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1. GPCR-targeting nanobodies 

1.1 G protein-coupled receptors
G protein-coupled receptors (GPCRs) are a superfamily of receptors involved in the 
regulation of a wide variety of physiological processes such as growth, homeostasis 
and behavioral regulation 1, 2. GPCRs are composed of an extracellular N-terminus, 7 
transmembrane helices that are connected by 3 extracellular loops and 3 intracellular loops, 
and an intracellular C-tail 3, 4. A wide variety of stimuli, ranging from light, ions and small 
molecules to peptides, chemokines and hormones can bind to the extracellular side of GPCRs 
5. Binding of these stimulating, agonistic stimuli induce a change in conformational state of 
the receptor which will result in the activation of heterotrimeric G proteins 6, 7. This activation 
results in the dissociation of the Gα and Gβγ subunits which will result in the production 
of second messengers and subsequent activation of transcription factors 6. Four different 
families of Gα subunits (Gαs ,Gαi ,Gαq/11 and Gα12/13) have been described and activate different 
secondary pathways 8, 9. Gαs activates adenylyl cyclase resulting in the production of cAMP 
and subsequent activation of protein kinase A and activation of cAMP-responsive element 
(CRE). In contrary, Gαi inhibits adenylyl cyclase. Gαq/11 is known to activate phospholipase 
C resulting in the production of inositol 1,4,5-triphosphate and diacylglycerol. In response, 
protein kinase C and the nuclear factor of activated T-cells (NFAT) will be activated. Finally, 
Gα12/13 activates the GTPase RhoA. Activation of RhoA will lead to the activation of RhoA 
kinase (ROCK) and subsequent activation of serum response factor (SRF). Important to note 
is that besides the Gα subunits, Gβγ subunits can activate several proteins and signaling 
pathways including PLC and several G protein-coupled inwardly-rectifying potassium 
channels (GIRKs) 9.

 To prevent persistent GPCR signaling, signaling is controlled by desensitization 
and internalization of the receptor 10, 11. Serine and threonine residues of the C-tail and/or 
intracellular loops of activated GPCRs are phosphorylated which results in inhibition of G 
protein signaling 12. Next, β-arrestins are recruited and sterically hinder coupling of G proteins. 
Coupling of β-arrestins to the GPCR will result in receptor internalization by coupling to 
clathrin-coated pits via interaction with clathrins and adaptor protein complex 2 (AP-2) 13. 
Internalized GPCRs traffic to early endosomes where the receptors can recycle back to the 
plasma membrane, via recycling endosomes, or be degraded by sorting to lysosomes 14. In 
addition to its role in GPCR internalization, it is important to note that β-arrestin can recruit 
several signaling proteins upon GPCR binding and activate G-protein independent signaling 
pathways 15.

 Although phosphorylation of the C-tail, subsequent β-arrestin recruitment and 
internalization is the general mechanism for desensitization and internalization of 
GPCRs, there are also other GPCR internalization mechanisms described 13. Interestingly, 
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β-arrestin-independent internalization has been described for some GPCRs 16, 17. In addition, 
ubiquitination of GPCRs also plays a role in trafficking, degradation and signaling 18.

 Besides the classical ligand induced signaling, constitutive (basal) signaling of GPCRs 
has also been described 19, 20. Important to note is that constitutive signaling of GPCRs 
has been found in both engineered and non-engineered systems. In engineered systems, 
certain mutations or overexpression of the GPCR or G proteins were introduced to facilitate 
detection of constitutive engineering both in vitro and in vivo. Non-engineered systems 
make use of cells expressing the receptor endogenously. Some examples of GPCRs with 
naturally-occurring constitutive activity include the β2 adrenergic receptor (β2AR) and 
δ-opioid receptor 21. In addition, mutations in GPCRs can result in constitutive activity of the 
receptor and subsequent disease manifestations 21. The observation of constitutive signaling 
of GPCRs has led to an adjustment of the model of different states/conformations during 
GPCR activation. 

 While most research has been done on GPCR monomers, dimerization and oligomerization 
of GPCRs has been studied extensively over the last decades. While dimerization of the class 
C GPCRs is essential for GPCR signaling, the effect of oligomerization on class A and B 
GPCRs is still less known 22. However, the formation of homo/heterodimers or oligomers can 
influence signaling properties of GPCRs and remains an important research topic. 

1.2 Chemokine receptors 
Chemokine receptors are a subfamily of GPCRs which bind chemokines as their ligands. 
These chemokine receptors can be divided based on the subtype of chemokines (C, CC, CXC 
and CX3C) they bind 23. While most chemokines bind promiscuously to chemokine receptors 
and vice versa, some chemokine receptors only bind one chemokine 23. To date, 23 human 
chemokine receptors have been identified 24, 25. Of these receptors, 19 are seen as typical 
G protein-coupled chemokine receptors 24. Binding of chemokines to these receptors will 
result in subsequent signaling as described above. In addition, 4 human chemokine receptors 
have been grouped under the name of atypical chemokine receptors 24. These receptors bind 
chemokines but do not activate classical G protein-dependent signaling. It has been proposed 
that these receptors play a role as chemokine scavengers 26. 

