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Chapter VI

HCMV in cancer
Based on the detection of viral proteins and genetic material using highly sensitive
detection methods, HCMV is associated with multiple types of cancer, including breast cancer
[91], colorectal cancer [92], gliomas [93], lung cancer [94], mucoepidermoid carcinoma [95],
neuroblastoma [96] and prostate cancer [97]. The virus seems to preferentially infect tumor
cells, as HCMV‐positive lesions are consistently surrounded by HCMV‐negative non‐
neoplastic tissue [92, 95, 101, 281‐283]. Viral presence might be explained by the frequent
overexpression of cellular receptors important for HCMV entry in tumor cells, for instance the
endothelial growth factor receptor [13], platelet‐derived growth factor receptor [14] and
integrins [15]. Nevertheless, infectious virus has not been recovered from tumor tissue.

Oncomodulation by HCMV
Accumulating evidence, gathered over more than two decades, supports the notion of
oncomodulation mediated by HCMV [284]. Presence of HCMV antigens negatively correlates
with prognosis for colorectal cancer [101], mucoepidermoid carcinoma [95] and glioblastoma
patients [207]. Neuroblastoma cells infected with HCMV display increased levels of anti‐
apoptotic Bcl‐2 protein and reduced sensitivity to cytotoxic agents [285]. Treatment with
ganciclovir, impairing virus replication, lowers Bcl‐2 levels and restores sensitivity of these
cells. HCMV infection of primary human hepatocytes [286] and mammary endothelial cells
[287] stimulates colony formation in soft agar, indicating HCMV‐induced transformation and
anchorage‐independent growth. Additionally, HCMV infection increases Ki‐67 expression in
primary human hepatocytes as well as HepG2 liver cancer cells [286], and spheroids size of
U251 glioblastoma cells [104], indicative of HCMV‐mediated enhancement of proliferation.
HCMV infection also elevates clonal expansion of GBM48 primary glioblastoma cells [104] and
HepG2 liver cancer cells [286], as exemplified by promoted tumorsphere formation. Moreover,
tumor formation in a breast cancer xenograft model is accelerated upon HCMV infection of
mammary endothelial cells [287] and MCMV infection reduces survival in a mouse
glioblastoma model [288]. Additionally, the oncogenic potential of individual HCMV genes
has been studied to understand how HCMV might modulate tumorigenesis. HCMV genes
cmvIL‐10, IE1, IE2, pp71 and US28, among others, induce cellular effects that overlap with
cancer hallmarks, as reviewed in [206].
Above mentioned findings obtained using in vitro and animal models support the concept
of HCMV‐mediated oncomodulation. However, aggravation of tumorigenesis by HCMV is
still under debate, as patient studies haven’t provided conclusive evidence yet. Anti‐CMV
treatment using nucleoside analog valganciclovir significantly improves survival of
glioblastoma patients [216, 217, 289]. Nonetheless, off‐target effects of this viral DNA
polymerase inhibitor impede interpretation of effectiveness of anti‐CMV treatment in
glioblastoma. Valganciclovir [290] and also cidofovir [291], another anti‐viral nucleoside
analog, not only potently suppress growth of HCMV‐infected glioblastoma cells in vitro, but
also of HCMV‐negative glioblastoma cell lines. In other words, valganciclovir might simply
extend glioblastoma patient survival through general inhibition of DNA synthesis, induction
of DNA breaks and apoptosis, unrelated to the presence and role of HCMV. HCMV‐directed
immunotherapy also improves glioblastoma patient survival [218, 219]. Nonetheless, positive
effects in these studies do not necessarily proof oncomodulation by HCMV. As a passenger in
glioblastoma, the presence of the foreign HCMV antigens might be enough facilitate anti‐
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tumor immune responses and thereby increase life expectancy upon HCMV‐directed
immunotherapy. Despite the absence of irrefutable evidence, the general consensus among
researchers now favors oncomodulation by HCMV in glioblastoma [206].

