
G PROTEIN-COUPLED RECEPTORS 

G protein-coupled receptors (GPCRs) constitute one of the 
largest receptor families encrypted in the human genome. 
Presence of the signature seven-transmembrane domain 
and a number of highly conserved amino acid residues in the 
transmembrane domains or the second intracellular loop are 
two well-known features of this kind of receptor families. How-
ever, their extreme diversity in selecting binding partners as 
well as executing signaling functions based on common struc-
tural platforms has been their another unique trait (Lefkowitz, 
2007; Kolar et al., 2016). Due to their central roles in initia-
tion and regulation of many physiologically-relevant signaling 
events that occur through plasma membranes, they have 
proved as one of the most effective targets for numerous phar-
macological interventions to improve a variety of pathological 
conditions.

Several biomolecules including peptides, fatty acids, amino 
acids, steroids, nucleotides have been shown to act as ligands 
for GPCRs. In general, their engagement with corresponding 

GPCRs initiates a series of molecular events starting with dis-
sociation of pre-assembled G protein complex into two sepa-
rate Ga and Gbγ components (Fig. 1). This leads to stimulation 
of different kinds of multiple downstream signaling pathways 
depending on interacting ligands and their receptors. Conver-
sion of a guanosine diphosphate (GDP)-bound form of Ga to 
a guanosine triphosphate (GTP)-bound represents another 
critical event necessary to jump-start overall GPCRs signal-
ing. This GDP-to-GTP switch gives rise to separation of Ga 
and Gbγ from trimeric G proteins complex, allowing each of 
them to activate independent downstream signaling cascades 
through engagement of various second messenger (Kolar et 
al., 2016). Based on their specificities for second messengers, 
G protein a subunits can be further classified into four differ-
ent members including Gas, Gai/o, Gaq/11, and Ga12/13 (Cabrera-
Vera et al., 2003; Bongers et al., 2010) (Fig. 1). In general, 
both Gas and Gai/o interact and regulate enzymatic activity of 
adenylyl cyclase (AC) in the opposite direction, resulting in 
an increased and decreased production of cyclic adenosine 
monophosphate (cAMP), respectively. Changes in the level of 
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cAMP affect the enzymatic activity of protein kinase A (PKA). 
On the other hand, Gaq/11 activates phospholipase C beta 
(PLCb), contributing to hydrolysis of phosphatidylinositol 4, 
5-bisphosphate (PIP2) into diacylglycerol (DAG) and inositol 
triphosphates (IP3). Production of DAG and IP3 ultimately lead 
to stimulation of protein kinase C (PKC) and up-regulation of 
cytoplasmic calcium level. In turn, activation of PKC and cyto-
plasmic mobilization of calcium modulates a variety of down-
stream signaling pathways via phosphorylation of a number 
of PKC substrate proteins and stimulation of several calcium-
binding proteins, respectively. Activation of Ga12/13 is associ-
ated with rearrangement of actin filament and modulation of 
chemotaxis through interaction with small G protein Rho and 
focal adhesion kinase (FAK). Dissociated Gbγ complex was 
also shown to regulate a number of downstream effector pro-
teins including AC, phosphoinositide 3-kinase (PI3K), PLCb 
and ion channels. 

CHEMOKINE AND CHEMOKINE RECEPTORS

Chemokines are a large family of small size cytokines re-
quired for recruitment of immune cells to site of inflammation 
(Vomaske et al., 2009). They are subdivided into four different 
chemokine classes (CC-, CXC-, CX3C-, and XC-) based on 
location of their signature cysteine residues found in amino 
terminus (Vomaske et al., 2009). Chemokines serves as li-
gands for chemokine receptors (CCRs), which comprise a 
subfamily of the large class A rhodopsin-like GPCRs (Murphy 
et al., 2000). Both chemokines and their corresponding re-
ceptors play a fundamental role in control of various immune 

responses in many pathological conditions. Recently, one of 
chemokines, CXCR4 was found to be in a deep involvement 
with modulation of cancer metastasis. This further highlights 
not only their functional linkage to regulation of many patho-
logical events but also their significance as druggable targets 
to manipulate a number of immune-related diseases (Balkwill, 
2004).

