possesses the widest set of these
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genes as compared with VARV, MPXV, and VACV. The rest
orthopoxvirus species have lost certain part of the genes with
reference to CPXV. Note that VARV contains the shortest
orthopoxviral genome and the least set of actual genes. This
observation suggests that CPXV is most close to the ancestor
of orthopoxviruses, while the rest species emerged later due
to deletions, recombinations, and mutations [3, 5, 6, 169].

Humans are the only VARV host; hence, this virus is to
a maximal degree adapted evolutionarily to overcome the
human defense reactions, which develop in response to the
infection. MPXV, CPXV, and VACV have wide host range,
infecting first and foremost various rodents. Humans are
sporadically infected by these viruses. Consequently, MPXV,
CPXV, and VACV are adapted to interactions with the
molecular defense reactions of mammals of various species
[3, 4, 11, 13, 19, 21]. As we can see from the above-mentioned
in these review cases, studied immunomodulatory proteins
of VARV, as a rule, more effectively inhibit activities of
their human ligands as compared with other species of
orthopoxviruses pathogenic for humans. We may speculate
that it is one of the most likely reasons of high VARV
virulence for humans.

The interaction network of cytokines and their receptors
has been so far studied only to a first approximation,
and many discoveries are still awaiting researchers in this
direction. Orthopoxviruses can play an important role here.

Summing up the available data, we may infer that
VARV and other orthopoxviruses possess an unexampled
set of genes whose protein products efficiently modulate the
manifold defense functions of the host organisms compared
with the viruses from other families. It is likely that by
the example of orthopoxviruses, it will be possible in the
nearest future to trace the patterns of coevolution of the viral
pathogenicity factors and mammalian systems providing
defense against infectious agents. The research into appli-
cation of immunomodulatory proteins of orthopoxviruses,
and first and foremost, variola virus, as drugs also deserves
attention.
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Extracellular vesicles (microvesicles), such as exosomes and shed microvesicles, contain a variety of molecules including proteins,
lipids, and nucleic acids. Microvesicles appear mostly to originate from multivesicular bodies or to bud from the plasma membrane.
Here, we review the convergence of microvesicle biogenesis and aspects of viral assembly and release pathways. Herpesviruses and
retroviruses, amongst others, recruit several elements from the microvesicle biogenesis pathways for functional virus release. In
addition, noninfectious pleiotropic virus-like vesicles can be released, containing viral and cellular components. We highlight
the heterogeneity of microvesicle function during viral infection, addressing microvesicles that can either block or enhance
infection, or cause immune dysregulation through bystander action in the immune system. Finally, endogenous retrovirus and
retrotransposon elements deposited in our genomes millions of years ago can be released from cells within microvesicles, suggestive
of a viral origin of the microvesicle system or perhaps of an evolutionary conserved system of virus-vesicle codependence. More
research is needed to further elucidate the complex function of the various microvesicles produced during viral infection, possibly
revealing new therapeutic intervention strategies.

1. An Introduction to Extracellular Vesicles

A wide variety of vesicles are actively released from living cells
into the extracellular space with their contents reflecting the
cellular composition and physiologic state (for review see [1–
3]). Over the years, the different types of extracellular vesicles
have been given a variety of names, including exosomes, shed
microvesicles, ectosomes, microparticles, virosomes, virus-
like particles, and oncosomes. The distinguishing features of
each of the vesicle subtypes and the correct nomenclature
are currently under intense study. Here, we will refer to
them under the general term, microvesicles. Microvesicles
carry RNA [mRNA, microRNA (miRNA), and noncoding
sequences], cDNA and genomic sequences, and a large

component of proteins and lipids (see reviews above, as well
as [4, 5]). Upon release these microvesicles can move within
the extracellular space and are either taken up by neighboring
cells or degraded. They can also enter adjoining bodily fluids,
such as the systemic circulation and travel to distant sites.
In fact, they have been found in abundance in blood (serum
and plasma), urine, breast milk, sweat, saliva, ascites fluid,
and cerebral spinal fluid (CSF) [3–7]. At least two distinct
release mechanisms for microvesicles have been described
for two subtypes: (1) exosomes—derived from the multi-
vesicular body (MVB) and (2) shed microvesicles—derived
from the plasma membrane. Interestingly, both mechanisms
have considerable overlap with virus release and biogenesis
(summarized in Figure 1 and further discussed below).
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Exosomes range from 30 to 100 nm in diameter and are
generated by inward budding of the lumen of internal vesic-
ular compartments derived from endosomes [8]. As vesicles
accumulate within these endosome-derived compartments,
they are referred to collectively as MVBs. These MVBs can
either be targeted for degradation through the lysosomal
pathway, or they can fuse with the plasma membrane
releasing their interior vesicles into the extracellular space.
The exact mechanism and kinetics of these fusion and release
events are not fully elucidated and may vary among different
cell types [9]. For example, depletion of Hrs (an ESCRT-
0 component) led to a decrease in exosome secretion in
dendritic cells that were stimulated to release with ovalbumin
and a calcium ionophore [10]. Oligodendrocytes on the
other hand seem to secrete exosomes by a mechanism that is
ESCRT independent and ceramide dependent [11]. Exosome
release by HeLa cells has been found to involve Rab27a/b
[12], and p53 is reported to play a role in exosome release in
a nonsmall cell lung cancer cell line [13]. Rab11 has also been
shown to be involved in the release of exosomes from MVBs
by acting in the tethering/docking of MVBs to the plasma
membrane to promote homotypic fusion, in the presence of
calcium [14]. In addition, TBC1D10A-C, a Rab35 inhibitor,
led to intracellular accumulation of endosomal vesicles and
impaired exosome secretion [15].

Shed microvesicles are released by outward budding
directly from the plasma membrane and tend to be larger
(>100 nm in diameter) and more heterogeneous in size
[16, 17]. Moreover, this release process is likely controlled
by localized cytoskeleton dynamics, with small cytoplas-
mic membrane-covered protrusions detaching and being
released into the extracellular space [18] by an activated
GTPase, ARF6 [19]. Interestingly, recent observations indi-
cate that virus-independent budding from the plasma mem-
brane can be mediated by endosome to plasma membrane
relocation of TSG101, a prominent member of the ESCRT-
I complex, frequently noted as an exosome marker [20].
This type of budding is topologically identical to both the
inward budding of the limiting membrane of MVBs and
viral assembly at the plasma membrane, in that the outer
surface of the plasma membrane is on the outer surface of
the microvesicle. In fact, certain tumor cells shed retroviral-
like vesicles, which can be abundant because of increased
transcription of endogenous retroviral sequences [17, 21],
resulting from overall hypomethylation of the genome [22].
In general it seems that the clear distinctions between viruses
and microvesicles based on composition and function are
fading although they can be separated from vesicles released
during the later stages of programmed cell death since these
latter vesicles, referred to as apoptotic blebs [2], are even
larger in size [23].