Oncomodulation by HCMV‐encoded GPCRs UL33 and US28
Prior to the start of work described in this thesis, the ability to promote tumorigenesis was
reported for US28, the best characterized HCMV‐encoded GPCR. In NIH‐3T3 cells, which
reside on the verge of transformation, US28 expression stimulates foci and tumor formation
[31, 155]. Additionally, transgenic mice expressing US28 in intestinal endothelial cells develop
intestinal neoplasia [105]. In our work we demonstrated oncomodulatory properties of US28
in glioblastoma. Expression of US28 augmented spheroid size by U251 glioblastoma cells and
accelerated tumor growth in an orthotopic glioblastoma mouse model [104, 231] (or Chapter
III). Spheroid and also neurosphere size were increased in a US28‐mediated manner upon
HCMV infection of glioblastoma cells [104]. Since UL33 is a constitutively active GPCR like
US28, we also evaluated the potential of UL33 to modulate tumorigenesis. UL33 exhibited
oncomodulatory properties by inducing foci formation in NIH‐3T3 cells, enhancing spheroid
growth in U251 cells and promoting tumor growth in both beforementioned xenograft mouse
models [231](or Chapter III).

UL33 vs US28
The presence of at least two constitutively active HCMV‐encoded GPCRs both displaying
oncomodulatory properties may suggest redundancy. Indeed, these receptors show a
considerable degree of overlap in terms of spatio‐temporal expression, signalling capacity and
phenotypic effects. However, our current understanding signifies complementary functions
for UL33 and US28 as well.

Expression
Several studies have reported the subcellular localization of UL33 and US28. Both GPCRs
are mainly expressed perinuclearly in a region known as the virion assembly compartment in
infected cells [37, 210, 211]. However, double staining of UL33 and US28 in HCMV Merlin‐
infected U251 cells revealed a more dispersed cellular localization of UL33 compared to US28
[231](or Chapter III), which may facilitate unique interaction partners for both receptors.
Similarly, double staining of UL33 and US28 in tumor tissue specimens of glioblastoma
patients may provide new insights on their respective roles in situ. Previously, this was
hampered due to the origin of the UL33 and US28 antibodies (both raised in rabbit). The
discovery of US28‐targetting nanobodies [104] of Llama origin enables simultaneous detection
of both GPCRs. UL33 was expressed at a later timepoint after infection of glioblastoma cells
compared to US28, where after both receptors were expressed together [231](or Chapter III).
It is as yet elusive how differences in expression kinetics and subcellular localization of both
receptors affect signaling and cellular responses. Presumably, differential presence or
abundance of interaction partners and signaling components influence signaling output from
specific cellular locations. Similarly, US28 signaling might change over time, for example due
to interaction with proteins encoded by HCMV late genes not present early after infection.
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Ligand binding
Where US28 is a promiscuous chemokine receptor [12], ligands for UL33 have not been
identified as yet. US28 has been proposed to contribute to immune evasion by sequestering
chemokines from the microenvironment of infected cells [26, 170‐172]. As a consequence,
monocyte chemotaxis towards fibroblasts increases upon infection of these fibroblasts with
US28‐deficient HCMV but not wild‐type HCMV, and could be abolished upon neutralization
of CCL2 and CCL5 [26]. Accordingly, extracellular CCL2 levels were reduced in US28‐
expressing U251 (Chapter IV) and NIH‐3T3 cells [154]. Nevertheless, CCL5‐mediated
monocyte adhesion to a monolayer of endothelial cells was not reduced upon US28‐expression
in the endothelial cells [50]. Adhesion to endothelial cells is promoted also upon US28
expression in THP‐1 monocytes [292]. Although endothelial cells express membrane‐bound
CX3CL1 [293], US28‐induced monocyte adhesion to endothelial cells is independent of
chemokine binding and rather mediated via constitutive Gαq and PKC activation [292].
In addition to constitutive signalling, ligand‐dependent signalling of US28 could
contribute to its oncomodulatory effects. CCL2 over‐expression accelerates neoplasm
formation in transgenic mice expressing US28 in their intestinal endothelial cells [105]. In view
of the potential CCL2 sequestration by US28‐expressing U251 cells, CCL2 might modulate
signaling of US28 in an autocrine fashion. US28‐induced STAT3 activation, however, was
unaltered upon exogenous stimulation with CCL2, CCL5 and CX3CL1 (Chapter IV).