VIRALLY ENCODED G-PROTEIN COUPLED  
RECEPTORS 

Viruses establish an inseparable relationship with host cells 
for their survival. In this regard, they need to take advantage 
of every aspect of host cellular signaling for successful com-
pletion of their life cycle. In accordance with this requirement, 
they have adopted many strategies to maximize their survival. 
They include hijacking a number of host GPCRs into their ge-
nome through co-evolutionary relationship with diverse viral 
hosts. Interestingly, these so-called virally encoded GPCRs 
(vGPCRs) turned out to be highly homologous with several 
immunologically-important CCRs. Among many viruses with 
pathological significance, herpesviruses have been a front-
runner in developing these extraordinary abilities to utilize 
CCRs-dependent signaling pathways as their survival strate-
gies. As shown in Table 1 (which was edited from Vischer et 
al., 2014), six CCR homologues were found to be encoded in 
herpesvirus genomes. They include ORF74 for Kaposi’s sar-
coma-associated herpesvirus (KSHV), BILF1 for Epstein-Barr 
virus (EBV) and four CCR homologues such as UL33, US27, 
US28 and UL78 for human cytomegalovirus (HCMV) (Chee et 
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al., 1990; Vischer et al., 2014). Indeed, these vGPCRs were 
also demonstrated to execute very efficient couplings to di-
verse host GPCR signaling networks in order to achieve the 
most virally-favorable environment for their efficient propaga-
tion inside the host cell (Boomker et al., 2005). However, in 
spite of many common features shared by both host and viral 
GPCRs, intrinsic differences between them were also striking. 
In contrast to predominant coupling of human CCRs to Gai/o, 
vGPCRs tend to transmit their signal by using a diverse range 
of Ga proteins including Gas, Gai/o, Gaq/11, and Ga12/13 (Slinger 
et al., 2011) (Fig. 1). In some cases, ligand-independent con-
stitutive signaling though a subset of vGPCRs was also re-
ported to be intimately linked to virus-induced pathogenesis, 
especially oncogenesis (Kralj et al., 2011). Therefore, study of 
these vGPCR signaling in host cells will help us to better un-
derstand the molecular mechanism for viral pathogenesis by 
these vGPCR-utilizing viruses such as herpesviruses. This will 
enable us to better design various inhibitors for vGPCR in or-
der to develop them as antiviral drugs by interfering with these 
key vGPCR signaling necessary for virus-induced pathogen-
esis.

HUMAN CYTOMEGALOVIRUS

HCMV is a member of b-herpesvirus family. It is a double-
stranded DNA virus whose genome is composed of approxi-
mately 250,000 base pairs (Vomaske et al., 2009). It is thought 
to be a very ubiquitous virus since it can infect up to 90% of the 
human population (Vomaske et al., 2009; Vischer et al., 2014). 
Once infected by HCMV, a life-long persistent and latent infec-
tion is believed to be established even in healthy hosts. One 
of the most important hallmarks for HCMV infection is its abso-
lute dependency on latent phase in the viral life cycle. During 
its latency, HCMV genome is maintained to a minimal level 
with little or no major viral protein synthesis or production of 

progeny virus. Despite its high infection specificity for species, 
productive infection can be established in nearly every tissue 
of the human body. In addition, HCMV-infected cells were 
shown to secrete a wide array of soluble factors necessary for 
its pathogenesis although their exact roles in HCMV-induced 
diseases are yet to be elucidated.

