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AbstrAct
Human chemokine receptors play an important role in the immune system by coordinating 
the migration of leukocytes to inflammatory sites. Kaposi’s sarcoma-associated herpesvirus 
(KSHV) has pirated and modified a chemokine receptor-encoding gene from the host for its 
own benefit. It is therefore believed this KSHV-encoded chemokine receptor named ORF74 
is involved in evading antiviral immune responses to establish a lifelong infection with KSHV.

Chemokine receptors, like many other G protein-coupled receptors (GPCRs), can form 
homo- and heterodimers by physically interacting with each other. Importantly, heterodi-
mers can exhibit altered functional characteristics compared to monomeric GPCR subtypes, 
including ligand binding, signaling and trafficking. 

We hypothesize that ORF74 physically interacts with host chemokine receptors to modify 
responsiveness of leukocytes in favor of the virus. We identified potential heterodimers 
between ORF74 and human chemokine receptors using bioluminescence resonance energy 
transfer (BRET), co-immunoprecipitation and proximity ligation assay (PLA). 

IntroductIon
Chemokines and their receptors play a key role in the immune system. Chemokines are se-
creted proteins that form local gradients by interacting with glycosaminoglycans (GAGs) [21] 
to regulate leukocyte homing during immune surveillance or direct leukocytes to sites of 
inflammation by binding to their cognate G protein-coupled receptors (GPCRs). In humans, 
42 chemokines and 23 chemokine receptors have been identified. Chemokines are divided 
into four classes (i.e. C, CC, CXC and CX3C), based on the number and relative position of 
conserved N-terminal cysteine residues. Accordingly, chemokine receptors are classified by 
the cognate chemokines they bind [152]. 

During evolution, several herpesviruses have hijacked chemokine receptor genes from the 
host for their own benefit [53]. Kaposi’s sarcoma-associated herpesvirus (KSHV) infects B 
cells, monocytes and lymphatic and vascular endothelial cells [152] and establishes a wide-
spread and lifelong persistent infection in human by employing several immune-evasion 
mechanisms [151, 382]. The KSHV genome encodes the viral GPCR (vGPCR) ORF74. ORF74 
shows highest sequence identity to the human chemokine receptor CXCR2 and indeed binds 
human chemokines from the CXC class (e.g. CXCL1, CXCL8 and CXCL10) [145], indicating a 
role for ORF74 in modulating the host immune system. Besides chemokine-induced signal-
ing, ORF74 constitutively activates multiple proliferative, pro-inflammatory and pro-angio-
genic signaling pathways [53, 147]. ORF74 has been associated with the development of 
Kaposi’s sarcoma, a highly vascularized tumor that appears mostly as patches on the skin or 
on mucosal surfaces and is histologically characterized by proliferative spindle-shaped cells 
of endothelial origin and infiltrating immune cells [77, 78, 147, 182, 329, 383]. 

Although initially believed to exist as monomers, it is now widely accepted that GPCRs, in-
cluding chemokine receptors [384], can physically interact with each other to form homo- 
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and heterodimers. Heterodimers can exhibit unique properties compared to monomers 
as both receptors can allosterically modulate each other’s characteristics, including ligand 
binding, signaling and trafficking [302]. Different techniques (e.g. biophysical, biochemical, 
functional complementation and structural methods) have been used to identify GPCR het-
erodimer in recombinant systems [385]. However, it remains challenging to detect and func-
tionally validate heterodimers in their native environment.

In this chapter, we showed potential homo- and heterodimerization of ORF74 with human 
chemokine receptors and hypothesize that ORF74 might alter the function of these host 
receptors as a strategy to escape anti-viral immune responses and/or to promote viral dis-
semination. We focused on CCR1 and CCR6 as these chemokine receptors are expressed 
on cells permissive for KSHV infection [152] and CCR1 is expressed by the majority of KS 
spindle-shaped cells from KS skin biopsies as detected by immunostaining [386]. Further-
more, CCR1 and CCR6 do not share ligands with ORF74, which makes it possible to distin-
guish the role of each receptor in future studies to determine the functional consequences 
of heterodimerization (e.g., binding cooperativity or trans-activation or -inhibition studies). 
Besides using BRET and co-immunoprecipitation assays, we used the more recently devel-
oped proximity ligation assay (PLA) to visualize ORF74 heterodimers at the cell surface. This 
antibody-based method can potentially be used in future experiments to identify native 
ORF74 heterodimers in situ.  

