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This thesis describes the interaction of small-molecule antagonists as well as agonists with 
CXCR3 at the molecular level, using site-directed mutagenesis, pharmacological assays 
and in silico methods. In addition, characterization of functional properties of two classes 
of synthetic CXCR3 agonists is reported and compared to the endogenous agonists, using a 
multitude of different functional assays. The CXCR7 receptor is studied in more detail, with 
specific emphasis on mechanisms of receptor signaling and regulation.

9.1: Assay development for CXCR3 and CXCR7

In our laboratory, different types of functional assays were used in the past to measure CXCR3 
activity, including chemotaxis, ERK and AKT phosphorylation (1), Ca2+ mobilization, NFκ…B-
luciferase reportergene assay, and inositol phosphates accumulation, the latter requiring 
chimeric Gα

qi5
 proteins (2, 3). However, most of these assays are characterized by relatively 

low throughput, or require the use of chimeric G protein coupling. Therefore, other functional 
assays with higher throughput (96-well format) have been introduced and/or optimized. 
These include G protein-dependent assays like [35S]-GTPγ…S, measurement of cAMP levels 
using a novel BRET-based biosensor (CAMYEL), chemotaxis in murine L1.2 cells, and a CRE-
luciferase reporter gene assay, of which most are described in chapter 4. In addition, also a 
BRET-based β-arrestin recruitment assay was employed to investigate G protein-independent 
signaling events of CXCR3 and CXCR7 (chapters 4 and 8). Finally, a label-free xCELLigence 
assay to measure integrated receptor responses, was also established (chapter 6). In contrast 
to functional assays, also a 96-well-format membrane-based radioligand binding assay was 
set up with [125I]-CXCL10 or [125I]-CXCL11 as radioligands. Furthermore, a whole-cell based 
ELISA detecting expression of untagged CXCR3 and CXCR7 was employed (chapters 3 and 8). 
The availability of these assays enables the pharmacological characterization of ligands and 
receptors as shown in this thesis. To extend the toolbox, several small molecules, including 
several antagonists and agonists, have been synthesized in-house as tool compounds, 
allowing the study of the ligand binding and activation mechanism of CXCR3. 

9.2: Allosteric properties of molecules binding to CXCR3

Chemokines are relatively large compared to the small molecules (±10-50 fold difference) that 
target this receptor family. Despite the fact that low-molecular weight ligands engage in far 
fewer receptor interactions than the chemokines, many of these small ligands have the ability 
to disrupt chemokine binding with nanomolar potencies. Therefore, it seems likely that these 
ligands do not act via simple steric competition, but rather through an allosteric mechanism. 
This notion is supported by the increasing number of reports revealing the allosteric nature 
of many of such compounds binding to chemokine receptors (chapter 1). Increasing evidence 
also highlights the allosteric nature of different chemokines binding to a single chemokine 
receptor, or the same chemokine at different receptors (4-7). Before this project started, 
limited information was available on the molecular mechanism of action of small drug-like 
CXCR3 molecules like AMG-487 or NBI-74330 (aza-quinazolinone class). The notion that 
CXCR3, in analogy to other chemokine receptors, would be prone to allosteric modulation 
by such compounds, seems highly likely. The chemokines CXCL9, CXCL10, and CXCL11 e.g. 
are reported to bind to distinct parts on the extracellular surface of CXCR3 for binding and 
receptor activation (4, 8, 9). Interestingly, CXCL10 and CXCL11 bind to different receptor 
populations, as CXCL10 recognizes only the G protein-precoupled receptor population (R*), 
whereas CXCL11 seems to recognize both a G protein precoupled as well as an uncoupled 
population of CXCR3 (4, 10, 11) (chapter 4). This is confirmed by the observation that the 
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 determined with [125I]-CXCL10 is approximately 10 fold lower than for [125I]-CXCL11  
(4) (chapter 4). As CXCL10 only recognizes active precoupled CXCR3 receptors, it might be 
envisioned that CXCL10 binding is much more sensitive to changes in receptor conformation, 
by e.g. mutagenesis. Indeed, preliminary results show that mutation of CXCR3 generally leads 
to significant loss in [125I]-CXCL10 binding, but hardly affect [125I]-CXCL11 binding (figure 2).

9.2.1: Small-molecule antagonists for the CXCR3 receptor

CXCR3 has been considered a valuable therapeutic target for many immune-related diseases 
for over a decade. Most evidence is based on increased expression of ligands and/or receptor, 
increased infiltration of CXCR3+ immune cells in sites of (chronic) inflammation or diseased 
tissue of patients suffering from autoimmune disorders like rheumatoid arthritis or multiple 
sclerosis (12). Moreover, data obtained from animal models (predominantly rodent models) 
generally shows that blocking the CXCR3 receptor by antagonism or genetic knockout, leads 
to delayed disease progression and decreased severity of disease in these animal models (13-
16). This paved the way for discovery and development of the many diverse chemical classes 
of CXCR3 antagonists that have been reported to date and have been reviewed before (118). 
The aza-quinazolinone compound series has been studied most extensively, from which one 
molecule, named AMG-487 (pK

i
 = 7.7 ± 0.0; [125I]-CXCL10; chapter 3), even reached clinical 

trials for the treatment of psoriasis, but it was discontinued after a phase IIa trial. Although 
the precise reason remains elusive, some data suggests that metabolites of AMG-487 inhibit 
CYP3A enzymes responsible for biotransformation of the compound, leading to nonlinear 
pharmacokinetics (17, 18). 
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Figure 1: Chemical structures of small CXCR3 molecules used in these studies. 
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NBI-74330 is a compound from the same series and possesses affinity in the nanomolar 
range, 0.7 log unit higher than AMG-487 (pK