 One of the most important roles of chemokine receptors is their role in the immune 
system 25. Multiple cells of the immune system express chemokine receptors and one of 
their primary roles is the migration of leukocytes 23, 24. Upon tissue damage or infection, 
chemokine-directed migration of leukocytes will help in rapid tissue repair or clearance 
of this infection. Although chemokine receptors play an important role in cell migration, 
these receptors play also a role in other processes such as development and homeostasis 
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24. In addition, dysregulation or overexpression of these receptors play an important role in 
multiple inflammatory diseases or cancers 27, 28.

 Besides the human chemokine receptors, virally-encoded receptors have been found 
29. In particular, multiple human herpesviruses encode for one or more chemokine receptors. 
Some examples include ORF74 (encoded by Kaposi’s sarcoma-associated herpesvirus) and 
BILF1 (encoded by Epstein-Barr virus) 30, 31. Human cytomegalovirus (HCMV) is another 
example of a herpesvirus encoding for homologues of human chemokine receptors and will 
be described more in detail later in this introduction 29.

1.3 Targeting of G protein-coupled receptors 
Because of their regulatory role, GPCRs have been involved in multiple diseases, including 
metabolic and cardiovascular diseases, neurological disorders and cancer 32-36. GPCRs have 
been a major drug target with approximately 30-40% of the FDA-approved drugs mediating 
their effects via these receptors 37-39. GPCR-targeting drugs can be divided in different classes 
based on their functional effect 20. Agonistic drugs activate GPCR signaling while antagonists 
compete with the binding of GPCR ligands and thus inhibit ligand-induced signaling. In the 
case of constitutive active receptors, drugs inhibiting the constitutive activity are known 
as inverse agonists. Alternatively, GPCR-targeting molecules can bind an allosteric binding 
site as opposed to the orthosteric ligand binding site 40. This allosteric binding site can be 
extracellular or intracellular. Based on its effect, this allosteric modulator can be a positive 
allosteric modulator (enhancing the effect of the ligand upon receptor binding) or negative 
allosteric modulator (reducing the effect of the ligand). Moreover, biased ligands can 
selectively activate one pathway over another41 . 

 Small molecules, which make up around 80% of the FDA approved GPCR-targeting 
drugs, are most commonly used to target and modulate these receptors 38, 39. However, 
obtaining small molecules with high affinity, potency and selectivity is still a major challenge 
in the drug discovery process 38, 42. Moreover, GPCRs are known to be highly dynamic and 
exist in multiple conformations which also poses a big challenge to find drugs targeting 
a specific conformation 43, 44. To resolve some of these challenges, research has also been 
focusing on GPCR-targeting antibodies and antibody fragments in the last decade.

1.4 GPCR-targeting antibodies
In general, antibodies (Abs) consist of 2 identical heavy and 2 identical light chains, 
which are organized as one fragment crystallizable (Fc) region (consisting of CH2 and 
CH3 domains) and two variable Ag-binding fragments (Fabs, consisting of CH1-VH and 
CL1-VL κ or λ domains) (Figure 1) 45. As a consequence of a highly intricate system of 
gene recombination, mutations and in vivo selection, the human immune system generates 
conventional antibodies with particular high affinity for their target. This is mainly the 
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consequence of the complementarity-determining regions (CDRs) that lie within the variable 
domains (VH, VL) of the Fab fragments, which are responsible for the interaction with the 
epitope 45-47. The Fc-region, which makes up the tail region of the Ab, can interact with Fc 
receptors or C1q molecules which leads to the activation of the immune system by different 
pathways such as antibody-dependent cell cytotoxicity (ADCC), antibody-dependent cellular 
phagocytosis (ADCP) and complement dependent cytotoxicity (CDC). Although different 
antibody formats exist in the human body, most therapeutic formats involve antibodies 
from the IgG isotype 45. Next to their high affinity and specificity, monoclonal Abs (mAbs), 
allow less frequent dosing and show less variability in pharmacokinetics between patients as 
compared to small molecules 48. Nevertheless, the use of Abs is also accompanied by some 
disadvantages such as a high production cost, limited tissue penetration and the inability to 
therapeutically target intracellular targets or epitopes 49.

Figure 1. Overview of different antibody formats. Representation of both (A) conventional antibodies, 
(B) camelid-derived single domain antibodies, (C) cartilaginous fishes/shark-derived single domain 
antibodies and their different derived antibody-fragments.



Introduction and aim of the thesis

21

I

 Interestingly, while there are many FDA/EMEA approved therapeutic antibodies, only 
a few of these target GPCRs. At present, Mogamulizumab (targeting CCR4) and Erenumab 
(targeting calcitonin gene-related receptor (CGRPR)) are the only GPCR-targeting mAbs 
on the market. CCR4 is a chemokine receptor and is expressed on multiple immune cells 
and plays an important role in the immune response 50. However, CCR4 is overexpressed 
on multiple lymphomas and is believed to be involved in the suppression of the antitumor 
immune response 51. Mogamulizumab is currently approved in Japan and the United States 
for clinical use for the treatment of multiple lymphomas, such as adult T cell lymphoma 
and cutaneous T cell lymphoma. Upon binding to CCR4+ lymphoma cells, Magomulizumab 
induces cell lysis (ADCC) of CCR4+ lymphoma cells by activation of the natural killer cells 
through binding of its defucosylated Fc-tail to Fcγ receptors 52-55. Erenumab is an antagonistic 
Ab which targets the CGRPR and is recently approved in the USA and EU for the prevention 
of migraine. Treatment with Erenumab resulted in a reduction of migraine frequency, 
migraine effects and use of acute migraine-specific medication 55-57. Next to Mogamulizumab 
and Erenumab, several other mAbs targeting GPCRs (e.g. CCR5, CXCR4) are currently in 
phase III clinical trials, while multiple other GPCR-targeting mAbs are in phase I-II clinical 
trials or still in preclinical development 48. 

