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Summary

The chemokine-receptors field has been rapidly changing over the last three decades.
First thought to only mediate leukocyte trafficking to ensure immune surveillance, their
biological roles have been extended to cell proliferation, differentiation and angiogenesis.
Their functions in several pathologies, including cancer development, autoimmune
diseases, and inflammation have also been described. Furthermore, the identification and
characterization of atypical chemokine receptors added another level of complexity to the
already intricate chemokine receptor network. At present, around 50 chemokines and 20
chemokine receptors have been identified. Each chemokine-receptor induces specific
cellular functions depending on their spatial and temporal expression that result in
appropriate physiological responses.

CXCRS3 is one of the 18 classical chemokine receptors. Together with CXCLS9,
CXCL10, and CXCL11, it mediates the trafficking of activated immune cells towards the site
of inflammation. Interestingly, this chemokine receptor can be transcribed into three
variants: CXCR3-A, CXCR3-B, and CXCR3-Alt. CXCR3-A and —B chemokine receptor
variants differ in their amino sequences and display different characteristics: CXCR3-A
induces cell proliferation and migration while CXCR3-B has an extended N terminus, shows
opposing cellular effects and has been described to induce apoptosis. However, the
underlying mechanism for CXCR3-B biology is still unclear. CXCR3-Alt lacks two
transmembrane helices and displays an alternated C terminal region compared to CXCR3-
A, recognizes all the CXCR3 ligands and its activation leads to its internalization. CXCR3-
Alt’s signaling properties are yet to be discovered. However, CXCR3-Alt has been recently
shown as a positive marker for efficient chemotherapy treatment in bladder cancer.

This PhD dissertation particularly focuses on the CXCR3 chemokine receptor variants
CXCR3-A and CXCR3-B. In chapter 1, an in-depth literature review of their cellular effects
in the tumor microenvironment was conducted. Here, we described that CXCR3-A attracts
immune cells to the tumor bed to counter its development. However, cancer cells are able
to hijack CXCR3-A’s ability to promote immune cell proliferation and metastasis. CXCR3-B,
on the other hand, attenuates cancer development, as overexpression in these cells
reduced their proliferation, as well as angiogenesis.



In the next chapter, a pharmacological comparison of both CXCR3 chemokine
receptor variants was performed. We revealed distinct signaling, receptor distribution, and
trafficking characteristics for each CXCR3 variant. CXCR3-A induced a strong Gi/o protein
activation, B-arrestin recruitment and was internalized following ligand binding. Contrasting
to CXCR3-A, CXCR3-B possess many properties of the ACKR subfamily. For instance,
CXCRS3-B does not induce G protein-mediated signaling while maintaining B-arrestin
recruitment capabilities. Furthermore, it is intracellularly localized in the absence of ligands,
shows different receptor trafficking patterns following receptor activation, and is able to
uptake extracellular CXCR3 chemokines (chapter 2). These atypical attributes of CXCR3-
B could potentially explain their different biological effects in the tumor environment.

This PhD thesis also contains several studies that do not focus on CXCR3-A and
CXCRS3-B. In chapter 3, a study was conducted to investigate the roles of the two cysteine
residues present in the N terminal extracellular domain of ACKR3 and CXCR3 compared to
classical chemokine receptors on ligand binding and activation. Here, we showed that
ACKR3’s activation is less affected by structural changes than classical chemokine
receptors and that ACKR3’s N terminal arch influences the binding of its endogenous
ligands but not its functionality. Similarly, removal of the adjacent cysteines in CXCR3-A's N
terminus did not alter its functionally, however it limited its expression at the cell surface.

The last two chapters describes the discovery of new ligands for ACKR2 and ACKRA4.
By screening all the known chemokines on these two ACKRs, using our highly sensitive
B-arrestin recruitment assay, we found that CCL20 and CCL22 are agonists for ACKR4
(chapter 4) and CXCL10 a ligand of ACKR2 (chapter 5).
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Introduction

1. G protein-coupled receptors

G Protein-Coupled Receptors (GPCRs) form the largest and the most diverse cell
membrane receptor family found in humans. They are grouped into 5 subfamilies,
according to the GRAFS (Glutamate, Rhodopsin, Adhesion, Frizzled/Taste2, and Secretin)
classification system, and can detect a wide variety of extracellular stimuli, including
photons, ions, small molecules, and proteins [2, 3]. GPCRs are expressed on various cell
types and can regulate many physiological processes, including vision, cell migration, and
neurotransmission. However, changes in their structure, expression, or regulation can
result in various pathologies, such as cancer, neurological disorders, or hypertension.
Consequently, GPCRs are seen as high potential drug targets, which is illustrated by the
number of drugs found on the market today that target this family of receptors [4-6].

1.1. GPCR’s tertiary structure

GPCRs have highly diverse amino acid (AA) sequences. Yet, their overall tertiary
structures are much alike [7, 8]. GPCRs fold into a seven helical structure that transverse
the plasma membrane forming an extracellular, a transmembrane (TM), and an intracellular
domain (figure 1). The extracellular domain comprises an N-terminus and three
extracellular loops (ECLs). Together, they recognize and bind most extracellular signals.
Moreover, the ECL2 loop differs in AA sequences and one conserved disulphide bridge
between the ECL2 and the top of TM3 is found in many GPCRs. The TM domain is
composed of 7 TM alpha helices and has a specific architecture that is held together by
inter-TM contacts made by position-conserved equivalent AAs. Particularly, the third TM
has an important structural role in maintaining the GPCR’s fold in an inactive, intermediate,
or active state. The intracellular domain consists of three intracellular loops (ICLs) and a
flexible C-terminus. This domain forms the interface between the receptor and the different
intracellular effectors, such as heterotrimeric G proteins, that transduce the extracellular
stimuli into the cellular responses [2] and regulators, including G protein-coupled receptor
kinases (GRKs) and arrestins involved in receptor desensitization.

1.2. GPCR activation

GPCRs are dynamic proteins: they can adopt diverse conformational states, for
example active or inactive. In the absence of ligand, GPCRs can exhibit different levels of
intrinsic or basal activity. However, GPCRs can also shift from an inactive to an active
conformation after ligand binding by undergoing structural changes [2, 4]. Based on
available structural data of GPCRs within the rhodopsin subfamily in an active and inactive
conformation, a general trend in structural rearrangement is observed: activation of the
receptor induces changes in the TM3-TM5 and TM5-6-7 interface that results in a narrower
binding pocket and a large-scale rearrangement of the cytoplasmic side. The former
strengthens the interactions between the ligand and the receptor, while the latter gives rise
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Figure 1 | Topology and structure of GPCRs. GPCRs are composed of 7 transmembrane alpha helices (TM) (blue) that are
connected by three extracellular (ECLs) and intracellular loops (ICLs) (orange).

to an opening intracellular side used for the binding of intracellular effectors or regulators.
However, not all ligands necessarily fully activate the receptors. Some receptors enter an
intermediate conformational state after ligand stimulation and become only fully active once
effector molecules or other interacting partners are recruited [2].

The binding of a ligand to a GPCR mostly triggers an intracellular response, which is
concentration-dependent. The representation of the cellular response in function of the
ligand concentration is called a dose-response curve. From this representation, various
types of ligands are observed: full agonists, partial agonists, antagonists, and inverse
agonists. A ligand that produces a maximal response at the highest concentration tested is
called a full agonist. Ligands that induce only a fraction of the maximal response after
binding to the receptor are referred to as partial agonists. Antagonists are unable to elicit a
response and inverse agonists can lower a receptor’s basal intrinsic activity [9].

1.3. GPCR’s signaling and desensitization

GPCRs couple to heterotrimeric G proteins. These protein consist of a Ga subunit
(Gai/o, Gas, Gaqg or Ga12/13) and a heterodimeric complex GBy formed by a G and Gy
subunit. Upon receptor activation, G proteins are recruited to the receptor and undergo
conformational changes that allow the exchange of GDP for GTP, which leads to the
dissociation of the Ga and Gy subunits. Once dissociated, each subunit activates effector
enzymes, such as adenylyl cyclases (AC), phospholipase C (PLC-B) and ion channels, that
induce changes in secondary messenger levels, including cAMP and calcium (figure 2 and
figure 3). However, most GPCRs only activate one or a set of specific signaling pathways,
which is dependent on the activated Ga subunit, due to specific receptor-G protein
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interactions formed by unique residues in the N terminus and C-terminal helix of the Ga
subunit and intracellular binding pocket of the receptor [10-12].

To dampen the G protein-mediated signaling, GPCRs need to be desensitized. The
latter is initiated by G protein receptor kinases (GRKSs) or other proteins, including PKA and
PKC, and is mediated by arrestins. GRKs phosphorylate specific threonine and serine
residues present in the receptor’s C terminal tail and ICLs, generating arrestin-binding bar
codes, which are used by arrestins to bind to the receptor, uncouple G proteins from the
receptor by steric competition, and initiate receptor endocytosis in a clathrin-dependent or
independent manner. After being internalized, the receptor is either targeted for degradation
or will be dephosphorylated and recycled back to the cell surface (figure 3). Of note, these
arrestin bar codes induce different arrestin conformations that influence the binding to the
receptor and activation of arrestins. Dependent on the conformation, binding sites for
certain effectors are exposed, which regulate the activated G-protein signaling and the
receptor’s desensitization [5, 13-15].

Besides their role in receptor desensitization, it was proposed that arrestins can
initiate the MAPK pathway in a G protein-independent manner [16, 17]. This B-arrestin-
dependent signaling was recently questioned using ‘zero functional G protein’ knockout
HEK293 cells. These knock-out cells were unable to phosphorylate ERK proteins and
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Figure 3 | GPCRs activation and desensitization. The binding of a ligand to its receptor induces structural rearrangements,
which promotes the exchange of GDP for GTP that leads to the dissociation and activation of the coupled heterotrimeric G
protein. The dissociated G protein subunits activate secondary messengers that initiate the corresponding downstream
signaling pathways. The desensitization of the receptors involves the recruitment of G protein-coupled kinases (GRKs) to
phosphorylate the receptor’s C-terminus. The latter creates a scaffold for the binding of arrestins, which uncouples the
receptor-bound G protein, due to steric hindrance, and initiates the internalization of the receptor. Once the ligand-receptor
complex is internalized, dissociation of the ligand and arrestin together with the dephosphorylation of the C terminus occur.
Subsequently, the receptor is either degraded, together with its ligand, or is recycled back to the plasma membrane.

induce whole-cell responses. However, receptor internalization through B-arrestins was still
possible [18, 19]. Yet, another report described a decrease in ERK signaling after down-
regulation of B-arrestin, using silencing RNA (siRNA), confirming the B-arrestin-dependent
ERK signaling and the unpredictability of cellular effects of G protein and (3-arrestin knock-
out cells [20]. Together, both studies illustrate the complexity of G protein and B-arrestins
functionality in regulating GPCRs and raise caution in interpreting data originated from
knockout experiments as the overall complexity of cells cannot be reduced to simplistic
models [21].

1.4. Biased signaling of GPCRs

Although GPCRs can trigger numerous downstream signaling events, certain ligands
or receptors preferably activate or inhibit particular signaling pathways. This phenomenon
is referred to as “biased agonism” or “functional selectivity” and can be linked to any of the
components that contribute to GPCR signaling, including the ligand, the receptor, and the
system (tissue or cell) that expresses the receptors and the effectors [2, 5].

Ligand bias refers to different ligands that bind to a common GPCR but trigger
distinct or preferential downstream signaling pathways. These ligands induce and stabilize
different GPCR conformations that result in a different coupling of intracellular effectors, for
example, a preferred G protein instead of arrestin coupling. Despite G proteins and
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arrestins sharing a common binding site, the selectivity for arrestin or G proteins binding is
achieved by slight conformational changes or subtle fluctuations that favor one over the
other by strengthening or weakening certain interactions [4, 5, 22]. Receptor bias
describes the induction of distinct signaling events by two receptors after activation by a
common ligand. These two receptors are phylogenetically different or can be generated by
alternative splicing of the reference receptor gene resulting in mutations, C-terminal or N-
terminal modifications. These modifications change the receptor’s overall structure
compared to the reference receptor, which alters the receptor’s ability to bind certain
intracellular effectors resulting in the activation of distinct signaling pathways. For example,
a GPCR that lacks phosphorylation sites at its C-terminus will be unable to recruit arrestin
and trigger different signaling events compared to a GPCR with phosphorylation sites, while
binding a similar ligand. Tissue bias is observed when two different tissues, which express
the same receptor, induce different biological effects following receptor activation by the
same ligand. This bias occurs when the expression of specific effectors or regulators, such
as GRKs, regulators of G protein signaling (RGS), arrestins, or the elements of the
downstream signaling pathways, differs in a particular cell type or tissue compared to
another. For example, a higher expression of a particular GRK or RGS in a cell type could
influence a more pronounced arrestin-mediated pathway than in a cell type lacking GRKs,
which will induce stronger G protein-mediated signaling (figure 4) [5].

1.5. Ligand selectivity of GPCRs

GPCRs can recognize one or multiple endogenous ligands and are able to
discriminate them by adopting different architectures of their ligand binding pocket
according to their distinct AA sequences. Their different tertiary structures result in
orthosteric binding pockets that enable them to specifically accommodate their endogenous
ligands and discriminate non-cognate molecules.

Ligand bias Receptor bias Tissue bias

Tissue 1 Tissue 2

Pathway 1 Pathway 2 Pathway 1 Pathway 1 Pathway 2 Pathway 1 Pathway 1 Pathway 2 Pathway 1

Figure 4 | Biased GPCR signaling. Ligand bias occurs when different ligands that bind to a common GPCR trigger distinct
or preferential downstream signaling pathways. Receptor bias refers to the induction of distinct signaling events by two
receptors after activation by a common ligand. Tissue bias is observed when two different tissues, which express the same
receptor, induce different biological effects following receptor activation by the same ligand.
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For GPCRs within the rhodopsin and secretin subfamily, the orthosteric site is formed
by the TM domains and the ECLs and comprises of two binding pockets: the minor binding
pockets, which form an interface with the TM1, 2, 3, and TM7 near the N-terminus, and the
major binding pocket, which interacts with all TMs except with TM1 and TM2. The major
binding pocket is the preferred binding pocket for the endogenous small ligands, while
larger ligands, such as peptide and protein ligands, interact with both the minor and the
major pocket [23]. The diverse AAs within the orthosteric binding pockets position the
different ligands in a particular way that allows them to discriminate endogenous ligands
[24, 25]. Additionally, the N-terminus and the ECL2 of the rhodopsin-like GPCRs, for
instance, fold into varying, conserved structures, including B-hairpins and short a-helices,
which participate in different binding modes depending on the ligand. In particular, they
either shield the ligand-binding pocket from the environment, for example the binding of
hydrophobic molecules, or leave the orthosteric site water-accessible after the binding of
water-soluble ligands [2].

As mentioned above, the orthosteric site of the rhodopsin and secretin GPCR family
is similar. However, based on recent cryo-EM structures of two secretin GPCRs, the
calcitonin receptor and the GLP-1 receptor with their endogenous ligands, the binding site
of these ligands appears to be larger and more extended than the orthosteric site of
rhodopsin-like GRPCs [26, 27].

The glutamate subfamily distinguishes itself from the other GPCRs by its extracellular
domain, which contains a Venus flytrap that functions as its primary binding site for
endogenous ligands, and adhesion GPCRs differ from the other GPCRs by its large, multi-
domain N termini and an autocatalytic GPCR proteolysis site. This autoproteolytic cleavage
site can expose a tethered ligand, which can activate this receptor’s signaling [28]. Frizzled
GPCRs, on the other hand, have a cysteine-rich extracellular region that binds
glycoproteins from the Wingless/Int1 (WNT) family. Structural data of WNT-8-FDZ8-dimeric
cysteine-rich domain (CRD) complex revealed that the lipid moiety of the ligand lies in a
lipophilic groove on the CRD [29]. This binding site differentiates Frizzled GPCRs from other
GPCRs subfamilies.

1.6. Alternative splicing of GPCRs

Many genes encoding for GPCRs contain one or multiple introns. Removing or adding
one of these introns by alternative mRNA splicing, generates receptor isoforms or receptors
with structural differences compared to the reference receptor. These structural changes
can occur in many different receptor regions, however, each subfamily within the GPCR
shows a ‘preferred’ splicing outcome. For example, isoforms within the secretin receptor
family have truncated N terminal ends, which alter their interactions with extracellular matrix
proteins and their functionality. In contrast, glutamate receptor isoforms mainly present
shorter C terminus, which impairs their oligomerization potential. Alternative splicing of
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rhodopsin-like receptors can result in isoform with either N or C terminal truncations [30,
31].

Within a specific tissue, the reference receptor and its isoforms can be expressed at
the same time. This simultaneous expression of both receptors could lead to a non-desired
tissue response than when the reference receptor or isoform would solely be expressed in
the same tissue. This biological effect indicates that isoform-dependent biological effects
are important factors to be considered when predicting the outcome of a particular drug
[30]. For instance, the adenosine 2A receptor and its isoform, which lacks a phosphorylation
site at its C terminus, form dimers with the dopaminergic D2 receptor. However, the dimer
formed with the A2 receptors isoform exerts a negative allosteric modulation following the
binding of selective A2AR antagonists. This negative modulation was found to be the root
cause for the molecule’s anti-Parkinsonian effect. Therefore, evaluating the overall
expression of the receptor isoforms in particular tissues, as well as understanding the
isoform-specific signaling events and structure to develop isoform-specific drugs, would
allow to obtain a more precise biological effect that would lead to a desired outcome [31,
32].

2. The chemokine receptor family

2.1. Chemokine receptors and their ligands

Chemokines are small, secreted proteins that belong to the family of the cytokines and
were named based on their ability to induce directional migration of leukocytes
(chemotaxis). Chemokines vary in molecular weight (8-14 kDa) and share a conserved
tertiary structure, despite having a low sequence identity. Their structure consists of an
adaptable N-terminus, followed by a cysteine motif and an N-loop, three p-sheets, that are
connected by a 30s and 40s loop, a C-terminal a-helix, and a flexible C-terminus (figure 5).
The cysteine motif forms intramolecular disulfide bridges that are crucial to maintain their
conserved fold and allows us to categorize the chemokines into four families (C, CC, CXC,
and CX3C). The first three families are separated based on the number of AA in-between
the two N-terminal cysteines within the cysteine motif: the CC-family has adjacent
cysteines, and the CXC- and CX3C-families have one and three AAs that separates the
cysteines, respectively. Also, sub-families can be distinguished based on additional
features within the CC and CXC chemokines. CC chemokines can have additional
cysteines at their C-terminus and CXC chemokines can be distinguished by the presence
or absence of the ELR (glutamic acid-leucine-arginine) motif. Exceptions are the two
chemokines CX3CL1 and CXCL16, which have an a-helical transmembrane C-terminal
extension [33-35].

Chemokine receptors (CKRs) belong to the rhodopsin-like GPCR family and are
divided into two groups: the classical (CCKRs) and atypical (ACKRs) chemokine receptors.
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Figure 5 | Schematic representation of the structure and classification of chemokines. (A) Chemokines consist of a
flexible N-terminus, followed by three anti-parallel B-sheets, and ends in a C-terminal a-helix and flexible C-terminus. The
overall tertiary structure is held together by loops, including N, 30s and 40s loop, and is stabilized by intramolecular disulfide
bonds. (B) Schematic classification of chemokines is based on the number and arrangement of their preserved cysteines, C.
Linked cysteine residues, by red line, form disulfide bridges. ELR represents the glutamic acid-leucine-arginine motif and X
one particular of the 21 amino acids.

The classical chemokine receptors are further classified as CCR, CXCR, XCR, and CX3CR
based on the family of chemokines they recognize (figure 6). The atypical chemokine
receptors form a separate subfamily due to their distinct features that differ from the
classical chemokine receptors (explained in section 2.4.2). Each chemokine receptor can
bind one or several chemokines and, similarly, a chemokine can bind to one or several
CKRs. Moreover, CKRs can interact with various G proteins, while others recruit a particular
G protein [35, 36].

2.2. Chemokines and their receptors are multifunctional regulators

The discovery of interleukin-8 (IL-8 or CXCL8)-mediated neutrophil migration
revealed the primary function of the chemokine family, namely, to set leukocytes in motion
[37]. Consequently, most researchers have focused their effort on elucidating the
chemokine-chemokine receptors-axis that positions leukocytes in homeostasis and
inflammatory conditions [38]. Due to the dynamic, spatial, and temporal expression of
chemokines and their receptors, these are divided into two groups based on their contextual
expression: homeostatic or inflammatory conditions [39-41]. Homeostatic chemokines and
their receptors are constitutively expressed under normal conditions. They regulate the
trafficking of leukocytes to specific tissues to be prepared for upcoming threats. T cells that
express CCRY7, for example, are recruited to the lymph nodes by CCL19 and CCL20, and
CXCL12 attracts CXCR4+ hematopoietic stem cells (HSCs) in the bone marrow to create
HSCs rich regions. Inflammatory chemokines are only upregulated at the site of
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Figure 6 | Schematic overview of the chemokine receptors and their respective chemokines ligands. Adapted from
Sommer, F, et al, 2020.

inflammation after activation by pro-inflammatory cytokines. Together with their induced
CKR expressed on inflammation-regulating leukocytes, inflammatory chemokines attract
immune cells to the damaged tissue to mediate the inflammation. Upregulation of CCL2 in
inflamed airways, for instance, causes monocytes extravasation from the bone marrow and
migrate to the inflamed region. Similarly, activated T cells and neutrophils follow a
CXCL9-11 and CXCL1-CXCL8 chemokine gradient towards the damaged or septic tissue.
Dual-type chemokines with inflammatory and homeostatic features are also observed.
However, depending on the context in which their cognate receptor is expressed, only one
feature manifests [37, 42].

Additional functions of chemokines and their receptors, other than the induction of
chemotaxis, have also been observed, including the induction of cell adhesion, proliferation,
differentiation, angiogenesis, survival, exo-, and endocytosis. All these functions help to
maintain immune surveillance, support, and mediate precise immune responses and are
also involved in the development of lymphoid tissues [37, 42].

2.3. Chemokine/chemokine receptor interactions
2.3.1. Binding mode of chemokines on chemokine receptors
Before chemokine-receptor structures were obtained, in vitro experiments using
mutagenesis, peptides derived from receptor N-termini, or soluble scaffolds containing

chemokine receptor elements revealed the importance of the chemokine’s N-terminus and
global fold. The chemokine’s N-terminus interacts with specific AA in the orthosteric site and
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the chemokine’s globular core and the receptor’s extracellular domain form an interplay that
determines the overall binding affinity and selectivity of the chemokine necessary to
activate the receptor. Based on these observations, a two-site/two-step activation model
was proposed. First, the receptor’s N-terminus binds the globular core of the chemokines
and initiates the chemokine’s binding to the extracellular domains of the receptor
(interaction is referred to as chemokine recognition site 1, CRS1, and first step). Secondly,
the correct binding of the globular core of the chemokine to the receptor orients the
chemokine’s N-terminus into the helical domain that activates the receptor (referred to as
chemokine recognition site 2, CRS2, and second step) [43-45].

The determination of chemokine-receptor structures, including US28-CX3CL1 and
CCR5—[6P7-CCL5], and CXCR4-vMIP-2, confirmed and refined the known CRS [46-49].
The distinct binding site for the receptor’s N-termini on the chemokine or the CRS1-site
could be defined by a groove created by the N-loop and the 40s loop near the 3rd
antiparallel B-sheet, despite lacking the full structure density of the N-terminus. Specific
binding sites of the chemokine’s globular core with the receptor’'s ECLs were additionally
observed. Moreover, each complex showed distinct binding modes suggesting that each
chemokine interacts specifically with the extracellular domains of its cognate receptor to
ensure their correct positioning. These structures also confirmed the CRS2-site; the
interaction of the chemokine’s N terminus in the binding pocket of the helical bundle of the
receptor. Interestingly, a new chemokine recognition site CRS1.5, positioned in-between
CRS1 and CRS2, was unraveled. This CRS1.5 site is proposed to act as a pivot to position
the chemokines on the receptor and to amplify the interactions of the receptor’s N-terminus
with the chemokine’s body and the disulfide bond of the receptor N-terminus with ECL3,
which aligns the receptor N terminus in the groove of CRS1. Indeed, the superposition of
the current structures revealed that all chemokines sit differently on the extracellular parts
of the receptor [46-48, 50]. Furthermore, another chemokine recognition site, CRS0.5, has
been proposed after the modelling of the ACKR3:CXCL12 complex. This complex showed
a distinct interaction site for the end of receptors N terminus with the $1-strand of the CXC
chemokines. CRSO0.5 is suggested to mimic the CXC chemokine dimerization and could not
be detected in the current structural complexes due to the low structural density of this
region [51, 52].

Furthermore, to date, various chemokine receptor structures with their natural binding
partners, including CCR5-CCL5[6P4]-Gai, CXCR2-CXCL8-Gai and CCR6-CCL20-Gao
complex, are available. All these structural data reveal distinct activation processes for each
chemokine-receptor partner and provide more insight into the binding mode of different G
proteins towards chemokine receptors and GPCRs in general [49, 53, 54].

