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Discussion and future perspectives

In this thesis, we have shown the potential of US28-targeting nanobodies both as research 
tools and therapeutics. Although most G protein-coupled receptors (GPCRs) are still targeted 
by small molecules, nanobodies (and other antibody formats) have emerged as an interesting 
alternative. Previously, our group has developed nanobodies targeting extracellular epitopes 
of the chemokine receptors CXCR4 and AKCR3 (CXCR7), while other groups have 
developed nanobodies targeting intracellular epitopes of GPCRs 216. These examples show the 
feasibility of targeting GPCRs using nanobodies. In our current studies, we have proceeded 
with exploring additional mode-of-actions of GPCR-targeting nanobodies and investigated 
the potential of US28 as a target for such potential therapeutic strategies. 

Figure 1.  Overview of the different uses of the extracellular (VUN100) and intracellular (Nb7 
and VUN103) binding anti-US28 nanobodies. GIPs, GPCR interacting proteins; HCMV, Human 
Cytomegalovirus; PS, photosensitizer.

1. US28 as (therapeutic) target for nanobodies
In current cancer therapies, proteins that are specifically- or overexpressed in cancers 
commonly serve as therapeutic target. While most studies have looked at the effect of 
inhibition of receptor signaling in these cancers, studies have shifted their focus to exploiting 
receptor overexpression in cancers for targeted therapies. Some examples that have been 
studied extensively include the receptor tyrosine kinases HER2 and EGFR 213, 303, 304. In the 
last decade it has become apparent that also GPCRs are overexpressed in various type of 
cancers 189, 190. While numerous examples have shown the potential of overexpressed receptors 
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as target for targeted therapy, it is important to note that many of these receptors are also 
expressed on healthy (non-cancerous) cells and that adverse effects (including skin reactions, 
high blood pressure, blood clotting problems and gastrointestinal perforation) could be a 
problem going forward in the clinic 305, 306. This could potentially be less of a problem for 
US28, because of its non-human origin, as target for cancer treatment. Multiple studies, 
including our own, have detected HCMV proteins, including US28, specifically in cancer 
tissue but not the surrounding tissue 74, 121, 122, 124, 154, 191. Although it is not entirely clear yet 
where the HCMV reservoirs resides in the body, US28 is only present in a small percentage 
of CD34+ progenitor cells or CD14+ monocytes in healthy individuals minimizing the risk 
of adverse effects 239. Since most of the western population is HCMV-positive and HCMV 
seropositivity is associated with a number of pathologies (including cardiovascular diseases, 
cancer, congenital birth defects and mortality in immuno-suppressed and –compromised 
patients), targets like US28 might have good potential for targeted therapies.

 In chapters 2 and 4, we have developed a new panel of nanobodies targeting the 
extracellular or intracellular domains of US28 (Figure 1). These molecules were developed 
using DNA immunizations and phage display on membranes overexpressing US28. 
Immunizations with DNA, encoding for the GPCR of interest, have provided an ideal 
alternative to immunizations with cells or cell membranes (over)expressing the GPCR 71, 

73, 307. While immunizations with GPCR-(over)expressing cells have proven their success in 
finding GPCR-targeting nanobodies, injections with these cells will also direct the immune 
response against other membrane targets 307. To obtain US28-specific binders, we performed 
phage display panning using membranes of US28-overexpressing cells. By alternating cell 
backgrounds and performing counter selections (with US28-negative membranes), we were 
able to identify several families of US28-binding nanobodies. These strategies have been 
employed successfully in previous studies but other studies have also employed virus-like 
particles or nanodiscs to obtain GPCR-binding nanobodies 70, 76, 94. While selections on 
membrane extracts would enable the identification of nanobodies binding to extracellular and 
intracellular epitopes, DNA immunizations are thought to result in immune responses against 
extracellular epitopes 307. In our studies however, we were able to identify a large family of 
nanobodies (VUN103) targeting the intracellular side of US28 showing the feasibility of 
identifying nanobodies against intracellular epitopes of GPCRs using DNA immunizations. 
Besides this large family of intracellular binders, one nanobody targeting the extracellular 
side (VUN100) was identified.