Signaling
In contrast to human chemokine receptors, UL33 and US28 both couple G proteins
promiscuously. UL33 is shown to couple Gαs, Gαi and Gαq [29], and US28 is known to signal
via Gαi, Gαq and Gα12/13 [30‐34]. As described in Chapter III, both receptors constitutively
stimulate proliferative, pro‐angiogenic and pro‐inflammatory signalling pathways in different
cell models. In HEK293T cells, UL33 and US28 induced activation of transcription driven by
AP‐1, CREB, HIF, NFAT, NF‐κB, STAT3, SRF and TCF/LEF as well as transcription of COX‐2
and VEGF [231](or Chapter III). Remarkably, SMAD3 was the only reporter gene readout in
the transcription fingerprint inert to UL33 and US28 signaling. By determining the signalling
at equal receptor protein levels, the intrinsic signalling capacity of the receptors could be
compared. The efficacy of stimulating AP‐1, HIF, NFAT, STAT3 and TCF/LEF activation and
COX‐2 and VEGF transcription was comparable for UL33 and US28. NF‐κB and SRF activity
was higher in US28‐expressing cells compared to cells expressing UL33, whereas CREB was
activated more efficacious by UL33. The observations that (I) the efficacy of STAT3 activation
and COX‐2 and VEGF transcription is similar for both receptors and (II) UL33 only marginally
activated NF‐κB, while (III) US28‐mediated transcription of COX‐2 and VEGF and activation
of STAT3 are NF‐κB‐dependent [31, 154, 155], imply different molecular mechanisms
employed in the activation of these pathways by the receptors in HEK293T cells. Notably, NF‐
κB was not activated by US28 in U251 cells (Chapter IV). Where receptor‐mediated TCF/LEF
activation was similar in HEK293T cells, the activation of this transcription factor by UL33 was
more pronounced compared to US28 in U251 cells. In both HEK293T and U251 cells, inositol
phosphate accumulation was stimulated by US28, but unaffected by UL33. Although this may
suggest Gαq‐independent UL33 signaling, treatment with Gαq inhibitor UBO‐QIC lowered
UL33‐mediated transcriptional activation of CREB, NFAT, STAT3, TCF/LEF or COX‐2 and
VEGF promoter in HEK293T cells (unpublished data). Therefore, UL33 and US28 signaling
might differ at the level of PLC activation. Finally, STAT3 activation, as assessed by
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phosphorylation at Tyr705, and IL‐6 secretion were induced by both UL33 and US28 in U251
cells, to a similarly extent [231](or Chapter III).

Oncogenic effects
As mentioned before, both UL33 and US28 induced foci formation in NIH‐3T3 cells,
enhanced spheroid growth in U251 cells and promoted tumor formation in NIH‐3T3 and U251
xenograft mouse models [231](or Chapter III). Although the signalling capacity of the GPCRs,
as far as it has been delineated, turned out to be quite similar, the cellular oncomodulatory
effects mediated by US28 were more pronounced compared to UL33. US28‐expressing
spheroids were larger in size and tumors were formed more rapidly by US28‐expressing
xenografts [231](or Chapter III).

US28 signaling in glioblastoma and other cellular backgrounds
At the time the work described in this thesis was initiated, studies regarding US28 in
glioblastoma or relevant cell lines were rather limited. US28 expression in glioblastoma tumor
tissue was reported as well as US28‐mediated promotion of proliferation, angiogenesis and
invasiveness via IL‐6, STAT3, VEGF and eNOS in glioblastoma cells [102, 154]. Extending
findings in HEK293T and NIH‐3T3 to U251 glioblastoma cells, we showed US28‐mediated
activation of CaMKII/AKT/HIF‐1/PKM2 signaling and concomitant metabolic reprogramming
in glioblastoma [156]. Thereafter, we set out to evaluate signalling induced by US28 in U251
cells in an unbiased manner through analysis of US28’s transcriptome. We observed that US28‐
induced SK1/S1P1 signaling substantially contributes to the activation of AKT and STAT3
(Chapter IV). Further delineating US28‐mediated signaling, increased CIP2A expression and
enhanced cMYC activation were identified as effectors of SK1/S1P1 signaling induced by US28.
Noteworthy, this network modulated by US28 consisted of multiple feed‐forward loops.