i
 = 8.4 ± 0.1; [125I]-CXCL10; chapter 3), and showed 

potential in a mouse model for atherosclerosis (15). However, limited information is available 
in literature on its mechanism to antagonize CXCR3. NBI-74330 was first characterized in 
vitro by Heise and coworkers, and was not found to accelerate the dissociation rate of [125I]-
CXCL11 from human CXCR3 receptors, indicative of competitive antagonism (19), while in 
[35S]-GTP…γS and Ca2+ mobilization experiments non-competitive insurmountable antagonism 
was observed. This apparent discrepancy could be caused by a possible long dissociation 
rate of NBI-74330, whereby antagonist-bound receptors are functionally removed from the 
receptor population in the time frame of the assay (thus not performed at equilibrium), leading 
to an apparent insurmountable inhibitory effect (19). However, this was not investigated. The 
non-competitive behavior of NBI-74330 was also observed for the murine CXCR3 receptor in 
[35S]-GTPγS and internalization assays (20). Moreover, in our studies it was found that NBI-
74330, but also VUF10132 and TAK-779, inhibited PLC activation in a non-competitive manner 
(chapter 3). Altogether, these data suggest, but do not prove an allosteric mechanism of action, 
and warrant further investigation. A recent report from Bernat and colleagues describes the 
characterization of a radiolabeled variant of a closely-related analogue of NBI-74330, called 
RAMX3 (21). Evidence supporting allosterism was found in an experiment in which CXCL11 
was able to only partly ‘displace’ [3H]-RAMX3. Moreover, this compound dissociates from 
the CXCR3 receptor with a t

1/2
 of around 17 min. It would be interesting to determine the 

dissociation kinetic properties of NBI-74330, using competitive association or dissociation 
studies with [3H]-RAMX3 or another radiolabeled small molecule. If it is in the same order of 
magnitude as RAMX3, this would suggest that most assays that show the non-competitive 
antagonistic behavior of NBI-74330 (including chapter 3: figure 6) are actually performed 
at equilibrium (1-2 hr incubation), ruling out (pseudo)-irreversible antagonism. Either way, 
it will shed more light on the mechanism of inhibition of this class of small-molecule CXCR3 
antagonists. 

Next to the quinazolinone series of CXCR3 antagonists, also the piperazinyl-piperidine series 
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Figure 2: Radioligand whole cell binding binding data showing specific binding of the radioligands [125I]-CXCL10 
(A) and [125I]-CXCL11 (B) binding to CXCR3 WT and a panel of CXCR3 mutants. The assay is performed on the same 
HEK293T transfectants for each radioligand, all showing similar expression (see also chapter 5).
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of CXCR3 antagonists appear to possess nanomolar affinities, as reported in patents from 
Schering-Plough (22), In our labs we synthesized one of these compounds and named it 
VUF11211 (chapter 5). This compound showed high affinity for CXCR3 (pK

i
 = 8.8 ± 0.1; [125I]-

CXCL10). Later, the SAR on this chemical class was published by Schering-Plough (23-25). 
Although some data was published regarding allosteric behavior of this compound class, 
knowledge on the mechanism of action of this series is still limited in literature (26).
Site-directed mutagenesis to pinpoint residues important for binding of these antagonists, 
showed that residues in the transmembrane helical regions severely affected the binding of 
NBI-74330 and VUF11211, while CXCL11 affinity was unaltered (chapter 5). Altogether, these 
data indicate that both antagonists bind to allosteric sites within the transmembrane domains 
of CXCR3, exerting negative cooperativity towards CXCL11. 
In general, three pockets are distinguished in GPCRs, with two in the transmembrane (TM) 
domains, including the minor pocket or transmembrane site 1 (TMS1; chapter 1) lined by TM 
helices 1, and 2, and the major pocket also referred to as transmembrane site 2 (TMS2; chapter 
1) delimited by TM helices 4, 5, and 6. Residues in TM helices 3 and 7 form the interface 
between both pockets, pointing either to one or the other pocket.  Furthermore, a third pocket 
was recently discovered, lining the intracellular surface of the GPCR (27, 28).
Interestingly, NBI-74330 binds more in the minor pocket (TMS1), whereas VUF11211 extends 
in both the minor (TMS1) and major (TMS2) pockets (chapter 5: figure 5B). In general, we 
observed that the apparent potencies to ‘displace’ [125I]-CXCL10 or [125I]-CXCL11, of all 
tested small CXCR3 ligands differed 0.5 to 1.0 log unit, depending on the radioligand used, 
highlighting the probe-dependence of allosterism. 

9.2.2: Small-molecule agonists for the CXCR3 receptor

Despite the focus on chemokine receptor antagonists, also agonists were found for CXCR3 
and other chemokine receptors, often as byproducts of screening campaigns (32) or lead 
optimization (chapter 1; chapter 7) (29). In most assays, these agonists, including VUF10661, 
are able to activate their respective chemokine receptors with efficacies comparable to the 
endogenous ligands in various assays, yet often with affinities and potencies lower than 
the endogenous chemokines (30-34) (chapter 4), despite being significantly smaller than 
chemokines. This is interesting, but perhaps not surprising, given the many observations that 
only a small portion of the chemokine (the N-terminus) is required for receptor activation (See 
chapter 1 and next section). 

