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Abstract 
Glioblastoma (GBM) is the most aggressive type of brain tumor. The human 
cytomegalovirus (HCMV) is a widespread DNA virus. Upon infection, HCMV 
encodes for a large diversity of proteins, including the human-like chemokine 
receptor US28. Expression of US28 has been found in GBM. US28 is constitutively 
active and signals to various proliferative and inflammatory pathways. To study 
the effect of US28 expression and signaling in a glioblastoma setting, we develop 
an inducible US28 U251 GBM cell line (U251-iUS28), set up 3D spheroid models 
for GBM cells and neurosphere models of primary glioma cells. We show that the 
constitutive activity of US28 enhances growth of these 3D spheroids, accompanied  
by increased IL-6 and VEGF secretion. Furthermore, in an orthotopic glioblastoma 
model in mice, US28 accelerated in vivo GBM onset and progression. Our results 
emphasize the oncomodulatory role of HCMV-encoded US28 in GBM and provides 
a potential therapeutic target for HCMV-positive tumors.   
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Introduction
Glioblastoma (GBM) is the most common and aggressive type of human brain cancer. 
With a median survival of only 14-15 months, it remains incurable to this day [1]. 
Current therapies consist of a combination of several approaches, including surgery, 
and radio- and chemotherapy. However, as a result its multicellular phenotype and 
its highly infiltrative characteristics into adjacent tissues, complete removal and 
prevention of recurrence remains a challenge. Therefore, a dire need for novel 
treatment methods exists. 

The human cytomegalovirus (HCMV) is a type 5 β-herpesvirus (HHV-5). It is well 
known for its long replication cycle and its ability to establish latent infection in 
their hosts. HCMV is carried by 80-100% of the world’s population and has been 
suggested to be implicated in several diseases, including cancer [2]–[5]. HCMV 
DNA and proteins have been detected in 50-90% GBM samples [2]. HCMV has been 
suggested to play an important role in promoting a tumorigenic phenotype, which is 
amongst others thought to be a consequence of signaling through HCMV-encoded 
viral G protein-coupled receptors (GPCRs). These GPCRs include US28, UL33, 
US27 and UL78. US28 is among the best characterized receptor and shares great 
homology to the human chemokine receptor family. This receptor has been detected 
in 53-65% of 35 different tested GBM patient tissues [6]. Furthermore, it has been 
shown to display oncomodulatory activity via constitutive and promiscuous G protein 
coupling and signaling towards a wide range of transcription factors and cytokines 
(e.g. NF-κB, STAT3, IL-6, TCF/LEF, and HIF-1) involved in cell proliferation, 
migration, survival, angiogenesis, and inflammation [7]–[11]. Next to this, US28 is 
able to bind and internalize a broad spectrum of human chemokines, like CCL2, 
CCL5, and CX3CL1. This property might enable immune invasion in infected host 
cells [12]. Therefore, considering the presence of US28 in GBM and its role in 
signaling, US28 shows great potential to be a novel therapeutic target. 

Actively growing tumors are associated with unique micro-environmental conditions, 
as neovascularization to ensure sufficient blood supply usually is formed with 
structural abnormalities [13], [14]. Specific regions within a tumor can differ in 
oxygen, glucose, and pH, resulting in varying conditions to which the tumor cells 
are exposed. These environmental conditions highly affect tumor cell behavior 
and contribute to for example therapy resistance [15], [16]. Traditional monolayer 
culture is a widely used technique to study various biological processes, including 
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the effect of oncogenic signaling on cell behavior. However, as these cells are 
not exposed to the micro-environmental conditions tumor cells are exposed to, it 
is difficult to determine to what degree the effects observed within these cultures 
are translatable to the actual tumor condition. Multicellular spheroids are closely 
packed 3D tumor like structures with high cell-density. As a result, diffusion of small 
molecules and oxygen is limited, creating a heterogeneous cell population similar 
to those found in tumors [17], [18]. These spheroids therefore mimic solid tumors 
more closely than a monolayer of cells. 

The highly invasive character of GBM causes difficulties surrounding its surgical 
resection. In order to find effective treatment and new therapies, experimental 
models that closely mimic human GBM are required. To step away from the 
frequently used heterotopic animal model, in which tumor cells are introduced to 
the flank, we used an orthotopic intracranial in vivo model, in which GBM cells are 
directly injected in the brain of mice. This in vivo model provides the infiltrative 
character of GBM, as well as a blood-brain-barrier to study new therapies [19], [20]. 

In this chapter, we developed a 3D in vitro model and intracranial in vivo model 
to assess the effect of the constitutively active viral-encoded chemokine receptor 
US28 in GBM cells. To study the effect of this receptor specifically, we generated a 
tetracycline-inducible US28 U251 (iUS28 U251) cell line, which could be applied in 
our in vitro and in vivo model systems. 