 Interestingly, VUN100 displayed high sequence similarity in the CDR3 region 
compared to the previously reported anti-US28 nanobody despite the use of different llamas, 
immunization procedures and selection strategies. As seen with the previously described 
US28-nanobody, formatting of VUN100 into a bivalent format resulted in a partial inverse 
agonistic bivalent nanobody (VUN100b) 74. To date, the mechanism behind the inverse 
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agonistic effect by the bivalent nanobodies is still unknown although the same effect was 
seen with other chemokine receptor targeting nanobodies 70, 71, 73. One explanation could be 
that this bivalent format clusters two (or more) US28 molecules in close proximity, resulting 
in the inability of one of these two receptors to couple to G proteins and induce downstream 
signaling. To further substantiate this hypothesis, one could produce multivalent formats of 
VUN100, resulting in the clustering of more US28 receptors, and look at the effect of these 
formats on constitutive signaling.

2. US28-nanobodies for targeted cancer therapy
With the development of these novel nanobodies, we explored different ways to gain 
fundamental knowledge on US28 and test new therapeutic strategies. In chapter 2, we set out 
to investigate the potential of using US28 as a target for nanobody-targeted photodynamic 
therapy to treat glioblastoma (Figure 1). Previously, US28 has been detected in glioblastoma 
patient material and was shown to activate multiple oncogenic pathways resulting in 
enhanced tumor growth 74. Although US28 is an interesting foreign (non-human) target, there 
are still some caveats. One potential problem could be insufficient receptor expression of 
US28 on HCMV-infected cells for targeted therapeutic exploitation. Moreover, ~ 80% of the 
US28 population is present intracellularly and is found back in perinuclear vesicles including 
endosomes, multivesicular bodies and the viral assembly compartment 171, 276. While this is 
not a problem when one would like to inhibit US28 signaling, the amount of receptors present 
on these cells could not be sufficient to elicit an effect during targeted-therapies including 
photodynamic therapy. Nevertheless, there is evidence that US28 levels on infected cells 
are sufficient for certain therapeutic approaches. Previous studies have shown that targeting 
of HCMV-infected cells by means of a CX3CL1 derived fusion toxin protein binding to 
US28 was sufficient to eradicate HCMV infected cells, showing that the receptor expression 
levels were sufficient when using toxins 198, 199. However, it is not clear whether this can be 
translated to other cytotoxic approaches. 

 In our study, we have successfully eradicated US28-overexpressing cells by using 
US28-targeted photodynamic therapy. Currently, this approach is tested on (latent) HCMV-
infected cells to further prove the feasibility of US28 as target for nanobody-targeted PDT. 
Although receptor expression will be lower compared to our overexpressing cells, US28 is 
known to internalize in a constitutive manner 171. Because the photosensitizer IRDye700dx 
accumulates in the cell upon internalization, as a result of its relatively large size (>1kDa) 
212, 227, the constitutive internalization of US28 might result in increased photosensitizer 
accumulation in the cell over time. This phenomenon could compensate for the relatively 
low receptor expression levels on the cell surface. In addition, the efficacy of PDT is also 
partly determined by the (subcellular) localization of the photosensitizers upon illumination 
308-313. Because the reactive oxygen species generated by the photosensitizer travel only short 
distances, PDT will only generate cell damage near the site where they are generated 309, 314. 
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The localization of photosensitizer generally depends on its chemical properties, such as 
molecular weight, hydrophobicity and charge 315, 316. However, in this approach of nanobody-
targeted PDT, the nanobody is the main driver for the distribution of the photosensitizer. Also 
here, constitutive internalization of US28 will aid in maximizing the effect of PDT treatment.
 While antibodies have already shown to be good targeting moieties for targeted PDT, 
their tumor distribution is hampered by their relatively large size and the binding site barrier 
205, 206, 228. However, this is less of a problem when using nanobodies due to faster and more 
homogenous distribution inside the tumor 213, 229, 230. This increase in tumor uptake and 
distribution as well as subsequent faster clearance of nanobodies makes the potential use of 
nanobody-photosensitizer conjugates for GPCR-targeted PDT even more likely. 

