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1. Abstract

G protein-coupled receptors (GPCRs) regulate intracellular signaling upon agonist binding, 
inducing specific conformational states of the receptor resulting in activation of a subset of 
G proteins. However, some GPCRs display constitutive ligand-independent activity. Yet, it is 
not clear to what extend a constitutively active conformation differs from the ligand-bound 
active conformation of a receptor. In recent years, nanobodies have aided in the elucidation 
of ligand-bound active GPCR conformations of multiple GPCRs, providing valuable insights 
into GPCR conformations. US28, a GPCR encoded by the human cytomegalovirus (HCMV), 
signals both ligand-dependently and –independently. Previously, the structure of an active, 
CX3CL1-bound US28 conformation was solved and stabilized by Nb7, a nanobody binding 
to the intracellular side of US28. In this study, new intracellular binding nanobodies were 
developed and identified that recognize the constitutively active conformation of US28. 
Of these, VUN103 bound with nanomolar affinity to the intracellular loop 2 of the ligand 
unbound (apo) conformation of US28 and fully inhibited constitutive US28 signaling. In 
contrast, Nb7 preferentially bound the CX3CL1-bound conformation, exclusively inhibiting 
CX3CL1 induced signaling and not affecting constitutive signaling of US28. VUN103, 
expressed as intrabody, did not affect the binding affinities of US28 ligands, while Nb7 
intrabody increased the affinities of CCL5 and CX3CL1 for US28. In addition, lentiviral 
transduction of VUN103 resulted in reduction of US28-enhanced spheroid growth. This 
study indicates that Nb7 and VUN103 can be used as bidirectional tools to dissect functional 
consequences of ligand-dependent versus independent signaling. Altogether, our results 
indicate a difference between the ligand-bound active and apo conformation of US28. This 
conformational difference between two active states of a receptor might be a common feature 
for constitutively active GPCRs.
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2. Introduction

G protein-coupled receptors (GPCRs) are a superfamily of receptors regulating most important 
physiological processes 1, 2. Although this superfamily consists of more than 800 genes and 
is divided into three main classes (class A, B and C), their ability to modulate downstream 
signaling, involving G-protein activation and β-arrestin recruitment, is highly conserved 2, 263. 
Binding of different ligands (agonist, biased agonist, antagonist or inverse agonist) to these 
receptors induces specific conformational changes which differentially modulate the complex 
signaling network 263, 264. In addition, some GPCRs such as the human β2-adrenergic receptor 
(β2-AR), human calcitonin receptor, human cannabinoid CB1 receptor and the viral GPCR 
US28 also signal in a ligand independent manner 164, 265-267. How different ligands stabilize 
different GPCR conformations and direct and modulate subsequent signaling pathways is still 
not fully understood. In the last decade, nanobodies have been shown to be invaluable tools 
for GPCR research. Nanobodies are antibody fragments derived from the heavy-chain only 
antibodies of Camelids and which lack a light chain 68. Nanobodies are small in size (~ 15kDa), 
can have a convex and relatively large paratope and often a long protruding CDR3 region which 
enables them to target cryptic epitopes 67, 216. Multiple nanobodies targeting extracellular but 
also intracellular epitopes have been reported 216, 250. Especially, nanobodies directed against the 
intracellular part of GPCRs have provided insight in GPCR conformations in the presence of 
either antagonist or agonists. Most of these nanobodies, when expressed intracellularly referred 
to as intrabodies, recognize and stabilize specific GPCR conformations. By stabilizing flexible 
receptor structures, nanobodies have been used as crystallization chaperones, conformational 
biosensors and tools in drug discovery 77-79, 81-84, 87, 88. 

 An example of a constitutively active receptor that can be further activated by ligand 
binding is US28. US28 is a chemokine receptor encoded by the human cytomegalovirus 
(HCMV) 268. Interestingly, US28 binds various chemokines, including CCL5 and CX3CL1, 
and activates multiple signaling pathways both in a ligand-independent and –dependent 
manner 143, 154, 163, 174, 175, 226. In its apo-state, US28 signals constitutively towards Gαq, while 
chemokines can superactivate the receptor towards signaling to Gαq and Gα12/13 

29. In addition, 
small molecules and bivalent nanobodies binding US28 extracellularly inhibit the receptor 
activity by acting as inverse agonists 74, 194-197. Based on the activity profiles, this ligand-bound 
active conformation of US28 might be significantly different from its constitutive active apo-
conformation. Recently, the crystal structure of US28 in complex with the ligand CX3CL1 
was solved using an intracellularly US28-stabilizing nanobody (Nb7) 80. More recently, 
this particular nanobody, as well as Nb11, which stabilizes a partially non-overlapping 
ligand-bound conformational state, have provided more insight in the chemokine sequence 
promiscuity of US28 ligands 269. 
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 In this study, we developed and identified a new nanobody that binds to the intracellular 
side of US28 (VUN103). We mapped the binding site of VUN103 and evaluated its effect 
on US28 signaling. Using chemokine receptor binding, BRET based assays and confocal 
microscopy we show that VUN103 and Nb7 differentially affect the conformation and 
signaling of US28. While Nb7 stabilizes the ligand-bound, active conformation of US28, 
VUN103 appears to stabilize a different constitutively active, apo-conformation of this 
receptor. Our study shows the existence of different conformational states of US28, which 
suggests that the constitutively active conformation of GPCRs is distinct from the active 
conformation that is adapted upon chemokine binding. Our nanobodies might serve as an 
interesting research tools to further dissect ligand dependent and independent US28 signaling.