Results

Setting up and optimization of 3D glioblastoma in vitro model 

In order to study glioblastoma in a more relevant setting, a 3D glioblastoma spheroid 
model was optimized to mimic the bulk of tumor cells found in patients. Hanging 
drop (HD) plates were used, in which cells in suspension were dispensed (Figure 
1A). Gravitational forces ensure the formation of spherical structures. Hereafter, 
the formed spheroids were incubated on agar to promote the formation of cell-to-
cell contacts to increase spheroid density, making them easier to handle. This was 
optimized using U251 glioblastoma cells, where the overall size of the spheroid 
decreased over time of incubation on agar (Figure 1B). Alongside spheroid size, its 
density increased as well. Propodium-iodide (PI) staining confirmed the presence 
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of a core consisting of apoptotic and necrotic cells, a characteristic of tumors 
(Figure 1C) [21].  

Infection with HCMV stimulates glioblastoma spheroid and neurosphere 
growth 

Having developed a reproducible 3D GBM spheroid model, we next determined 
the effect of HCMV infection on U251 GBM cells. U251 cells infected with the 
HCMV TB40-WT virus strain showed an 225% (SEM ±5.7) increase in spheroid 
size (Figure 2A). Interestingly, upon infection with a TB40 strain lacking the receptor 
(TB40-ΔUS28), spheroid areas only increased 150% (SEM ±6.6). This suggests 
that US28 contributes to the HCMV-mediated effect on spheroid size. Infection 
efficiencies were comparable for both strains used (Supplementary Figure S1). 

Figure 1 Setup and workflow 
of the 3D glioblastoma in vitro 
model. (A) Cells cultured in 2D 
are detached for initiation. Dur-
ing aggregation, single cells in 
suspension are introduced to 
hanging drop plates. After 48 
hours, spheroids are dispensed 
on agar to increase density and 
manageability. After 72 hours of 
sedimentation, analysis can be 
performed in the form of immuno-
fluorescence, migration/invasion 
assays, or protein expression. 
(B) Representative U251 sphe-
roid size decreases on 0.75% 
agar while with increasing incu-
bation time (n = 6 spheroids per 
group). (C) Propidium iodine (PI) 
staining of spheroids to visualize 
dead cells within these struc-
tures. Scale bars show 250µm.
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Immunohistochemistry of cross-sections of these spheroids showed cells with 
enlarged cytoplasm after infection with TB40-WT, while infection with TB40-ΔUS28 
showed a mixed population of cells consisting of both enlarged and normal sized 
cytoplasm (Figure 2B). Aside from the typical HCMV-associated phenotype, the 
bean-shaped nuclei, another phenotype was also observed, multinucleated giant 
cells.  

Infection of U251 cells with the more clinically relevant HCMV strain, Merlin, 
resulted in an 150% (SEM ±9.99)  increase in spheroid size compared to uninfected 
spheroids (Figure 3A) and an 250%  increase (SEM ±4.27) in VEGF secretion 
(Figure 3B). Immunofluorescent staining of these cells showed immediate early 
(IE)-positive cells, indicating a successful infection, and US28 localization in the 
perinuclear viral assembly zones (Figure 3C), while both IE and US28 remained 
undetectable in uninfected cells (Supplementary Figure S2). Furthermore, IE RNA 
levels increased 370-fold (SEM ±125.4) and US28 RNA levels 147-fold (SEM 
±50.21) after infection compared to uninfected U251 cells, confirming successful 

