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Chemokine-binding proteins encoded by herpesviruses
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Summary.  –  To establish infection, a wide variety of pathogens, including viruses, have evolved a 
number of strategies to avoid immune elimination. Viruses have acquired and optimized molecules 
that interact with the host chemokine network in order to disrupt immune surveillance and defense 
of vertebrates, helping to promote cell entry, facilitating dissemination of infected cells, and evasion 
the immune response. Viral immunomodulators include ligands, chemokine receptors and chemokine-
binding proteins (vCKBPs) functioning as either cell surface receptor mimics, ligand mimics, or secreted 
chemokine-binding proteins. vCKBPs specifically modulate chemokine gradient formation and ligand-
receptor recognition when they have a potential to even completely block chemokine-mediated responses 
to viral infection. Members of only two virus families (Herpesviridae and Poxviridae) encode vCKBPs 
capable of sequestering host chemokines through either the chemokine receptor, GAG-binding pocket, 
or both, which may result in the inhibition of chemotaxis in vivo. Here, we focused on vCKBPs encoded 
by α-, β-, and γ-herpesviruses, of which several have been experimentally used as anti-inflammatory or 
anti-immune reagents in animal models. Current results suggest that vCKBPs could be used to regulate 
the activity of both chemokines and chemokine receptors for the treatment of infections such as AIDS, 
diseases such as arthritis, neurotrauma, inflammatory CNS disorders, atherosclerosis, transplant rejec-
tion, and metastatic spread and angiogenesis. Better understanding of vCKBPs biology will help evaluate, 
which human diseases related to chemokine network dysregulation might be effectively treated with 
these novel promising immunomodulatory drugs to enable the manipulation of chemokine functions 
and leukocyte trafficking.
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Introduction

To establish infection, a wide variety of pathogens, 
including viruses, have evolved a number of strategies 

to avoid immune elimination. They target chemokine-
signaling networks in order to disrupt immune surveil-
lance and defense of vertebrates. Small soluble peptides 
of the cytokine family, known as chemokines, are ligands 
that trigger many signaling cascades involved in innate 
immunity via binding to their receptors on the surface of 
immunocompetent cells. Many viruses have developed 
strategies to overcome this signal transduction, which 
implies its significant role in the battle against both acute 
and persistent viral infection, the outcome of which de-
pends on the balance between host immune responses 
and viral immune evasion. These strategies involve hiding 
in certain cell types to escape from the attention of the im-
mune system, inhibiting the replication of infected cells to 
limit antigen production, subverting cytokine-mediated 
intercellular communication by viral immunomodula-
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tors, and increasing the generation of viral mutants (Hu 
and Usherwood, 2014). 

Chemokines are low molecular weight (8–12 kDa) 
chemoattractant cytokines that modulate the migration 
of immune cells from blood vessels to the sites of infec-
tion and inflammation and therefore play an important 
role in host defense against invading pathogens (Luster, 
1998, Baggiolini, 1998). They establish gradients through 
specific interactions with glycosaminoglycans (GAGs) and 
direct target cell migration and activation by binding to G 
protein-coupled chemokine receptors (Allen et al., 2007). It 
has been established that chemokines are associated with 
disease progression and are also implicated to operate 
during development, homeostasis, angiogenesis, tissue 
damage, and in acute lung allograft rejection (Rollins, 
1997; Belperio et al., 2000a,b; Charo and Taubman, 2004; 
Chow and Luster, 2014; Luo et al., 2016). 

Chemokines show remarkably similar structure, al-
though their mutual sequence homology varies between 
20–90%. These proteins are defined by four invariant 
cysteines and are structurally classified into four struc-
tural subfamilies as CC, CXC, CX3C, and C based on the 
number and N-terminal sequence arrangement around 
the first two conserved cysteines. Despite the differences 
in the primary structure, chemokines share similar struc-
tures of a long flexible N terminal loop followed by a three-
stranded β sheet and a C-terminal α helix (Fernandez and 
Lolis, 2002). As basic and positively charged molecules, 
chemokines form a chemical gradient via electrostatic in-
teractions of their C-terminus, interacting with negatively 
charged extracellular GAGs expressed on the endothelial 
cell surface that can act to directionally attract cells into 
the target tissues (Ali et al., 2000; Proudfoot et al., 2003; 
Burg et al., 2015). This chemokine-GAG complex is then via 
the N-terminus of chemokines recognized by conserved 
motifs of seven transmembrane spanning G protein-
coupled receptors (GPCRs) that are localized on the sur-
face of the attracted leukocytes (Mantovani et al., 2006; 
Monneau et al., 2015). The specific effects of chemokines 
are mediated by the subsequent intracellular cascade 
of signaling events leading to, among others, migration 
of immunocompetent cells to the site of inflammation 
in the respective tissues (Sallusto and Baggiolini, 2008). 
Chemokines can interact with both GAGs and chemokine 
receptors simultaneously through distinct domains, al-
though these domains may overlap for some chemokines. 
Given the central role chemokines play in antiviral de-
fense, it is not surprising that many viruses have evolved 
strategies to modulate host chemokine function to their 
benefit (Alcami and Koszinowski, 2000).