A recent study functionally investigated the two-site/two-step model using CCR1 N-
terminus peptides and chimeras of cognate and non-cognate ligands CCL7 and CCL2,
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respectively. Based on the results, a three-step activation model was proposed, in which all
two previously described CRS sites contribute to the binding affinity, but a third step is
required for the activation of the receptor (figure 7). This three-step model considers
different kinds of ligands, including cognate and non-cognate ligands, which can interact
with the chemokine receptor [55].

Of note, a particular molecular signature of chemokine receptors is the disulfide bridge
that connects the N-terminus and ECL3 of the receptor. This pseudo-ECL4 participates in
guiding the chemokine into the ligand-binding pocket and in receptor activation [56]. For
instance, mutation of the pseudo-ECL4 cysteine residues of chemokine receptor CCR6
impaired its response to CCL20 activation [57].

2.3.2. Chemokine receptor activation and desensitization cycle

The activation of chemokine receptors starts with the binding of a chemokine. This
interaction induces conformational changes in the receptor that enables the activation of its
associated heterotrimeric G proteins through the exchange of GDP for GTP in its catalytic
site. Following the nucleotide exchange, the G protein dissociates into the Ga and Gy
subunit, each initiating distinct downstream signaling pathways. Chemokine receptors
mainly activate Gai and Gao proteins. This subunit inhibits the adenylyl cyclase enzyme,
which leads to a decrease in the cellular cAMP levels. Together with the GBy subunit,
increases in the intracellular calcium levels and activation of various signaling pathways,
including MAPK/ERK, PKA, and Akt pathways, are observed [58]. Other chemokine
receptors, including CXCR1, CXCR3 and CCRS5, also activate the Gaq protein following
ligand binding. Using the Gai inhibitor PTX, CXCR1 could not fully reduce the calcium influx

Structural
re-arrangement
—_—
Receptor
activation

Detection of chemokine

B ———

Positioning of chemokine

Figure 7 | Mechanistic model of the three site/three step model of chemokine-receptor binding. First, the fast but low
affinity binding of the chemokine to the receptor’s N-terminus occurs. Next, the chemokine binds slowly and oriented itself on
the receptor, which results in high affinity and selective binding. In the last step, a conformational state change occurs that
activates the receptor. CRS1 comprises all of the interactions made by the N-terminus of the receptor with the globular core
of the chemokine. CRS1.5 site results of the interactions of the residues near the cysteine motif of the chemokine with the
residues near the proline in the receptor’s N-terminus. CRS2 consists of the binding interactions of the chemokine’s N-termini
in the receptor’s binding pocket.
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after IL-8 binding, suggesting a Gaq dependent signaling [59]. In memory CD4+ T cells,
activation of CCR5 increases GTP-yS binding to Gaq protein but not in naive CD4+ T cells
in which CCRS5 is not expressed [60]. Also, CCR7 and CXCR4 have been shown to induce
Gaq dependent signaling events in DCs [61].

The desensitization of activated chemokine receptors is primarily mediated by (GRKs)
and arrestins. GRKs, more specifically GRK2, GRK3, GRK5 and GRKG, phosphorylate the
chemokine C-terminus, which allows B-arrestins to bind to the receptor, uncouple G
proteins and trigger receptor internalization. Once internalized, the chemokine receptors
can be targeted for degradation or recycling back to the cell surface after being dissociated
from arrestins and dephosphorylated [15].

Chemokine receptors can be internalized even in absence of ligand, such as ACKR3
[62]. The binding of a chemokine to its receptor, however, enhances its internalization and
trafficking in the intracellular compartments. The receptors’ endocytosis can be mediated in
a clathrin or clathrin-independent manner, where the latter is regulated by lipid raft/
caveolae. However, the primary mechanism used by chemokine receptors for their
endocytosis is clathrin mediated. This internalization process is dependent on two major
adaptor molecules: adaptin-2 and -arrestin. Once the receptor is associated with these two
proteins, clathrin is recruited to form clathrin-coated pits, which will detach from the cell
plasma membrane with the help of dynamin. Once the pits are detached, the clathrin
molecules will be removed from the vesicle before the receptor enters the endosomal
compartments [63]. Recently, the need of B-arrestins to internalize receptors has been
challenged for ACKR2, ACKR3 and ACKR4. Using cells lacking those effector proteins, the
ACKRs were still able to scavenge extracellular chemokines indicating a B-arrestin
independent internalization of the receptors. However, the uptake of the chemokine was
less pronounced suggesting that B-arrestins could enhance their scavenging activities
[64-67].

Rabs are GTPase proteins that regulate several trafficking events, including
chemokine receptor trafficking, and affiliate with the endocytic compartments. One Rab is
attached to a distinct endocytic compartment. For example: Rab5 mediates the trafficking
of early endosomes, Rab7 regulates the movement of late endosomes towards the
lysosome, and Rab11 or Rab4 arbitrates the slow or rapid recycling of endosomal
compartments, respectively. Each of these endosomal compartments, together with their
associated Rabs, play important roles in the trafficking of the chemokine receptor [63].

2.3.3. Biased signaling of chemokine receptors

The chemokine receptors and their ligands form a highly intricate network, in which
many chemokines can bind different chemokine receptors and vice versa. The number of
chemokines for the number of chemokine receptors hints towards redundancy. However,
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the growing body of evidence on chemokines spatial and temporal expression in
homeostasis and during inflammation, their binding potency and efficacy implies that this
promiscuity ensures a certain degree of specificity to regulate the chemokines-receptor
interactions and to fine-tune the immune response using functional selectivity or biased
agonism, that is ligand, receptor, or cellular context-dependent [68, 69].

For instance, the chemokine receptor CCR7 binds the chemokines CCL19 and
CCL21. Although both chemokines have been reported to be able to induce G protein
activation and arrestin recruitment upon activation, only CCL19 was able to internalize the
receptor [70, 71]. Other ligand biases have been described for CCR1, CCR5, CCR10,
CXCR1, CXCR2, and CXCR3. CCL23 was shown to be efficient in internalizing CCR1
compared to CCL3 or CCL5, although showing similar G protein signaling and arrestin
recruitment profiles. Likewise, both CCL27 and CCL28 reduce cAMP levels through
CCR10, but only CCL27 can recruit B-arrestins and trigger receptor internalization [72].
Moreover, chemokine receptors bind different Gai/o proteins isoforms. CCR5 binds to the
Gai1-3 and Gooa and Gaob G protein isoforms. CCL5 was shown to have a higher efficacy
to activate Gai1-3 and Gaob isoform in contrast to CCL3 and CCL4 that activates Goa with
higher efficacy [73].

Biased signaling can also be chemokine receptor dependent. Chemokine receptor
bias has been best exemplified by the classical and atypical chemokine receptors. CXCL12
and CXCL11 trigger G protein activation and arrestin recruitment towards their kindred
chemokine receptors, CXCR4 and CXCR3 respectively, yet, both chemokines also bind the
atypical chemokine receptors ACKR3, a chemokine receptor that is unable to trigger G
protein-mediated signaling but still recruits (3-arrestins [74-76].

Tissue biases have also been reported. For example, DCs migrate to secondary
lymph nodes, following a CCL19-mediated gradient, through CCR7 activation, while T-cells
expressing CCR7 remain unresponsive to CCL19 in the same tissue [77]. This cellular
effect has been attributed to a Gaq protein-dependent chemotactic migration of DC, but not
of CD4+ T-cells. Additionally, bone marrow-derived neutrophils also showed Gaq protein-
dependent chemotactic migration for CCR1, but not for CXCR1 or CXCR2, after chemokine
activation [61].

2.4. Chemokine regulation and its impact on receptor activation
2.41. Chemokine-receptors post-translational modification
24.1.1. N and C terminal truncations of chemokines
Truncation of chemokines can occur at their N or C terminus or chemokines can be

cleaved internally. The formers are mediated by various chemokine-modifying proteases,
such as dipeptidyl peptidases and members of the matrix metalloproteinases (MMP) family,
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while the latter is done by endopeptidases. These proteolytic truncations have been
extensively observed in vivo and studied in vitro [78].

The first discovered chemokine, CXCL8, showed high N-terminus heterogeneity in
vivo, and functional investigation of these truncated forms revealed enhanced chemotactic
activities [88-92]. For many chemokines, like CXCL8, the removal of N-terminal residues
results in enhanced activity, including CXCL1, CXCLS5, CXCL7, CCL3, CCL4, CCL14, and
CCL23. In the case of CXCL7 and CCL14, the cleavage of their N-terminus is a prerequisite
to exert their biological role. Each protease recognizes a specific amino acid sequence
within the chemokine’s N terminus resulting in the cleavage of peptides with different
lengths. For example, dipeptidyl peptidases 4, a serine exopeptidase, generate X-proline or
X-alanine dipeptides, MMP9 cleaves after lysine or serine and MMP2 can break peptide
bonds after arginine or in between a serine and lysine. However, for other chemokines,
including CXCL11, this N-terminal post-translational modification results in an impaired
chemokine activity on CXCR3, but not for ACKR3 [79-84].

The dipeptidyl peptidase-4 (DDP4 or CD26) is one of the major chemokine modifying
proteases. This enzyme removes predominantly the two first N-terminal residues of many
known human chemokines, at the X-proline motif site, which are important for the activation
of the chemokine receptor. Hence, this protease lowers the activity of most chemokines,
including CXCR3 agonists [94-96]. Interestingly, chemokines, including CCL7 and CCL13
can be protected from CD26 cleavage by N-terminal cyclization of their glutamine into
pyroglutamic acid [85].

In addition to truncation of the chemokine's N-terminus by matrix metallopeptidases,
C-terminal cleavage by these proteases has also been described. For example, the MMP-8
and MMP-9 cleave the C-terminus of the ELR- CXC chemokines CXCL9 and CXCL10
resulting in lower activity [99].

Interestingly, these various chemokine modifying proteases were shown to be
upregulated during inflammatory conditions suggesting an important role in mediating the
activity and bioavailability of inflammatory chemokines [82, 86].

241.2. Glycosylation and citrullination of chemokines

The addition of sugars moieties or glycosylation to chemokines has been observed,
yet its biological role is still largely unknown. O-glycosylation of CCL11, CCL5, CCL14, or
CCL2 has been described, but this post-translational modification did not affect the
chemotactic activity for CCL11 or CCL5. However, the glycosylation of CCL2 in its C-
terminal region showed an impaired, but more lasting, activity to induce chemotaxis
suggesting an improvement in its functional stability [87-91].
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Citrullination, or the conversion of arginine to citrulline, impacts the chemokine
interaction with their kindred receptor and glycosaminoglycans (GAGs) due to its alternation
in the amino acids’ charge. Citrullination of CXCL5, CXCL8, CXCL10, CXCL11, and
CXCL12 has been detected in vivo, and while this post-translational modification
potentiates the chemotactic activity of CXCLS, it impairs the activity of CXCL5, CXCL10,
CXCL11, and CXCL12 [92-98].

2.41.3. Chemokine receptor post-translational modifications

Chemokine receptors are also subjected to post-translational modifications. These
include the formation of cysteine bridges, glycosylation, sulfation, phosphorylation, and
ubiquitination. In general, these modifications alter the recognition of the receptor by its
cognate chemokine or the ability of the receptor to interact with intracellular effectors and
regulators, which results in modified signaling events [78].

The N- or O-glycosylation of the N-terminus of the chemokine receptors CCRS,
CCR7, CXCR2, or CXCR4, and their influence on chemokine binding have been described
[99-102]. The glycosylation of CCRS5, for example, increases the binding affinity of its
chemokines, yet it does not alter its binding with HIV-1 [99, 102]. Different leukocyte subsets
show distinct glycosylation profiles of the chemokine receptor CCR7, each differently
affecting its signaling [100].

The most common post-translational modification of chemokine receptor’s N-terminus
is the addition of a sulfate group to the extracellular tyrosine. In fact, the addition of this
negative charge has been described for many chemokine receptors, including CCR3 [103],
CCRS5 [104], CXCR3 [105], and CXCR4 [106], which resulted in enhanced chemokine-
receptor interaction and activity. Furthermore, it ensures specificity for the different
endogenous ligands and has an impact on the dimerization of chemokines. For example,
CXCR3’s tyrosines at positions 27 and 29 required to be sulfated for the binding and
activation of the receptor by CXCL9, CXCL10 as well as CXCL11 [105, 107].

The formation of disulfide bridges between two sulfhydryl-groups from cysteine
residues is key to ensure proper folding of the receptors and, consequently, their
functionality. The formation of the disulfide bond between the cysteines positioned at the
end of the ECL1 and the middle of ECL2, known for most GPCRs from the rhodopsin family,
and the chemokine receptor specific disulfide bridge between the receptor’s N terminus and
ECL3 are key post-translational modifications that in their absence impairs the receptor’s
activity and chemokine binding [57, 108]. Moreover, in ACKR3 an additional cysteine
disulfide bridge, formed by the cysteines located in its N terminus at positions 21 and 26,
gives rise to a 4 AA N-terminal loop. This N-terminal loop is unique for the ACKR3
chemokine receptors, although CXCR3 has two adjacent cysteines at position 37 and 38
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(see chapter 4). All presently known chemokine receptors do not have analogous cysteines
[51, 56, 109, 110].

Further post-translational modifications are the phosphorylation of the C-terminal tails
of chemokine receptors, which is needed to bind arrestin and induce receptor
desensitization. Palmitoylation and ubiquitination of the receptor also influence the
receptors’ function and trafficking [63]. CCR5, for instance, has been shown to have
palmitoylated cysteines in its C terminus, which plays important roles in receptor
distribution. Substitution of palmitoylated cysteines with alanines resulted in CCRS5 rich
clusters within the endoplasmic reticulum instead of being diffused that resulted in a lower
trafficking rate and, ultimately, extracellular expression [111, 112]. Similarly, ubiquitination of
ACKR3’s C terminus ensures the receptors correct trafficking to and from the plasma
membrane. This ubiquitination is reversibly removed following receptor activation with its
endogenous ligand CXCL12 [62].

24.2. Chemokine oligomerization and implication of GAGs

Chemokines not only bind chemokine receptors to trigger signaling but also can
interact with GAGs. This interaction is established by electrostatic interactions formed by
positively charged AA from the chemokines and negatively charged residues from GAGs
that shape a robust chemokine gradient providing a directional framework to guide immune
and non-immune cells. Additionally, chemokines tend to dimerize and form higher-order
oligomers on GAGs, due to their cooperative stabilizing properties, which increase the local
chemokine concentration resulting from limited chemokine spatial diffusion [33, 113, 114].

Strikingly, the GAG and CKR binding epitopes of chemokines are overlapping,
suggesting a negative cooperation. Moreover, the buried N-terminus of CC chemokine in
dimers and the low affinity of the N terminus of the monomeric form of CXC chemokines
suggest that the GAG-bound chemokines, in dimer or oligomeric form, are unable to bind
to their cognate CKR. These properties stand perpendicular to the above-mentioned GAG-
chemokine-dependent cell migration [113]. However, studies have described the synergic
effects of GAGs and chemokines [115, 116]. For example, the presence of CCL19 and
CCL21, ligands for CCR7, have been shown to induce CCR2+ monocyte migration and
cellular response at lower CCR2 agonist concentration [117]. This synergetic effect was
proposed to be indeed GAG dependent through competitive binding of chemokines.
Displacement of chemokines in the proximity of cells expressing its cognate receptor by
non-cognate chemokines present in the environment would increase the chemokine
specific concentration and its activity on the receptor to fine-tune the chemokine-gradient
induced leukocyte migration [113]. The latter has been suggested for the CXCL13
chemokine that mediates the activity of the CCL19, CCL21, and CCL25 for ACKR4 through
competitive GAG binding effects [116].
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Chemokines are also prone to be proteolyzed by various proteases present in
inflamed tissues (explained in section 2.4.3). These proteolyzed chemokines have modified
activities towards their kindred receptors. GAGs have been described to protect
chemokines from these proteases due to steric hindrance of the chemokine-GAG
interaction with the protease binding site or by the formation of chemokine oligomers that
shield the protease cleavage site [118-121].

2.4.3. Atypical chemokine receptors

Atypical chemokine receptors behave differently than classical chemokine receptors.
As briefly mentioned before, after ligand stimulation, atypical chemokine receptors fail to
induce G protein-dependent signaling pathways. Currently, four chemokine receptors
(ACKR1, ACKR2, ACKR3, and ACKR4) are members of the atypical chemokine receptor
family based on their atypical signaling properties. Although each ACKR has different
modes of action they are able to take up chemokines from their environment to modulate
the chemokine availability and, in turn, the cognate classical chemokine receptor’s activity
[122].

ACKR1, previously known as duffy antigen receptor for chemokines (DARC), has the
most peculiar features compared to the other ACKRs. Its AA sequence is the most distinct
compared to the classical chemokine receptor AA sequence, lacks the DRYLAIV motif, and
besides being expressed on endothelial cells (ECs), is the only chemokine receptor
expressed on non-nucleated cells (erythrocytes). ACKR1 binds more than 20 inflammatory
chemokines from the CC and CXC family and its expression on ECs guides leukocytes to
follow the formed gradient across the ECs, referred to as chemokine transcytosis, and
regulates angiogenesis by internalizing ELR+ chemokines. ACKR1 positive erythrocytes
act as a “sink” or “buffer’ allowing ACKR1 to keep a steady chemokine gradient under
inflammatory conditions and protect leukocytes from overstimulation in these conditions
[123-125]. On venular endothelial cells, ACKR1 acts as a presenter chemokine receptor by
binding chemokines and presenting them to classical chemokine receptors [124, 126-128].

ACKR2, formerly known as D6 or CCBP2, was described to majorly recognize the
inflammatory CC chemokines [129]. However, its chemokine binding catalog has been
recently extended with the binding of the inflammatory CXCL10 chemokine (chapter 6).
ACKR?2 is expressed on ECs and leukocytes, where it is mainly found intracellularly, and
internalizes chemokines from the extracellular space. After being internalized and the
chemokines targeted for degradation, the receptor recycles back to the plasma membrane.
Interestingly, ACKR2 can adapt its scavenging properties to an extent that it can increase
its presence at the plasma membrane without affecting its internalization rate [130-133].

ACKR3, formerly CXCR7, binds the homeostatic chemokine CXCL12 and the
inflammatory chemokine CXCL11 [134]. This atypical chemokine receptor is also expressed
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on ECs and immune cells, and, like ACKR2, it is found intracellularly. ACKR3 has been
shown to recycle from its intracellular compartments to the plasma membrane, even in the
absence of ligand stimulation, to shape the CXCL12 gradient through its scavenging
properties [135]. ACKR3 has also been described to bind non-chemokine ligands. For
example, the Kaposi’s sarcoma-associated herpesvirus (HHV-8)-encoded CC chemokine
vMIP/VCCL2 and various opioid ligands were shown to induce B-arrestin after binding to
ACKR3 [136-138]. Activation of ACKR3 by CXCL12 does not induce typical Gai mediated
signaling events, including GTP hydrolysis or calcium mobilization. Yet, in cortical
astrocytes and Schann cells, which express CXCR4, ACKR3 was able to induce ERK1/2
and Akt signaling following CXCL12 binding. This response has been attributed to the B-
arrestin mediated signaling, as depletion of arrestin by siRNA or blocking of ACKR3 with
antagonist attenuated the cellular response [76, 139]. However, these signaling results
require further confirmation.

ACKRA4, or previously named CCX-CKR, binds and has been shown to scavenge the
homeostatic chemokines CCL19 and CCL21. By regulating the CCL19/CCL21 chemokine
gradient, ACKR4 regulates the homing of CCR7+ DCs to lymphoid tissues during
inflammation and the trafficking and positioning of T cells [140-143]. ACKR4 is mainly
expressed on lymphatic ECs, but its expression on other cell types, including epithelial cells
and keratinocytes, has been observed [140, 144]. Recently, the binding of CCL20 and
CCL22 to ACKR4 has been shown to induce B-arrestin, hereby expanding its chemokine
binding partners (chapter 5) [145, 146].

Three additional receptors, ACKR5 and ACKRG, also known as CCRL2 and PITPNM3
respectively, and GPR182 have shown characteristics of the atypical chemokine receptors
but need to be functionally confirmed before being classified in the ACKR family [122, 147].
However, one cannot exclude the possibility of the existence of other atypical chemokine
receptors (chapter 2).

2.5. Chemokine receptors are immuno-oncology targets

Although chemokine receptors are primarily found on immune cells, they are also
present on non-hematopoietic cells. In homeostatic and in inflammatory state, they mediate
the trafficking and positioning of immune cells to ensure immune-surveillance or to the
inflamed tissue to regulate the infection [148].

Impaired coordination, due to alternation in chemokine receptor expression or
chemokine secretion, could derail their beneficial effect and instead worsen the
inflammatory state to a condition of autoimmune diseases or cancer development and, in
later stages, metastasis. Chemokine receptors are found on various cancer cells, including
breast, pancreas, and melanoma cancer cells [42]. These cancer cells hijack the
chemokine/receptor network to their advantage. Together with other elements within the
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tumor microenvironment, they orchestrate the tumor immunity, indirectly and directly, by
turning infiltrating leukocytes into immune-tolerant allies, attracting regulatory T cells, and
impairing the immature DC to migrate to the lymph node. Additionally, they influence cancer
progression and spreading and, as a result, the outcome of therapy [149-153]. Generally,
the hijacked chemokine/receptor network helps maintaining a pro-tumoral environment.
From all the human chemokines, some chemokines and their participation in shaping the
tumor immunity are the best studied, including CCL2, CCL3, CCL5, CXCL8, CXCL9,
CXCL10, and CXCL12. Therefore, due to their presence in the tumor environment and their
biological function, chemokine receptors are potential targets for cancer therapy [154].

2.5.1. Targeting chemokine receptors

Reports on the involvement of chemokines and their receptors in human diseases as
well as their impact on various pathologies studied through genetic deletion in mice have
provided abundant evidence to mark them as valuable therapeutic targets. However,
chemokine receptors are difficult targets. Many and extensive drug discovery studies that
target chemokine receptors have been undertaken, yet the final success rate is not high.

Many factors contribute to the challenging drugability of chemokine receptors;
including the spacial and temporal chemokine expression in vivo [155], the overall
complexity of the chemokine receptor network, where different receptors that recognize a
shared ligand can be present at the same time on the same cell, the complex and often
redundant functions of the chemokine receptors [156], the difference in the chemokine/
receptor network between humans and mice [157], and the open, hydrophilic binding
pocket. The latter is an important hurdle to overcome as hydrophobicity and size of the
binding pocket are major features for the drug-ability of small molecules [50]. Yet, a limited
number of drugs have passed the clinical trials and hit the market.

2.5.1.1. Small molecules

Only two small molecules that target chemokine receptors, Maraviroc and Plerixafor,
have been put on the market. Maraviroc, is an antagonist that prevents the entry of HIV by
blocking the interaction of CCR5 and the virus envelope protein gp120 [158]. The CXCR4
partial agonist, Plerixafor, mobilizes bone marrow-derived hemopoietic stem cells to the
bloodstream and is used for autologous stem-cell transplantation in cancer patients [159].
Other small antagonist molecules have been generated and went to clinical trials, but many
(most) have been discontinued [156]. Only a few are presently in clinical trials, such as
CCX507 targeting CCR9 in inflammatory bowel disease, CCX354 for the treatment of
rheumatoid arthritis through CCR1 and the ACKR3 antagonist ACT-1004-1239 for the
modulation of plasma concentrations of its ligands CXCL11 and CXCL12 in the fields of
immunology and oncology [160-164].

2.5.1.2. Modified chemokines
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Modification of the target chemokine was one of the possible leads to overcome the
hurdles of targeting chemokine receptors with small molecules, i.e. open and large
hydrophilic binding pocket while retaining chemokine receptor specificity. As the N-terminus
of chemokines is key to activate their receptors, modification in this section could turn the
natural agonist into an antagonist or a chemokine with altered receptor activation. The
generation of a CXCL8 mutant, peptide analogs of the CXCL12 protein or fusion protein
with CCL2 have been developed and promising data have been generated, but once
entered in clinical trials, they were all discontinued or terminated [165]. The major HIV co-
receptor CCR5 has also been targeted by modified CCL5 chemokines. The development of
6P4-CCL5, 5P12-CCL5, and 5P14-CCL5 are promising molecules to prevent HIV entry
through CCRS5 in vitro and in a rhesus vaginal challenge model [166, 167].

2.5.1.3. Conventional antibodies

Other biologicals that target specifically GPCRs are antibodies. The anti-CCR4
antibody, Mogamulizumab, was the first chemokine receptor-mediated antibody that
entered clinical trials and successfully went to the market. This humanized, fucosylated
mouse antibody binds to the N-terminus of the CCR4 chemokine receptor and induces
antibody-dependent cell-mediated cytotoxicity. Currently, Mogamulizumab is used for the
treatment of CCR4+ cutaneous T cell lymphoma and is now explored as a treatment of
HTLV-1-associated myelopathy [168]. At present, five antibodies targeting chemokine
receptors, CCR2, CCR5, CXCR2, CXCR4, and CX3CRH1, are in clinical trials with two in
phase Il [157].

