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Abstract
The human cytomegalovirus (HCMV) is a widespread DNA virus that can 
cause serious harm upon immunosuppression or cancer. HCMV encodes for 
viral chemokine receptors, one of which is US28. US28 constitutively signals to 
proliferative and inflammatory pathways, and stimulates the development and 
progression of glioblastoma (GBM), the most aggressive type of brain tumor. In 
this study, we studied US28 signaling pathways involved in the immune evading 
properties of infected cells. HCMV infection, via US28 expression, stimulates 
signaling via the Hippo-YAP pathway, resulting in upregulation of nuclear (active) 
YAP. Interestingly, nuclear YAP in patient GBM tissues correlated to diminished 
GBM patient survival. Additionally, via the Hippo-YAP pathway, HCMV or US8 
expression results in upregulation of programmed cell death-1 ligand-1 (PD-L1), 
a membrane-bound ligand involved in suppressing immune cells. This study 
provides more insight into how HCMV might modulate the immune system via 
US28 signaling, thereby providing an extra immune escape mechanism for infected 
GBM cells. 
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Introduction
The human cytomegalovirus (HCMV) is a β-herpesvirus carried by 40-90% of the 
world’s population [1]. Although HCMV generally remains latent and may remain 
asymptomatic for life in immunocompetent individuals, it has been implicated in 
several pathologies in immunocompromised patients. For example, HCMV has been 
detected in glioblastoma (GBM), among other types of cancer [2]. Glioblastoma is 
the most common and lethal malignant glioma in adults with a poor 5-year survival 
rate of only 5% [3]. A negative correlation was found between the grade of HCMV 
infection and survival of GBM patients. Anti-CMV therapy is thought to increase the 
median survival rate of GBM patients [4], [5]. Among the factors that may contribute 
to this observed pathology are the HCMV-encoded G protein-coupled receptors 
(GPCRs). The HCMV genome encodes four viral GPCRs – US28, UL33, US27, 
and UL78 – of which US28 has been the most extensively investigated. US28 is 
highly homologous to the human chemokine receptor family. Due to scavenging a 
broad spectrum of human chemokines, constitutive signaling and promiscuously 
signaling through various Gα subunits, US28 plays a oncomodulatory role in GBM. 
To this end, a wide range of pathways involved in proliferation, migration, survival, 
angiogenesis, and inflammation are activated in a US28-dependent manner [6]–
[11]. Recent data indicates that this constitutive activity of US28 accelerates GBM 
tumor growth [12].

Here we examined a novel mode of action by US28, activating the Hippo pathway. 
This is an evolutionally conserved pathway involved in various biological processes, 
including organ size control, cell proliferation, differentiation, stem cell maintenance, 
migration, and immune response [13]–[16]. The Hippo pathway can be activated 
via apical-basal polarity, planar cell polarity, changes in the actin cytoskeleton, and 
G protein-coupled signaling [17], [18]. The core component of the Hippo cascade 
is the mammalian STE20-like kinase (MST1/2), which via large tumor suppressor 
kinases (LATS1/2), results in constitutive phosphorylation and ubiquitination-
dependent degradation of the transcription co-activators yes-associated protein 
(YAP, at serine381) and its paralogue transcription co-activator with PDZ-binding 
domain (TAZ, at serine98) [19], [20]. Phosphorylation at serine127 results in 
binding to 14-3-3 causing cytoplasmic retention [21]. Dephosphorylation of the 
YAP/TAZ complex results in its translocation to the nucleus, where it associates 
with transcription factor TEAD and collectively regulate gene transcription.  YAP/
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TAZ and TEAD have been recognized as oncogenes, as deregulation of the Hippo-
YAP pathway stimulates pro-tumorigenic signaling, the growth and progression 
of several types of cancer, and even correlated with therapy resistance in glioma 
[22]–[25]. In fact, YAP has been found widely expressed in human brain tumors 
and deemed pivotal in migration and invasion of glioma cells [26]–[28]. 

One of the proteins regulated via the YAP/TAZ-TEAD transcription complex is 
programmed death receptor ligand (PD-L1). Actually, PD-L1 has also been shown 
to be directly regulated by YAP via the Hippo pathway in several types of (resistant) 
cancers, promoting immune evasion in resistant tumor cells [15], [16], [29]. PD-L1 
and its receptor PD1 are expressed on immune cells and involved in the inhibition 
of activated T cells. They have found to play an important role in immune evasion by 
tumor cells and are used as a predictive biomarker for clinical outcomes in several 
types of cancer [30]–[32]. In fact, previous research showed that PD-L1 expression 
on tumors alone was sufficient to inhibit the CD8+ specific T cell response [33], 
making this an attractive target for tumor immunotherapy of cancers, including 
GBM [34]–[37]. 

In Chapter V, we shortly introduced the Hippo pathway in the context of regulating 
stemness via Sox2 in GBM. We observed an US28-mediated increase in 
transcriptional activation of TEAD, which was abolished upon knockdown of the 
major stemness regulator Sox2. In this study, we further studied whether the Hippo 
pathway is activated by HCMV and US28 in particular. Here, we set our focus on 
immunity and the effect of US28-mediated Hippo signaling on PD-L1 expression. 
Furthermore, YAP localization and US28 expression was determined in patient 
material and correlated to the overall survival of GBM patients. We confirmed a 
direct relationship between YAP and PD-L1 in U251 GBM cells and revealed a 
new mechanism via which HCMV-encoded US28 might be able to modulate T cell 
immunity. 

