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Chapter I

G protein‐coupled receptors
Responding to the dynamic environment is essential for cellular function. Specialized
receptors sense extracellular signals, which they transfer across the plasma membrane and
translate into intracellular responses. With approximately 800 members, G protein‐coupled
receptors (GPCRs) form the largest and most versatile family of human membrane receptor
proteins, and they mediate critical functions in practically every biological process [1]. For
instance, these receptors facilitate the perception of light, odors and aromas, they are involved
in the nervous‐, immune‐, and cardiovascular systems, and also metabolism and reproduction
are dependent on GPCR function. The versatility of this receptor class is also reflected by the
diverse nature of interacting ligands, which include photons, ions, nucleotides, lipids, amino
acids, peptides, and proteins, amongst others [2]. Given their importance in human biology, it
is not surprising that perturbations in GPCR signaling are involved in the initiation or
progression of many pathological conditions. This, together with their accessibility at the cell
surface, make GPCRs popular drug targets with one third of all marketed drugs currently
directed against 108 different GPCRs [3].
Despite the diversity in the superfamily, GPCRs share structural and functional features.
They are characterized by seven transmembrane‐spanning domains connected by three
intracellular and three extracellular loops [1]. The extracellular amino terminus typically
contains glycosylation sites, whereas the cytosolic loops and carboxy terminus are subject of
regulatory phosphorylation. As given away by their nomenclature, most GPCRs couple to
heterotrimeric guanine nucleotide‐binding proteins (G proteins), which they activate by
catalyzing the exchange of GDP for GTP in the Gα subunit (Figure 1). Consequently, the Gα
and tightly associated Gβγ subunits dissociate from the receptor and modulate effector
enzymes. Intrinsic GTPase activity of the Gα subunit leads to inactivation and reassociation of
the heterotrimer, which thereby becomes available for activation by GPCRs again [4].

Figure 1. G protein activation cycle. Activated by their ligands, GPCRs catalyze the exchange of
GDP for GTP in heterotrimeric G proteins. Gα subunit and Gβγ heterodimer of activated G proteins
dissociate from each other and the receptor to modulate the function of effector enzymes. GTPase activity
of the Gα subunit leads to hydrolysis of GTP, inactivating the G protein.
Even though the vast number of human GPCRs is able to sense an estimated 1000 natural
ligands, they engage with just four canonical signal transduction pathways by coupling to G
proteins of Gαs, Gαi/11, Gαq and Gα12/13 families (Figure 2) [2, 5]. Activation of Gαs proteins
increases cyclic adenosine monophosphate (cAMP) production through stimulation of
adenylate cyclases. In contrast, Gαi/11 proteins inhibit adenylate cyclases and thus decrease
cAMP production. Additionally, G protein‐coupled inwardly rectifying potassium channels
(GIRK) are activated by Gαi/11 proteins. Gαq proteins stimulate phospholipase C (PLC),
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typically the β isoform, increasing the hydrolysis of membrane lipid phosphatidylinositol 4,5‐
bisphosphate (PIP2) into membrane‐bound diacyl glycerol (DAG) and cytosolic inositol 1,4,5‐
trisphosphate (IP3). In turn, IP3 can induce the release of another second messenger, Ca2+, from
the endoplasmic reticulum. Lastly, Gα12/13 proteins increase the activity of Rho guanine‐
nucleotide exchange factors (Rho GEF) leading to Rho stimulation. In addition to the Gα
subunits, Gβγ dimers can activate various effectors as well, including adenylate cyclase, PLCs,
phosphoinositide‐3‐kinases and ion channels [4].
In response to receptor activation, intracellular receptor domains can be phosphorylated by
Gβγ‐dependent G protein‐coupled receptor kinases (GRK), cAMP‐dependent protein kinase
A (PKA) as well as Ca2+‐ and DAG‐dependent protein kinase C (PKC). These regulatory
phosphorylations attenuate G protein coupling and/or promote the recruitment of arrestin
proteins that sterically prevent further G protein coupling, scaffold other signalling effectors
to the GPCR, and, furthermore, recruit components of the endocytic machinery to internalize
the receptor [2]. Endocytosed receptors are either degraded in lysosomes or recycled back to
the cell surface after dephosphorylation and ligand dissociation. Moreover, GPCRs may also
signal from intracellular organelles, differing spatially and temporally form signalling at the
plasma membrane [6].