 We have functionalized our US28-targeting nanobody VUN100 with a photosensitizer 
for targeted PDT, however other functional groups could also be alternatives. Some well-
known examples of cytotoxic domains used in targeted therapies are radioactive isotopes 
(such as 177Lu or 131I) and toxins (Auristatins, PE38, Ricin, Cucurmosin). In addition, VUN100 
could be used to redirect cytotoxic immune cells by formatting it into a bispecific nanobody 
by fusing it to another nanobody binding to cytotoxic T cells are NK cells. Such molecules 
are also referred to as T cell or NK cell engagers 317-325. An example of this is the generation 
of a bispecific nanobody targeting EGFR and Vγ9Vδ2-T cell receptor resulting in the lysis of 
EGFR-expressing tumor cells both in vitro and in vivo 326. Nanobodies can be functionalized 
with these tracers or effector molecules by for example chemical conjugation, enzymatic 
reaction or fusion. Popular methods for conjugation of nanobodies include coupling to lysines 
327, 328 and free thiols 329 (e.g. cysteine) via NHS and maleimide chemistry, click chemistry to 
unnatural amino acids 330, enzymatic transpeptidase (sortase 331) and the use of site-directional 
conjugation tags (e.g. SNAP, CLIP 327). 

 In our study, we looked at US28 as a target to eradicate glioblastoma cells. In the past, 
most of the research has been focused on the link between HCMV and gliomas but HCMV 
has been detected also in different cancers including breast cancer, colorectal cancer and 
prostate cancer ) 121-126. US28 could be exploited as target for targeted therapies of these types 
of malignancies. In addition, our study was the first to show the potential of GPCRs as target 
for nanobody-targeted PDT treatment. Since multiple other GPCRs, including CXCR4 and 
ACKR3, are overexpressed in cancers, one could envision using other GPCRs as targets for 
nanobody-targeted treatments.

3. US28-targeting nanobodies as antiviral treatment
HCMV establishes a latent infection in the majority of the human population 103. However, 
current antivirals, such as ganciclovir, foscarnet and letermovir are effective against 
replicating virus but do not target the reservoir of latently HCMV-infected cells 105. 
Histone deacetylase inhibitors do reactivate latent viral infections (including HCMV and 
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HIV infections) but are also associated with multiple off-target effects or risks including 
alterations of gene expression of non-infected cells and reactivation of other viruses 117, 

254-256, 332. Moreover, long term effects of HDAC inhibitors on increased risk of cancer by 
(re)activation of oncogenes is unknown 332. Since US28 is expressed during latency and 
plays an essential role in the establishment and maintenance of latency, US28-targeting 
molecules could be an ideal target 165-167. Previously, the full inverse agonistic small 
molecule VUF2274 was used to fully inhibit US28 signaling in latently infected cells 166. 
This resulted in full reactivation of HCMV in these cells, which was accompanied by the 
expression of immediate early (IE) proteins and recognition and killing by IE-specific 
cytotoxic T cells of HCMV seropositive patients. While VUF2274 was ideal to delineate 
the role of US28 in latency, full reactivation also induced virus production and the 
expression of immune evasion proteins 248. In addition, VUF2274 shows substantial toxicity 
and also inhibits general CCR1 signaling 166, 194. For these reasons, we have evaluated the 
effect of our monovalent antagonistic nanobody VUN100 and bivalent partial inverse 
agonistic nanobody VUN100b on HCMV latency (Figure 1).

 As hypothesized, VUN100b treatment could induce partial reactivation of latently 
infected cells. VUN100b treatment increased IE-expression but did not induce viral 
production. This was further substantiated by qPCR where we could not detect UL32 gene 
expression (encoding for the tegument protein pp150). In addition, we observed only a small 
increase in US11 immune evasion gene expression. Our current findings suggest a threshold 
of inhibition of US28 signaling to induce full reactivation. However, other inhibitors such 
as VUN103 (chapter 4 and 5), resulting in full inhibition of US28, could provide more 
information on a molecular level. Overall, our observations make VUN100b treatment 
plausible as a shock-and-kill therapy where these partially reactivated cells are being 
recognized by the host immune system. 