HCMV-INDUCED DISEASES

Although HCMV infection is involved in various acute and 
chronic diseases (Maussang et al., 2009b), most of HCMV-
infected people show no symptom (asymptomatic) due to its 
unique ability to maintain latency in the immunocompetent 
persons (Zhang et al., 2016). However, once reactivated, 
HCMV infection can be responsible for development of many 
severe inflammatory diseases including pneumonitis, hepa-
titis, and retinitis especially in immunocompromised patients 
and infants (Zhang et al., 2016). Congenital HCMV infection 
through vertical transmission from pregnant women to immu-
nocompromised fetuses was also shown to cause a develop-
mental defect like hearing loss (Kenneson and Cannon, 2007). 
In the United States alone, up to 80,000 children suffer from 
various forms of HCMV-induced birth defects annually. Among 
immunocompromised individuals such as organ transplant 
recipients and AIDS patients, graft rejection, loss, and end-
organ diseases were also casually linked with HCMV infec-
tion (Vischer et al., 2014). Even in immunocompetent hosts, 
development of autoimmune disease, cardiovascular disease 
and proliferative diseases have been consistently attributed 
to HCVM infection (Maussang et al., 2009b; Vomaske et al., 
2009; Vischer et al., 2014; Zhang et al., 2015). Therefore, ef-
fective control of HCMV infection by using anti-herpes drugs 
would confer a remarkable positive impact on overall health of 
HCMV patients around the world.

Table 1. Human herpesvirus-encoded GPCRs

Virus GPCRs Ligand G protein-coupling Activated signaling pathways

KSHV ORF74 • Endogenous agonists: CXCL1, CXCL2, 
CXCL3, mouse CXCL1, mouse CXC2

• Endogenous neutral agonists: CXCL4, 
CXCL5, CXCL7, CXCL8

• Endogenous inverse agonists: CXCL6, 
CXCL10, CXCL12, viral CXCL2, mouse 
CXCL10, CCL1 and CCL15

• Gaq, Gai, Ga12/13 • Constitutive and ligand-induced: RAC1, 
PLC, PKC, calcineurin, PI3Kγ, AKT,  
JNK–SAPK, LYN–SRC, GSK3,  
JAK2–STAT3, HIF1a

EBV BILF1 • Not known • Gai  • Constitutive: NF-κB, CREB72,73 
HCMV US28 • Endogenous agonists: CCL2, CCL3, 

CCL4, CCL5, CCL7, CCL11, CCL13, 
CCL26, CCL29 CX3CL1 

• Small-molecule inverse agonists

• Gaq, Gai/o , Ga12/13 • Constitutive: PLC, NF-κB, CREB, NFAT, 
SRF, STAT3, TCF–LEF

• Ligand-induced: CCL2, CCL5 via Gai/o, 
calcium, SRC–FAK, MAPK via Ga12/13, 
RHOA136,172 

UL33 • Not known • Gaq, Gai, Gas • Constitutive: PLC, CREB
US27 • Not known • Not known • Few US27 changes in cellular gene  

expression have been observed
UL78 • Not known • Not known • Not constitutively active, signaling  

pathways not known 
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US28, AN HCMV vGPCR

Among six CCR homologues encoded by herpesviruses, 
US28 is by far the best characterized CCR homologue identi-
fied so far. Many studies have demonstrated a key role for 
US28 in initiation and maintenance of various vascular as 
well as proliferative diseases induced by HCMV infection 
(Maussang et al., 2006). Especially, US28-triggered consti-
tutive GPCR signaling has been shown to be essential not 
only for its vascular-activating function but also for its cancer-
modulating activity (Vischer et al., 2014). Therefore, US28 has 
been regarded as one of the best antiviral targets for interven-
tion of a variety of herpesviruses-induced diseases.

US28 turns out to be a homologue of three CCRs such as 
CCR1, CCR2 and CX3CR1. Therefore, it possesses a very 
unique ability to engage with diverse class of CCR ligands. 
This ligand promiscuity of US28 is regarded as one of the 
most important characteristics to explain its leading role in HC-
MV-induced pathogenesis. Cytokines that have been shown 
to work as endogenous agonists for US28 include CC che-
mokines such as CCL2/monocyte chemo-attractant protein-1 
(MCP-1), CCL3/macrophage inflammatory protein-1a (MIP-

1a), CCL4/macrophage inflammatory protein-1 b (MIP-1b), 
CCL5/regulated on activation, normal T cell expressed and 
secreted (RANTES), and membrane-tethered CX3C chemo-
kine ligand 1 (CX3CL1)/Fractalkine (Gao and Murphy, 1994; 
Kuhn et al., 1995; Vischer et al., 2014) (Fig. 2). Especially, 
CX3CL1 was unique among them since it was demonstrated 
to function as an inverse agonist for US28 (Waldhoer et al., 
2003). This multiple ligands-binding activity of US28 seems to 
be necessary for modulation of diverse GPCRs-coupled sig-
naling pathways in a very context-dependent manner. There-
fore, a pharmacological intervention of US28 activities based 
on understanding of its molecular functions in HCMV infection 
is thought to be a highly realistic strategy for development of 
effective anti-HCMV therapeutics.