 Besides the development of humanized antibodies that target GPCRs for therapeutic 
purposes, functional GPCR-targeting autoantibodies have also been found and react with 
the individual’s own GPCRs. Functional autoantibodies have been found in the sera of 
healthy individuals in low levels and might play an important physiological role. However, 
upregulation of GPCR-autoantibody levels has been found in patients with several disorders 
including heart failure, asthma, glaucoma, autoimmune encephalitis and Graves’ disease 
58-65. Examples of GPCRs targeted by autoantibodies in autoimmune disorders include β1 
adrenergic receptor, β2AR, muscarinic acetylcholine receptor M3, γ-aminobutyric acid 
(GABA) type B receptor, metabotropic glutamate receptors and thyrotropin receptor 64-66. 
Further research on the mechanism of GPCR-targeting autoantibodies in these different 
autoimmune diseases could lead to new insights and potential therapeutic targets. Functional 
autoantibodies targeting GPCRs have recently been extensively addressed by Cabral-
Marques et al. 66.

1.5 GPCR-targeting nanobodies 
In addition to conventional GPCR-targeting Abs, research is currently also focusing on 
receptor-targeting Ab fragments (Figure 1). One of the main advantages of using fragments is 
their small size, which makes it possible to target cryptic epitopes 67, 68. Some known examples 
of cryptic epitopes include binding pockets of receptors or enzymes. Some commonly used, 
mAb-derived fragments, include Fab fragments or single-chain variable fragments (scFvs) 
which are respectively 3 and 6 times smaller than conventional Abs. However, these Ab 
fragments are more prone to aggregate and generally show reduced affinity for their target, 
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compared to their full-length counterparts 69. Single domain Ab fragments (sdAbs) are a 
special class of Ab fragments which are derived from heavy chain only-Abs which are unique 
to camelids or cartilaginous fishes. These sdAbs are called VHHs (variable domain of heavy 
chains of heavy chain-only antibodies) or nanobodies© (Nbs, for camelids) and VNAR 
fragments (for cartilaginous fishes) 68. Since these Ab fragments are derived from naturally-
occurring antibodies that lack light chains, their CDR regions were optimized during in vivo 
selection and maturation in these animals, resulting in a relatively high stability, solubility 
and affinity for their target. Due to a relatively long CDR3, as compared to those found on 
conventional antibodies, nanobodies can have a more convex paratope and can bind cryptic 
epitopes (Figure 2). These features, together with their relatively small size of approximately 
13-15 kDa, enables nanobodies to target small extracellular domains and non-linear epitopes 
on GPCRs. Another important advantage of recombinant nanobodies is that they can be 
produced in bacteria and yeast with high yields 67, 68.

Figure 2. Binding paratope and GPCR binding of a Fab fragment and nanobody. A) Fab fragments 
have relatively larger and more concave paratopes compared to the smaller, more convex paratopes 
of nanobodies. The Fab fragment and nanobody have been generated using PDB ID 2XWT, PDB ID 
3P0G and PyMOL software. B) Schematic representation of a VH/VL domain of a Fab fragment and 
VHH domain/nanobody (Nb). Typically nanobodies have relatively long CDR3 region compared to Fab 
fragments. C) The shape of the binding paratope of the Fab fragment favors binding of linear epitopes 
(e.g. the N-terminus of a GPCR) while nanobodies are able to bind cryptic epitopes such as GPCR 
ligand binding pockets.

1.6 Current status of GPCR-targeting nanobodies 
In the last decade a growing number of nanobodies against either extracellular and intracellular 
epitopes of GPCRs have been developed (Table 1). Such nanobodies were developed for 
different applications like pharmacological modulation of receptor activity (antagonism, 
inverse agonism), modulation or stabilization of receptor conformations or for discovery of 
new small molecule drugs. The use of nanobodies is a very interesting approach to modulate 
GPCRs, especially since you can use them in different formats ranging from monovalent 
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nanobodies to different multivalent formats (figure 1). Some of the more prevalent formats 
include bivalent (linking two nanobodies binding to the same epitope), bispecific (linking 
two nanobodies binding to different targets), biparatopic nanobodies (linking two nanobodies 
targeting different epitopes on the same target) and trivalent nanobodies (linking three 
nanobodies). Different nanobody formats can lead to an increase in apparent affinity as well 
show differences in potency and pharmacological effects.

 Most of the nanobodies binding extracellular domains of GPCRs target peptidergic 
receptors, such as chemokine receptors. The first nanobodies, targeting chemokine receptors, 
were generated by our group. In 2010, we described two antagonistic nanobody clones, 
238D2 and 238D4, binding to different but partially overlapping epitopes of CXCR4 70. 
Nevertheless, the nanobodies were able to fully inhibit CXCL12 binding and CXCL12-
induced signaling and migration as well as HIV entry. Biparatopic nanobodies, constructed 
via a fusion with a short 15-20GS linker, demonstrated increased apparent affinities and 
potencies. Inverse agonistic properties were observed for the biparatopic nanobodies but 
not their monovalent counterparts. Moreover, the biparatopic nanobodies induced stem cell 
mobilization in vivo similarly to the small molecule AMD3100 70.