3. Results

3.1 VUN103 as novel intracellular binding US28 nanobody
In order to find new nanobodies targeting the constitutively active conformation of US28, a 
previously generated library of immunized llamas was used for panning on US28-expressing 
membranes 249. Subsequently, master plates were assessed for nanobody-sequences and 
binding in phage-ELISA. Positive hits were classified in families based on their CDR3 
region (Figure 1A). One large family (VUN103 family) and multiple smaller families of 
US28 specific binding nanobodies were found. After validation, one lead hit (VUN103) of 
this large family was selected, produced as protein and tested for the competition of US28 
ligands (Figure 1B-C). In contrast to the known extracellular binding US28 nanobody 
VUN100 249, VUN103 did not displace radiolabeled US28 ligands CCL5 and CX3CL1. 
Further characterization of VUN103 indicated a binding affinity of 22 ± 4 nM (Figure 1D). 
In addition, VUN103 did not bind to US28-negative cells or CX3CR1, the human chemokine 
receptor that shares the highest homology with US28 (Figure S1). The observation that 
VUN103 bound to US28 but could not displace US28 ligands suggested recognition of 
this nanobody to intracellular epitopes of this receptor. To further confirm this, binding of 
VUN103 to intact and permeabilized US28-expressing cells was determined and visualized 
by immunofluorescence microscopy. VUN103 only bound to US28-expressing cells when 
permeabilized, indicating that VUN103 indeed bound an intracellular epitope (Figure 1E). In 
contrast, VUN100, targeting the extracellular side of US28, was able to bind both intact and 
permeabilized US28-expressing cells.
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Figure 1. VUN103 binds an intracellular epitope of US28. A) Binding of nanobody-expressing 
phages, after selections against US28, to US28 measured by phage ELISA. Ratio of binding of the 
phages to membranes with or without US28 was determined and plotted against total binding of 
the phages to US28-expressing membranes. B-C) Displacement of 125I- CX3CL1 (C) and 125I-CCL5 
(D) from different US28-expressing membranes by unlabeled ligand. D) Binding of the nanobodies 
VUN100 and VUN103 to US28-expressing membranes, as determined by ELISA. Binding was 
normalized to binding to US28-negative membranes to determine specific binding. E) Binding of 
VUN100 and VUN103 to living, intact (non-permeabilized) and fixed and permeabilized US28-
expressing U251 cells. US28 was detected using an anti-US28 antibody (US28 mAb, red). Nanobody 
binding was detected using the Myc-tag and an anti-Myc antibody (Nb, green). Representative figures 
are shown while data is plotted as mean ± S.D.. 
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3.2 VUN103 inhibits US28 constitutive signaling
Next, the functional effect of VUN103 on the constitutive activity of US28 was determined. 
US28-mediated Gαq signaling, through inositol phosphate accumulation, was assessed in 
US28-expressing cells, which were co-transfected with increasing amounts of DNA encoding 
for VUN103-mVenus or an irrelevant Nb-mVenus (referred to as intrabodies). Increasing 
expression of VUN103 intrabody resulted in complete inhibition of US28-mediated inositol 
phosphate accumulation, while this was not seen for the irrelevant intrabody (Figure 2A). 
The same functional effect was observed with untagged intrabodies, indicating that mVenus-
tagging of the intrabodies did not affect the VUN103-mediated inhibition. Similarly, 
VUN103 intrabody inhibited US28-mediated signaling towards NFAT, STAT3 and NF-
κB (Figure 2B-D). Next, the functional effect of VUN103 intrabody on US28 constitutive 
activity was compared that of the Nb7 intrabody (Figure 2E). While VUN103 fully inhibited 
US28 signaling, Nb7 did not affect the constitutive activity of US28, indicating that VUN103 
and Nb7 display a different mode of action and recognize distinct conformations of US28. 
To determine the binding epitope of VUN103, the functional effect of VUN103 intrabody 
was determined on different US28 mutants, which either lacked the complete C-tail (US28 
∆300, Figure 2F) or where the ICL2 loop of US28 was replaced by that of CCR5 (US28 
ICL2 CCR5, Figure 2G). Importantly, both US28 mutants showed similar expression levels 
compared to US28 wild type receptor (Figure S2) and displayed similar levels of constitutive 
activity (Figure 2F-G). While VUN103 inhibited the constitutive activity of US28 ∆300, it 
did not affect the US28 ICL2 chimera, indicating that ICL2 loop of US28 but not the C-tail 
is important for binding of VUN103.