Chemokines form the largest family of cytokines, 
with approximately 50 chemokines and 20 chemokine 
receptors discovered to date. Most receptors interact 

with more than one chemokine and most chemokines 
use more than one receptor. The original names of in-
dividual chemokines such as monocyte chemotactic 
protein-1 (MCP1), macrophage inflammatory protein-1α 
(MIP-1α), stromal cell-derived factor-1 (SDF1), eotaxin, 
or regulated-on-activation normal T cell expressed and 
secreted (RANTES) reflected the circumstances of their 
discovery, but not always their most important role. To 
make it more complicated, some chemokines had several 
names, which reflected the diversity of their actions. In 
1999, when more than 40 different human chemokines 
had been discovered, a systematic chemokine nomen-
clature was adopted based on their structural features 
(Fernandez and Lolis, 2002; Zlotnik and Yoshie, 2012). 

Chemokine receptors are 7 transmembrane GPCRs 
that signal through heterotrimeric G proteins. There 
are, however, also atypical chemokine receptors that act 
as chemokine scavengers and do not induce G protein 
signaling (Bachelerie et al., 2014a,b). The binding sites 
of chemokines for GAGs and specific cytokine receptors 
(CKRs) are distinct. Chemokine receptors can be classified 
in the same manner as chemokines (C, CC, CXC, and CX3C) 
and are either inducible (inflammatory) or constitutively 
expressed (Murdoch and Finn, 2000; Proudfoot, 2002). 
Although most chemokine receptors recognize more 
than one chemokine, they are almost always restricted 
to a single subclass. 

The chemokines and some of their receptors are both 
redundant and promiscuous, often crossing class activi-
ties and receptor affiliations (Zlotnik and Yoshie, 2012). 
Both chemokines and chemokine receptors have been 
implicated in the initiation and progression of infec-
tions such as AIDS or many diseases, including arthritis, 
glomerulonephritis, neurotrauma, inflammatory CNS 
disorders, atherosclerosis, myocardial damage, lung dis-
eases, transplant rejection, among many others (Campbell 
et al., 2003; Johnson et al., 2004; Ludwig and Weber, 2007; 
Weber et al., 2013). The regulation of the activity of both 
chemokines and chemokine receptors to prevent exces-
sive inflammation causing disease represents important 
target for therapeutic intervention.

Viruses have acquired and optimized molecules that 
interact with the host chemokine network. These virus-
encoded molecules are used to promote cell entry, facilitate 
dissemination of infected cells, and evade the immune 
response. Viral immunomodulators of chemokines inter-
fere with extracellular chemokines. They target or bind to 
chemokines and their receptors and thus specifically mod-
ulate chemokine gradient formation and ligand-receptor 
recognition; they have a potential to even completely block 
chemokine-mediated responses in viral infection. Virus-
encoded immunomodulatory proteins have been identi-
fied from many virus families, with the majority being 
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derived from DNA viruses (McFadden and Murphy, 2000; 
Seet et al., 2003, Lalani et al., 2000; Alcami and Lira, 2010).

To date, three classes of molecules that interact 
with the chemokine system have been identified: viral 
chemokine ligands, viral chemokine receptors, and 
chemokine-binding proteins functioning as either cell 
surface receptor mimics, ligand mimics, or secreted 
chemokine-binding proteins. Viral chemokines have 
been shown to function as agonists and/or antagonists in 
their interactions with mammalian chemokine receptors. 
Acting as agonists, they facilitate viral infection and dis-
semination; as antagonists they inhibit the recruitment 
of specific leukocyte populations, thus contributing to 
immune evasion.

The role of viral chemokine receptors in viral patho-
genesis is not fully understood. Recent studies have 
implicated virally encoded chemokine receptors in the 
proliferation and migration of cells as well as in the 
pathogenesis of Kaposi's sarcoma caused by human 
herpesvirus 8 or Kaposi's sarcoma herpesvirus (HHV-8 
or KSHV, respectively). Viral chemokine receptors and 
viral chemokines share high degrees of identity with host 
proteins and thus are categorized as pirated host immune 
regulators, whose biologic functions have been altered by 
subsequent evolutionary pressures within virus-infected 

hosts (Vossen et al., 2002; Zlotnik et al., 2006). The proper-
ties of such shaped host-derived immunomodulators rep-
resent specific advantages for the virus in overcoming the 
immune defenses of the host (Alcami, 2003a). The most 
recently discovered class of virus-encoded molecules 
capable of interfering with chemokine function are viral 
chemokine-binding proteins (vCKBPs).

The first secreted chemokine decoy receptor, discovered 
in orthopoxviruses and called 35 kDa, is a protein with the 
ability to interact with CC chemokines (Graham et al., 1997; 
Smith et al., 1997). To date, a wide spectrum of vCKBPs has 
been discovered that are encoded by poxviruses from the 
Orthopoxvirus or Leporipoxvirus genera such as camelpox, 
cowpox (CPXV), rabbitpox, raccoonpox, vaccinia virus 
(VACV), Lister strain, variola virus (VARV), leporipoxvi-
ruses myxoma virus (MYXV), and Shope fibroma virus. 
Their binding to chemokines was initially identified by 
cross-linking experiments with chemokines and super-
natants from cells infected with viruses. Their interac-
tion with only CC chemokines resulting in the inhibition 
of chemokine activity was documented in vitro and in 
vivo using site-directed mutagenesis methods (Alcami et 
al.,1998; Lalani et al., 1998; Burns et al., 2002; Kuo et al., 2014). 

