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Abstract

Viruses encode a variety of mechanisms to evade host immune pathways. Large DNA viruses 

(herpesviruses and poxviruses) encode proteins that mimic chemokines and chemokine receptors. 

Also, some viruses encode secreted proteins that bind chemokines and have structure unrelated to 

host proteins. Recent research in this area has led to the identification of new viral proteins that 

modulate the chemokine system, has provided information on the molecular mechanisms leading 

to interference of chemokine signaling, and has shed light into the function of these proteins in the 

context of infection. The therapeutic value of these viral proteins to inhibit immune responses that 

cause pathology has been explored further. Finally, a new family of chemokine binding proteins 

identified in ticks expands this strategy of immune modulation beyond the virus world.

Introduction

Infection with pathogens triggers signals that initiate the immune response and the 

recruitment of immune cells to sites of infection. Chemokines are a family of 

chemoattractant cytokines that mediate the migration of leukocytes to tissues during 

homeostasis and following injury and infection [1,2]. Chemokines are classified into C, CC, 

CXC and CX3C subfamilies according to the relative positioning of the N-terminal cysteine 

residues. Chemokines interact with glycosaminoglycans (GAGs) and this interaction seems 

to be required for a proper presentation of the chemokine to specific G-protein-coupled 

receptors (GPCRs) present on the surface of target cells [3]. Dysregulation of the chemokine 

network is observed in inflammatory and autoimmune diseases [4].

Viruses have evolved numerous strategies to evade innate and acquired immune responses 

that may eliminate them in the infected host. Large DNA viruses, such as herpesviruses and 

poxviruses, encode homologs of chemokine ligands and chemokine receptors, and secreted 

chemokine binding proteins (CKBPs) to modulate chemokine activity [5] (Figure 1). More 

recently, several examples of CKBPs have been identified in other pathogens different to 

viruses.

Here we review recent findings that increase our understanding of the properties of these 

virus-encoded chemokine modulators, their mechanism to interfere with the chemokine 
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system and their contribution to pathogenesis. We also discuss a new family of CKBPs 

recently identified in ticks.

Viruses encode chemokine receptors

The best studied viral chemokine receptors are ORF74 (or viral GPCR, vGPCR) encoded by 

human herpesvirus 8 (HHV-8, also known as Kaposi’s sarcoma associated herpesvirus, 

KSHV), and US28 encoded by human cytomegalovirus (HCMV or HHV-5). Both 

chemokine receptors are constitutively active and signal through a variety of pathways 

depending on the cellular background in which they are expressed.

vGPCR has been shown to activate both autocrine and paracrine mechanisms leading to 

tumor formation when expressed in transgenic mice [6]. The ability of vGPCR to cause 

these changes appears to depend on its expression on endothelial cell progenitors [6,7]. 

vGPCR affects the biology of both vascular and lymphatic endothelium, by activating 

several pathways including NFkB [8]. Recently the phosphatase Shp has been shown to be 

required for vGPCR-mediated activation of MEK, NFkappaB, and AP-1 [9].

Increased expression of Notch signaling pathway components is observed in Kaposi 

sarcoma (KS). Recent work has provided some clues into these changes and points to 

vGPCR as one of the possible mediators. In vascular endothelial cells vGPCR upregulates 

the expression of several components of the Notch pathway (the receptor Notch2, the ligand 

Jagged1, and Notch downstream targets such as Hey1), via the ERK pathway [8]. In 

lymphatic endothelial cells vGPCR upregulates the Notch ligand DLL4 through a 

mechanism also dependent on ERK, and promotes Notch signaling through Notch4. Gene 

expression profiling showed that JAG1-stimulated or DLL4-stimulated signaling results in 

the suppression of genes associated with the cell cycle in adjacent lymphatic endothelial 

cells, indicating a role for Notch signaling in inducing cellular quiescence in these cells. 

Upregulation of JAG1 and DLL4 by HHV-8 could therefore alter the expression of cell cycle 

components in neighboring uninfected cells during latent and lytic phases of viral infection, 

influencing cellular quiescence and plasticity [10].

Recent progress in understanding the mechanisms whereby vGPCR affects vascular biology 

includes the demonstration that vGPCR can promote expression of angiogenin [11•] and 

activate expression of cyclooxygenase-2 (COX-2) in vascular cells [12] which could explain 

the increased levels of COX-2 detected in KS tissue sections [11•].