Figure 2 HCMV infection increases glioblastoma spheroid and cell size in an US28-dependent man-
ner. (A) Representative spheroids and spheroid size of uninfected U251 cells, or U251 cells infected 
with HCMV strain TB40/E wild type, HCMV in which US28 was deleted (TB40-∆US28) plotted in per-
centages as mean ± SEM (n = 6 spheroids per group). (B) Paraffin-embedded infected U251 sphe-
roids with TB40/E wild type or (TB40-∆US28) stained with hematoxylin. Giant multinucleated cells are 
indicated with black arrows. All scale bars represent 250µm. Sizes of individual spheroids are plot-
ted as percentages of non-infected with mean ± SEM. * P < 0.05, **** P < 0.0001 (unpaired t-test). 
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infection. To study the role of HCMV in glioblastoma in a more clinically relevant 
model, CMV infection was performed on primary GBM cells, GBM48. As observed in 
U251, HCMV infection resulted in an increase (125% (SEM ±8.77)) in neurosphere 
size (Figure 4A). Immunofluorescence showed a cytoplasmic IE staining pattern 
with <1% of the GBM cells being nuclear IE positive (Figure 4B). The cytoplasmic 
staining pattern of IE was also detected in uninfected GBM48 cells (Supplementary 
Figure S3). Furthermore, immunofluorescent staining of US28 was present within 
these cytoplasm of these cells, although difficult to detect. These low levels 
might be a result of low infectivity, as IE RNA levels did not significantly increase 
after infection, or low US28 expression levels, as a relatively small increase in 
US28 RNA after infection in GBM48 cells was observed (Figure 4C). Despite of 
this, the detection of nuclear IE and cytoplasmic US28 in GBM48 was specific 
(Supplementary Figure S3). This data shows that HCMV infection is not only able 
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Figure 3 HCMV infection increases spheroid growth and US28 and IE RNA in U251 cells. (A) Repre-
sentative spheroids upon infection with clinically-relevant Merlin strain plotted in percentages as mean 
± SEM (n = 6 spheroids per group). Scale bar represents 250µm. (B) VEGF secretion of Merlin-infected 
U251 spheroids after 48 hours on starvation. (C) Staining of IE (red) and US28 (green) in Merlin infected 
U251 cells using mouse-anti-IE and rabbit-anti-US28 antibodies. Scale bar represents 20µm. (D) mRNA 
levels of IE and US28 in Merlin-infected U251 cells (representing 2-∆∆Ct) compared to uninfected HCMV-
negative HFF cells as determined by qPCR. Relative gene expression is corrected for Ct-values of house-
hold gene β-actin. All data show mean ± SEM. * P < 0.05, ** P < 0.01, **** P < 0.0001 (unpaired t-test).
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to modulate the growth of primary neurospheres, it also affects GBM spheroid size 
in an US28-dependent manner.   

The expression US28 results in the activation of proliferative and inflammatory 
signaling pathways

Having established a reproducible 3D model to study glioblastoma and observing an 
US28-dependent effect on this model, US28 signaling was further studied. A tetOn 
US28-inducible U251 (iUS28 U251) cell line was made using lentiviral transduction 
(Supplementary Figure S4). First, the functionality of this receptor was studied. 
US28 expression in the perinuclear area was confirmed using immunofluoresence 
after inducing with 1µg/mL doxycycline (Figure 5A). Furthermore, cells expressing 
US28 also showed specific 125I-CCL5 binding (Figure 5B) and enhanced 
intracellular accumulation of inositol phosphates (Figure 2C),which is in line with 
previous studies [8]. The presence of US28 was further confirmed via qPCR, 
where an 80,000-fold (SEM ±28,235) average increase of US28 RNA was found 
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Figure 4 HCMV infection affects glioma primary cell behavior. (A) Neurospheres of GBM48 primary GBM cells 
upon infection with HCMV strain Merlin plotted in percentages as mean ± SEM (n = >80 neurospheres per group). 
Sizes of neurospheres are plotted as percentages of non-infected. (B) Staining of IE and US28 in Merlin-infected 
primary GBM48 cells and (C) mRNA expression levels of IE and US28  in Merlin-infected U251 cells (representing 
2-∆∆Ct) compared to uninfected HCMV-negative HFF cells. Relative gene expression is corrected for Ct-values 
of household gene β-actin. All scale bars represent 250 μm. Data shows mean ± SEM. * P < 0.05 (unpaired t-test).
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compared to non-induced cells (Figure 5D). US28 expression has been reported 
to signal via proliferative signaling pathways. The secretion of IL-6 and VEGF 
significantly increased as a result of receptor expression (Figure 5E), confirming 
the functionality of US28 expression in U251 cells and its oncomodulatory potential 
in vitro. Expressing this receptor in U251 spheroids showed an 250% (SEM 
±22.0) increase in spheroid area compared to non-induced spheroids (Figure 6A). 
Immunofluorescence confirmed receptor expression (Figure 6B) and both IL-6 and 
VEGF were significantly increased after inducing receptor expression (Figure 6C). 
This data indicates that the constitutive activity of US28 stimulates the growth of 
glioblastoma spheroids in 3D and affects cytokine secretion. 