VUF10661 is one such small-molecule agonist binding to CXCR3, and despite its 1000-fold 
lower affinity compared to the chemokines, it was able to produce CXCR3 agonism with 
efficacies comparable to CXCL11 in most assays. Our efforts to characterize the peptido-
mimetic synthetic agonist VUF10661, depicted in chapter 4, showed that the apparent 
potency of displacing [125I]-CXCL10 and [125I]-CXCL11 radioligands differed roughly 1 log unit, 
an example of possible probe-dependence of allosteric effects. Moreover, VUF10661 was 
not able to fully ‘displace’ [125I]-CXCL11 binding in a whole-cell binding assay, reflecting the 
saturability of the allosteric effect. In addition, VUF10661 decreased the B

max
 but not the K

d 

of both [125I]-CXCL10 and [125I]-CXCL11 binding, again indicative of an allosteric mechanism 
of action. Finally, site-directed mutagenesis studies supported by computational docking 
(chapter 5), suggested that VUF10661 binds to the minor and major pocket in CXCR3 extending 
up to ECL2, (chapter 5: Figure 5) whereas CXCL11 affinity is not affected by mutations in this 
region. For an analog of VUF10661, evidence was also provided for an allosteric binding mode 
involving residues in ECL2 (10). One should however remain aware that some residues, found 
in a site-directed mutagenesis approach, might take part in an allosteric interface involved in 
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transmission of the allosteric effect (cooperativity) from the allosteric site to the orthosteric 
site and are to a lesser extent involved in direct ligand binding. Consequently, caution is 
required with interpretation of these data. Nevertheless, when all evidence is compiled it 
becomes clear that this ligand can be classified as an ago-allosteric modulator, as it is able to 
produce agonist responses from an allosteric site and concomitantly affects the binding of the 
endogenous ligands at CXCR3. Further studies have to be performed to distinguish allosteric 
effects from true receptor-ligand interactions. The use of a radiolabeled variant of a small-
molecule antagonist (e.g. [3H]-VUF11211 or [3H]-NBI-74330) for radioligand displacement 
assays on WT and different CXCR3 mutants is recommended. Ideally, it is preferred to use 
a radiolabeled variant of VUF10661 itself, yet the affinity of this ligand is insufficient, as 
affinities in the nanomolar range are required for generation of successful radioligands.

9.3: Molecular mechanisms of small-molecule binding to CXCR3

The site-directed mutagenesis approach complemented with in silico studies, described in 
this thesis (chapter 5), has resulted in new insights in how small-molecule ligands bind to 
CXCR3. For the computational studies a homology model for CXCR3 was constructed based 
on the crystal structures of CXCR4 co-crystallized with ligand 1T1t in the minor pocket (TMS1, 
TMs 1, 2, 3 and 7) and the peptide CVX15 in the major pocket (TMS2, TMs 3-7) (35, 36). In 
essence, all these ligands seem to bind in an allosteric fashion, as CXCL11 affinity is hardly 
influenced by the introduced mutations, while quite a number of mutations led to 10 fold or 
more decrease in potency of the small ligands to ‘displace’ CXCL11. However, some mutants, 
including G1283.29H and S3057.39A decreased the affinity of CXCL11 to some extent. This might 
indicate that there is some overlap of binding of small ligands with CXCL11. Unfortunately, 
most mutants showed no appreciable [125I]-CXCL10 binding, highlighting the difference in 
binding modes of CXCL10, and CXCL11, as mentioned above. The interaction of chemokines 
with the receptor is thought to involve a two-step mechanism (chapter 1: figure 4), with an 
initial docking followed by receptor activation. Modifications of the N-terminus of CXCL10 or 
CXCL11 often convert chemokines to antagonists without significant loss in affinity (37-40). 
A few reported small-molecule antagonists for chemokine receptors seem to only antagonize 
chemokine function but not the binding of the chemokine (chapter 1). This might be due to 
allosteric interactions, but could also be explained by partial competition with the second step 
of chemokine binding and receptor activation. This second step generally involves positioning 
of the N-terminus of the chemokine towards the ECLs and TM domains (in particular TM2 
and 3) (7, 41), inducing TM helical movements resulting in receptor activation. Many small-
molecule chemokine receptor antagonists appear to bind in this region as well, providing 
a possible mechanism by which they block receptor activation by the chemokine (chapter 
1) (31, 42-44). In analogy, it can be envisioned that the small-molecule CXCR3 antagonists 
described in this thesis (e.g. VUF11211, AMG487, NBI-74330) also block the interaction of the 
N-terminus of CXCL11 with the TM domains of CXCR3. Although partial competition of these 
ligands with the chemokines cannot be ruled out at this point, the observation that these 
ligands also inhibit chemokine binding, implies an allosteric mechanism of action.