A recent and provocative study suggests that vGPCR signaling can be regulated by another 

HHV-8 encoded molecule, K7. Biochemical and confocal microscopy studies indicate that 

K7, a membrane protein, retains vGPCR in the endoplasmic reticulum and induces vGPCR 

proteasomal degradation. Knockdown of K7 by shRNA-mediated silencing increases 

vGPCR protein expression in BCBL-1 cells. Interestingly, K7 expression significantly 

reduces vGPCR tumorigenicity in nude mice [13•].

Recent work on US28 provides a molecular link between HCMV and cancer. US28 stably 

transfected NIH-3T3 cells give origin to tumors when transfected into nude mice [14]. 

Microarray analysis of such cells suggested that expression of COX-2, a key mediator of 
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inflammatory diseases and major determinant in several forms of cancer, was highly 

upregulated. Targeting COX-2 in vivo with Celecoxib led to a marked delay in the onset of 

tumor formation in nude mice injected with US28-transfected NIH-3T3 cells suggesting that 

tumorigenic properties of US28 in this setting depends on the ability of US28 to activate 

COX-2 [15•].

Viruses encode chemokine ligands

HHV-8 and HCMV also encode chemokine ligands. HHV-8 encodes three chemokine 

ligands, known as vMIP-I, vMIP-II and vMIP-III (or vCCL1, vCCL22 and vCCL3, 

respectively). vCCL1 is a selective agonist for CCR8, whereas vCCL2 is an antagonist for 

CCR1, CCR2, CCR5, CX3CR1 and CXCR4, and an agonist for CCR3 (for an extended 

review see [16]). Recently it has been shown that vCCL2 can also antagonize the XCR1 

receptor and that vCCL3 can act as an agonist of this receptor. The full biological meaning 

of these interactions is not known at present. It has been speculated that vCCL2 may 

facilitate immune evasion by blocking recruitment of leukocytes expressing some of these 

receptors, whereas vCCL1 and vCCL3 facilitate virus spread by regulating influx or 

activation of other cell types. Besides their potential role in immune evasion, vCCL1 and 

vCCL2 may have direct effects on endothelial survival and virus replication and contribute 

to the pathogenesis of KS [17].

HCMV encodes at least two CXC ligands, encoded by the genes UL146 and UL147. The 

gene product of UL147 has not yet been characterized, but the UL146 gene encodes the 

protein vCXCL1, which functions as an agonist not only for CXCR2 but also for CXCR1, 

although with lower affinity and potency [18].

Viruses encode CKBPs

Poxviruses and herpesviruses encoded secreted proteins that bind chemokines in order to 

control the activity of chemokines during infection [19]. In contrast to other virus-encoded 

cytokine receptor homologs that share amino acid sequence similarity to host receptor and 

may have a common evolutionary origin, viral CKBPs are unrelated to host receptors and 

may have evolved independently. New CKBPs have been identified in recent years and of 

special interest is the identification of CKBPs encoded by ticks.

Structural studies

Because CKBPs are unrelated to membrane-anchored GPCRs or other proteins in the human 

and mouse genomes, a better knowledge of their structure is of great interest to understand 

how a secreted protein may interact with chemokines with high affinity.

The M3 protein encoded by murine gammaherpesvirus 68 (MHV-68) was the first CKBP 

crystallized as a complex with chemokines, in this case CCL2 [20]. Dimerization of the M3 

protein was found to generate two chemokine binding sites. A recent study describing M3 

complexed to CL1 illustrated the flexibility of this protein that binds a broad range of 

chemokines [21]. Most viral CKBPs prevent the interaction of chemokine with their cellular 

receptors and the subsequent triggering of intracellular signaling. However, both MHV-68 
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M3 and gG from alphaherpesviruses were found to use an additional mechanism, inhibiting 

the interaction of chemokines with both chemokine receptors and GAGs [22,23]. The 

structural basis for the inhibition of chemokine–GAG interaction by M3 was uncovered in 

the crystal structure of the M3–chemokine complex [21].