MAterIAls And Methods

Materials  
Dulbecco’s modified Eagle’s medium (DMEM) and trypsin were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Fetal bovine serum (FBS) and penicillin/streptomycin were ob-
tained from PAA Laboratories GmbH (Paschen, Austria). The polyclonal antibody recogniz-
ing ORF74 was a kind gift of Dr. Hayward (Johns Hopkins University, Baltimore, MD) [337]. 
Anti-CCR5 was obtained from the NIH AIDS research, anti-CXCR4 (12G5) was purchased 
from Santa Cruz Biotechnology (Santa Cruz, CA, USA), anti-HA was obtained from Roche 
(Mannheim, Germany) and anti-FLAG and anti-HA-agarose antibody were purchased from 
Sigma-Aldrich (St Louis, MO, USA). Anti-rat and anti-rabbit HRP-conjugated secondary anti-
bodies were obtained from Pierce Chemical Co., (Rockford, IL, USA) and Bio-Rad Laborato-
ries (Herculas, USA), respectively. AlexaFluor488 and 546-conjugated secondary antibodies 
were obtained from Invitrogen (Paisley, UK). Coelenterazine-h was obtained from Promega 
(Madison, WI, USA). Linear polyethylenimine (PEI) for transfection was purchased from 
Polysciences (Warrington, PA, USA). Duolink PLA probes anti-mouse-PLUS, anti-rabbit-PLUS, 
anti-rabbit-MINUS, anti-rat-MINUS and Duolink in situ Detection Reagent 563 (red) were 
purchased from Olink (Uppsala, Sweden).

DNA constructs            
cDNA encoding for triple HA-tagged human CCR1 and CCR6 were purchased from Missouri 
S&T cDNA Resource Center. The cDNA of WT-ORF74 (GenBank accession number U71368 
with a silent G to T mutation at position 927) (gift from Dr. Schwartz, University of Copenha-
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gen, Denmark) and 3HA-CCR6 were amplified by PCR and inserted into pcDEF3 (a gift from 
Dr. Langer, Robert Wood Johnson Medical School, Piscataway, NJ). FLAG-ORF74 has been 
constructed with PCR and the construction of HA-ORF74 has previously been described 
[235]. WT-CCR5-pcDNA3.1 was from GenScript and WT-CXCR4-pcDNA3.1 was a gift from 
Dr. Tensen, Leiden University Medical Center, Leiden, Netherlands). An improved variant 
of Renilla luciferase (Rluc8) and mVenus were fused in frame to the C-terminus of ORF74, 
CCR1 and CCR6 as previously described [306]. All generated constructs were verified by DNA 
sequencing.

Cell culture and transfection                 
HEK293T cells were cultured in DMEM supplemented with 10% FBS, 50 IU/ml penicillin and 
50 µg/ml streptomycin at 37°C and 5% CO2. Transfections were performed using PEI as de-
scribed previously [306].

Saturation BRET                  
HEK293T cells were co-transfected with a constant amount of DNA encoding ORF74-Rluc8 
and increasing amounts mVenus-tagged receptors and plated in white 96-well plates. 48 h post-
transfection, saturation BRET between these receptors was measured as described previ-
ously [305].