Results
HCMV infection affects the Hippo pathway via YAP and TEAD

HCMV infection was previously found to enhance the growth of 3D neurospheres 
of GBM48 primary GBM cells that are formed upon culturing in neurobasal stemcell 
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medium [12]. Infection of U251 GBM cells with HCMV (Merlin strain) in neurobasal 
medium [12] also stimulated the formation of neurospheres (Figure 1A). These 
changes in 3D growth characteristics of both the primary GBM48 and the U251 
cells might indicate HCMV-mediated cell dedifferentiation. The Hippo pathway is 
known to directly regulate dedifferentiation [38]. 

Also, US28 was previously shown to be the main driver of the HCMV-mediated 
neurosphere formation [12]. Therefore, we set out to study the role of US28 in the 
Hippo pathway in GBM. As a readout of YAP/TAZ activation upon infection of U251 
glioblastoma cells, a TEAD reporter gene assay was used. TEAD transcriptional 
activation increased 6-fold after HCMV infection in GBM U251cells compared to 
uninfected cells (Figure 1B). Furthermore, a significant 2-fold enhancement of total 
YAP protein levels was also detected in HCMV infected cells compared to uninfected 
cells (Figure 1C). Infection of the cells was confirmed via increased expression of 
HCMV-IE protein levels (Figure 1C). To evaluate whether stimulated TEAD-YAP 
transcription was the result of YAP nuclear translocation, HCMV infected U251 
GBM cells were stained for US28 and YAP (Figure 1D). HCMV-IE expressing cells 
showed increased levels of total YAP as well as increased nuclear translocation 
of YAP. Furthermore, both US28 and YAP were localized within the viral assembly 
zone, while expression of US28 or YAP was not detectable in uninfected cells. 
The increase in YAP protein levels upon HCMV infection appeared to be US28-
specific, as inhibition of US28 activity using US28-inhibiting nanobodies, VUN100b, 
resulted in decreased total YAP protein levels of approximately 50% compared to 
YAP levels in cells treated with irrelevant nanobody (Irr Nb) (Figure 1D). This data 
demonstrates that HCMV stimulates YAP nuclear translocation and subsequently 
YAP/TAZ-TEAD transcriptional activation in U251 GBM cells via US28. 

US28 upregulates YAP and activates TEAD in GBM cells in vitro and in vivo

To study the role of US28 signaling in the Hippo pathway in more detail, the 
previously developed doxycycline-inducible US28 GBM cell line (U251-iUS28) was 
used [12]. Expression of US28 in U251-iUS28 cells resulted in increased TEAD 
transcriptional activation up to a 4-fold compared to control cells (p<0.0001, Figure 
2A). Also, treatment with the US28 inhibitor VUN100b reduced US28-mediated 
TEAD transcriptional activation by 50% (p<0.001), while receptor expression levels 
were not affected (Supplementary Figure S1A). The US28-mediated increase in 
TEAD reporter activity could be a result of increased total YAP protein levels. 
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Figure 1 HCMV stimulates YAP-TEAD activity in GBM. (A) Neurospheres of U251 cells upon infection with 
HCMV strain Merlin versus uninfected (uninf) neurospheres. Scale bar represents 250µm. (B) TEAD reporter 
activity of the Hippo-YAP pathway in U251 cells upon HCMV infection. Uninfected U251 cells were used as 
control. (C) Western blot was used to detect total YAP and IE protein levels in U251 cells upon HCMV infection. 
Β-actin was used as loading control. Representative blots are shown. Band intensity was analyzed using Im-
ageJ software and normalized to the intensity of β-actin. Relative protein levels were determined over uninfect-
ed cells. (D) US28 and YAP localization was determined upon HCMV infection by fluorescence microscopy. IE 
was detected with mouse-anti-IE antibodies (red), US28 with rabbit-anti-US28 antibodies (green, upper panel), 
YAP with rabbit-anti-YAP antibodies (green, lower panel), and nuclei with DAPI (blue). YAP cytoplasmic and 
nuclear localization are indicated with white arrows. (E) Representative western blot of immediate early (IE) 
and YAP upon infection of U251 GBM cells with HCMV strain Merlin. Blots show US28 and PD-L1 protein levels 
upon US28 expression in U251-HA-iUS28 after treatment with 100nM Irr Nb or VUN100b. Expression of US28 
was induced with doxycycline. Β-actin was used as loading control. Band intensity was analyzed using ImageJ 
software and normalized to the intensity of β-actin. Relative protein levels were determined over untreated cells 
Scale bar represents 100µm. Data shows mean ± SEM. ** P < 0.01, *** P < 0.001, **** P < 0.0001 (unpaired t-test).
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Indeed total YAP protein, as determined by Western Blot analysis, were increased 
upon US28 expression (Figure 2B). Interestingly, despite the US28-mediated 
upregulation of YAP protein, no significant difference in YAP mRNA levels were 
observed upon mRNA sequencing, while two YAP target genes: LIF and Myc, 
showed a 9.6-fold (p<0.001) and 4.5-fold (p<0.001) increase respectively upon 
US28 expression. Taken together, this data shows that US28 is able to signal 
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Figure 2 US28 specifically mediates YAP and TEAD activity in GBM cells and show co-localization in ar-
eas GBM animal models. (A) TEAD reporter activity upon US28 expression in U251-HA-iUS28. Ex-
pression of US28 was induced with doxycycline. Cells were either treated with 100nM Irr Nb, VUN100b, 
or left untreated. (B) Representative western blot of US28 and total YAP levels upon US28 expression in 
U251-HA-iUS28 after treatment with 100nM Irr Nb or VUN100b. Band intensity was analyzed using Im-
ageJ software and normalized to the intensity of β-actin. Relative protein levels were determined over 
untreated cells. Data shows mean ± SEM. * P < 0.05, *** P < 0.001 (unpaired t-test). (C) Immunohisto-
chemistry staining of intracranial animal models [12] bearing (C) U251 tumors or (D) U251-iUS28 tumors 
expressing US28. Staining shows rabbit-anti-YAP antibody (brown) or and rabbit-anti-US28 antibody 
(brown). IgG isotype control (IgG ctrl) was used as control. Scale bars represent 250µm and 100µm (inset).
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towards YAP/TAZ-TEAD in GBM cells in vitro. 