 Our results show also induction of IE-expression upon treatment with the antagonistic 
monovalent VUN100 in most donors. These results might indicate a potential role for US28 
ligand binding but also raises some questions. While the constitutive signaling of US28 has 
been shown to be essential in most experimental latency models, the effect of ligand binding-
mediated signaling on HCMV latency is still nut fully understood. Complementation of 
HCMV lacking US28 with the US28 Y16F mutant (which is unable to bind chemokines), 
but not US28 ΔN (lacking the full N-terminus), resulted in the establishment of latency 166, 

167. These results suggest a potential role of an unknown US28 ligand that does bind to the 
N-terminus but not the tyrosine at position 16 which is essential for chemokine binding. 
Interestingly, in chapter 5, we detected a specific interaction between US28 and the 
macrophage migratory inhibitory factor (MIF). This cytokine has been shown to interact 
with CXCR2 and CXCR4 where it needs the N-terminus of both receptors to bind 294-296. In 
the case of CXCR4, competition binding studies suggested another binding mechanism of 
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MIF to CXCR4 compared to CXCL12. Although the LC-MS/MS results of chapter 5 need to 
be validated by binding studies, it could be possible that MIF binds to US28 in a manner that 
is independent from the tyrosine at position 16. While no role for MIF and US28 has been 
shown previously, studies have already shown that HCMV infection leads to an increase of 
MIF expression both in CD34+ progenitor cells and fibroblasts 333, 334. Nevertheless, being an 
extracellullarly binding cytokine, it is puzzling why MIF was picked up in a screen that was 
designed to biotinylate intracellular proteins. One explanation for retrieving MIF as hit could 
be that there is an indirect interaction between US28 and MIF. Or MIF could co-localize with 
the C-terminus of US28 in endosomes. In any case these results need to be confirmed by 
binding studies. 
 Partial reactivation upon VUN100b treatment resulted in the recognition and killing by 
cytotoxic T lymphocytes. These results further indicate the potential use of the nanobodies as 
shock-and-kill therapeutic. This shock-and-kill strategy was first introduced to reactivate and 
clear HIV-latently infected cells by the immune system 253. This same strategy was used, by 
means of HDAC inhibitors, on cells latently infected with HCMV 117. However, our strategy 
would have limited off-target effects since VUN100(b) only binds to HCMV-infected cells 
while HDAC inhibitors are associated with multiple adverse effects including nausea, fatigue, 
liver toxicity, hematological and cardiac problems 257. Our experiments, using experimentally 
infected CD14+ monocytes and isolated PBMCs of seropositive donors, showed (almost) 
full clearance of the experimentally infected cells providing us a good basis to hypothesize 
that we would see a similar effect in natural latently infected CD14+ monocytes. While our 
current results show positive results in an experimental latency set-up, these results need to 
be validated in natural latently-infected cells. 

 Besides the shock-and-kill strategy, these nanobodies can be further functionalized 
to enhance their efficacy or even add new mode of actions. For example, VUN100 could 
be fused to an antibody Fc domain recruiting immune cells. A recent study showed that 
recruitment of neutrophils to HCMV-latently infected cells is impaired as a consequence 
of downregulation of neutrophil attractants 335. One could envision a double mode of action 
of a VUN100-Fc fusion protein by 1) inducing a partial reactivation of the latently infected 
cells and thereby rescue the impaired immune reactivity and 2) recruiting effector cells to 
the latently infected cells. Finally, with the development of this high affinity US28 binding 
nanobody, new applications have become possible. VUN100-toxin fusions could be used 
to deplete the pool of latently infected cells. The potential of nanobody-toxin fusions have 
already been shown for other types of targets (i.e. EGFR, CD7 and VEGFR2) 212, 336-338. In 
addition, VUN100 could be used to isolate these cells from blood for further investigation. 
Since approximately only 1 in 10,000 CD14+ monocytes are latently infected, it is currently 
not feasible to obtain high enough number of natural latently infected cells to perform certain 
assays (including western blots, mass spectrometry, binding studies and microscopy studies) 
239. Using VUN100, we could potentially enrich for latently infected cells. 
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 Overall, our study provides a strong basis for using anti-US28 nanobodies as a therapeutic 
or research tool. The anti-US28 nanobodies as research tool could open up new avenues in 
investigating natural latency. In addition, anti-US28 nanobodies could potentially lead to 
the reduction of latent viral loads in transplant donors and/or recipients prior to surgery and 
immunosuppression. This could lead to a lower incidence of CMV-associated disease and 
mortality during life-saving solid organ and stem cell transplantation.