Co-immunoprecipitation and Western blotting                 
HEK293T cells were transiently transfected with FLAG-ORF74 and/or HA-tagged chemokine 
receptor. 24 h post transfection, FLAG-ORF74-expressing cells were mixed 1:1 with 
HA-GPCR-expressing cells or cells co-expressing these receptors were mixed 1:1 with cells 
transfected with empty vector (mock). 48 h post-transfection, cells were lysed at 4°C for 30 
min in lysis buffer (1% Nonidet P-40, 1 mM EDTA, 150 mM NaCl, 10% glycerol and 1 mM 
CaCl2) supplemented with α-complete protease inhibitor cocktail (La Roche) and cell lysates 
were incubated with agarose-conjugated anti-HA antibody at 4°C for 90 min. Immunopre-
cipitates were washed three times with wash buffer (0.1% Triton-X100, 50 mM Tris pH 7.4, 
300 mM NaCl and 5 mM EDTA) and subsequently eluted from anti-HA agarose antibody by 
incubation with sample buffer (0.12 M Tris pH 6.8, 3.4% SDS, 10% glycerol, 0.2 M dithio-
threitol and 60 µM bromphenol blue) for 5 min at 22°C. Protein samples were resolved 
by SDS-PAGE analysis using 10% gels. After electrophoresis, proteins were transferred to 
nitrocellulose membranes (Bio-Rad) (GE Healthcare, Little Chalfont, UK) and subsequently 
blocked for 1 h at 22°C in 5% non-fat milk in 0.1% Tween-20/Tris-buffered saline (TBS: 150 
mM NaCl, 10 mM Tris-HCl, pH 7.5) solution prior to the overnight incubation with primary 
antibody at 4°C. The next day, blots were incubated with HRP-conjucated secondary anti-
body and visualized with enhanced chemiluminescence solution (Thermo Fisher Scientific).

Cell surface receptor expression ELISA 
Transiently transfected HEK293T cells were seeded in a poly-L-lysine-coated 96-well plate 
(5·104 cells/well) and grown overnight. 48 h post-transfection, cells were fixed for 5 min 
with 4% formaldehyde in TBS. Next, cells were incubated with blocking buffer (1% fat-free 
milk diluted in 0.1M NaHCO3 (pH 8.6)) for 4 h at 22°C, prior to the overnight incubation at 
4°C with anti-FLAG or anti-HA antibody diluted in 0.1% BSA/TBS. The next day, cells were 
washed three times with TBS and subsequently incubated with HRP-conjugated secondary 
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antibody diluted in blocking buffer for 2 h at 22°C. After washing the cells three times with 
TBS, OPD substrate solution (2 mM o-phenylenediamine (Sigma-Aldrich), 35 mM citric acid, 
66 mM Na2HPO4, 0.015% H2O2, pH 5.6) was added to the cells. The enzymatic reaction was 
terminated by adding 1 M H2SO4 and absorbance was subsequently measured at 490 nm in 
a PowerWave plate reader (BioTek).

Immunofluorescence
HEK293T cells were transiently transfected with ORF74-mVenus or were co-transfected with 
WT-CXCR4 and WT-CCR5 and seeded in a 24-well plate (105 cells/well) containing poly-L-
Lysine-coated coverslips. 48 h post-transfection, cells were fixed for 10 minutes in 4% form-
aldehyde in PBS and subsequently incubated in blocking buffer (5% non-fat milk in PBS) for 
30 minutes at 22°C. Next, cells were incubated with anti-ORF74 or with anti-CXCR4 and anti-
CCR5 antibodies for 1 h at 22°C in blocking buffer. The cells were subsequently washed three 
times with PBS and incubated with AlexaFluor546-conjugated and/or with AlexaFluor488-
conjugated secondary antibodies for 1 h at 22°C in blocking buffer. Cells were washed three 
times with PBS, stained with DAPI nuclear dye (1 μg/ml) and mounted with Vectashield 
Mounting Media (Vector Laboratories, Burlingame, CA, USA). Fluorescence was detected 
with a Nikon eclipse TE200 inverted fluorescence microscope and photos were captured 
with an Olympus XM10 camera. 