Constitutive US28 activity stimulates glioblastoma growth in vivo

In order to study the oncomodulatory phenotype of US28 in glioblastoma in vivo, 

Figure 5 Inducible US28 receptor constructs in glioblastoma cells enable simplification to study its role in sign-
aling. (A) US28 was stained in fixed/permeabilized U251-iUS28 cells using polyclonal rabbit-anti-US28 antibod-
ies directed against the C-terminus of US28 after inducing with 1 µg/mL doxycycline for 24 hours. Scale bars 
represent 20 μm. (B) Whole cell binding of 125I-CCL5 to U251-iUS28 cells shows membrane expression of 
US28 upon induction. Specific displacement of 125I-CCL5 was performed with an excess of CX3CL1. (C) Con-
stitutive US28-mediated PLC activation U251-iUS28 cells upon induction of US28 expression as subsequently 
determined by inositol phosphate ([3H]-IP) accumulation. (D) Relative expression of US28 compared to HFFF-
TR cells as determined via ELISA. (E) IL-6 and VEGF cytokine secretion as a result of US28 expression in U251-
iUS28 cells. Data shows mean ± SEM. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001 (unpaired t-test).
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we developed U251 and U251-iUS28 cell lines constitutively expressing firefly 
luciferase/mCherry (FM). The expression of luciferase enables the quantification 
of tumor growth via bioluminescent imaging (BLI) upon injection of its substrate 
luciferin. The U251-FM-iUS28 cell line showed similar increases in IP signaling 
(Supplementary Figure S5). Subsequently, these cells were used in an orthotopic 
GBM model by injecting cells in the striatum of mice brain. While control and non-
induced animals showed tumor initiation after 40 days of surgery, US28-expressing 
animals already grew tumors after 10 days and showed a significantly accelerated 
rate of tumor growth (Figure 7A and 7B). The US28-enhanced growth was also 
apparent by the formation of an extracranial tumor in some animals (Figure 7A). 
Upon sacrificing the animals and preparing their brains, the inducible expression 
of US28 in these animals was confirmed by immunohistochemistry on paraffin-
embedded brain tissue sections (Figure 7C). This data shows that US28 significantly 
enhances GBM progression in vivo and illustrates that 3D GBM spheroids are 
useful as an initial predictive model to study GBM growth and progression. 
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Figure 6 Constitutive US28 ac-
tivity stimulates spheroid growth 
and cytokine secretion. (A) Repre-
sentative U251-iUS28 spheroids 
after inducing receptor expression 
plotted in percentages as mean ± 
SEM (n = 6 spheroids per group). 
(B) Receptor expression inside 
spheroids as visualized via immu-
nofluorescence using polyclonal 
rabbit-anti-US28 antibody. Scale 
bars show 250µm (left and middle 
image) and 50µm (right image). (C) 
Cytokine secretion by U251-iUS28 
spheroids after 48 hours on starva-
tion. Sizes of individual spheroids 
are plotted as percentages of non-
infected with mean ± SEM. * P < 
0.05, *** P < 0.001 (unpaired t-test). 
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Discussion
The widespread pathogen HCMV encodes for viral chemokine receptors. HCMV is 
believed to possess oncomodulatory properties and contribute to the progression of 
several malignancies, including GBM [2], [22]–[24]. US28 is of the best well studied 
HCMV-chemokine receptors and has been detected in GBM patient samples [6]. 
In this study, we present a novel spheroid model to study the effect of HCMV 
and US28 in GBM. We demonstrate an important role of HCMV/US28-mediated 
signaling in glioblastoma tumorigenesis in vitro and in vivo.

Different methods of in vitro spheroid culture have been described [25]. The 
ultra-low attachment (ULA) U bottom plate is a method which enables semi-
high-throughput spheroid growth, as it eliminates the incubation step on agar 
required when working with HD plates.  However, the ULA plates use polymeric 
surface coatings to prevent cell adhesion to the plate surface, while the HD 
method promotes cellular aggregation only via external gravitational forces. The 
latter method is therefore more representative of non-adherent culture, thereby 
stimulating cellular aggregation to a higher extent compared to the ULA method. As 
a consequence, spheroids grown in ULA  plates will likely allow more drug diffusion 
throughout the spheroid and its core, compared to spheroids grown in HD  plates, 
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Figure 7 US28 expression enhances glioblastoma growth in vivo. (A) Orthotopic GBM model generated with in-
ducible U251-FM-iUS28 cells or parental U251-FM cells in striatum in mice. US28-positive tumors were externally 
visible (arrow). (B) In vivo tumor growth as quantified by bioluminescence imaging (n = 6 mice per group). (C) Sec-
tions of paraffin-embedded brains from US28-expressing orthotopic GBM model in mice, stained with hematoxylin 
(blue) and rabbit-anti-US28 antibodies (brown). Scale bars represent 100 μm (large panels) or 30 μm (small panel).
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as was previously described with breast cancer and ovarian cancer spheroids [25]. 
Additionally, the higher diffusion rate allows the delivery of nutrients and oxygen to 
the spheroid core, thereby decreasing the likeliness of developing a necrotic core, 
which is usually present within tumors [13]. Despite this, spheroids grown via both 
methods require more characterization and depending on the research question, 
both methods offer reproducible and robust spheroids. However, as we set out to 
develop a clinically relevant GBM spheroid model to study the effect of US28 and 
possible molecules to intervene with US28-mediated effects, we chose to start with 
the HD method.