No significant homology to mammalian protein was 
shown in known vCKBPs. They also have very little or 

Table 1. Virus encoded binding proteins (vCKBPs) and their targets

vCKBP
type

Virus 
family Virus vCKBP Target - class 

chemokines 
Binding 
domain/s References

I Poxviridae myxoma poxvirus M-T7/35F kDa 
protein

C, CC, CXC GAG Upton et al. (1992)
Lalani et al. (1997)
Mossman et al. (1996)

II Poxviridae myxoma poxvirus 
certain vaccinia strains
rabbit pox virus
cowpox viruses

different 
proteins called
CC- inhibitors 
(vCCIs)

CC GAG Alcami et al. (1998)
Smith et al. (1997)
Lalani et al. (1998)
Reading et al. (2003)

IV Herpesviridae α-herpesviruses HSV-1 

HSV-2 
EHV-1  

BoHV-1 
BoHV-5

FeHV-1
PRV
ILTV

gG CC, CXC  

C, CC, CXC 
(different set of 
chemokines depend-
ing on the virus) 

GPCR

GPCR
GAG

Bryant et al. (2003)

Viejo-Borbolla et al. (2012)
von Einem et al. (2007)

Engelhardt and Keil, 
(1996)

Costes et al. (2005)
Viejo-Borbolla et al. (2010)
Devlin et al. (2010)

V β-herpesvirus HCMV pUL21.5 CCL5 
(a single tested)

GPCR Wang et al. (2004)

III γ-herpesviruses MHV-68 

RHVP

M3

R17

C, CC, CXC, CX3C
(a single found to in-
hibit all four classes 
of chemokines)

C, CC

GPCR
GAG

GPCR 
GAG

Alexander et al. (2002)
Alcami (2003b) 
van Berkel et al. (2000, 
2002) 
Parry et al. (2000) 
Webb et al. (2003)
Lubman et al. (2014)
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no sequence relationship with any known host proteins, 
including host chemokines or receptors, suggesting that 
they may have evolved independently of mammalian 
genomic elements. Moreover, they display a very limited 
homology with vCKBPs identified in different viruses 
(Heidarieh, 2015). Despite this fact, the crystal structures 
of several vCKBPs show common structural patterns, 
suggesting that they probably underwent simultaneous 
evolutionary processes (Nelson et al., 2015; Lubman and 
Fremont, 2016). The origin of this group of immunomodu-
lators, probably also derived from unknown ancient host 
species, remains unresolved. vCKBPs were found to bind 
and inhibit specific host ligands in experiments using 
host chemokines (Seet and McFadden, 2000, Parry et al., 
2000; Alexander et al., 2002). Some, for example, M-T7 
protein encoded by MYXV, interact with C, CC, and CXC 
chemokines with very low-affinity proteoglycan-binding 
sites conserved in many chemokines. Other members of 
the chemokine-binding protein class disrupt the interac-
tion of chemokine ligands with their cellular receptors. 

Based on the available structural and functional 
studies, vCKBPs are currently divided into five struc-
tural classes through the mechanisms of their binding 
to chemokines, but most remain undefined (Table 1). To 
date, all known vCKBPs have been discovered in large DNA 
viruses from the Poxviridae and Herpesviridae families. 
They encode unique proteins capable of sequestering 
host chemokines with distinct specificity. vCKBPs bind 
to the chemokine through either its chemokine receptor 
or GAG-binding pocket or both, thereby impairing the 
interaction between the chemokine and its receptor or 
GAGs. Both types of binding impairment may result in the 
inhibition of chemotaxis in vivo. Similar to chemokines, 
most vCKBPs are secreted proteins but some are also 
structural   proteins present in the viral envelope or at 
the plasma membrane of infected cells (Bryant et al., 2003; 
Costes et al., 2005; Viejo-Borbolla et al., 2012). Similar to 
chemokines, some vCKBPs interact with GAGs, which 
seems to be relevant for their function (Seet et al., 2001; 
Ruiz-Arguello et al., 2008; Lubman et al., 2014; Martinez-
Martin et al., 2015). While the majority of known vCKBPs 
inhibit chemokine activity in vitro or in vivo, a vCKBP with 
the ability to potentiate chemokine function was recently 
found in herpes simplex virus type 1 and 2 (HSV-1 and 
-2) (or human herpesvirus 1; HHV-1 and -2), respectively 
(Viejo-Borbolla et al., 2012).

Chemokine-binding proteins encoded by 
herpesviruses 

It has been established that molecular mimicry of 
cytokines and cytokine receptors is a strategy adopted 

by herpesviruses to modulate the host immune response 
(Spriggs, 1996, Dairaghi et al., 1998, Alcami and Lira, 2010, 
Heidarieh et al., 2015, Lubman and Fremont, 2016). Herpes-
viruses are enveloped viruses that contain large double-
stranded DNA with vast coding capacity. Approximately 
130 different herpesviruses have been identified, not only 
in mammals, but also in frogs, lizards, birds, fish, and 
mosquitoes. They constitute an ancient virus family that 
has fully adapted to their hosts as demonstrated by high 
infection rates in most human populations. The natural 
infection of herpesviruses has three stages: primary in-
fection, latency, and reactivation. During lytic replication, 
numerous viral genes are expressed in a highly ordered 
manner, leading to the assembly and release of infectious 
particles, often resulting in the lysis of infected cells (Roiz-
man and Pellet, 2001).