In situ proximity ligation assay (PLA) 
HEK293T cells were transiently co-transfected with WT-CXCR4 and WT-CCR5 or with WT-
ORF74 in combination with 3HA-CCR1 or 3HA-CCR6 and seeded in a 24-well plate (105 cells/
well) containing poly-L-Lysine-coated coverslips. 48 h post-transfection, cells were fixed for 
10 min in 4% formaldehyde in PBS and subsequently incubated with blocking buffer (5% 
non-fat milk in PBS) for 30 min at 22°C. Next, cells were incubated with anti-CCR5 and anti-
CXCR4 or with anti-ORF74 and anti-HA antibodies for 1 h at 37°C in blocking buffer. After 
washing with PBS, cells were incubated with anti-MINUS and anti-PLUS secondary antibod-
ies (the PLA probes), and PLA was performed according to the manufacturer’s instructions. 
Fluorescence was detected with a Nikon eclipse TE200 inverted fluorescence microscope 
and photos were captured with an Olympus XM10 camera. 

results

Close proximity between ORF74 and human chemokine receptors
Bioluminescence resonance energy transfer (BRET) was used to determine close proximity 
(< 10 nm) between ORF74 and human chemokine receptors. To this end, ORF74 was C-
terminally fused to Rluc8 and transiently transfected in HEK293T cells together with increas-
ing levels of mVenus-tagged receptors. As previously described (see Chapter 2), cell surface 
expression and constitutive and chemokine-induced signaling of ORF74 to phospholipase C 
were not affected by the fusion of Rluc8 to ORF74 (Fig. 1, Chapter 2). Saturation of the BRET 
signal with increasing mVenus/Rluc8 ratios represents the state when every ORF74-Rluc8 is 
interacting with receptor-mVenus fusion protein [350] and was observed between ORF74 
and CCR1, CCR6 and ORF74 (Fig. 1). Saturated BRET (BRETmax) was highest for ORF74-mVe-
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nus/ORF74-Rluc8, whereas ORF74-mVenus/CCR1-Rluc8 and ORF74-mVenus/CCR6-Rluc8 
yielded comparable BRETmax values (Table 1). However, BRETmax values are also dependent 
on the distance and relative orientation of the BRET donor (Rluc8) and acceptor (mVenus) 
and therefore can not be used as a quantitative measure of the relative numbers of homo- 
or heterodimers [387]. Comparable BRET50 values were obtained for all tested chemokine 
receptors (Table 1), indicating that ORF74 forms homo- and heterodimers with human che-
mokine receptors with approximately equal propensities. 

Co-immunoprecipitation of ORF74 heterodimers
To demonstrate a direct physical interaction between ORF74 and human chemokine recep-
tors rather than only close proximity, co-immunoprecipitation studies were performed. To 
this end, cell lysates prepared from cells co-expressing (i.e. ‘co’) HA-tagged GPCRs and FLAG-
ORF74 were subjected to immunoprecipitation using anti-HA beads and resolved by SDS-
PAGE. FLAG-ORF74 was co-immunoprecipitated with 3HA-CCR1, 3HA-CCR6 and HA-ORF74 
as revealed by detection of a FLAG-immunoreactive band at 43 kDa (Fig. 2A). No bands 
corresponding to FLAG-ORF74 were observed in anti-HA immunoprecipitated samples pre-
pared from mixing cells that either express HA-GPCR or FLAG-ORF74 prior to solubilization 
(i.e. ‘mix’) (Fig. 2A). These data suggest that ORF74 forms homo- and heterodimers with 
human chemokine receptors and exclude aspecific aggregation of the hydrophobic domains 
of these GPCRs during sample preparation. Probing co-immunoprecipitation fractions with 

Figure 1. Close proximity between ORF74 and (human) chemokine receptors. HEK293T cells were transiently 
transfected with a constant amount of ORF74-Rluc8 and increasing amounts of CCR1-, CCR6- or ORF74-mVenus. 
The BRET ratio (BRET/Rluc8) is corrected for the BRET ratio measured in the absence of mVenus-tagged receptor 
and was measured as a function of increasing mVenus/Rluc8 ratio. Data were obtained from three independent 
experiments performed in triplicate.

BRET50 values represent the relative affinity of 
the BRET partners for each other and were de-
termined from the curves of figure 1 that were 
fitted using nonlinear regression, assuming a 
single binding site.