2.5.1.4. Heavy-chain only antibodies (VHH) - Nanobodies

In Camelids, besides the conventional antibodies, heavy-chain only antibodies occur
naturally (figure 8) [169]. The monomeric variable domain of heavy-chain only antibodies
(VHH), also referred to as Nanobodies, has some distinct properties. They show high
thermal and chemical stability and their elongated CDR1 and CDR3 loops adopt alternative
structures that enable them to bind (conformational) epitopes in clefts with high affinity.
Additionally, their small size (12-15 kDa) allows them to penetrate difficult to access tissues
and are considered to have a low immunogenic effect due to their high homology with
human VH-fragments [170]. These beneficial features allow them to be used in various
applications, including molecular imaging, crystallography, and GPCR-study tool [171], as
well as their potential to become a drug, like the recently approved FDA and EMA drug
Caplacizumab.

Since 2010, two CXCR4-specific VHHs have been reported to prevent the binding of
CXCL12. Injection of the VHHs in monkeys resulted in the deployment of hematopoietic
stems cell due to the disruption of the CXCR4/CXCL12 axis. Additionally, an ACKR3
specific nanobody with antagonistic properties, which show a beneficial effect in vivo in a
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Figure 8 | lllustration of conventional and heavy-chain only antibodies. (A) Conventional antibodies, found in humans
and camelids, are formed by a light and a heavy chain, which consists of one variable and three constant regions. (B) Heavy-
chains only antibodies are primarily found in camelids and cartilaginous fish and are devoid of the light chain and one constant
region compared to the conventional antibodies. The isolated variable domain, which binds antigens, is referred to as VHH or
Nanobody.

head and neck cancer xenograft model [172], and VHH targeting the chemokines CXCL12,
CXCL11, and CCL5, which prevent the binding to and activation of their cognate receptors,
have been developed [173]. Furthermore, VHH antibody fragments have been reported for
ACKR1. These recognize the N-terminus of the receptor, displace the CXCL8 chemokine,
and prevent the infection of erythrocytes by Plasmodium vivax. Therefore, this nanobody
could serve as a potential basis for the development of a new therapeutic drug against
malaria [174]. Additionally, two classes of monovalent nanobodies against CXCR2 have
been generated. The class 1 monovalent nanobody, recognizing the N-terminus, binds the
receptors with high potency but is unable to modulate the receptor's activity. The other class
monovalent nanobody, binding a conformational epitope formed by extracellular loops 1
and 3, showed lower potency, yet was able to inhibit CXCR2-mediate signaling by CXCLA1
and CXCLS. Interestingly, the generation of a bivalent and biparatopic nanobody, using both
classes of monovalent nanobodies, showed better properties compared to their monovalent
peers [175]. Due to the nanobody's comparable size to chemokines, their ability to bind into
cavities with high affinity, and the optimistic results in vivo models, they could be promising
therapeutic alternatives to target chemokine receptors.

Recently, two nanobodies, VUN103 and the bivalent molecule VUN100bv, have been
developed that target the constitutive active viral protein US28; a viral chemokine receptor
that has a high homology with human chemokine receptors and is expressed during beta-
herpesvirus human cytomegalovirus (HCMV) latency. VUN103 recognizes the US28
receptor’s ICL2 loop, which hinders the binding of the Gaq protein and -arrestins without
affecting the affinities for its endogenous ligands CX3CL1 and CCL5. This reduced US28
signaling inhibited the spheroid growth of glioblastoma cells and could be used as a tool to
develop and identify other therapeutic drugs that stabilize this US28-VUN103 conformation.
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The bivalent nanobody VUN100bv binds the viral chemokine receptor US28 extracellularly
and acts as a partial inverse agonist. The reduced US28 signaling triggers the expression
of HCMV antigens in latently virus-infected cells without fully reactivating viral replication,
which, in turn, reactivates anti-HCMV cytotoxic T lymphocytes resulting in the killing of
these latently virus-infected cells [176, 177].

3. CXCR3 chemokine receptor

3.1. The CXCR3 chemokine receptor and its ligands

The CXCR3 chemokine receptor is one of the 18 presently known classical
chemokine receptors. CXCR3 was initially described as, and still is, an inducible chemokine
receptor as its expression is limited to IL-2 activated T lymphocytes and is not present on
other immune cells in a homeostatic state [178]. Nowadays, the expression of CXCR3 on
other activated immune cells, including cytotoxic (CD8+) and helper 1 (Th1) T cells, natural
killer (NK) cells, and dendritic cells (DCs), and non-immune cells, such as lung epithelial
and endothelial cells, has been reported [179-185].

CXCRa3 belongs to the CXC subclass of chemokine receptors and binds the CXCLS9,
CXCL10, and CXCL11 chemokines [178, 186]. These ERL- CXC chemokines are
upregulated by the inflammatory cytokine interferon-gamma (IFN-y), and, weakly, by tumor
necrosis factor (TNF)-alpha, and are secreted by various cells, including activated
macrophages and endothelial cells [75, 186-189]. They are, therefore, mainly present at the
site of inflammation where they recruit CXCR3 expressing immune cells to regulate the
inflammation [190]. Consequently, CXCR3 and its ligands are involved in various
inflammatory diseases, including rheumatoid arthritis, multiple sclerosis, allograft rejection,
atherosclerosis, and cancers [179, 190-194].

Although CXCR3 can be activated by three chemokines, CXCL11 shows the highest
potency and efficacy, followed by CXCL10 and CXCL9 [195]. Binding studies using a
CXCR3 chimeric receptor demonstrated that each CXCR3 chemokine binds differently at
the receptor’s extracellular domain. CXCL11 and CXCL10 need to interact with the N
terminus and first extracellular loop to activate CXCR3, while these were dispensable for
CXCL9. On the other hand, CXCL9, as well as CXCL10, needs to connect with the third
extracellular loop to trigger receptor activation. Moreover, all CXCR3 ligands showed to
interact heavily with the second extracellular loop (ECL2), which is indispensable for
receptor activation [196]. Yet, CXCL11 seems to be less susceptible to changes in the ECL2
[197]. Overall, each CXCR3 chemokine activates and interacts differently with the receptor
suggesting allosteric features for these endogenous ligands. Indeed, investigation of
CXCRS3 ligands described CXCL11 as the most potent chemokine to induce G protein-
mediated signaling events, arrestin recruitment and, consequently, receptor internalization.
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CXCL10 and CXCL9 show preferential activation of G proteins, as low receptor
internalization for CXCL10 and none for CXCL9 is observed [53,185].

GAG-chemokine interactions are vital to induce and guide leukocyte migration [113].
All CXCRa3 ligands interact with GAGs, which in vivo are needed to mediate the migration
of e.g. DCs [183]. Although each CXCR3 chemokine interacts with GAGs differently, the
residues involved in these interactions do not play part in the binding to CXCR3 as
mutations of these specific amino acids do not change their potency. Interestingly, from all
CXCR3 chemokines, CXCL9 might be the less potent CXCR3 ligand but it is the most
efficient GAG binder [198-200].

3.2. CXCRS3 variants

In humans, three variants of the chemokine receptor CXCR3 have been described
(figure 9). These CXCR3 variants, CXCR3-A, CXCR3-B, or CXCR3-Alt, result from
alternative splicing of CXCR3 mRNA, transcribed from the cxcr3 gene located on
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Figure 9 | Alternative splicing of the CXCR3 variants. The cxcr3 gene is located in the X chromosome and is comprised of
three exons and one intron. After the transcription of the cxcr3 gene, the pre-mRNA can be alternatively spliced resulting in
the generation of three CXCRS3 variants: CXCR3-A, CXCR3-B, and CXCR3-Alt. The CXCR3-B variant, which consist of exon2
and exon3, display a 51 AA N terminus extension compared to CXCR3-A. CXCR3-Alt variant is from through the removal of
the intron, exon2 and a 337-bp region in exon3, which results in the removal of two transmembrane regions and different a
fifth TM and a C-terminus compared to CXCR3-A and CXCRS3-B. At the plasma membrane, all CXCR3 variants bind the
inflammatory ligands CXCL9, CXCL10 and CXCL11. Although, each of these endogenous ligands bind differently to the
CXCR3 variants and have distinct activation potentials.
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chromosome X and differ from each other by their structure, expression profile, binding, and
activation efficacy of their ligands [201, 202].

The CXCR3-B variant has a 51 AA N-terminal extension and CXCR3-Alt consists of
five transmembrane helixes, from which the fifth transmembrane helix and C-terminus differ
from CXCRS3-A [201, 202].

CXCRS3-A is primarily expressed on leukocytes, while CXCR3-B has been primarily
detected on endothelial cells and pericytes, although its expression could also be found on
immune cells yet less abundant than CXCR3-A [178, 201]. Fewer data is available about
the expression of the CXCR3-Alt variant, although this variant has been described to be
present on T cells from patients with Crohn's disease and bladder cancer [203, 204].

Besides their structural and expression profile differences, all CXCR3 variants induce
distinct signaling pathways. CXCR3-A is reported to be mainly coupled to Gai and Gagq that,
ultimately, mediate cell migration and proliferation [205]. Additionally, in T lymphocytes
CXCR3-A is predominantly coupled to Gai2 proteins but remains in competition with the
Gai3 proteins, which leads to the fine-tuning of Gai2-mediated downstream signaling
events [206]. Downstream G protein activation, CXCR3-A signals via the p44/42 MAP
kinase (MAPK) pathway and partially via PI3K, as pertussis toxin, an adenylate cyclase
inhibitor, completely inhibited the MAPK pathway and wortmannin, a PI3K inhibitor,
diminished the CXCL11 induced Akt phosphorylation [205, 207]. Moreover, activation of
CXCR3-Aby CXCL10 and CXCL9 polarizes CD4+ T cells into Th1/Th17 effector cells, while
CXCL11 turns these cells into T cells with regulatory functions, including Th2 and Tr1.
These differences in CD4+ T cell polarization following CXCR3 ligands roots from the
activation of different downstream signaling pathways, with CXCL9/10 triggering STAT1,
STAT4, and STATS phosphorylation and CXCL11 mediating STAT3 and STAT6-dependent
pathways [208].

CXCR3-B signaling events remain unclear. Initial reports on CXCR3-B described the
coupling of Gas protein due to increased cAMP levels following ligand stimulation, yet no
calcium flux modulation was observed [201]. With CXCR3-B solely being expressed in
pericytes, reports on CXCR3-B’s activation with CXCR3 ligands on these cell types showed
activation of the ERK and p38 downstream signaling, which was corroborated by CXCR3-B
expressing HEK cells although to a lesser extent. Furthermore, activation of CXCR3-B
initiated cell migration, which was inhibited using ERK signaling inhibitor. Although no direct
G protein coupling was investigated, no protein kinase A activation was observed upon
CXCR3-B activation suggesting little or no cAMP production [209-211]. More confusion is
brought by recent reports that described weak Gai protein activation after CXCR3 ligand
stimulation for CXCR3-B although a transient ERK signaling profile could be detected [212,
213].
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Fewer reports on the CXCRS3-Alt variant’s biology have been reported. Receptor
internalization but no G protein activation nor -arrestin recruitment have been described
upon activation of its cognate ligands, CXCL11, CXCL10, and CXCL9 [213].

The binding of CXCR3 endogenous ligands also induces receptor desensitization.
The binding of CXCL11 to CXCRS3-A and -B induced B-arrestin-1 and 2 recruitment.
However, arrestin recruitment after CXCL10 stimulation is only observed for CXCR3-A and
CXCL9 seems to be unable to recruit arrestins [212, 213]. Moreover, CXCR3-A is
internalized after ligand stimulation, yet different features of the receptor influence receptor
internalization. For example, CXCR3-A internalization is majorly mediated by the ICL3 and
not by B-arrestins, as CXCR3-A chimeras lacking the C-terminus were still able to be
internalized. The least potent chemokines, CXCL10 and CXCLS9, are also able to internalize
CXCRS3-A, albeit to a lesser extent, and were shown to be mediated by the C-terminal tail
of the receptor and B-arrestins [72, 214].

Of note, CXCR3-A and -B have been described to bind the platelet-derived CXCL4
[201]. This chemokine was able to trigger G protein-mediated signaling after CXCR3-A
binding and inhibit endothelial cell proliferation [201, 205, 215].

3.3. Role of CXCR3 in inflammatory conditions

The role of CXCR3 in various disease models, including atherosclerosis, inflammatory
bowel disease, and infectious diseases have been extensively described [192, 216-218].
While CXCR3 knock-out (KO) mice do not show any specific phenotype in normal
conditions, deficiencies in NK cells [219], reduced migration, and differences in the
organization of T cells were observed upon infection [220]. Indeed, CXCR3 has been shown
to mediate the positioning of memory CD8+ T lymphocytes in secondary lymphoid organs
after viral infection, to inflamed and harmful tissues, and to facilitate the interaction with
activated DC to promote T lymphocyte activation and differentiation [221-226].

In the tumor microenvironment, CD8+ T cells play a crucial role to mediate tumor
prognosis due to their production and release of cytotoxic enzymes and cytokines [227].
However, the tumors shape the environment to be immunosuppressive by inducing high
expression levels of PD-1, which inhibit the T cell receptor and CD28 signaling, rendering T
lymphocytes in this environment non-active, and thus promoting tumor progression [228,
229]. Immunotherapy, specifically immune checkpoint therapy, using anti-PD-1, anti-PD-L1,
and anti-CTLA-4, lead towards a better prognosis of the disease [230, 231]. Recent studies
showed that the CXCR3 axis plays an important role in the effectiveness of anti-PD-1
immunotherapy. Deletion of CXCR3 on activated CD8+ T cells showed impaired T
lymphocytes infiltration in the tumor microenvironment resulting in increased tumor size,
however, its importance in early T cell trafficking might need further investigation. In murine
tumor models, the initial CXCR3-mediated signaling within the tumor microenvironment is
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essential to promote an anti-PD-1 anti-tumoral effect. Indeed, anti-PD-1 treatment
upregulate CD103+ DCs-derived and macrophage-mediated CXCL9 secretion. This
chemokine is required for CXCR3+ CD8+ tumor-specific T cell infiltration in the tumor bed
and enhances the proliferation and function of these T lymphocytes residing within the
tumor microenvironment [232-234]. An overview of the role of CXCR3 variants in the tumor
environment is described in chapter 1 of this thesis.

3.4. CXCR3 modulators

At present, no CXCR3 modulator is available on the market. Several classes of
CXCR3 antagonists have been generated, but only two of those classes have been
optimized for drug development. Only particular small molecules within the 8-
azaquinalozinones class, such as AMG487 [235], showed promise and were evaluated in
clinical trials for psoriasis. This molecule reached phase lla trials but failed to show
significant effectiveness and further development of the molecule was terminated [236,
237]. An anti-CXCL10 antibody, named Eldelumab, showed also promise for the treatment
of ulcerative colitis and Crohn's disease. However, its evaluation in phase Il clinical trials
also did not show significant effectiveness for both diseases [238, 239].
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Aims of the thesis

The CXCR3 chemokine receptor, together with its cognate ligands, CXCL9, CXCL10,
and CXCL11, plays important roles in the guidance and positioning of leukocytes to ensure
immune surveillance but also contribute to the development of various pathologies,
including cancer development and metastasis. The cxcr3 chemokine receptor gene can be
transcribed into three variants, CXCR3-A, CXCR3-B, and CXCR3-Alt. Each variant differs
in its amino acid sequences and demonstrates different cellular effects. CXCR3-A is
considered the reference receptor, as it was originally found on activated immune cells, and
mediates the migration of immune cells through G, protein activation. The CXCR3-B
variant has an extension of 51 AA at its N terminus compared to CXCR3-A and is mainly
present on endothelial cells. This CXCR3 variant display opposite cellular effects to
CXCRS3-A, but its underlying mechanism is still unclear. Conflicting data about its function,
expression, and downstream signaling have been reported making this variant still an
enigmatic receptor. CXCR3-Alt lacks two transmembrane helices and a modified C terminal
region in contrast to CXCR3-A. Fewer data about its biology is currently available. However,
some reports showed that all CXCR3 chemokines induce CXCRB3-Alt receptor
internalization and that this receptor, together with CXCL11, are important players for the
attenuation of bladder cancer upon chemotherapy.

Targeting the CXCR3 variants, to regulate their activity in the tumor bed, remains a
challenge. One molecule, AMG487, has entered the clinical stages but failed to
demonstrate efficacy for the treatment of psoriasis resulting in discontinuation of the clinical
trials. Additionally, the lack of CXCR3 variant-specific probes and tools that modulate or
distinguish the CXCR3 variants makes it difficult to study these receptors in vitro and in vivo.

This thesis aimed at deciphering the biology and signaling of the CXCR3 variants,
CXCR3-A and CXCR3-B, and linking their functions to the observed cellular effects in the
tumor microenvironment. Furthermore, this thesis strived at developing new variant-specific
probes to be able to distinguish and modulate the CXCR3 variants to further investigate
these receptors in vitro and in vivo.



Aims

In the tumor microenvironment, CXCR3-A and CXCR3-B show opposing cellular
effects. CXCR3-A enhances cancer cell proliferation but also inhibits tumor progression by
attracting immune cells to the inflamed bed. Similarly, CXCR3-B also attenuates tumor
progress although the underlying mechanism remains unclear. To fully map the different
cellular outcomes induced by CXCR3-A, CXCR3-B, or their ligands in the tumor bed, we
first performed an elaborate literature review (chapter 1). We were able to assign distinct
functions to each player of the CXCR3 axis in the tumor bed. These newly acquired insights
prompt us to conduct an in-depth pharmacological comparison of both CXCR3- variants to
elucidate their signaling properties, which would explain their cellular effects in the tumor
bed (chapter 2). We were able to attribute different modes of action for both CXCR3
variants and their shared ligands by studying the receptors-mediated signaling events, their
distribution in the absence and presence of ligands, and the capability to take up
endogenous ligands. The obtained results majorly explain their cellular effects detected in
the tumor microenvironment.

The currently available CXCR3 antibodies cannot distinguish both variants as a
common linear epitope was used during their development. Considering the different
cellular effects of CXCR3-A and CXCR3-B, we assumed that their distinct characteristics
probably lie in adapting different conformational states following receptor activation.
Therefore, we aimed at developing CXCR3 variant-specific conformational nanobodies,
which could be used to further investigate these receptors in vitro and in vivo. Due to the
sanitary pandemic (COVID-19), this part of the PhD had to be put on hold and left
uncompleted despite spending much time and effort. Consequently, this work will not be
presented or discussed in this thesis.

Previous studies on ACKR3 conducted in our group showed that this atypical receptor
displays a different ligand binding mode compared to CXCR4 and CXCR3 and has a strong
activation potential. We questioned whether these atypical attributes could be assigned to
the intra-N terminal 4 AA loop formed by a disulphide bridge; a feature only observed in this
chemokine receptor. In line with ACKR3, CXCR3 also has two adjacent cysteines in its N
terminus that possibly forms a disulphide bridge. In chapter 3, we generated variants of
ACKR3 and CXCR3-A with alternated residues in these cysteine regions to investigate the
impact of this N terminal loop and the disulphide bridge on the binding of their ligands and
the activation of the receptors. We were able to show that ACKR3’s N terminal arch
impacted the binding of its endogenous ligands, but not its functionality, and that this
receptor shows some degree of structural plasticity in absence of extracellular disulphide
bridges. The substitution of CXCR3’'s N terminal cysteines with serines increased its
expression at the cell surface but did not alter receptor activation.

The implementation of a highly sensitive B-arrestin recruitment, based on the NanoBiT
technology, in our group also lead to the discovery of new ligand-receptor pairings. The
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systematic reassessment of the chemokine-atypical chemokine receptors ACKR2 and
ACKR4 pairing allowed us the identify and characterize new ligands of these two ACKRs:
Chapter 4 describes the identification of two CC chemokines, CCL20 and CCL22, that bind

and induce arrestin recruitment to ACKR4, and chapter 5 reports CXCL10 as a new agonist
of ACKR2.
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Chapter 1

1. Abstract

First thought to orchestrate exclusively leukocyte trafficking, chemokines are now
acknowledged for their multiple roles in the regulation of cell proliferation, differentiation,
and survival. Dysregulation of their normal functions contributes to various pathologies,
including inflammatory diseases and cancer. The two chemokine receptor 3 variants
CXCRS3-A and CXCR3-B, together with their cognate chemokines (CXCL11, CXCL10,
CXCL9, CXCL4, and CXCL4L1), are involved in the control but also in the development of
many tumors. CXCR3-A drives the infiltration of leukocytes to the tumor bed to modulate
tumor progression (paracrine axis). Conversely, tumor-driven changes in the expression of
the CXCR3 variants and their ligands promote cancer progression (autocrine axis). This
review summarizes the anti- and pro-tumoral activities of the CXCR3 variants and their
associated chemokines with a focus on the understanding of their distinct biological roles in
the tumor microenvironment.

2. Introduction

Chemokines, or chemotactic cytokines, are small, secretory proteins that form the
largest group within the cytokine family [1]. They bind to their cognate chemokine receptors,
which belong to the G protein-coupled receptor (GPCR) superfamily, and mediate cellular
responses as a result of downstream signaling pathways initiated by the activation of G
proteins and regulated by the recruitment of arrestins [1-3]. To date, 48 chemokines and 23
receptors have been identified in humans. The chemokine—receptor network is highly
intricate; a chemokine can bind one or many receptors, while a receptor usually recognizes
several chemokines [1,4]. Moreover, a recent paradigm shift brought to light the concept
known as biased signaling according to which GPCRs, including chemokine receptors,
depending on the ligand or cellular context, trigger distinct signaling pathways [3,5,6].
Chemokines primarily arbitrate various immune responses through the migration of
chemokine-receptor-expressing leukocytes to the target tissues, while they also orchestrate
the development and maintenance of lymphoid or non-lymphoid tissues by inducing the
migration, proliferation, and differentiation of stromal and immune cells [7—12]. In addition,
chemokines play key roles in the tumor microenvironment (TME) as they are secreted by
and act on the different cellular components comprising tumor cells, T- and B-lymphocytes,
natural killer (NK) cells, macrophages, dendritic cells (DCs), fibroblasts, and vascular and
lymphatic endothelial cells and their associated pericytes. Together with other soluble
factors such as growth factors, inflammatory cytokines, and extracellular matrix enzymes,
they contribute to cancer development and the formation of a cancer-specific immunity,
influencing the maturation, activation, and trafficking of tumor-infiltrating immune cells
[11,13—-19].

The interferon (IFN)-gamma inducible chemokines CXCL11, CXCL10, and CXCL9,
and the platelet-derived chemokines CXCL4 and its non-allelic variant CXCL4L1, exert their
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biological function by binding to the IFN-gamma inducible chemokine receptor CXCR3
[6,20— 22]. Interestingly, due to alternative splicing of the CXCR3 mRNA, three variants
have been reported, CXCR3-A, CXCR3-B, and CXCR3-Alt, which exhibit differences in
their expression profiles, their N or C terminus, and the number of transmembrane domains
(Figure 1). These structural differences alter the physiological characteristics of the
receptors, including ligand- binding properties, signaling pathways, and cellular responses
[23]. CXCR3-A and CXCR3-B are the two variants that have been best studied. They differ
by a 52-amino acid (AA) extension at the N terminus of CXCR3-B and exert opposing
cellular effects [24]. On the one hand, binding of CXCL11, CXCL10, and CXCL9 to the
CXCRS3-A variant induces chemotaxis and proliferation of cells by activating G; and Gq
proteins and triggering their downstream signaling pathways, including the intracellular
Ca2+ release, ERK1/2, and Akt pathways [5,23,25-34]. The activation of CXCR3-A by
CXCL4 and its variant CXCL4L1 remains to be elucidated [30,31,35]. On the other hand,
stimulation of CXCR3-B by these chemokines inhibits cell migration and proliferation and
induces apoptosis. The mechanism behind this opposite cellular response driven by
CXCRa3-B is still unclear; however, one study suggests a coupling to the Gg protein [24].

While CXCR3 and its endogenous ligands are mainly involved in inflammation and
wound healing [8,36], they have also been described to have a dual role in tumor
progression and immunity. This review aims to outline the impact of the CXCR3 ligand—
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Figure 1 | Schematic representation of CXCR3 variants. Due to alternative splicing of the pre-mRNA of the CXCR3 gene,
located in chromosome X, three CXCRS variants can be generated. The CXCR3-A variant is the product of the splicing of the
exon 1 and exon 3 within the CXCR3 gene. The assembly of exon 2 and exon 3 results in the CXCR3-B variant which has an
N terminus longer by 52 AA compared with CXCR3-A. The removal of the intron, exon 2 and a 337-bp region within the third
exon during RNA splicing results in the CXCR3-Alt variant that comprises the N terminus and the first four transmembrane
domains identical to CXCR3-A as well as a possible fifth transmembrane region and a C terminus, which are different from
CXCR3-Aor -B. The primers used to detect CXCR3-A, which also recognize CXCR3-B, and CXCR3-B are represented by the
black and purple arrows, respectively.
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receptor axis and its expression changes on the TME with a focus on the CXCR3-A and
CXCR3-B variants.