SK1/S1P signaling
SK1 is an oncogene overexpressed in multiple malignancies, including glioblastoma [250,
251]. Moreover, transcription of this sphingosine kinase is increased upon HCMV infection of
glioblastoma cells [253]. We showed that HCMV infection and US28 expression promote gene
transcription and/or protein expression of SK1 in U251 cells (Chapter IV). US28 activates
factors known to regulate SK1 expression, for example AKT [156, 240], AP‐1 [231, 242](or
Chapter III) and HIFs [156, 241]. Contribution of AP‐1, AKT and HIF‐1 to SK1 expression in
US28‐expressing cells was indirectly confirmed in STAT3 and cMYC reporter genes, which are
activated downstream of SK1/S1P1. Most interestingly, activation of the SK1/S1P1 pathway
stimulated SK1 expression. US28‐induced AKT activation was SK1‐dependent and SK1
mRNA and/or protein expression were sensitive to inhibition of SK1, S1P1 and CaMKII (a
mediator of US28‐induced AKT activation).
On top of being a driver of US28 signaling in U251 cells, SK1 activation is required for
efficient virus growth in HCMV AD169‐, Merlin‐ or TB40/E‐infected lung fibroblasts [254].
Hence, SK1 activation might be a more general effect induced by HCMV/US28, resulting in
malicious activation of feed‐forward loops in the genetically instable background of tumors.
For example, tumors harboring PTEN deficiency might allow activation of SK1/S1P1/AKT
amplification loop, like observed in U251 cells.
Although we focused on S1P1‐mediated effects of S1P, a contribution of S1P3, for instance
to AKT activation, cannot be ruled out as this receptor is also expressed in U251 cells.
Moreover, US28‐mediated elevation of S1P could induce paracrine effects through activation
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of other S1P receptors. Four S1P receptors are expressed by glioblastoma cells, i.e. S1P1, S1P2,
S1P3 and S1P5 [294‐296]. The abundance of S1P1, S1P2, and S1P3 is elevated in tumor tissue
specimens of glioblastoma patients compared to control tissue and patient survival is
associated with levels of S1P1 and S1P2 [294, 295].

NF‐κB activation
Based on early signalling studies, NF‐κB is considered as a key component in the
signalling network activated by US28. The viral chemokine receptor promotes NF‐κB
activation in HEK293T cells and in HCMV AD169‐infected foreskin fibroblasts [155].
Additionally, inhibition of NF‐κB impairs US28‐induced COX‐2 and VEGF promoter
activation as well as STAT3 activation in HEK293T cells [154, 155]. In U251 cells, however,
US28 failed to alter NF‐κB activity (Chapter IV). Furthermore, in HCMV‐infected monocytes
US28 is required to establish latent infection by attenuation of NF‐κB signalling [47]. Together,
these observations highlight the importance of cellular background when studying US28.
Molecular mechanisms responsible for the differential modulation of NF‐κB by US28 in
different cell types are currently unknown.

STAT3 activation
US28 increases STAT3 activity in multiple cellular backgrounds, i.e. HEK293T, neuronal
precursor cells, NIH‐3T3, U251 and U373 cells [102, 154](Chapter IV). Mechanistically, US28‐
induced STAT3 activation is mediated via NF‐κB and JAK kinases in HEK293T cells and
depends on IL‐6 and gp130 in NIH‐3T3 cells [154]. In this work, we have demonstrated that
activation of Gαq, AP‐1, SK1, S1P1, JAK2, CaMKII, AKT, HIF and PKC, but not Gαi or NF‐κB,
contribute to activation of STAT3 by US28 in U251 cells (Chapter IV). US28‐mediated STAT3
activation in HEK293T cells may also be SK1/S1P1‐dependent, because activation of S1P1 can
lead to NF‐κB‐dependent, IL‐6‐mediated STAT3 activation [234]. Notably, US28‐mediated
STAT3 activation was insensitive to Gαi inhibitor pertussis toxin in NIH‐3T3 and U251 cells,
not corresponding to Gαi‐dependent STAT3 activation by S1P1 [233]. This might be explained
through heteromerization of US28 with S1P1 or G protein‐independent JAK2/STAT3 activation
like reported for chemokine receptor CXCR4 [260].
In addition to transcriptional activity of STAT3, we also evaluated the post‐translational
modifications of STAT3 involved in its activation. US28 expression in U251 cells elevated
phosphorylation of STAT3 at Tyr705 and Ser727 (Chapter IV). JAK kinases are known regulators
of STAT3 Tyr705 phosphorylation and inhibition of JAK2 indeed impaired US28‐driven STAT3
activity. Furthermore, PKM2 might contribute to this effect. US28 expression in U251 cells
enhances the phosphorylated dimeric state of PKM2 [156]. Translocated to the nucleus,
dimeric PKM2 functions as a transcriptional co‐activator, phosphorylating STAT3 at Tyr705
using phosphoenolpyruvate as phosphate donor [189]. Components of US28’s signaling
network that can regulate STAT3 Ser727 phosphorylation include CaMKII and CIP2A.
Inhibition of CaMKII profoundly lowered US28‐mediated transcriptional activity of STAT3,
which could be the result of directly inhibiting CaMKII‐mediated phosphorylation (61) or an
indirect effect through downregulation of SK1. CIP2A is one of the STAT3 target genes
upregulated in US28‐expressing U251 cells and can form a feed‐forward loop by promoting
phosphorylation of STAT3 Ser727 [245]. Through stimulation of S1PR1 transcription, US28‐
driven S1P1‐mediated STAT3 activity is subject to another feed‐forward mechanism [234].
Although focusing on S1P signaling as mediator of autocrine STAT3 signaling, we
recognize STAT3 activation mediated by US28 is probably the sum of several factors working
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in concert. STAT3 signaling can be induced via other secreted factors upon activation of their
cognate cell surface receptors, among these are CXCL8, IL‐6, and IL‐11 displaying increased
secretion from US28‐expressing U251 cells. Accordingly, inhibition of gp130, co‐receptor for
e.g. IL‐6 and IL‐11, partially impaired US28‐mediated STAT3 activation (data not shown). In
addition to autocrine effects, which depend on expression of receptors in that particular
HCMV‐infected cell, these soluble factors might have important paracrine effects on other cells
of tumor or stromal origin.