To confirm our findings on US28-mediated YAP upregulation and nuclear 
localization, we assessed the total YAP levels and nuclear YAP in tissue sections 
of  orthotopic glioblastoma tumors of U251-iUS28 cells (Figure 2C and 2D) [12]. 
The animals bearing US28-expressing U251 tumors showed an overall lower 
survival rate compared and showed earlier onset of tumor growth (10 days vs. 40 
days post-injection) to animals bearing U251 tumors as discussed in Chapter III. 
Furthermore, immunohistochemistry stainings of these sections showed the clear 
presence of both US28 and YAP in U251-iUS28 cells. Both US28 and YAP were 
specifically expressed in the tumor region and in infiltrating tumor cells, while no 
signal was observed in the surrounding healthy tissue. Moreover, YAP expression 
was clearly pronounced in the U251-iUS28 tumors as compared to those formed 
by U251 cells without US28. In line with our results from our in vitro study, these 
data suggest US28-mediated upregulation of YAP in vivo as well. In the US28-
positive tumor tissues, YAP was localized both cytoplasmic as well as nuclei of 
the tumor cells. This data shows that YAP localization might be a player in US28-
mediated tumor growth or development in vivo. 

Hippo pathway via constitutive via Gαq/11 and Gα12/13 signaling

To validate the involvement of US28, its coupling to G proteins or chemokine binding 
in activating the Hippo pathway, the TEAD reporter assay was repeated in HEK293T 
cells expressing HA-tagged US28 wild type, the G protein uncoupled mutant (HA-
US28-R3.50A), or the 2-22 amino acid truncated N-terminal US28 mutant (ΔN-HA-
US28) that is unable to bind chemokines (Figure 3). Expression of US28 increased 
TEAD transcription in a concentration-dependent manner (Supplementary Figures 
S1A and S1B). US28-mediated activation of YAP was dependent on G protein-
coupling, as expression of WT HA-US28 receptor resulted in a 4-fold increase 
in TEAD-YAP transcriptional activation, while HA-US28-R3.50A mutant receptor did 
not seem to activate the transcription factor at similar expression levels (Figures 
3A and 3B). Furthermore, no significant difference in TEAD-YAP transcriptional 
activation was observed after truncation of the N-terminus, indicating that 
the observed increase in TEAD-YAP transcriptional activation is a result of the 
constitutive activity of US28 (Figure 3A). Treatment with G protein inhibitors (PTX 
for Gαi, YM-254890 for Gαq/11 and p115Rho co-transfection for Gα12/13) confirmed 
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the roles of Gαq/11 and Gα12/13 for the observed US28-mediated TEAD activation 
at comparable receptor expression respectively (Figures 3C and 3D). This data 
shows that HCMV-encoded US28 is capable of constitutively activating the Hippo 
pathway in a G protein-dependent manner. 

US28 expression is associated with nuclear expression of YAP in GBM 
tumors, with impact on GBM patients overall survival 

As upregulation and nuclear localization of YAP is associated with its activity as a 
transcription factor, we examined expression and subcellular localization YAP, in 
combination with US28 expression, in GBM tissue sections (Figure 4A) (patient 
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Figure 3 US28-mediated YAP-TEAD activity is dependent on Gαq/11 and Gα12/13¬. (A) TEAD reporter activ-
ity upon transfection of HEK293T cells with HA-US28-wild type (WT) receptor, uncoupled G-protein mutant 
(R3.50A), or 2-22 amino acid N-terminal truncated mutant (ΔN HA-US28). (B) US28 receptor expression in 
HEK293T cells transfected with WT HA-US28, HA-US28-R3.50A mutant or ΔN HA-US28 mutant detected via 
HA-tag. (C) TEAD reporter activity in HEK293T cells upon treatment with G-protein inhibitors: 100ng/mL PTX 
(Gαi/o inhibitor) or 300nM YM-254890 (Gαq/11 inhibitor), or co-transfection with dominant negative RhoGEF: 
p115Rho (Gα12/13 route). (D) US28 receptor expression in HEK293T cells after transfection with TEAD re-
porter gene and treatment with different G protein-inhibitors with mock and DMSO as control. Treatment with 
0.15% DMSO served as control. Data shows mean ± SEM. ** P < 0.01, **** P < 0.0001 (unpaired t-test).
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treatment details can be found in supplementary table 1). Both HCMV-US28 and 
YAP could be detected at different levels in the tumor specimens (Figure 4A). Of 
the 37 GBM patient tissue specimens tested, 25 out of 37 (68%) showed extensive 
expression of HCMV-US28 protein (defined as ≥25% positive cells) versus 12 out 
of 37 (32%) of patients with focal US28 expression (defined as ≤25% positive cells) 
(Figure 4B). YAP expression was detected in GBM tissues from all patients. Nuclear 
expression in combination with cytoplasmic expression of YAP was detected in 
GBM tissues sections from 31 (84%) patients. However, in tissues sections of 
these patients, extensive nuclear expression was detected in 7 out of 31 (19%) of 
the tissues. Cytoplasmic expression of YAP was detected in GBM tissues from six 
patients (Figure 4B). The median overall survival (OS)  was significantly shorter 
in GBM patients with nuclear and cytoplasmic YAP expression in their tumors 
compared with patients having only cytoplasmic expression of YAP in their tumors 
(25 months vs 61 months, p=0.02) (Figure 4C). These data indicate that YAP 
localization, possibly mediated via HCMV-encoded US28 signaling, correlates with 
GBM patient outcome. 