3. The cross talk of the CXCR3 variants and their chemokine ligands with the
tumor microenvironment

Chemokines are abundantly present in the TME and play key roles in inducing
proliferation of benign and malignant cells, leukocyte migration, and angiogenesis
[11,12,37,38]. These processes can be initiated and maintained in paracrine and autocrine
fashions.

3.1. CXCR3-A on leukocytes mediates their migration to the TME to attenuate
tumor progression

The presence of tumor-infiltrating leukocytes (TIL) in the TME is known to influence
tumor development [39]. Following the discovery of CXCR3-A on activated T-lymphocytes
[25] and the anti-tumoral activity of CXCL10 [40], the possibility of an anti-tumoral response
through the migration of CXCR3-A+ leukocytes to the TME was proposed [41]. The
importance of CXCR3-dependent anti-tumoral activity was confirmed by Hensbergen et al.
where CXCL11-producing EL4 lymphoma cells, injected in mice, were rejected due to the
infiltration of CXCR3+ CD8+ T lymphocytes and macrophages [42]. Similar observations
were reported in murine models of renal cell carcinoma (RCC) (RENCA) and spontaneous
melanoma (B16F 10) where the reduced tumor growth resulted from an increased presence
of CXCR3-A-expressing CD4+ and CD8+ lymphocytes and NK cells in the tumor bed
[43—45].

In another study, melanoma (B16F10) or breast cancer (E0771) cells injected in
CXCR3 ™/~ mice showed a significant increase in tumor growth compared to wild type (WT)
mice, which was associated with a lower prevalence of CD8+ and CD4+ T cells as well as
NK cells. This TIL-dependent anti-tumoral activity was furthermore validated in B16F10
tumor-bearing Rag2_/_ mice, which showed a significantly increased tumor growth when
transferred with CXCR3_/ ~ cytotoxic T-lymphocytes (CTLs) compared to WT CTLs [46].
Such anti-tumoral activity of CXCR3-A+ leukocytes was also detected in human breast and
gastric cancers as well as in RMA lymphoma [47-49]. Interestingly, the regressive
characteristic of melanoma or certain melanocytic lesions was proposed to depend on the
increased attraction of CXCR3- A+ cytotoxic lymphocytes to the TME [50].

In contrast, the higher prevalence of CXCR3+ regulatory T cells (Tregs) in human
ovarian carcinomas was suggested to dampen the effector cell response, thus favoring the
progression of the tumor [51]. This pro-tumoral effect of CXCR3+ Tregs was also observed
in hepatocellular carcinoma (HCC), where a correlation could be made between CXCR3-
CXCL10-dependent Treg infiltration and increased tumor growth and HCC recurrence after
liver transplantation [52]. Moreover, in a chemically inducible murine model of skin
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carcinoma, CXCR3 knockout (KO) mice developed fewer tumors compared to WT mice.
This observation was linked to a reduced presence of CXCR3-expressing CD3+ T cells,
suggesting a cell proliferative effect on epidermal cells and an pro-tumoral activity of these
TIL [53].

Taken together, these data suggest that the expression of CXCR3-A on leukocytes is
needed to attract them to the TME and allows an anti-tumoral activity that diminishes tumor
growth. However, the attraction of Tregs or other T-lymphocytes to the TME could also have
a pro-tumoral effect by inducing cell proliferation and inhibiting the antitumor activity of
effector leukocytes.

Of note, an adequate recruitment of CTLs in the tumor bed is not always observed.
Correlated to a poor survival, it was for instance demonstrated that only 16% of patients
with esophageal squamous cell carcinomas (ESCCs) or adenocarcinomas showed
detectable CD8+ T cell infiltration within the tumor [54]. In fact, insufficient recruitment of
activated T lymphocytes to the tumor bed is also recognized as one of the major hurdles in
the current immunotherapeutic approaches [55]. Notably, the relevance of CXCR3-driven
responses in immunotherapy has been demonstrated in several studies. In a B16-OVA
mouse model, Mikucki et al. identified CXCR3-mediated trafficking at the tumor vasculature
as important for effective T-cell-based cancer therapy by showing that CXCR3 is required
for the extravasation of CTL to the tumor bed [45]. Similarly, in a B16 melanoma mouse
model, the deletion of CXCR3 in CTLs lead to an impaired anti-tumoral response due to the
failure of CTL infiltration in the TME upon anti-PD-1 treatment, suggesting CXCR3-
dependent anti- PD-1 based anti-tumoral response [46]. Moreover, the blockade of PD-1 on
naive T cells enhanced CXCR3 expression and their absolute number in the spleen [56].
These studies show that CXCR3 is a potential target to increase the effectiveness of current
immunotherapies.

3.2, CXCR3-A on malignant cells in the TME contributes to tumor growth and
dissemination

As described above, the expression of CXCR3-A on leukocytes mediates their
migration to the TME to exert their anti- and pro-tumoral activity; however, the CXCR3-A
variant is also known to induce proliferation of various cell types, including human
mesangial cells [24]. Therefore, the presence of CXCR3-A on tumor cells can induce an
adverse effect by promoting and sustaining tumor development. Indeed, an increased
proliferation of malignant glioma cells compared with normal astrocytes [57] and an anti-
apoptotic effect in CXCR3-A- overexpressing human myeloma cell lines (HMCLs) was
observed after CXCL10 treatment [58]. The increased expression of CXCR3-A on stage |l
colorectal cancer (CRC) and papillary thyroid cancer (PTC) cells was also associated with
increased tumor development and negative prognosis [59,60]. In line with this,
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immunohistochemical analysis of localized clear cell RCC patient samples showed strong
staining for CXCR3, which was correlated with a negative disease prognosis [61].

In addition to tumor development, expression of CXCR3-A on tumor cells promotes
their dissemination. B16F10 melanoma injected into the footpads of mice showed
macroscopic metastatic tumors in the lymph nodes already after one week, which could be
attenuated with antisense CXCR3-A RNA [62]. An immunohistological analysis of primary
invasive cutaneous melanoma samples from patients also supported the implication of
CXCRS3-A in tissue invasion and metastasis of malignant cells [63]. Furthermore, a
metastatic potential conferred by CXCR3-A was observed in other human diseases,
including epidermotropic and other B-cell disorders [64,65], glioblastoma (GBM) [66,67],
CRC [68,69], high-grade serous ovarian cancer (HGSC) [70], lung adenocarcinoma [71]
and breast cancer [72,73].

In conclusion, the expression of CXCR3-A on malignant cells leads to an increased
proliferation and dissemination.

3.3. CXCR3-B has an anti-proliferative effect in the tumor microenvironment

In contrast to CXCR3-A, the CXCR3-B variant was shown to inhibit cell migration and
proliferation [24]. CXCR3-B was first detected on human microvascular endothelial cells
(HUMVECSs) [24], but has also been found on CD4+ T lymphocytes [74], airway epithelial
cells [75], and pericytes [76]. Although CXCR3-B is often expressed concomitantly with
CXCRS3-A, distinct CXCR3 variant expression levels can be observed on diverse cell types.
Endothelial cells and pericytes abundantly express CXCR3-B [24,76], whereas CXCR3-A
is not detectable [76,77], and activated T lymphocytes show higher CXCR3-A expression
levels compared with CXCR3-B [31]. Various cancers evolve mechanisms to shift the
CXCR3 variant expression levels towards ratios that are more beneficial for tumor
maintenance or progression. For instance, human RCC downregulate CXCR3-B, which
results in the upregulation of the anti-apoptotic heme oxygenase-1 (HO-1) and an increased
tumor cell proliferation and dissemination [78,79]. Similarly, lower CXCR3-B mRNA levels
were observed in ovarian and breast cancer cells compared with non-cancerous epithelial
cells [80,81]. Moreover, decreasing the expression of CXCR3-B in breast cancer cells in
vitro, using CXCR3-B-specific siRNA, resulted in increased cell proliferation and expression
of anti- apoptotic proteins [81,82]. In addition to the inhibitory effect of CXCR3-B on cell
proliferation, it has been observed that a rise in CXCR3-B expression could lead to
increased tumor necrosis and lower the metastatic ability of tumor cells [83,84]. Of note,
cancer stem cell-like properties upon CXCR3-B overexpression were reported in vitro in a
breast cancer cell line, which could be prevented by silencing its mMRNA [84].
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Overall, it seems that cancer cells lower their expression of CXCR3-B to promote
tumor proliferation, survival and dissemination and that this cellular effect can be reversed
by enhancing CXCR3-B expression.

3.4. Is the CXCR3-B variant on endothelial cells involved in angiogenesis
regulation?

Tumors require adequate blood supply to obtain the sufficient oxygen, nutrients and
other metabolic components to ensure their growth and survival. In contrast to normal
angiogenesis, in which new blood vessels mature rapidly and show slow cell turn-over,
tumor angiogenesis is an uncontrolled process where new blood vessels are formed in an
irregular fashion [85,86]. Due to the high expression of CXCR3-B on endothelial cells and
the angiostatic effect of CXCL10, CXCL9, and CXCL4 [24,87-90], it was proposed that the
CXCR3-B variant could be responsible for this negative impact on tumor angiogenesis.
Arenberg et al. indeed reported a decrease in angiogenesis and neovascularization in
squamous cell carcinoma (SCC) after addition of CXCL10 in the TME that resulted in an
attenuation in tumor growth and dissemination to the lung [91]. A similar observation was
made following injection of CXCL9 to the tumor site in a mouse RENCA model [43]. In
contrast, a rise in CXCL11 had no impact on the angiogenesis of mouse EL4 lymphoma
cells nor human CRC [42,92]. Considering the expression of CXCR3 variants was not
analyzed in these studies, one can only speculate that the inhibitory effect of these
chemokines on tumor angiogenesis is driven through CXCR3-B present on endothelial
cells, a phenomenon which may be cancer-type-dependent.

Although the above-mentioned data point to CXCR3-B-dependent angiostatic and
inhibitory effects on cell proliferation, it has also been suggested that these are instead
GAG- mediated. Indeed, both WT and CXCR3 KO endothelial cells showed an equivalent
inhibitory effect on cell proliferation in the presence of CXCL10, which could not be reversed
by neutralizing anti-CXCR3 antibodies. Moreover, the generation of a CXCL10 mutant
devoid of CXCR3 signaling properties could also inhibit human umbilical cord endothelial
cell (HUVEC) proliferation [93].

3.5. The CXCRa3 ligands are upregulated in the TME and act in an autocrine and
paracrine manner

Tumor cells as well as endothelial and immune cells secrete chemokines in the TME,
which induce the recruitment of immune cells, modulate tumor immunity and promote tumor
cell proliferation as well as metastasis [12]. Cancer cells also control the production and the
activity of chemokines through the transcriptional silencing [94—96] or the post-translational
modifications, via dipeptidyl peptidase 4 (DPP4 or CD26) [97,98]. These modifications
undermine the attraction of tumor-invading lymphocytes, which impairs their anti-tumor
effect [99,100] and the success of immunotherapy. In addition, CXCR3-endogenous ligands
have been described to activate distinct signaling pathways, leading to specific cellular
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responses. For example, CXCL9 and CXCL10 induce effector Th1/Th17 cells and CXCL11
drives a Treg and Th2-biased effector cell polarization upon activation of CXCR3 on CD4+
T cells, while they upregulate tumor cell-related proteins that are beneficial for their survival,
such as PD-L1 [21,101,102]. Here, we give an outline on the impact of the TME on the
expression and secretion of CXCL11, CXCL10, CXCL9, CXCL4 and its variant CXCL4L1,
and the effect of these chemokines on the different cellular components present within the
TME.

3.51. CXCL1

Although CXCL11 is the most potent CXCR3 ligand [103], its role in CXCR3-driven
processes is sometimes overlooked due to its impaired production in certain mouse strains;
such as in C57BL/6 mice where a 2-bp insertion after the start codon results in a premature
stop codon and ultimately CXCL11 null mutant mice [101,104,105]. CXCL11 is also less
available compared with CXCL9 and CXCL10, whether in health or disease state
[106—108]. For CXCL11, being the full agonist of CXCR3 [109], its production may also be
submitted to stricter regulation. In addition, ACKR3, formerly known as CXCRY7, is a
scavenger receptor for CXCL11 that may reduce the availability of CXCL11 in vivo and in
the tumor bed. Indeed, ACKR3 has been shown to be upregulated on various tumor cells
as well as on tumor- associated vasculature, therefore potentially interfering with the
CXCR3-CXCL11 interactions [103,110-112].

Nevertheless, several studies pinpointed the importance of CXCL11-CXCR3 axis
within the TME. It has been reported that mice challenged with EL4 T-cell lymphoma cells
genetically modified to produce murine CXCL11 attracted more CD8+ lymphocytes and
macrophages with anti-tumoral activity to the TME compared to WT EL4 T-cell lymphoma
cells [42]. On the other hand, a study on human colon adenocarcinoma showed enhanced
tumor growth and invasiveness after injection of CXCL11 to the TME [92]. It has also been
described that the repression of CXCL11 in CRC tissues diminished the tumor cell growth
and metastasis [113]. In addition, the observed increased expression of CXCL11 in HCC
cells was linked with the upregulation of stem cell-related genes and the acquisition and
maintenance of self-renewal and tumorigenic properties of tumor-initiating cells through an
autocrine axis [114].

3.5.2. CXCL10

Although CXCL10 is only a partial agonist of CXCR3, its impact on many human
pathologies including cancer has been extensively studied. In glioma cells, for example, the
expression of CXCL10 is significantly upregulated when compared with healthy astrocytes
and has been shown to increase cell proliferation by acting on CXCR3 in an autocrine
manner [57]. This pro-tumoral CXCL10 feed-forward loop was also observed in breast
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cancer; albeit, CXCL10 also attracted more CD4+ and CD8+ lymphocytes to the TME, in a
paracrine manner, which attenuated tumor progression [115].

This pro- and anti-tumoral activity of CXCL10 could also be observed in CRC. Stage
IV CRC patients showed an increased presence of CXCL10 in the TME, which was
associated with a poor prognosis and promoted metastasis to the liver [116,117]. In
contrast, higher secretion of CXCL10 in CRC increased the infiltration of CD8+ T
lymphocytes and inhibited the ability of cancer cells to metastasize [118]. In addition,
patients with ESCC showing higher CXCL10 expression had a better overall survival rate
when compared with CXCL10-negative patients [119], while enhanced proliferation and
metastatic behavior of melanoma tumor cells could be linked to higher CXCL10 secretion
[120].

CXCL10 having opposing effects on TME that may occur simultaneously, the overall
outcome of the disease seems to be tumor-type dependent and thus hard to predict.

3.5.3. CXCL9

Similar to CXCL10, CXCL9 is one of the most extensively studied CXCR3
chemokines in cancer and also plays a dual role in the TME. CXCL9 gene upregulation in
CRC and non- small-cell-lung-cancer (NSCLC) patient samples correlated with an
increased overall survival, suggesting a beneficial impact of higher secretion of this
chemokine in the TME [121,122]. In line with this observation, higher secretion of CXCL9 in
HGSC and fibrosarcoma tumors also resulted in an increased overall survival presumable
due to an enhanced attraction of leukocytes, in particular T and NK cells, to the tumor bed
[95,123]. The anti-tumoral activity of CXCL9 could also be observed in lymphocyte-rich
gastric carcinoma (GC) and regressing Burkitt's lymphoma tumors. These regressing
tumors showed a higher prevalence of CXCL9 in the TME compared with conventional
tumors and exhibited an increased presence of TIL and tumor necrosis rate [124,125]. In
contrast, it has been reported that the higher CXCL9 levels in melanoma—secreted by the
melanoma endothelial cells—disrupt the endothelial barrier, which in turn leads to a higher
dissemination of melanoma cells. This transendothelial migration of the tumor cells was
diminished upon addition of anti-CXCL9 monoclonal antibody (mAb) [126]. The CXCL9-
mediated metastasis was also observed in tongue squamous cell carcinoma (TSCC).
TSCC cell show an increased CXCL9 and CXCR3 expression, which results in cytoskeleton
alterations and decreased cell adhesion molecules that promotes tumor cell invasion and
migration to the lymph nodes [127]. Interestingly, in follicular lymphoma (FL), elevated
levels of CXCL9 result in lower event-free survival after treatment with immunotherapy
implying a potential negative role of this chemokine after cancer treatment [128]. Thus,
depending on the tumor cell type, CXCL9 can have either an adverse or a beneficial effect.
This beneficial effect appears to rely on leukocyte attraction to the TME in a paracrine
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fashion; however, the adverse effect of CXCL9 on the malignant cell might not be direct as
for CXCL10.

3.5.4. CXCL4 and its CXCL4L1 Variant

While CXCL4 is mainly released after activation of platelets, it can also be secreted
by stromal cells and tumor cells. In the two most frequent types of human lung
adenocarcinomas (KRAS and TP53) and in CRC, an increase in CXCL4 expression was
detected and correlated to lower patient survival probably due to its proliferative effect on
tumor cells and anti- proliferative effect on CTLs [129-131]. The CXCL4L1 non-allelic
variant has also been described to bind to CXCR3-A and -B [132]. The production of
CXCL4L1 in melanoma, lung carcinoma and pancreatic adenocarcinoma (PDAC) inhibits
tumor growth as well as neovascularization. Furthermore, CXCL4L1, as well as CXCL4, are
able to recruit T cells, NK cells and DC to the TME, which may contribute to their anti-
tumoral activity [132—-135].

4. Technical Hurdles to Studying the CXCR3 Variants

The identification of the CXCR3-B variant, with its opposite cellular responses, raised
new issues pertaining to the study and validation of the exact expression profile, signaling
and the differential contribution of the two isoforms in CXCR3-mediated processes. Variant-
specific tools were thus needed to be able to attribute the various cellular responses on the
different cell types to CXCR3-A or CXCR3-B.

Nucleotide probes, or primers, were the first easily accessible tools to detect and
distinguish endogenous expression of CXCR3-A- and CXCR3-B-specific transcripts in
tissue and cells. The most frequently used primers, described by Lasagni et al., detect the
spliced mRNA encoding both CXCR3-A and CXCR3-B as they bind to sequences that are
common to the two variants. Nevertheless, the PCR products can be distinguished based
on their different DNA band size. Primers designed for specific detection of CXCR3-A or
CXCR3-B were also reported [24] (Figure 1). The CXCR3-A-specific primer aligns with the
nucleotide sequence coding for the first seven amino acids present only in this variant [136]
while the primer specific to CXCR3-B aligns within its extended N terminus. Besides PCR-
based approaches, another application of nucleotide probes is in situ hybridization. This
technique was used to screen for mRNA expression of the CXCR3 variants directly in slices
of fixed tissues allowing the direct visualization of the receptor distribution and identification
of receptor-positive cell types [137].

Variant-specific nucleotide probes proved to be easily manufactured and useful tools
to evaluate the gene expression levels. However, confirming the presence of CXCR3 at
protein level and, in particular, on the cell surface turned out to be a more difficult task. For
the time being, the anti-CXCR3-A antibodies also recognize the CXCR3-B variant due to
the usage of CXCR3-A N-terminus-derived peptides for immunization. The production of
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the first CXCRS3- B-specific mAb raised against the extended 52-AA N terminus and its use
in immunofluorescence and immunohistochemistry was first described by Lasagni et al.
[24]. Meanwhile, other CXCR3-B-specific mAbs, using different CXCR3-B N-terminus-
derived peptides as immunogen, are available but usually show an application spectrum
limited to ELISA or Western Blot. To circumvent the staining of both CXCR3 isoforms, an
alternative may be the use of conformational antibodies against each variant as previously
generated for other GPCRs or chemokine receptors, including CXCR4 [138] CCRS5 [139]
and ACKR3 [109]. Indeed, the opposite cellular response of the two CXCR3 variants
suggests that the presence of the N-terminal extension of CXCR3-B modifies the general
tertiary structure of the receptor and might therefore expose different discontinued epitopes
compared with CXCR3-A. Although their use would be limited to the detection of CXCRS3 in
its native conformation, it would help to confirm and quantify the presence of the two
variants on the cell surface and understand the biology behind the selective receptor
expression on the various cell types of the TME.

The diverse cellular effects of the CXCR3 variants were proposed to rely on the
activation of different downstream signaling pathways. To investigate and identify CXCR3
variant- specific pathways, novel variant-selective modulators (antagonists, agonists or
allosteric modulators) are needed as the currently used endogenous chemokines bind and
activate both variants almost indifferently. Although CXCR3-A small-molecule modulators
have been generated, their activity on CXCR3-B remains to be elucidated [106,140-142].
In addition, no CXCR3-B-specific small molecules have been reported so far. Therefore, the
generation of small modulators is timely and would enable to unravel the CXCR3 variants
signaling and could hold potential therapeutic value.

5. Conclusions, Challenges, and Future Directions

Over the last two decades, much effort has been made to understand the biology of
the chemokine receptor CXCR3. Although the mechanism controlling the alternative
splicing of both CXCRS variants remains to be elucidated, numerous data on their signaling
pathways and their respective contribution in tumor development and immunity have been
generated.

On the one hand, it was shown that tumor cells can manipulate the expression of the
CXCRS variants in a way that is overall more beneficial for their maintenance. Indeed, by
upregulating the expression of CXCR3-A and lowering the expression of CXCR3-B at their
surface, tumor-initiating cells are able to enhance their proliferative potential and survival
through autocrine stimulation loops that are further reinforced by the simultaneous
upregulation of the expression of the CXCR3 ligands in the TME.

On the other hand, the increased secretion of CXCR3 ligands within the TME was
shown to enhance the recruitment and the infiltration of various leukocytes into the tumor
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bed in a paracrine fashion, thereby modulating tumor progression. In a similar manner,
chemokines participate in the control of metastasis of CXCR3-expressing tumor cells
(summarized in Figure 2).The demonstration of the impact of the CXCR3 axis in cancer
points to its potential interest as a therapeutic target. However, the dual activity of CXCR3-A
in the proliferative loops and the attraction of immune cells to the tumor bed, and the
opposing roles of the CXCR3 variants ligand—receptor axis, as well as ligand and cell
context bias, are important aspects that need to be considered for the development and use
of anti-CXCR3 drugs or neutralizing antibodies. In addition, other players in the TME,
including growth factors, inflammatory cytokines, and extracellular matrix enzymes, and the
impact of the tumor on the microenvironment, such as induction of hypoxia, influence the
CXCR3 axis and add yet another level of complexity to CXCR3-regulated processes,
ultimately making the outcome of potential blockade hard to predict.

Therefore, a better understanding of all aspects of the biology of CXCR3 variants,
including their exact signaling pathways and cellular responses in the tumor-
microenvironment context, is urgently needed before envisaging the CXCR3 variants as
potential anti-tumoral targets and the development of CXCR3 variant-specific drugs to be
used for combined therapy, for example with anti-PD-1 immunotherapy, to turn cold to hot
tumors.

o lo [

Angiogenesis

@
Increased @
chemokine @

gradient X J
@

etastasis of CXCR3-A+
tumor cells

CD8+ T cell

@Tumor cell 0 CD4+ T cell
ﬁ@ CXCR3-A .

XCR3-B Natural killer *eq i
@E CXCR3 @ cell P, : o . o
aracrine loop ® Autocrine loop
ELR- CXC Monocyte/

@ cremokines ) Macrophage .t 7 e
Regulatory Endothelial | T
Tcell cell

Figure 2 | lllustration of the roles of CXCR3 variants and their ligands in the tumor microenvironment. The increased
secretion of CXCR3 ligands in the TME, originating from the tumor cells, results in an increased chemokine gradient (1) and
the recruitment of CXCR3-A+ leukocytes towards the tumor (paracrine axis) (2). The Th1-related immune cells drive anti-
tumoral responses, while the recruited CXCR3-A+ Tregs have a pro-tumoral effect by suppressing other immune cells. The
secreted chemokines also bind to CXCR3-A or CXCR3-B, present on secreting (autocrine axis) and neighboring tumor cells,
and depending on the cellular context, may induce a proliferative or inhibitory effect (3). Moreover, the chemokines in close
proximity to the endothelial cells attenuate the angiogenesis by activating CXCR3-B (4). In addition, the increased expression
of CXCR3-A, together with decreased CXCR3-B expression, on the tumor cells enable them to detach from the tumor mass
and disseminate to a distant tissue (5).
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Chapter 2

1. Abstract

The chemokine receptor CXCR3 plays a critical role in immune cell recruitment and
activation. CXCR3 exists as two main splice variants, CXCR3A and CXCR3B, differing only
by the presence of an N-terminal 51-amino acid extension in CXCR3-B but having opposite
functional effects. CXCR3-B variant is an elusive and enigmatic chemokine receptor and
the mechanisms underlying its function and signaling remain poorly understood. To unravel
these aspects, we undertook an in-depth cellular and molecular study of CXCR3-A and
CXCRS3-B, comparing their activation properties at different levels of the signaling
cascades, including G protein coupling, B-arrestin recruitment and modulation of secondary
messengers as well as related gene response elements. We also investigated the
subcellular localization of the two variants, their trafficking under resting and stimulated
conditions along with their ability to internalize CXCR3-related chemokines. Here, we show
that the N-terminal extension of CXCR3-B drastically affects receptor features, modifying
the receptor cellular localization and preventing G protein coupling, while preserving [3-
arrestin recruitment and chemokine uptake capacities. Moreover, we demonstrate that
gradual truncation of the N terminus leads to progressive recovery of surface expression
and recoupling to G proteins. Our study clarifies the molecular basis underlying the
divergent effects of CXCR3 variants, proposing CXCR3-B as a B-arrestin-biased receptor
and a new atypical chemokine receptor. Our results also suggest that the two CXCR3
variants may be regarded as opposing effectors in analogy to classical and atypical
chemokine receptors.