cMYC activation
In 1991, Boldogh et al. reported increased transcription of oncogene cMYC within the first
150 minutes after HCMV infection of human embryo lung cells [297]. Additionally, HCMV DB
infection of primary mammary epithelial cells enhances MYC transcription [298] and
expression [287]. Molecular mechanisms involved in HCMV‐mediated cMYC expression were
not known until US28 was shown to promote cMYC transcription in intestinal epithelial cells
[105].
Here, we demonstrated that US28 increased cMYC transcription and activity in U251 cells
(Chapter IV). cMYC protein abundance was not increased, suggesting post‐transcriptional
regulation counterbalancing elevated transcript levels and activity. Using a variety of
inhibitors, the signalling network employed by US28 to activate cMYC in U251 cells was
delineated. cMYC transcription and cMYC Ser62 phosphorylation were sensitive to SK1‐I
inhibition, where cMYC activation was impaired upon inhibition of Gαq, PKC, CaMKII, AP‐1,
SK1, S1P1 and JAK2. Moreover, we observed cMYC activation upon HCMV infection (data not
shown), elevation of CIP2A expression upon infection or US28 expression and impaired US28‐
induced CIP2A expression through inhibition of SK1, S1P1 and CaMKII. Based on these
findings and reports in literature, we propose the following signalling network (Schematically
depicted in Chapter IV). US28 stimulates STAT3 via activation of the SK1/S1P1 route,
enhancing the transcription of cMYC and CIP2A [245, 299]. Additionally, US28 stimulates
AKT via activation of SK1/S1P1, increasing CIP2A expression [246, 247]. CIP2A inhibits the
suppressive function of PP2A towards cMYC, activating cMYC [248]. In turn, active cMYC can
stimulate CIP2A expression [248]. This effectuates a self‐reinforcing interaction between
CIP2A and cMYC, CIP2A and STAT3, and CIP2A and AKT. Furthermore, US28‐mediated
transcription of cMYC in intestinal epithelial cells was suggested to be the result of β‐catenin
signalling [105]. US28 activates TCF/LEF‐driven transcription in U251 cells [231](or Chapter
III), presumably via Gαq‐and AKT‐dependent inhibition of GSK‐3β resulting in activation of
β‐catenin [300], hence this route might also contribute to cMYC expression in U251 cells.