US28-mediated Hippo pathway activation modulates PD-L1 expression in 
GBM cells

One class of proteins that are under direct regulation of the Hippo and YAP/
TAZ-TEAD signaling pathways include the Programmed Cell Death 1 Ligands 1 
and 2, also known as PDCD1LG1 and PDCD1LG2 or PD-L1 and PD-L2.  [15]. 
These ligands play an important role in inhibiting the activity of immune cells and 
could therefore also potentially play a role in suppressing the immune system 
towards HCMV-infected cells. RNA sequencing of U251 cells with or without US28 
expression showed a 17-fold (p<0.01) and 7-fold (p<0.01) increase in PDCD1LG1 
and PDCD1LG2 mRNA levels upon US28 expression. We observed an increase 
in total PD-L1 protein levels on Western Blot after infecting U251 cells with HCMV-
strain Merlin (Figure 5A), which could be significantly inhibited using the US28 
inhibitor VUN100b. A similar US28-mediated increase in PD-L1 expression upon 
HCMV infection of U251 cells was observed using flow cytometry (Figure 5B) – a 
significant shift in PD-L1+ cell population could clearly be observed upon induction 
of US28 expression. This US28-induced shift could be inhibited by 50% using US28 
inhibiting nanobody VUN100b. In order to study the role of the Hippo pathway in 
this upregulation, total YAP protein was knocked down in U251-iUS28 cells using 
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YAP siRNA. Upon YAP knockdown, the US28-mediated increase of PD-L1 protein 
levels was completely abolished (Figure 5C), suggesting a direct link between the 
US28-mediated activation of the Hippo pathway and PD-L1 expression. In the 
viral setting, after infection U251 GBM cells with HCMV, total PD-L1 protein was 
increased a 2-fold (Figure 5D). Also, we found a significant increase of PD-L1, 
US28 and IE protein upon infection in flow cytometry (Figure 5E). 

Taken our data together, HCMV, via its constitutively active viral G protein 
coupled receptor US28 results in activation of the Hippo pathway in GBM cells 
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via upregulation of total and nuclear YAP. This HCMV-mediated activation of YAP/
TAZ results in the activation of the TEAD transcription factor, which causes an 
upregulation of at least one of its downstream immune checkpoint proteins PD-L1 
(Figure 6). 

Discussion
The constitutive activity of HCMV-encoded viral chemokine receptor US28 has been 
correlated to glioblastoma progression [7], [12]. The constitutive activity of US28 
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Figure 5 US28 regulates PD-L1 expression in GBM via the Hippo-YAP pathway. (A) Representative blot of IE 
and PD-L1 upon infection of U251 GBM cells with HCMV strain Merlin. (B) Flow cytometry analysis of US28 
(via HA-tag) and PD-L1 on the surface of U251-HA-iUS28 cells. Cells were serum starved and analyzed af 
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and its ability to promiscuously couple G proteins results in the activation of various 
signaling pathways involved in proliferation and inflammation [9], [39], [40]. In this 
study, we demonstrate another mechanism of US28 signaling that may contribute 
to GBM malignancy i.e. immune evasion. We found a correlation between nuclear 
YAP expression and patient survival. Furthermore, we present US28’s ability to 
signal directly via the Hippo pathway resulting in increased expression of PD-L1, 
an important player in the regulation of T-cell activity and immunity. 

ter doxycycline-induced US28 expression versus non-induced conditions treated with either 100nM Irr Nb or 
with 100nM VUN100b. Based on forward and side scatter parameters, gates were defined to exclude debris. 
Bar graphs represent mean fluorescent intensity of gated cell population. (C) Representative western blot of 
US28, total YAP, and PD-L1 protein levels upon doxycycline-induced US28 expression in U251-HA-iUS28 
after knockdown (KD) of YAP using small-interference RNA (siRNA). Non-targeting (NT) siRNA was used as 
control. Β-actin was used as loading control. (D) Representative western blot of IE and PD-L1 upon infection 
of U251 GBM cells with HCMV strain Merlin. Expression of US28 was induced with doxycycline. Β-actin was 
used as loading control. Band intensity was analyzed using ImageJ software and normalized to the intensity of 
β-actin. Relative protein levels were determined over untreated cells (E) IE, US28 (rabbit-anti-US28 antibody), 
and PD-L1 in U251 GBM cells infected with HCMV strain Merlin after permeabilization. Mean fluorescent in-
tensity of non-induced U251-iUS28 cells served as control in the data set on the left, while mean fluorescent 
intensity values of IE, US28, or PD-L1 in uninfected U251 GBM cells served as control in the data set on 
the right. Data shows mean ± SEM. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001 (unpaired t-test).