The role of microvesicles in intercellular communication
is currently receiving much attention. Upon release from
the donor cell, the microvesicles can either be taken up by
neighboring cells or travel through bodily fluids for cargo
delivery into recipient cells at distant sites. Although many
details are missing, cellular uptake of some microvesicles
appears to depend, at least in part, on specific ligand-receptor
recognition [24], and can be mediated by direct fusion of the
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Figure 1: Convergence of microvesicle and virus biogenesis. Viruses
share effectors of microvesicle production for their assembly and
release. Exosomes produced in the MVB and shed microvesicles
budding of the plasma membrane are indicated by blue and
yellow dots, respectively. Extrachromosomal herpesvirus genomes
are indicated by circles, retroviral genomes by sea-gull wings, and
retrotransposons by the Y drawing. Herpesviruses, retroviruses, and
retrotransposons sharing exosome or shed microvesicle pathways
are indicated by red, black, or Y-containing dots, respectively.
Chimeric virus-like vesicles are exosomes or shed microvesicles
containing viral or retrotransposon elements and are indicated in
dual color. N: nucleus, G: Golgi apparatus, MVB: multivesicular
body.

microvesicles with the plasma membrane or by endocytotic
uptake of the microvesicles. For example, Quah et al. [25]
have shown that bystander naı̈ve B cells are rapidly activated
by acquiring the antigen from activated B cells through
microvesicle-mediated membrane transfer. In a similar way
CD41 is transferred from platelets to endothelial and tumor
cells, resulting in increased proadhesive properties of the
recipient cells [26, 27]. Microvesicles also shuttle mRNA
between cells and influence the physiological state of the
recipient cell, as well as the cellular response to external stress
stimuli [28]. In addition, miRNAs are transferred by exo-
somes [6, 29, 30]. For instance, miR-146a was shown to be
transferred into recipient prostate cancer cells leading to the
inhibition of their proliferation [31], and recently miRNAs
which can modulate the immune response were detected in
exosomes in breast milk [32]. Furthermore, retrotransposon
sequences are particularly enriched in tumor microvesicles,
and tumor-derived human endogenous retroviral (HERV)
sequences can be transferred to normal human umbilical
vein endothelial cells (HUVECs) via microvesicles resulting
in a prolonged increase in HERV-K mRNA levels [17].
This suggests that tumor cells transfer these mobile genetic
elements via microvesicles to neighboring normal cells
thereby modulating their genotype and phenotype.
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2. Viruses and Microvesicles

Microvesicular shedding of cellular membrane components
and the release of internal endosomal-derived exosomes are
important for cellular communication and modulation of
immune responses [9, 54–57] (Table 1). While release of
microvesicles has been extensively investigated, recently the
challenge has been to uncover the specific mechanisms that
guide protein sorting and complexing into shed microvesi-
cles and exosomes in various cell types. Cells have been
reported to secrete highly specified microvesicles after infec-
tious exposure or under various cell activation conditions [5,
54, 56, 58]. Through the packaging and transfer of functional
proteins, mRNA/miRNA, and other cytosolic components,
microvesicles have been found to be beneficial either to the
host cell or to the infectious agent [37, 43]. Virus-infected
cells proved useful in early studies to elucidate the role
of microvesicular shedding in intercellular communication
[55, 56]. Amongst the most extensively studied viruses with
respect to microvesicles are herpes simplex virus (HSV),
human immunodeficiency virus (HIV), and the tumorigenic
herpes virus, Epstein-Barr virus (EBV). Each virus possesses
unique properties that afford protection from immune
attack. Here, we outline the important immune modulatory
steps involved in virus-induced microvesicle sorting and
release in these and other related viruses. Preservation of
the virus depends on microvesicle release of infected cells.
Microvesicles released by infected cells contain specific com-
ponents of the cell and the virus, many of which facilitate the
ability of virions to persist in a hostile antiviral immune envi-
ronment [44, 55, 56, 58]. Depending on the virus type, and,
in some cases, the stage in the viral cycle, intercellular pro-
cesses are well orchestrated to produce specific cellular and
immune outcomes [56]: (1) evading the host immune sys-
tem, (2) invasion, (3) replication, and (4) persistence (sum-
marized in part in Figure 2 and further discussed below).

2.1. Evading the Host Immune System. During primary
viral infection, humoral and cell-mediated host immune
responses such as production of neutralizing antibodies
and cytotoxic T-cell attack on infected cells are employed
to contribute to viral destruction. Early evasion strategies
adopted by viruses interfere with complete elimination of
the virus, allowing it to persist. During HSV-1 infection
the release of microvesicles, formerly known as L-particles
containing viral tegument proteins and glycoproteins, can
prime surrounding cells for productive infection and reduce
immune rejection [48–50]. Such virus-like vesicles lack both
the viral capsid and DNA and are thereby incapable of
producing a replication-infective cycle in the cells on their
own [49–51]. However, some of the viral tegument proteins
contained within them are immediate early transcription
factors that can produce rapid transcriptional activation of
later arriving intact virions [48, 52]. Another evasion strategy
observed for HSV-1 is targeting of the MHCII molecule
processing pathway by viral envelope glycoprotein B (gB)
[37]. Antigen-presenting cells (APCs) routinely sort the
MHCII surface receptor HLA-DR to MHCII compartments
for processing. The primary role of this pathway is to present

Table 1: Selective overview of viruses and vesicle function.

Virus Immune status Vesicle origin Reference

HIV Activating CD8+ T cell [33]

HIV Activating Megakaryocyte [34, 35]

HIV Activating Dendritic cell [36]

HIV Evasion Infected cell [37–42]

CMV Evasion Infected cell [43]

EBV Evasion Infected cell [44–47]

HSV Evasion Infected cell [37, 48–53]

peptide antigens to the immune system in order to elicit
or suppress T-(helper) cell responses that stimulate B-cell
production of antigen-specific antibodies [37]. HSV-1 gB
couples with HLA-DR, causing sorting through the exosome
pathway as opposed to presentation on the cell surface.
Complexing of gB-DR effectively hijacks the cellular antigen
presenting machinery, preventing further peptide loading
and, in addition, increasing microvesicle production [37, 53].
This final step releases additional gB-DR complexes into
the host immune microenvironment, promoting resistance
of viruses to immune attack, and in some cases producing
bystander T-cell tolergenicity or anergy [37, 53]. In the case
of HIV, microvesicle packaging and spread of the virus-
encoded Nef protein impairs proper endocytosis of the
immature MHCII/invariant chain, antibody class switching,
and lysosomal degradation of viral peptides allowing HIV
virus to evade immune recognition [37, 38]. EBV, human
cytomegalovirus (CMV) and hepatitis C virus (HCV) have
also found means to evade immune responses by exploiting
microvesicles, as discussed below.

2.2. Invasion and Replication within the Host Cell. Exosomes
and shed microvesicles can both incorporate elements from
the cell, as well as from the intruding virion [54]. Upon
circulation of these microvesicles, they encounter and enter
susceptible cells and can sensitize them to viral infection thus
increasing systemic spread of the virus to naı̈ve cells. In the
case of the human CMV, microvesicles released by infected
cells present the C-type lectin family molecule expressed
on dendritic cells—used in capture and internalization of
pathogens—in complex with the CMV glycoprotein B. This
complex can be subsequently distributed to other cells
by microvesicles, thereby increasing the susceptibility of
these cells to CMV [59]. A similar mechanism is found
in the case of HCV. In HCV-positive patients, the cellular
membrane protein CD81 associates with one of the HCV
envelope glycoproteins, E2. Extracellular release of the E2-
CD81 complexes within microvesicles allows for increased
virus-fusing ability and infectivity of previously naı̈ve cells
[60]. Microvesicles bearing the E2-CD81 complex and
containing HCV RNA are of notable importance as they
have been reported to be infectious even in the presence
of neutralizing antibodies [60]. Interestingly, HCV has been
shown to release three phenotypically distinct types of
microvesicles having variable infectivity from high to low
[60]. However, differential release of these microvesicles
during HCV pathogenesis remains to be elucidated.
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Figure 2: Heterogeneity of microvesicle function during virus
infection. Microvesicles with diverse effects on virus spread are
indicated by different colors. Microvesicles from infected cells can
affect noninfected cells, enhancing infection, or killing incoming
immune cells, or act to activate immune cells to viral antigens.
Microvesicles from noninfected cells can either enhance or block
virus release from the infected cell and modulate the immune
response. Cell with dashed lines is undergoing cell death.