Secretion of pro‐angiogenic factors
Gliomas are highly vascularized tumors, in which the levels of VEGF and its receptors
correlate with tumor stage [301]. Activation of pro‐angiogenic signalling is one of the
mechanisms through which US28 exhibits its oncomodulatory properties [155]. VEGF
promoter activation or VEGF secretion is promoted by US28 in COS‐7, HEK293T, NIH‐3T3,
U87 and U251 cells, primary GBM4121 cells, neuronal precursor cells, as well as in HCMV
Titan‐infected U373 cells [31, 102, 155, 156]. Pathways utilized by US28 to promote VEGF
expression depend on Gαq, MAPK p38 and MAPK p44/42 in COS‐7 cells [31], COX‐2, HIF‐1,
NF‐κB and STAT3 in HEK293T cells [155, 156] and COX‐2 and HIF‐1 in NIH‐3T3 cells [154‐
156]. Extrapolating the findings in different cellular backgrounds, US28 might stimulate VEGF
secretion in U251 cells via SK1/S1P1, however, this remains to be validated experimentally.
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US28 expression in U251 cells stimulated the secretion of CXCL8, that is transcriptionally
controlled by STAT3 [302], through the activation of SK1 (Chapter IV). CXCL8 is an important
regulatory factor in the tumor microenvironment through its potent angiogenic and
proinflammatory effects [303]. In line with our findings, CXCL8 was present in the secretome
of HCMV AD169‐ and VR1814‐infected HUVECs and normal human dermal fibroblasts [304,
305]. However, MRC5 fibroblasts infected with US28‐deficient HCMV Toledo secrete more
CXCL8 compared to wildtype‐infected cells [26]. These contradicting reports might indicate
that the regulation of CXCL8 by US28 is strongly dependent on the cellular background and/or
HCMV strain.
The secretome of HCMV AD169‐ and VR1814‐infected HUVECs, HCMV AD169‐ and
VR1814‐infected normal human dermal fibroblasts and HCMV VR1814‐lymphatic endothelial
cells contains IL‐6 [304‐306]. Neutralization of IL‐6 from the HCMV secretome impaired
angiogenesis [304, 306]. In U373 cells, HCMV Titan infection stimulates secretion of IL‐6 in a
US28‐dependent manner [154]. We showed that US28‐mediated IL‐6 excretion in U251 cells is
controlled through a mechanism different from CXCL8, as it appeared to be inert to SK1
inhibition (Chapter IV).
Altogether, several indications hint to a pro‐angiogenic role of US28 in U251 cells. Hence,
it would be relevant to determine US28’s contribution to angiogenic effects of HCMV‐infected
U251 cells.

Suppression of tumor suppressor proteins by HCMV
HCMV encodes several proteins that inhibit host tumor suppressor proteins. HCMV UL97
kinase inhibits retinoblastoma protein (RB) by means of direct phosphorylation in infected
fibroblasts [307]. HCMV tegument protein pp71 promotes the degradation of active
unphosphorylated RB [308]. In LN229, U87, U118 and U251 glioblastoma cells, HCMV IE1
expression inactivates RB through activation of the PI3K/AKT signalling pathway [309]. UL38
interacts with tumor suppressor tuberous sclerosis complex (TSC1/2), antagonizing the
negative regulation of mTORC1 by the complex [310]. Tumor suppressor p53 is inactivated by
HCMV IE1, IE2, UL29, UL38, UL44 and UL84 [311‐314]. Although functionally inhibiting p53,
HCMV infection or expression of IE proteins elevate p53 protein abundance. Interestingly,
Fortunato and colleagues showed that knockdown of p53 affects the expression of 22 viral
genes and impairs the production of infectious viral particles [315, 316]. Overall, HCMV‐
mediated inhibition of host tumor suppressors seems to facilitate efficient viral DNA
replication through inhibition of apoptosis.

PP2A suppression
In Chapter IV, we described upregulation of PP2A inhibitor CIP2A upon HCMV infection
or US28 expression. This was accompanied by increased phosphorylation of AKT Ser473, cMYC
Ser62 and STAT3 Ser727, known targets of CIP2A‐regulated, PP2A‐mediated dephosphorylation
[245, 248, 249, 261]. Although we have not shown modulation of PP2A activity, US28 is
expected to reduce phosphatase activity of PP2A through elevation of CIP2A abundance.
Other mechanisms by which US28 may disrupt PP2A activity include JAK2‐mediated
inhibiting phosphorylation of PP2A C Tyr307 [317], SET‐mediated inhibition of PP2A [318] and
reducing the levels of PP2A activator ceramide [319]. Several other viruses, for example
adenovirus type 5, polyomavirus and simian virus 40 (SV40), have also devised distinct
mechanisms to modulate PP2A activity. Each of these viruses encodes one or more proteins
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directly interacting with PP2A. Adenoviral E4orf4 induces PP2A‐mediated apoptosis in
transformed cells [320], whereas small [321] and medium [322] tumor antigens from
polyomavirus as well as SV40 virus small tumor antigen [323] facilitate virus‐mediated cellular
transformation through disruption of PP2A function. SV40‐encoded small tumor antigen
inhibits PP2A activity via its N‐terminal J domain and potentially displaces PP2A B subunits
through competitive binding to PP2A A and C subunits [324]. SV40 small tumor antigen‐
mediated PP2A suppression leads to activation of the AKT pathway and constitutive AKT
signalling substitutes for the antigen in transformation [325]. In conclusion, modulation of
PP2A activity is a strategy commonly employed by viruses. Although not experimentally
demonstrated yet, through activation of SK1/S1P1 signalling HCMV/US28 most likely
suppresses PP2A, which is mechanistically different from PP2A modulation by other viruses.