Although VUF11211, NBI-74330, VUF10661, and VUF11418 (biaryl agonist compound 
described in the next section) are suggested to bind allosterically to CXCR3, there are 
topological differences in the specific binding regions involved in ligand-receptor interactions 
for the different ligands (figure 5 chapter 5). In the case of CXCR3, all evidence presented in 
this thesis, points at the TM region as region where small CXCR3 ligands bind. For example, 
in our homology model of CXCR3, NBI-74330 binds to residues in the minor binding pocket 
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(TMS1) including amino acids D2.63, W2.60, F3.32, and Y7.43 (chapter 5: figure 4C), the 
same pocket as the small-molecule IT1t binds in CXCR4 (chapter 5: figure 5A). In addition, 
VUF10661 interacts with i.e. Y1.39, W2.60, F3.36, S7.39, and Y7.43 (TMS1; chapter 5: figure 
4E). Interestingly, VUF11211, with its elongated shape, seems to bind in both TMS1 and TMS2, 
interacting with residues from both these pockets, including W2.60, F3.32, D4.60, and Y6.51 
(chapter 5: figure 4A). According to our model, and in agreement with the previous SAR study 
(24), the negatively charged residue D4.60 engages in an ionic interaction with the basic 
nitrogen present in the ligand.  For the biaryl-type ligand VUF11418 (chapter 7), preliminary 
experiments showed no mutations that decreased its affinity (data not shown). However, 
control experiments where specific blockage of VUF11418 agonism by NBI-74330 was 
observed, together with the lack of functional responses in cells devoid of CXCR3, suggested 
that this compound series mediates its effects through specific binding to CXCR3 (chapter 7). 
In contrast, the mutations Y1.39A and S7.39E led to a more than 10-fold increase in affinity 
of the ligand, suggesting that the compound binds in this region (minor pocket; TMS1), and a 
potential binding mode is shown in figure 3. More in-depth studies are needed to reveal the 
binding mode of this compound series in more detail. A summary figure showing the binding 
modes of the ligands relative to each other is shown in figure 5B in chapter 5.

9.3.1: Radiolabeled small molecules

An inherent difficulty with chemokine receptor studies is that for most of these, only 
radiolabeled chemokines are available to probe the receptor in radioligand binding 
assays. Since these ligands are agonists, their binding is generally influenced by receptor 
conformation (also for [125I]-CXCL10 and [125I]-CXCL11 (see above)), (45, 46) (chapter 1), and 
as a consequence, distinct receptor populations might be labeled with different chemokine 
radioligands (e.g. active, G protein-coupled states). This might even lead to differences 
depending on the cellular context, e.g. receptor expression levels, but also concentrations 
and types of G proteins present. Together with the notion that most small molecules bind 
allosterically, it might be argued that radiolabeled chemokines are not always appropriate for 
determining the affinity of small molecules (as affinity might reflect cooperativity towards 
the chemokine rather than receptor occupancy). As such, a small-molecule radiolabeled 
antagonist would be beneficial in some cases, as it is likely to be insensitive to receptor 
population. Furthermore, affinities for small molecules can be determined more accurately 
using a competitive small-molecule radioligand, as cooperativity is removed from the 
equation. Interestingly, interactions between different classes of small molecules can also 
be investigated with such small-molecule radioligands (e.g. whether one class can displace 
the other).

9.4: A thin line between antagonism and agonism at CXCR3

Besides ligands with either antagonist or agonist properties, we also discovered a biaryl class 
of CXCR3 ligands that showed great differences in functional properties with intriguingly 
subtle modulation of chemical structure (VUF10990 vs VUF11418; figure 1 and chapter 7). 
This is illustrated by moving a halogen from meta to the ortho position on the outer phenyl 
ring, resulting in a change from lack of agonism to full agonism (in case of meta-Br vs. ortho-
Br). Moreover, a greater level of subtlety was unveiled when the substituent on the ortho-
position was increased in size, from hydrogen, via fluor to iodine, which led to the full spectrum 
of CXCR3 efficacies between virtually no efficacy, to partial agonism and full agonism, 
respectively. This indicates that there is an intriguingly thin line between antagonism and 
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agonism in the CXCR3 receptor (chapter 7). In fact, to our knowledge this is the subtlest switch 
able to produce partial or full agonism from an essentially ‘quiescent’ ligand. Nevertheless, 
ligand-based switches have been shown for other chemokine receptors, like CCR3 and CCR5 
(34, 47). The latter also illustrates a relatively subtle switch, furnishing a partial CCR5 agonist 
upon converting a tertiary amide to a secondary amide. In addition, also for the class C GPCR 
metabotropic glutamate receptor mGLU

5
 a subtle switch was found from negative to positive 

allosteric modulation within the small-molecule scaffold of ADX-47273 (48). 

Importantly, our study in chapter 7 provides a first attempt to rationalize these agonist-
switch phenomena for CXCR3 using quantum mechanic calculations, 2D-NOESY NMR, and 
site-directed mutagenesis. A correlation, translated into a QSAR equation, could be derived 
that relates experimental efficacy of the biaryl halogen series to the angle between the 
two aryl rings and the electrostatic potential at the ortho-substituent of the outer ring at 
the vanderwaals radius (r2 = 0.79). The angle of high-efficacy ligands was on average 60° 
while carrying big halogens (Br, I) on the ortho-position of the outer ring (chapter 7). Both 
directionality as well as halogen size is important, demonstrating that the ortho-halogen might 
be engaged in halogen bonding (increasing sigma hole of larger halogens) (49). Preliminary 
modeling showed that VUF11418 binds in the region often involved in receptor activation 
as discussed above (TM helix 2 and -3) (7, 41), where a subtle difference in ligand structure 
might be envisioned to cause a full or partial flip of a residue (e.g. W2.60, F3.32, F3.36) that 
leads to full or partial receptor activation, respectively. Further investigation, addressing the 
molecular mechanism of CXCR3 activation from a receptor perspective, is needed. This can 
be achieved by examining these ligands (and VUF10661) in a functional assay with a panel of 
CXCR3 TM2 and TM3 mutants, rationalized by computational modeling studies.
This way, one can also obtain insight whether CXCR3 agonists bind in the same region 
as utilized by CXCL11 in the second step of CXCR3 activation (N-terminus). Preliminary 
unpublished observations point at F3.36 as an important residue for agonism by all agonists 
(CXCL11, VUF10661, and VUF11418), but this needs to be substantiated further. A binding 
hypothesis of the FPFMK sequence of the N-terminus of CXCL11, suggests that it engages in 
similar interactions as VUF10661 (and VUF11418), suggesting this part of CXCR3 is indeed 
necessary for receptor activation (chapter 5: figure 6). 

