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Glioblastoma multiforme (GBM) is the most common and malignant type of 
primary brain tumor with an overall survival of only 12 to 15 months [1]. Human 
cytomegalovirus (HCMV) nucleic acids and proteins have been found in GBM 
tumors and not in surrounding brain tissues [2], [3]. Furthermore, newly diagnosed 
GBM patients carried HCMV DNA in their peripheral blood and higher rates of 
HCMV-positive cells were detected in high-grade GBM tumors versus low-grade 
GBM tumors [3], [4]. Based on these individual findings, in 2012 researchers came 
to a consensus that HCMV is present in GBM and able to contribute to the malignant 
phenotype [5]. Despite this, the involvement of HCMV in the pathogenesis of GBM 
and other types of cancer remains to be debated as a result the elaborate staining 
methods and protocol optimization, which are required in order to detect the virus 
[4], [6]. HCMV however, is not the only reported herpesvirus involved in cancer 
via expression of its viral G protein-coupled receptors (GPCRs). In chapter II, we 
provide an overview of all viral GPCRs and their role in various cancer hallmarks. 
This includes a role for Karposi’s sarcoma-associated herpesvirus (KSHV)-
encoded ORF74 in promoting the angioproliferative phenotype by signaling via 
the PI3K/Akt and MAPK/ERK pathway. In the remaining chapters of this thesis 
we focused on HCMV-encoded chemokine receptor US28 with the aim of getting 
a better understanding of the contributory role of HCMV and US28 in GBM 
progression. This will aid in understanding the malignancy of glioblastoma and 
hopefully improve future treatment methods by providing novel drug targets. 

6.1 The constitutive activity of US28 in glioblastoma 

6.1.1 The constitutive activity of US28 promotes spheroid growth

In chapter III, we develop an inducible US28 U251 GBM cell line and set up 3D in 
vitro and orthotopic in vivo models to study US28. We observe that US28 possesses 
constitutive activity in U251-iUS28 cells upon induction. This activity increases 
spheroid size and stimulates VEGF and IL-6 secretion, thereby contributing to 
GBM malignancy. Furthermore, US28 expression stimulates GBM progression 
in orthotopic animal models, where animals expressing US28 already showed 
tumor growth 10 days post-operation while animals without US28 expression 
developed tumors 40 days post-operation. In the viral setting, comparable 
findings to US28 expression in spheroids were observed upon infection with 
different HCMV strains (TB40 and Merlin). Infection with either strain promotes 
spheroid growth, neurosphere formation, and IE and US28 mRNA in both U251 
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and primary GBM48 cells. Furthermore, upon infection with HCMV strain TB40 
lacking US28, TB40-ΔUS28, the rate of spheroid size increase diminished 
significantly. This shows that HCMV is able to successfully infect differentiated 
GBM as well as primary GBM cells and that US28 promotes GBM malignancy.

6.1.2 US28-mediated glioblastoma progression can be modulated using 
nanobodies

Having established reproducible in vitro and in vivo models, we developed US28-
directed heavy chain only antibodies, or nanobodies in chapter IV. The monovalent 
US28 nanobodies were able to fully inhibit the binding of endogenous ligands CCL5 or 
CX3CL1 to US28, while the bivalent US28 nanobodies showed 100-fold increase in 
affinity, while still undergoing competition binding with the endogenous ligands. Not 
only did these nanobodies show to be useful to inhibit US28-mediated signaling by up 
to 50% owing to their inverse agonistic properties, they were also useful as imaging 
tools for immunohistochemistry. Despite targeting different sites of the receptor, 
C-terminal binding of the conventional US28 antibodies versus N-terminal binding 
of the US28 nanobody, comparable staining patterns for US28 in animal tissues 
expressing US28 as well as GBM patient material were achieved. Furthermore, 
these bivalent nanobodies are able to inhibit US28-mediated growth of U251-iUS28 
spheroids in vitro and delay the onset and progression US28-expressing tumors in 
vivo and inhibit in circulating VEGF and IL-6 levels respectively. Finally, treatment 
of HCMV infected U251 spheroids and neurospheres with US28 nanobodies 
impairs the US28-mediated increase in spheroid and neurosphere size, showing 
that these nanobodies are promising as therapeutics for the treatment of GBM. 