2.3. Microvesicles Contribute to Host Immunity against Viral
Infection. Conversely, microvesicular release can contribute
to viral attack by the host immune system. For example, in
early invasion steps of CMV, CMV antigens are transferred
from infected epithelial cells (ECs) via EC-derived microvesi-
cles to APCs [43]. These APCs are not detected as infected
cells but are rendered more susceptible to infection with
subsequent encounters with the virus [43]. While this is a
primary infectious viral invasion and replication strategy,
inadvertently transferred APCs bearing CMV antigens in
transplanted organs serve as markers to the host immune
systems to target nonself tissue. Harboring of these suscepti-
ble APCs by the immune-compromised host and continued
microvesicular shedding increases T-cell surveillance and
influx into the grafted tissues, thereby exacerbating allograft
rejection [43]. Microvesicles can also promote the innate
immune response to viruses, for example, as observed for
HIV whereby transfer of a particular antiviral cytidine deam-
inase via exosomes inhibits HIV replication [61]. In addition,
virus-like vesicles can be used as a vaccination strategy, and
recently chimeric virus-like vesicles were engineered using a
mixture of coronavirus and influenza proteins functioning as
a potential severe acute respiratory syndrome (SARS) virus
vaccine [62].

2.4. Further Applications. Viruses can use various microvesi-
cle transport mechanisms as a survival strategy, while in
other cases the host immune system can utilize microvesicles
for cell signaling and host protection. Microvesicles can

directly activate or suppress cellular responses, induce or
facilitate infection, and transfer material to improve or
hinder host immune recognition [9]. These same strategies
can be exploited in the development of virus-based therapies.
Oncolytic viruses armed with therapeutic genes are currently
being evaluated for safety and efficacy for cancer therapy
[63–65]. It would be of interest to determine whether
microvesicles can alter the efficacy of oncolytic viruses, and
other types of viral gene delivery vectors. Recent work shows
that microvesicles can be loaded with adenoassociated viral
(AAVs) vectors for more efficient gene delivery [66], opening
a new window into the microvesicle therapeutics field.

3. EBV and Microvesicles

Several human pathogenic viruses are known for their ability
to lie dormant in the host immune system, of which HSV
and EBV are perhaps the best known examples. In the case
of HSV this is due to the ability of the virus to enter a
latent state in the nucleus of sensory neurons during which
it expresses no viral antigens and does not disturb the
physiology of the neurons. In latency a single transcript is
generated which encodes a precursor for four distinct HSV,
miRNAs which act to suppress virus replication [67]. For
human herpesvirus 4 (HHV4), better known as EBV, this is
largely due to incomplete eradication of the virus after early
primary infection.

Gamma herpesviruses, including EBV, have developed
a variety of strategies to exploit host-cell regulatory path-
ways that lead to a permanent infection of their host.
When these pathways are deregulated, what is usually an
undamaging herpes infection can predispose to disease-
including encephalitis, autoimmunity, and cancer [68]. It
was recently demonstrated that EBV exploits the endosomal-
exosomal pathway by balancing intracellular signaling in
infected B cells [69] and controlling epigenetic changes
in uninfected neighboring cells via microvesicles [30].
Enveloped viruses of the herpes virus family, such as
human CMV (HCMV/HHV5) and EBV, depend on the
interaction with cellular endosomal membrane systems
for replication [70]. Interestingly, mature HHV-6 virions
are released together with internal vesicles through MVBs
by the cellular endosomal-exosomal pathway [71]. Thus,
many herpesviruses generally seem to exploit endosomal
pathways and microvesicles for virus production, release, and
immune evasion. However, the finding that viruses such as
EBV modulate host-cellular pathways that are not directly
involved in virus production needs further investigation.

Being the first human tumor virus identified, EBV is in
many aspects an extraordinarily benign pathogen and is best
known as the causative agent of “kissing disease” or infec-
tious mononucleosis. It is estimated that over 90% of the
world population is persistently infected with EBV. The EBV
life cycle begins by exchange through saliva and EBV virions
that seem to preferentially infect naı̈ve resting B cells in
secondary lymphoid organs, such as the tonsils. Occasionally
isolated epithelial cells also become infected and presumably
sustain lytic replication [72], which is required for viral
shedding into the saliva for transmission to new hosts [73].
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To reach its near universal prevalence without harming
the host, EBV and related persistent herpesviruses have
evolved complex strategies encouraging immune recognition
in proliferative (potentially oncogenic) stages of its life cycle,
while elegantly avoiding the immune recognition at other
stages by “going into hiding” [74]. Upon initial infection
at the mantle zone of germinal centers (GCs), the newly
infected naı̈ve B cells undergo multiple differentiation stages
and tight interactions with surrounding stroma and T cells
[75]. Interestingly, EBV facilitates these essential interactions
for the maturation of B cells, for instance, by upregulation
of crucial GC reaction-associated proteins, such as GP183
[76]. This integral part of the EBV life cycle (i.e., mimicking
a GC-type reaction) requires tight growth regulation in
a specific EBV latency gene expression program (Latency
III) and promotes rapid growth and proliferation of these
infected cells through NFκB activation. This strategy in
expanding the infected pool of B cells without the need
for lytic replication may be advantageous under normal
conditions but raises the chances of turning-on malignant
growth if the viral latency programs are not properly
controlled. Indeed, if these cells do not progress further into
memory cells by shutting down this growth program, they
can remain in the proliferative phase and give rise to EBV-
positive lymphomas which can kill the host, thus, restricting
further viral propagation and spread [77]. In addition, EBV
infection at this stage may also predispose to autoimmunity
as inappropriate survival signals may interfere with negative
selection of self-reactive B cells. Of note, immune-suppressed
individuals are at increased risk for developing EBV-driven
lymphomas, reflecting the importance of a lifelong potent
anti-EBV T-cell response [78]. The ability of EBV to persist
despite such vigorous T-cell responses indicates that EBV
can escape from the adaptive immune system and may do
so in part by exploiting the endosomal-exosomal pathway
through the secretion of T-cell inhibitory exosomes [44–
46]. When secreted by EBV-positive tumors, these exosomes
carry immune-evasive proteins including the viral protein
LMP1 [79] and high amounts of galectin 9 that cause
massive apoptosis of EBV-specific CD4+ T-cells via specific
interaction with T-cell immunoglobulin mucin-3 (Tim-3),
which can negatively regulate Th1 T cell and macrophage
activation. The inhibition of anti-EBV immune responses
is believed to promote the progression of EBV-positive
malignancies, such as Hodgkin’s disease (HD) [46] and
nasopharyngeal carcinoma (NPC) [80].