9.5: Functional selectivity at CXCR3

The phenomenon of functional selectivity, i.e. different ligands show a preference for one or 
more signaling pathways over others, especially G proteins versus β-arrestins, has gained a lot 
of attention over the past decade (50). In some cases β-arrestin biased signaling is associated 
with beneficial effects, while G protein signaling may cause side effects. Cardioprotective 
effects have been suggested for carvedilol, a β-arrestin biased ligand at both …1 and …2 
adrenoceptors. Carvedilol stimulates epidermal growth factor receptor (EGFR) transactivation 
and ERK1/2 phosphorylation in a G protein-independent fashion (51-53). Interestingly, 
sustained …-adrenoceptor coupling to G

s
 is thought to be cardiotoxic (54, 55), whereas EGFR 

transactivation has been associated with cardioprotection (52). Together, these observations 
suggest that carvedilol, acting as an antagonist of G protein signaling and concurrently 
stimulates cardioprotective β-arrestin signaling, might provide added therapeutic benefit in 
the treatment of heart failure compared to unbiased antagonists that block all adrenoceptor 
signaling (52, 54, 55). Evidence for similar beneficial effects of β-arrestin mediated signaling 
is also found for the Angiotensin AT

1a
 and PTH receptors (56, 57). Conversely, β-arrestin 

signaling might in some cases also be related to adverse effects, like for GPR109A where it is 
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associated with flushing (58, 59). In this case, the development of a G protein-biased ligand 
is suggested for lipid management through GPR109A. Altogether, these findings indicate 
there is therapeutic potential in the use of biased ligands in some cases. Consequently, in our 
studies we also focused on this phenomenon with respect to CXCR3 ligands.

As highlighted in chapter 1, there are quite a number of reports showing differential binding 
and/or functional selectivity of multiple chemokines at a single receptor, defying the notion 
of redundancy in this receptor system. Also for CXCR3 we present evidence in this thesis for 
functional selectivity. CXCL9, which does not seem to induce β-arrestin recruitment at full 
receptor occupancy, produces significant G

i
 protein activation (chapter 6). However, not only 

chemokines, but also small-molecule agonists show functional selectivity. Interestingly, the 
majority of the small-molecule agonists targeting chemokine receptors are very inefficient in 
eliciting chemotactic responses, suggesting functional selectivity (a.k.a. biased signaling). We 
also observed this for CXCR3 agonist VUF10661 and VUF11418 (chapter 4 and unpublished 
observations), which both show low efficacy in provoking chemotaxis of L1.2 cells expressing 
CXCR3 receptors. Moreover, VUF10661 shows equal efficacy in G protein-dependent assays 
compared to CXCL11, like cAMP or [35S]-GTPγS while displaying ‘superagonist’ activity in 
the G protein-independent β-arrestin recruitment assay, indicating that VUF10661 is biased 
towards recruiting β-arrestin proteins (chapter 4).

As mentioned previously, transmembrane domain 2 and 3 have been known to be involved in 
receptor activation, as mutations of some residues, including T2.56P and N3.35A for CXCR3, 
have led to constitutively active receptors (60) (chapter 3). Moreover, mutation of residue 
P2.58 in CCR5 resulted in complete abrogation of receptor signaling, while ligand affinity was 
only affected to a limited extent (41). Alternatively, residue P2.60 in the AT

1
 receptor abolished 

the G
q
 signaling mediated by the ligand angiotensin II, while ERK phosphorylation was 

unaffected, suggesting that this region might be involved in governing ligand bias (60). Since 

Figure 3: Binding models of VUF10661 (green) and VUF11418 (orange). The compounds bind in an overlapping space, 
yet VUF10661 employs more interactions (TMS1 + EL2) than VUF11418 (TMS1) probably responsible for their distinct 
functional behavior. The TM helices are shown in yellow, whereas the sidechains of important binding residues are 
shown in gray.
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VUF10661, VUF11418, and possibly the N-terminus of CXCL11 seem to bind in this region 
(figure 3 & chapter 5: figure 5 and 6), it will be interesting to see whether residues from 
this region in CXCR3 are also involved in the observed functional properties for the different 
CXCR3 agonists. To address this question in the future, a site-directed mutagenesis approach 
complemented with functional assay(s) should be considered. Whether VUF11418 exhibits 
functional selectivity as well, remains to be explored. Although at this point, the therapeutic 
usefulness for ligand bias to either G proteins or β-arrestins in the case of CXCR3 is as of yet 
not clear, it certainly is interesting for a fundamental understanding of CXCR3 activation.

Recently, a number of reports have appeared describing novel intramolecular FRET sensors, 
employing C-terminal fusion of CFP as FRET donor, and FlAsH (a small-molecule) labeling 
or YFP incorporation in IL3 as FRET acceptor to measure receptor responses. In general, the 
results point out that the changes in FRET, as a consequence of ligand-receptor interactions, 
are caused by the relative movement of the fluorophores and in turn the conformational 
changes of the TM domains of the receptor, notably TM5 and 6 (61-63). This is supported by 
the apparent correlation of FRET changes with the used ligand, as partial agonists produced 
partial FRET effects, whereas inverse agonists produced FRET effects opposite to those 
generated by agonists (61, 62, 64). 
Another study using FlAsH on different positions in IL3 (proximal to TM5 or TM6) of the α

2a
 

receptor showed that partial and full agonists produced dissimilar effects at the different 
sensors (63). As such, it is believed that these ligands might favor distinct receptor 
conformations. Along these lines, it will be interesting to see whether internal GPCR FRET 
sensors are able to differentiate functional selectivity of ligands, which is also believed to 
result from distinct receptor conformations (50). To this end we considered such an approach 
to explore the conformational changes of CXCR3 induced by the different classes of (biased) 
CXCR3 agonists and constructed a CXCR3 receptor with a CFP fused to the C-terminus, and a 
FlAsH recognition site in the center of IL3. The details of this technique have been described 
in detail elsewhere (61, 65). Unfortunately, the expression of the resulting receptor construct 
was too low and no significant FlAsH labeling could be observed (data not shown).