4. Different conformations of the constitutive active chemokine receptor US28
GPCRs are highly dynamic proteins that adopt different conformations resulting in differential 
activation of signaling pathways 264. These different conformations pose a challenge in finding 
potent drugs in the current drug discovery process. A better understanding of differences 
between these different conformations can aid in finding conformation-specific drugs. 
Previously, nanobodies have been mainly employed as crystallization chaperones but have 
also been used as biosensors and tools in drug discovery to investigate and stabilize GPCR 
conformations 216. By using different US28-targeting nanobodies in chapter 4, we could 
show that the ligand-unbound (apo), constitutively active conformation of US28 is distinct 
from the ligand-bound active conformation (Figure 1). We have employed a nanobody 
stabilizing the ligand-bound active state of US28 (Nb7) and a nanobody binding to the (apo) 
constitutively active state of US28 (VUN103) to delineate these different conformations. 
Both VUN103 and Nb7 bind to the ICL2 loop of US28, which serves as an important interface 
between Gα protein and the GPCR 77, 270. However, both nanobodies have distinct functional 
effects on US28 signaling. VUN103 and Nb7 could prove to be valuable research tools. 
In the last decade, it has become clear that GPCRs not only signal from the membrane but 
also from endosomes and the Golgi apparatus 87, 88, 271. Using confocal microscopy, we were 
able to use VUN103 and Nb7 as biosensors for the detection of US28 conformations upon 
ligand binding. As a next step, these nanobodies can be used to investigate spatiotemporal 
signaling and the presence of different conformations of a constitutively active receptor 
in different cell compartments in the absence or presence of ligands. Besides their use as 
biosensors, these nanobodies could potentially be used for protein structure determination, 
such as crystallography, cryogenic-electron microscopy (Cryo-EM) or NMR. Nanobodies 
have already been used to determine GPCR structures using these techniques and the use 
of VUN103 could potentially aid in solving the structure of the constitutively active apo-
conformation of US28 99, 216, 339.

  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. Because 
of the ability to stabilize a particular active or inactive GPCR conformation, these nanobodies 
were used as tools in the drug discovery process to find identify conformation-specific small 
molecules binding to the extracellular side of the GPCR more easily 83. In our study, we 
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observed an increase in affinity of ligands to US28 upon binding of Nb7 but not VUN103. 
Because of this increase in affinity upon Nb7 binding, it would be possible to identify US28 
agonists more easily as shown for β2-AR. Besides screening for (extracellular) agonists, it 
would also be feasible to screen for novel small molecules that can compete with the binding 
of VUN103 (or Nb7) to US28. One example of screening could be a BRET-based screening, 
using VUN103 (and Nb7) that could lead to novel conformational-specific small molecules 
or fragments that act as inverse agonists. Likewise, competition studies using (radio)labeled 
nanobodies could be used as screening tool. This would be very interesting since there are no 
potent full inverse agonistic small molecules targeting the US28 G protein interface to date. 