 In 2013, several nanobodies binding different epitopes on the extracellular part of 
ACKR3 (CXCR7) were generated by our group 71. Unlike small-molecule compounds 
directed to ACKR3, which are agonists and thereby inhibiting scavenging of CXCL11/12, the 
monovalent nanobodies (Nbs 2-3) exhibited antagonistic properties by displacing CXCL12 
and inhibiting CXCL12-dependent β-arrestin2 recruitment, whereas Nb1 only displaced 
CXCL12 binding 71, 72. Coupling of the Nb1 and Nb3, binding distinct epitopes, resulted into 
a biparatopic Nb4 with increased apparent affinity and potency. Most importantly, Nb4 was 
able to significantly reduce tumor growth and angiogenesis in a head and neck xenograft in 
vivo model 71

 At this moment, extracellularly binding nanobodies targeting CXCR4, ACKR3/
CXCR7, CXCR2, US28, ChemR23 and the type 2 metabotropic glutamate receptor 
(mGluR2) have been identified 70, 71, 73-76. In most of these studies, monovalent nanobodies 
displayed antagonistic properties while their bivalent counterparts displayed inverse agonistic 
properties. This observation still remains to be explained mechanistically. In contrast to the 
other receptors, mGluR2 is a class C GPCR. In a recent study, mGluR2-specific nanobodies 
were developed which bound to a region distinct from the orthosteric binding site and acted 
as positive allosteric modulators 76. In conclusion, extracellular binding nanobodies can act as 
as antagonists, inverse agonists or allosteric modulators showing their ability to differentially 
modulate GPCR function. Interestingly, no agonistic nanobodies against GPCRs have been 
described to date.
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 Meanwhile, besides extracellular binding nanobodies, multiple nanobodies have been 
developed directed at the intracellular parts of GPCRs (Table I). Initial studies utilized these 
nanobodies for their ability to recognize non-linear, conformational epitopes on GPCRs. This 
allows the nanobody to stabilize a particular GPCR conformation. Interestingly, immunization 
and performing subsequent selections with the receptor in the presence of (mostly covalent) 
small molecule ligands (agonists, antagonists) allowed the development of conformation-
specific nanobodies. This has led to the generation of agonist-bound GPCR crystal 
structures, which provided valuable information on the activation mechanism of GPCRs and 
allow structure-based drug design 77-82. By stabilizing the receptor conformation from the 
intracellular side, nanobodies can affect the affinity of ligands binding to the extracellular 
side or in between transmembrane domains by allosteric modulation. In addition, these so 
called confobodies, lock GPCRs in specific conformations allowing identification of novel 
conformation-specific small molecules binding to the extracellular side of the GPCR 83, 84. 

 Intracellular binding nanobodies can also be expressed in cells as so called ‘intrabodies’. 
Nanobodies contain only one disulfide bridge (sometimes two), which allows them to remain 
functional in the slightly reducing environment of the cytoplasm 85, 86. Receptor-specific 
intrabodies have been developed with varying purposes including stabilization or detection 
of receptor conformation (conformational biosensors) and modulation of receptor activity 87-

90. In addition, more generic intrabodies (targeting G proteins and β-arrestin) have also been 
used as more general tools to modulate signaling and trafficking to provide more insight 
in GPCR biology 91, 92. While therapeutic application of this mode of action has yet to be 
demonstrated, these nanobodies serve as tools that have provided us with novel insights in 
GPCR biology.
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Table 1. Overview of nanobodies targeting GPCRs, either extracellularly or intracellularly and their 
application and pharmacological activity.

Target Nanobody clones Application Epitope Pharmacological activity Ref.

CXCR2

2B2, 127D1, 54B12, 97A9, 
163E3, 163D2, bivalent 
2B2-35GS-2B2 and 163E3-
35GS-163E3 and 127D1-
35GS-163E3 

Ligand 
competition Outside Antagonist, inverse agonist 

as bivalent constructs
73

CXCR4

238D2, 238D4, bivalent L3 
and L8

Ligand 
competition Outside Antagonist, inverse agonist 

as bivalent construct
70

10A10,  
bivalent 10A10

Ligand 
competition Outside Antagonist, inverse agonist 

as bivalent construct
93

VUN401-VUN409 Ligand 
competition Outside Antagonist 94

VUN400-Fc, VUN401-Fc, 
VUN402-Fc

Ligand 
competition Outside Antagonist, ADCC 95

ACKR3 
(CXCR7) NB1-5 Ligand 

competition Outside Antagonist, inverse agonist 
as bivalent construct

71

US28
Nb7 Structure Inside Ligand bound conformation 80

US28-Nb, Bivalent US28-Nb Ligand 
competition Outside Antagonist, inverse agonist 