A label-free method was also applied to study the integrated responses of CXCR3 receptors 
after stimulation with chemokines or VUF10661. One of the advantages of such a system is 
that no receptor modification (e.g. tagging) is required. The changes in electrical impedance 
as a result of ligand treatment were measured using the xCELLigence system. Interestingly, 
and in contrast to the chemokines, the impedance traces of VUF10661 lacked a shoulder 
and stabilized more quickly. From earlier β-arrestin recruitment experiments we knew that 
VUF10661 is more efficacious in recruiting β-arrestins (chapters 4 and 6), which might be 
envisioned to lead to faster desensitization of receptor signaling, explaining the observed 
faster stabilization (sharper peak) of the VUF10661 trace compared with the ones from the 
chemokines in this assay (chapter 6). 

Exploring the therapeutic potential of biased ligands should be done in in vivo model systems 
for CXCR3-associated disease. An example is the animal model for arthritis used by O’Boyle 
and coworkers, also mentioned in the next section  (66). Without a doubt, critical examination 
of efficacy and adverse effects of such agonist treatments is necessary. Nonetheless, agonists 
certainly unlock new possibilities for targeting CXCR3 in disease (see also next paragraph). 
More importantly at this time, these unique agonists, possessing distinct properties, are very 
useful tools to study the activation mechanisms of CXCR3.
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9.6: CXCR3 as a therapeutic target

Classically, antagonists are considered as treatment of choice in cases of inappropriate 
CXCR3 receptor and/or ligand expression. However, agonists might actually form another 
therapeutic avenue for treatment of CXCR3-associated disease. The selective desensitization 
and internalization of receptors, triggered by agonists, would for example functionally 
remove receptors from the cell surface such that they are not available for interaction with 
chemokines or i.e. HIV-1 gp120 protein in case of CCR5/CXCR4-mediated HIV-1 infection 
(34). As such, this leads to a similar end point: antagonism. Interestingly, a recent report from 
O’Boyle and colleagues highlights even a potential advantage for CXCR3 agonists beyond that 
of antagonists (66). They showed in a humanized mouse model of arthritic inflammation, that 
a small-molecule peptidomimetic CXCR3-specific agonist (PS372424) was able to antagonize 
migration of CXCR3+/CCR5+ human T-cells to a chemotactic gradient of both CXCL11 
and CCL5. This suggests that CXCR3 agonism by this CXCR3 ligand leads to heterologous 
desensization of CCR5 and possibly other chemokine receptors. Indeed, CCR5 surface levels 
were decreased after 24 hr of treatment with the CXCR3 agonist, whereas CXCR3-specific 
antagonist NBI-74330 largely inhibited this effect. This might be an interesting approach, 
especially in a case where multiple chemokine receptors might play a role in a given disease. 
Interestingly, multiple receptors can be targeted without the need to design a separate ligand 
for each receptor. Moreover, the functional antagonism is confined to the cells expressing 
CXCR3, limiting the effect to a certain degree. 

Another therapeutically interesting property of small-molecule chemokine receptor agonists 
(and CXCR3 agonists; chapter 4) (10, 66) is that they are very inefficient in provoking 
migration responses. This could reflect functional selectivity as pointed out earlier in this 
discussion and as suggested for CCR5 (30). However, there is another explanation that should 
be considered in this respect. Chemokines generally bind to glycosaminoglycans (GAGs) on 
the surface of cells. As such, concentration gradients are formed that provide a vectorial cue 
for immune cells to migrate towards that gradient and intravasate into tissues in order to reach 
their destination. Mutant chemokines that do not bind to GAGs, are severely compromised 
in recruiting immune cells, likely because of the lack of a concentration gradient (67-69). 
As small-molecule chemokine receptor agonists do not bind to GAGs, this might account 
for the low efficacies of these molecules in chemotaxis assays, and render them functional 
antagonists for diseases where massive infiltration of leukocytes should be halted. 

Although CXCR3 portrays itself as an interesting therapeutic target in various (rodent) 
animal models, one should definitely consider species differences, which might impede 
the extrapolation of experimental observations in these models to humans. One of such 
difficulties might be a great difference in affinity of a given ligand for human versus rodent 
receptors (>1-2 log units difference). In turn, this might be the result of differences in protein 
sequence of the receptor orthologues. Human CXCR3 shares 85% primary sequence identity 
with CXCR3 expressed in rat or mouse (chapter 3). Despite the differences, the affinity of 
the human chemokines binding to these rodent receptors is highly comparable (chapter 3). 
Likewise, the tested small-molecule antagonists, only showed 0.5 log unit lower affinities to 
these rodent receptors at most (chapter 3) compared to human CXCR3. Based on the similarity 
in ligand affinity across species, rodents seem to be suitable for studying the effects of the 
CXCR3 antagonist classes described in this thesis. Nevertheless, one should be aware that the 
chemokine system is highly complex, and it might be that these rodent models do not always 
reflect the human situation appropriately. Although the majority of reported target validation 
studies point in the same direction, there are some recent reports, that challenge the role of 
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CXCR3 as an important mediator in for example allograft rejection, where a CXCR3-/- mouse 
model was used (70, 71). In this respect, primate models like rhesus macaques might be 
more suitable. There are only two amino acids different between human and rhesus macaque 
receptors in primary protein sequence (not in TM ligand binding pockets), and the affinities of 
all tested ligands are virtually identical to human CXCR3 (chapter 3).