Generally, a tumor spheroid model develops chemical gradients of for example 
oxygen and nutrients at diameters between 200 and 500µm. A necrotic core emerges 
when spheroids exceed a diameter of 500µm. In this situation, spheroids in the 
periphery reflect the in vivo situation [17]. Expression of US28 in U251 spheroids 
yields in spheres well surpassing this size, with the collection of PI-positive dead 
cells in the core. Spheroids larger than 500µm have showed to upregulate HIF-
1 [26]. HIF-1 is an important transcription factor involved in the regulation of 
many genes involved in proliferation and angiogenesis, including VEGF [27]. The 
upregulation of this transcription factor and the amount of hypoxia has yet to be 
determined in our model. However, if HIF-1 is upregulated in these spheroids, may 
it be as a result of US28 expression [10] or the hypoxic core, cytokine secretion 
will be elevated. This would increase the strength of this model and supporting the 
clinical relevance of studying receptors in a 3D spheroid setting. 

Upon HCMV infection, IE is expressed within the cell nucleus, as seen in U251. In 
primary GBM48 cells however, cytoplasmic IE is present in infected and uninfected 
cells in the form of fragments. Strikingly, IE mRNA in GBM48 is undetectable via 
qPCR, while IE in infected U251 cells is detectable. Therefore, we cannot say 
with certainty whether the cytoplasmic immunofluorescent signal is indeed IE. It 
is possible that these cytoplasmic fragments are a splice variant of IE, of which 
the function remains unknown to this date [28], or another viral tegument, which 
is released upon viral entry and disassembly, recognized by the IE antibody. To 
determine if the cytoplasmic IE pattern is specific for GBM48 or the IE antibody, 
staining of other primary GBM cells can be performed. Furthermore, antibodies 
recognizing different IE epitopes can be tested as well. Upon HCMV infection of U251 
cells, changes in cell morphology are observed. Infection is usually associated with 
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enlarged nuclei and cytoplasmic inclusions [29]. The large cytoplasmic inclusion is 
also known as the viral assembly complex, which is present per infected cell. US28 
specifically localizes in this complex after infection of U251 cells, which is in line 
with previous observations in HCMV-infected fibroblasts [30]. 

To this date, HCMV and GBM spheroids have been studied where spheroid growth 
has been related to the presence of stem-like cells [31]. This topic will be further 
discussed in chapter V. In our spheroid models, infection with HCMV or induction of 
US28 stimulates spheroid growth. This might be a consequence of US28’s ability to 
stimulate proliferative pathways or a consequence of the induction of cytoplasmic 
inclusions as a result of HCMV infection. Disruption or lysis of the spheroids to 
determine the amount of cells or proteins should provide clarity. Additionally, 
disrupted spheroids can be further analyzed with flow cytometry to determine in 
which cell cycle phase the cells within the spheroids reside.  Another aspect of 
our 3D model which requires elucidation is the assessment whether hypoxia (with 
necrosis as a result) occurs within the core of the spheroid, as mentioned ealrier 
[26]. If so, these spheroids provide a more clinical relevant model to study for 
example resistance to therapy, as hypoxia and necrosis have been stated to be 
highly involved in this [16].

Aside from the typical HCMV-associated phenotype, the presence of multinucleated 
giant cells in HCMV-infected spheroids in vitro as well as US28-expressing tumors 
in vivo is noteworthy. These giant cells have been reported in patients as a rare 
variant of GBM occurring 1-5% of all GBM cases [32], [33]. Discussions concerning 
the aggressiveness of these giant cells in GBM are ongoing – some researchers 
found a correlation to a favorable prognosis looking at patient survival, while others 
found a correlation to poor prognosis – as isolated giant cells expressed cancer 
stem cell markers and gave rise to new tumors [33]–[36] . The underlying cause 
of its appearance is believed to be caused by disturbances in mitotic kinases, like 
Aurora B, and mutations in the p53 tumor suppressor protein, resulting in defects 
in late mitosis [32]. The occurrence of these giant cells was observed in our in 
vitro and in vivo models upon infection or receptor induction, while this phenotype 
did not occur in uninfected or non-induced cells. However, the question remains 
whether HCMV and US28 in particular are responsible for inducing this phenotype 
and the consequence of the presence of these cells are for GBM.

HCMV has been reported to stimulate the angioproliferative and invasive phenotype 
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of GBM cells via US28, thereby contributing to tumorigenesis [6], [7], [12]. Indeed, 
elevated levels of VEGF have been linked to high-grade malignancy and found to 
contribute to gliomagenesis [37]. Inducing US28 expression in our U251 model 
system resulted in a significant increase in VEGF and IL-6 secretion, which in 
accordance with previous observations [7], [8]. The increased VEGF and IL-6 levels 
is a consequence of the ability of US28 to promiscuously signal towards transcription 
factors NF-κB, STAT3, and HIF-1α [7]–[10]. The US28-mediated increase in tumor 
progression in vivo is in line with the described role for VEGF in tumorigenesis. 
Furthermore, this observations supports the concept of the implication of US28 in 
HCMV-mediated oncomodulation.