6.1.3 HCMV modulates the differential state of GBM cells 

Infection with HCMV has previously been shown to induce a stem cell phenotype 
in GBM [7]. In combination with neurosphere-promoting properties associated with 
HCMV, we looked further into the contribution of US28 in cancer stem cell (CSC) 
signaling and EMT/MET switching in chapter V. We observed that the expression 
of US28 in U251 GBM cells did not specifically skew the cells to an epithelial (E) or 
mesenchymal (M) phenotype, instead, both EMT and MET genes were present. This 
might be a result of the presence of a heterogeneous population of cells at differing 
differential states within a tumor or the existence of an E/M hybrid phenotype. 
Furthermore, US28 is able to promote the CD133+ cell population, which suggest 
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that this receptor is involved in glioma dedifferentiation. Indeed, we discovered that 
US28 is able to modulate the major stemness regulators Sox2 and OCT4 via Gαq/11 
in a constitutive active manner. This might in association with the Hippo pathway, 
which is a major player in stem cell regulation, as knocking down Sox2 affected the 
translocation pattern of YAP, one of the co-transcription factor of the Hippo pathway. 

6.1.4 HCMV modulates PD-L1 via US28 and the Hippo pathway

US28 is able to couple promiscuously to G proteins, enabling it to signal via 
various pathways. We aimed at identifying new pathways via which US28 is able 
to contribute to the progression of GBM. In chapter V, we briefly introduced a novel 
pathway for US28, the Hippo pathway, in the context of regulating stemness. In 
chapter VI, we further investigate the Hippo pathway with its mediator YAP and 
its transcription factor TEAD. Aside from stem cell maintenance, YAP and TEAD 
form a complex of transcription factors to initiate the expression of genes involved 
in proliferation and migration among others. We find a correlation between nuclear 
YAP localization and poor survival in GBM patients. Additionally, we observe specific 
YAP localization within the tumor region of animals bearing US28 expressing 
tumors, pointing towards a possible role for YAP in GBM progression. Both HCMV 
infection and US28 expression in U251 GBM cells link to increased YAP nuclear 
localization and YAP-TEAD transcriptional activation via Gαq/11 and Gα12/13. This in 
turn, stimulates PD-L1 expression on the surface of these tumor cells, which is an 
important receptor in the regulation of T cell immunity. Furthermore, we discover a 
direct link between the Hippo-YAP pathway and PD-L1 expression in U251 GBM 
cells. To modulate the US28-mediated activity, we developed new US28 nanobodies 
with increased affinity for the US28 receptor. Similar to the nanobodies described 
in chapter III, the bivalent variants are able to inhibit receptor-mediated activities. 
VUN100b inhibits US28-mediated increase in YAP and PD-L1 activity and protein 
levels by 50%. This data suggests that US28 is able to modulate the Hippo pathway, 
possibly contributing to immune evasion and promoting the malignancy of GBM. 

6.2 HCMV and cancer stem cells 

A lot of questions remain to be answered concerning the origin of CSCs. Several 
observations led us to believe that US28 might attribute to the regulation and 
formation of CSCs. The presence of multinucleated giant cells found in vitro and 
in vivo in chapter III as a result of HCMV infection and US28 expression, suggests 
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their involvement in CSCs regulation. These multinucleated giant cells are known 
to carry p53 mutations. p53 counteracts stem cell proliferation [8]. Therefore, 
mutations in this gene might reverse this effect. Furthermore, multinucleated giant 
cells have been shown to give rise to CSCs [9]. Aside from this, in chapter IV, US28 
expression in vivo resulted in increased circulating IL-6 and CXCL8 (IL-8) in the 
sera of mice. Both IL-6 and IL-8 are able to modulate the GSC population, thereby 
possibly driving tumor progression (Figure 1 – mechanism 1) [10], [11]. US28 might 
mediate the secretion of these cytokines to maintain the CSCs within the tumor mass. 