2. Introduction

Chemokine receptors are class A seven transmembrane domain G protein-coupled
receptors (GPCRs), that bind small, structurally conserved cytokines with chemotactic
properties, referred to as chemokines. Chemokine receptors are classified into four
subfamilies (CCR, CXCR, XCR, and CX3CR) according to distinct cysteine motifs within the
N terminus of the chemokines that they recognize. Chemokines and their receptors form an
intricate network in which a chemokine activates one or many receptors, and one receptor
recognizes one or several chemokines [1, 2].

Over the last decades, a new subfamily of chemokine receptors, referred to as
‘atypical’ chemokine receptors (ACKRs), has emerged as important regulators of the
chemokine network. Presently it comprises four members (ACKR1-4) that differ from the
‘classical’ chemokine receptors notably by their inability to elicit G protein-mediated
signaling, while most of them conserved the ability to recruit f-arrestin in response to
chemokine binding. The molecular basis of G protein decoupling remains elusive but has
been partly attributed to alterations in the DRY motif and structural particularities in their
intracellular pocket that preclude efficient G protein binding or activation [2, 3]. Despite the
absence of G protein signaling upon activation, ACKRs modulate the chemokine-mediated
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cell migration and physiological processes by regulating the chemokine availability for the
classical chemokine receptors, among others through chemokine internalization. This
activity was previously considered to mainly rely on B-arrestin, yet recent studies showed
that other effectors may also drive the regulatory functions of ACKRs [3-11]. Other
distinctive properties of ACKRs are their unconventional cellular localization, trafficking and
expression profile. ACKRs are indeed mostly found in intracellular endosomal vesicles and
are generally expressed on endothelial and epithelial cells of barrier organs as opposed to
classical chemokine receptors that are mostly present at the cell surface of hematopoietic
and immune cells [12, 13].

The chemokine receptor CXCR3 is mainly present on activated immune cells and
mediates their migration towards sites of inflammation, but is also expressed on cancer
cells within the tumor microenvironment [14, 15]. In humans, the gene encoding for CXCR3
can be transcribed to three alternative splice variants: CXCR3-A, CXCR3-B, and CXCR3-
Alt, which gives rise to structurally distinct proteins. Compared to CXCR3-A, CXCR3-B
bears an N-terminal 51-amino-acid extension, while CXCR3-Alt lacks two transmembrane
regions and shows a modified C terminus (Supplementary Fig 1) [16, 17]. The three
variants also exert different cellular functions in response to their chemokine ligands
CXCL11, CXCL10, and CXCL9. The biology of CXCR3-Alt is not well investigated and
although receptor internalization upon cognate chemokine binding has been described, no
Gi protein activation nor B-arrestin recruitment could be observed [18]. More efforts have
been put in investigating the remaining two variants, which have been attributed opposing
cellular functions. Indeed, CXCR3-A, mainly present on leukocytes, mediates cell migration
and proliferation through activation of Gi and calcium signaling [18-24]. In contrast CXCR3-
B, which is reported to be abundantly expressed on barrier cells [25], including endothelial
cells and pericytes, inhibits cell migration and proliferation, and induces apoptosis upon
ligand stimulation [16]. However, the molecular mechanism underlying this cellular effect
remains unclear as conflicting reports on CXCR3-B signaling and functional role exist [18,
19, 26].

Similar contrasting functions for CXCR3 splice variants have been documented in
Zebrafish. In this organism, Cxcr3.2 and Cxcr3.3 variants, both expressed on
macrophages, have been shown to coordinate their migration during bacterial infection by
functioning antagonistically. The cxcr3.3 variant shows atypical properties and is not able to
elicit G protein-mediated signaling upon ligand stimulation. It was therefore suggested to
attenuate the signaling of Cxcr3.2 by scavenging the ligands the two variants share [27].

The divergent cellular effects and expression pattern of the human CXCR3-A and
CXCR3-B variants, lead us to hypothesize that CXCR3-B could also exert a scavenging
function similarly to atypical chemokine receptors [15, 28]. Therefore, we investigated the
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properties of both CXCR3 variants and compared them to the distinct features of the
classical and atypical chemokine receptors.

In this study, we show that the N-terminal extension of CXCR3-B considerably alters
its properties, including the subcellular distribution and signaling capacity. In particular,
CXCRS3-B loses the classical chemokine receptor’s ability of G-protein coupling and
signaling and gains atypical features such as predominantly intracellular localization,
preservation of B-arrestin recruitment capacity and chemokine uptake. Hence, we bring the
attention to the functional diversity and biased signaling of the two CXCR3 splice variants,
which could be regarded as opposing effectors in analogy to classical and atypical
chemokine receptors.

3. Material and Methods

3.1. Chemokines and antibodies

Native chemokines: CXCL11, CXCL10, CXCL9, CXCL12, and CCL5 were purchased
from Peprotech.

Fluorescent labeled chemokines: CXCL11, CXCL10, CXCL9, and CCL5 coupled to
Alexa Fluor 647 were purchased from Protein Foundry, LLC.

Custom chemokines: The N-terminally truncated, P2G-mutated and N-loop chimera
CXCL11 chemokines were produced as previously described [2, 29-31]. In brief, cells were
grown in Terrific Broth and production of modified CXCL11 chemokines, cloned into pQE30
vectors, was induced with 1 mM isopropyl B-D-1-thiogalactopyranoside before being
harvested. Cell pellets were then lysed, centrifugated at 12 000 x g for 20 minutes and the
supernatant and solubilized inclusion body pellets were added to nitrilotriacetic acid resin
for one hour. Bound proteins were eluted with 6 M guanidinium chloride, 50 mM Na2P0O4
(pH 7.4), 300 mM NaCl, 500 mM imidazole, 0.2% sodium azide and 0.1% p-
mercaptoethanol, the eluate pooled and refolded via dilution overnight before cleavage of
the His6SUMO fusion tag by Ulp1 protease for 4 hours. The His6SUMO fusion tag and
chemokine were separated using cation-exchange and the eluate subjected to reverse-
phase high-performance liquid chromatography as a final purification.

Chemokine processed by dipeptidyl peptidase 4: CXCL11, CXCL10, CXCL9 and
CCL5 chemokines (9 uM) were incubated with recombinant dipeptidyl peptidase 4 (CD26)
(100 U) in 20 pl Tris/HCI 50 mM pH7.5 + 1 mM EDTA for 90 minutes at 37°C.

Antibodies: Anti-CXCR3 (1C6) and anti-CXCR4 (12G5) mAbs were purchased from
BD Biosciences, anti-ACKR3 (8F11-M16) from BioLegend, anti-ACKR3 (11G8) and anti-
ACKR2 (196124) from R&D Systems. All the antibodies were phycoerythrin—conjugated.

3.2. Cell culture
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HEK293T and U87 cells were grown in Dulbecco’s modified Eagle medium (DMEM)
supplemented with fetal bovine serum (10 and 15% respectively) and penicillin/
streptomycin (100 units/ml and 100 pg/ml). HEK293T.CXCR3-A or HEK293T.CXCR3-B cell
lines stably expressing CXCR3 variants were established using pIRES-hygromycin vector
and antibiotic selection and were grown in DMEM medium supplemented with 100 pg/mL
hygromycin. Stable cell lines HEK293T-ACKR3 [32] and HEK293T-ACKR?2 [33] were grown
in DMEM medium supplemented with 5 pg/mL puromycin and 200 pyg/mL hygromycin,
respectively. HEK293T.pGlo, stably expressing cAMP GloSensor (GloSensor-22F cAMP,
Promega), were grown in DMEM medium supplemented with 150 ug/mL hygromycin.

3.3. Recruitment assays

NanoBiT assay: miniG protein (mG, engineered GTPase domain of Ga subunit), 3-

arrestin-1 and B-arrestin-2 recruitment to WT and chimeric chemokine receptors (CXCR3-
A, CXCR3-B, CXCR3-B N-terminally truncated variants, CXCR4, and CXCR4-B) upon
chemokine-stimulation, was monitored using a Nanoluciferase complementation-based
assay (NanoBiT, Promega) [34-36]. 4 x 106 HEK293T cells or 1.5 x 106 U87 cells were
plated in 10-cm dishes and cultured for 24 or 48 hours respectively before transfection with
vectors encoding for intracellular effectors N-terminally fused to LgBiT and chemokine
receptor variants C-terminally fused to SmBIT. 48 hours after transfection, cells were
harvested, incubated for 20 minutes at 37°C with Nano-Glo Live Cell substrate in Opti-
MEM, and distributed into white 96-well plates (1.5 x 105 cells/well). Chemokine ligands
were then added and the luminescence generated upon Nanoluciferase complementation
was measured with a Mithras LB940 luminometer (Berthold Technologies).

NanoBRET assay: ($-arrestin-1 and B-arrestin-2 recruitment to CXCR3-A and CXCR3-
B upon chemokine-stimulation was monitored using NanoBRET (Promega) [33, 37]. 4 x

106 HEK293T cells were plated in 10-cm dishes and cultured for 48 hours before
transfection with vectors encoding for the human B-arrestin-1 or B-arrestin-2 N-terminally
fused to Nanoluciferase and the chemokine receptor variants C-terminally fused to
mNeonGreen. 48 hours after transfection, cells were harvested, incubated with Nano-Glo
Live Cell substrate in Opti-MEM and immediately distributed into white 96-well plates (1.5 x
105 cells/well). The BRET signal generated was measured with a GloMax plate reader
(Promega) using a 450 BP filter for the luminescence and a 530 LP filter for the fluorescent
signal.

Ligand-mediated G protein dissociation was monitored using BRET-based G protein
activity sensors [38]. These biosensors encode for a tricistronic plasmid which encodes
Nanoluciferase-tagged Ga subunits together with the related GB and circularly permutated
Venus tagged Gy.. G protein activity is monitored through the reduction of BRET signal
upon G protein subunit dissociation. 4 x 106 HEK293T cells were plated in 10-cm dishes,
cultured for 24 hours before transfection with BRET sensors and untagged CXCR3-A or
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CXCRS3-B. 48 hours after transfection, cells were harvested, incubated with Nano-Glo Live
Cell substrate in Opti-MEM and immediately distributed into white 96-well plates (105 cells/
well). The BRET signal generated was measured with a GloMax plate reader (Promega)
using a 450 BP filter for the luminescence and a 530LP filter for the fluorescent signal.

3.4. cAMP measurements

cAMP measurements upon chemokine stimulation were performed using a
luminescence GloSensor cAMP reporter assay (Promega) [39]. 4 x 106 HEK293T.pGlo
cells were plated in 10-cm dishes and cultured for 24 hours before transfection with
CXCR3-A or CXCR3-B-encoding pIRES vectors or empty vector. 48 hours later, cells were
harvested, incubated for one hour at 37°C with Nano-Glo Live Cell substrate and IBMX (300
pMM) in HBSS (120 mM NaCl, 5.4 mM KClI, 0.8 mM MgS04, 10 mM HEPES, pH 7.4, 10 mM
glucose) and distributed into white 96-well plates (1 x 105 cells per well). cAMP-dependent
changes in luminescence in response to chemokines at concentrations ranging from 10 pM
to 300 nM was measured with a Mithras LB940 luminometer (Berthold Technologies).

3.5. Ca2+ mobilization

To assess CXCR3-driven chemokine-induced calcium flux, an assay based on
Nanoluciferase complementation (NanoBiT) and Ca2+-dependent calmodulin-MYLK2S
protein association was used. HEK293T cells were plated in a 6-well plate (0.8 x 106 cells
per well) and cultured for 24 hours before transfection with CXCR3-A- or CXCR3-B-
encoding pIRES vectors and plasmids encoding for calmodulin C-terminally fused to SmBIT
and MYLK2S N-terminally fused to LgBiT. 48 hours after transfection, cells were incubated
in PBS supplemented with 1 mM CaCl2 and 0.5 mM MgCI2 for 10 minutes at 37°C. Nano-
Glo Live Cell substrate was then added, cells distributed in a 96-well plate (105 cells per
well) and incubated for 20 minutes at 37°C. The baseline signal was acquired for 2 minutes.
Calcium flux upon stimulation with chemokines (100 nM) or the calcium ionophore A23187
(1 uM) were quantified using the changes in luminescence measured on a GloMax plate
reader (Promega).

Indo-1 AM ratiometric fluorescent indicator was also used as additional readout.
HEK293T, HEK293T cells stably expressing CXCR3-A or CXCR3-B were incubated with 1
MM of Indo-1 AM (Thermo Fisher Scientific) in PBS supplemented with 1 mM CaCl2 and 0.5
mM MgCI2 for one hour at 37°C. Cells were pelleted, resuspended in PBS/CaCl2/ MgCI2,
distributed in a 96-well plate (105 cells per well) and incubated for 30 min. First the baseline
signal was acquired for 2 minutes. Cells were then stimulated with chemokines (100 nM)
and the calcium flux was measured for 2 min. The validity of the assay was confirmed using
the calcium ionophore A23187 (1 pM). Fluorescence was acquired on a GloMax plate
reader using the 365 nm excitation laser and 415-445 and 495-505 emission filters to
evaluate calcium-bound and free Indo-1, respectively.
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3.6. Transcriptional Nanoluciferase reporter assays

Activation of the MAPK/ERK, RhoA-dependent, and cAMP-dependent signaling
pathways was evaluated using a serum response element (SRE), Serum Response Factor
Response Element (SRF-RE), and a cAMP response element (CRE) Nanoluciferase
reporter assay, respectively (Promega). 1 x 106 HEK293T cells were seeded in a 6-well
plate, cultured for 24 hours, and co-transfected with the pNL3.2.SRE, pNL3.2.NFAT-RE,
pNL3.2.SRF-RE or pNL3.2.CRE, and CXCR3-A- or CXCR3-B-encoding pIRES vectors. 24
hours after transfection, 50 x 103 cells/well were seeded in a white clear-bottom 96-well
plate and 24 hours later the medium was replaced by serum-free DMEM and incubated for
30 minutes at 37°C. Chemokines (100 nM) and corresponding positive control (50 nM
phorbol 12-myristate 13-acetate (PMA), 10 % FBS or 50 nM PMA, 1 uM ionomycin, 10 %
FBS and 50 uM forskolin) were then added and incubated for six hours. Nano-Glo Live Cell
substrate (Promega) was then added and luminescence was read over 20 minutes on a
Mithras LB940 plate reader (Berthold Technologies).

3.7. Receptor cellular distribution assays

Fluorescent microscopy: 11.5 x 104 HEK293T cells transiently transfected with
CXCR3-A, CXCR3-B, ACKR3, or ACKR2 C-terminally fused to mNeonGreen were seeded
in a poly-lysine-coated y-Slide 8 well-chambered coverslip (Ibidi). After 24 hours, cells were

washed twice with PBS and fixed with 3.5% (w/v) paraformaldehyde solution for 20 minutes
at RT. Cells were washed three times with PBS and incubated with anti-CXCR3 (1C6), anti-
ACKR3 (8F11-M16), and anti-ACKR2 (196124) mAb for one hour at 4°C. Cells were again
washed twice with PBS and incubated for 20 minutes at RT with Hoechst 33342 dye (1
pug/mL). Cells were washed twice with PBS before adding mounting media and acquiring
images on a Zeiss LSM880 confocal microscope using a 63x oil-immersion objective and
Zen Black 2.3 SP1 software (Zeiss).

To detect chemokine receptors at the cell surface, HEK293T cells were incubated 45
minutes at 4°C with receptor-specific mAbs, washed once with FACS buffer (PBS, 0.1%
Sodium azide, 1% BSA) and then incubated for 20 minutes at 4°C with Zombie Green
viability dye, before measuring the fluorescence on a Quanteon Flow Cytometer
(NovoCyte).

To monitor receptor cellular cycling, 1.5 x 105 HEK293T.CXCR3-A,
HEK293T.CXCR3-B, HEK293T.ACKR3 [32] or HEK293T.ACKR2 [33] cells were seeded in
a 96-well plate and incubated for 3 hours with 0.1 mg/mL proteinase K to remove all
extracellular epitopes. Cells were washed twice with PBS and incubated for one additional
hour at 37°C in DMEM supplemented with 50 uM cycloheximide to measure re-surfacing
receptors. Cells were then washed twice with PBS and an excess of anti-CXCR3 (1C6),
anti-ACKR3 (8F11-M16), or anti-ACKR2 (196124) mAb was added and incubated for 45
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minutes at 4°C. Cells were then washed once with PBS and incubated for 20 minutes at 4°C
with Zombie Green viability dye (BioLegend). After two PBS washes surface receptor
expression was measured on a Quanteon Flow Cytometer (NovoCyte).

To follow receptor cellular distribution after chemokine stimulation, 1.5 x 105
HEK293T.CXCR3-A, HEK293T.CXCR3-B, HEK293T.ACKR2 or HEK293T.ACKR3 cells
were seeded in a 96-well plate, incubated or not with the V ATPase inhibitor, Bafilomycin A1
(1.5uM), for 40 minutes and then stimulated with chemokines (100 nM) for 10, 20, 40 or 60
minutes at 37°C in medium containing 50 uM cycloheximide. Cells were then washed twice
with PBS and incubated for 40 minutes at 37°C, in the absence of chemokines to allow
possible receptors re-surfacing. Cells were washed once with a low-pH buffer (50 mM
Glycine, 150 mM NaCl, pH 3.5) and twice with PBS. An excess of receptor-specific antibody
was then added and incubated for 45 minutes at 4°C. Cells were then washed once with
PBS and incubated for 20 minutes at 4°C with Zombie Green viability dye (BioLegend). The
receptor extracellular expression was measured on a Quanteon Flow Cytometer
(NovoCyte).

Surface Nanoluciferase complementation (HiBiT, Promega): Receptor cellular

distribution, in basal conditions and upon ligand stimulation, was monitored by
nanoluciferase complementation assay. In brief, chemokine-induced changes in surface
receptor levels were monitored with the use of Nano-Glo HiBiT extracellular detection
system (Promega). 4 x 106 HEK293T cells were plated in 10-cm dishes and cultured for 24
hours before transfection with pHIiBiT vectors encoding for CXCR3 variants N-terminally
fused to HiBIT. 48 hours later, cells were distributed in white 96-well plates (5 x 104 cells per
well) and stimulated with chemokines (100 nM) for 0, 5, 10, 20, 40 minutes at 37°C.
Luminescence was then recorded over 30 minutes with a GloMax plate reader (Promega).
In un-stimulated conditions, surface and total receptor expression was determined using
Nano-Glo HiBiT extracellular detection system (Promega) and Nano-Glo HiBiT Iytic
detection system (Promega), respectively.

3.8. Chemokine uptake

Flow Cytometry: To monitor chemokine uptake and binding 1.5x 105 HEK293T cells

transiently transfected with vectors encoding CXCR3-A or CXCR3-B C-terminally fused to
mNeonGreen were incubated for 1 hour at 37 °C or 4°C in the presence of Alexa Fluor 647-
labelled chemokines (33 nM). Cells were washed twice with FACS buffer and subjected or
not to proteinase K treatment (0.1 mg/mL) for 3 hours at 4°C to evaluate and compare
unspecific chemokine binding to the cell surface. Cells were washed twice with FACS buffer
and then treated with Zombie NIR viability dye (BioLegend) to exclude dead cells. After two
PBS washes, the fluorescent chemokine uptake was quantified using a Quanteon Flow
Cytometer (NovoCyte).
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Confocal Microscopy: 3 x 104 HEK293T cells transiently transfected with vectors

encoding CXCR3-A or CXCR3-B C-terminally fused to mNeonGreen were seeded in a poly-
lysine-coated p-Slide 8-well-chambered coverslips (Ibidi) and grown for 24 hours. Cells
were incubated for one hour at 37°C with 100 nM of Alexa Fluor 647-labelled chemokines
(Protein Foundry) and co-incubated one additional hour with 750 nM LysoTracker™ Red
DND-99 (ThermoFisher). Cells were then washed twice with PBS, fixed with 3.5% (w/v)
paraformaldehyde for 20 minutes at RT, and washed twice. Afterward, nuclear staining was
performed with Hoechst 33342 dye (1 pg/mL) for 20 minutes at RT. Cells were washed 3
times with PBS before mounting media was added. Images were acquired with a Zeiss
LSM880 confocal microscope using a 63x oil-immersion objective and Zen Black 2.3 SP1
software (Zeiss).

3.9. Data and statistical analysis

Concentration-response curves were fitted to the three-parameter Hill equation using
an iterative, least-squares method (GraphPad Prism version 8.4.3) to provide EC_, values
and standard errors of the mean. All curves were fitted to data points generated from the
mean of at least three independent experiments. The statistical tests two-way ANOVA, and
post hoc analysis were performed with GraphPad Prism 8.4.3. P-values are indicated as
follows: *p < 0.05, **p < 0.01.

4. Results

41. The CXCR3-B variant is decoupled from G protein but maintains B-arrestin
recruitment capacity

To evaluate and compare the functionality and signaling capacity of CXCR3-A and
CXCR3-B variants, we first investigated their ability to interact with miniG proteins and B-
arrestins in response to their shared ligands CXCL11, CXCL10, and CXCL9 using a
Nanoluciferase complementation-based (NanoBiT) assay. CXCR3-A was able to recruit
miniGi and miniGq proteins after stimulation with all three chemokines. In stark contrast,
CXCR3-B showed a complete loss of miniGi recruitment abilities and miniGq recruitment
was almost abolished (Fig. 1A). Both CXCR3-A and CXCR3-B failed to recruit miniGs and
miniG12/13 proteins (supplementary Fig 2). Next, we monitored the recruitment of B-
arrestins towards both CXCR3 variants upon chemokine stimulation using the above-
mentioned NanoBiT assay. CXCL11 or CXCL10 induced a B-arrestin-1 and B-arrestin-2
recruitment to CXCR3-A, with CXCL11 having stronger potency and efficacy compared to
CXCL10. Interestingly, although G protein interaction was severely impaired, CXCR3-B
efficiently interacted with B-arrestin-1 and -2 upon stimulation with CXCL11 and a weak
recruitment for CXCL10 was detected. CXCL9 was only able to induce a slight B-arrestin
recruitment towards both CXCRS3 variants at the highest concentration tested (Fig. 1B).
These results were confirmed using the same assays in U87 cellular background as well as
using NanoBRET-based approaches (supplementary Fig 2).
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CXCR3-B decoupling from G proteins was further investigated, using a NanoBRET
assay, by monitoring the activation of heterotrimeric G proteins and their dissociation from
the receptor following chemokine stimulation. CXCR3-A activation by its ligands, triggered
the dissociation of Gai/o and Gaq proteins from the Gy dimer, albeit a weaker effect was
observed for the latter. In contrast, CXCR3-B displayed a complete loss of Gai and Gq
activation and a severe impairment of Go for CXCL10 and CXCL9. CXCL11 triggered slight
activation of Gai/o protein at high chemokine concentration (Fig 1C). No other G protein
subtype activation could be measured for either CXCR3 variant. These results support the
data obtained for miniG protein recruitment and further confirm the decoupling of CXCR3-B
from G proteins.

To corroborate the impairment of CXCR3-B-driven G protein activation, we
investigated the modulation of two downstream secondary messengers: cAMP and
calcium. cAMP modulation was monitored using a luciferase-based Glo biosensor. Upon
activation with CXCL11, CXCL10, CXCL9, we detected a concentration-dependent
decrease in cAMP for CXCR3-A, confirming Gai/o protein activation. No cAMP modulation
was however detected for CXCR3-B (Fig. 1D) nor the untransfected cells after stimulation
with CXCL11, CXCL10 or CXCL9 (supplementary Fig 2). The positive control CXCL12 was
able to reduce cAMP levels attesting to the functionality of this secondary messenger assay.
Intracellular calcium mobilization was investigated to further characterize signaling abilities
of the receptors. In this assay, all CXCR3 chemokines induced a calcium flux following
CXCR3-A activation. These calcium fluxes could be inhibited using, the CXCR3 antagonist
AMGA487, confirming the CXCR3-mediated calcium measurements (Fig. 1E). In contrast,
CXCRS3-B only triggered a weak calcium flux in response to CXCL11 and no response to
CXCL10 or CXCL9. Similar results were obtained by monitoring intracellular calcium
mobilization with the use of the ratiometric fluorescent indicator Indo-1 (supplementary
figure 3). These experiments confirmed CXCR3-B’s inability to trigger efficient downstream
G protein signaling (Fig. 1E and F), which is in agreement with the impaired Gai/o
activation.