HOST SIGNALING PATHWAYS REGULATED BY US28

Due to its unusual ability to participate in promiscuous 
coupling selectivity, US28 is capable of exerting a variety of 
ligand-specific and ligand-nonspecific signaling in a highly cell 
type-specific manner (Fig. 3). For this reason, US28 has dif-
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ferent sequences requirements for binding and activation of 
diverse G proteins. In addition, HCMV seems to utilize this 
context-specific US28 stimulation of ligand-dependent and 
ligand-independent signaling pathways to maximize their 
chances for cellular survival (Molleskov-Jensen et al., 2015). 
In this regards, US28’s ability to execute this “functional selec-
tivity” could serve as a master switch for HCMV to fine-tune 
its host cellular environment to its utmost favor (Urban et al., 
2007). Therefore, it is of prime interest to understand nature 
of various host signaling pathways regulated by HCMV US28 
in order to develop the most effective strategy to target this 
multi-faceted molecular player which is absolutely required to 
maintain overall “healthy” HCMV infection in affected hosts.

One of the most heavily-explored biological functions of 
US28 is its ability to maintain constitutive activation of PLCb 
and one of the most famous inflammatory transcription fac-
tors, nuclear factor kappa B (NF-κB) via positive regulation 
of Gaq/11 and Ga in the absence of any appropriate binding 
ligands (Fig. 3) (Casarosa et al., 2001). This US28-induced 
agonist-independent constitutive signaling to PLCb is also 
shown to work as a trigger for extended calcium signaling 
(Sherrill and Miller, 2006). In regards to its ligand-dependent 
functions, US28 was reported to be able to interact with CCL5 
and CX3CL1 and promote calcium release in smooth mus-
cle cells (SMCs) (Fig. 2). However, CC chemokines such as 

CCL2 and CCL5 do not seem to affect the basal activity of 
US28 signaling. They rather seem to act as neutral antago-
nists for GPCRs-mediated signaling (Arvanitakis et al., 1997; 
Hulshof et al., 2005). It was also found that activation of Rho 
and FAK only occurs via Ga12/13 following chemokine binding 
to US28 (Billstrom et al., 1998; Gao and Murphy, 1994; Melny-
chuk et al., 2004; Streblow et al., 2003) (Fig. 2). On the other 
hand, activation of nuclear factor of activated T-cells (NFAT) 
by US28 seems to occur through inhibition of the sarcoplas-
mic reticulum calcium ATPase (SERCA) and subsequent mo-
bilization of calcium (Zhang et al., 2015) (Fig. 3). Importantly, 
this interaction of US28 with SERCA and subsequent NFAT 
activation was shown to be necessary for US28-induced tu-
mor formation (Zhang et al., 2015).

CONSTITUTIVE INTERNALIZATION OF US28

Unlike typical vGPCRs which are found in the plasma 
membrane, US28 was mainly localized in perinuclear endo-
somes. This unusual localization pattern of US28 turned out 
to be due to its consistent internalization from the plasma 
membrane (Margulies et al., 1996; Mokros et al., 2002; Miller 
et al., 2003) (Fig. 4). A ligand-dependent and -independent 
phosphorylation of its carboxyl terminal domain by GPCRs-
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associated kinases (GRKs) turned out to be required for con-
sistent internalization of US28. In addition, this requirement 
of carboxyl terminal phosphorylation of US28 by GRKs as a 
critical determinant for its subcellular localization was further 
verified by following two separate observations. First, deletion 
of the carboxyl terminal domain of US28 resulted in reduced 
constitutive endocytosis and consequent enhanced signaling 
capacity of US28 (Melnychuk et al., 2004). Second, host and 
other viral GPCRs showed constitutive endocytosis and sub-
sequent perinuclear localization when fused with the carboxyl 
terminal domain of US28 (Waldhoer et al., 2003; Molleskov-
Jensen et al., 2015). These two reports further emphasize the 
critical role of GRKs-dependent phosphorylation on carboxyl 
terminal domain of US28 in determination of the subcellular 
localization of US28. 