6.2.1 The Hippo pathway and its role in stem cell regulation 

As mentioned earlier, HCMV has been found to promote the stem cell phenotype 
in GBM, specifically driven by HCMV’s immediate early (IE) protein [7], [12]. 
In accordance with the observations of Fornara et al. 2015, HCMV infection 
stimulates neurosphere formation in our U251 GBM cells, as presented in chapter 
III. Furthermore, US28’s ability to promote neurosphere growth, induce CD133 
expression, signal towards the Hippo-YAP pathway, as well as its ability to modulate 
the major stemness regulators, also highly suggests that this receptor is involved 
in CSCs maintenance. The upstream mechanism of US28 signaling towards Sox2 
and OCT4 as described in chapter V is not known. However, based on previous 
findings, the Hippo-YAP pathway might play a role in this. YAP regulates the gene 
expression of CD133 and thereby the formation of CSCs [13]. Additionally, Sox2 
is reported as an important factor in the Hippo-pathway, as it has been found to 
act as an antagonist, stimulating YAP nuclear localization, thereby maintaining 
stemness in CSCs [14]. Furthermore, in embryonic stem cells, Sox2, OCT4, 
and Nanog, the major stemness regulators, are target genes of YAP and contain 
TEAD-binding sites in their promoter regions [15]. In turn, OCT4 and Sox2 also 
increase YAP protein levels, giving rise to an OCT4/Sox2-YAP positive regulatory 
loop. This also translates to cancer cells, as YAP has found to physically interact 
with OCT4 to induce Sox2 expression in non-small lung cancer [16]. Aside from 
the role of YAP in regulating stem cells via the major stemness regulators, it has 
also been found to be implicated in EMT/MET. Elevation of YAP in pancreatic 
cancer cells and colorectal cancer cells promotes EMT [17], [18]. Furthermore, 
nuclear translocation of YAP is deemed essential for EMT, suggesting that US28 
might use the Hippo pathway to regulate EMT/MET switching and modulate CSC 
behavior, linking our findings in chapter V and chapter VI together [19]. To obtain 
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more insight into the possible role for US28 and YAP in EMT/MET switching in our 
iUS28 U251 GBM model, the effect of knocking down YAP on EMT/MET switch 
markers and downstream target genes of YAP on RNA and protein levels can 
be determined. Furthermore, the absence of YAP activity on the transcriptional 
activation of major stemness regulators Sox2 and OCT4 has to be assessed, 
as well as looking into the effect on YAP nuclear translocation. Thereafter, 
US28 targeting nanobodies can be applied to determine US28-dependent YAP-
mediated regulation of EMT/MET and stemness. Finally, these findings have to 
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Figure 1 Overview of mechanisms of HCMV and possible mechanisms of contribution to GBM progression by 
promoting malignant activities in GBM and GSCs. (1) HCMV-encoded US28 promotes the secretion of IL-6/
IL-8 (and VEGF) in GBM. These secreted factors are involved in GSCs maintenance in the tumor mass itself 
or GSCs elsewhere. (2) HCMV is able to infect GSCs with a higher efficiency and chronically infect these cells. 
GSCs are chemotherapy resistant and have excellent mechanisms for immune evasion, thereby contributing to 
HCMV immune circumvention and survival. (3) Under hypoxic conditions in the perivascular niche, HIF is upreg-
ulated. This transcription factor promotes GSC proliferation and maintenance, giving rise to pericytes. (4) Peri-
cytes can arise from GSCs and promote VEGF secretion, also as a response to HIF, and blood vessel integrity. 
These processes ensure sufficient nutrient and oxygen supply, which in turn drives GBM growth and progres-
sion. (5) Endothelial cells in turn promote IL-8 secretion, which promotes GSC maintenance and recruitment.
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be confirmed using HCMV wildtype and US28-deleted mutant (ΔUS28) strains.  