3.3 VUN103 and Nb7 recognize distinct active states of US28
Next, the effect of the VUN103 intrabody on binding of chemokines to US28 was assessed. 
Membranes of HEK293T cells expressing US28 with or without VUN103 or Nb7 were used 
to determine the affinity of CX3CL1 and CCL5 for US28 (Figure 3). Expression of VUN103 
did not affect the binding affinities of CX3CL1 or CCL5 for US28 (Table 1). In contrast, a 
10-fold increase in affinities of CX3CL1 (Figure 3A) and CCL5 (Figure 3B) was detected 
in the presence of Nb7 intrabody (Table 1). This could be explained by Nb7 locking US28 
in an active conformation, which favors chemokine binding. These observations suggest 
that VUN103 recognizes an (apo)-conformation that is distinct from the ligand-bound, Nb7-
stabilized US28 conformation.
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Figure 2. VUN103 inhibits US28 signaling by binding to the ICL2 loop. A) US28-mediated inositol 
phosphate accumulation of HEK293T cells expressing US28 and increasing amounts of VUN103(-
mVenus) or irrelevant nanobody (Irr Nb)(-mVenus ) (A). B-D) Effect of irrelevant nanobody (Irr 
Nb)-mVenus and VUN103-mVenus on US28-mediated NF-κB activation (B), NFAT activation (C) 
and STAT3 activation (D). E) US28-mediated inositol phosphate accumulation of HEK293T cells 
expressing US28 and increasing amounts of irrelevant nanobody (Irr Nb)-mVenus, VUN103-mVenus 
or Nb7-mVenus. F-G) US28-mediated inositol phosphate accumulation of HEK293T cells expressing 
HA-US28 wildtype (US28 WT), HA-US28 lacking a C-tail (US28 Δ300, F) or an HA-US28 chimera 
with the ICL2 loop substituted with the corresponding ICL2 loop of CCR5 (US28 ICL2 CCR5, G). 
All inositol phosphate accumulation levels were normalized to cells expressing US28 WT and no Nb-
mVenus construct. Representative figures are shown while data is plotted as mean ± S.D.. 
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Figure 3. VUN103 and Nb7 differentially affect the affinity of US28 ligands. A-B) Displacement 
of 125I- CCL5 with unlabeled CX3CL1 (A) and unlabeled CCL5 (B) from different US28-expressing 
membranes. Representative figures are shown while data is plotted as mean ± S.D.. 

Table 1. pKi values of CX3CL1 and CCL5 to different membrane extracts

Membrane extract pKi CX3CL1 (Mean + S.D.) pKi CCL5 (Mean + S.D.)

US28 9.9 ± 0.2 8.8 ± 0.1

US28 + VUN103-mVenus 9.7 ± 0.3 8.8 ± 0.2

US28 + Nb7-mVenus 10.7 ± 0.04 9.8 ± 0.1

 To determine whether VUN103 binds the apo-, constitutively active conformation of 
US28 as well as the ligand-bound conformation, we assessed co-localization and recruitment 
of the different intrabodies to US28 in the absence and upon addition of CX3CL1 by confocal 
microscopy (Figure 4A). Cell surface HA-tagged US28 was labeled with fluorescent anti-
HA antibodies. Co-localization of VUN103 and US28 was seen both in the absence and 
presence of CX3CL1. In contrast, although some co-localization of Nb7 and US28 was seen 
in the unstimulated cells, this co-localization increased markedly upon addition of CX3CL1. 
No co-localization between the irrelevant intrabody and US28 was seen in the presence or 
absence of CX3CL1. To confirm the interaction of VUN103 or Nb7 with US28 in the absence 
of presence of chemokine binding, bioluminescence resonance energy transfer (BRET) 
between US28-Rluc and nanobody-mVenus was used. Close proximity of VUN103-mVenus 
or Nb7-mVenus with US28-Rluc was detected by saturation BRET (Figure 4B). Addition 
of CX3CL1 slightly but significantly decreased the BRET signal between US28-Rluc and 
VUN103-mVenus and increased the BRET between US28-Rluc and Nb7-mVenus (Figure 
4C). Similar results were obtained when the other US28 ligands CCL2, CCL3 and CCL5 
were used (Figure S3). Because of their ability to compete for G protein binding, G protein 
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Figure 4. Effect of CX3CL1 on nanobody binding to US28. A) Confocal microscopy of HEK293T 
cells expressing HA-US28 and Irr Nb-mVenus, VUN103-mVenus or Nb7-mVenus with or without the 
addition of 30nM CX3CL1. US28 was stained with an anti-HA Alexa Fluor555 antibody (HA mAb) on 
ice before addition of CX3CL1 to stain the US28 receptor population on the surface. Cells were fixated 
20 mins after the addition of CX3CL1. B) Saturation BRET with HEK293T cells expressing US28-
Renilla luciferase (US28-Rluc) and different ratios of irrelevant nanobody-mVenus (Irr Nb-mVenus), 
VUN103-mVenus or Nb7-Venus. C) BRET using HEK293T cells expressing US28-Rluc, US28Rluc 
and Irr Nb-mVenus, VUN103-mVenus or Nb7-Venus 20 min after addition of 30 nM CX3CL1. BRET 
signal was normalized to the signal of unstimulated HEK293T cells expressing US28-Rluc only at time 
point t=0. D) US28-mediated inositol phosphate accumulation of HEK293T-cells expressing US28 
wildtype (US28 WT), US28 WT and Irr Nb-mVenus, VUN103-mVenus or Nb7-mVenus. A saturating 
concentration of 30 nM was used in case of addition of CX3CL1. Representative figures are shown 
while data is plotted as mean ± S.D.. Statistical analyses were performed using unpaired two-tailed 
t-test. ns, p > 0.05; *, p < 0.05.
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signaling can be used as another readout of intrabody binding to US28. CX3CL1 binding did 
result in a small decrease in VUN103-mediated inhibition of US28 signaling, indicating that 
CX3CL1 allosterically reduces VUN103 binding and its ability to inhibit US28 signaling. In 
contrast, CX3CL1 binding to US28 resulted in inhibition of US28 signaling by Nb7. These 
data confirms that VUN103 preferentially recognizes the ligand-unbound conformation of 
US28. 