Finally, the ability of the CXCR3-binding chemokines to trigger later downstream
signaling events was also examined by monitoring the activation of various transcriptional
response elements (RE). Stimulation of CXCR3-A by CXCL11, CXCL10 and CXCL9
showed a significant increase in ERK signaling using a MAPK/ERK-dependent response
element (SRE), as opposed to CXCR3-B that showed no modulation of this pathway (Fig.
1G). The specific activation of Gai or Gas and subsequent cAMP modulation was monitored
by CRE inhibition/activation. A slight decrease in signal for CXCR3-A was observed after
stimulation with CXCL11, CXCL10, and CXCL9, while no difference in signal could be seen
for CXCR3-B with the exception of CXCL9 that showed a more pronounced decrease. We
also examined chemokine-induced activation of Gaq and Ga12/13 protein-specific
signaling using NFAT and SRF response elements, respectively, which showed no
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Figure 1 | The CXCR3-B variant does not induce G protein-mediated signaling. (A) miniG proteins or (B) B-Arrestin
recruitment towards CXCR3-A and CXCR3-B in response to CXCL11, CXCL10 and CXCL9 monitored by NanoBiT-based
assay. CCL5 was used as negative control (C) Heterotrimeric G protein dissociation upon CXCR3-A or CXCR3-B stimulation
with CXCL11, CXCL10, CXCL9 and CCL5. Concentration-response relationship for the alpha subunits Gi2, Go and Gq are
expressed as ABRET. (D) CXCR3-A and CXCR3-B-driven effect on intracellular cAMP levels after stimulation with CXCR3
ligands. (E) Intracellular calcium changes upon activation of CXCR3-A or CXCR3-B monitored by NanoBiT assay. The assay
was conducted in absence or presence of CXCR3-antagonist AMG487. (F) CXCRS3 variant-mediated downstream signaling
events using the Nanoluciferase-based response elements SRE, CRE, NFAT and SRF. CCL5 and CXCL12 were used as

82



Chapter 2

negative and positive control, respectively, for the different assays. Results are expressed as fold RLU to vehicle. All
nanoluciferase-based and NanoBRET-based assays were conducted in HEK293T cells. Data points represent mean + SEM
of three independent experiments. * p < 0.05, ** p < 0.01 by two-way ANOVA with Dunnett post hoc tests.

statistical differences in the signal measured with all CXCR3 chemokines for both variants
compared to the negative control CCL5 (Fig. 1G).

Together, these data point to an altered ability of the CXCR3-B variant to couple to and
activate G proteins and their downstream signaling events, while preserving the ability to
recruit B-arrestins upon chemokine stimulation.

4.2. CXCR3-B has a different cellular localization compared to CXCR3-A

Based on the observations that CXCR3-B is able to efficiently recruit B-arrestins
despite the impaired G protein signaling, we examined whether it shows other properties
characteristic of atypical chemokine receptors. We first evaluated the basal cellular
distribution of both CXCR3 variants and compared it to that of ACKR2 and ACKR3, two
receptors of the ACKR family reported to be mostly located in intracellular vesicles under
basal conditions [12].

The cellular distribution of CXCR3 variants, was first visualized by confocal
fluorescent microscopy using receptors C-terminally fused to the mNeonGreen fluorescent
protein and a receptor-specific antibody to detect their presence at the plasma membrane.
In line with previous reports [16], CXCR3-A was mainly present at the cell surface as
revealed by the strong colocalization of the mNeonGreen and CXCR3-specific antibody. In
contrast, CXCR3-B showed a more pronounced intracellular distribution and a reduced
fluorescent signal at the plasma membrane, which was reminiscent of the intracellular
localization of ACKR2 and ACKR3 (Fig. 2A). The different cellular distribution of the two
CXCRa3 variants was further confirmed using the HiBiT technology. The data revealed that
while CXCR3-A was almost exclusively found at the cell surface, only 45 % of total CXCR3-
B was exposed at the cell surface under basal conditions (Fig. 2B).

4.3. CXCRS3-B does not cycle in basal conditions but is mobilized to the cell
membrane upon chemokine stimulation

Based on the atypical CXCR3-B subcellular distribution reminiscent of ACKRs, we
investigated the receptor cycling in the absence and presence of chemokines. Indeed,
ACKRs regulate extracellular chemokine availability for classical receptors. Chemokine
binding may induce receptor internalization but some ACKRs, like ACKR3, were shown to
continuously cycle between the intracellular compartments and the cell surface,
independently of ligand stimulation [40, 41].

Basal CXCR3 cycling was thus first evaluated with flow cytometry following
extracellular epitope cleavage by proteinase K, by monitoring receptor replenishment at the
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Figure 2 | CXCR3-B shows intracellular localization and does not cycle in basal conditions but is mobilized to the cell
membrane upon chemokine stimulation. (A) Receptor cellular distribution of CXCR3-A, CXCR3-B, ACKR2 and ACKR3
fused to mNeongreen fluorescent protein and extracellular staining with 1C6 mAb in basal conditions visualised by confocal
microscopy. Pictures are representative of 12 acquired images from three independent experiments. (B) Expression of
CXCR3-A and CXCR3-B on the cell surface quantified using HiBiT-mediated nanoluciferase complementation and are
expressed as percentage to total (extracellular and intracellular). (C) CXCR3-A, CXCR3-B, ACKR2 and ACKR3 basal cycling
after extracellular epitope shaving by proteinase K. Results are expressed as percentage of cell surface expression before
proteinase K treatment. (D-E) Cell surface redistribution of CXCR3-A and CXCR3-B after stimulation with chemokines (100
nM) monitored by (D) surface Nanoluciferase complementation (HiBiT) or (E) flow cytometry in the presence or absence of
Bafilomycin A1. Results are expressed as percentage with baseline set at 100% for receptor surface expression in basal
conditions and represent mean + SEM of three, independent experiments (N=3).

plasma membrane in the presence of cycloheximide, a de-novo protein synthesis inhibitor.
Two distinct trends could be identified for the set of chemokine receptors tested. Both
CXCR3 variants and ACKR2 showed an approximately 10% increase of receptor cell
surface expression, while ACKR3 demonstrated a more pronounced increase of 30% (Fig.
2C). This suggests that similarly to CXCR3-A and ACKR2, CXCR3-B shows limited cycling
from the intracellular compartment to the plasma membrane in the absence of chemokines.

Chemokine-induced internalization and recycling was then assessed for the two
CXCRS variants, first using flow cytometry (Fig. 2E). CXCL11 and CXCL10 induced the
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internalization of CXCR3-A after 10-minute stimulation, with CXCL11 reducing the receptor
surface expression by 60% and CXCL10 by 20%, while CXCL9 had no impact on receptor
internalization (Fig. 2E). In contrast, for CXCR3-B, CXCL11 induced only about 20%
internalization, while CXCL10 and CXCL9 had no effect (Fig. 2E). ACKR2 surface
expression was not modified by chemokine stimulation, reminiscent of CXCR3-B behaviour,
whereas ACKR3 stimulation with CXCL12 and CXCL11 led to the internalization of
approximately 70 % and 25 % of the receptor present at the plasma membrane,
respectively (Fig. 2C). In addition, receptor surface expression was evaluated 40 minutes
after chemokine removal. None of the CXCR3 variants nor ACKR2 recycled back to the cell
surface in the presence or absence of the V-ATPase inhibitor Bafilomycin A1, an,
suggesting an absence of rapid recycling following ligand stimulations (Fig. 2E) in contrast
to ACKR3, for which Bafilomycin A1-sensitive recovery at the plasma membrane could be
detected [32, 42].

The limited level of CXCR3-B internalization, compared to CXCRS3-A, upon
stimulation was further studied using a highly sensitive cell surface detection approach
based on the HIiBiT peptide and Nanoluciferase complementation technology. Cells
expressing N-terminally HiBiT-tagged CXCR3-A or CXCR3-B were stimulated with
chemokines and the remaining membrane receptors were quantified at different time points
by adding soluble LgBiT protein. A decrease in CXCR3-A receptor level at the cell surface
was induced by CXCL10 and CXCL11 and reflected their potencies. In contrast, although
an initial reduction of CXCR3-B levels was observed in response to CXCL11, a gradual
replenishment of the receptor at the cell surface was then measured. Moreover, an
immediate increase in surface CXCR3-B was triggered by CXCL10 and CXCL9, suggesting
a rapid transport of a part of the intracellular receptor pool to the plasma membrane as
recently described for ACKR2 following ligand stimulation (Fig. 2D) [33].

Altogether, these results confirm that CXCR3-A and CXCR3-B have different cellular
distribution patterns under basal and ligand-induced conditions. CXCR3-A exhibits a
classical chemokine receptor profile, with a more pronounced cell surface expression and
chemokine-induced internalization, while CXCR3-B resides inside the cell in basal
conditions and generally shows a slower internalization upon ligand stimulation and a
mobilization to the plasma membrane upon stimulation that are reminiscent of the profile
observed for ACKR2 [33].

4.4. Both CXCR3 variants mediate efficient uptake of endogenous chemokines

ACKRs play important roles in the immune responses by regulating chemokine
availability for classical chemokine receptors [40]. CXCR3-B being unable to induce
canonical G protein signaling events in response to ligand binding, while maintaining its
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ability to recruit B-arrestin, we next examined whether this receptor was able to internalize
CXCRa3 ligands.

We first investigated the uptake of all CXCR3 ligands coupled to Alexa Fluor 647 by
flow cytometry. CXCL11, CXCL10 and CXCL9 uptake was detected for both variants, albeit
with reduced intensities for CXCR3-B (Fig. 3A), which may reflect its lower expression level
at the plasma membrane. No uptake was observed with the irrelevant chemokine CCL5
labelled with the same fluorophore. Chemokine targeting to intracellular compartments was
confirmed with the use of proteinase K, a non-selective protease allowing to remove
remaining cell surface-bound proteins, as illustrated by the reduced fluorescence signal in
non-internalizing conditions for both CXCR3-A and CXCR3-B-expressing proteinase K-
treated cells. In contrast, this treatment had no impact on the signal detected following
chemokine incubation in internalizing conditions for the two CXCRS3 variants, strongly
pointing to chemokine uptake following receptor activation.

Receptor-dependent internalization of fluorescently labelled chemokines was also
analyzed by confocal microscopy. Cells expressing CXCR3-A or CXCR3-B internalized
their related chemokines (Fig. 3B) in contrast to non-transfected cells (supplementary Fig
4). Lysotracker, a fluorescent dye for labeling and tracking acidic organelles in living cells,
confirmed the intracellular co-localization of the receptor and the internalized chemokines,
hinting towards their degradation. Furthermore, a noticeable change in receptor subcellular
distribution could be observed for CXCR3-A after stimulation, but not for CXCR3-B,
corroborating the different receptor internalization profiles described above.

These data demonstrate that CXCR3-B is able to mediate the uptake of CXCR3
ligands from the extracellular space and to address them to intracellular compartment
without triggering efficient G protein signaling.

4.5. The N-terminal extension of CXCR3-B does not modify receptor selectivity
and chemokine binding mode

The extracellular N-terminal domain of chemokine receptors plays an important role
in chemokine binding and selectivity [43]. The presence of the unique 51 additional residues
of CXCR3-B N terminus and its impact on the ability of the receptor to efficiently couple to
G protein prompted us to investigate other receptor properties such as selectivity and
activation mode.

To this end, we first undertook a B-arrestin-1 recruitment screening of the 43 human
chemokines (24 CCLs, 16 CXCLs, 2 XCLs, and 1 CX3CL) and 2 viral chemokines (vCCL1
and vCCL2) towards the CXCR3 variants aiming at evaluating the possible impact of
CXCR3-B’s N-terminus on its selectivity for chemokine. This systematic assessment did not
result in the identification of new endogenous agonist chemokines for any of the two
variants (Fig. 4A), although we could confirm the activity of the orphan chemokine CXCL4
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Figure 3 | CXCR3-driven chemokine uptake. (A) Intracellular accumulation and cell surface binding of Alexa Fluor 647-
labelled CXCL11, CXCL10, CXCL9 and CCL5 (33 nM) was measured by flow cytometry in CXCR3-A- and CXCR3-B-
expressing cells. After 1h incubation at 37°C or 4°C, respectively, cell surface-bound chemokines were removed with
proteinase K treatment. Results represent mean + SEM of three independent experiments (N=3). (B) Uptake of CXCR3
chemokines coupled to Alexa Fluor 647 by CXCR3-A or CXCR3-B visualized by confocal fluorescent microscopy. HEK293T
cells transiently expressing CXCR3-A or CXCR3-B fused to mNeongreen (green) were incubated for 2 hours with 100nM
CXCRa3 ligands or CCL5 (red). Lysosomes and nucleic DNA were stained using LysoTracker™ Red DND-99 (white) and
Hoechst 33342 (blue), respectively. Scale bar is 10 uM. Pictures are representative of 12 acquired images from three
independent experiments.

proposed in some studies as a CXCR3-B agonist [44]. Surprisingly, we observed that the
viral chemokine vCCL2 showed antagonistic properties towards both CXCR3 variants, an
interaction that has not been described previously (supplementary Fig 5)[45].

Atypical chemokine receptors may have different recognition determinants and
activation modes compared to classical receptors. Notably, ACKR3, which acts as a
scavenger for CXCL11, was shown to be insensitive to chemokine N loop substitutions and
cleavage by the dipeptidyl peptidase IV (CD26), which, by removing the first two residues
turns agonist CXC chemokines into antagonist for a great majority of receptors [46].
Therefore, we investigated the ability of chemokines with N-terminal substitutions and
progressive truncations or modified N loops to activate both CXCR3 variants. The removal
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of the first two residues of CXCL11, CXCL10, and CXCL9 by CD26 exopeptidase abolished
the activity of the three chemokines towards both CXCR3 variants (Fig. 4B). These results
were confirmed with recombinant CXCL11 lacking the first two residues (CXCL113.73) or
bearing further N-terminal truncations (CXCL115.73 and CXCL117.73) (Fig. 4C). Similarly,
proline-to-glycine substitution at position 2 (CXCL11p2g), known to improve CXCL11
potency towards ACKR3 [29], had a negative impact on the chemokine’s ability to activate
the two CXCR3 variants. Finally, CXCL11 chimeras with CXCL12 or CXCL10 N loop
substitutions (CXCL1112Njoop @nd CXCL111gN|oop). had a reduced potency and efficacy
towards both variants, CXCL1112N|o0p being the most affected (Fig. 4D).

Taken together, these results demonstrate that the N-terminal extension of the
CXCRS3-B variants does not change the chemokine selectivity nor recognition determinants
of CXCR3-B, suggesting that both variants display similar recognition and activation
modes.

4.6. The N-terminal extension of CXCR3 is responsible for its intracellular
localization and associated G protein decoupling
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Considering the impact of the CXCR3-B N-terminal extension on the receptor
localization and coupling to G proteins, we investigated whether the entire extension is
required to observe these effects and whether they are specific to CXCR3.

Progressive ten-residue truncations in the N terminus of CXCR3-B were introduced
and the membrane expression and ability of the resulting truncated receptors to interact
with miniG proteins were evaluated. The progressive N-terminal truncations resulted in a
gradual increase of the receptor at the cell surface, the most significant increment being
observed with the removal of 30 residues from the extension, reaching a plateau that was
nevertheless lower than for the surface expression of CXCR3-A (Fig. 5A). A direct link
between surface expression and the recoupling of the receptor to the G proteins was
observed (Fig 5B).

Finally, we showed that a similar G protein decoupling effect can be achieved by
inserting the CXCRS3-B N-terminal extension upstream another classical chemokine
receptor, CXCR4. Indeed, the engraftment of the 51-amino-acid extension of CXCR3-B to
the N terminus of CXCR4 (CXCR4-B), resulted in its decoupling from Gai/o protein, while
the ability to recruit B-arrestin-1 in response to CXCL12 was conserved (Fig. 5B). The flow
cytometry and confocal microscopy analysis of surface expression and cellular distribution
also demonstrated that just like for CXCRS3 variant, CXCR4-B resides more intracellularly
than WT CXCR4 (Fig. 5D and E).

These observations demonstrate that the N-terminal extension of CXCR3-B impacts
the receptor’s cellular localization and G protein coupling of classical receptor, while it has
a limited effect on the receptor ability to recruit B-arrestin and mediate chemokine uptake,
giving CXCR3-B, the attributes of an atypical receptor, despite being encoded by the same
gene as CXCR3-A.

5. Discussion

CXCRS3-B variant is generated following alternative splicing of the cxcr3 gene and
presents an extended N terminus compared to CXCR3-A, the classical form of the receptor.
Of note, other natural variants of chemokine receptors displaying N- or C-terminal
extensions and showing altered biology have also been described for CXCR4, CCR9,
CCR2, CX3CR1 and but also in other families of GPCRs [47-50].

CXCRS3-B variant is an elusive and enigmatic chemokine receptor for which conflicting
functional and signaling results exist [16, 18, 19, 26]. We therefore undertook an in-depth
molecular characterization of CXCR3-B and comparison to CXCR3-A to provide signaling
and mechanistic insights into the biology and function of CXCR3-B. Our study reveals that
CXCR3-B is a B-arrestin-biased receptor that shows many attributes of the atypical
chemokine receptor family and could act as a scavenger for the CXCR3 chemokines,
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Figure 5 | The N-terminal extension of CXCR3-B is responsible
for its intracellular localization and associated G protein
decoupling. (A) Evolution of cell surface expression of the different
N-terminally truncated CXCR3-B variants. (B) Evolution of
concentration-response curves for miniGi protein recruitment to the
different N-terminally truncated CXCR3-B variants. (C) B-arrestin-1
or miniGi recruitment to CXCR4 and CXCR4-B upon stimulation
with CXCL12. (D) Cell surface expression of CXCR4 and CXCR4-B
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(D) CXCR4 and CXCR4-B cellular distribution visualized by
confocal fluorescent microscopy in HEK293T cells transiently
expressing CXCR4 or CXCR4-B fused to mNeongreen. Results are
expressed fold RLU to vehicle and represent mean + SEM of three
independent experiments (N=3).
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which drastically changes the receptor cellular distribution, limiting its presence at the

plasma membrane. Our data also showed that under basal conditions CXCR3-B does not

cycle between the plasma membrane and intracellular compartments. In contrast, upon
stimulation, CXCR3-B intracellular pool is mobilized to the cell surface. Different

directionality of CXCR3-B plasma membrane level modulation after chemokine treatment

might arise from their different potential to induce internalization [4, 52]. Indeed, CXCL10
and CXCL9 known to be weak CXCR3 internalizing chemokines led to a net positive

increase of CXCR3-B at the plasma membrane after stimulation whereas the strong
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receptor internalizing chemokine such as CXCL11 led to net reduction of the receptor [52,
53]. Uptake experiments using fluorescently labelled chemokines demonstrated that the
overall mobilization of the receptor ultimately results in specific intracellular accumulation of
all the three CXCR3 chemokines, albeit with different efficacies compared to CXCR3-A.
This scavenging ability was confirmed by confocal microscopy showing co-localization of
the receptor with the chemokines in acidic degradation compartments, reminiscent of the
behavior of well-characterized ACKRs such as ACKR2, ACKR3 or ACKR4. Moreover, the
observation that CXCL9 and CXCL10 are efficiently and specifically taken up by both
CXCRS3 variants, while they show no or reduced ability to induce B-arrestin recruitment
towards CXCR3, suggests that B-arrestin-independent mechanisms may mediate the
chemokine-induced receptor internalization and trafficking, as recently suggested for other
ACKRs [10, 11].

Our results generated using chimeric or truncated chemokines indicate that the two
CXCRa3 variants share the same chemokine binding mode, suggesting that ligand-receptor
interactions are not at the origin of the impaired G protein coupling of CXCR3-B. On the
other hand, progressive truncation of residues in the N terminus of CXCR3-B extension
restored surface expression and the ability of the receptor to couple to G proteins. This
implies that the change in the cellular localization of the receptor is the main driver of this
shift of signaling properties, most probably limiting its ability to interact and activate
efficiently G proteins, while preserving its ability to actively cycle and internalize
chemokines conferring consequently to CXCR3-B attributes of atypical chemokine
receptors.

Indeed, the mostly intracellular localization, the absence of G protein signaling and the
ability to actively take up chemokines are three major attributes of atypical chemokine
receptors. We therefore postulate that CXCR3-B could represent a new kind of atypical
chemokine receptor that modulates the bioavailability of CXCR3 chemokines thereby
regulating the activation and cellular effects of CXCR3-A. Interestingly, in inflammatory
conditions and in the tumor environment, CXCR3-A and CXCR3-B were reported to display
opposing effects, which could be explained, in light of the present study, by their distinct
function of signaling and scavenging receptors, respectively.

In conclusion, this study provides signalling and mechanistic insights into the
differences of the CXCR3 variants that may explain their opposite effects. Our data indicate
a strong impairment of G protein signalling for CXCR3-B and corroborate the gain of more
atypical properties including intracellular localization and chemokine uptake capacities,
which can be attributed to its N-terminal 51-amino acid extension. We therefore propose to
consider the possibility to include CXCR3 chemokine receptor variant in the atypical
chemokine receptor subfamily. Conclusions of previous reports might now need to be
reanalysed in light of the newly suggested functions and additional investigations are
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required to get a better understanding of this enigmatic receptor and to be able to develop
molecules or antibodies capable to specifically modulate the different CXCR3 variants.
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Supplementary figure 1 | Due to alternative splicing of the pre-mRNA of the cxcr3 gene, located on chromosome X, three
CXCR3 variants can be generated. The CXCR3-A variant is the product of the splicing of the exon 1 and exon 3 within the
CXCR3 gene. The assembly of exon 2 and exon 3 results in the CXCR3-B variant which has an N terminus longer by 51 AA
compared with CXCR3-A. The removal of the intron, exon 2 and a 337-bp region within the third exon during RNA splicing
results in the CXCR3-Alt variant that comprises the N terminus and the first four transmembrane domains identical to CXCR3-
A as well as a possible fifth transmembrane region and a C terminus, which are different from CXCR3-A or CXCR3-B. All
CXCR3 variants are able to bind three endogenous ligands CXCL9, CXCL10 and CXCL11, each with a different binding
affinity and activation potential.
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Supplementary figure 4 | (A) Flow cytometry analysis of stable HEK293T-derived cell lines used in receptor recycling
studies. Cell surface expression of CXCR3-A, CXCR3-B, ACKR2 or ACKR3, was evaluated with receptor-specific mAb (clone
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1. Abstract

The atypical chemokine receptor ACKR3/CXCR7 plays crucial roles in nhumerous
physiological processes but also in viral infection and cancer. ACKR3 shows strong
propensity for activation and, unlike classical chemokine receptors, can respond to
chemokines from both the CXC and CC families as well as to the endogenous peptides
BAM22 and adrenomedullin. Moreover, despite belonging to the G protein coupled receptor
family, its function appears to be mainly dependent on B-arrestin. ACKR3 has also been
shown to continuously cycle between the plasma membrane and the endosomal
compartments, suggesting a possible role as a scavenging receptor. So far, the molecular
basis accounting for these atypical binding and signalling properties remains elusive.
Noteworthy, ACKRS3 extracellular domains bear three disulphide bridges. Two of them lie on
top of the two main binding subpockets and are conserved among chemokine receptors,
and one, specific to ACKR3, forms an intra-N terminus four-residue-loop of so far unknown
function. Here, by mutational and functional studies, we examined the impact of the
different disulphide bridges for ACKR3 folding, ligand binding and activation. We showed
that, in contrast to most classical chemokine receptors, none of the extracellular disulphide
bridges was essential for ACKR3 function. However, the disruption of the unique ACKR3 N-
terminal loop drastically reduced the binding of CC chemokines whereas it only had a mild
impact on CXC chemokine binding. Mutagenesis also uncovered that chemokine and
endogenous non-chemokine ligands interact and activate ACKR3 according to distinct
binding modes characterized by different transmembrane domain subpocket occupancy
and N-terminal loop contribution, with BAM22 mimicking the binding mode of CC
chemokine N terminus.

2. Introduction

Chemokine receptors are class A G protein-coupled receptors (GPCRs) present at the
surface of various cell types. By interacting with their cognate chemokines, they regulate
vital cellular mechanisms, including cell trafficking, development, immune-modulation and
adhesion as well as growth and survival [1]. They are also involved in pathological
processes such as inflammation, cancer and HIV-1 infection [2,3].

ACKRS3, the atypical chemokine receptor 3, formerly known as CXCRY7, is one of the
most recently deorphanized chemokine receptors [4]. It is expressed in various cells such
as B and T lymphocytes, neurons and endothelial cells and plays a crucial role in many
processes including cardiovascular and neuronal development as well as in migration and
homing of hematopoietic stem/progenitor cells [5-11]. ACKR3 is also present in many
cancer cell types and on tumour-associated vasculature and accumulating evidence
demonstrates its involvement in metastasis development [12—15]. ACKR3 binds to two
endogenous chemokines, CXCL12 and CXCL11, which are also the ligands for CXCR4 and
CXCRa3, respectively [10,16—19]. In addition, ACKR3 and CXCR4 can interact with vCCL2,
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the human herpesvirus 8 (HHV-8)-encoded chemokine, which is an antagonist for a broad
spectrum of chemokine receptors, including CXCR4, but acts as agonist towards ACKR3
[19-22]. Unlike CXCR4 and CXCR3, which signal via G protein pathways, ACKRS3 activity
relies mainly on B-arrestin recruitment, although its ability to trigger signalling may be cell
context-dependent [22-25]. In addition ACKR3 is proposed to act as a scavenger or “sink”
receptor for CXCL12, CXCL11 and vCCL2, regulating their availability for other chemokine
receptors [19,26-29]. Recently, it has also been shown that ACKR3 is a high-affinity
receptor for BAM22, a non-chemokine peptide derived from the proenkephalin A family,
which plays a role in the modulation of circadian glucocorticoid oscillation [30]. Similarly,
based on phenotypic analysis of knock-out mice, ACKR3 was also proposed as a
scavenger receptor for adrenomedullin (ADM), a pro-angiogenic peptide involved in the
regulation of vascularisation [31].