Figure 2. Canonical signalling by the four main G protein families. Adenylate cyclases are the
effector enzymes modulated by Gαi and Gαs proteins, respectively inhibiting or stimulating the
conversion of ATP to cAMP. PKA is activated by cAMP. The PLC‐mediated hydrolysis of PIP2 into
DAG and IP3 is stimulated by Gαq proteins. In turn, IP3 can trigger the release of Ca2+ in the cytosol.
PKC subtypes are activated by DAG and/or Ca2+. RhoGEFs, responsible for the activation of RhoA, are
stimulated by Gα12 proteins.

Human cytomegalovirus
Human cytomegalovirus (HCMV) is a ubiquitous, strictly species specific, DNA virus of
the herpesvirus family. With 240.000 base pairs encoding an estimated 165‐252 genes, the
double stranded linear HCMV genome is the largest of all human herpesviruses. HCMV
virions measure approximately 200 nm in diameter and consist of the genome sequentially
packaged in an icosahedral nucleocapsid, proteinaceous tegument and a lipid bilayer envelope
containing viral glycoproteins [7, 8]. Transmitted via body fluids, such as saliva, blood, urine
and breastmilk, infection of immunocompetent individuals generally results in mild
symptoms as it is well controlled by the immune system [9]. Nevertheless, HCMV is never
completely cleared from the host and establishes lifelong latent infections, that sporadically
reactivate, in 50‐90% of populations, depending on socioeconomical factors [10]. In case of
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inadequate immunosurveillance, this opportunistic virus is a major cause of morbidity and
mortality. Implications include congenital developmental defects, cytomegalic inclusion
disease, vascular disease, end‐organ disease and graft rejection in immune‐naïve,
immunocompromised and immunosuppressed individuals [11]. Additionally, HCMV has
been implicated in the progression of cancer [12].
HCMV uses multiple cellular growth factor receptors and integrins as coreceptors for
infection and is thereby able to infect a large variety of cells, e.g. epithelial cells, smooth muscle
cells, vascular endothelial cells and fibroblasts [13‐15]. Lytic (productive) infection is
supported by most cell types and is histologically characterized by enlargement and rounding
of cells as well as appearance of inclusion bodies in the nucleus and cytoplasm [16]. During
lytic infection, viral genes are expressed in a highly regulated temporal manner. Firstly,
immediate‐early genes control viral gene expression and optimize the cellular environment
for productive infection. Subsequently, early and late genes are expressed, involved in viral
DNA replication and virion assembly, respectively [17]. In contrast, latent (dormant) infection
is restricted to less differentiated or undifferentiated cells such as hematopoietic CD34+
progenitor cells and CD14+ monocytes [18]. Differentiation of these cells into macrophages and
dendritic cells, respectively, results in reactivation from latency [18, 19].
Since the first isolation of HCMV in 1955, many strains of HCMV have been identified,
which show a remarkable degree of interstrain variation [20]. Propagation of clinical isolates
in vitro is vulnerable to adaptation to laboratory conditions through selection of mutant virus
with improved growth properties. Cloning of HCMV genomes as bacterial artificial
chromosomes (BAC) has proven successful in generating stable sources of genetically defined
HCMV strains, and offers the possibility to efficiently introduce genetic modifications to
produce valuable research tools [21, 22].