3.4 VUN103 inhibits US28-mediated oncogenic signaling and spheroid growth
The observation that VUN103 binds and stabilizes the constitutively active conformation of 
US28 and fully attenuates US28 signaling is of therapeutic interest. In glioblastoma, US28 
signaling is associated with enhanced tumor growth and inhibition of US28 signaling could 
be a new therapeutic strategy. To assess the therapeutic potential of VUN103 intrabody, we 
tested its application in using a genetic approach. To that end, US28-expressing glioblastoma 
cells were transduced with irrelevant-nanobody-mVenus or VUN103-mVenus via lentiviral 
infection (Figure 5A). The functionality of the intrabody was assessed by quantification of 
US28-enhanced spheroid growth (Figure 5B-C). As previously shown, US28 expression 
in U251 glioblastoma cells enhances spheroid growth as a result of its constitutive and 
oncomodulatory signaling. Whereas the irrelevant intrabody did not affect US28-enhanced 
spheroid growth, VUN103 could significantly (p<0,0001) reduce US28-enhanced spheroid 
growth. To confirm this effect was VUN103-mediated, US28 expression was assessed but 
no differences between the different transduced cell lines was observed (Figure S4). This 
data shows that VUN103, upon lentiviral gene delivery, also blocks US28 signaling in 
glioblastoma cells and is able to inhibit US28-mediated glioblastoma spheroid growth. 
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Figure 5. VUN103 inhibits US28-mediated glioblastoma spheroid growth. A) U251 with inducible 
US28 expression (No Nb) were transduced with lentiviral vector expressing inducible irrelevant 
nanobody-mVenus (Irr Nb-mV) or VUN103-mVenus (VUN103-mV). Cells were or were not induced 
with doxycycline. US28 was detected using an anti-US28 antibody (US28 mAb, red). Nanobody binding 
was detected using the mVenus-tag (Nb-mVenus, green). B) Cells were seeded in hanging droplet plates 
and expression of US28 (and intrabodies) were or were not induced with doxycycline. C) Spheroid 
areas were quantified and normalized to the spheroid area of non-induced US28 negative (US28 neg) 
spheroids (n=6-12 spheroids per group). Representative figures are shown while data is plotted as 
mean ± S.D.. Statistical analyses were performed using unpaired two-tailed t-test. ns, p > 0.05; ****, 
p < 0.0001.
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4. Discussion

In this study, we show the generation of a nanobody (VUN103) binding to a non-ligand bound 
constitutively active conformation of the chemokine receptor US28. Our studies, comparing 
the effect of VUN103 and Nb7 (a nanobody recognizing the ligand-bound conformation) on 
chemokine binding, US28 signaling and localization, indicate that the constitutively active 
US28-conformation is distinct from the ligand-bound active conformation. 

 GPCRs are highly dynamic proteins that can adopt different conformations264. Although 
the initial model consisted of an equilibrium between the inactive and active conformation 
of a receptor, this two-state model has been replaced by a model consisting of multiple 
active and inactive conformations 263. Nanobodies have proven to be ideal tools to stabilize 
and explore these different conformations 77, 79-82, 99, 102. Some examples include the β2-AR, 
Muscarinic 2 receptor, δ-opioid and κ-opioid receptor. Nanobodies stabilizing an active 
GPCR conformation interact with the G protein interface and act as G protein mimetics. In 
addition, the ICL2 loop serves as an important interface between Gα protein and the GPCR 77, 

270. By using an US28-ICL2 chimeric receptor, we were able to show the interaction between 
the ICL2 loop of US28 and VUN103 while the crystal structure of CX3CL1-bound US28 and 
Nb7 also showed an interaction between Nb7 and this loop80. Taken together, this shows the 
importance of ICL2 for the recognition or stabilization of a GPCR-conformation. 

 Although both nanobodies VUN103 and Nb7 bind the same intracellular loop, ICL2, 
their functional effect on US28 signaling is different. While VUN103 fully inhibits the 
constitutive signaling by competition with G proteins, Nb7 shows no inhibition of US28 
constitutive signaling. In contrast, binding of CX3CL1 and other US28 ligands result in 
increased binding of Nb7 and a small but significant decrease of VUN103 binding to US28. 
These functional assays were also confirmed by confocal microscopy. Taken together, these 
results indicate that both nanobodies recognize different conformational states of US28. The 
effect of ligand binding on VUN103 binding and inhibition is small but significant. This 
could be explained by only a slight difference between the apo-conformation and ligand-
bound conformation or that VUN103 binds with a high affinity to US28 and inhibits ligand 
binding. However, our competition binding shows no significant decrease in binding affinity 
or total binding indicating that this second explanation is less likely. Previously, nanobodies 
stabilizing the active and inactive conformation of the β2-AR were shown to increase or 
decrease the affinity of β2-AR ligands to the receptor 99. In our study, we did not see a 
significant decrease in ligand affinity indicating that VUN103 does not recognize or stabilize 
the inactive conformation of US28.