Taken together, this study emphasizes the role of US28 in oncomodulation and 
shows the consequence of HCMV-encoded chemokine receptor US28 expression 
in 3D cell cultures in vitro and in an intracranial model in vivo. This makes US28 an 
interesting target in the treatment of HCMV-positive GBM patients.  
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Material & Methods 
Reagents

Human chemokines CCL5 and CX3CL1 (PeproTech, Rocky Hill, NJ, USA). 
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). 125I-Na and myo-[2-3H] inositol (1 mCi/ml) (Perkin Elmer 
Life Sciences, Waltham, MA, USA). Mouse-anti-cytomegalovirus (immediate early 
antigen; MAB180R, Merck Millipore, Billerica, MA, USA). Polyclonal rabbit-anti-
US28 antibodies were generated by Covance (Princeton, NJ, USA) as described 
previously [38]. Horseradish peroxidase (HRP)-conjugated antibodies (1706515 
and 1706516, Bio-Rad Laboratories, Hercules, CA, USA). Alexa Fluor-conjugated 
antibodies (A11001, A11003, A11008 and A11010, Thermo Fisher Scientific, 
Waltham, MA, USA).

Cell Lines and Culture

HEK293T were cultured as previously described [8]. The U251 cell line was 
authenticated by STR profiling (Baseclear B.V., Leiden, The Netherlands). Cell lines 
with constitutive Fluc/mCherry (FM) expression and/or inducible US28 expression 
(U251-iUS28) were generated by lentiviral transduction. US28 expression was 
induced by 1 μg/mL doxycycline (D9891, Sigma-Aldrich). HFFF TR cells [39], were 
kindly provided by Dr. Richard J. Stanton. All cell lines were mycoplasma negative 
(PCR testing, Microbiome, Amsterdam, The Netherlands). The primary GBM48 
cells were obtained from a patient with glioblastoma multiform IV (GBM) at the 
Karolinska Institute and were cultured in DMEM/F12 medium with 10% (v/v) heat-
inactivated FBS. 

Generation of spheroids and neurospheres

Spheroids were generated by seeding 3·104 U251 cells per well in a 96-well hanging 
drop plate (3D Biomatrix, Ann Arbor, MI, USA). After 48 hours of sedimentation, 
spheroids were transferred to 6-well plates coated with 0.75% agarose in normal 
growth medium. Spheroids were imaged after 72 hours. GBM48 neurospheres 
were generated as described previously [40]. GBM48 cells were infected with 
HCMV 24 hours before neurosphere formation and neurospheres were imaged 7 
days post infection. 
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Propidium iodide staining

To identify dead cells, spheroids were collected from agarose and washed with PBS 
via centrifugation (10,000rpm for 1 min.). Spheroids were incubated in propidium 
iodide (Invitrogen) for 20 min., followed by another wash with PBS. Hereafter, 
spheroids were dropped on microscope slides and imaged using an FSX-100 
microscope (Olympus, Tokyo, Japan) at 4x. 

Microscopy imaging

Cells were seeded in either poly-L-coated 96-well cell culture plates (8,000/well) 
or 13mm glass coverslips (10,000/coverslip)  and grown at 37˚C. Forty-eight hours 
post-seeding, cells were fixed with 4% formaldehyde (Sigma-Aldrich) in PBS for 
5 min., permeabilized in 0.5% NP-40 (Sigma-Aldrich) in PBS for 30 min., and 
blocked in 10% w/v bovine serum albumin (BSA) (Sigma-Aldrich) in PBS for 1 
hour at room temperature (RT). Hereafter, in case of 96-well format, cells were 
incubated with the polyclonal rabbit-anti-US28 antibody (1:1,000) for 1 hour at RT. 
In case of coverslips, cells were incubated overnight at 4˚C. After each antibody 
incubation step, cells were washed thrice with PBS.  Following primary antibody 
incubation, cells were incubated with goat-anti-rabbit IgG (H+L) Alexa fluor 488 for 
1 hour at RT, washed with PBS, and counterstained with 1µg/mL DAPI for 5 min. 
Coverslips were mounted using imsolmount and nail polish to prevent drying. All 
images were obtained using an FSX-100 microscope (Olympus, Tokyo, Japan) at 
either 4x (spheroids or neurospheres)  or 20x and 100x magnification (cells).