βγ βγ

PDL1

Cytoplasm

Nucleus

G G

YAP

TEAD

US28

PD-L1HCMV

α12/13 αq

Immune evading properties?

Figure 6 US28-Hippo signaling pathway in U251 GBM cells. HCMV introduces US28 into the host cell. This re-
sults in signaling via Gα12/13 and Gαq, inducing nuclear YAP translocation towards the nucleus. YAP forms a 
complex with TEAD and induces PD-L1 expression, which in turn might alter T cell-mediated immune responses.
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The Hippo pathway is considered a pivotal player in controlling various different 
cellular processes, including the maintenance of neural stem cells, as shortly 
introduced in Chapter V [41], [42]. Indications for US28-mediated signaling towards 
the Hippo pathway by US28 arose by analyzing HCMV infection of U251 GBM 
cells in neuronal stem cells. We observed an early onset of neurosphere formation, 
which is a characteristic of primary and dedifferentiated cells in HCMV infected 
cells. TEAD reporter gene activation was evident in HCMV infected U251 GBM 
cells, which could be attributed to nuclear translocation of YAP. Translocation 
of YAP from the cytoplasm to the nucleus of the HCMV-US28 expressing GBM 
cells is likely a result of decreased YAP phosphorylation, as our RNA sequencing 
data of U251 cells did not show an increase in YAP mRNA levels in these cells. 
The decrease in YAP phosphorylation results in either the cytoplasmic retention 
(serine127) or ubiquitin-dependent degradation (serine381) of YAP [43]. Aside from 
the nuclear translocation of YAP after infection, comparable localization patterns 
as US28 within the viral assembly zone is also observed. However, it remains to 
be determined if YAP and US28 co-localize within these areas. The viral assembly 
compartment provides an area for viral maturation and the incorporation of e.g. 
tegument proteins in the virion, which are essential for viral dissemination [44], 
suggesting that YAP, like US28, might play a role in these processes [45]. Both 
infection with HCMV and induction of US28 affect cell morphology, as observed 
in 2D and 3D in chapter II. This morphological change most likely affects cell-cell 
and cell-matrix interactions, as well as the cytoskeleton, which may contribute to 
migration of tumor cell formation and metastasis, as it is well described that the 
Hippo pathway is also regulated by these cellular interactions [46], [47]. However, 
the effect of these routes on YAP and PD-L1 signaling upon infection or induction 
cannot be excluded.

YAP promotes survival and migration of cancer cells in vitro [26], [48] and is linked 
to poor prognosis in cancer patients [22], [23]. Considering its role as transcription 
factor, it is not surprising that particularly the nuclear localization of YAP, is linked 
to shorter overall survival in certain types of cancer [24], [49]. Specifically in GBM, 
YAP has been described as an important mediator in proliferation and survival as 
well [26]–[28]. Moreover, a correlation of YAP overexpression, with nuclear YAP 
localization, and poor prognosis in GBM patients has been found [27]. For this 



C
hapter VI

138

study, we performed parallel staining of YAP and US28 on GBM patient material. 
All tested samples (n=37) tested YAP positive, both nuclear and cytoplasmic, as 
well as US28. However, not all YAP positive cells were also positive for US28, 
suggesting that US28 might both directly and indirectly [46] via for example 
paracrine mechanisms e.g. the secretion of cytokines to stimulate YAP expression 
and translocation in infected cells. However, we found a significant correlation 
between nuclear YAP localization and overall GBM patient survival, with a trend 
between US28 expression and nuclear YAP nuclear expression within the same 
tissue. Similar observations were done in brain tissue from animals bearing 
US28-expressing tumors. Expression of bothUS28 and  nuclear and cytoplasmic 
expression of YAP was restricted to the tumor regions, suggesting that US28 might 
indeed be involved in regulation of YAP activity in GBM.  

The presence of PD-L1 on tumor cells and PD1 on immune cells attributes to 
immune evasion in glioblastoma, defining PD-L1 a potential target for therapeutics 
[50]. In this study, we prove that the constitutive activity of US28 increases PD-L1 
expression on cell surface. Further studies are needed to clarify the functional effect 
of the increased PD-L1 expression on US28 expressing cells on immune cells 
via e.g. NK degranulation assay. Furthermore, study whether US28 expression 
is involved in immune evasion/regulation. However, the central nervous system 
has an unique immune system, so-called “immune privilege”, because of the 
presence of the blood-brain-barrier (BBB), and the absence of draining lymphatics 
and antigen-presenting cells [51]. This complex immunity makes GBM challenging 
to target using checkpoint inhibitors and might require combinational therapy to 
achieve more efficacious treatment methods [37]. Previously, we developed US28-
directed nanobodies, which might be able to reach the brain through the leaky 
vasculature and inhibit GBM progression in vivo [12]. Here, we present VUN100b, 
a new US28 nanobody with comparable inverse agonistic properties. Treatment of 
U251 GBM cells expressing US28 with VUN100b results in a significant reduction 
of both YAP and PD-L1 protein levels. Considering the ability of nanobodies to 
cross the BBB and the inhibitory properties of VUN100b, this nanobody shows 
great potential to be used in combinational therapy with checkpoint inhibitors and/
or PD-L1 nanobodies [52], [53]. 