Table 1. BRET between ORF74 and indicated chemokine receptors.
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anti-HA antibody confirmed expression of HA-GPCRs in samples prepared from both co-
transfected and mixed cells (Fig. 2A). Although FLAG-ORF74 was undetectable in lysates 
prepared from mixed and co-transfected cells (data not shown), FLAG-ORF74 expression 
was confirmed on the cell surface of mixed and co-transfected cells by means of ELISA, with 
the exception of cells co-transfected with 3HA-CCR1 (Fig. 2B). The lack of significantly de-
tectable expression of FLAG-ORF74 when co-expressed with 3HA-CCR1 in ELISA is possibly 
due to its low expression levels, which are enriched during co-immunoprecipitation and 
therefore detectible by probing co-immunoprecipitation fraction with anti-FLAG antibody 
(Fig. 2A). Cell surface expression of FLAG-ORF74 was higher in mixed cells than in cells co-
transfected with HA-tagged GPCRs (Fig 2B). 

ORF74 heterodimerization at the cell surface
The close proximity between ORF74 and CCR1 or CCR6 was further evaluated using PLA, 
which enables the visualization of protein-protein interactions at the cell surface of intact 
cells. This technique uses primary antibodies from different species that target the GPCRs 
and that are subsequently recognized by secondary antibodies that are attached to a unique 
DNA strand (Fig. 3A). Two added DNA oligonucleotides form circular DNA only when the 
two GPCRs are in close proximity (Fig. 3B). DNA polymerase replicates the circular DNA via 
the rolling-circle amplification reaction and fluorescent-labeled probes complementary to 
the amplified DNA are added for detection (Fig. 3C). The PLA signal is visible as distinct red 
fluorescent dots, each representing a GPCR complex, which can be analyzed by fluorescence 
microscopy (Fig. 3C).  

Figure 2. ORF74 co-immunoprecipitates with CCR1, CCR6 and ORF74. HEK293T cells expressing FLAG-ORF74 were 
mixed with cells expressing HA-GPCR (i.e. ‘mix’), whereas cells co-expressing these receptors were mixed with mock 
cells (cells transfected with empty pcDEF3 vector) (i.e. ‘co’). (A) Cell lysates were immunoprecipitated with anti-HA 
beads and subsequently resolved by SDS-PAGE and immunoblotted with anti-FLAG (top panel) or anti-HA (lower 
panel). (B) Cell surface expression of FLAG-ORF74 was determined by ELISA. Immunoblots shown are from a rep-
resentative experiment performed three times (A) or data is shown as the mean ± SEM of pooled data from three 
independent experiments each performed in triplicate and presented as fold over mock-transfected cells (black 
bar) (B). Statistical differences in cell surface expression between mock- and FLAG-ORF74-transfected cells (B) were 
determined by one-way ANOVA followed by a Bonferroni test (# p ≤ 0.01, ^ p ≤ 0.001, * p ≤ 0.0001, ‘NS’ means not 
significant).
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To evaluate this technique, PLA was first performed on HEK293T cells co-expressing CXCR4 
and CCR5. CXCR4 and CCR5 have been reported to form functional heterodimers in differ-
ent cell types [296, 388], including HEK293T cells [389]. Co-transfection of HEK293T cells 
with cDNA encoding CXCR4 and CCR5 results in CXCR4/CCR5 co-expression in only a small 
percentage of cells, as determined by the spatial overlap of immunofluorescence using anti-
CXCR4 and anti-CCR5 antibodies (Fig. 4). 

This low level of co-expression is reflected in the PLA by the few cells that show the typical 
red fluorescent dots representing cell surface CXCR4/CCR5 heterodimers (Fig. 5A). Impor-
tantly, PLA signal was undetectable in mixed cells individually expressing either CXCR4 or 
CCR5 (Fig. 5B) or in cells co-expressing CXCR4/CCR5 when one of the primary antibody was 
omitted (Fig. 5C).

Figure 3. Schematic overview of the proximity ligation assay  (PLA) technique. (A) Cells co-expressing both GPCRs 
are incubated with primary and oligonucleotide-conjugated secondary antibodies (PLA probes). (B) Two added 
oligonucleotides hybridize to the PLA probes only if they are in close proximity and form circular DNA. (C) DNA poly-
merase amplifies the circular DNA during the rolling-circle amplification (RCA) reaction and generates a repeated 
sequence that extends from one of the PLA probes. Fluorescently labeled oligonucleotides hybridize to the amplified 
DNA and generate a red fluorescent dot that can be visualized by fluorescence microscopy.