Over the last few years, the tridimensional structures of several chemokine receptors,
including CXCR4, have been resolved in complexes with small molecules or chemokines
[32—38]. These structures revealed the typical receptor architecture comprising a flexible
extracellular N terminus followed by a bundle of seven hydrophobic membrane-spanning
alpha-helices (TM1-TM7) connected by three extracellular (ECL1-3) and three intracellular
(ICL1-3) hydrophilic loops. In addition to the conserved disulphide bond linking the top of
TM3 (end of ECL1) to the middle of ECL2, present in a large majority of class A GPCRs, all
currently available tridimensional structures of chemokine receptors reveal a second
disulphide bridge between the N terminus and the top of TM7 (end of ECL3) [39,40]. As a
consequence, the last residues of the receptor N terminus form an additional extracellular
loop (“ECL4”) connecting TM1 and TM7 and closing the receptor into a ring [39,40] (Fig. 1A
and B). These structures together with recent mutational and functional studies were also
key to refining our current understanding of chemokine-receptor interactions, moving from
a simple two-step mechanism to a more continuous one characterized by extensive
contacts between the two partners and 1:1 stoichiometry [33,41-44]. These interactions
involve the core of the chemokine, including the N-loop region, with the flexible N terminus
of the receptor (chemokine recognition site 1, CRS1), a key determinant for selectivity
[41,43,45] ensuring optimal chemokine orientation with respect to the top of the ligand-
binding pocket and ECL4 (CRS1.5) [33,39]. This enables the insertion of the flexible
chemokine N terminus into the receptor transmembrane cavity (CRS2), made of the
transmembrane segments and the extracellular loops, stabilizing an active state of the
receptor and leading to intracellular signalling [33,43,46-48]. These tridimensional
structures also showed that the orientation relative to the receptor varies for the different
classes of chemokines and confirmed the presence of two distinguishable binding pockets
— the major ligand binding pocket formed by the TM3, 4, 5, 6 proposed to be mainly
occupied by the N terminus of CXC chemokines, and the minor pocket delineated by TM1,
2, 3, 7 suggested to accommodate the N terminus of CC chemokines (Fig. 1D)
[33,34,48-50].
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We have recently shown that ligand binding and activation of ACKR3 is in some
measure different compared with CXCR4 and CXCR3 [51]. Indeed, ACKR3 has a strong
propensity to activation, possibly linked to its scavenging role, and as opposed to CXCR4
and CXCR3, the most N-terminal residues of the chemokine ligands as well as the N-loop
have a minor importance for ACKR3 binding and activation. Moreover, vCCL2 seems to
stabilize a different conformation of ACKR3 than do its endogenous CXC chemokine
ligands, whereas very little is known on the binding mode of BAM22 and adrenomedullin to
ACKR3 [19,30] .

An intriguing particularity of ACKR3, which may contribute to its atypical nature, is the
presence of two additional cysteine residues at positions 21 and 26, which have recently
been shown to be linked by a disulphide bridge, giving rise to an intra-N terminus four-
residue loop (Fig. 1) [32,39,52]. With the exception of CXCR3 that bears two additional
successive cysteines at positions 37 and 38, other chemokine receptors do not have
analogous cysteine residues. Given the crucial role of the flexible receptor N terminus in

chemokine recognition, the intra-N terminus loop in ACKR3 could account for the existence

ACKR3 CXCR4

ECL4 ECL4

N-term C34-C287

ECL3
ECL1

C117-C196 €109-C186

ACKR3 1-MDLHLFDYSEPGNFSDISWPCNSSDCIVVDTVMCPNMPNK-40
CXCR4 1-MEGISIYTSDNYTEEMGSGD Y DSMKEPCFREENA-34
CXCR3  1-MVLEVSDHQVLNDAEVAALLENFSSSYDYGENESDSCCTSPPCPQDFSL-49
E

BAM22 YGGFMRRVGRPEWWMDYQKRYG

VvCCL2121 LGASWHRPDKCCLGYQKRPLP

CXCL12,4; KPVSLSYRCPCRFFESH

CXCL114.47 FPMFKRGRCLCIGPGVK

Figure 1 | Localisation and pairing of the extracellular disulphide bridges of ACKR3 and CXCR4. (A) Snake diagram of
ACKR3. The putative post-translational modification sites identified in the N terminus and the extracellular loops are shown.
Three potential disulphide bridges: within the N terminus (C21-C26), between the top of TM7 and the distal part of the N
terminus (C34-C287) and between the top of TM3 and ECL2 (C117-C196) are coloured in red, blue and green, respectively.
Putative N-glycosylation sites (W) and a sulfotyrosine (SO3-) are indicated in dark grey. (B) Representations in top-down view
of the extracellular disulphides bridges in ACKR3 and CXCR4. The seven transmembrane segments are represented as white
circles. The disulphide bridges connecting TM3 to ECL2 (highly conserved in class A GPCRs), the N terminus to TM7 (specific
to chemokine receptors), or forming a unique ring within the ACKR3 N terminus are coloured in red, blue and green,
respectively. (C) Sequence comparison between the extracellular domains of ACKR3, CXCR4 and CXCR3. The sequences
were aligned with respect to the cysteine residues predicted to be involved in the disulphide bridge with the top of TM7 (ECL4).
Underlined sequences highlight partial conservation of the ACKR3 TPA-decorating residues within the N terminus of CXCR3.
(D) ACKR3 architecture showing the position of the different disulphide bridges on top of the major (green) and minor (blue)
ligand binding pockets. (E) Sequence comparison between BAM22 and the N termini of chemokines. The sequences of
BAM22 and vCCL21-17 were aligned with respect to the shared YQKR motif (green) at their C terminus. The sequences of
chemokines N terminus were aligned with respect to their first cysteine residue (blue).
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of either a unique receptor structure or an unusual mode of interaction with its ligands
[39,41].

Here, by targeted mutagenesis, we examined the role of the extracellular disulphide
bridges in chemokine receptors CXCR4 and ACKR3. Using various binding and functional
assays, we investigated the role of the unique ACKR3 intra-N terminus disulphide bridge for
receptor-ligand interactions and compared the importance of the ECL4-forming disulphide
bridge as well as the one linking TM3 and ECL2 for chemokine binding, receptor integrity
and activation. We demonstrated that, in contrast to classical chemokine receptors, the
other conserved extracellular disulphide bridges are not essential for ACKR3 surface
expression, ligand binding and activation. In addition, we showed that the unique N terminal
loop of ACKR3 is important for activation by CC but not CXC chemokines and that BAM22
mimics the binding mode of CC chemokine N terminus.

3. Materials and methods

3.1. Peptides and chemokines

Chemokines CXCL12, CXCL11, vCCL2, CXCL10 and CXCL9 were purchased from
PeproTech. Alexa Fluor 647-labelled CXCL12 (CXCL12-AF647) was purchased from
Almac. BAM22 and adrenomedullin (ADM) were purchased from Bachem. Peptides derived
from the N terminus of chemokines and peptide TPA (21-CNSSDC-26, with C21-C26
cycliza- tion) were purchased from JPT. Peptides CCS (encompassing residues 1-
MDLHLFDYSEPGNFSDISWPCNSSDCIVVDTVMSPNMPNKS-40, with a disulphide
bridge between cysteines 21 and 26 and a cysteine-to-serine mutation at position 34), SSS

(encompassing residues 1-MDLHLFDYSEPGNFSDISWPSNSS-
DSIVVDTVMSPNMPNKS-40, in which the three cysteine residues were mutated to
serines) and SSSscrbld (1-PPYDVISSMLKDSISNENFVSL-

PNGPSDTVHMSWDNFMDS-40, in which all residues were randomly permuted) were
purchased from ChinaPeptides. All peptides contain a free amine at the N terminus and an
amide group at the C terminus to avoid additional negative charge.

3.2. Generation of U87 cell lines expressing wild-type and mutant ACKR3 and
CXCR4

pBABE.puromycin vectors (Addgene) encoding wild type ACKRS3, variants bearing
double cysteine-to-serine mutations (C21S-C26S, C34S-C287S and C117S-C186S) or
glycine-substituted variant (C21-G4-C26), and wild-type CXCR4 or C28S-C274S or
C109S-C186S mutants were transfected into U87 cells [51]. This cellular background was
chosen for its absence of endogenous CXCR4, ACKR3 and CXCR3 as previously
demonstrated [19]. Cells stably expressing the modified receptors were obtained following
puromycin selection and subsequent single-cell sorting using BD FACSAria Il cell sorter
(BD Biosciences). The presence of the mutations and the surface expression level of the
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mutated receptors were verified by genomic DNA sequencing and flow cytometry using
antibodies recognising the proximal N terminal part of CXCR4 (clone 4G10, Santa Cruz
Biotechnology) or ACKR3 (clones 11G8, R&D Systems and 9C4, MBL Life Science).
CXCR3 in transiently transfected U87 cells was detected using the mAb 1C6 (BD
Pharmingen).

3.3. Chemokine and peptide binding

U87 cells expressing wild-type or mutant ACKR3 or CXCR4 were distributed into 96-
well plates (15 x 10% cells per well) and incubated with Alexa Fluor 647-labelled CXCL12 at
concentrations ranging from 35 pM to 115 nM for 90 min on ice or for 45 min at 37 °C,
respectively. Non-specific binding of CXCL12-AF647 was evaluated on ACKR3- and
CXCR4-negative U87 cells and subtracted. For binding competition studies, U87 cells
expressing wild-type or mutant ACKR3 or CXCR4 were incubated with CXCL12-AF647 at
concentrations equivalent to twice the EC50 values determined for each ACKR3 variant in
saturation binding experiments (Table 1) or 11.5 nM for CXCR4, mixed with un-labelled
CXCL12, CXCL11, vCCL2, CXCL10, BAM22 or ADM at concentrations ranging from 6 pM
to 1 pM. All binding experiments were performed in PBS containing 1% BSA and 0.1%
NaN3 (FACS buffer). Nonspecific chemokine binding was evaluated by the addition of 250-
fold excess of unlabeled CXCL12 and the signal obtained was used to define 0% specific
binding. The signal obtained for CXCL12-AF647 in the absence of unlabeled chemokines
was used to define 100% binding. Chemokine binding was quantified by mean fluorescence
intensity on a BD FACS Fortessa cytometer (BD Biosciences).

3.4. B-arrestin recruitment

B-arrestin-2 recruitment to wild-type and mutant ACKR3, CXCR4 or CXCR3 induced
by chemokines, chemokine N terminus-derived peptides or BAM22 was monitored by
NanoLuc complementation assay (NanoBit, Promega) [51,53,54]. 1.2 x 106 U87 cells were
plated in 10cm-culture dishes and 48h later transfected with pNBe vectors containing
human B-arrestin-2N-terminally fused to LgBiT and receptors C-terminally fused to SmBIT.
48 h post-transfection cells were harvested, incubated 40 min at 37 °C with 200-fold diluted
Nano-Glo Live Cell substrate and distributed into white 96-well plates (5 x 104 cells per
well). B-arrestin-2 recruitment in response to chemokines, N-terminus derived peptides or
BAM22 was evaluated after 10-minute incubation with a Mithras LB940 luminometer
(Berthold Technologies). For each receptor and each experiments the maximum signal
recorded with a saturating concentration (200 nM) of full agonist (i.e CXCL12 for ACXCR3
and CXCR4) was set as 100%.

3.5. Neutralisation of mAb 9C4 by ACKR3 N-terminal peptides

The mAb 9C4 (3.3 pyg/ml) was first incubated for 30 min at room temperature with
peptides CCS, SSS (100 nM) or TPA (100 uM) derived from the N terminus of ACKR3.
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Peptide SSSscrbld (100 nM) was used as negative control. The antibody-peptide mix was
then incubated for 60 min at 4 °C with U87 cells expressing wild-type ACKR3 (15 x 104
cells/well in a 96-well plate). The binding of 9C4 to ACKR3 was revealed with an
allophycocyanin-conjugated goat anti-mouse IgG F(ab’)2 (Jackson ImmunoResearch) and
quantified by mean fluores- cence intensity on a BD FACS Fortessa cytometer (BD
Biosciences).

3.6. Immunocytochemistry and fluorescent imaging

For microscopic analysis of CXCR4 and ACKR3 distribution, 5 x 104 U87 cells were
plated on sterile coverslips in a 24-well plate and cultured overnight. Cells were transiently
transfected with equal amounts of pBABE plasmid encoding wild type or mutated CXCR4
or ACKR3 using X-tremeGENE 9. 48 h later, cells were washed with PBS and fixed for 20
min on ice with 4% (w/v) paraformaldehyde. After one washing step with PBS
supplemented with 50 mM NH4Cl and two washes with PBS, cells were permeabilised with
0.1% Triton X-100 for 20 min at room temperature. Subsequently, cells were blocked with
10% (w/v) normal goat serum for 1 h and incubated overnight at 4 °C with the mAb 4G10
(Santa Cruz Biotechnology) diluted 1:75 for CXCR4 or the mAb 11G8 (R&D Systems)
diluted 1:100 for ACKRS staining in 1% BSA PBS, respectively. After three washing steps,
cells were incubated for 1 h at room temperature with a goat anti-mouse Alexa Fluor 647-
conjugated secondary antibody (abcam) diluted 1:1200 in PBS complemented with 5%
normal goat serum. Cells were washed twice, stained with Hoechst 33,342 dye (Sigma) for
10 min at 4 °C, washed twice and mounted on glass slides with 5ul ProLong Diamond anti-
fade mounting medium (Molecular Probes). Images were acquired using a 63 x oil-
immersion objective on a Zeiss Axio Observer Z1 microscope equipped with an Apotome.2
and a Colibri LED illumination system. Representative images of two independent
experiments are shown.

3.7. Data and statistical analysis

Concentration-response curves were fitted to the four-parameter Hill equation using
an iterative, least-squares method (GraphPad Prism version 7.02) to provide pEC5Q,
plC50, EC50 or IC50 values, standard errors of the mean (SEM) and the Hill coefficient.
Fitting was performed on data from at least three independent experiments (n = 3).
Unpaired t tests were used to analyse the differences in pEC50/plIC50 for each ligand using
the wild-type receptor as reference. p value of < 0.05 was considered as statistically
significant.

4. Results

4.1. Extracellular disulphide bridges are dispensable for ACKR3 surface
expression and folding

4.1.1. The conserved disulphide bridges
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First, the importance for ACKR3 conformational fidelity of the disulphide bridge
between the N terminus and the top of TM7 (C34-C287) as well as the one between TM3
and ECL2 (C117-C196) was evaluated and compared to CXCR4 (Fig. 1A and B). The
impact of cysteine pair mutations on the receptor cellular distribution was monitored by flow
cytometry and fluorescence microscopy using antibodies detecting linear epitopes located
in the receptor N terminus (11G8 for ACKR3 and 4G10 for CXCR4) or recognising more
complex epitope spread over different extracellular domains (8F11-M16 for ACKR3 and
12G5 for CXCR4).

In line with previous reports, a higher proportion of the wild-type ACKR3 was present
intracellularly compared to the cell surface, while CXCR4 was localised at the plasma
membrane (Fig. 2E). Mutation of the cysteine pair engaged in the disulphide bridge
between the N terminus and top of TM7 (the ECL4-forming bridge), typical of chemokine
receptors, had little effect on ACKR3 (C34S-C287S) and CXCR4 (C28S- C274S) surface
expression but strongly impacted CXCR4 architecture, as shown by the inability of the
conformational mAb 12G5 to recognise the receptor (Fig.2A and B). In contrast, recognition
of the ACKR3.C34S-C287S variant by the conformational mAb 8F11-M16 was equivalent
to that of wild-type receptor. The disruption of the TM3-ECL2 bridge (C117S-C196S) only
moderately affected the ACKR3 distribution (Fig. 2E), in stark contrast to CXCR4, for which
the equivalent mutation (C109S-C186S) abolished the receptor surface expression (Fig.
2B) and resulted in a strong intracellular retention (Fig. 2E). Nonetheless, a 75% reduction
of ACKR3 surface expression was observed with the conformational mAb 8F11-M16
compared to the wild-type receptor (Fig. 2A), indicating that the TM3-ECL2 bridge does play
a role in ACKR3 structural integrity, although it is not critical for receptor export.

Overall, these results show that the receptor surface expression and architecture in
the absence of disulphide bridges was much less affected for ACKR3 than for CXCR4.

4.1.2. The atypical disulphide bridge of ACKR3

Next, the potential role played by the unique four-residue intra-N terminal loop of
ACKR3 formed by the disulphide bridge between residues C21 and C26 (TPA for
TetraPeptidyl Arch) in receptor expression, localisation and conformation was assessed. No
difference in ACKRS3 surface expression or folding was observed when each of the four
residues within the loop (NSSD) was substituted with a glycine (C21-G4-C26) (Fig. 2A and
E). The disruption of the loop-forming cysteine bridge (C21S-C26S) did however have an
effect on the receptor cellular distribution, resulting in an apparent 40% increase in surface
expression compared with wild-type ACKR3 (Fig. 2A and E). Similar tendency was
observed for CXCR3 variant in which the two N-terminal cysteines were mutated to serines
(C37S-C38S) (Fig. 2C).
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Figure 2 | Surface expression and folding of receptor cysteine variants and 9C4 recognition of ACKR3. (A and B)
Receptor surface expression in U87 cells transiently transfected with pBABE vectors encoding wild-type and mutant ACKR3
(A) and CXCR4 (B) revealed with monoclonal antibodies recognising linear N terminus (11G8 and 4G10) or conformational
(8F11-M16 and 12G5) epitopes and quantified by flow cytometry. (C) Receptor surface expression in U87 cells transiently
transfected with a vector encoding wild-type and C37S-C38S variant of CXCR3 revealed with the mAb 1C6 and quantified by
flow cytometry. Values represent the mean + standard error of the mean (SEM) of at least three independent experiments. (E)
Cellular localisation of the wild-type and cysteine variants of CXCR4 (top) and ACKR3 (bottom) monitored by fluorescent
microscopy using mAb 4G10 or 11G8 and a secondary Alexa Fluor 647-conjugated antibody (red). The nuclear DNA was
stained with Hoechst (blue). A representative picture of at least 10 acquired images from two independent experiments is
shown. (D and F) mAb 9C4 recognition of ACKR3. (D) Receptor surface expression in U87 cells transiently transfected with
pBABE vectors encoding wild-type and TPA-mutated ACKRS3 revealed with mAbs 11G8 and 9C4 recognising the receptor N
terminus. (F) 9C4 neutralisation by peptides derived from the N terminus of ACKR3. 9C4 (3.3 pg/ml) binding in the presence
of peptides CCS, SSS, SSSscrbld (100 nM) and TPA (100 uM) was monitored in U87.ACKR3 cells by flow cytometry. Values
represent the mean * standard error of the mean (SEM) of at least three independent experiments. ** p < 0.01, **** p < 0.0001,
NS: not significant.

Surprisingly, although the mutants C21S-C26S and C21-G4-C26 were detected at
the cell surface using the mAb 11G8, they were not recognised by the mAb 9C4, also raised
against the N terminal domain of ACKR3 (Fig. 2D) [55]. In line with this observation, 9C4
binding to the wild-type ACKR3 was reduced by 86% in the presence of the cyclic peptide
CCS, derived from the N terminus of ACKR3 and bearing the TPA, whereas the equivalent
linear SSS peptide caused only a 25% reduction (Fig. 2F). Peptide SSSscbld had no effect
on 9C4 binding to the wild-type receptor. These results show that the four-residue intra-N
terminal loop of ACKR3 (TPA) is a crucial contributor of the 9C4 binding, although it is not
the sole determinant of its epitope as demonstrated by the inability of the shorter cyclic
peptide comprising only the TPA (C21-NSSD-C26) to neutralise the antibody binding to the
wild-type receptor, even at a concentration as high as 100 yM. In addition, these data reveal
that the TPA is well exposed and accessible to the extracellular ligands and makes mAb
9C4 a useful probe to evaluate its presence on the receptor in different cellular contexts.

4.2. CXC and CC chemokines have different binding and activation modes on
ACKR3
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The binding of Alexa Fluor 647-labelled CXCL12 to cysteine-mutated ACKR3 and
CXCR4 was first evaluated and compared in U87 cell lines stably expressing wild-type or
mutated receptor.

In contrast to CXCR4, all cysteine mutants of ACKR3 retained their ability to bind
CXCL12-AF647, although the maximal binding and potency were affected to different
extents. The mutation of the TM3-ECL2 cysteine bridge (C117S-C196S) had the most
pronounced effect, resulting in a marked reduction of potency because of which no EC50
nor maximum binding could be determined (Fig. 3B). The mutation of the ECL4-forming
cysteine bridge linking the N terminus and TM7 of ACKR3 had less effect, but still led to a
60%-decrease of the maximum CXCL12-AF647 binding and a significant 4-fold increase in
EC50 as compared to the wild-type receptor (Fig. 3B, Table 1). Interestingly, the analogous
mutant of CXCR4 (C28S-C274S) was no longer capable of binding CXCL12 (Fig. 3A and
Table 1), further confirming the stronger tolerance of ACKR3 to alterations in TM-linking
disulphide bridges. The C21-G4-C26 mutant showed an EC50 value equivalent to that of
wild-type ACKR3, while the C21S-C26S mutation led to an approximately two-fold increase
in EC50 (Fig.3B, Table 1) indicating that it is the constraint brought by the intra-N terminus
loop rather than its dec- orating residues that plays a role in CXCL12 binding.

The effect of cysteine mutations on the ACKR3 interactions with its other chemokine
ligands was then evaluated in binding competition studies with CXCL12-AF647. CXCL11
binding to mutant ACKR3.C34S-C287S was reduced by approximately two-fold compared
to the wild-type receptor, while vCCL2 binding was improved by nearly 4-fold (Fig. 3C and
D, Table 1). Both CXCL11 and vCCL2 were less potent in displacing CXCL12-AF647 from
ACKR3.C21S-C26S where the binding of the viral chemokine was the most impacted (2.4-
and 14.3-fold increase in IC50 values respectively). Binding of CXCL11 and vCCL2 to the
mutant C21-G4-C26 was affected to a similar extent (3-fold increase in IC50 values),
despite the absence of effect of the mutation on CXCL12-AF647 binding. These results
suggest that the presence of the TPA has an impact on the binding of all chemokines with
a significantly higher effect on vCCL2 binding while the residues of the TPA themselves
appear to be involved in interactions with vCCL2 and CXCL11 but not CXCL12.

Table 1. Binding properties of full-length chemokines and BAM22 towards ACKR3.

Binding

ACKR3 CXCL12-AF647 CXCL11 vCCL2 BAM22
PECso + SEM ECso (nM) __ Fold WT__ Max (%)* pICso £ SEM _ ICso (nM) __ Fold WT pICs0 + SEM ICso(nM) _ FOldWT | plCsoSEM _ ICso (nM) _ Fold WT
WT 8.60£0.04 25 1.0 100 8.79+0.07 16 10 7.36 £ 0.05 434 10 7.49+0.03 322 1.0
C345-C287S 7.99£0.18 10.2 41 407 8.58£0.07 27 17 7.95+0.08 1.2 03 7.77£0.11 17.1 05
C1175-C196S <63 >500 >200 ND ND ND - ND ND - ND ND -
€215-C26S 8.25£0.02 5.6 22 9%6+1 8410.06 39 24 6.21+0.15 622.5 143 7.40+0.06 39.4 12
€21-G+-C26 8.61£0.06 25 1.0 106+4 8.32+0.05 4.8 3.0 6.90 +0.03 1246 29 7.46 +0.05 34.4 11

CXCL12-AF647 binding to ACKR3 mutants was normalised to receptor cell surface expression based on staining with mAb 8F11-M16 considering WT receptor as 100%.
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Figure 3 | Binding and activation of cysteine-mutated receptors by chemokine ligands. (A-B) Binding of Alexa Fluor
647-labelled CXCL12 to wild-type and cysteine mutants of CXCR4 (A) and ACKR3 (B) monitored by flow cytometry. CXCL12-
AF647 binding to ACKR3 was normalised to receptor cell surface expression based on staining with mAb 8F11-M16. (C-D)
Binding of CXCL11 (C) and vCCL2 (D) to wild-type and mutated ACKR3 assessed by binding competition with CXCL12-
AF647 and analysed by flow cytometry. Binding of CXCL12-AF647 in the absence of unlabelled chemokines was considered
as 100%, whereas binding in the presence of a 250-fold excess of unlabelled CXCL12 was used to define 0%. (l) Schematic
representation of the interaction between ACKR3 and a full-length chemokine (left) or a peptide derived from its N terminus
(right). (E-L) B-arrestin-2 recruitment to CXCR4 (E) and ACKR3 (F-L) variants induced by CXCL12 (E and F), CXCL11 (G)
vCCL2 (H), CXCL121-17 (J), CXCL111-17 (K) and vCCL21-21 (L). Values represent the mean + standard error of the mean
(SEM) of at least three independent experiments.