 While VUN103 and Nb7 are interesting pharmacological tools to delineate different 
US28 conformations, one could envision different uses for this nanobodies. In the last decade, 
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it has become clear that GPCRs not only signal from the membrane but also from endosomes 
and the Golgi apparatus87, 88, 271. Both Nb7 and VUN103 are interesting tools to investigate 
spatiotemporal signaling and the presence of different conformations of a constitutively active 
receptor in different cell compartments. Moreover, on could use VUN103 and Nb7 as screening 
tool to find new small molecules targeting the G protein interface of US28. Recent crystal 
structures of chemokine receptors have resulted in new interest in targeting of a conserved 
G protein-GPCR interface 272. US28 is known to play an important role in different disease 
manifestations and to date, no potent and selective small molecule has been found to target 
and inhibit this receptor 105, 249. In contrast to known US28 inhibitors, VUN103 inhibited US28 
signaling completely. BRET-based screening, using VUN103 (and Nb7) could lead to novel 
conformational-specific small molecules that act as (allosteric) antagonists or inverse agonists. 
Finally, VUN103 also has a therapeutic potential which was showed using our 3D spheroid 
model. To date, there are no potent small molecules targeting US28 while our previously 
described US28 nanobodies only inhibit the constitutive activity up to 50% 74. Full inhibition 
of US28 signaling could provide new therapeutic strategies to treat HCMV-positive tumors or 
latently-infected cells. Gene therapy vectors, such as adeno-associated viruses, have already 
been used for long-term expression of therapeutics in vivo 273, 274. Moreover, a bispecific 
nanobody was also introduced in vivo using this gene therapy vector in a preclinical model 
making this strategy conceivable for therapeutic use of VUN103 275.

 Taken together, the constitutively active state of the viral chemokine receptor US28 differs 
from the ligand-bound conformation which was shown by using two different nanobodies. 
These differences between conformational states could apply to other constitutive receptors 
and could provide more structural information between different conformational states of 
GPCRs. Moreover, VUN103 and Nb7 are ideal bidirectional tools to dissect functional 
consequences of ligand-independent and dependent signaling. These nanobodies could be 
ideal tools to develop novel compounds targeting the G protein-GPCR interface or could 
have therapeutic potential themselves. 

5. Material and methods

5.1 DNA constructs
The pVUN014 phagemid vector was a gift from Prof. Dr. H.J. de Haard (argenx BV, 
Zwijnaarde, Belgium). The pVUN014 phagemid vector contained a Lac operon (to control 
phage expression) and enabled recloning of nanobody fragments in frame with a myc-His6 tag 
followed by an amber stopcodon and the phage gene III. The pET28a vector for periplasmic 
production of nanobodies in E.coli was described previously 241. The pcDEF3 vector was a 
gift from Dr. J.A. Langer and is a modified pcDNA3 vector containing an EF-1α promoter 
instead of an CMV-promotor 242. The pLenti6.3/To/V5-DEST for lentiviral transduction was 
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described previously 179. Genes encoding US28 mutants US28 ∆300 (removal of last 54 
amino acids), US28 ICL2-CCR5 (swapping of ICL2 of US28 with the ICL2 of CCR5) and 
Bio ID2 were ordered from Eurofins (Ebersberg, Germany). The pcDEF3-US28-Rluc vector 
was generated by recloning US28 in frame with a 5GS linker and the Renilla luciferase gene 
at the C-terminus.

5.2 Cell culture 
HEK293T cells were purchased from ATCC (Wesel, Germany) . Doxycycline-inducible US28 
expressing HEK293T cells (HEK293T-iUS28) and U251 cells (U251-iUS28) were described 
previously 74. Inducible intrabody cell lines were generated by lentiviral transduction of U251-
iUS28 cells. To induce US28 and intrabody expression, cells were induced with doxycycline 
(1 μg/ml, D9891, Sigma-Aldrich, Saint Louis, Missouri, USA) for 24-48 h. Cells were grown 
at 5% CO2 and 37°C in Dulbecco’s Modified Eagle’s Medium (Thermo Fisher Scientific, 
Waltham, Massachusetts, USA) supplemented with 1% Penicillin/Streptomycin (Thermo 
Fisher Scientific) and 10% Fetal Bovine Serum (FBS, Thermo Fisher Scientific). 

5.3 Transfection of adherent cells 
Cells were transfected as described previously 249. Briefly, Two million HEK293T cells were 
plated in a 10cm2 dish (Greiner Bio-one, Kremsmunster, Austria). The next day, cells were 
transfected with a total of 5μg DNA and 30μg 25kDa linear polyethyleneimine (Sigma-
Aldrich) in 150 mM NaCl solution. The DNA-PEI mixture was vortexed for 10 seconds 
and incubated for 15 min at room temperature (RT). Subsequently the mixture was added 
dropwise to the adherent HEK293T cells.