 VUN103 was able to fully block US28 signaling when it was expressed as an intrabody. 
Our previously reported bivalent US28 nanobody, as well as VUN100b nanobody (chapter 
3) only inhibits the constitutive activity up to 50% 74. While this partial inverse agonistic 
properties seem to be ideal for partial reactivation of latently infected cells, it would be 
interesting to fully inhibit US28 signaling in HCMV positive cancers. In that respect, 
VUN103 has an increased potential as therapeutic molecule. However, intracellular delivery 
of nanobodies remains challenging. Gene therapy vectors, such as adeno-associated viruses, 
have already been used for long-term expression of therapeutics in vivo 273, 274. More specifically, 
a bispecific nanobody was already introduced in an in vivo preclinical model using this gene 
therapy vector, making this strategy conceivable for therapeutic use of VUN103 as well 275. 
Other proposed techniques involve (cationic) liposomes 340, nanoparticles 341 and tagging 
with cell-penetrating peptides 342. Interestingly, a relative new method, also referred to as 
supercharging, involved mutating specific amino acids in the frameworks of nanobodies 
resulting in a high net charge of these nanobodies 236. This positive net charge allowed the 
nanobodies to cross the cell membrane. Although the mechanism behind this process and the 
clinical feasibility of this approach are still unclear, it appears a potential approach for the 
therapeutic delivery of GPCR-targeting intrabodies. 

 Taken together, using two different intrabodies, we were able to differentiate between the 
ligand-bound active conformation and constitutive active apo-conformation of US28. Upon 
binding to US28, these nanobodies blocked receptor signaling via G protein competition 
(Chapter 5). Overall our results could potentially be generalized to multiple constitutive 
active GPCRs and could provide valuable information for drug discovery process. Our 
results show the ability of nanobodies to serve as tools to investigate GPCR-conformations 
but also show the therapeutic potential of these nanobodies.
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5. Detection of (novel) US28-interacting proteins
US28 is a unique GPCR since it binds multiple ligands, promiscuously couples to multiple 
G proteins, activates multiple signal transduction pathways in both a ligand-dependent 
and –independent manner and constitutively internalizes. However, these processes are not 
fully understood yet and identification of novel US28-interacting proteins can provide more 
information. In addition, use of US28 inhibiting molecules, such as VUN103, can influence 
US28 interaction partners and provide novel insight in US28 interaction partners and their 
pathways. In chapter 5, the biotin ligase Bio ID2 was fused to the C-terminus of US28 
to biotinylate and detect US28 proximal proteins (including VUN103 nanobody). Besides 
understanding the close environment of US28, we investigated the effect of VUN103 on 
US28 interaction partners (Figure 1). 
 After validation of our fusion construct and analysis of our obtained LC-MS/MS 
results, both known and novel US28 proximal/interacting proteins were found. We identified 
multiple proteins involved in known US28 signal transduction pathways, but also proteins 
associated with biosynthesis and metabolic pathways. While co-localization or interaction 
of these proteins with US28 does not automatically infer activation or repression by US28, 
US28 expression does lead to restructuring of lipid rafts via disturbance of the host cell 
cholesterol metabolism 286. In addition, in cancer, one of the oncomodulatory outcomes of 
HCMV and US28 signaling in particular is dysregulating the cellular metabolism 179. Our 
findings in LC-MS/MS are in line with those earlier observations. We also found a significant 
amount of proteins involved in endocytosis and recycling pathways. Previously, US28 
was found to internalize via β-arrestin independent but clathrin-mediated endocytosis 17, 