Then, why the phosphorylated form of US28 is more sus-
ceptible to constitutive internalization and intracellular local-
ization? It turns out that the phosphorylated form of US28 is 
better able to recruit b-arrestin from cytoplasm and this re-
cruitment of b-arrestin by US28 leads to facilitation of its in-
ternalization (Fig. 4). In addition, this association of b-arrestin 
with US28 can be further stimulated by overexpression of one 
member of GRKs, GPCR kinase 2 (GRK2) (Vomaske et al., 
2009). In general, carboxyl terminal phosphorylation of an 
activated CCR by GRKs mediates recruitment of b-arrestin 

proteins to the receptor carboxyl terminus (Vomaske et al., 
2009). b-Arrestin recruitment was shown to be able to start 
the clathrin-mediated internalization of CCRs (Fig. 4). In turn, 
this results in desensitization and inactivation of numerous 
CCRs (Vomaske et al., 2009). The 40-amino-acid carboxyl-
terminal region of CCRs contains several clusters of Ser/Thr 
residues that can be constitutively phosphorylated by GRKs. 
These phosphorylated Ser/Thr residues are responsible for 
recruitment of the b-arrestin proteins to CCRs (Krupnick and 
Benovic, 1998). Therefore, phosphorylation by GRKs and 
recruitment of b-arrestin proteins represent key steps in the 
desensitization or down-regulation of GPCRs-mediated signal 
transduction and this process seems to be utilized by virtu-
ally all cellular GPCRs to control the magnitude and duration 
of GPCR signaling (Violin et al., 2006). In this regard, US28 
appears to be no exception in a sense that it also faithfully 
follows this mode of negative regulation of GPCR signaling 
through b-arrestin-dependent constitutive internalization. Of 
note, the GPCR associated sorting protein, called as GASP-1, 
was also identified as another key regulator in the post-endo-
cytic sorting and the signaling capacities of US28 (Tschische 
et al., 2010).

Then, why HCMV needs to down-regulate molecular con-
centration of US28 at cell surface through its consistent in-
ternalization via carboxyl terminal phosphorylation by GRKs? 
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Some groups suggest that consistent internalization of US28 
results in scavenging of normal cellular chemokines through 
their direct binding with US28. This might work as a potential 
immune evasion mechanism to physically remove chemo-
kines from the extracellular environment (Bodaghi et al., 1998; 
Billstrom et al., 1999; Fraile-Ramos et al., 2001; Randolph-
Habecker et al., 2002; Tschische et al., 2010). However, this 
kind of description of US28 as consistent remover of cellular 
chemokines seems not to be true since physiological concen-
tration of chemokines in reality is thought to be too high to 
be effectively scavenged by US28 at its actual concentration 
(Vomaske et al., 2009). Therefore, physiological relevance of 
this chemokines removal theory by US28 still needs to be re-
considered in the future.

STRUCTURAL AND FUNCTIONAL ANALYSIS OF 
US28

Although chemokine ligands interact with multiple sites on 
the extracellular domain of chemokine receptors, they first 
need to bind with amino terminal domain of receptor with 
high-affinity (Monteclaro and Charo, 1996). For this reason, a 
hexapeptide sequence found in the amino terminus of US28 
has been shown to be critical for high-affinity binding of che-
mokine ligands to US28 (Casarosa et al., 2005). This region 
is highly conserved between US28 and the endogenous hu-
man chemokine receptors CCR1 and CCR2 and is known to 
be a critical determinant for CCL2 binding to CCR2. However, 
CC-chemokine and CX3CL1 binding to US28 require different 
residues within this hexapeptide region for high affinity binding 
(Casarosa et al., 2005). In addition, mutation of the tyrosine at 
position 16 of the US28 amino terminus negatively affects high 
affinity binding of both classes of chemokine. 