5.4 Cell suspension transfection
HEK293T Cells were transfected with a total of 1 μg DNA and 6μg 25kDa linear PEI 
(Sigma-Aldrich) in 150 mM NaCl solution per 1 million cells. The DNA-PEI mixture was 
vortexed for 10 seconds and incubated for 15 min at room temperature (RT). HEK293T cells 
were detached with Trypsin (Gibco, Thermo Fisher Scientific)) and resuspended in DMEM 
(Thermo Fischer). The HEK293T cell suspension was added to DNA-PEI mixture and cells 
were seeded.

5.5 Membrane extract preparation
Membrane extracts were prepared as described previously 249. Briefly, HEK293T-iUS28 or 
U251-iUS28 were induced with doxycycline as described above. Cells were washed with 
cold PBS and resuspended afterwards in cold PBS. Cells were centrifuged, resuspended 
in cold PBS and again centrifuged. The pellet was resuspended in membrane buffer and 
disrupted by the Dounce Homogenizer Potter – Elvehjem.
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5.6 Llama immunizations, phage display selections and phage ELISA
Two llamas were immunized using the pcDEF3 vector encoding for VHL/E US28. DNA 
was injected a total of 8 times. Of these, 4 subcutaneous injections occurred in one stretch 
with 2-week intervals, which was followed by a lag-period of 5 weeks. These injections 
were followed up by two sets of boost injections, each consisting of 2 injections with a 2 
week interval. One week after the final injections, blood was drawn and peripheral blood 
mononuclear cells were collected from both llamas and total RNA was isolated. cDNA was 
obtained by reverse transcription-PCR using the SuperScriptTMIV First-Strand Synthesis 
System (Invitrogen, Carlsbad, California, USA). Genes, encoding for the variable domains of 
the heavy-chain only antibodies, of both llamas were amplified using PCR and cloned into the 
pVUN014 phagemid vector and transformed into electrocompetent E. coli TG1 (Lucigen), to 
make 2 libraries. Library sizes were estimated by means of a serial dilution of transformants. 
Different clones were picked and colony PCR was performed using DreamTaq polymerase 
(Thermo Fisher Scientific) to determine the amount of clones containing a nanobody insert. 
The same PCR product was also cut with MvaI FastDigest (Thermo Fisher Scientific) to 
determine the diversity of clones in the library
.
5.7 Nanobody production
Nanobody genes were recloned in frame with a myc-His6 tag in a pET28a production 
vector and were transformed in BL21+ E. coli by heat shock. Nanobodies were produced 
as described previously and purified using a 1mL HisTrapTM HP column (GE Healthcare, 
Chicago, Illinois, USA) 74. Purity of the nanobodies was verified by sodiumdodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) under reducing conditions (Bio-Rad, 
Hercules, California, USA).

5.8 ELISA Binding assay
Determination of the binding of the nanobody to US28 by ELISA was described previously 
249. Briefly, 50 μg of HEK293T-iUS28 membrane extracts were coated overnight in a 96 well 
MicroWell™ MaxiSorp™ flat bottom plate (Sigma-Aldrich, Saint Louis, Missouri, USA). 
The next day, plates were washed with 1x PBS and blocked with 2% (w/v) skimmed milk 
in PBS. Nanobodies were diluted in 2% (w/v) skimmed milk and detected with mouse-anti-
Myc antibody (1:1000, Clone 9B11, Cell Signaling Technology, Leiden, The Netherlands) 
and horseradish peroxidase (HRP)-conjugated goat-anti-mouse antibody (1:1000, Bio-
Rad). Binding was determined with 1-stepTM Ultra TMB-ELISA substrate (Thermo Fisher 
Scientific). Data was analyzed using GraphPad Prism version 8.0 (GraphPad Software, Inc., 
La Jolla, CA, USA).



Chapter IV

98

5.9 Competition binding
Competition binding experiments were performed as described previously using HEK293T 
and HEK293T-iUS28 membrane extracts 74. Data was analyzed using GraphPad Prism 
version 8.0.

5.10 Immunofluorescence microscopy 
U251-iUS28 cells were seeded in poly-L-lysine (Sigma-Aldrich) coated 96 well plates 
and US28 expression was induced for 48h at 37°C and 5% CO2. In the case of transfected 
HEK293T cells, cells were seeded in poly-L-lysine (Sigma-Aldrich) coated 96 well plates 24 
h post transfection and cells were incubated for 24 h before staining. To stain the extracellular 
binding, the medium of the cells was removed and the cells were incubated with 100nM of 
the bivalent nanobodies for 1h on ice. Cells were washed with 1x PBS and fixed with 4% 
paraformaldehyde (Sigma-Aldrich) for 10min at room temperature (RT). Next, cells were 
washed and blocked with 1% PBS/FBS for 30min at RT. After blocking, nanobodies were 
detected using Mouse-anti-Myc antibody (1:1000, 9B11 clone, Cell Signaling) and US28 
was visualized with the rabbit-anti-US28 antibody (1:1000, Covance 144). Subsequently, 
cells were washed and incubated with Goat-anti-Rabbit Alexa Fluor 546 (1:1000 in 1% (v/v) 
FBS /PBS, Thermo Fisher Scientific) and Goat-anti-Mouse Alexa Fluor 488 (1:1000 in 1% 
(v/v) FBS/PBS, Thermo Fisher Scientific). When binding of the nanobodies was tested on 
permeabilized cells, cells were first fixated and subsequently permeabilized with 0.5% NP-
40 in PBS (Sigma-Aldrich) for 30min at RT. Next, cells were blocked and nanobodies were 
incubated for 1h at RT. After incubation with nanobodies, the same incubation steps were 
performed using the primary and secondary antibodies. Nuclei were stained using DAPI 
(Thermo Fisher Scientific).Cells were visualized with an Olympus FSX-100 microscope and 
20x or 40x objective at RT. Data was acquired using Cell^B (Olympus) and FIJI/ImageJ was 
used for image analysis.