6.2.2 Glioblastoma cell dedifferentiation induced by HCMV

Based on our findings in chapter V, where GBM dedifferentiation was observed 
upon HCMV infection and US28 expression, the questions remains as to why 
HCMV would promote this process. One of the underlying causes might be due 
to the higher infection efficiency achieved in glioma stem cells (GSCs) versus 
differentiated glioma cells (Figure 1 – mechanism 2) [11]. HCMV DNA is not only 
maintained at higher levels in GSCs, their DNA is also present for prolonged 
periods of time, indicating that HCMV is able to chronically infect these cells with 
higher efficiency. The increased infection efficiency might be addressed to GSC-
specific characteristics, thereby promoting viral entry. CD13 and THY-1/CD90 are 
cell surface antigens, specifically expressed on stem cells, and used as markers to 
identify GSCs [20], [21]. Expression of these proteins has been linked to increased 
susceptibility to infection with HCMV, especially during the initial state, by increasing 
binding of the virus and interacting with gB and gH, HCMV’s glycoproteins [22], [23]. 
Furthermore, transmembrane receptors, like integrin αvβ3 and platelet-derived 
growth factor receptor (PDGFR), which regulate differentiation of stem cells [24]–
[26], have been reported to aid in HCMV viral entry by acting as co-receptors [27], 
[28]. Aside from utilizing cell surface protein and receptors for viral entry, another 
reasoning for the preference for the dedifferentiated cell type can be addressed to 
the ability of GSCs to circumvent the immune system via toll-like receptors (TLRs). 
Low levels of TLR4 expression in GSCs ensure a reduction in damage signaling 
and activation of the innate immune system, while simultaneously promoting 
self-renewal programs in these cells [29]. Additionally, GSC isolated from GBM 
patients also showed lowered MHC-I and MHC-II expression levels compared to 
differentiated glioma cells [30]. Aside from this, PD-L1, which is directly activated 
by US28 via the Hippo pathway and has an inhibitory effect on T cells as described 
in chapter VI, has shown to maintain stemness via OCT4 in breast CSCs [31]. 
These observations point towards multiple mechanisms via which CSCs can 
evade immunity and ensure survival of their niche. By specifically infecting CSCs, 
HCMV might be able to use these mechanisms to escape immunity as well. 

The presence of CD133+ cells is related to chemoresistant glioma cells [32], 
although the exact mechanism behind this has yet to be determined. Cisplatin 
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and Temozolomide (TMZ) are frequently used and shown to be quite effective to 
a certain level [33]. However, previous research showed that treatment of GBM 
cell lines TMZ increases CD133 expression and therefore resistance over time 
[34]. Additionally, research in GBM patients found that cisplatin resistant CD133+ 

cells are highly enriched in Sox2 [35]. Considering our findings in chapter V where 
US28 expression promotes the CD133+ U251 GBM cell population and stimulates 
signaling via Sox2, HCMV and US28 might contribute to GBM chemoresistance. 
To determine if this is the case, sensitivity of the US28-induced CD133+ population 
to e.g. cisplatin or TMZ needs to be assessed. By inhibiting US28-mediated 
activity using our bivalent nanobodies, we were able to delay the onset of U251 
neurospheres expressing US28 by 24 hours (data not shown). This suggests 
that these nanobodies also act on pathways involved in dedifferentiation, thereby 
inhibiting the rate of neurosphere formation. We might therefore be able to increase 
GBM sensitivity to therapy using these nanobodies, as loss of CD133 has shown to 
promote cisplatin sensitivity [36]. Additional indications of the potential of our US28 
nanobodies can be addressed to its comparable inhibitory properties, the VEGF 
inhibitor Bevacizumab (BCM), as presented in chapter IV. Treatment of US28 
expressing U251-iUS28 spheroids with either BCM or our US28 nanobody inhibited 
spheroid growth in a similar degree, and no add-on effect was observed when BCM 
and US28 nanobody were combined, suggesting that the mode of action of BCM and 
our nanobodies target similar pathways i.e. reduced production of VEGF. Previous 
research in CD133+ glioma cells from patients showed enhanced vascularization in 
vivo and elevated levels of VEGF secretion [37]. Treatment with BCM specifically 
inhibited the proliferation of these CD133+ GSCs in vivo and impaired tumor 
formation. Finally, considering the higher infection efficiency of HCMV in GSCs, 
it would be interesting to determine if the CD133+ cell population specifically is 
carrying HCMV and if not, if they are more prone to HCMV infection compared to 
CD133- cells. By gaining a better understanding of the role of HCMV in CSCs, we 
might be able to provide a more effective way to eradicate these and chemoresistant 
cells and improve existing GBM therapies, as well as for other types of cancer. 