Based on our data, expression of US28, nuclear localization of YAP and increased 
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PD-L1 levels might be of potential prognostic markers for GBM. However, to this 
date, the prognostic significance of PD-L1 expression in GBM remains a point 
of discussion [54]. Nevertheless, our findings concerning a correlation between 
expression of US28 and YAP nuclear localization and poor GBM patient survival 
provides an interesting starting point. A direct regulatory link between YAP and 
PD-L1 has only been described in non-small lung cancer and melanoma [15], 
[16]. We show that a similar pathway can exist in GBM, as knocking down YAP 
impairs the US28-mediated increase in PD-L1 expression. It would be interesting 
to further study PD-L1 in GBM tissues to determine whether PD-L1 is related to 
GBM malignancy.

In conclusion, our study identifies the Hippo pathway as a new signaling route of 
US28 in GBM. We confirm that this signaling is mediated via coupling to Gαq/11 
and Gα12/13 and can be modulated with US28-targeted nanobodies. Additionally, we 
present data that shows direct signaling between the Hippo pathway and PD-L1 
expression in vitro.  The data presented here can provide a starting point for further 
investigation of the role of the constitutive activity of US28 in the immune system 
and thereby GBM tumor progression. 



C
hapter VI

140

Materials and Methods
Reagents

Dulbecco’s modified Eagle’s medium (DMEM), Dulbecco’s Phosphate-buffered 
saline (D-PBS), trypsin-EDTA and Poly-L-lysine solution (Sigma-Aldrich, Saint 
Louis, MO, USA). Fetal bovine serum (FBS) and penicillin/streptomycin (PAA 
Laboratories GmbH, Cölbe, Germany). Pertussis toxin (PTX) (P7208), doxycycline 
(D9891) (Sigma-Aldrich, Saint Louis, MO, USA). YM-254890 (253-00633, Wako 
Chemicals, USA). Monoclonal mouse anti-cytomegalovirus (immediate  early 
antigen clone 6F8.2; MAB8131, Merck Millipore, Billerica, MA, USA). Polyclonal 
rabbit-anti-US28 antibodies (Covance, Princeton, NJ, USA) were generated 
as described previously [55]. Polyclonal rabbit anti-YAP antibody (4912S) (Cell 
Signaling Technology, Danvers, MA, USA). Polyclonal rabbit anti-PD-L1/CD274 
antibody (ABF133, Merck Millipore, Billerica, MA, USA). Monoclonal mouse anti-
β-actin antibody (clone AC-74, A2228) and monoclonal rat anti-HA high affinity 
antibody (clone 3F10, 11867423001) (Sigma-Aldrich). Polyclonal goat HA-tag 
antibody (A00168-40, Genscript, Piscataway, NJ, USA). Horseradish peroxidase 
(HRP)-conjugated antibodies (1706515 and 1706516,  Bio-Rad Laboratories, 
Hercules, CA, USA) (31470, Thermo Fisher Scientific, Waltham, MA, USA). Alexa 
Fluor-conjugated antibodies (A11030, A11008, A31556, and A21126, Thermo 
Fischer Scientific) (ab150129, Abcam, Cambridge, UK). 

 Cell Lines and Cell Culture

HEK293T were cultured as previously described [9]. The U251-MG cell line was 
authenticated by STR profiling (Baseclear B.V., Leiden, The Netherlands).  Cell 
lines with inducible (HA-)US28 expression (U251-HA-iUS28) were generated by 
lentiviral transduction as described previously [12]. US28 expression was induced 
by 1 μg/mL doxycycline (D9891, Sigma-Aldrich). HFFF TR cells [56] were kindly 
provided by Dr. Richard J. Stanton. All cell lines were mycoplasma negative (PCR 
testing, Microbiome, Amsterdam, The Netherlands). U251 cells were cultured in 
DMEM medium with 10% v/v heat-inactivated FBS and 1% p/s.

RNA seq

U251 and U251 iHA-US28 cells were synchronized by serum-starvation for 24 
hours. Culture medium was refreshed for serum-free growth medium supplemented 
with doxycycline, and another 24 hours later, RNA of the cells was extracted 
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and isolated using TRIzol reagent (Thermo Fischer Scientific), according to 
manufacturer’s protocol. cDNA libraries were generated using the TruSeq Stranded 
mRNA Kit (Illumina) and next generation sequencing was performed at the Tumor 
Genome Analysis Core of VUmc Cancer Center Amsterdam using the HiSeq 2500 
sequencer (Illumina).