Spheroid immunofluorescence – spheroids were collected in eppendorphs from 
agar after 72 hours of incubation. Supernatant was discarded via centrifugation and 
fixed in 4% formaldehyde for 30 min. at RT. After every incubation step, spheroids 
were washed twice with PBS containing 0.1% Triton-X100 (Sigma-Aldrich). 
Blocking was performed using 3% BSA/0.1% Triton-X100 in PBS for 30 min. at RT. 
Spheroids were incubated overnight with the polyclonal rabbit-anti-US28 antibody 
(1:1,000) in 1% BSA/0.1% Triton-X100, followed by goat-anti-rabbit IgG (H+L) 
Alexa fluor 488 in 1% BSA/0.1% Triton-X100 for 1 hour at RT. Spheroids were 
counterstained subsequently with 1µg/mL DAPI for 5 min. at RT and transferred to 
a microscope slide for immediate imaging. 
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Binding  assays

Displacement and cell-surface binding of 125I-labeled chemokines CCL5 or CX3CL1 
[41], [42] was analyzed using a Competitive One-Site binding fit and Competitive 
One-Site FitLogIC50 binding fit respectively. Displacement of radiolabeled 
chemokines with 10-6 M of unlabeled CX3CL1 was taken as full displacement. 

HCMV infection

The HCMV strain TB40/E WT and the deletion mutant TB40/E ∆US28 were 
previously described [43]. HCMV strain Merlin was generated from a bacterial 
artificial chromosome BAC pAL2157. This is BAC pAL1498 [39] in which eGFP 
was linked to the IE2 gene using a P2A linker. SW102 E. coli containing BAC 
pAL2157 were kindly provided by Dr. Richard J. Stanton. BAC DNA was isolated 
using NucleoBond Xtra BAC kit (Macherey Nagel, Düren, Germany). Virus 
production was initiated by electroporation of BAC DNA into HFFF TR cells using 
the Amaxa Nucleofector and the basic fibroblast nucleofector kit (Lonza, Basel, 
Switserland). Subsequent virus productions in HFFF TR cells were started with an 
infection at MOI 0.02 and titres were determined after 3 days using immediate early 
antigen staining. U251 and GBM48 GBM cells were infected at MOI 3.

Cell surface expression enzyme-linked immunosorbent assay (ELISA)

iUS28 U251 cells were seeded (8,000 cells/well) in poly-L-lysine coated 96-well 
plates and induced with 1µg/mL doxycycline for 48 hours. Forty-eight hours post-
seeding, cells were fixed with 4% formaldehyde (Sigma-Aldrich) in TBS for 5 min., 
permeabilized in 0.5% NP-40 (Sigma-Aldrich) in TBS for 30 min., and blocked in 5% 
w/v skim milk powder (Sigma-Aldrich) in TBS for 1 hour at room RT. In between every 
incubation step, cells were washed thrice with TBS. Primary antibody incubation 
was performed using anti-rat HA affinity (1:1,000 Roche Sigma-Aldrich) in blocking 
buffer for 1 hour at RT. Secondary antibody incubation was performed using goat 
anti-rat IgG (H+L)-horseradish peroxidase-conjugated antibody (1:2,500 Bio-Rad). 

Cytokine secretion assay 

Secreted cytokine levels were measured using the human VEGF and IL-6 quantikine 
ELISA kit according to manufacturer’s protocol (R&D systems). Conditioned 
medium was obtained by replacing full DMEM with starvation DMEM for 48 hours 
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in either U251-iUS28 grown in monolayers or U251-iUS28 spheroids. Medium was 
span down for 30 min. at 14,000 rpm to remove access debris. 

US28 signaling assays

Activation of phospholipase C was determined by quantification of the [3H]-inositol 
phosphates (InsP) [8]. IL-6 and VEGF levels were measured in conditioned 
medium by ELISA using the Quantikine human-IL-6 and human-VEGF ELISA kit 
(R&D systems) [10]. In all IL-6 and VEGF ELISA assays, the lower detection limit 
was 3.7pg/mL and 15 pg/mL respectively. 

Quantitative PCR

RNA was isolated 7 days post-infection using TRIzol (Life Technologies, 
Inc.). All qPCR materials were from Bio-Rad Laboratories (Hercules, CA, 
USA). qPCR was performed using 20ng cDNA (transcribed using iScript 
Supermix), iQ SYBR Green Supermix, the MyiQ system and the following 
primers (150nM each): US28 5’-TCCATGGGCAACTTCTTGGT-3’ and 
5’-TCGCCGGAGCATTGAATC-3’ and β-actin 5’-AGAGCTACGAGCTGCCTGAC-3’ 
and 5’-GGATGCCACAGGACTCCA-3’. Data analysis was performed using Bio-
Rad iQ5 software. 