6.4 Opportunities with glioblastoma 3D cell models

In chapter III, we show that the expression of US28 in U251 spheroid model 
increases the size of spheroids. In 3D spheroid models, cells are exposed to more 
physiological cell-cell, and cell-matrix interactions, creating a microenvironment 
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which is thought to resemble tissue-resident stem cell niches [38]. Oxygen levels 
in particular seem to define the balance between proliferation and quiescence 
in stem cells. The size of our U251 spheroids exceed the threshold diameter 
to promote the formation of a hypoxic core [39]. In conditions with low oxygen, 
hypoxia-inducible factor (HIF)-1 is activated, aiding in oxygen supply by for example 
stimulating the formation of new blood vessels via VEGF secretion [40]. Aside 
from this, HIF-1α, part of the HIF-1 heterodimer with HIF-1β, activates pathways 
involved in stemness and EMT, and is deemed essential for glioma stem cell (GSC) 
proliferation and survival [41], [42]. Previously, our group showed enhanced HIF-1α 
activity upon HCMV infection and US28-mediated transcriptional activation of HIF-
1 target genes [43]. Considering these findings and our observations in chapter V, 
in which US28 expression induces dedifferentiation of U251 cells and promotes 
a hybrid E/M phenotype, the 3D spheroid model, after careful characterization, 
might provide an excellent model to further study the role of EMT/MET and 
HCMV in the context of glioblastoma. The versatility of the 3D spheroid model 
would also provide a great model to further study the interplay of the 3D tumor 
with its microenvironment by introducing extracellular matrices, and the immune 
system by co-culturing multiple types of cells e.g. T cells or NK cells  [44], [45].

6.5 HCMV vascular localization in GBM patients

While performing immunohistochemistry of various sections of GBM patient 
material, we noticed specific localization patterns of US28 around the vessels. 
Indeed, in GBM patients, HCMV is mostly detected around the endothelial 
cells of the blood vessels and particularly, the perivascular niches [46]. The 
perivascular niches have been shown to play a role in GBM progression and 
angiogenesis in mice. Upon infection with mouse-specific CMV (MCMV),  the 
secretion of pericytes-attracting factors and pericytes coverage of intra-tumoral 
blood vessels increased, with both pericytes as well as tumor cells carrying 
the virus [47]. Furthermore, treatment with an anti-viral drug reduced tumor-
infiltrating pericytes and improved animal survival. The localization of HCMV in 
GBM patients remains to be elucidated. However, considering stem cells reside 
in the perivascular niche and the increased infection efficiency of HCMV to infect 
these type of cells, there are several hypothesis for HCMV in the niches consider 
[48]. Two complementary niches have been described: the vascular niche, which 
include GSCs and pericytes, and the hypoxic niche, which also include GSCs with 
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in addition a reduced oxygen environment [49]. Both niches play a role in GBM 
aggravation via their own mechanisms. As mentioned earlier, HIF transcription 
factor is activated under low oxygen conditions and is able to regulate GSCs and 
contribute to GBM malignancy [42], [50]. Under hypoxic conditions, HIF stimulates 
CD133 expression over time [36]. It is well described that GSCs are resistant to 
chemotherapy and radiotherapy and give rise to new tumors [51]–[53]. Therefore, 
the existence of a hypoxic niche suggests that this specific population might give 
rise or contribute to therapy resistant cells. Additionally, a HIF-independent, but 
CD133-dependent mechanism for cisplatin resistance has also been described, 
suggesting that both perivascular niches might contribute to therapy resistance. 

GSCs give rise to pericytes, expressing both GSC markers as well as pericyte 
markers [54]. Pericytes are important in maintaining blood vessel integrity and 
function via e.g. secretion of VEGF (Figure 1 – mechanism 4) [55]. Upon disruption 
of the GSC-derived pericytes by e.g. inhibiting BMX, a kinases pivotal for GSC-
derived pericytes maintenance and function, tumor vessel formation is impaired 
[56]. Additionally, GSCs in the perivascular niche are able to undergo interaction 
with endothelial cells [57]. Endothelial cells stimulate the secretion of paracrine 
factors e.g. IL-8, which promote CSCs maintenance and recruitment (Figure 1 – 
mechanism 5) [10]. The high prevalence of GSCs and mechanisms to maintain 
the GSC population, the localization of HCMV around these perivascular areas 
provide the virus with the perfect environment to maintain its existence (Figure 
1 – mechanism 3), as HCMV has been found to thrive in these cells, as stated 
earlier [11]. In order for HCMV to persist in individuals for life and escape 
recognition by immune cells, the virus goes into latency. HCMV is able to latently 
infect CD34+ hematopoietic progenitor cells (HPCs) and CD14+ monocytes 
under control of US28 [58], [59]. Considering both CD34+ and CD14+ expressing 
cells are found in the perivascular niche in glioblastoma [46], where GSCs 
and pericytes reside as well, it remains to be determined what the role of this 
specific area is in HCMV maintenance and latency within the host. Additionally, 
the question remains if the HCMV that we encounter around the vessels in GBM 
patients is either latent or lytic, if it is also localized within pericytes, the GSCs, 
and/or GSC-derived pericytes, and if it interacts with the latently infected HPCs 
or monocytes. In the case of GBM, would HCMV infection of GSCs push these 
cells into differentiation into pericytes to promote vascular integrity and thereby 
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tumor growth? Answering these questions might provide us with new targets for 
targeted therapy to treat GBM and prevent the recurrence of tumors after treatment.