Transfection and Transduction

The pcDEF3 plasmid encoding WT HA-US28 (from HCMV strain VHL/E, Genbank: 
L02051), HA-US28-R3.50A, and ΔN HA-US28 were described previously [57], 
[58]. HEK293T cells were transfected using linear 25kDa polyethylenimine (PEI; 
Polysciences Inc., Warrington, PA, USA) [57]. U251 cells and U251-HA-iUS28 cells 
were transfected using Lipofectamine 3000 Reagent according to manufacturer’s 
protocol (Thermo Fischer Scientific). Briefly, in 96-well format, cells were seeded in 
p/s-free DMEM and allowed to attach. For the transfection, a total amount of 100ng 
DNA was transfected in a ratio of 1:1.5 DNA:L3000 with P3000 reagent (2µL/µg 
DNA). Complete medium was replaced with DMEM containing 1% p/s (starvation 
medium) 4 hours post-transfection. If applicable, receptor expression was induced 
using 1µg/mL doxycycline and readout was performed 24 hours post-induction (or 
52 hours post-transfection). Lentiviral transduction of U251 cells was performed as 
described previously [12]. 

Immunohistochemistry 

Paraffin embedded tissue sections available from 37 GBM patients were included 
in this study. All the patients gave informed consent and underwent surgery during 
2006-2016 at Karolinska University Hospital. The median age of the patients was 
62 years. Patients characteristics and treatment are summarized in Table 1.

This study was approved by the Stockholm regional ethical committee and the 
regional ethical committee at the Karolinska Institutet (Dnr: 2008/628-31/2).

Immunohistochemistry analysis. 

Paraffin-embedded tissue sections (5μm) were analyzed by immunohistochemistry 
as described but with minor modifications as follows [12]. After de-paraffinization 
in xylene (Sigma-Aldrich, Apoteket Farmaci) and Tissue Clear (Sigma-Aldrich) and 
rehydrated, the tissue sections were rehydrated in in an ethanol series (99.5%, 
95%, 70%, and 50%; Apoteket Farmaci). The tissue sections were treated with 
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Antigen Retrieval Citra Plus solution (Biosite), pH 7.6, in a pressure cooker for 5 
minutes. Endogenous factors in the tissues were blocked with 3% H2O2 (Histolab), 
avidin/biotin kit (Dako), FC receptor blocker (Innovex Biosciences), and Background 
Buster (Innovex Biosciences).

HCMV-US28 and YAP1 proteins were detected using primary antibodies in 
the following dilutions: 1:700 rabbit-anti-US28 antibody (Covance) and 1:200 
rabbit-anti-YAP antibody (4912S) (Cell Signaling Technology). Polyclonal rabbit 
antibodies were used as control in similar dilutions. Biotin-labeled anti-rabbit 
secondary antibody, horseradish peroxidase–labeled streptavidin, and chromogen 
diaminobenzidine (both from Innovex Biosciences) were used to detect positive 
signals. Estimated number of the within GBM tissue section expressing YAP or 
HCMV-US28 was scored as negative (0% positive cells), focal (<25% positive 
cells), or extensive (≥25% positive cells). 

Statistical analysis. 

Overall survival (OS) data are presented as Kaplan-Meier survival curves, Long-
rank (Mantel-Cox test); patients who were alive at the time of the analysis Sep 
30th, 2018 were censored. The results are presented as hazard ratios with 95% 
confidence intervals. Categorical data were analyzed with the chi-square test for 
trend. P<0.05 was considered significant. Statistical analyses were done with 
Graph Pad Prism 6.

Reporter Gene Assays

The TEAD reporter gene plasmid/8xGTIIC-luciferase (Addgene plasmid #34615) 
and p115-RhoGEF/ARHGEF1 gene plasmid were a gift from Stefano Piccolo [59]. 
The NFAT reporter used as described previously [9]. HEK293T were transfected 
using the PEI method with 500ng of reporter gene. HEK293T cells were co-
transfected with 25ng receptor. In the p115Rho-condition, 12.5ng p115-RhoGEF 
was co-transfected alongside the receptor and 8xGTIIC reporter. Cells were put 
on DMEM with 0.5% FBS and p/s 6 hours post-transfection and treated with 
100ng/mL PTX, 300nM YM-254890, or an equal amount of DMSO 24 hours post-
transfection. Readout was performed 24 hours after treatment i.e. 48 hours post-
transfection. U251(-HA-iUS28)  cells were transfected using Lipofectamine 3000 
Reagent with 100ng reporter gene. Receptor expression in U251-HA-iUS28 was 
induced with 1µg/mL doxycycline. U251 cells were infected with HCMV 1 days 
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prior to transfection at MOI 3. Cells were put on starvation medium (DMEM w/o 
FBS or p/s) and treated with VUN100b or R2 at 100nM 24 hours post-transfection. 
Luciferase activity was measured 48 hours post-transfection. 

HCMV Infection

The HCMV Merlin strain was generated as described previously [12], [56]. Virus 
production and titration were performed as described previously [12]. U251 cells 
were infected at MOI 3. 

RNA Interference

Knockdown of YAP was achieved using SMARTpool ON-TARGET plus YAP1 siRNA 
(L-012200-00-0005; Dharmacon, Lafayette, CO, USA). An ON-TARGET plus non-
targeting pool was used as negative control (D-00180-10-05). Transfections were 
performed for 72 hours according to manufacturer’s protocol with DharmaFECT 
4 transfection reagent (T-2004-02) and a siRNA working concentration of 250nM. 
Following knockdown, reporter genes were introduced as described. 