The DRY-motif found in the transmembrane 3 (TM3) proxi-
mal end of intracellular loop on most CCRs is believed to be 
a critical determinant of heterotrimeric G-protein binding and 
activation (Murphy et al., 2000) (Fig. 3). Therefore, the R to 
A mutant in the DRY motif of US28 turned out to be unable 
to activate PLCb, and fails to induce COX-2 or vascular epi-
dermal growth factor (VEGF) production, ultimately demon-
strating much weaker oncogenic activity in vivo (Maussang 
et al., 2006). In addition, the recently solved crystal structure 
of US28 in complex with the chemokine domain of human 
CX3CL1 suggests that the presence of Glu1243 seems to be 
unique for US28 (Rosenkilde et al., 2000; Burg et al., 2015). 
According to this US28 crystal structure model, a potential 
reason for the constitutive activity of US28 could be attributed 
to the presence of the small hydrophobic residue (A114) in po-
sition of the transmembrane helix TM3 that does not support 
the sufficient TM2/TM3/TM7 inter-helical interactions (Mon-
taner et al., 2013). 

ROLE OF US28 IN HCMV BIOLOGY

US28 is expressed during both the latent and lytic cycles. 
US28 was found to be able to up-regulate expression of the 
major immediate early promoter of HCMV. This suggests 
that US28 might be able to mediate potential enhancement 
of HCMV gene expression/replication at transcriptional level. 
In addition, all of the HCMV GPCR homologs (UL33, UL78, 

US27, and US28) have been detected in the viral envelope. 
This proposes a new role for US28 to facilitate delivery of a 
viral particle to the host cell and cell-to-cell spread of virus 
infection immediately after viral entry. This proposal was fur-
ther strengthened by fact that the US28 is able to serve as a 
co-receptor for HIV entry. Since CCR5 and CXCR4 are the 
primary HIV-1 co-receptors, US28 seems to be able to aug-
ment HIV infection by acting as a co-receptor for HIV-1 entry 
into cells. When the mutant HCMV was constructed, in which 
a FLAG-YFP cassette replaces the US28 coding region, this 
mutant HCMV displayed a significant defect in virus growth, 
suggesting a potential role for US28 in replication and assem-
bly of HCMV DNA and particle. On the other hand, there are 
some reports suggesting that HCMV US28 may contribute at 
a late stage of the viral life cycle to cell-to-cell dissemination of 
virus since a US28 mutant HCMV produced increased levels 
of extracellular virus. 

ROLE OF US28 IN HCMV PATHOGENESIS

Many studies found a strong association between HCMV 
infection and vascular diseases such as atherosclerosis, re-
stenosis, and transplant vascular sclerosis. HCMV also has 
been suspected as a candidate cofactor for atherosclerosis 
(Rosenfeld and Campbell, 2011; Frostegard, 2013). US28 
was demonstrated to promote the migration of HCMV-infected 
cells towards CC-chemokine-secreting tissues, thereby as-
sisting virus dissemination (Streblow et al., 1999). US28 was 
also shown to assist the chemotactic infiltration of HCMV-in-
fected SMCs into blood vessels. Thus, this US28-mediated 
chemotaxis appears to recruit SMCs into atherosclerotic le-
sions, thereby accelerating the formation of an SMC-enriched 
atherosclerotic plaque. Especially, the activation of FAK, Src, 
and small GTPase Rho are demonstrated to be absolutely 
required for pro-migratory signaling functions for US28 (Fig. 
2). However, in contrast to its positive role in induction of che-
motaxis of SMCs, US28 expression in HCMV-infected fibro-
blasts was also shown to be sufficient to inhibit the monocyte 
chemotactic activity of the HCMV-infected cell supernatants 
compared to supernatants from fibroblasts infected with a 
US28 knockout virus (Vomaske et al., 2009). Therefore, a 
role for US28 in modulation of development of cardiovascular 
diseases might be much more diverse depending on nature 
of HCMV-infected cells and context of HCMV infection in the 
cellular environment.