HCMV‐encoded GPCRs
Acquired through three gene capture events and a gene duplication event, HCMV
contains four GPCR‐encoding genes (UL33, UL78, US27 and US28) [23, 24]. They show
homology to cellular chemokine receptors, important regulators of the immune system by
directing immune cell migration and controlling leukocyte activation, differentiation and
survival [25], yet UL33, UL78 and US27 are orphan receptors for which no ligands have been
identified to date. US28, on the other hand, binds numerous CCL chemokines as well as
CX3CL1 [26, 27]. Three of the receptors, UL33, US27 and US28, are known to constitutively,
i.e. in the absence of ligands, activate G proteins. The specific class of G proteins stimulated by
US27 is currently unknown, but US27 signalling can be impaired through inhibition of Gβγ
subunits [28]. UL33 signalling is mediated via Gαs, Gαi and Gαq proteins, whereas Gαi, Gαq
and Gα12/13 proteins are employed by US28 [29‐34]. This constitutive activity and promiscuous
G protein coupling discriminates these receptors from cellular chemokine receptors, generally
solely activating Gαi proteins in a agonist‐dependent manner [35]. G protein coupling has not
been reported for UL78. Our current understanding regarding the pathological function of
HCMV‐encoded GPCRs is described in the next section and Chapter II, in a wider perspective
of mammalian CMVs and oncogenic herpesviruses, respectively.
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CMV‐encoded GPCRs and their roles in the viral lifecycle
The conservation of viral GPCRs among all β‐ and γ‐herpesviridea indicates their
importance in virus biology [36]. Although dispensable for viral replication, multiple of these
receptors have been shown to support different aspects of replication. Given their presence on
the virion envelope [37‐40], the four HCMV‐encoded GPCRs could potentially facilitate virus
binding to host cells, activate signaling upon deposition on the plasma membrane, or influence
virion assembly in the virion assembly compartment. UL78, US27 and US28 have been
reported to contribute to viral replication, dissemination and latency. UL78 is needed for
efficient HCMV growth in vitro by facilitating cell entry in endothelial and epithelial cells, but
not in fibroblasts, and this receptor contributes to the delivery of virion components to
epithelial cell nuclei [40]. US27 supports the release of extracellular progeny during virus
growth in fibroblasts and endothelial cells in vitro [41]. Through the upregulation of CXCR4
expression, US27 is furthermore suggested to direct HCMV‐infected immune cells to the bone
marrow, a primary site of latency [42]. US28 can also induce migratory responses in host cells.
HCMV‐mediated migration of smooth‐muscle cells and macrophages depends on ligand‐
dependent signaling of US28, indicating a potential role for US28 in HCMV dissemination in
vivo [43‐45]. Moreover, US28 is of critical importance for viral latency, as constitutive signaling
mediated by US28 is required to establish latent HCMV infections in hematopoietic progenitor
cells and monocytes [46, 47]. US28 is possibly involved in the fusion of CMV virions with the
plasma membrane of target cells [48] and this receptor contributes to cell‐associated virus
spread in epithelial cells and fibroblasts in vitro [49]. Chemokine scavenging form the
microenvironment of infected cells by US28 is suggested to contribute to HCMV‐mediated
immune evasion [26], but this is still a controversial theory [50]. In contrast to the other HCMV‐
encoded GPCRs, direct involvement in the viral life‐cycle has not been reported for UL33.
Due to its strict species specificity, HCMV research is limited to in vitro studies and
strongly relies on the translation of research on other mammalian CMVs for insights in in vivo
behavior. Homologs of UL33 and UL78 are present in all β‐herpesviruses, whereas US27 and
US28 are conserved in primate CMVs only [36], making rodents models most valuable to study
CMV‐encoded GPCR function in vivo. Disruption of M78 in murine CMV (MCMV) and R78 in
rat CMV (RCMV) attenuates replication in tissue culture and in vivo [51, 52]. R78 contributes
to RCMV replication in fibroblasts and smooth muscle cells in vitro [51]. Although a defect in
replication in evaluated target organs is not observed, mortality rates are drastically reduced
upon knockout of R78 from RCMV [51]. Disruption of the M78 gene causes MCMV growth
defects in fibroblast, macrophage, endothelial cell and epithelial cell cultures [52, 53]. In
macrophages, M78 facilitates the accumulation of IE mRNA early after infection [52].
Additionally, M78 deletion results in reduced virus growth in the spleen, liver and salivary
gland, accompanied by increased survival of mice [52, 53].
Cell type‐ and tissue‐specific roles during infection are described for M33 and R33 as well.
Although RCMV R33 is not essential for virus replication in vitro, R33‐null virus exhibits a
replication defect in the salivary gland. Moreover, R33 plays a vital role in RCMV
pathogenesis, as disruption of R33 results in reduced mortality [54]. Similar observations are
reported for MCMV M33. Growth of MCMV deficient in M33 is similar to wild‐type virus in
fibroblasts [55], but shows growth defects in primary bone marrow macrophages [56]. In vivo,
M33 facilitates replication of MCMV in the spleen, pancreas and salivary gland [57, 58]. Of
these replication sites, only MCMV replication in the salivary gland depends on G protein‐
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coupling by M33, suggesting both signaling dependent and independent contributions by M33
[58]. In addition, establishment, maintenance and/or reactivation of MCMV latency in the
spleen and lungs depends on M33‐mediated G protein‐dependent signaling. Constitutive
signaling of M33 also promotes migration of infected dendritic cells in lymph nodes, required
for systemic viral spread [59]. Both R33 and M33 are essential for R/MCMV‐mediated smooth
muscle cell migration in vitro [60, 61]. In fact, M33‐expressing cells migrate in response to
murine CCL5 and therefore M33 is considered a functional homolog of HCMV US28 in this
respect [60]. Most interestingly, UL33 or US28 can complement the loss of M33 when M33 is
substituted for either of those receptors. Full complementation is obtained in terms of MCMV
replication in spleen and pancreas [56, 58], whereas replication in the salivary gland [56, 58,
62] and also reactivation from spleen and lungs [58] is partially rescued by the introduction of
UL33 or US28. Together, these findings imply conserved functionality between UL33, US28,
M33 and R33 and shed light on the characteristics of HCMV‐encoded GPCRs in vivo.
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