6.6 Considerations regarding the U251 in vitro and in vivo model system

One general important consideration in the studies presented in this thesis is the 
used model. U251-iUS28 cells over-express US28. Cells infected with HCMV 
generally show lower levels of US28 expression. The ratio of expression between 
the inducible and the infected setting is difficult to determine, as it varies amongst 
cells. Future studies should include HCMV strain Merlin and Merlin lacking US28, 
ΔUS28, to increase clinical and physiological relevance. Additionally, one should 
consider whether HCMV infection ex vivo and in adherent cell models affects HCMV 
infectivity and therefore the HCMV genome and its maintenance, and how this 
compares to in vivo models. The same holds for our studies performed in vivo, where 
we determined the effect of US28 expression on GBM tumor progression using our 
inducible cell line. To treat HCMV and GBM more effectively, one is required to 
gain knowledge on the effect of HCMV-encoded US28 on tumor signaling in a viral 
setting and HCMV behavior relating to latency and reactivation. There are several 
methods to approach this. Viral tropism prevents successful HCMV infection in 
mice. Therefore, MCMV can also be studied as an alternative. One should keep in 
mind that MCMV does not contain a homolog for human US28 but does contain M33 
and M78 the counterparts of UL33 and UL78. Additionally, US28 can be introduced 
to the MCMV strain, which has been researched previously [60]. In this study, 
M33 deletion (ΔM33) in MCMV resulted in reduced viral replication and enhanced 
clearance. Upon introduction of US28 to this ΔM33 strain, viral replication levels 
returned to wildtype MCMV rates in all organs except the salivary glands. This 
suggests that US28 is able to complement the function of M33 at least partially. 
Although M33 and US28 are known to couple mainly via Gαq, it is important to 
consider if this would result in activation of similar signaling pathways in GBM 
as it does in HCMV. Despite these considerations, a chimeric MCMV-US28 virus 
strain would provide an excellent model to start studying the role of US28 in vivo 
and assess the effectiveness of our US28 nanobodies. Another option is to study 
HCMV in humanized animal models, where the animals’ immune cells have been 
replaced by human immune cells [61]. This model could provide a useful tool to study 
the role of the immune system in HCMV-infected GBM cells in an in vivo setting. 
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6.7 Concluding remarks

In this thesis we show that the constitutive activity of US28 promotes glioblastoma 
progression in vitro and in vivo by acting as an oncomodulator. In chapter III we 
describe the role of US28 in GBM spheroid and neurosphere growth and in vivo 
tumor progression. In chapter IV we modulate this US28-mediated effect using 
US28-directed nanobodies with inverse agonistic properties. Looking further 
into the mechanism of tumor progression mediated by US28, in chapter V, we 
describe a possible mechanism for US28 to promote GBM tumorigenesis, by 
regulating the major stemness regulators and stimulating the formation of 
glioma cancer stem cells. These cells are able to maintain the tumor population 
or give rise to new tumors after surgical removal. In our final chapter, chapter 
VI, we introduce a new pathway for US28 signaling, the Hippo pathway 
and directly link it to PD-L1, a protein involved in immune cell deactivation. 

Taken together, our data shed light onto the role of HCMV-encoded US28 
in GBM progression via various mechanisms. These pathways can be 
targeted to inhibit GBM progression. Furthermore, we have generated 
specific US28 nanobodies, which show potential as add-on therapy 
to treat GBM and possibly HCMV-related malignancies in the future. 
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