Unique vCKBPs have been identified in all three sub-
families of herpesviruses. To date, chemokine-binding 
activity has been identified in the supernatants from di-
verse cell lines infected with HSV-1 and HSV-2 and several 
animal herpesviruses such as equine herpesvirus 1 and 3 
(EHV-1 and EHV-3, respectively), bovine herpesvirus 1 and 
5 (BoHV-1 and BoHV-5, respectively), feline herpesvirus 1 
(FeHV-1), infectious laryngotracheitis virus (ILTV), pseu-
dorabies virus (PRV), murine herpesvirus 68 (MHV-68), 
and rodent herpesvirus Peru (RHVP). Such proteins have 
not yet been discovered in other human herpesviruses 
– varicella zoster virus or human herpesvirus 3 (VZV or 
HHV-3), human herpesvirus 6A and B (HHV-6A and B), 
human herpesvirus 7 (HHV-7), Epstein-Barr virus or hu-
man herpesvirus 4 (EBV or HHV-4), KSHV, and animal 
herpesvirus, Marek disease virus 1 (MDV-1). 

Chemokine-binding proteins encoded by 
α-herpesviruses

Members of the Alphaherpesvirinae subfamily are 
characterized by a broad host range. They are highly lytic 
in culture and as neurotropic viruses have the ability to 
establish latent infections primarily in host ganglia of 
the peripheral nervous system. They cause a variety of 
diseases: neurological disorders, encephalitis, meningitis, 
blindness, chickenpox, shingles, skin lesions, and abor-
tion, among others. 

In α-herpesviruses, to date the only one vCKBP (des-
ignated as type IV) has been identified, glycoprotein G 
(gG), encoded by the US4 open reading frame (ORF) (Bry-
ant et al., 2003). The gene encoding gG is present in most 
human and animal α-herpesviruses with the notable 
exceptions of VZV and MDV-1 (Ross et al., 1991, McGeoch 
et al., 1990). gG from α-herpesviruses is a component of the 
viral particle that is expressed as a membrane-anchored 
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glycoprotein at the plasma membrane of infected cells. 
After proteolytic cleavage of this membrane form, an ad-
ditional secreted gG (SgG) is released into the medium of 
infected cells. The role of HSV-1 gG has been addressed 
in the mouse model. Intracerebral infection of mice with 
HSV-1 deleted in gG gene results in lower levels of virus 
replication in the central nervous system (CNS) (Weber et 
al., 1997). The role of HSV-2 gG in vivo has not been inves-
tigated. A report using CCL3 knockout mice showed the 
relevance of gG inhibition in CCL3-mediated neutrophil 
migration and subsequent inflammation in the lungs (Van 
de Walle et al., 2009, Cabrera et al., 2015). Infection with 
recombinant HSV-1 viruses lacking gG expression in vivo 
resulted in the attenuation of pathogenesis as suggested 
by the enhancement of the chemokine function of HSV-1 
gG (Balan et al., 1994; Weber et al., 1987). The role of HSV-2 
gG in pathogenesis remains unclear since no gG deletion 
mutants have been reported to date.

The amino acid residues involved in gG interactions 
with chemokines were first identified by mutagenesis of 
EHV-1 gG and expression of hybrid molecules with EHV-
4 gG, an ortholog that does not bind chemokines (Van de 
Walle et al., 2009). In experiments on mice infected with 
gG-negative EHV-1, the deletion of gG results in increased 
EHV-1 pathogenicity, suggesting the presence of a higher 
inflammatory infiltrate in the lungs of mice (Vande Walle 
et al., 2008; von Einem et al., 2007). Studies with ILTV, a 
virus that causes respiratory tract disorders in poultry, 
indicate that gG modulates leukocyte migration to the 
infection site. Deletion of gG results in higher levels of in-
flammatory infiltrate in the trachea of birds (Devlin et al., 
2010). Deletion of PRV gG, on the contrary, does not seem 
to affect virulence or immunogenicity in pigs (Thomsen 
et al., 1987; Kimman et al., 1992).

Most experiments regarding the chemokine-binding 
activity of gG of α-herpesviruses have been conducted 
with the secreted form. However, transmembrane gG also 
binds chemokines at the surface of cells (Viejo-Borbolla et 
al., 2012) and, at least for FeHV-1, on the viral envelope. The 
functional relevance of chemokine interactions in these 
settings is unknown. It has been proposed that trans-
membrane gG may act as a chemokine sink or may signal 
following chemokine interactions (Costes et al., 2005). An 
interesting property of α-herpesvirus gG compared to 
other vCKBPs is that it is a type I transmembrane protein 
that sheds a secreted domain following proteolytic cleav-
age. This does not apply to HSV-1 gG, which is not secreted 
(Richman et al., 1986). 

Although chemokine-binding activity has been origi-
nally detected in supernatants from HSV-2-infected cul-
tures, it has not been detected in supernatants from cells 
infected with HSV-1 or VZV. With HSV-1, this is explained 
by gG not being secreted. The chemokine-binding activ-

ity has been detected on the plasma membrane of cells 
infected with wild-type HSV-1 but not with a gG-deficient 
HSV-1 mutant, indicating that the membrane-anchored 
form also retains chemokine-binding activity (Viejo-
Borbolla et al., 2012). In the case of VZV, the gene encoding 
gG is not present in the viral genome (Gomi et al., 2002). 