Vallhov et al. [81] studied the interaction between
exosomes secreted by EBV-driven lymphoblastoid cell lines
(LCLs) and peripheral blood B cells proliferating in vitro.
LCLs are 95% latent, but a small proportion of cells is in
a lytic stage. Exosome-cell interactions could be inhibited
by specific antibodies against gp350 the major envelope
protein of EBV or CD21 on B cells, indicating an interaction
between CD21 on B cells and the gp350 on exosomes [81].
These specific exosome-cell interactions may be exploited
for exosome-based anticancer therapies, for example, in
delivering the CD154 protein to leukemic B blast cells
rendering them immunogenic to T cells [82]. In addition
to proteins, it is now clear that microvesicles from many

cell types carry and transport functional RNA molecules.
EBV was the first virus discovered to encode its own small
regulatory miRNAs [83]. EBV encodes a staggering 44 viral
miRNA species, derived from two major gene clusters on
the viral genome, which have an important role in EBV
persistence [84]. Next generation sequencing indicates that
these EBV-encoded miRNAs make up a large fraction (20–
25%) of the total cellular miRNA in EBV-infected cells,
encompassing 300+ different miRNA species [85]. Similar
results were found in the miRNA profile of exosomes from
EBV-driven LCL cells (Pegtel et al., unpublished results). This
is consistent with the idea that viral miRNAs manipulate
gene regulation in host cellular pathways and also exploit the
exosomal miRNA communication pathways.

Indeed, the discovery of EBV-encoded regulatory miR-
NAs (EBV-miRNAs) residing within the lumen of exosomes
indicated a novel mechanism by which exosomes can exert
inhibitory effects, namely, by translational repression of
target genes in noninfected recipient cells via exosomal
EBV miRNAs [30]. Earlier studies in mice had suggested
that intact exosomes from EBV-infected cells had strong
physiological effects in vivo, consistent with the idea that the
luminal content of exosomes is biologically significant, apart
from the proteins and lipids that make up their surface [86].
Subsequent studies demonstrated that EBV-infected cancer
ECs also secrete EBV-miRNAs, presumably within exosomes
[87]. Due to the lack of an accurate in vivo model for human
EBV infection it is difficult to investigate the mechanism
controlling release of EBV-miRNAs through exosomes and
to determine whether this contributes to viral persistence in
healthy infected individuals. However, EBV-encoded miR-
NAs are transported from infected B cells to noninfected
(EBV-DNA negative) T cells and monocytes, supporting the
idea of horizontal miRNA transfer in humans. Thus, viral
miRNAs in exosomes may contribute to sustain persistent
virus infection by delivery of such miRNAs into noninfected
responding T cells leading to their inactivation (anergy)
[45] or destruction [44]. This is consistent with recent
data suggesting that exosomes efficiently transport miRNAs
through the immunological synapse during interactions of T
cells with APCs [47], similar to what is known concerning
antigen exchange [88]. Studies are underway to establish
whether EBV exploits these specialized intercellular con-
tacts for efficient posttranscriptional control in neighboring
responding immune cells as a possible mechanism for
immune escape.

4. HIV and Microvesicles

HIV [56, 89–91] has been a discussion topic in the
microvesicle field for many years. Not only has it been
hypothesized that HIV itself may have microvesicle features,
but microvesicles also have been described to have immune
modulatory functions on HIV-infected cells and to expand
the infectivity of HIV.

In 2003 Gould et al. [92] postulated that HIV—an
enveloped retrovirus—hijacks the microvesicle system to
benefit its own assembly and subsequent exit. Interestingly,
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inhibitors were identified that blocked the budding of both
shed microvesicles and HIV particles [93]. In addition,
peptides were identified that prevented interactions of
HIV Nef protein—a key protein in the HIV life cycle—
with mortalin, a cellular heat shock protein, and resulted
in inhibition of the release of HIV and Nef-containing
microvesicles [94]. Careful analysis, however, has indicated
that although HIV exploits certain proteins that also play a
role in exosome formation via the MVB [95], HIV assembly
does not necessarily use the same logistics system as do
exosomes. Importantly, it has been established that HIV
budding occurs mostly at the plasma membrane and not
from within the MVB [96–99]. Interestingly, HIV recruits
members of the MVB ESCRT complex for proper HIV
budding from the plasma membrane [98–102]. While in
CD4+ T cells HIV release appears to be independent of
exosomes [103], in monocyte-derived macrophages HIV can
bud into endosomes [102, 104]. However, several studies
highlight that HIV-1 budding also in macrophages occurs
primary at the plasma membrane [105–107]. Thus, the
controversy about the site of productive virus assembly
in macrophages mostly favors the plasma membrane. HIV
release in dendritic cells may be triggered by signals similar
to those for exosome release [102, 108, 109], and secretion
of HIV from endocytic compartments in dendritic cells can
result in HIV release upon interaction with T cells [110, 111].
However, these endocytic compartments were also described
to be connected with the extracellular space [112, 113] and
suggested to be invaginated domains distinct from classical
endocytic vesicles [114]. Moreover, microvesicle release from
T cells treated with ceramide inhibitors was not affected
by such treatment [111], as previously reported for HIV-
1 [115]. However, both viruses and microvesicles produced
from ceramide-deficient cells failed to be captured by mature
dendritic cells [111]. Therefore, more research is warranted
on the specific sites of HIV assembly in particular cell types,
and to what extent the endosomal compartments play a role
in the HIV life cycle, as well as the possible convergence of
HIV and shed microvesicle pathways.

It seems likely that HIV has simply adapted to use certain
host factors for different exit modalities, and that these may
vary among different types of cells, as well as under different
conditions. It will be of continuing interest to further study
the retroviral family, including the endogenous retroviruses,
in order to determine whether the microvesicle cargo systems
are perhaps a remnant of previous retroviral infections that
happened earlier in evolution—and elements of which are
now used in an opportunistic setting by retroviruses, such
as HIV [56, 89–91, 102]. This overlap in pathways and
the consequence of using overlapping machinery for release
can result in phenotypic similarities between microvesicles
and retroviruses and potentially interfere with anti-HIV
strategies. For instance, HIV released from T cells has similar
glycome properties as T-cell microvesicles, arguing for a
common origin and indicating phenotypic similarity [116].
More research in the convergence of microvesicle and HIV
pathways may improve our understanding of these processes
and propel the development of new antiviral drugs directed
against HIV.

The role of microvesicles during HIV infection has not
yet been extensively studied, but they appear to be involved in
both HIV infectivity enhancement and resistance depending
on the cells of origin. Microvesicles derived from HIV-
infected cells have been reported to contain HIV CCR5
coreceptors, allowing for enhanced HIV infection of other
cells [34]. Moreover, microvesicles from megakaryocytes
and platelets contain CXCR4 and upon transference confer
susceptibility to cells normally resistant to HIV infection
[35, 117]. In addition, during HIV replication the HIV
Nef protein can alter the exosomal pathway by increasing
the number of intracellular vesicles and MVBs [118–121].
HIV Nef-induced microvesicle release from infected and
noninfected cells [39, 40] can induce apoptosis in CD4+
T cells [41] and convey resistance to HIV infection [61].
The transfer of Nef or other viral components through
microvesicles may represent an important mechanism for
immune evasion by viruses. In addition, exosomes can
contain APOBEC3G, a cytidine deaminase that is part of
the cellular antiviral system against retroviruses, which upon
transference to recipient cells via exosomes can inhibit HIV
replication [61]. While CD45, CD86, and MHC Class II
molecules have been found in microvesicles from HIV-
infected cells [42], possibly serving to silence the immune
response, microvesicles derived from CD8+ T cells can act
to suppress HIV replication [33]. Moreover, exosomes in
association with HIV derived from dendritic cells signif-
icantly enhance HIV infection of CD4+ T cells [36]. In
conclusion, microvesicles from HIV-infected cells as well
as from noninfected cells play an important role in HIV
replication and dissemination. Therefore, interference with
microvesicle-mediated signaling could possibly be harnessed
to halt HIV infection.