The A41 protein from VACV has immunomodulatory activity and sequence similarity to the 

35-kDa CKBP from VACV and other poxviruses [24,25]. However, none of these studies 

demonstrated chemokine binding activity for A41. Two research groups carried out an 

extensive screening of chemokines by Surface Plasmon Resonance for their potential 

binding to recombinant A41 from VACV and ectromelia virus, and recently reported the 

identification of a set of CC and CXC chemokines that interact with the A41 protein [26•,

27•]. It was proposed that the A41-mediated inhibition of leukocyte migration in vivo could 

be related to its ability to block the correct interaction of chemokines with GAGs, which is 

required for appropriate chemokine function in vivo [3,28]. The crystal structure of the 

VACV A41 protein confirmed its similarity to the 35-kDa CKBP [29,30], but A41 has 

notable structural differences in surface loops and electrostatic charge distribution [26•]. 

Although the structure of A41 bound to chemokines was not determined, structural 

modeling suggested that the interaction of A41 and 35-kDa proteins with chemokines 

involves the same domains [26•]. The binding site on chemokines for GAGs and chemokine 

receptors frequently overlap and the high affinity of the 35-kDa protein is sufficient to 

interfere with receptor binding while the lower affinity of A41 for chemokines can block 

GAG binding but not receptor binding. Thus poxviruses encode related proteins that inhibit 

the chemokine system in different ways.

Glycoprotein G (gG) from alphaherpesviruses represents another example of a CKBP 

unrelated to other viral CKBPs [23]. The expression of overlapping 100 amino acid-long 

peptides identified a domain of equine herpesvirus 1 gG involved in chemokine binding, 

which corresponds to a hypervariable region located in the extracellular domain adjacent to 

the transmembrane domain [31•]. The lack of chemokine binding activity in EHV-4 gG 

offered the possibility of testing chimeric gGs for activity. Replacement of the hypervariable 

region of EHV-1 gG with the one of EHV-4 rendered a gG unable to bind chemokines. 

Conversely, an EHV-4 gG containing the hypervariable region of EHV-1 gG bound 

chemokines, although this protein was unable to inhibit chemokine-mediated migration 

[31•].

Role of CKBPs in viral pathogenesis and immune modulation

CKBPs are likely to contribute to virus virulence but this has not been demonstrated for all 

of them. gG from a variety of alphaherpesviruses was shown to bind chemokines and inhibit 

their activity [23]. The identification of chemokine binding activity in gG from pseudorabies 

virus [32], a virus that may cause economic problems in pigs, and in infectious 

laryngotracheitis virus [33], the causative agent of a severe respiratory disease in poultry, 

emphasizes the importance of this protein for alphaherpesvirus pathogenesis. A role for gG 

in immune modulation was supported by in vivo experiments showing that chickens infected 

with a gG-deficient infectious laryngotracheitis virus had altered tracheal leukocyte 

populations and lower serum antibody levels compared with those infected with the parent 
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virus. Additional evidence for the immunomodulatory role of gG was provided in a mouse 

model of infection with EHV-1. Mice infected with low doses of a mutant EHV-1 lacking 

gG showed exacerbated respiratory disease, high virus titers and more pronounced 

inflammatory response in the lungs, compared to wild type infections [34]. EHV-1 gG also 

reduced the infiltration of mouse neutrophils and macrophages into the lungs of infected 

mice and the chemotactic function of CCL3 in mice [35].

Orf virus (ORFV) encodes a CKBP related to the VACV 35-kDa protein. ORFV is a 

zoonotic parapoxvirus that induces acute pustular skin lesions in sheep and humans. Using a 

mouse model, it was demonstrated that ORFV CKBP inhibits both inflammatory and 

constitutive mouse chemokines, blocks the recruitment of immature and mature dendritic 

cells to the skin and lymph nodes, and inhibits T cell responsiveness in lymph nodes 

[36,37•].

Additional evidence for the immune modulatory activity of virus-encoded CKBPs was 

illustrated by studies with the 35-kDa CKBP from monkeypox virus (MPXV), a poxvirus 

that causes a smallpox-like disease in humans. The MPXV CKBP was found to bind rhesus 

CCL3 and to inhibit its activity both in vitro and in rhesus macaques [38]. Moreover, it was 

demonstrated that the MPXV CKBP inhibits relapsing experimental autoimmune 

encephalitis disease in mice.