The interaction of recombinant SgGs from HSV-1 
and HSV-2 with a variety of CC and CXC chemokines 
occurs with a high affinity through the GAG-binding 
domain in the chemokines. The mechanism of action 
of SgGs from HSV is unique among vCKBPs. Similar to 
almost all CKBPs, gG homologs encoded by other animal 
α-herpesviruses bind a variety of chemokines (interfering 
with chemokine interactions with cellular receptors or 
impairing chemokine presentation to GAGs) resulting in 
the inhibition of cellular chemotaxis (Martinez-Martin 
et al., 2015). On the contrary, the interaction of gGs from 
HSV-1 and HSV-2 with chemokines has the opposite ef-
fect, the enhancement of chemokine function. The addi-
tion of SgG has recently been shown to increase in vitro 
CXCL12-induced cell migration and more importantly SgG 
from HSV-2 has been shown to increase CCL28-mediated 
chemotaxis of leukocytes in a mouse air pouch model in 
vivo (Viejo-Borbolla et al., 2012).

Chemokine-binding activity detected in the super-
natant of cells infected by animal herpesviruses EHV-1 
(von Einem et al., 2007), BoHV-1, BoHV-5 (Engelhardt 
and Keil, 1996; Bryant et al., 2003), FeHV-1 (Costes et al., 
2005), ILTV (Devlin et al., 2010), and PRV (Viejo-Borbolla 
et al., 2010) was shown to correspond to gG interactions 
with CC, CXC, and C chemokines and is of a high affin-
ity. However, there is selectivity in the interaction with 
chemokines, since not all gG proteins interact with the 
same chemokines or members of the same chemokine 
subfamily. gG expressed by EHV-1, ILTV, and PRV was con-
firmed to inhibit chemokine activity in vitro and in vivo 
(Viejo-Borbolla et al., 2012; Van de Walle et al., 2008; Devlin 
et al., 2006) by blocking the interaction of the chemokine 
with its receptor. EHV-1 gG has been shown to bind a broad 
range of chemokines and inhibit equine CXCL8-induced 
migration of neutrophils. It also prevents the interaction 
of chemokines with GAGs. The hypervariable region of 
EHV-1 gG is required for chemokine interaction and the 
N-glycosylation of gG is essential for its inhibitory activ-
ity (Van de Walle et al., 2009). Interestingly, FeHV-1 gG 
present at the surface of virions has also been demon-
strated to bind chemokines (Costes et al., 2006), raising 
the possibility that incoming virions could interfere with 
chemokine function. In the case of HSV, it would be inter-
esting to know whether gG incorporated into the virion 
envelope enhances chemokine function as reported for 
recombinant SgG. In the case of ILTV, gG was shown to 
bind murine CC and CXC chemokines with high affinity 
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and to inhibit leukocyte chemotaxis. The corresponding 
gG deletion mutant exhibits an attenuated phenotype in 
its natural host compared to wild-type virus and is an 
effective attenuated vaccine since it induces protection 
against disease following challenge with virulent virus 
(Devlin et al., 2007).

Chemokine-binding protein encoded by 
β-herpesviruses

Members of the Betaherpesvirinae subfamily contain 
the largest double-stranded DNA genome among hu-
man viruses, have a restricted host range, grow more 
slowly in culture, and cells infected with this subfamily 
become enlarged. HCMV is the prototypical member of 
β-herpesviruses. Seroepidemiologic studies have shown 
that HCMV is widespread in the human population. 
HCMV causes life-threatening diseases in immunologi-
cally immature or compromised patients, such as AIDS 
patients, allogeneic transplant recipients, and developing 
fetuses. Most healthy adults with HCMV infection are 
asymptomatic, but the virus evades eradication by the 
immune system and persists in infected people for the 
rest of their lives. HCMV is a nearly ubiquitous pathogen 
that establishes latency in cells of the myeloid lineage. 
The ability of HCMV to establish life-long latency and 
avoid extermination by the immune system depends on 
extensive immune modulation strategies including the 
ability to antagonize chemokine function. 

HCMV expresses a single known vCKBP designated 
as type V, a small secreted glycoprotein pUL21.5 (103 aa), 
which functions as a decoy to modulate the host immune 
response to infection. pUL21.5 has a relatively conserved 
sequence among clinical isolates, and the presence of 
UL21.5 mRNA appears to correlate directly with the occur-
rence of HCMV disease. pUL21.5 has been demonstrated to 
bind CCL5 with a high affinity and block the interaction 
of human CCL5 with specific cellular receptors (Wang 
et al., 2004). The interaction between pUL21.5 and CCL5 
inhibits binding of the chemokine to its receptor, prob-
ably inhibiting migration, although this has not been for-
mally proven. Due to the limited number of chemokines 
tested, it remains unclear whether this protein can bind 
chemokines other than CCL5. The exact role of this pro-
tein during infection is unknown. Inclusion of mRNAs 
in virions implies a role for at least a portion of pUL21.5 
before the viral genome reaches the nucleus and begins to 
be transcribed, thus modulating the host response even 
before the transcriptional activation of the infecting viral 
genome (Wang et al., 2004).