5. Retrotrasposon Elements and Microvesicles

Retrotransposon elements such as LINE, Alu, and human
endogenous retroviruses (HERVs) make up about 45% of
the human genome and have played an important role in
genome evolution [122]. These viral-like elements infected
germ cells in the human genome millions of years ago and
then became a stable part of the inherited genetic material.
Although most LINE elements are inactive, a number of
active ones remain and are able to “jump” to new locations
in the genome, contributing to genomic instability [123].
These events can have important effects on our genome,
for example, by inactivating genes, altering gene expression
and facilitating random insertion of new cDNA copies in the
genome, as in integration of pseudogenes [124]. Many tumor
cells also release retroviral-like microvesicles that contain
active retrotransposon sequences, such as HERV-K [125].

Recently, tumor-derived microvesicles have been shown
to be enriched in retrotransposon elements such as LINE1,
Alu, and HERV-K [17]. Furthermore, HERV-K was trans-
ferred through microvesicles to normal HUVECs, which
then showed an increase in HERV-K levels 12 hours fol-
lowing exposure to tumor microvesicles. In addition, the
mouse retroviral RNA VL30 is packaged in retrovirus vectors
by mouse packaging cell lines and transferred to human
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cells infected with those vectors [126]. The mouse VL30 has
several stop codons in the regions encoding for genes such
as gag, pol and env, thereby inhibiting its ability to encode
functional proteins [126]. However, transfer of the VL30
mRNA together with tissue factor (TF) to human melanoma
cells served to induce their metastatic potential. This change
in phenotype apparently occurs through formation of a
complex with the protein-associated splicing factor (PSF)
protein which represses transcription of an insulin-like
growth factor-1 (IGF-1) inducible gene, with dissociation
of this complex allowing transcription to proceed [126].
Three of the 11 human genes affected by VL30 mRNA were
oncogenic, suggesting that the transfer of retroviral RNA
sequences can have catastrophic effects on recipient cells.
Song et al. [126] have identified human retrotransposon
sequences that are >90% identical to the mouse VL-30
suggesting human VL-30 transferred through microvesicles
could have similar effects on transcription [126].

Long interspersed elements (LINEs)—most notably
L1—comprise about 17% of the human genome. Several
studies indicate that a subset of L1 elements is still actively
expanding in the number of sequences within the human
genome by retrotransposition. This active subpopulation,
termed transcriptionally active (Ta), is approximately 2
million years old, and it has high levels of insertional
polymorphism in the human population [127, 128]. Some
of these new insertions may be intolerable and lethal and
therefore eliminated; others may result in phenotypically
tolerable disease, such as in Coffin-Lowry Syndrome and
choroideremia [129–131], while still others have been asso-
ciated with the induction of cancer, for example, lung cancer
[132]. The high level of polymorphism of L1 elements
indicates that they continue to have profound effects on
the human genome, and recent evidence suggests that
microvesicles may be a potential route of delivery for these
elements [17]. This microvesicle-mediated Trojan Horse-like
[92] transferance of transposons could perhaps allow for a
stealthy dissemination of retrotransposons, especially in a
tumor setting, avoiding immune-recognition, and achieving
“long distance” delivery.

HERVs also entered the human genome millions of
years ago and comprise about 8% of the human genome.
They consist of gag, pol, and env sequences, flanked by
two long terminal repeats [133]. Most of these sequences
are now silent because of acquired mutations and deletions
over the course of evolution, but HERV-K113 can produce
intact, albeit noninfectious, retroviral particles [134]. Some
of these sequences are still transcriptionally active and are
associated with diseases, such as lymphoma and breast cancer
[21, 135]. In cancer, hypomethylation of the genome seems
to predominantly affect retrotransposon sequences (perhaps
because they are highly abundant in the human genome),
allowing increased transcription, especially in the case of
the most recent entrants, which also happen to be the
elements with the most intact coding potential [136]. Indeed
retroviral-like microvesicles have been found in cancer
patients, notably those with lymphomas [21], breast cancer
[137], and teratomas [138]. As expected, these patients also
had high levels of reverse transcriptase, and viral gag and

env proteins and RNA in the tumor cells and retrovirus-like
microvesicles released from them into the circulation [21].
Tumor microvesicles from cultured tumor cells also have
been shown to be enriched in retrotransposon RNA, DNA,
and reverse transcriptase, suggesting that a subpopulation of
these microvesicles may indeed be of retroviral origin [19].

6. Concluding Remarks

In summary, this review deals with how extracellular
vesicles—such as exosomes and shed microvesicles—share
pathways with the assembly and release of retrotransposon
elements and viruses. In Figure 1 we summarize how her-
pesviruses such as EBV and HSV, originate from the nucleus
and can merge with microvesicle pathways. Several proteins
used for exosome production are used by herpesviruses for
functional release. Also, the convergence of these pathways
may explain the observations of virus-like particles, which
can be exosomes or shed microvesicles containing viral
proteins or nucleic acids. Similar observations have been
made for retroviruses and retrotransposon elements with
circulating microvesicles containing retrotransposon RNA
found in some cancer patients. It remains to be investigated
to what extent exosomes and shed microvesicles are remnants
of previous retroviral colonization. In this review we note the
observations of retroviral as well as retrotransposon elements
in microvesicles, perhaps allowing further dissemination of
such nucleic acid sequences. The use of microvesicle pathway
elements by viruses such as HIV may be suggestive of an
intricate coevolution of different endogenous and exogenous
(retro)virus subtypes. Viruses not only use microvesicle
pathways for their own assembly and release but are also
capable of exploiting the highly complex microvesicle com-
munication system in an intercellular setting as simplified
in Figure 2. During viral infection microvesicles can have
various effects on different types of cells, either limiting viral
infection or enhancing it. Thus, a picture is emerging that
viruses and microvesicles are codependent pleiotropic enti-
ties. More research is needed into the differential functions
of different subtypes of microvesicles and their cross-talk
in relation to the immune response and outcome of viral
infection.
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Human herpesviruses cause diseases of considerable morbidity and mortality, ranging from encephalitis to hematologic
malignancies. As evidence emerges about the role of innate immunity and natural killer (NK) cells in the control of herpesvirus
infection, evidence of viral methods of innate immune evasion grows as well. These methods include interference with the ligands
on infected cell surfaces that bind NK cell activating or inhibitory receptors. This paper summarizes the most extensively studied
NK cell receptor/ligand pairs and then describes the methods of NK cell evasion used by all eight herpesviruses through these
receptors and ligands. Although great strides have been made in elucidating their mechanisms, there is still a disparity between
viruses in the amount of knowledge regarding innate immune evasion. Further research of herpesvirus innate immune evasion
can provide insight for circumventing viral mechanisms in future therapies.

1. Introduction (Herpesviridae and Disease)

The human herpes family of viruses includes human
cytomegalovirus (HCMV), Kaposi’s sarcoma herpesvirus
(KSHV), herpes simplex virus types 1 and 2 (HSV-1, 2),
varicella zoster virus (VZV), Epstein-Barr virus (EBV), and
human herpesvirus 6 and 7 (HHV6, 7). These viruses share
similar characteristics: all contain linear double-stranded
DNA, are enveloped, and undergo latent and lytic lifecycles.
However, there are important differences between these
viruses in terms of infection niche and immune evasion
strategies for persistent infection.