5.11 Phospholipase C activation assay
 The activation of phospholipase C was assessed as described previously 144. HEK293T cells 
were transfected with 100ng of pcDEF3-HA-US28 and increasing amounts of pcDEF3-
VUN103(-mVenus) or pcDEF3-Irrelevant nanobody(-mVenus). In case of experiments 
with the addition of fractalkine, 1μg of DNA encoding for the intrabody-mVenus constructs 
were co-transfected with 100ng of pcDEF3-HA-US28. and a final concentration of 30nM of 
fractalkine was used. Transiently transfected HEK293T cells were seeded in poly-L-lysine 
(Sigma-Aldrich) coated 48 well plates and were grown at 37 °C and 5% CO2. At the end of 
day of seeding, cells were incubated overnight in inositol-free DMEM (MP biomedicals, 
Eschwege, Germany) supplemented with 10% FBS, 1% Penicillin/Streptomycin and myo-
[2-3H]inositol (1 μCi/ml, Perkin Elmer, Waltham, MA, USA). The next day, medium was 
removed and cells were stimulated with Rosenkilde buffer (20 mM Hepes, 140mM NaCl, 
5 mM KCl, 1mM MgSO4, 1mM CaCl2, 10mM Glucose, pH 7.4) supplemented with 0.05% 
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BSA and 10 mM LiCl for 2 h at 37 °C and 5% CO2. After stimulation, cells were washed 
with Rosenkilde buffer and lysed with ice-cold 10 mM formic acid. Inositol phosphates 
were isolated by anion-exchange chromatography (Dowex AG1-X8 columns, Bio-Rad) and 
measured with a Packard Tri-Carb liquid Scintillation analyzer. Data was analyzed using 
GraphPad Prism version 8.0.

5.12 Reporter gene assays
HEK293T cells were transfected with 50 ng pcDEF3-HA-US28 VHL/E, 250ng of pcDEF3-
VUN103-mVenus or pcDEF3-irrelevant nanobody-mVenus and 2.5 μg luciferase reporter 
gene vector (NFAT, NF-kB or STAT3, Stratagene). Six hours post-transfection, cells were 
trypsinized using Trypsin-EDTA 0.05% (Gibco, Thermo Fisher Scientific) and 50.000 
cells were seeded per well in a Poly-L-lysine treated white bottom 96-well assay plate and 
incubated at 37°C and 5% CO2. After 24h, medium was removed and 25μL LAR (0.83mM 
D-Luciferine, 0.83mM ATP, 0.78μM Na2HPO4, 18.7mM MgCl2, 38.9mM Tris-HCl (pH 
7.8), 2.6μM DTT, 0.03% Triton X-100 and 0.39% Glycerol) was incubated for 30 min at 
37°C. Luminescence (1s per well) was measured using a Clariostar plate reader (BMG 
Labtech, Ortenberg, Germany). Data was analyzed using GraphPad Prism version 8.0. 

5.13 Receptor expression ELISA
US28 receptor expression was detected as described previously 249. Briefly, transiently 
transfected HEK293T cells were seeded in a poly-L-lysine coated 96-wells plate for 48h at 
37°C and 5% CO2. Cells were fixed with 4% paraformaldehyde and permeabilized with 0.5% 
NP-40. Receptor expression was detected using an anti-HA antibody (1:1000 in 1% (v/v) 
FBS/PBS, Clone 3F10, Roche) and HRP-conjugated goat-anti-rat antibody (1:1000 in 1% 
(v/v) FBS/PBS, Pierce). In the case of U251-iUS28 cells, receptor expression was detected 
using an anti-US28 antibody (1:1000 in 1% (v/v) FBS/PBS, Covance74) and HRP-conjugated 
goat-anti-rabbit antibody (1:1000 in 1% (v/v) FBS/PBS, Bio-rad). Antibody binding was 
detected using 1-StepTM ultra TMB-ELISA substrate (Thermo Fisher Scientific) and reaction 
was stopped with 1M H2SO4 . Optical density was measured at 450 nm with a PowerWave 
plate reader (BioTek). Data was analyzed using GraphPad Prism version 8.0.