Chemokine-binding proteins encoded by 
γ-herpesviruses

Members of the Gammaherpesvirinae subfamily infect 
lymphoblastoid cells in vitro and some also cause lytic 
infections in certain epithelial and fibroblastic cells. The 
host range is restricted to natural hosts and the viruses 
are specific for B and T lymphocytes, where the infection 
is frequently arrested, probably without the produc-
tion of infectious progeny. Latent virus may be found 
in lymphoid tissue. These viruses are predominantly 
host-specific, so the virus vs host immune system inter-
action plays a crucial role in viral infection, particularly 
in latency establishment and reactivation from latency 
(Speck and Ganem, 2010). An ubiquitous γ-herpesvirus, 
EBV, prevalent in 90% to 95% of the human population, 
is clinically associated with various neurological dis-
eases such as primary CNS lymphoma, multiple sclerosis, 
Alzheimer's disease, cerebellar ataxia, and encephalitis. 
EBV and KSHV are implicated in multiple malignancies. 
Similar to other herpesviruses, they establish life-long 
persistent infection, alternating between lytic replication 
and latency, while being subjected to the control of the 
host immune system. Only two known gammaherpes-
viral CKBPs designated as type III, M3 protein and R17 
protein, were found in two animal γ-herpesviruses (Van 
Berkel et al., 1999; Heidarieh et al., 2015; Lubman et al., 
2014). Murid herpesvirus 4 strain 68 (MuHV-4 or MHV-
68) is a natural pathogen of murid rodents used as an 
animal model for studying the pathogenesis of human 
lymphoproliferative disorders caused by EBV and KSHV. 
MHV-68 was originally isolated from wild rodent belong-
ing to the Apodemus genus commonly infested with ticks 
(Blaškovič et al., 1980; Rajčáni and Kúdelová, 2005 and 
2007). After the first discovery of MHV-68 in immature 
Ixodes ricinus ticks removed from wild green lizards, 
its occurrence was proved in free-living Dermacentor 
reticulatus, I. ricinus, and Haemaphysalis concinna ticks. 
Recently, experimental transmission of MHV-68 between 
I. ricinus ticks and mouse and vice versa proved that MHV-
68 could be vertically and horizontally transmitted from 
F0 to F1 tick generation, and thus, MHV-68 is suggested to 
be a tick-borne virus. (Hajnická et al., 2017; Kúdelová and 
Štibrániová, 2019). The recently characterized RHVP was 
found to be related to MHV-68 and KSHV; it was isolated 
from a lung homogenate of a pygmy rice rat (Oligoryzomys 
microtis) trapped in Peru (Loh et al., 2011). 

The first herpesvirus protein able to bind chemokines 
was M3 protein encoded by MHV-68, a 44 kDa-secreted 
protein called vCKBP3. A recombinant MHV-68 virus 
lacking M3 gene expression, was found to be attenuated 
after intracerebral inoculation but had no effect on viral 
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latency or the induction of chronic arteritis (van Berkel 
et al., 1999). These results suggest that virus attenuation 
is likely to be caused by the inability of the M3-deficient 
virus to block chemokine activity. Following the intra-
nasal infection with MHV-68, virus lytically replicates 
in lungs and further spreads to the lymphoid tissue. This 
spread is not affected by the lack of the M3 gene expres-
sion, however, the establishment of latency in B-cells is 
impaired.. It was reported that pathogenesis of MHV-68, 
including the kinetics of M3 gene expression, differed 
between neutral host wood mice and BALB/c or C57BL/6 
mice, especially at 14 days post-infection. These models 
also differ during infection with viruses lacking M3. The 
lack of M3 gene expression was shown to affect the total 
viral load and virus-driven B cell activation. The absence 
of M3 expression in the spleen results in missing germi-
nal center formation and a reduction in the number of 
latently infected cells (Bridgeman et al., 2001; François 
et al., 2010; Hughes et al., 2011;). The results showed that 
the attenuation of MHV-68 correlates with differences 
in the leukocyte infiltration and suggested that MHV-68 
infection induces the expression of several chemokines 
(Sarawar et al., 2002; vanBerkel et al., 2002).

The earliest studies on the biological properties of the 
406 aa MHV-68 M3 showed that it is a unique soluble viral 
decoy receptor that binds a broad spectrum of chemokines 
with a high affinity, thus destabilizing chemokine net-
works in vitro and in vivo (Parry et al., 2000; van Berkel et al 
2000; Jensen et al., 2003). It prevents chemokine-induced 
signal transduction in vitro and blocks the interaction of 
chemokines with their cellular receptors and the induc-
tion of intracellular signaling. In addition, M3 protein 
can block the interactions of chemokines with GAGs and 
also inhibit the formation of GAG-dependent chemokine 
gradients in vivo. High binding affinity of immunomodu-
latory M3 protein to chemokines of all four subfamilies 
was thoroughly studied. Characterization of M3 protein 
revealed affinities for CXC chemokines were lower com-
pared with those for other subfamilies, suggesting a 
type of specificity. M3 protein blocks receptor binding 
by interacting with the N-terminus of the chemokine and 
inhibits chemokine-mediated calcium mobilization and 
chemotaxis in vitro (Alcami, 2003b; Parry et al., 2000; van 
Berkel et al., 2000; Webb et al., 2003). 

In most studies, the spectrum of chemokines that 
MHV-68 M3 protein is able to bind (either as a protein 
secreted into the media of virus-infected BHK-21 cells or 
as recombinant protein prepared in E. coli and/or insect 
cells) was identified by cross-linking assays with radiola-
beled chemokines. Affinity to murine as well as human 
chemokines CCL5 (RANTES), CXCL8 (interleukin 8, IL-8), 
CCL3 (MIP-1α), CCL2 (MCP-1), and CCL11 (eotaxin-1) were 
tested (Parry et al., 2000; van Berkel et al., 2000).