Figure 4. Co-expression of CXCR4 and CCR5. HEK293T cells were co-transfected with CXCR4 and CCR5 and expres-
sion was determined by immunofluorescence. Red: CXCR4, green: CCR5, yellow: co-localization of CXCR4 and CCR5, 
blue: nucleus (DAPI). All pictures have been taken at 17x magnification.
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Next, the close proximity between ORF74 and CCR1 or CCR6 was investigated using a previ-
ously described anti-ORF74 antibody [337] and an anti-HA antibody. The anti-ORF74 and 
anti-HA antibodies specifically detected cell surface ORF74 or 3HA-CCR1/CCR6, respectively 
and no cross-reactivity was detected as determined by ELISA (Fig. 6). Typical red fluorescent 
dots were observed on the cell surface of cells co-expressing ORF74 and CCR1 or CCR6, rep-
resenting close proximity between these receptor pairs (Fig. 7). 

Figure 5. Evaluation of PLA for CXCR4/CCR5 dimers. PLA was performed on HEK293T cells co-expressing CXCR4 and 
CCR5 (A, C) or on mixed cells individually expressing CXCR4 or CCR5 (B). Cells were incubated with anti-CXCR4 and 
anti-CCR5 antibodies (A, B) or anti-CXCR4 antibodies alone (C). Red dots represents CXCR4/CCR5 protein complexes. 
DNA was counterstained by DAPI (blue) to visualize the nucleus. Pictures were taken at 40x magnification. A repre-
sentative picture from three experiments is shown.

Figure 6. Specificity of the anti-ORF74 and 
anti-HA antibodies. HEK293T cells were trans-
fected with WT-ORF74, 3HA-CCR1, 3HA-CCR6 
or empty plasmid (mock) and incubated with 
the anti-ORF74 antibody (white bars) or anti-
HA antibody (black bars). Antibody reactivity 
was determined by ELISA. Data is shown as 
the mean ± SEM of pooled data from three 
independent experiments each performed in 
triplicate and presented as fold over mock-
transfected cells. Statistical differences in cell 
surface expression between mock- and WT-
ORF74- or 3HA-CCR1/CCR6-transfected cells 
were determined by one-way ANOVA followed 
by a Bonferroni test (* p ≤ 0.0001, ‘NS’ means 
not significant.
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dIscussIon
Although GPCRs were initially believed to exist and function as monomers, the concept of 
GPCR heterodimerization is now well established. The best example is probably that of the 
γ-amino butyric acid (GABA) B receptor for which dimerization of the GABAB1 and GABAB2 
subunits is required to ensure proper trafficking to the cell surface [390]. The list of GPCRs 
heterodimers with unique pharmacological and functional features as compared to mono-
mers is still growing and was recently expanded with viral GPCRs encoded by the human 
cytomegalovirus (HCMV) and Epstein-Barr virus (EBV) that heterodimerize with viral and hu-
man GPCRs [291, 305, 306, 309, 391]. However, heterodimerization of ORF74 has hitherto 
not been investigated.  

Our BRET, coIP and PLA results provide a first indication for the formation of ORF74 homodi-
mers and heterodimers with CCR1 and CCR6 and future studies will determine whether 
this could be generalized to other human chemokine receptors. BRET is frequently used to 
detect GPCR homo- and heterodimers in living cells [392]. However, BRET does not provide 
information on the localization of the observed dimers and can only be used in heterologous 
expression systems due to the requirement of genetic fusion constructs [392]. Antibody-
based methods such as FRET and co-immunoprecipitation can be used to detect endog-
enously expressed receptor heterocomplexes in native cells [393], but are often limited due 
to the generally low expression levels of GPCRs. On the other hand, PLA is highly sensitive 
as receptor-receptor complexes are converted into detectable DNA molecules that are ex-
ponentially amplified by the rolling circle amplification step. Furthermore, PLA enables the 
visualization of GPCR heterodimers on the cell surface of single cells and with individual 
complex resolution [394]. PLA has been used to detect heterodimerization between endog-
enously expressed dopamine D2 receptors and oxytocin receptors [395] or adenosine A2A 
receptors [396], between dopamine D4 and adrenergic α1b or β1 [397] and between cannabi-