Animal model studies

All animal experiments were conducted in compliance with Dutch Law on animal 
experimentation and the European Community Council Directive 2010/63/EU for 
laboratory animal care and approved by the animal experimentation commission 
of the VU University medical center. The required sample sizes were calculated 
based on in vitro data and a small in vivo pilot using a two-sided t- test, significance 
level (Type I error) of 0.05, power of 0.9 and assuming a 50% difference between 
sample means and a 20% standard deviation in both groups. 6 weeks old female 
athymic nude mice (Harlan/Envigo, Horst, The Netherlands) were kept as described 
previously [44]. With the exception of the initial US28 comparison study (3 mice/
group), studies were performed with 6 mice/group. Stereotactic injections were 
performed with 5·105 cells as described previously [44]. Mice were monitored daily 
and tumor development was monitored twice weekly using an IVIS/CCD camera 
(Caliper Life Sciences, Waltham, MA, USA) or In-Vivo Extreme imager (Bruker, 
Billerica, MA, USA) upon intraperitoneal injection of D-luciferin (150 mg/kg, GoldBio, 
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Olivette, MO, USA). Mice were fed sucrose water (5% w/v) or doxycycline/sucrose-
water (2 mg/mL, 5% w/v). Mice were stratified by tumor size and treated three 
times per week with PBS or nanobodies (500 μg) via intraperitoneal injections. No 
blinding was used. Mice were sacrificed upon >15% weight loss, blood was drawn 
via cardiac puncture and brains were formalin-fixed. 

Immunohistochemistry 

Paraffin-embedded animal (8 μm) tissue sections were deparaffinized  in tissue 
clear (Sakura) and rehydrated via a graded ethanol series. Antigen retrieval was 
performed using a high pressure cooker (Decloaking Chamber NxGEN) in DIVA 
decloacker (Biocare Medical) solution (12 minutes at 95°C). Hereafter, incubation 
with pepsin (Sigma-Aldrich) (5 minutes at 37°C), peroxidazed-1 (Biocare Medical) 
(3 minutes at 20°C), background sniper (Biocare Medical) (15 minutes at 20°C), 
and protein block (DAKO) (10 minutes at 20°C) was performed. Primary antibody 
incubation with polyclonal rabbit-anti-US28, 1:500 for animal tissue and 1:700 for 
GBM patient tissue (Covance) at 4°C was performed overnight. MACH2 Universal 
HRP-Polymer Detection (Biocare Medical) served as secondary antibody. Nanobody 
staining was performed using similar methods: bivalent US28-Nb incubation 
overnight was followed by incubation with 1:500 mouse-anti-Myc antibody (Cell 
Signaling) (1 hour at 20°C). From here on, Tyramide Signal Amplification (TSA) 
was used following manufacturers protocol. Sections were developed using 
3,3’-diaminobenzidine (DAB) (Biocare Medical) and counterstained with aqua 
hematoxylin (Innovex). Finally, sections were dehydrated via graded ethanol series 
and xylene, and mounted using DPX neutral mounting medium (KliniPath). The 
study was approved by the Stockholm’s Regional ethical committee (permission 
number: 2008/628-31/2) in Sweden.

Statistical Analyses

Unless stated otherwise, all data represent three independent experiments, each 
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 Figures

Supplementary figure S1 Infection efficiency between different CMV viral strains is comparable. Immuno-
fluorescence for IE in infected U251 cells with either TB40-WT or TB40-ΔUS28. Scale bars show 250µm. The 
infection efficiency was quantified using ImageJ. Data shows mean ± SEM.

Supplementary figure S2 Non-infected U251 cells do not ex-
press IE or US28. Immunofluorescent staining of uninfected 
U251 cells for IE (red) and US28 (green), using mouse-anti-IE 
antibody and US28, using rabbit-anti-US28 antibody.

Supplementary figure S3 Non-infected GBM cells do not ex-
press nuclear IE or US28. Immunofluorescent staining of unin-
fected primary GBM48 cells for IE (red) and US28 (green), us-
ing mouse-anti-IE antibody and US28, using rabbit-anti-US28 
antibody.
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Supplementary figure S4 The Tet-On system. The reverse tetracycline transactivator (rtTA) is bound to the 
Tet-Operon (tetO) and miminal promoter in the tetracycline response element (TRE) in the absence of doxycy-
cline. Upon addition of doxycycline, doxycycline binds to the rtTA, releasing it from the TRE, thereby exposing 
the TRE to the binding of other transcription factors and enabling the transcription of the gene of interest, in 
our case US28

Supplementary figure S5 Addition of the firefly luciferase/mCherry 
(FM) construct does not affect US28 receptor signaling activity. IP 
accumulation of U251-iUS28 and U251-FM-iUS28 cells before and 
after inducing US28 expression with doxycycline. Data shows mean 
± SEM and *** P < 0.001 (unpaired t-test).
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