Herpesviridae evasion of adaptive immune responses has
been previously described [1–4]. This paper will focus on
herpesvirus innate immune evasion, specifically viral evasion
of the natural killer (NK) cells response. Reviews on broad
interactions between viruses and NK cells can be found
in references [5–8]. The role of NK cells in controlling
herpes viral infections become apparent in consideration
that multiple herpes infections have been documented in

patients lacking NK cells [9] and evidence of NK activation
during viral infection [10–13].

2. NK Cells and Activation

NK cells are important innate immune cells involved in the
regulation of viral infection [14, 15]. They are a lymphocyte
subset of the innate immune system that kills without
prior exposure and sensitization to antigens via release of
granzymes, perforin, TRAIL, and FAS ligand [16]. NK cells
are regulated through surface receptor interactions with
ligands expressed on stressed cells, such as virally infected
or malignantly transformed cells. NK cells possess both
activating and inhibitory cell surface receptors; it is the
balance of ligand interactions with these receptors that
determine NK cell activation. The structures, functions, and
signaling mechanisms of these receptors and their ligands are
comprehensively reviewed in references [16–21]. In addition
to receptor-mediated regulation, cytokines induced during
viral infection (IL-15, IL-12, IL-8, IFN-α, and IFN-β) can
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indirectly activate NK cells as well [6]. A summary of the
receptors present on NK cells and associated ligands most
relevant to immune evasion by human herpesviruses is
provided below.

2.1. Activating Receptors and Ligands

2.1.1. Natural Killer Group 2 Member D (NKG2D) Receptor.
NKG2D is a receptor found prominently on NK cells that
provides activation signals through the coreceptor DAP-10
upon ligand binding. The ligands that bind NKG2D include
(1) the MHC-I-like molecules MHC-class-I-polypeptide-
related sequence A (MICA) and B (MICB), (2) UL16 binding
proteins (ULBP1–4 and 6), and (3) retinoic acid early
transcript 1G (RAET1G). This interaction with multiple
activating ligands is unique to NKG2D and does not occur
with the other NK cell activating receptors [22, 23]. Inves-
tigators have proposed that this development of multiple
activating ligands is a coevolutionary responses to viral or
tumor pressure [22]. The structures of MICA and MICB
are similar to MHC-I with alpha domains; however, they do
not engage β2-microglobulin [24–26]. Surface expression of
these ligands is normally absent or low on healthy cells and
increases upon events of cellular stress such as viral infection,
DNA damage, oxidative stress, and oncogenic stress [22, 27–
30]. MICA is noted to have a large polymorphic distribution,
with over 73 alleles identified [31]. A subset group of
MICA alleles contains a frameshift mutation resulting in
a premature stop codon and subsequent truncation of the
cytoplasmic C-terminus. Interestingly, the MICA allele ∗008
encodes a truncated protein and is the most frequently
distributed MICA allele in various populations across the
world [32–39]. ULBP1–4 and RAET1 have alpha1 and alpha2
domains similar to MICA/B; however, unlike MICA/B, they
do not contain alpha3 domains and their mRNA is expressed
at low levels even in normal cells without corresponding
surface expression [23, 40].

2.1.2. Natural Cytotoxicity Receptors (NCRs). The NCRs
contain immunoglobulin (Ig)-like domains and include
NKp30, NKp44, NKp46, and NKp80 [41, 42]. A role for
NCRs has been implicated in the prognosis of leukemia
[43, 44] and the recognition/killing of various solid tumors
[45, 46]. Only NKp30 has a confirmed ligand, the tumor
ligand B7-H6 [47, 48]. Additional ligands for the NCRs are
unknown, although possible ligands have been identified
and include nuclear factor BAT3 [49] and a number of
viral hemagglutinin proteins and heparan sulfate structures
[50, 51].

2.1.3. DNAX Accessory Molecule-1 (DNAM-1). DNAM-1 is
a member of the Ig super family that recognizes CD112
(nectin-2) and the poliovirus receptor [17]. Similar to other
activating receptors, there is expression of DNAM-1 ligands
on various tumors resulting in DNAM-1-mediated killing
alone or in concert with other receptors [52–56]. Aberrations
in DNAM-1 expression or DNAM-1 expressing NK cells have
also been linked to a variety of autoimmune diseases [57–59].

2.2. Inhibitory Receptors and Ligands. The primary inhib-
itory receptors include the killer Ig-like inhibitory receptors
(KIRs) and CD94-NKG2A lectin-like inhibitory receptor.
The KIRs and CD94-NKG2A bind to MHC-I molecules and
diminish NK cell activation. There has been no evidence to
date for their binding to MHC-II molecules. The receptor-
ligand interactions for both KIRs and CD94-NKG2A are
MHC-I isotype specific [60–62]. In accordance with the
“Missing Self” hypothesis first proposed by Karre et al., the
lack of MHC-I on target cells removes the inhibitory signals
from NK cells, thus leading to unopposed activation [63, 64].

2.2.1. Killer Ig-Like Inhibitory Receptors (KIRs). The KIRs
are members of the Ig superfamily that recognize MHC-
I molecules of the HLA-C isotype on surrounding cells
[17, 19]. The absence of HLA-C on tumor and virus infected
cells can result in loss of NK cell inhibition [21, 65, 66].

2.2.2. Leukocyte Ig-Like Receptor (LIR)-1. Like the KIRs,
LIR-1 contains Ig domains and binds MHC-I, but with a
lower affinity than other inhibitory receptors [17, 19]. LIR-1
expression is more variable on NK cells than other immune
cells [17].

2.2.3. CD94-NKG2A Lectin-Like Inhibitory Receptor. This
receptor is a C-lectin-like heterodimer that recognizes MHC-
I molecules of the HLA-E isotype. Ligation of HLA-E by
CD94-NKG2A leads to inhibition of NK cells, yet HLA-
E ligation can activate NK cells if CD94 is complexed to
NKG2C or -E [17, 19]. Similar to KIRs, the CD94-NKG2A
complex results in loss of NK cell inhibition in the absence of
HLA-E. However, the uninhibited activity is not as strong as
that mediated by KIRs [65].

3. Herpesviridae Methods of NK Cell Evasion

Human herpesviruses have evolved multiple mechanisms to
dampen NK cell cytotoxicity, interacting with many of the
factors influencing the balance of NK cell activation and
inhibition. A summary of these mechanisms is provided
in Table 1. A number of methods employed by human
herpesviruses hinder the expression of NK cell ligands on
infected cells. This method of immune evasion has been
studied in different members of the herpesvirus family,
defining marked similarities and stark differences between
family members. Multiple mechanisms offset the indirect
NK cell activation prompted by lack of MHC-I surface
expression. As many human herpesviruses diminish MHC-I
presentation of viral antigens to avoid detection by cytotoxic
T lymphocytes, these mechanisms may offset the loss of NK
cell inhibition from “Missing Self” [64, 67].

3.1. CMV. The HCMV product UL18 is an MHC-I homo-
logue that binds the inhibitory NK cell receptor LIR,
possibly as a means of increasing the inhibitory signal [80,
81]. However, inhibition via this ortholog is controversial
[101–103]. CMV also encodes UL40, which stabilizes and
promotes surface expression of the HLA-E isotype. This
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Table 1: Summary of known interactions between NK cell receptors, ligands, and herpesvirus immunoevasins.