as bivalent construct
74

ChemR23 CA4910, CA5183, bivalent 
CA4910

Ligand 
competition Outside Antagonist 75

mGlu2R DN10, DN10 Signaling Outside Positive allosteric modulator 76

M2R Nb9-1, Nb9-8, Nb9-20 Structure Inside Active conformation 79

KOP
Nb6/7 Structure Inside Apo conformation 82

Nb39 Structure Inside Active conformation 82

MOR Nb39
Structure, 
signaling and 
trafficking

Inside Active conformation
81, 88, 

96

β2AR

Nb80
Structure, 
signaling and 
drug discovery

Inside Active conformation.
Positive allosteric nanobody

77, 83, 
84, 87, 
90, 97, 

98

Nb60 Structure, 
signaling Inside

Low-affinity, inactive 
conformation.
Negative allosteric nanobody

90, 99

Nb6B9 Structure Inside Active conformation 78

Nb71 Structure Inside Active conformation 100

βarr1 Nb32 Signaling and 
trafficking Inside Active βarr1 conformation 101

G proteins
Nb37 Signaling and 

trafficking Inside Active Gαs protein 
conformation

89

Nb35 Signaling Inside Stabilizes GPCR-Gs complex 102

Nb5 Signaling Inside Gβγ dimer 92

Abbreviations: ChemR23, Chemerin Receptor 23; M2R, M2 muscarinic receptor; KOP, kappa (κ)-
opioid receptor; MOR, mu (μ)-opioid receptor; β2AR, β2-adrenergic receptor; βarr1, β-arrestin 1.
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2. The human cytomegalovirus and the chemokine receptor US28 

2.1 Life cycle of the human cytomegalovirus and its role in cancer 
HCMV (or HHV-5) is a prominent herpesvirus with a prevalence range of 50 to 90% of the 
worldwide population 103. In healthy individuals, HCMV establishes a persistent, lifelong and 
asymptomatic infection 103, 104. During primary HCMV infection, multiple cell types (including 
fibroblasts, epithelial cells, smooth muscle cells and endothelial cells) will be infected by 
means of viral entry mediated by glycoprotein complexes on the viral envelope 105, 106. In 
healthy individuals, this primary infection often does not cause serious harm, as most of the 
HCMV-infected cells will be cleared by the innate and adaptive immune system. However, 
not all infected cells will be cleared and the virus will remain in a small percentage of CD34+ 
progenitor cells and the derivative CD14+ monocytes (Figure 3A) 107, 108. In these cell types, 
HCMV will establish and maintain a latent infection resulting in the carriage of the viral 
genome but no production of viral particles. Reactivation of the virus towards a lytic infection 
can occur upon differentiation of the CD14+ monocytes into macrophages or dendritic cells but 
this will lead to the clearance of these cells by the immune system 109, 110. One key feature during 
latency is the suppression of the immediate early (IE) gene expression, which indicates the 
initiation of reactivation, and is controlled by the major immediate early promoter (MIEP) 111-113. 
Suppression or initiation of IE gene expression is controlled by modifications of the chromatin 
structure around the MIEP including histone methylation, acetylation and phosphorylation 
which will result in a closed or open chromatin structure 111, 114-117. Although primary infection 
and spontaneous reactivation generally do not cause any harm in healthy individuals, this is 
not the case for immunocompromised (HIV/AIDS patients), immunosuppressed (transplant 
patients) or immunonaïve persons (fetus/neonates) 103. Especially in (solid) organ transplant 
patients, reactivation can pose a great risk leading to the manifestation of diverse clinical 
consequences including pneumonitis, hepatitis, nephritis but also allograft rejection 104, 118, 

119. These HCMV-associated diseases are currently being treated with antivirals (ganciclovir, 
foscarnet, letermovir) which only target reactivated, lytic virus 120. However, there are no current 
antiviral treatments which target the latent HCMV reservoir to reduce the HCMV-mediated 
clinical manifestations prior to organ transplantation.

 In several studies, HCMV has also been associated with multiple cancers including 
colon cancer, prostate cancer, breast cancer and gliomas (Figure 3B) 121-126. Unlike some other 
herpesviruses such as the Epstein Barr virus and Kaposi’s sarcoma-associated herpesvirus, 
HCMV is not believed to be an oncogenic virus but to play an oncomodulatory role in the 
progression of cancers 127. Over the years, extensive research has been done on the effects of 
HCMV on the different hallmarks and stages of cancer. Interestingly, adult stem cells, which 
are believed to be the originating cells of most cancers, are easily infected by HCMV 128-130. 
Multiple studies have shown that HCMV infection promotes survival of these (cancer) stem 
cells 131-133. HCMV infection can also induce DNA damage (mutagenesis and chromosomal 
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breaks) which could influence DNA repair mechanisms, tumor suppressor pathways or 
oncogenes in these stem cells 134-139. The combination of promoting stem cell survival and 
inducing DNA damage could be a possibility for the virus to aid in cancer initiation. While 
the general consensus is that HCMV is an oncomodulatory (and not oncogenic) virus, a 
recent study showed that the clinical strain HCMV-DB was able to transform primary 
human mammary epithelial cells by dysregulation of telomerase, p53 and Rb resulting in 
the induction of tumor formation in vitro and in vivo. These results could indicate that some 
strains of HCMV could be more oncogenic than others 140.

Figure 3. Life cycle of human cytomegalovirus. A) During primary infection, the human 
cytomegalovirus (HCMV) will establish a latent infection in a small subset of CD34+ progenitor cells 
and CD14+ monocytes. Differentation of CD14+ monocytes into macrophages or dendritic cells will 
result in HCMV reactivation and virus production. B) Association of HCMV in different cancer types.