278. In our LC-MS/MS results, we found multiple US28-interacting proteins that are found 
in clathrin-coated, validating these previous results. However, we also found multiple 
markers of caveolae-mediated endocytosis. Multiple proteins involved in retromer-mediated 
endosomal sorting were also found to be biotinylated which is not so surprising since US28 is 
constitutively internalizing 171. One of these proteins include sorting nexin 1 which has been 
shown to interact with US28 previously 343. In addition, the retromer and WASH complex 
have also been shown to play an important role in recycling of the β2 adrenergic receptor 
and the parathyroid hormone receptor and even regulated receptor signaling in the case of 
the parathyroid hormone receptor 290, 291. Interestingly, VUN103 decreased the interaction of 
multiple retromer proteins with US28, which correlated well with the observed upregulation 
of total and surface US28 by VUN103. Most likely this is due to the inactivation of US28 
signaling and decrease in subsequent internalization and recycling. This suggests that 
endocytosis and/or recycling of the constitutively active US28 is driven by both clathrin-
mediated and caveolae-mediated endocytosis and subsequent retromer-mediated endosomal 
sorting to either lysosomes or recycling endosomes. However, it is important to note that 
these are potentially not the only pathways being used for endocytosis and/or recycling of 
US28. 
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 We also found multiple proteins involved in the protein ubiquitination pathway. These 
consisted of E2 and E3 ubiquitin ligases, deubiquitination enzymes, heat shock proteins, 
oligopeptidases and components of the 26S proteasome. Ubiquitination of GPCRs is 
important for signaling and trafficking with CXCR4, CXCR2 and ACKR3 being examples 
344-346. Therefore, US28 ubiquitination could play a role in regulation of US28 (constitutive) 
signaling. Another explanation for picking up proteins of the ubiquitin system is their role 
in the proteasomal degradation of misfolded proteins. This is not so surprising since this 
quality control system is well established and has also been shown to be important in GPCR 
biosynthesis 347-349. However, GPCRs have also shown to undergo proteasomal degradation 
in a ligand-dependent and –independent manner 350-353. Ubiquitination of GPCRs has also 
been implicated in their lysosomal degradation via ESCRT-0 complex 354-357. We confirmed 
close proximity of US28 with ESCRT-0 subunit STAM and this was downregulated upon 
VUN103 expression. Moreover, deubiquitination of GPCRs allows for resensitization and 
recycling of the receptors to the plasma membrane 358, 359. Combined, our results imply a 
role of ubiquitination in lysosomal degradation of US28 and this might be regulated by its 
constitutive activation.

 Taken together, our mass spectrometry results of Bio ID2-mediated biotinylated 
proteins show a highly dynamic endo-lysosomal trafficking of US28 which relies on multiple 
pathways. However, our results should be validated by other methodologies like western 
blot, close proximity assay or knock down experiments to provide more conclusive results. 
In addition, a higher spatio- and temporal resolution could provide a better insight in the 
biological course of US28 throughout the cell. For that, an alternative biotinylation enzyme 
could lead to improvements. For example, APEX2 has a faster kinetic rate (+/- 60s), compared 
to overnight biotinylation using Bio ID2, which enables detection of interacting proteins at 
high temporal resolution upon addition of a ligand/inhibitor. In addition to temporal resolution, 
there are a few other points that would require further attention. Although the Bio ID2 fusion 
protein has resulted in the discovery of a large number of potential interaction partners, 
there are still some disadvantages in using this technique to keep in mind. One important 
disadvantage to note is that biotinylation is restricted to lysine residues of interacting proteins 
283. The inability to biotinylate other residues can (and will most likely) result in not picking 
up all interaction partners since some proteins may not have an exposed lysine residue or 
restricted amount of lysines to be picked up by mass spectrometry. An alternative to solve 
this problem, is the use of APEX2 297. APEX2 is a biotin ligase that biotinylates tyrosine side 
chains. However, it is believed to also biotinylate other electron-rich amino acids including 
cysteine, histidine and tryptophan residues. Besides increasing the amount of interaction 
partners that can be picked up with the technology, the correct cell background to study 
GPCR interacting proteins (GIPs) and signaling is important. For example, it was already 
shown that US28 activates different cellular pathways depending on the cell type 105. As a 
proof of concept, GIPs between US28 and other proteins were investigated in HEK293T 