Western Blot Analysis

Proteins were isolated in native lysis buffer containing α-Complete protease inhibiting 
cocktail (04693132001, Roche), 1mM NaF, and 1mM sodium orthovanadaete. 
Protein concentration was determined using the BCA total protein kit (Thermo Fischer 
Scientific). Samples were prepared in Laemmli buffer containing 5% DTT, 10% SDS 
and 0.1% bromophenol blue, separated by electrophoresis on SDS-polyacrylamide 
gels, and transferred to 0.45µm nitrocellulose membranes.  Membrane blocking 
was performed with 5% BSA in Tris-buffered saline and Tween-20 (Sigma-Aldrich) 
(TBS-T), followed by incubation with antibodies. Antibodies were diluted as follows: 
1:1000 rabbit-anti-YAP (4912S) 1:1000 rabbit-anti-US28, 1:500 rabbit-anti-PD-L1/
CD274, 1:1000 rat-anti-HA, 1:10,000 mouse-anti-β-actin. Hereafter, blots were 
washed thrice in TBS-T, followed by incubation with the secondary HRP-tagged 
antibodies, and imaged using enhanced chemiluminescence substrate (ECL,  
Perkin Elmer, Waltham, MA, USA). Images were taken using Chemi DOCTM XRS+ 
with Image Lab software. Relative protein expression was defined as the ratio 
of band intensity to β-actin. Relative phosphorylation was defined as the ratio of 
phosphorylated YAP to total YAP after correcting for β-actin.
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Neurosphere Assay

U251 neurospheres were generated using the primary tumor cell culture method as 
described previously [60]. U251 cells were infected 24 hours before neurosphere 
formation with HCMV at MOI 3 and imaged 3 days post infection.

Flow Cytometry

After in vitro culture, U251 cells were dissociated as described previously [9]. 
(Non-)Induced U251-HA-iUS28 cells were analyzed 48 hours post-induction. After 
collecting, cells were blocked in PBS containing 0.5% FBS at 4°C. The following 
antibodies were incubated for one hour at 4°C: anti-HA (rat, 1:400), anti-HA (goat, 
1:500), anti-PD-L1/CD274 (1:400). Hereafter, cells were washed thrice with 0.5% 
FBS/PBS, followed by incubation with secondary fluorescent antibodies. Cells 
were analyzed using the FACS Cyan ADP Flow cytometry analyzer and Summit 
software  (Beckman Coulter, BREA, CA, USA). Data was analyzed with FlowJo 
software.

(Non-)Induced U251 HA-iUS28 cells and HCMV-strain Merlin infected U251 cells 
were dissociated 3 days post-infection. After collecting, cells were fixed with 1% 
PFA in PBS, followed by permeabilization with 0.5% NP-40, and quenching with 
50mM NH4Cl for 10 min. at RT. The following antibodies were incubated for one hour 
at 4°C: anti-IE (mouse, 1:1,000), anti-CD133 (rabbit, 1:800), anti-HA (goat, 1:500), 
anti-US28 (rabbit, 1:1,000), and anti-PD-L1/CD274 (1:800) in 0.5% FBS/PBS. 
Hereafter, cells were washed thrice with 0.5% FBS/PBS, followed by incubation 
with secondary fluorescent antibodies. Cells were analyzed using the Guava Easy-
Cyte system according to manufacturer’s protocol (Millipore Billerica, MA, USA). 
The Guava Cell Cycle software and Microsoft Excel 2010 were used to determine 
cell populations. 

Microscopy Imaging

Immunofluorescence staining was performed as described previously [40], [61]. 
Images were obtained using FSX-100 microscope (Olympus, Tokyo, Japan) at 
100x magnification. 

Statistical Analyses

Unless stated otherwise, all data represent three independent experiments, each 
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performed in triplicates. Data and error bars represent mean ±SEM. Graphs and 
statistical analyses were performed with Prism 7 (GraphPad software Inc. San 
Diego, CA, USA). Groups were compared using Student’s t test (two-tailed, 
significance level α = 0.05). No data was excluded. 
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Supplementary Figure 1 US28 concentration-dependent increase of TEAD transcriptional activation in trans-
fected HEK293T cells. (B) US28 receptor expression (via HA-tag) in HEK293T cells after transfecting different 
amounts of US28-WT receptor as quantified with ELISA. 
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Supplementary Figure 2 (A) US28 expression (via HA-tag) in (non-)induced U251-iUS28 cells af-
ter transfection with TEAD reporter gene and treatment with 100nM Irr Nb or VUN100b as quanti-
fied with ELISA. (B) Relative US28 protein  levels (via HA-tag) in (non-)induced U251-iUS28 cells af-
ter treatment with 100nM Irr Nb or VUN100b. Β-actin was used as loading control. Band intensity was 
analyzed using ImageJ software and normalized to the intensity of β-actin. Data shows mean ± SEM

Supplementary Figures



147

C
ha

pt
er

 V
I

Supplementary Table 1. Patients Characteristics.

GBM patients    n=37

Median age (Y)   62

Gender

Female   n=19

Men    n=18

Treatments

Post-operative treatment (n=37)

RT     n=3

TMZ     n=6

RT+TMZ    n=28

Adjuvants (n=24) 

TMZ     n=18

Lomustine    n=3

Lomustine + TMZ   n=2

RT-TMZ + Nivolumab   n=1

P53 (n=23)

Mutations     n=15

Wild type    n=8    

Median OS (n=37)   23 (m)

Median TTP (n=37)   11 (m)

___________________________________________________

GBM; Glioblastoma Multiforme, RT; radiotherapy, TMZ; 

Temozolomide, OS; overall survival, TTP; time to tumor progression
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