In addition to the M3 protein of MHV68, the M3 of 
closely related murine herpesvirus strain MHV-72, iso-
lated from the rodent Myodes glareolus (Blaškovič et al., 
1980), was found to have a single mutation (D307G) near 
the chemokine-binding site. MHV-72 was found to differ 
in the genome sequence from MHV-68 with at least 30 
codon-changing mutations (Halásová et al., 2011) and was 
reported to be attenuated in vivo and, thus, predicted to 
be more oncogenic (Nash et al., 2001). Belvončíková et al. 
(2008) first evaluated the binding of MHV-68 M3 protein 
secreted into the media of infected BHK-21 cells to human 
chemokines by ELISA tests. They compared MHV-68 M3 
protein to its MHV-72 counterpart and demonstrated 
that both M3 proteins had the weakest affinity to CCL3 
chemokine. MHV-72 M3 protein, with one natural mu-
tation, bound to only 11% and 20%, respectively, of the 
amount of CCL5 and CXCL8 bound by MHV-68 M3 protein. 

MHV-68 M3 protein is an important point of interest, 
mainly after the pioneering work of Alexander et al. (2002), 
who used a recombinant baculovirus to produce enough 
full-length M3 protein in insect cells to determine its crys-
tal structure to study its molecular and biological prop-
erties. They first reported the three-dimensional crystal 
structure of M3 protein both alone and in combination 
with CCL2/MCP-1. They demonstrated that MHV-68 M3 
protein forms a tightly packed anti-parallel homodimer, 
in which the signal sequence (aa 1-24) is cleaved and five 
disulfide bonds are present. The model suggested how 
viral protein is able to bind chemokines despite having no 
aa homology to the host's chemokine receptor. Due to the 
complex structure of M3 protein and a broad spectrum of 
chemokines that this protein is able to bind, however, the 
functions of its discrete domains are poorly understood.

In experiments, the strength of binding of MHV-68 M3 
protein prepared in E. coli and Sf9 insect cells to several 
chemokines was quantified and compared, focusing on 
the inflammatory chemokine CCL5 (critical for T-lympho-
cyte, macrophage, eosinophil, and basophil activation, 
proliferation, and recruitment) and chemokine CXCL8 
(which is highly involved in wound healing, triggers the 
infiltration of macrophages and neutrophils, and is as-
sociated with a highly metastatic phenotype of prostate 
cancer) (Inoue et al., 2000). Studies on the recombinant 
MHV-68 virus with M3 deletion prepared from Sf9 insect 
cells demonstrated that the deletion of the signal peptide 
allows stronger binding to CCL5 but not to CXCL8 (Šebová 
et al., 2017). Biochemical studies on recombinant M3 pre-
pared in E. coli cells showed that the D307G substitution 
in MHV-72 M3 was responsible for a large decrease in its 
CCL3 binding relative to MHV-68 M3 (Pančík et al., 2013; 
Matúšková et al., 2015).

To better clarify the structural basis for the specific 
activity of MHV-68 M3, the impact of particular aa substi-
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tutions, E70A and T272G (located in its N- and C-terminal 
domain, respectively) on CCL5 and CXCL8 binding was 
studied. E70A mutation was found to enhance binding of 
M3 to CCL5 two-fold but had little effect on its binding to 
CXCL8. In contrast, the T272G mutation was important for 
the thermal stability of M3 and significantly decreased M3 
binding to both CCL5 (by approximately 4×) and CXCL8 
(by approximately 5×). Moreover, to gain better insight 
into M3 chemokine recognition, new in silico models of 
wtM3 complexes with CCL5 and CXCL8 were created and 
compared to the known X-ray crystal structures of wild 
type (wt) M3-CCL2 and wtM3-XCL1 complexes (Šebová 
et al., 2019).

Although data on the binding to individual chemokines 
are still rare, due to its broad-spectrum binding activ-
ity, M3 protein serves as a tool for understanding the 
chemokine network during homeostasis and in disease 
models (Martin et al., 2008; Lira et al., 2009). A variety of 
animal models have been developed to test the biological 
and pharmaceutical properties of M3 protein, but they 
are mainly related to its potential use in gene therapy. 
Induction of M3 gene expression resulted in a 67% reduc-
tion in the intimal area of arteria, suggesting that M3 
protein may be effective in attenuating intimal hyper-
plasia associated with arterial stenosis (Pyo et al., 2004). 
M3 protein expression overcame the cellular inflamma-
tory responses in rat hepatocellular carcinoma lesions 
induced by a recombinant oncolytic vesicular stomatitis 
virus, prolonged the therapeutic effect of this virus, and 
improved animal survival (Wu et al., 2008). Recombinant 
M3 protein also inhibited angiogenesis and neovascu-
larization (Andrés et al., 2009). The experimental auto-
immune encephalomyelitis animal model showed that 
M3 protein treatment significantly reduced the number 
of immune cells infiltrating neurons, indicating that M3 
protein treatment might represent a novel therapeutic 
approach to neuroinflammatory disease (Millward et al., 
2010). Studies on double transgenic mice expressing both 
M3 protein and different chemokines in the pancreatic 
islets explored the role of chemokines and the effects of 
M3 protein on the development of diabetes mellitus type 
I. Moreover, mice expressing M3 protein in the pancreas 
have also been shown to be resistant to induced diabetes 
(Martin et al., 2008).