Discussion and future perspectives

155

VI

cells. Since the use of Bio ID2 to investigate US28 protein interactions has proven to be 
successful in HEK293T cells, it would be interesting to investigate GIPs in different cell 
types including U251 cells (to investigate the role of US28 in a glioblastoma setting) or 
THP-1 cells (to look at the role of US28 in latency). While these cell types could provide 
even more information regarding US28 GIPs and signaling pathways, it is important to note 
that the current set up only looks at US28 out of the context of HCMV infection. To provide 
more information regarding US28 in a viral setting, it would be interesting to make use 
of an HCMV-mutant strain in which US28 is replaced by US28-Bio ID2. This would give 
more information regarding potential interactions with proteins in a HCMV infected setting, 
involving interactions with proteins of the host and viral proteins. We used VUN103 as a tool 
to screen for novel US28 interacting proteins. While we did see differences, it is important 
to note is that VUN103 binds to the constitutively active state of US28. Although VUN103 
fully inhibits signaling, it is still possible that we look at specific interacting proteins involved 
in this conformation state. To validate our results obtained with VUN103, US28 mutants that 
are inactive (US28 R3.50A(R129A) mutant) or show reduced internalization (US28 Δ300 or 
US28 ST/A mutant) could be used to validate the results involving US28 interaction proteins 
that play a role in signaling, internalization and recycling 277, 299. 

6. Challenges and future perspectives for GPCR-targeting nanobodies
Nanobodies have shown to be invaluable tools and therapeutics in the GPCR field (Figure 2) 
but there are still challenges to overcome. With respect to extracellular binding nanobodies, 
it is likely that more orthosteric (inverse) agonistic and antagonistic nanobodies will be 
developed. However, identification of allosteric nanobodies acting as positive- or negative 
allosteric modulators (PAMs/NAMs) will be more challenging. For example, the relatively 
large size of peptidergic ligands and binding mechanism of chemokines compared to their 
receptors, will challenge the development of receptor binders/modulators that do not compete 
with ligand binding 360. In that regard, identification of nanobodies directed at the class C 
GPCRs with positive or negative allosteric modulating properties, is more straightforward 76. 
Next, the role of GPCR-monomers, homodimers, heterodimers and higher order oligomers 
remains an interesting field of investigation. To date, no nanobodies recognizing, stabilizing 
or preventing the formation of monomers/dimers/oligomers in an endogenous setting (e.g. 
via close proximity assays) have been reported. The use of multivalent nanobody formats 
including bivalent, trivalent and bispecific formats could aid in understanding higher order 
complexes.



Chapter VI

156

Figure 2. Current and potential applications of nanobodies (Nb) targeting GPCRs from either the 
outside (extracellularly) or the inside (intracellularly) of the cell. EM, electron microscopy; PAM, 
positive allosteric modulator; NAM, negative allosteric modulator; PS, photosensitizer; GFP, green 
fluorescent protein.

 With the appearance of GPCR-binding nanobodies, we now finally have biological 
moieties to our disposal that can direct a wide range of imaging and effector molecules towards 
GPCR-(over)expressing cells. As is being done now for other tumor-related receptors, radio- 
or fluorescent labeling of nanobodies against GPCRs enable in vivo and clinical imaging of 
GPCR-overexpressing cancer types 361-367. Compared to conventional antibodies, nanobodies 
reach a good target to background contrast fairly quickly due to a relatively high tissue 
penetration and tumor accumulation, a homogenous distribution and a fast clearance from 
the blood stream 327, 331, 368, 369. This makes them ideal tools for intravital imaging and immuno-
PET 370. Labeled GPCR-targeting nanobodies could aid in the non-invasive diagnostics and 
fluorescence-guided surgery of several types of cancers. 
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7. Concluding remarks
Taken together, this thesis shows different uses of nanobodies to (therapeutically) target 
and study GPCRs using the viral chemokine receptor US28 as example (Figure 1). We 
have shown the therapeutic potential of the extracellularly binding nanobody VUN100 for 
treatment of US28-expressing cancers by targeted therapies but also for the clearance of 
HCMV-latently infected cells via a shock-and-kill approach. Although these results are still 
in a preclinical stage, they provide a basis for novel therapies of HCMV-related diseases. 
Using nanobodies binding GPCRs intracellularly, as intrabodies, we have further established 
the role of GPCR-targeting nanobodies as research tools to study GPCR-conformations 
and signaling pathways. Our results provide a basis to develop more receptor- and/or 
conformation-specific nanobodies to further study GPCR-signaling and to be used as tools 
for fundamental research. In addition, molecules developed here have therapeutic potential 
for treatment of HCMV-associated pathologies. 