ONCOGENIC ACTIVITIES OF US28

US28 is causally linked to HCMV-associated inflammatory 
and proliferative diseases (Slinger et al., 2010). Typical ex-
amples for association of HCMV infection with cancer is colon 
cancer and glioblastoma (GBM). US28 has also been found 
to induce an invasive and angiogenic phenotype in GBM, 
(Maussang et al., 2006; Soroceanu et al., 2011). Especially, 
US28 expression is found to be positive in many GBM speci-
mens from patients (Slinger et al., 2010; Bhattacharjee et al., 
2012; Soderberg-Naucler et al., 2013). In regard of its onco-
genic mechanism of action, US28 was shown to be able to 
induce IL-6 expression, thereby activating the Janus kinase 
1 (JAK1)-signal transducer and activator of transcription 3 
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(STAT3) signaling axis to promote cell proliferation in both an 
autocrine and paracrine fashion (Slinger et al., 2010) (Fig. 3). 
US28 activates this IL-6-JAK1-STAT3 signaling axis through 
activation of the NF-κB and the consequent production of IL-6 
(Slinger et al., 2010). Transgenic mice in which US28 expres-
sion was targeted to intestinal epithelial cells developed an 
intestinal neoplasia in vivo. Interestingly, pharmacological 
inhibition of cyclooxygenase-2 (COX-2) with Celecoxib was 
able to inhibit the angiogenic activity and tumorigenesis of 
US28-transfected NIH-3T3 cells fibroblasts (Maussang et 
al., 2009a). In addition, US28 induces various oncogenic re-
sponses, including increased cyclin D1 and COX2 production, 
as well as that of vascular endothelial growth factor (VEGF), 
when expressed in NIH3T3 fibroblasts (Slinger et al., 2010) 
(Fig. 3). Therefore, a pharmacological intervention of US28 
also could be an attractive strategy to reduce the severity of 
various HCMV-induced cancers.

PHARMACOLOGICAL MODULATION OF US28 

Recent advances in the identification of small-weight allo-
steric modulators for vGPCRs enabled us to study molecular 
interaction between endogenous chemokines and their cor-
responding receptors in more detailed manner. This progress 
in designing a new class of vGPCR inhibitors also has been 
applied to development of a variety of pharmacological modu-
lators for US28. Here, we summarized several endogenous 
ligands for US28 as well as a number of identified small mol-
ecules with different chemical back-bones to regulate biologi-
cal activities of US28.

ENDOGENOUS LIGANDS FOR US28 

CX3CL1 has been proposed to act as an inverse agonist 
due to its ability to block the US28-dependent stimulation of 
PLCb activity (Casarosa et al., 2001). CX3CL1 also works 
as a true agonist to promote US28-mediated calcium release 
and activation of FAK (Casarosa et al., 2001; Waldhoer et al., 
2002; Casarosa et al., 2005) (Fig. 2). Similar phenomenon 
was also known for CCL5. CCL5 was demonstrated to work as 
inverse agonist on the wild type receptor and as true agonist 
on the US28 mutant receptor, which lacks the 55 amino acids 
on the carboxyl terminus, exhibits constitutive signaling and 
an increased expression on the cell surface due to blockage of 
b-arrestin-dependent internalization of US28 (Fig. 4) (Tscham-
mer, 2014). Study of the this mutant receptor suggested that 
the inverse to true agonism switch in some US28 inhibitors 
is due to the differential coupling of the receptor to its down-
stream signaling partners. In some cases, the path from an 
agonist to an inverse agonist could be as short as a methyl 
group (Tschammer, 2014). 

VUF2274

A nonpeptidergic CCR1 antagonist, VUF2274 [5-(4-(4-ch-
lorophenyl)-4-hydroxy-piperidin-1-yl)-2, 2-diphenylpentaneni-
trile] was identified as a full inverse agonist for PLCb activa-
tion by US28 (Casarosa et al., 2003b; Waldhoer et al., 2003; 
Vischer et al., 2010) (Table 2). Consequently, VUF2274 inhib-