Generally, CXCR3 expression is correlated with disease progression and severity (12). 
Recently, however, a number of publications have reported the possible positive role of CXCR3 
in some (patho)physiological processes, like wound healing and cancer. This is supported by 
the observations that CXCR3 activation (e.g. fibroblasts) seems to contribute to the healing 
of skin injuries, by recruiting immune cells to the site of injury, governing the migration of 
keratinocytes, and by affecting the reorganization of matrix components including collagen 
and fibrillin (72). Absence of CXCR3 or its ligands leads to ineffective and slower healing, and 
hypertrophic scarring (73-75).
In contrast, multiple lines of evidence point both at protective as well as sustaining roles for 
CXCR3 in cancer. On one hand CXCR3 antagonism is found to decrease tumor growth and 
metastasis (76-80), possibly because CXCR3 activation leads to proliferative signaling and 
CXCR3 expression on the tumor cells might lead to metastasis of the tumor cells to tissues 
with relatively high CXCL9-11 expression (16, 77, 81-84). On the other hand, other reports 
show that the presence of CXCR3 or its ligands is associated with slower tumor growth and less 
metastasis (85, 86). The latter might be explained by the recruitment of anti-tumor immune 
cells (87). A novel view that reconciles the apparent contradictory behavior, observed for 
CXCR3, is the presence of different splice variants of this receptor. Alternative splicing of the 
CXCR3 gene leads to expression of CXCR3A, CXCR3B (52 aa longer N-terminus compared to 
CXCR3A), and CXCR3-alt (loss of 3 TM domains as a result of skipping exon 2), where CXCR3A is 
the wildtype receptor studied in this thesis. Unfortunately, little is known about the expression 
patterns and signaling properties of the alternative splice variants CXCR3B and especially 
CXCR3-alt. In contrast to CXCR3A, CXCR3B seems to bind CXCL4 as an additional ligand 
(88), whereas the affinities for CXCL9-11 are generally 10-50 fold lower than for CXCR3A. 
Despite this lack of data, accumulating evidence supports the idea that CXCR3A promotes 
tumorigenesis (78, 79), whereas CXCR3B produces angiostasis (89), possibly by inhibiting 
the anti-apoptotic protein heme-oxygenase-1 as shown by overexpression of CXCR3B in renal 
cancer cells (90). Moreover, circumstantial evidence supporting this functional division of the 
two splice variants is provided by multiple reports that observe a trend for cancers with more 
invasive phenotypes generally exhibiting decreased CXCR3B mRNA expression compared to 
CXCR3A, as in the case of skin and prostate cancer (80, 91). Consequently, the functional 
outcome would then depend on the relative expression of both splice variants in a given 
(diseased) tissue that determines the outcome of disease. However, many studies on CXCR3 
in disease do not distinguish between these splice variants, and the ones that do so, almost 
exclusively do this by detection of mRNA and not protein levels. Altogether, the properties of 
CXCR3A, –B and –alt should be investigated more in-depth in vitro, to answer the question 
whether these receptors indeed have such different signaling behavior, and whether this is 
based on different receptor conformations of CXCR3B (and possibly through CXCL4) that lead 
to differential activation of intracellular signaling yielding effects opposite of that of CXCR3A. 
In essence, this would aid in validation of CXCR3 as a therapeutic target.
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9.7: The biased receptor CXCR7 is uniquely regulated by ubiquitination 

CXCR7 is one of the latest deorphanized chemokine receptors. However, even before being 
deorphanized, a lot of attention was drawn towards CXCR7 (earlier known as RDC-1) owing to 
its expression patterns. CXCR7 shows preferential expression during embryonic development 
and in transformed cells (92). For example, it has been identified in embryonal neuronal 
tissue, guiding the neuronal cell migration of particular neurons, its knock-out resulted in 
heart dysfunction, and, as for transformant cells, high levels of CXCR7 have been detected 
in activated endothelial cells, in gliomas and have been linked to the aggressiveness of 
several types of tumors such as liver, lung, prostate and breast cancer (93-96). From these 
studies it seems that CXCR7 is involved in promoting cell survival and adhesion, however, the 
signaling derived from its activation by CXCL12 or CXCL11 still remains controversial. Some 
reports refer to CXCR7 as yet another so-called decoy receptor, scavenging chemokines and 
reducing the concentration of these in the extracellular space (97-99). In order to characterize 
CXCR7 functionally, we subjected CXCR7 to a plethora of different G protein-dependent 
assays, including [35S]-GTPγS, detection of cAMP levels, inositol phosphates accumulation, 
and others, and found that in contrast to CXCR3, CXCR7 does not activate any G proteins 
(chapter 8) (92, 100, 101). Fueling the controversy, a recent report showed G

i/o
 protein-

dependent signaling in rodent astrocytes and human glioma cells (102), which suggests G 
protein signaling might be possible in some cases. When CXCR7 was studied in a G protein-
independent β-arrestin assay, it was observed that CXCR7 recruits β-arrestin1 and -2 upon 
activation with CXCL11 or CXCL12 (chapter 8). Similar results were also found by other labs 
(100, 103, 104). By activation of β-arrestin the receptor has the ability to signal in a G protein-
independent fashion, and activate proliferative signaling via proteins like ERK-1/2 (104). 
Furthermore, it has been reported that CXCR7 forms dimers with CXCR4, and in this way might 
regulate signaling (e.g. chemotaxis, arrestin recruitment, etc.) by CXCR4 (105, 106). 