Major receptors Ligand Virus Immunoevasin Mechanism References

Activating

MICA

HCMV UL142 Internal retention [68, 69]

KSHV K5 Ubiquitination/sequestration [70, 71]

HSV ? ? [72, 73]

HHV-7 U21 ? [74]

HCMV UL16 Internal retention [23, 75–77]

HCMV miR-UL112 Translational downregulation [78]

NKG2D KSHV K5 Ubiquitination/sequestration [70, 71]

MICB KSHV miRK12-7 Translational downregulation [79]

HSV ? ? [72, 73]

EBV miR-BART2-5p Translational downregulation [79]

HHV-7 U21 ? [74]

HCMV UL16 Internal retention [23, 75–77]

ULBP1–4 HSV ? ? [72]

HHV-7 U21 Lysosomal degradation [74]

NCRs AICL KSHV K5 [71]

DNAM-1
PVR ? ?

CD112 ? ?

Inhibitory

HCMV UL18 MHC-I homologue [80, 81]

HCMV UL40 Signal prolongation [82–84]

HCMV US2, US3, US6, US11 Retention/degradation [64, 67]

KSHV K5, K3 Endocytosis [85–87]

HSV ICP47 TAP interference [88–90]

LIR-1, KIRs, CD94/NKG2A MHC-I EBV vIL-10 IL-10 homolog [91]

EBV BNLF2a TAP interference [92, 93]

EBV BILF1 Endocytosis/degradation [94]

HHV-6 U21 analogues Lysosomal degradation [95]

HHV-7 U21 Lysosomal degradation [96–98]

VZV ORF66 Internal retention [99, 100]

diminishes NK cell activation by increased ligation of the
CD94-NKG2A receptor [82–84]. US11 targets HLA-A; US2
and US3 target HLA-A and HLA-G while sparing HLA-E;
US6 targets HLA-A,G, and E for degradation to diminish
cytotoxic T-cell detection [64, 67, 104].

In addition to inducing an inhibitory response, HCMV
also suppresses activating ligands that bind NKG2D. HCMV
UL16 binds MICB, ULBP1, and ULBP2 to sequester these
proteins in the ER of infected cells but is unable to bind to
RAET1G [23, 75–77, 105]. The crystal structure of UL16-
MICB complex has been characterized in reference [106].
The HCMV protein UL142 blocks surface expression of
some MICA alleles by interacting with the cytosolic carboxyl-
terminal region of the transmembrane protein and retaining
it in the golgi network, limiting surface expression of the
activating ligand. HCMV UL142 cannot downmodulate
truncated forms of MICA lacking the intracellular carboxy
terminus. It is interesting that, of the >70 MICA allelic forms,
the MICA∗008 truncated form is present in a majority

of the population and may provide a selective advantage
[68, 70]. There is also evidence that HCMV encodes the
microRNA mIR-UL112 that decreases MICB production to
escape NKG2D detection [78, 107].

In summary, HCMV has multiple means of NK cell
ligand manipulation. UL18 is a mock MHC-I molecule
that takes advantage of NK cell inhibitory receptors, while
UL40 prolongs the inhibitory signals of actual host MHC-I
molecules. UL16 retains NKG2D ligands (except MICA and
ULBP3) to prevent activation, while UL142 downmodulates
MICA in an allele-dependent manner. All of the methods of
immune evasion used by CMV are more comprehensively
reviewed in references [2, 108].

3.2. KSHV. KSHV encodes proteins that target MHC-I to
prevent viral antigen presentation to T-lymphocytes as does
HCMV; however, the molecular mechanisms differ. KSHV
K3 and K5 are E3 ubiquitin ligases that transfer ubiquitin
to the cytoplasmic tails of proteins [70, 85]. The K5 protein
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targets HLA-A and HLA-B for endocytosis from cell surfaces,
while the K3 protein targets HLA-A, B, C, and E [85–87]. No
interactions with HLA-G are known.

Like UL142 of CMV, the KSHV protein K5 also blocks
surface expression of MICA and MICB but is unable to
downregulate the MICA∗008 allele due to the absence of
a cytoplasmic tail and lysine ubiquitin sites [71]. Ubiqui-
tinated MICA proteins are endocytosed from the infected
cell surface and retained in cytoplasmic vesicles without
increased degradation [71]. K5-mediated downmodulation
protects infected cells from NK cell cytotoxicity [71]. K5
also downmodulates the activating ligands B7-2, AICL, and
ICAM-1 by a similar mechanism [71, 109]. In contrast to
acute lytic infection, chronic infection with KSHV results
in higher levels of MHC-I, MICA/B, PVR, and CD112
expression [110]. Akin to HCMV, KSHV encodes the
microRNA miRK-12-7 inhibiting MICB expression [79].
Additionally, KSHV has been reported to infect NK cells,
leading to downmodulation of the activating NCRs and
NKG2D receptors on NK cell surfaces [110].

To summarize, KSHV is similar to CMV in that
both viruses encode proteins downmodulating MHC-I and
MICA/B. The mechanism by which KSHV proteins function
diverges from HCMV proteins in that KSHV K3 and K5
ubiquinate and promote endocytosis of targeted proteins,
whereas HCMV UL142 and UL16 prevent protein matu-
ration and surface expression. Similar to HCMV UL142,
KSHV K5 downmodulation of MICA is allele dependent.
The mechanistic basis is the absence of ubiquitin sites in the
truncated cytoplasmic tail. To date, there is no evidence of
KSHV mechanisms affecting the expression of the ULBP or
RAET ligands. KSHV specific immune evasion is reviewed in
more detail in [70, 111].

3.3. HSV-1 and 2. The exact mechanisms by which HSV-
1 modulates NK cell inhibitory and activating ligands are
less studied than those for HCMV and KSHV. The HSV-1
and 2 US12 gene product (infected cell protein 47, ICP47)
downmodulates MHC-I surface expression by suppressing
MHC-I transport from the ER [64, 72]. ICP47 binds to the
transporter associated with antigen presentation (TAP) and
in doing so inhibits MHC-I antigen loading and expression
of antigenic peptides generated by proteasomal degradation
that then translocate from the cytosol to the ER lumen
[88–90, 112]. Cells engineered to express ICP47 failed to
express antigenic peptides [90]. Interestingly, HSV-1 induces
expression of certain HLA-G isoforms while decreasing the
surface expression of others [113].

The consequences of MHC-I downmodulation on NK
cell recognition of HSV-1 and HSV-2 infected cells are
controversial. Studies using antibody blocking of KIRs and
MHC-I in conjunction with exogenous ICP47 expression
suggest that the protective properties of MHC-I via KIR
inhibitory signaling are rendered ineffective upon infection
with HSV-1 [64]. However, some studies utilizing ICP47
deleted recombinant HSV-1 and anti-KIR antibodies suggest
that NK cell inhibitory effects of MHC-I molecules are not
significant enough alone to diminish cytotoxicity and that

the viral product ICP47 is not necessary in inducing suscep-
tibility to NK cell killing [73]. There are yet other findings
that suggest a qualitative change in MHC-I molecules, such
as the binding site shape presented to NK cells during HSV
infection rather than the quantity of molecules presented,
may contribute to NK recognition and killing [114].