Therapeutic application of CKBPs

The role that chemokines play in controlling the migration of immune cells to sites of 

infection and injury has led to an interest to develop chemokine inhibitors to treat 

autoimmune and inflammatory diseases [4]. The generation of genetically modified mice 

expressing the chemokine inhibitor M3 has been used as an elegant approach to improve our 

understanding of the immunomodulatory role of CKBPs in vivo and their therapeutic value 

[39]. The expression of chemokine inhibitors will shed light into the role of chemokines 

during homeostasis and inflammation. This approach demonstrated the ability of M3 to 

block chemokine function in vivo [40,41]. Moreover, M3 expression prevented development 

of disease in bilateral femoral arterial injury [42] and in autoimmune diabetes [43,44], and 

inhibited leukocyte trafficking to the intestine [45].

Evasins, a family of CKBPs encoded by ticks

One of the most relevant findings in recent years was the identification of a family of 

CKBPs in ticks [46,47••], extending the description of CKBPs beyond viruses. Another 

example is the CKBP encoded by the human parasite Schistosoma mansoni [48]. This 

family of CKBPs, termed Evasins, comprises four members of small proteins of 7–12 kDa 

that are produced in the tick saliva. Ticks are blood-sucking parasites that feed on their hosts 

for several days but cause no inflammatory response. It has been suggested that chemokine 

inhibition by Evasins may prevent innate responses that protect from parasites. In contrast to 

the broad binding specificity of many viral CKBPs (M-T7, 35-kDa or M3 proteins), Evasins 

bind a reduced set of chemokines: Evasin-1 binds CCL3, CCL4 and CCL18, Evasin-3 binds 

CXCL8 and CXCL1, and Evasin-4 binds CCL5 and CCL11 [46,47••]. Evasins inhibit the 

interaction of chemokines with their cellular receptors and the chemokine-induced 
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recruitment of leukocytes in vitro and in vivo. The crystal structure of Evasin-1 and Evasin-3 

has been determined and reveal novel protein folds [47••]. Both proteins are unrelated in 

their secondary and tertiary structures, and interact with host chemokines presumably in 

different ways. The recent determination of the structure of Evasin-1 complexed with 

chemokines has defined the structural basis for the Evasin selectivity of chemokines [49•]. 

Interestingly, the structure of Evasins is different to the protein fold observed in viral CKBPs 

and the sequestration of chemokines by Evasin-1 differs from that of other CKBPs 

complexed with chemokines (35 kDa and M3). The immunomodulatory activity of Evasins 

and their therapeutic value have recently been demonstrated in animal models [50,51].

Conclusions

The mimicry of components of the host chemokine system by viruses was discovered many 

years ago, and since then many large DNA viruses have been found to encode homologs of 

chemokines and their receptors, and CKBPs. However, we still do not fully understand the 

function of this diverse family of viral proteins. The fact that viral chemokines and 

chemokine receptor homologs may activate or inhibit chemokine signaling illustrates the 

variety of functions that lead to immune evasion or to hijacking of the chemokine networks 

for the interest of the virus. The function of viral CKBPs is easier to predict, but we do not 

understand why viruses encode CKBPs with distinct chemokine specificity, indicating that 

viruses adapt CKBPs to inhibit different aspects of immunity. Although recent studies have 

increased our understanding of viral mimics of the chemokine system, more research is 

needed to uncover their specific roles in the context of infection and how they contribute to 

the pathology caused by viruses. The therapeutic use of these viral proteins is worth 

exploring further since they will provide us with new immune modulatory strategies that 

may lead to new medicaments to treat inflammatory diseases. Finally, it is likely that similar 

strategies are utilized by complex pathogens and future studies are likely to uncover more 

chemokine modulators outside viruses.
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Figure 1. 
Chemokine modulators encoded by herpesviruses and poxviruses. Chemokines interact with 

glycosaminoglycans (GAGs) and activate the migration of leukocytes that express specific 

chemokine receptors. Herpesviruses and poxviruses encode homologs of chemokines, which 

may function as agonists or antagonists, and chemokine receptors, which are expressed on 

the surface of infected cells and may be constitutively activated. Viral chemokine binding 

proteins (CKBPs) are secreted proteins of structure unrelated to host chemokine receptors 

that bind chemokines and may block the interaction of chemokines with GAGs or 

chemokine receptors.
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