5.16 Bioluminescence resonance energy transfer assay
HEK293T cells were transiently transfected, using the cell suspension protocol as described 
above, with only 10 ng of pcDEF3-US28-Rluc or 10 ng of pcDEF3-US28-Rluc and different 
amounts of pcDEF3-nanobody-mVenus constructs to obtain 1:2, 1:4 or 1:8 ratio. In case of 
kinetic bioluminescence resonance energy transfer (BRET) assays, cells were transfected 
with a 1:4 US28-Rluc/nanobody-mVenus ratio. After transfection, cells were seeded in 
a poly-L-lysine (Sigma-Aldrich) coated white 96 well plates (Greiner). Two days-post 
transfection, medium was aspirated and cells were incubated with a final concentration of 
5 μM of Coelenterazine-h (Promega, Madison, Wisconsin, USA) in Hank’s Balanced Salt 
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Solution (HBSS, Sigma Aldrich) supplemented with 0.05% (w/v) Bovine Serum Albumin 
(BSA, Melford Laboratories Ltd, Ipswich, UK) for 10min at RT before readout. In case 
of the kinetic BRET assays, 30 nM CX3CL1 (PeproTech, London, UK) or 100 nM CCL5 
(PeproTech) were added right before the readout. Binding was measured using the PHERAstar 
plate reader (BMG Labtech, Ortenberg, Germany) at 475/30 nm and 535/30 nm. 

5.17 Confocal microscopy
HEK293T cells were transfected with 200 ng pcDEF3-HA-US28 VHL/E and 200ng of 
pcDEF3-VUN103-mVenus, pcDEF3-Nb7-mVenus or pcDEF3-irrelevant nanobody-mVenus. 
The next day, cells were seeded on Ibitreat μ-slide 8 well (Ibidi, Gräfelfing, Germany).24 h 
post seeding, the surface US28 population was staining by incubation on ice with an Alexa 
Fluor555 tagged anti-HA antibody in 1% FBS/PBS (1:1000, #26183-A555, Thermo Fisher 
Scientific) for 1 h. Cells were washed 3 times with cold PBS. After washing of the cells, 
30 nM CX3CL1 in 1% FBS/PBS was added and incubated for 20 min at 37°C and 5% 
CO2. Cells were fixed with 4% PFA in 1% FBS/PBS for 10 min at RT. Cells were washed 
with PBS and nuclei were stained using DAPI (Thermo Fisher Scientific). Confocal laser 
scanning microscopy was performed on a Nikon A1R+ microscope (Nikon, Amsterdam, The 
Netherlands) equipped with a 60 × 1.4 oil-immersion objective. mVenus and Alexa Fluor555 
were irradiated using 488 and 561 nm laser lines, respectively, and detected using GaAsP 
PMTs. DAPI was irradiated using the 405 nm laser line and detected using a regular PMT. The 
samples were imaged with a Galvano scanner (Nikon) at 2048 x 2048 pixels, corresponding 
to 52 nm pixel size at 37°C. NIS-Elements (Nikon) was used for image acquisition and FIJI/
ImageJ was used for image analysis.

5.18 3D spheroid growth
Spheroid generation was described previously 74. Briefly, inducible U251 cells were induced 
(if necessary) and seeded in a 96 well hanging drop plate (3D Biomatrix, Ann Arbor, MI, 
USA). Two days later, spheroids were transferred to 6-well plated coated with 0.75% 
agarose. Three days later, spheroids were imaged with an Olympus FSX-100 microscope and 
4x objective at RT. Data was acquired using Cell^B (Olympus) and FIJI/ImageJ was used for 
quantification of spheroid area.
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6. Supporting information

Figure S1

Figure S1. VUN100 binds selectively to US28. Immunofluorescence microscopy of the binding of 
VUN103 to HA-US28 and HA-CX3CR1. Receptor expression was detected using an N-terminal HA-tag 
and anti-HA antibody (HA mAb). VUN100 binding was detected using the Myc-tag and an anti-Myc 
antibody (VUN103).
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Figure S2

Figure S2. Receptor expression of US28-transfected HEK293T cells. ELISA on HEK293T cells 
transfected with empty vector (Mock), vector encoding HA-US28 wildtype receptor (US28 WT), vector 
encoding HA-US28 lacking a C-tail (Δ300, A) or an HA-US28 chimera with the ICL2 loop substituted 
with the corresponding ICL2 loop of CCR5 (US28 ICL2 CCR5, B). Receptor expression was determined 
by the N-terminal HA-tag and an anti-HA antibody. Representative figures are shown while data is 
plotted as mean ± S.D.. 
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Figure S3

Figure S3. BRET of US28-Rluc and nanobody-mVenus upon ligand binding. A-C) BRET using 
HEK293T cells expressing US28-Rluc, US28Rluc and VUN103-mVenus or Nb7-Venus 20 min after 
addition of 100 nM CCL2 (A), CCL3(B) or CCL5(C). BRET signal was normalized to the signal of 
unstimulated HEK293T cells expressing US28-Rluc only at time point t=0. Representative figures are 
shown while data is plotted as mean ± S.D.. Statistical analyses were performed using unpaired two-
tailed t-test. ns, p > 0.05; *, p < 0.05; ***, p < 0.001.
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Figure S4

Figure S4. Receptor expression of inducible U251 cells. ELISA on U251 cells transduced with 
doxycycline-inducible US28 (No Nb), doxycycline-inducible US28 and irrelevant-nanobody-mVenus 
(Irr Nb-mV) or VUN103-mVenus (VUN103-mV). Receptor expression was determined by an anti-US28 
antibody. Representative figures are shown while data is plotted as mean ± S.D..
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