UL33 and US28 in viral dissemination
During propagation of UL33‐ and US28‐deficient HCMV Merlin virus for our research,
we observed impaired virus growth for UL33‐null virus compared to wildtype and ΔUS28
virus. Quantified in multi‐cycle growth analysis, UL33, but not US28, facilitated virus
replication in fibroblasts (Chapter V). Evaluating how UL33 contributed to virus spread, we
found that UL33 and US28 facilitate cell‐to‐cell viral spread to a similar degree. However, the
contribution of the receptors was quite modest when compared to RL13 and proteins in the
UL128 locus, known to impair cell‐to‐cell spread [21]. The difference between UL33 and US28
in multistep growth kinetics but not in cell‐to‐cell infection indicate an additional role for UL33
in extracellular HCMV spread. It remains to be elucidated which aspect of extracellular
dissemination is facilitated by UL33.
Expanding the study of UL33 and US28 in HCMV dissemination to other cell types could
provide additional insights as well. Where extracellular dissemination is the predominant way
of infection in fibroblasts, HCMV spread relies more heavily on the cell‐to‐cell route in
monocytes, endothelial, epithelial and dendritic cells [274]. Therefore, HCMV might be less
dependent on UL33 for dissemination in the latter cell types. Also the mechanism of virus
entry differs between cell types; HCMV enters fibroblasts through fusion with the plasma
membrane [326], while endothelial and epithelial cells are infected by means of endocytosis of
virions followed by low pH‐dependent fusion in endosomes [327]. Hence, studying multiple
cell types allows evaluation of the contribution by UL33 and US28 to additional processes.
Where this is the first report of a role for UL33 in the viral life cycle, US28 has been
implicated to confer to several mechanisms of HCMV dissemination. As mentioned before,
US28 is thought to support evasion of immune surveillance by sequestering chemokines [26,
170‐172]. Additionally, by means of ligand‐dependent signalling, US28 facilitates HCMV‐
mediated migration of macrophages and smooth‐muscle cells [43‐45]. Directed migration of
these cells might aid HCMV dissemination in vivo. US28 also contributes to cell‐to‐cell
infection in fibroblasts and endothelial cells [49]. Moreover, HCMV relies on US28, but not
UL33, UL78 and US27, to establish and maintain latent infections in monocytes and
hematopoietic progenitor cells [46, 47]. Taken together, UL33 and US28 contribute to different
aspects of the viral life cycle.
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Therapeutic intervention
Valganciclovir is the current gold‐standard anti‐HCMV treatment [328]. Additional
agents licensed for use against HCMV‐infection include other nucleoside analogs/polymerase
inhibitors and a terminase complex inhibitor [329]. Resistance to current anti‐HCMV treatment
necessitates the development of new agents against novel targets. On top of the off‐target
effects and the emergence of resistance, their ability to only affect replicative infection is an
intrinsic limitation of the current anti‐viral drugs. Historically, the GPCR protein class has
evolved as highly druggable, with over 30% of the marketed drugs targeting members of this
protein family [330].
Many efforts have been put to the generation of small molecule inverse agonists for US28
(reviewed in [12]), however, low potency and cytotoxic effects limit their use. Recently, US28‐
targeting biologics showed potential. A fusion toxin protein, consisting of a mutant soluble
domain of CX3CL1 fused to the cytotoxic domain of Pseudomonas Exotoxin A, has been used
to selectively kill US28‐expressing and latently HCMV‐infected cells [331, 332]. Moreover, we
developed nanobodies that function as potent partial inverse agonists for US28 [104, 333].
These nanobodies inhibit US28‐induced signalling and US28‐accelerated tumor formation.
Furthermore, conjugation of a photosensitizer to one of the nanobodies enabled selectively
killing of US28‐expressing glioblastoma cells by means of photodynamic therapy [333].
Targeting the HCMV latency reservoirs by targeting the latency‐supporting function of US28
[47] might be a strong combination with current anti‐CMV treatments that only affect lytic
infections.
Based on the pronounced role of Merlin UL33 in virus dissemination in fibroblasts, follow‐
up target validation of this receptor is required to evaluate UL33 as a new antiviral target.