ited constitutive production of inositol phosphates by US28. 
VUF2274 was also able to displace CCL5 binding to US28 
(Waldhoer et al., 2003). Its EC50 concentration required for this 
inverse inhibition turned out to be around 4.5 µM. According 
to mutational analysis of US28, VUF2274 binds US28 within 
the seven-transmembrane pocket and serve as an allosteric 
ligand to block chemokine binding (Casarosa et al., 2003a). 
Especially, a glutamic acid in transmembrane 7, which is high-
ly homologous among chemokine receptors, was found as a 
key residue for VUF2274 binding to US28 (Casarosa et al., 
2003a). A series of VUF2273 derivatives were synthesized to 
optimize their activities to inhibit CCL5 chemokine binding to 
US28 and production of inositol phosphates (Vischer et al., 
2010). Especially, 4-phenylpiperidine moiety within VUF2274 
turned out to be essential for inverse agonism (Hulshof et al., 
2005). 

METHIOTHEPIN

A series of piperazinyldibenzothiepine derivatives were 
synthesized to test their effects on binding of one of endog-
enous ligand, CCL5 to US28. Among them, methiothepin was 
shown to be able to block CCL5 binding to US28 with the EC50 
value of 0.4 µM (Fraile-Ramos et al., 2001) (Table 2). A struc-
turally related compound, octoclothepin was also reported to 
be an inhibitor for CCL5’s association with the US28 receptor 
(Vischer et al., 2010).

HYDROISOQUINOLINES

A series of isoquinoline compounds were constructed to 
test their effects on agonist-independent constitutive signaling 
of US28 to PLCb. For this goal, the firefly luciferase-based 
PathDetect Elk1 gene reporter assay was used to readily de-
tect modulation of US28 constitutive activity by small allosteric 
ligands. Di- and tetra-hydroisoquinolines were identified as 
promising candidate molecules for allosteric inverse agonists 
of US28 and several derivatives have been shown to reduce 
US28 signaling (Table 2) (Kralj et al., 2011). Among them, the 
substituted dihydroisoquinolinone and its spirocyclic deriva-
tive demonstrated an inverse agonism on US28, with the EC50 
values of 1.50 and 4.80 µM (Table 2).

BIPHENYL AMIDES

Biphenyl-derived ligands turned out to be a preliminary 
pharmacophore model for US28 inhibitors. Four promising 
candidates with full inverse agonist properties were discov-
ered within this group of compounds (Kralj et al., 2014). Of 
interest, only the derivatives containing a decanoyl side chain 
acted as inverse agonists with the EC50 value of 2.4 µM ((Kralj 
et al., 2014) (Table 2). 

Flavonoid-Based inverse agonists
US28 ligands a series of halogen-substituted flavonoids 

were previously shown to inhibit constitutive US28 signal-
ing (Kralj et al., 2013). A series of 31 chalcone- and flavo-
noid-based derivatives were synthesized and screened 
for their inverse agonist activity on the US28. Among them, 
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5-(benzyloxy)-2-(5-bromo-2-methoxyphenyl)-4H-chromen-4-
one (11b) acted on the US28 receptor as a nontoxic, inverse 
agonist with the potency (EC50=3.5 µM) (Table 2).

OTHER NON-PEPTIDERGIC INHIBITORS

A number of novel non-peptidergic inhibitors were identi-
fied as neutral antagonists or inverse agonists on US28 that 
allosterically inhibit chemokine binding to US28 (Vischer et 
al., 2010). (4-(4-chlorophenyl)-1-(4,4-diphenylbutyl)piperidin-
4-yl) methanamine was also reported as an antagonist on the 
human chemokine receptor CCR1 (EC50=3.6 µM) (Table 2) 
(Hulshof et al., 2006).

CONCLUSIONS

In this review, we summarized a number of GPCRs-related 
activities of HCMV US28, which are important for pathogen-
esis of many HCMV-induced diseases. They include its regu-
lation of host signaling pathways, its constitutive internaliza-
tion, its structural and functional analysis, its roles in HCMV 
biology and pathogenesis, its proliferative activity and role in 
oncogenesis, and pharmacological modulation of its biologi-
cal activities. Better understanding of mechanism of action for 
dysregulation of GPCR signaling by pathogenic viruses will 
enable us to develop a novel strategy for pharmacological 
control of viral infection by correcting virally-dysregulated host 
GPCR signaling.
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