There are few studies examining the influence of HSV-
1 and HSV-2 infection upon the NK cell activating ligands.
Experiments utilizing HSV-1 recombinants deleted of all
IE genes except for ICP0 were able to induce NK cell
induced lysis of human fibroblasts. Fibroblasts expressing
ICP0 yielded similar results [73]. Infection with these recom-
binants also demonstrated an upregulation of unknown
ligands binding to NCRs with cytotoxicity dependent upon
their presence, yet this only occurred at low multiplicities
of infection (MOIs). ICP0-independent mechanisms were
reported at higher MOIs [73]. In contrast, studies of HSV
effects on NKG2D ligands demonstrated decreased surface
expression of MICA in HeLa and U373 cells infected with
HSV-1 or HSV-2 with no difference in total protein levels
[72]. Interestingly, this HSV-mediated downmodulation of
MICA occurs with both the full-length and the truncated
protein encoded by the MICA∗008 allele. This diverges sig-
nificantly from the inability of HCMV and KSHV to down-
modulate truncated MICA variants. Down-modulation of
MICA was reported with ICP0 deleted recombinant HSV but
not with PAA blocking of late gene expression, suggestive that
this phenomenon is dependent on late-gene expression [72].

These studies together suggest HSV-1 and HSV-2 employ
both early and late gene modulation of NK activating
ligands, each with potentially different consequences for
virus-infected cells. ICP0 might be sufficient to trigger NK
cell cytotoxicity at low MOIs through upregulation of NCR
ligands, which would be deleterious for virus survival. Yet
at higher MOIs mechanisms other than ICP0 contribute
to infected cell susceptibility. MICA downmodulation was
shown to be independent of ICP0 expression and may
be caused by late gene products. As posited by Schepis
et al., HSV-1 may cause infected cells to be particularly
susceptible to NK cell-mediated killing early in infection
due to ICP0 upregulation of NCR ligands while attempting
immunoevasion later in infection by NKG2D ligand and
MHC-I downregulation [72]. Although HSV-1 and HSV-2
microRNAs have been documented, none have been found
to interfere with NK cell pathways.

3.4. EBV. As with the previously described human her-
pesviruses, EBV has methods of interfering with MHC-
I to prevent presentation of viral antigens to cytotoxic T
cells. During active B-cell infection, EBV expresses a viral
homolog of interleukin-10 (vIL-10) [91] and BNLF2a, a
lytic-phase viral protein [92, 93]; both have been reported
to downregulate the expression of TAP and in turn decrease
surface MHC-I. BILF1 is a protein also expressed during
lytic EBV infection that mediates both increased endocy-
tosis/degradation and decreased exocytosis/presentation of
MHC-I [94]. Downmodulation of all isotypes of MHC-I
during EBV lytic infection, as well as subsequent decrease
in inhibitory binding to KIRs and CD94-NKG2A, results
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in increased sensitivity to NK cell-mediated killing [115].
Instead of downregulation of activating ligands to offset this
decrease in inhibition, the same studies found an increase in
ULBP1 and CD112 expression that contributed to NK cell
activation [115]. The only reported mechanism to possibly
offset this indirect NK cell activation is a microRNA (miR-
BART2-5p) inhibiting MICB expression [79]. EBV may
possibly interfere with NKG2D activation through down-
modulation of the NKG2D receptor itself via indoleamine-
2, 3-dioxygenase metabolites, although the functional con-
sequences have yet to be reported [116]. Similar to KSHV,
EBV can infect NK cells, causing aberrantly high expression
of the inhibitory CD94-NKG2A receptor but diminished
expression of the KIRs [117].

3.5. HHV-6 and HHV-7. The involvement of NK cells
in the control of HHV-6 and HHV-7 infection has been
documented through studies of IL-2 and IL-15 enhancement
of cytotoxicity [118–120]. However, the only documented
HHV-7 protein involved in NK cell ligand modulation is
U21, a transmembrane protein capable of downmodulating
both MHC-I and MICA/B. U21 binds and redirects MHC-
I trafficking to lysosomal compartments most similarly to
HCMV MHC-I interfering proteins [96–98]. The effect on
NK cell killing through this method has not been established.
U21 also binds to ULBP1 for redirection to lysosomes
and decreases surface MICA and MICB by an undefined
mechanism that results in decreased NK cell cytotoxicity
[74]. The A and B variants of HHV-6 express proteins
analogous to U21 that also bind MHC-I for lysosome
redirection [95], but the effect on NK cells or identification
of mechanisms affecting activating ligands has not been
established.

3.6. VZV. Although NK cells have long been implicated in
the control of VZV infection [121–123], specific interactions
with infected cells through NK cell receptors have not been
extensively studied. VZV downregulates MHC-I on infected
cell surfaces via the viral protein kinase ORF66, leading
to retention of MHC-I molecules in the golgi [99, 100].
However, any functional consequences of ORF66 on NK
cell recognition and killing have not been demonstrated.
Likewise, no methods of VZV interference with NK cell
activating ligands have been reported to date.

4. Conclusion

Human herpesviruses possess multiple mechanisms for
evading both innate and adaptive immune responses. A
summary of NK cell receptors, their ligands, and viral
mechanisms interfering with each is provided in Table 1. A
primary point of interest is the diversity of NK cell evasion
mechanisms employed by human herpesviruses. Other than
mechanisms shared by the highly similar HSV-1 and HSV-2,
the human herpesviruses have evolved different mechanisms
for subverting the immune response. It is also notable
that these immunoevasion mechanisms do not group with

herpesvirus subfamilies. For example, HCMV (a betaher-
pesvirus) and KSHV (a gammaherpesvirus) both encode
microRNA’s targeting MICB yet downmodulate MICA via
different mechanisms. The NK cell evasion mechanisms are
unique to each human herpesvirus likely reflecting selection
pressures encountered in the various infection niches occu-
pied by the viruses. The lack of well-defined mechanisms of
NK cell immunoevasion by given herpesviruses (i.e., HSV
and VZV) is puzzling. There is well-documented persistence
of HSV in patients with NK cell defects and the importance
of NK cell involvement in the control of disease. Continuing
research will likely reveal as yet unknown mechanisms of
immunoevasion by the alpha herpesviruses.

Human herpesviruses cause substantial morbidity and
mortality. HSV-1 is regarded as one of the most com-
mon causes of viral encephalitis, an infection carrying
significant risk of mortality [124, 125]. EBV, HCMV, and
KSHV infections have the potential to not only cause
severe manifestations during acute infection, but also the
development of hematologic or solid malignancies [126,
127]. A variety of herpesviruses also cause cutaneous and
ocular infections with potential for life-long morbidity
[128–130]. Thorough knowledge of specific viral immune
evasion mechanisms may provide avenues for developing
more effective therapies against disease related to human
herpesviruses. Understanding NK cell evasion may improve
oncolytic herpesvirus therapies for cancer [131–133]. Insight
into viral abilities to evade the immune system may also
yield better markers for clinical prognosis and monitoring
of active and latent infection [117, 134]. Continued research
into these mechanisms of NK cell evasion will not only
deepen basic understandings of human herpesviruses but
may also serve to ultimately alleviate disease burden and
guide strategies for clearance of persistent infection in
immunocompromised patients.
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[7] A. Groth, S. Klöss, E. Pogge Von Strandmann, U. Koehl, and J.
Koch, “Mechanisms of tumor and viral immune escape from
natural killer cell-mediated surveillance,” Journal of Innate
Immunity, vol. 3, no. 4, pp. 344–354, 2011.
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