 HCMV infection also results in the induction of inflammatory cytokines (including 
CCL2, CCL3, CCL5, IFN-γ, TNF-α, IL-4 and IL-18) and expression of oncogenic pathways 
such as COX-2, NF-κB and the STAT3-IL-6 pathway which promote chronic inflammation, 
angiogenesis and proliferation 141-144. In addition, several studies have also shown an effect 
of HCMV on tumor invasiveness and aggressiveness by affecting mesenchymal-epithelial 
transition (MET) and epithelial-mesenchymal transition (EMT). Studies showed that HCMV 
infection of colorectal carcinoma cells induced an EMT switch resulting in increased 
proliferation and invasiveness and IE1 expression in glioblastoma (GBM) cells resulted 
in the induction of transcription factors associated with EMT 145-147. In addition, infection 
of primary human mammary epithelial cells with the clinical strain HCMV-DB resulted in 
transformation of these cells which was associated with DNA hypomethylation resulting in 
increased proliferation and EMT phenotype 148. In contrast, a others showed an induction 
of MET phenotype upon infection of breast cancer cell lines which could encourage 
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distant metastatic colonization 149. In addition, HCMV infection also affects on the tumor-
microenvironment and the immune system. By influencing the cellular secretome, HCMV 
can redirect and suppress the immune response towards HCMV-infected cancer cells 150. 
HCMV infection leads to the secretion of IL-10 and TGF-β which inhibits T cell and NK 
cell function 151. In addition, multiple HCMV genes encode secretory factors (vIL-10 (IL-
10 homologue), pUL128, pUL144) that modulate the immune response by promoting the 
immunosuppressive M2 macrophage maturation, inhibition of dendritic cell maturation and 
modulation of the activity of monocytes 140, 151, 152. 

 To date, especially the link between HCMV and GBM, the most common and 
aggressive form of malignant brain tumors, has been investigated. In 2002, Charles Cobbs 
et al. showed the presence of HCMV nucleic acids and proteins in malignant gliomas 124. In 
addition, other studies have confirmed these results by showing the presence of HCMV DNA 
and proteins in GBM patient material 126, 153, 154. In contrary, other studies were not able to 
detect HCMV DNA or RNA in gliomas 155-158. These differing result could be explained by a 
high difference in detection techniques used resulting in differences in detection sensitivity. 
In 2012, a consensus was reached that HCMV was present in most gliomas and could be 
detected by means of sensitive detection tools 127. Besides the presence of HCMV in GBM, 
studies have also focused on the effect of HCMV infection on cancer pathogenesis. In a 
recent study, using a murine glioblastoma model, mouse CMV (MCMV) reactivation was 
observed in glioblastoma cells and intra-tumoral pericytes resulting in significant reduction 
in survival rate as opposed to uninfected animals. This effect could be counteracted upon 
treatment of mice with the antiviral drug cidofovir 159. Interestingly, two small clinical trials 
where GBM patients were treated with valganciclovir as add-on therapy also showed overall 
increase in patient survival indicating a potential role of antivirals as add-on therapy in cancer 
treatment160, 161. However, these clinical studies were small and single trial and further studies 
are needed to give more conclusive results. 

2.2 The human cytomegalovirus-encoded chemokine receptor US28
HCMV encodes for four GPCRs (US27, US28, UL33 and UL78) 29. Of these different 
GPCRs, US28 is the most well studied and is a key player in the life cycle of HCMV and 
the role of HCMV in cancer. US28 is expressed both during latent and lytic infection and 
plays an important role in both processes. Showing high homology with other chemokine 
receptors, US28 can bind to several chemokines including CX3CL1, CCL5, CCL3 and CCL2 
162, 163. However, US28 also signals in a constitutive, ligand-independent manner, via different 
Gα proteins, including in particular the Gαq pathway, resulting in the activation of different 
pathways 29, 164. Important to note is that US28 signaling is complex and differs depending 
on the cellular environment 105. Differences have been observed between US28 signaling in 
latent and lytic infection as well in a cancer setting (Table 2).
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Table 2. Overview of US28-mediated signaling pathways in different infection states and cell types.

Infection 
state Cell type Ligand US28-mediated signaling  

and/or phenotype Ref.

Latent

CD34+ HPC/
Kasumi-3 cells

Constitutive
signaling

Establishment or maintenance latency by 
suppression of MIEP

165

CD14+ monocytes/ 
THP-1 cells

Constitutive
signaling

Establishment or maintenance latency by 
attenuation of MAPK signaling and NF-κB 

signaling
166

Kasumi-3 cells/
THP-1 cells

Constitutive
signaling and ligand-

dependent

Establishment and maintenance latency by 
attenuation of c-fos

167

CD34+ HPC

Constitutive
signaling

Reprogramming CD34+ cells to monocytes 
to establish latency by activation STAT3-

iNOS signaling
168

Reactivation of latently infected 
CD34+ cells by promotion of myeloid 

differentiation
169

Ligand-dependent Reprogramming CD34+ cells to monocytes 
to establish latency

169

Lytic

K562/HEK293T
HUVECS/fibroblasts CCL2, CCL5, CCL7 Ligand-dependent calcium release and 