Signal transduction by CXCR7 is controlled at the membrane by the process of GPCR 
trafficking. In our studies we identified mechanisms that are key in the regulation of CXCR7 
cell surface levels. We show that CXCR7 is internalized upon ligand exposure and recycled 
within 3 hrs to the cell surface (chapter 8). This internalization is dependent on β-arrestin 
proteins and CXCR7 C-terminal Ser/Thr residues (also reported by (107)). This is in contrast 
to CXCR3 that internalizes largely in a β-arrestin-independent fashion, and is downregulated 
after internalization. Similarly, CXCR4 is also internalized and subsequently degraded (108). 
Another important mechanism of GPCR regulation is ubiquitination, which is the covalent 
addition of a small protein called ubiquitin to lysine residues within the intracellular domains 
of the receptor (109). Classically, ubiquitination of proteins is linked to the degradation 
of proteins (110) via the proteasome and lysosomes. However, more complex roles for 
ubiquitination and deubiquitination processes in GPCR regulation and signaling have started 
to emerge (111). CXCR4 is ubiquitinated by E3 ligase AIP4 upon CXCL12 stimulation, leading 
to sorting of the receptor to lysosomes through the ESCRT pathway (112, 113). Unlike CXCR4, 
CXCR7 is basally ubiquitinated (like the PAR1 receptor (114)), a process seemingly necessary 
for surface expression, as mutation of lysine residues in the C-terminus of CXCR7 resulted in 
a complete loss of cell surface expression (chapter 8). Stimulation of CXCR7 with CXCL12 led 
to transient deubiquitination and internalization of the receptor. Reubiquitination after ligand 
removal led to recycling of the receptor back to the cell surface. Altogether, ubiquitination 
seems to control cell surface expression of CXCR7 instead of ‘classical’ lysosomal degradation. 
Which E3 ligase and deubiquitinating enzyme, and whether β-arrestins are involved in this 
process as observed for CXCR4 (108), remains to be investigated. In addition, our results show 
that the CXCR3 receptor is not ubiquitinated, probably because it lacks cytoplasmic lysines 
(chapter 8). 
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CXCR7 has been reported to regulate the expression levels of CXCR4, thereby modulating the 
chemokine responsiveness, and migration of interneurons (115). It would be interesting to see 
if ubiquitination processes are involved. Recent reports also show that functional selectivity in 
the PTH and μ opioid receptor receptors lead to differential recycling or receptor degradation, 
and consequently also differences in receptor signaling, through dynamic ubiquitination and 
deubiquitination processes (116, 117). It can be envisioned that distinct phosphorylation and 
ubiquitination patterns on CXCR7 might serve as barcodes leading to differential recruitment 
of adapter proteins resulting in activation of CXCR7 signaling pathways stretching beyond 
β-arrestins (and likely distinct from CXCR4), yet to be identified. Therefore, an unbiased 
approach would be beneficial to identify these potential interaction partners. For example, a 
co-immunoprecipitation experiment of CXCR7 and attached proteins, with susbequent mass 
spectrometric analysis could be carried out. This provides a starting point to validate other 
signaling routes that might be utilized by CXCR7 contributing to tumorigenesis. All in all, 
understanding the molecular mechanisms of regulation and signaling of this relatively novel 
receptor CXCR7 in relation to CXCR4 (and CXCR3), will shed more light on its role in cancer, 
and provide handles for the development of therapeutic strategies.

Finally, the differences in apparent function and regulation, as well as the sharing of CXCL11/12 
ligands highlights the importance to revisit reported data on diseases (predominantly cancer) 
previously associated solely to the CXCL12/CXCR4 or CXCR3/CXCL11 axis, with the notion 
that CXCR7 regulates CXCL11 and CXCL12 availability, as well as induction of signaling by 
itself. Importantly, the dual roles that CXCR3 appears to play in some instances (e.g. in cancer) 
that is increasingly attributed to CXCR3A versus CXCR3B, also the levels of CXCR7 expression 
and it’s signaling should definitely be considered. 

9.8: Concluding remarks

Taken together, our data demonstrate that CXCR3 is amenable to allosteric modulation by 
both small-molecule antagonists as well as agonists. These ligands bind differentially to 
the transmembrane domains of CXCR3, whereas the chemokines likely bind more towards 
the CXCR3 N-terminus and ECLs. Furthermore, there seems to be a very thin line between 
agonism and antagonism at CXCR3, and different agonists have been studied, revealing 
functional selectivity in some cases. Our data provide more insight on how these small- 
molecule antagonists and agonists bind to and activate the receptor.

Furthermore, a novel function for ubiquitination in GPCR regulation has been discovered 
for CXCR7, which is opposite to the closely-related CXCR4 receptor which shares its 
ligand CXCL12. Ubiquitination is even absent in CXCR3, which shares the ligand CXCL11. 
Deubiquitination, phosphorylation and β-arrestin recruitment of CXCR7 seems a prerequisite 
for receptor internalization, whereas the ubiquitinated state is key for presence at the cell 
surface, and possibly recycling. Our studies have provided a more detailed characterization of 
CXCR7, which is crucial to our understanding of its role in vivo and in disease.
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