Future perspectives
The UL33 and US28 transcriptomes determined in our studies provide rich data sources
that could form the basis for testing new hypothesis on the role of these viral GPCRs in
glioblastoma. To obtain more meaningful data, however, several aspects should be taken into
consideration.

Cellular background
Cellular signalling strongly depends on cellular background. In case of US28 this is well
illustrated with respect to modulation of NF‐κB activity. As mentioned before, NF‐κB
activity is not affected by US28 in U251 cells (Chapter IV), is reduced in monocytes [47] and is
stimulated in HEK293 and HFF cells [155, 231] (or Chapter III). Hence, studying disease
relevant cell lines is important. Evaluating findings in multiple cellular backgrounds, e.g.
glioblastoma cell lines and primary glioblastoma cells representing the genetic heterogeneity
of glioblastomas [334], would improve our understanding regarding the function of
HCMV/viral GPCRs in gliomagenesis. Cancer cells inherently harbor mutations, which can
influence signaling. For example, the importance of AKT signaling downstream of US28 in
U251 cells might be a consequence of the mutant PTEN present in those cells, as discussed in
Chapter IV. It would also be interesting to test how the current knowledge of oncomodulatory
HCMV‐encoded GPCRs translates to other HCMV‐associated malignancies, such as breast
cancer [91], colorectal cancer [92], lung cancer [94], mucoepidermoid carcinoma [95],
neuroblastoma [96] and prostate cancer [97].
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Infection vs ectopic expression
The majority of studies regarding HCMV‐encoded GPCRs, including the ones described
in this thesis, were mostly conducted using ectopic expression of single HCMV genes. This
provided insight in the behavior and characteristics of receptors in isolation, however,
expression levels might not represent natural conditions and interactions with other viral gene
products are lacking. Studies employing infected cells yield more pathologically relevant data
and, thus, should be used more frequently. Additionally, it should be underscored that HCMV
is not a single entity, as different strains have evolved independently and display remarkable
genetic variability [8, 335]. In particular laboratory‐adapted strains should be avoided, as these
strains have inevitably undergone genetic mutations and deletions as a consequence of
culturing conditions. Hence, patient‐derived HCMV‐positive cell lines, like the T98G
glioblastoma cell line [336], or patient‐derived HCMV‐positive primary glioblastoma cells
could be valuable research tools, as it is currently unknown how well in vitro infection
resembles in vivo infection. Where these naturally infected cells could be used in combination
with the inverse agonistic nanobody targeting US28, the lack of pharmacological tools
complicates the effective use of these cells in the study of UL33. Nonetheless, it would be
interesting to assess the role of UL33 and US28 on tumor growth in the orthotopic intracranial
glioblastoma mouse model using cells infected with recombinant HCMV variants described
in this thesis. Alternatively, the mouse glioblastoma model, in which MCMV‐infection
reduced survival [288], could be employed in combination with M33‐deficient MCMV and
complementation with US28 or UL33 [58].

Pharmacological intervention
Specific (full) inverse agonists for UL33 and US28 would aid their characterization. Those
inverse agonists could particularly facilitate delineating the function of the receptors upon
infection. In general, specific HCMV inhibitors, with minimal off‐target effects, used as
adjuvant treatment, like has been done with valganciclovir [216, 217, 289], would be most
beneficial to reveal the role of HCMV in malignancies and thereby end the controversy on the
matter. As such, the FDA‐approved HCMV terminase complex inhibitor letermovir might be
a good candidate, because counterparts of this viral complex are absent in mammalian cells
[337].

Conclusion
The research described in this thesis expands our understanding of the pathological
function of UL33 and US28 receptors encoded by HCMV. Where US28 is recognized for its
ability to aggravate tumorigenesis, we demonstrated oncomodulatory properties for UL33 as
well. Both receptors activate a broad spectrum of signaling pathways in a constitutive manner.
Their signaling capacity is mostly similar in the evaluated readouts, implying considerable
overlap in signaling partners. Further efforts are required to provide mechanistic explanation
for the differences in signaling induced by the two viral GPCRs. For US28 we revealed (one
of) the biochemical route(s) underlying its oncomodulatory effects in U251 glioblastoma cells;
US28 stimulates SK1/S1P1 signalling enhancing CIP2A expression via stimulation of AKT,
cMYC and STAT3. Additionally, we reported that UL33 and US28 facilitate dissemination of
HCMV Merlin virus in fibroblasts. Both receptors are involved in cell‐to‐cell spread, whereas
UL33 also contributes to the cell‐free route.
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