activation of MAPK pathway
170

Cos-7

Constitutive signaling,
Inhibition by CX3CL1 PLC and NF-κB signaling 164, 171

Constitutive signaling SRF signaling 172

Arterial smooth
muscle cells

CCL5,
Inhibition by CX3CL1 Chemotaxis  173-176

Mouse macrophages CX3CL1,
Inhibition by CCL5 Chemotaxis 176

Fibroblasts
Constitutive signaling PLC signaling 177, 178

CCL5 Calcium release 177

Cancer 
setting

NIH-3T3 Constitutive signaling

MAPK signaling,
NF-κB signaling and IL-6 secretion

COX2 signaling and VEGF secretion
HIF-1α activation via AKT pathway

Β-catenin signaling

143, 144, 

179-181

Human GBM cells Constitutive signaling

PLC signaling
β-catenin signaling

IL-6 secretion via STAT3 signaling
HIF-1α activation via AKT

VEGF secretion

74, 144, 

177, 179, 

180 

Mouse intestinal 
epithelial cells

Constitutive and CCL2-
dependent signaling

Promotion of intestinal neoplasia by 
activation of MAPK and Wnt pathway

182

Abbreviations: HPC, hematopoietic progenitor cell; GBM: glioblastoma.
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 In a recent study, the mRNA of US28 was detected in both experimental and natural 
latently-infected CD34+ progenitor cells further indicating the potential importance of these 
GPCRs for the virus in a latent setting 183. Some studies have shown that US28 is essential for 
the establishment and maintenance of latency in THP-1 cells and CD14+ monocytes (Figure 
4A) 165-167. US28 attenuates the MAP kinase pathway and NF-κB pathway resulting in silencing 
of the MIEP promoter with no subsequent IE gene expression 166. Although this effect was 
first thought to be solely attributed to the constitutive activity of US28, further research has 
shown that an unidentified US28 ligand could play a role in this process 167. Further experiments 
showed that inhibition of the constitutive activity of US28 led to IE gene expression in these 
latently infected monocytes resulting in the clearance of these cells by IE-specific T cells 166. 
These results show that US28 could prove to be an interesting target to clear latently infected 
cells by inducing IE gene expression and clearance by the immune system. In contrast, a recent 
study showed that US28 was required for HCMV reactivation, but not the establishment and 
maintenance of latency, in CD34+ progenitor cells and in vivo in humanized mice 169. However, 
ligand-dependent signaling promoted viral latency demonstrating a complex role for US28 in 
HCMV latency and reactivation. Finally, their study showed that US28 promotes hematopoiesis 
of CD34+ progenitor cells. Overall these studies show that US28 signaling is complex and is not 
yet fully understood. However, US28 serves most likely as a sensor and modulator of different 
cellular differentiation states and activates different pathways depending on the cellular context 
to promote viral latency until right reactivation conditions are present.

 Besides the role of US28 signaling in a latent setting, various studies have focused on 
US28 constitutive and ligand-dependent signaling during lytic infection (Table 2). Multiple 
studies have shown the activation of different pathways such as phospholipase C, NF-κB and 
MAPK pathway by US28 constitutive signaling 144, 164, 177. This US28-mediated activation of 
the NF-κB and MAPK pathway resulted in activation of the MIEP and drives lytic HCMV 
infection 166, 184-186. Also ligand-dependent signaling of US28 in a lytic setting has been 
described in several studies. Also here, signaling is dependent on the cellular context as 
well as the different ligands. One clear example of this is a study showing migration of 
US28-expressing smooth muscle cells in response to CCL5 while migration is inhibited by 
CX3CL1176. In contrast, the opposite effect was noted in macrophages. 

 Finally, US28 signaling has also been shown to affect signaling of cellular GPCRs. One study 
showed that US28 inhibited CXCL12-mediated signaling and subsequent β-arrestin2 recruitment 
of CXCR4 while also downregulating CXCR4 surface levels in HEK293T cells 187. This effect 
was independent of heterodimerization of the two receptors since this US28-mediated effect could 
be inhibited by abrogation of US28 constitutive signaling. Further studies on US28-mediated 
cross talk with other cellular GPCRs could be interesting since GPCRs, including CXCR4, are 
expressed on hematopoietic stem cells or are overexpressed on multiple types of cancers 188-190.
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 US28 is also a key regulator in a cancer setting and this receptor is detected in patient 
material of HCMV-positive cancer patients including GBM patients 74, 144, 154, 191. In multiple 
studies, US28 has shown to activate multiple oncogenic pathways including the NF-κB, 
NFAT, TCF-LEF and HIF-1α pathway as well the secretion of VEGF, PGE2 and IL-6 (Figure 
4B) 143, 144, 179, 180. In addition, expression of US28 in glioblastoma cells led to enhanced tumor 
growth in vivo when tested in an orthopic GBM model in mice 74. Moreover, infection of 
GBM cells with HCMV led to an increase in spheroid size while this was to a lesser extent 
when an HCMV mutant, devoid of US28, was used for infection 74. 