Figure 7. Close proximity between ORF74 and human CCR1 and CCR6. PLA was performed on intact HEK293T cells 
co-expressing ORF74 and HA-tagged CCR1 (left) or ORF74 and HA-tagged CCR6 (right). Red dots represents ORF74/
CCR1 and ORF74/CCR6 protein complexes. DNA was counterstained by DAPI (blue). Pictures were taken at 100x 
magnification. A representative picture from two experiments is shown.
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noid CB1 and CB2 receptors [398] in the brain of rats or mice. To determine whether ORF74 
has the propensity to dimerize with human chemokine receptors, our results need to be 
confirmed in KSHV-infected cells and/or KS biopsies using for instance the PLA technology. 
Antibodies have been described that can detect endogenous ORF74 expression in PEL cell 
lines, KSHV infected primary human DMVEC cells, KSHV-associated lymphoma tumors and 
Kaposi’s sarcoma lesions [337].

To persist in the host cells after primary infection, KSHV has developed a number of strate-
gies to escape antiviral immune responses, including re-directing the host chemokine net-
work by encoding its own versions of chemokines. The KSHV-encoded chemokines vCCL1, 
vCCL2 and vCCL3 act as agonists for chemokine receptors expressed on host Th2 cells, while 
antagonizing receptors on Th1 cells. This results in the selective recruitment of Th2 cells to 
the site of infection. Notably, Th2 cells are less effective against intracellular pathogens as 
compared to Th1 cells that induce cytotoxic reactions [151, 382]. 

ORF74 might contribute to immune evasion and viral dissemination as well, possibly by mod-
ulating the functional properties of human chemokine receptors within heterodimers. For 
example, ORF74 might impair human chemokine receptor signaling by allosterically regulat-
ing chemokine binding to host receptors or by downregulating their cell surface expression. 
Negative binding cooperativity has been reported for CXCR4/CCR5, CCR5/CCR2 and CCR2/
CXCR4 [294, 295, 399] heterodimers. Chemokines and small molecule antagonist specific for 
CCR5 or CXCR4 cross-inhibit the binding of CCL2 to CCR2 and vice versa in both recombinant 
and native immune cells. Likewise, the Epstein-Barr virus encoded-GPCR BILF1 constitutively 
impairs CXCL12 binding to CXCR4 and consequently inhibits CXCR4 signaling. However, it is 
unknown whether the observed heterodimerization between CXCR4 and BILF1 is required 
for inhibiting CXCL12 binding to CXCR4. CXCL12 requires G protein coupling to CXCR4 for 
high affinity binding and the underlying mechanism was suggested to involve the scavenging 
of a shared pool of Gαi/o proteins by BILF1. The HCMV-encoded GPCRs UL33 and UL78 are also 
able to form heterodimers with human CXCR4. Co-expression of UL33 and UL78 reduces 
CXCR4 cell surface expression and decrease the Emax and potency of CXCL12-induced inositol 
phosphate (IP) production and Ca2+ mobilization without affecting chemokine binding [309]. 

Alternatively, heterodimerization of ORF74 with human chemokine receptors might en-
hance signaling of the latter, as was shown for the HCMV-encoded GPCR US27 [308]. Co-ex-
pression of US27 potentiates CXCR4-induced Ca2+ mobilization and chemotaxis in response 
to  CXCL12. However, whether this effect requires heterodimerization is unknown. Positively 
modulating signaling of human chemokine receptors by heterodimerization with ORF74 
might promote cell migration and subsequently favors viral dissemination or might unmask 
oncogenic signaling mediated by human chemokine receptors and thereby potentially con-
tributes to the oncogenic potential of ORF74.

In summary, our data is a first indication that ORF74 heterodimerizes with human chemo-
kine receptors. Future experiments will be conducted to study the functional consequences 
and the physiological relevance in native cells of these heterodimers and their role in im-
mune evasion, viral dissemination and KSHV-associated pathologies. 