Studies on rhadinovirus RHVP confirmed that it can 
establish latent infection in B6 and 129 mice, with lethal 
infections observed in mice lacking interferon responses 
and/or B and T cells (Loh et al., 1996). The RHVP genome 
carries all of the conserved ORFs found in MHV-68 and 
KSHV, as well as at least 18 unique ORFs that are not 
broadly conserved among other gammaherpesviruses. 
Sequence analysis of RHVP genome identified several 

proteins (R5, R6, R7, R17, and R18) that are consistent with 
encoding secreted, extracellular proteins. They all contain 
leader peptides and lack both transmembrane regions and 
intracellular localization motifs, and are, thus, hypoth-
esized to subvert host defense (Loh et al., 1996). Lubman 
et al. (2014) newly characterized R17 protein of RHVP as 
a potent chemokine inhibitor that sequesters CC and C 
chemokines with high (nanomolar) affinity, but not CX3C 
and the 6 CXC chemokines. The affinity and kinetics of 
chemokine binding by R17 and its mutant versions were 
measured using standard amine coupling of chemokines 
to R17 immobilized to a CM5 chip. Lubman and Fremont 
(2016) studied the crystal structures of RHVP R17 alone 
and in complex with CCL3 and determined that R17 con-
sists of a pair of β-sandwich domains linked together by 
a bridging sheet that forms an acidic-binding cleft for 
chemokine CCL3 on the opposite face of a basic surface 
cluster that binds GAGs. R17 engages chemokines pri-
marily through the same N-loop determinants used for 
host receptor recognition, while residues located in the 
chemokine 40s loop drive kinetically stable complex for-
mation. The core fold adopted by R17 is unexpectedly simi-
lar to that of the M3 chemokine decoy receptor encoded 
by MHV-68, although, strikingly, neither the location of 
ligand engagement nor the stoichiometry of binding is 
conserved, suggesting that their functions evolved inde-
pendently (Alexander et al., 2002). R17 protein enhances 
chemokine binding to cell surface GAGs through simul-
taneous interactions with both chemokines and GAGs. 
Interaction of R17 protein with GAGs takes place through 
two consensus BBXB motifs not involved in chemokine 
binding. These two sets of results indicate that R17 acts 
similar to M-T1 (myxomavirus CC-chemokine inhibi-
tor) interacting with plasma membrane GAGs to inhibit 
chemokine activity in the proximity of infected cells (Seet 
et al., 2001). R17 protein blocks chemokine-induced chemo-
taxis and calcium influx in vitro, probably through the 
inhibition of the chemokine interaction with its receptor. 

Comparison of the structures of two gammaherpes-
viral vCKBPs, M3 and R17 protein, coupled to chemokine 
shows an important difference between M3 and R17. While 
M3 protein binds CCL2 as a dimer, a monomer of R17 pro-
tein is present in the crystal bound to CCL3. Nevertheless, 
they both share a similar structural scaffold to interact 
with the chemokine, despite their very low amino acid 
identity (Lubman et al., 2014). The results of these studies 
show that RHVP R17 protein employs a similar structure 
as MHV-68 M3 protein to block chemokine-signaling net-
works. However, it is surprising that R17 has in parallel 
developed the capacity to sequester chemokines using 
determinants completely different from those employed 
by M3 protein of MHV-68 (Lubman and Fremont, 2016).
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Perspective 

To date, only members of the Herpesviridae and Pox-
viridae families have been found to express vCKBPs, type 
I transmembrane or secreted proteins. Although these 
proteins display low or no sequence identity between 
themselves and host proteins, they all can bind and modu-
late chemokine activity of host immune response to viral 
infection. As reviewed herein, considerable research has 
been devoted to characterizing the biological properties 
of vCKBPs encoded by herpesviruses. It is currently un-
known whether other large DNA viruses such as members 
of the Asfarviridae family or human poxvirus molluscum 
contagiosum virus also express these kinds of proteins. 
It is noteworthy that such proteins have not yet been 
discovered in human herpesviruses such as VZV, EBV, 
KSHV, HHV-6A and B, and HHV-7, although recent studies 
on VZV found a vCKBP in this virus (Heidarieh et al., 2015; 
González-Motos et al., 2016). Several studies have shown 
the presence of CKBP in more complex organisms than 
viruses, such as the Schistosoma mansoni parasite and 
ticks (Smith et al., 2005; Frauenschuh et al., 2007; Deruaz 
et al., 2008). Moreover, similar activity has been recently 
discovered in a human protein, TNF- stimulated gene/pro-
tein-6 (Dyer et al., 2014). The results of studies on CKBPs 
of viral (or non-viral) origins demonstrate some common 
features of the strategies developed by different patho-
gens to evade host response to infection. Although the 
mechanisms, through which vCKBPs are able to block the 
functions of chemokines and their receptors are still not 
fully understood (Proudfoot, 2002; Lucas and McFadden, 
2004; Kufareva et al., 2015), further research in this field 
may uncover novel vCKBPs (not only of herpesviruses) to 
widen treatment strategies of human diseases related to 
chemokine network disorders. 
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