Figure 4. Overview of US28 signaling pathways in latent and cancer setting. A) US28 suppresses the major 
immediate early promotor (MIEP) and subsequent immediate early (IE) gene expression in early myeloid 
cells. US28 attenuates several pathways including the Extracellular Signal-Regulated Kinases (ERK)1/2, 
c-fos and Nuclear Factor-κB (NF-κB) pathway. US28 inhibits phosphorylation (P) of ERK1/2 which inhibits 
phosphorylation of Mitogen and Stress Activated Protein Kinase (MSK) and subsequent cAMP Response 
Element Binding Protein (CREB) phosphorylation. US28 activation also leads to reduced c-fos expression. 
Reduced c-fos levels leads to less dimer formation of c-fos and c-jun. In addition, US28 signaling inhibits 
entering of NF-κB in the nucleus. By activation of the Signal Transduced and Activator of Transcription 3 
(STAT3)-inducible Nitric Oxide Synthase (iNOS) pathway, US28 activation leads to increased nitric oxide 
(NO) levels resulting in suppresion of the MIEP. By suppression of MIEP, no IE expression is observed 
resulting in a latent infection in early myeloid cells. B) In cancer cells, US28 activates multiple pathways 
including the NF-κB, Nuclear Factor of Activated T cells (NFAT), T-Cell Factor-Lymphoid Enhancing 
Factor (TCF-LEF), Hypoxia-Inducible Factor-1α (HIF-1α) and STAT3 pathway resulting in the activation 
of cyclooxygenase 2 (COX2) and secretion of Interleukin-6 (IL-6), Prostaglandin E2 (PGE2) and Vascular 
Endothelial Growth Factor (VEGF). Secreted IL-6 activates the IL-6 receptor (consisting of the IL-6 receptor 
subunit(IL6R) and glycoprotein 130 (gp130). Activation of the IL-6 receptor results in the stimulation of the 
Janus Kinase 1 (JAK1)-STAT3 pathway leading to a feed-forward loop.
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2.3 Therapeutic targeting of US28
Due to the important role of US28 in the HCMV lifecycle and in tumor growth, multiple 
US28 inhibitors have been developed. In the past, our group has generated multiple small 
molecules that blocked ligand binding to US28 and could partially inhibit the constitutive 
activity of US28 192, 193. One of these compounds is the inverse agonist VUF2274, which 
completely inhibited US28 signaling 194. Interestingly, blocking US28 signaling by VUF2274 
also resulted in full reactivation of latently HCMV-infected monocytes 166. Other studies have 
also reported the development of other inverse agonists based on flavonoids, biphenyl amides 
or CX3CR1 antagonists 195-197. However, all these compounds have affinities and potencies 
in the micromolar range and induce cytotoxic effects and/or show aspecific binding to other 
GPCRs which makes them unsuitable for in vivo testing. 

 Recently, our group has reported the development of an US28-targeting nanobody 74. 
This nanobody displaced CCL5 and CX3CL1 binding as a monovalent nanobody but was 
not able to inhibit the constitutive activity. As a bivalent format, these nanobodies were able 
to partially inhibit the constitutive activity of US28 up to 50% and impaired US28-mediated 
glioblastoma tumor growth both in vitro and in vivo. In contrast to the small molecules, this 
nanobody bound specifically to US28 and had an affinity and potency in the (sub)nanomolar 
range without showing cytotoxicity.

 Besides inhibiting its activity, US28 has also been used as target to guide toxins to HCMV 
infected cells 198, 199. In those studies, CX3CL1 was fused to the pseudomonas exotoxin PE38. 
The fusion toxin was further mutated to decrease binding to CX3CR1 and thus enhance 
specificity towards US28. This fusion toxin was able to kill both lytically infected cells and 
latently infected cells showing the potential of US28 as therapeutic target. 

3. Concluding remarks and aim of the thesis 

GPCRs play key roles in a wide array of physiological processes and thus are important 
both for fundamental and translational research. Although some of these receptors have 
successfully been targeted by small molecules, challenges involving selectivity and potency 
during the drug discovery process are encountered. GPCR-targeting biologicals have already 
shown their potential as alternatives with two GPCR-targeting antibodies on the market. 
Especially nanobodies have garnished quite some attention lately due to their size and 3D 
conformation. Due to these characteristics, GPCR-targeting nanobodies can be used as 
versatile tools both for therapeutic and diagnostic applications as well as research tools for 
fundamental questions involving GPCR biology and structure.
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 Because of its role in latent HCMV infection and its modulatory role in cancer, but 
certainly also because of its constitutive activity and promiscuous ligand binding, the HCMV-
encoded chemokine receptor US28 is a very interesting target for fundamental research and 
therapy. This thesis aims to investigate the different possibilities in using nanobodies 
targeting chemokine receptors, and more specifically the viral chemokine receptor 
US28, for GPCR targeting and fundamental research. In the previous chapter 1, a broad 
introduction into GPCRs, GPCR-targeting nanobodies, HCMV and US28 has been given. 
In chapter 2, the identification and characterization of a novel, high-affinity US28-targeting 
nanobody is described. The high affinity binding and high specificity of this nanobody is 
exploited by using it as a delivery system of photosensitizers or targeted photodynamic therapy. 
A water soluble photosensitizer was conjugated to this novel US28-targeting nanobody via site-
directional conjugation to allow the selective killing of US28-expressing glioblastoma cells via 
photodynamic therapy. Chapter 3 describes the use of the novel US28 nanobody, described 
in chapter 2, to target and reactivate latently infected cells and determine its potential as a 
therapeutic to clear the pool of latently infected cells in humans. In chapter 4, the development 
of nanobodies binding US28 intracellularly is described and their use in studying the different 
conformations that US28 can adopt is presented. In addition, the effect of these intrabodies 
on US28 signaling is investigated. In chapter 5, one of the intracellular binding US28 
nanobodies is used to screen for novel, unidentified interaction partners by using the Bio-ID2 
approach. Finally, these results are being discussed and future perspectives are outlined in 
chapter 6.