The effect of disulphide bridge disruption on ACKR3 activation was then monitored in
a B-arrestin-2 recruitment assay. Overall two clearly contrasting trends could be observed
in how disrupting the disulphide bridges affected the ability of chemokines to activate
ACKR3, one — for the two CXC chemokines, CXCL12 and CXCL11, second — for the CC
chemokine vCCL2. Firstly, B-arrestin-2 recruitment induced by CXCL12 and CXCL11 was
only negatively impacted by the mutation disrupting the TM3-ECL2 disulphide bridge
located on top of the major ligand- binding pocket (6.5- and 6.5-fold increase in EC50
values, respectively) (Fig. 3F and G, Table 2). This mutation however had no effect on
vCCL2 potency to induce B-arrestin-2 recruitment (Fig. 3H, Table 2). Interestingly, whereas
the TM3-ECL2 mutation resulted in a non-functional CXCR4, in case of ACKR3 it allowed
CXCL11 and vCCL2 to achieve efficacies equivalent to CXCL12, as opposed to their partial
response (75%) observed with the wild-type receptor and all the other cysteine mutants.
The mutation of ECL4 (C34S-C287S) did not affect B-arrestin- 2 recruitment to ACKR3 for
any of the ligands (Fig. 3F—H), but had a strongly negative effect on CXCL12-induced
recruitment to the equivalent mutant (C28S-C274S) of CXCR4 (Fig. 3E). B-arrestin-2
recruitment to the TPA-modified ACKR3 variants in response to CXCL12 and CXCL11 was
comparable to the wild-type receptor, whereas it was considerably impaired in response to
vCCL2 (4.6- and 6.6-fold reduction for the C21S-C26S and C21-G4-C26 mutants,
respectively), showing the importance of the TPA in the vCCL2-induced ACKRS3 activation.
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Table 2. B-arrestin-2 recruitment induced by full-length chemokines and BAM22 to ACKR3.

B-arrestin-2 recruitment
ACKR3 CXCL12 cxCL11 vCCL2 BAM22

PECioSEM  ECso(M)  Fold WT  Max (%) | PECsotSEM  ECso(nM) Fold WT Max (%) | PECsoSEM  ECso(nM)  Fold WT  Max (%) |PECsotSEM ECio(nM)  FoldWT  Max (%)
wT 8.89+0.07 127 10 100 [848+011 335 10 734 7.99+008 1035 10 7243 [7.7040.10 20 10 9315
€345-C287S  8.83+0.07 144 11 100 [847:010 341 10 7543 7.88+007  13.08 13 763 [7.48+0.10 33 17 9546
C1175-C196S 8.07 +0.13 8.45 6.5 100 7.70:0.11 20.01 6.0 1117 8.10+£0.08 7.96 08 1044 >6.40 >400 >20 ND
C215-C265 8.93+0.09 117 09 100 8.51+0.05 3.07 09 75%2 7.33+0.05 4731 46 7523 7.31+0.09 49 25 83+6
€21-G,C26 _ 8.90+0.16 1.25 1.0 100 |847+015 342 1.0 7415 7.16+019  68.79 66 75+7  [7.24+011 57 29 89+7

B-arrestin-2 recruitment was monitored in U87 cells using split Nanolucif pl ion assay (n =3).

By comparison, mutagenesis of cysteine residues at position 37 and 38 of the CXCR3 N
terminus had no significant impact on the receptor activation by CXCL11, CXCL10 but
decreased the potency of CXCL9 by more than 2 fold (Table 4).

Overall, these data reveal that whereas all cysteine-mutated ACKR3 variants were
able to bind and efficiently respond to chemokine ligands, the disruption of the disulphide
bridges in CXCR4, without exception, led to severe impairment of the receptor functionality.
Furthermore, the differences in the impact of cysteine pair mutations for the CXC
chemokines on one side and vCCL2 on the other clearly point to distinct binding and
activation modes for ACKR3, either largely relying on the TM3-ECL2 disulphide bridge or
on the N-terminal TPA (Fig. 5).

To gain further insight into the determinants involved in the recognition and activation
of ACKR3, peptides derived from the N-terminal region of CXCL12, CXCL11 and vCCL2
were tested for their ability to induce B-arrestin-2 recruitment to the wild-type and mutated
receptors. Similarly to what has previously been shown for the wild-type ACKR3 [51],
CXCL12-, CXCL11- and vCCL2-derived peptides covering the flexible N terminus, the
cysteine motif and the N loop (CXCL121-17, CXCL111-17 and vCCL21-21) were able to
trigger B-arrestin-2 recruitment to the cysteine-mutated receptors, although differences
were observed between the peptides. The mutation of the cysteine bridge between TM3
and ECL2, covering the major binding pocket, strongly reduced the activity of CXCL121-17
and vCCL21-21 (EC50 increase by>20 and 6.5 fold, respectively) and to a lesser extent that
of CXCL111-17 (3 fold), suggesting that small peptides directly targeting the
transmembrane pocket require this structure for efficient receptor activation. In contrast, the
disruption of the disulphide bridge between the N terminus and TM7 stabilising the minor
binding pocket had no effect on CXCL121-17 activity but slightly decreased that of
CXCL111-17 and vCCL21-21 (1.7 and 2.3 fold respectively) (Fig. 3, Table 3).

Finally, the mutation of cysteine residues forming the TPA (C21S- C26S) had no effect
on the activity of CXCL121-17 and slightly impacted that of CXCL111-17 (1.8 fold).
Surprisingly however, this mutation had little impact on vCCL21-21, in contrast to what was
observed for full- length vCCL2, indicating that the core of the viral chemokine is the main
contributor in the interactions with TPA.

4.3. The endogenous peptide BAM22 reveals a vCCL2-like binding and
activation mode towards ACKR3
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Table 3. B-arrestin-2 recruitment induced by peptides derived from chemokine N-terminal regions to ACKR3.

B-arrestin-2 recruitment

ACKR3 CXCL12,4; CXCL11,4y VCCL2,5

pECso £ SEM ECso (nM) Fold WT Max (%) PECso £ SEM  ECso (nM)  Fold WT Max (%) PECso £ SEM ECso (nM) Fold WT Max (%)
WT 6.22£0.04 610 1.0 101+2 6.45+0.04 360 1.0 110+3 6.45+0.09 360 1.0 99+4
(C345-C287S  6.23+0.7 600 1.0 106+3 6.21+0.05 620 1.7 151+6 6.10%0.09 790 22 89+4
C1175-C196 4.85+0.18 14270 234 104+4 5.95+0.09 1120 31 113+10 5.63+0.16 2340 6.5 104+9
C215-C26S 6.18 £0.09 660 11 944 6.19£0.04 650 18 115+4 6.43%0.10 370 1.0 88+4
C21-G4-C26  6.2040.12 630 . 1.0 ~ 106 +10 6.27 £0.10 540 . 1.5 _160+12 6.04+0.14 920 . 2.6 100+7

B-arrestin-2 recruitment was monitored in U87 cells using split Nanoluciferase complementation assay (n =3).

Table 4. B-arrestin-2 recruitment induced by full-length chemokines to CXCR3.

B-arrestin-2 recruitment

CXCR3 CXCL11 CXCL10 CXCL9

PECso £ SEM ECso (NM)  Fold WT Max (%) pECso + SEM ECso (nM)  Fold WT Max (%) pECso + SEM ECso (nM)  Fold WT  Max (%)
WT 8.03+0.19 9.4 1.0 100 7.60+1.17 25.7 1.0 45%5 7.03%£0.2 92.9 1.0 46+7
C375-C38S 8.68 £ 0.10 8.7 0.9 100 7.41+0.18 38.5 1.5 65%3 6.60+0.15 226.4 2.5 54+4

B-arrestin-2 recruitment was monitored in U87 cells using split Nanoluciferase complementation assay (n =3).

Among the different non-chemokine ligands described to bind to ACKR3, only BAM22,
a 22-amino acid peptide showing sequence similarities with chemokine N termini (Fig. 1E),
was able to compete with the binding of labelled CXCL12 to wild-type ACKR3 (IC50 = 32.2
nM, pIC50 = 7.49 £ 0.03). No displacement was observed with adrenomedullin (ADM) in the
concentration range tested (Fig. 4A, Table 1).

BAM22 was then tested towards the cysteine mutants to provide the first information
about its binding and activation modes. Reminiscent of what was observed for vCCL2, the
mutation C34S-C287S disrupting ECL4, reduced the IC50 of BAM22 binding by nearly two-
fold compared to the wild-type receptor (Fig.4B). However, in contrast to vCCL2, mutations
of the TPA had no effect on BAM22 binding to ACKR3. BAM22 was also able to induce
B-arrestin-2 recruitment towards all ACKR3 mutants (Fig. 4C). The strongest impairment
was observed with the C117-C196 mutant, just like for the CXC chemokines, all small
chemokine N-terminal peptides but not for vCCL2. While the mutation in ECL4 had a
modest effect on ACKR3 functionality, the two mutations affecting the TPA significantly
impacted the potency of BAM22 to induce B-arrestin-2 recruitment (2.5 fold for C21S-C26S
and 2.9 fold for C21-G4-C26, respectively), comparable to what was observed for vCCL2
and its N-terminal peptides. These data suggest that the endogenous peptide BAM22 has
a vCCL2-like ACKR3 binding and activation modes, consistent with its sequence homology
with the N-terminal region of vCCL2 (Fig. 1E).

5. Discussion

ACKRS3 is involved in different vital physiological but also pathological processes and
has emerged as a highly relevant drug target, especially for cancer therapy. Although many
efforts have been undertaken over the last years, no small molecule antagonist of ACKR3
has been identified so far. ACKR3 shows several distinctive functional characteristics some
of which have been suggested to be linked to its chemokine scavenging function. The most
remarkable ones are its lack of G protein coupling, its continuous cycling, predominantly
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intracellular localization, responsiveness to both CXC and CC chemokines as well as to
endogenous non-chemokine peptides, and its high propensity for activation. In addition to
these functional particularities, an uncommon structural feature of ACKR3 is the disulphide
bridge within its N terminus, which creates a small loop whose function and impact on the
receptor biology remain unknown [32,41,52]. In this study, by disrupting this additional
disulphide bridge, as well as the two conserved disulphide bridges, we uncovered new
functional properties of ACKR3 and demonstrated that chemokine and endogenous non-
chemokine ligands interact and activate ACKR3 following different binding modes
characterized by distinct transmembrane domain subpocket occupancy and intra-N
terminus loop contribution.

The roles of the conserved disulphide bridges for chemokine receptor functions have
previously been shown to reflect unique traits of a single receptor rather than being shared
between receptors, even within the same subfamily [40]. Their impact was also shown to
vary depending on the ligand, thus offering an interesting means to explore different binding
and/or activation modes for a specific receptor. Indeed, the two conserved disulphide
bridges are positioned at opposing critical regions of the receptor extracellular surface and
shape the entrance of the ligand-binding subpockets (Fig. 1D).

Our data showed that ACKR3 folding and export is largely independent of the
presence of its extracellular disulphide bridges. Only the disruption of the TM3-ECL2
disulphide reduced the presence of the receptor at the plasma membrane and moderately
impacted the structure of the receptor. These results markedly contrast with the
observations for TM3-ECL2 disulphide mutants in this and previous studies for CXCR4 [56]
or CCRG6 [57], which were both fully retained within the cell. However, maintenance of
folding and export were reported for CXCR2 and CCR1 [40,58].

ACKR3 WT BAM22 ACKR3

wT
C34S-C287S
C117S-C196S
C21S-C26S
C21-G,-C26

100 100

bee

75 75 75

50

50 50

% full agonist
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cXcL11

- 25
-
-%- vCCL2
—
o
1

25 25
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-~ WT
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BAM22 ~¥- C218-C26S
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Figure 4 | Binding and activation of non-chemokine ligands to the wild-type and cysteine-mutated ACKR3. (A) Binding
of CXCL12, CXCL11, vCCL2, BAM22 and adrenomedullin (ADM) to wild-type ACKR3 assessed by binding competition with
CXCL12-AF647 and analysed by flow cytometry. (B) Binding of BAM22 to WT and mutated ACKR3 assessed by binding
competition with CXCL12-AF647 and analysed by flow cytometry. (C) B-arrestin-2 recruitment to wild-type ACKR3 and
cysteine-mutated variants induced by BAM22. Values represent the mean + standard error of the mean (SEM) of at least three
independent experiments.
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The substitution of the two N-terminal cysteine residues engaged in the formation of
the intra-N terminus loop (TPA) resulted in a slight increase of surface expression levels
compared to the wild-type receptor. Similar results were observed for the CXCR3 variant
bearing the C37S-C38S mutation, suggesting that this apparent higher surface expression
in N-terminal cysteine mutants may either reflect a facilitated transfer through the cell
secretory pathway or simply a better accessibility of the epitope to the probe. A recent
mutagenesis study of ACKR3 focusing on its N-terminal features reported corroborating
results and found that the disruption of the N terminus-TM7 or the TPA-forming disulphide
bridges did not significantly affect ACKR3 surface expression [52].

The maintenance of cell surface expression for all ACKR3 mutants allowed us to
further probe the role of the disulphide bridges in ligand binding and receptor activation,
providing new insights into the importance of the different extracellular regions and
subpockets of ACKR3. The absence of the disulphide bridge linking TM3 to ECL2, lying on
top of the major subpocket, reduced the ability of ACKR3 to bind CXCL12 and respond to
CXC chemokines, but not the CC chemokine. Noteworthy, the disruption of this disulphide
turned CXCL11 and vCCL2 from partial to full agonists, suggesting that this structural
constraint regulates the maximal responsiveness of the receptor to certain chemokines.
Conversely, the disruption of the disulphide bridge linking the N-terminal domain to TM7,
surrounding the minor ligand binding pocket, enhanced the apparent binding of vCCL2,
which was likely linked to the weaker interaction of the fluorescent tracer and may point to
differential ACKR3 binding pocket occupancy by CXC and CC chemokines. Strikingly, the
disruption of or substitution within the N-terminal loop (TPA) markedly impaired the
recognition and activation by CC and to a lesser extent by CXC chemokines. Altogether
these results provide strong evidence for a different binding modes for CXC versus CC
chemokines to ACKR3 characterised by different roles of the N-terminal arch and different
ligand subpocket occupancies. Our data suggest that CXC chemokines mainly occupy the
major subpocket, whereas vCCL2 interacts with structural determinants located in the
vicinity of the minor subpocket, including the TPA. These observations are supported by
structural data and comparative models of the binding mode of CXCL12 and vCCL2 to
CXCRA4, which shares 29% identity with ACKR3, that indicate that although the tip of the N-
termini of the two chemokines reach similar depths in the transmembrane region, they
occupy the extracellular surface and the receptor subpockets differently. While vCCL2 lies
mainly above TM1 and TM7 with its N terminus spanning the minor binding pocket, CXCL12
shows a rotation of approximately 80° relative to vCCL2, consequently positioning it more
on top of the major binding pocket (TM5-TM®6) [33,59].

In this study, no interaction between adrenomedullin and ACKR3 was detected in the
concentration range for which all other ligands were highly potent. This observation may be
due the requirement of additional partners for adrenomedullin binding to occur, which are
absent in the U87 cells. The binding and activation by BAM22, showed an apparent mixed
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CXC/CC profile for the effect of disulphide bridge disruptions. BAM22 interactions was
negatively impacted by the disruption of the disulphide bridge TM3-ECL2 similarly to what
was observed for CXC chemokines, suggesting that it also activates the receptor by
occupying mainly the major binding pocket (Fig. 5). However, its binding and activity were
also significantly affected by the disruption or the substitution of the TPA indicating that its
C terminus is most likely positioned more on top of the minor ligand binding pocket
reminiscent of vCCL2 binding mode. These binding similarities between vCCL2 and BAM22
may be partially explained by the sequence identity between the N-loop of vCCL2 and the
C terminus of BAM22, both regions bearing the YQKR motif. We recently demonstrated that
the N-loop of vCCL2, but not that of CXCL12 and CXCL11, is important for ACKR3 binding
and activation further supporting the observation that this stretch could interact with the TPA
by for instance forming electrostatic interactions with negatively charged residues (D25)
located within the TPA [51]. Sequence alignment revealed that D25 occupies a position
similar to that of the sulfotyrosine sY21 in the CXCR4 N terminus, a residue known to be
crucial for CXCR4-chemokine interactions [42]. Furthermore, the shortening of CRS1
resulting from the formation of the TPA would also bring the potential sY8 of ACKR3 at a
position equivalent to that of sY7 in CXCR4. Moreover, although it is highly speculative, the
oxidation state of the two TPA-forming cysteines, by influencing the strength of ACKR3
interactions with internalised ligands, may regulate their handling or release during the
trafficking through the different intracellular compartments. Finally, it cannot be excluded
that this arch could also support the binding of other yet unknown ligands or interacting
partners.

A B
9.5+ 7.0+
. . % o ox w ® Wr
9.0 B C34S-C287S
og Y 6.51 L] [ ] y
| on - & C1178-C196S
s 8.5 sm ¥ 6.0- Y s ¥ a ¥V C215-C26S
< 8.0 3 3 €21-G4-C26
= = | ] i
g I [ ] 5.5
Q 7.5 v [] -
o 7.04 5.04 i
6.5 I 451
6.0 4.0
CXCL12 CXCLM vCCL2 BAM22 CXCL12,,; CXCL11,4; VCCL2

Figure 5 | Overview of the effects of cysteine mutation on ACKR3 activity. ACKR3 activation in response to full-length
chemokines and BAM22 (A) and chemokine N-terminal peptides (B) monitored in 3-arrestin recruitment assay. pEC50 values
represent the mean + standard error of the mean (SEM) of at least three independent experiments. Unpaired t tests were used
to compare the differences in pEC50/pIC50 for each mutant using the WT receptor as reference. * p < 0.05, ** p < 0.01.
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Chapter 4

1. Abstract

Atypical chemokine receptors (ACKRs) have emerged as important regulators or
scavengers of homeostatic and inflammatory chemokines. Among these atypical receptors,
ACKR4 is reported to bind the homeostatic chemokines CCL19, CCL21, CCL25 and
CXCL13. In a recent study by Matti et al., the authors show that ACKR4 is also a receptor
for CCL20, previously established to bind to CCR6 only. They provide convincing evidence
that, just as for its other chemokine ligands, ACKR4 rapidly internalizes CCL20 both in vitro
and in vivo. Independently of this discovery, we undertook a screening program aiming at
reassessing the activity of the 43 human chemokines toward ACKR4 using a highly
sensitive B-arrestin recruitment assay. This systematic analysis confirmed CCL20 as a new
agonist ligand for ACKR4 in addition to CCL19, CCL21, and CCL25. Furthermore, CCL22,
which plays an important role in both homeostasis and inflammatory responses, and is
known as a ligand for CCR4 and ACKR2 was found to also act as a potent partial agonist
of ACKR4. In contrast, agonist activity of CXCL13 toward ACKR4 was disproved. This
independent wide-range systematic study confirms the pairing of CCL20 with ACKR4 newly
discovered by Matti and co-authors, and further refines the spectrum of chemokines
activating ACKR4.

2. Brief conclusive report

Atypical chemokine receptors (ACKRs) form a subfamily of 4 chemokine receptors
unable to trigger G protein-dependent signaling or to directly induce cell migration in
response to chemokines [1]. ACKRs play however a crucial role in chemokine biology by
capturing, scavenging, or transporting chemokines, thereby regulating their availability and
signaling through classical chemokine receptors [2,3]. Among ACKRs, ACKR4, formerly
known as CCX-CKR, CCR11, or CCRLA1, which is expressed on keratinocytes, astrocytes,
lymphatic endothelial cells and on thymic epithelial cells, is an important regulator of
homeostatic chemokines [4-6].

Human ACKR4 was deorphanized in 2000 based on competition studies with
radiolabeled CCL19 [7]. It was initially proposed to bind CCL19, CCL21, CCL25, and
CXCL13, which are the ligands for CCR7, CCR9, and CXCRY5, respectively [7,8]. Of note,
CXCL13 interaction with the mouse ACKR4 could not be confirmed [5] and the human
CXCL13-ACKR4 pairing inferred from binding competition studies [7] was later reevaluated
and the observations reattributed to cooperative GAG binding rather than direct receptor
interactions [9].

By scavenging its chemokine ligands, ACKR4 was shown to regulate mainly the
trafficking and positioning of T-cells and dendritic cells (DCs) [6,10]. ACKR4 is best known
for its role in shaping the gradient of CCL19 and CCL21 for CCR7-expressing DCs in the
subcapsular sinuses of lymph nodes during the initiation phase of the adaptive immune
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response [11,12]. ACKR4 is also involved in anti-tumor immunity and modulates epithelial-
mesenchymal transition and metastasis [13—15]; and studies with ACKR4-deficient mice in
an EAE model also demonstrated the receptor implication in autoimmune diseases notably
by accelerated disease onset an more severe symptomes attributable to increased Th17
response [4,16]. Of note, 2 ACKR4-defincient mouse strains (ACKR4™~ and ACKR4GFP/
GFP) are available and display distinct phenotypes. While ACKR47~ mice show a strong
accumulation of plasma blasts in mesenteric lymph node and spleen as well as increased
B cell proliferation after in vitro activation [17], B cells from ACKR4GFP/GFP mice exhibit a
phenotype comparable to wild-type cells [18], suggesting that the results from the above-
mentioned ACKR4-deficient mouse studies should be interpreted cautiously.

In a recent study, Matti and co-authors reported CCL20, previously established to bind
to CCRG6 only, as a novel chemokine ligand for ACKR4 [19]. The authors had predicted the
existence of this interaction based on CCL20 sequence and expression similarities with
CCL19 and CCL21. They showed that CCL20 induces B-arrestin-1 and [B-arrestin-2
recruitment to ACKR4, and is rapidly internalized and scavenged by ACKR4-expressing
cells, both in vitro and in vivo. They proposed that by scavenging CCL20, ACKR4 regulates
its availability for the classical signaling receptor CCR6 and thereby plays a role in the
positioning of CCR6-positive leukocytes within secondary lymphoid tissues to initiate
effective humoral and memory immune responses [19].

Independently of this discovery, we undertook a systematic screening program aiming
at reassessing the agonist activity of the 43 human chemokines (24 CCLs, 16 CXCLs, 2
XCLs, and 1 CX3CL) and 2 viral chemokines (vCCL1 and vCCL2) toward ACKR4, by
monitoring B-arrestin recruitment to the receptor using a highly sensitive Nanoluciferase
complementation-based assay (NanoBiT) (Fig. 1A) [20-22]. In agreement with the initial
description by Matti and co-authors, our systematic analysis also identified CCL20 as an
ACKRA4 ligand capable of inducing B-arrestin-1 and B-arrestin-2 recruitment to the receptor
and behaving as a partial agonist (80% efficacy) with a potency (EC50 = 42 nM) somewhat
lower than potencies observed for CCL19 (EC50 = 3 nM), CCL21 (EC50 = 5 nM), and
CCL25 (EC50 = 24 nM) (Fig. 1B). Besides CCL19, CCL20, CCL21, and CCL25, our
systematic reassessment of chemokine-receptor interactions revealed that CCL22, known
to bind to CCR4 and ACKRZ2, is also a ligand for ACKR4. CCL22 was slightly less potent
(EC50 = 128 nM) than the other ligands in inducing -arrestin-1 recruitment to ACKR4 and
acted as a partial agonist, displaying about 60% of the maximum efficacy observed with
CCL19. Interestingly, the CCL22 variant lacking the first 2 N-terminal residues (CCL22
3-69) and hence mimicking the dipeptidyl peptidase 4 (DPP4 or CD26)-cleaved chemokine,
retained significant activity toward ACKR4, which contrasts with its absence of activity
toward ACKR2 [23] but is reminiscent of the agonist effect of processed CXC chemokines
toward ACKR3 [20,24] (Fig. 1B).
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Figure 1 | Systematic reassessment of human ACKR4 activation by chemokines using a highly sensitive B-arrestin
recruitment assay based on NanoBiT technology. (A) B-arrestin-1 and B-arrestin-2 recruitment to ACKR4 in response to
all known human and 2 viral chemokines (100 nM). Experiments were conducted inU87 cells as previously described20. for
statistical analysis, 1-wayANOVAwith Dunnett’'smultiple comparison test with vehicle as reference was performed. **P<0.01
(B-arrestin-1 only), ****P<0.0001 (in both B-arrestin-1 and B-arrestin-2 recruitment assays). (B) B-arrestin-1 recruitment to
ACKR4 by the previously reported and newly identified chemokines CCL17, CCL19, CCL20, CCL21, CCL22, CCL25,
CXCL13, and vCCL2, showing the concentration-response relationship. EC50 values are indicated (nM). (A and B) Data are
represented as mean + SEM of at least 3 independent experiments. (C) Schematic representation of the interactions between
ACKR4 and CC receptors CCR4, CCR6, CCR7, and CCRY9, and their shared endogenous chemokines. The newly identified
ligands are indicated with an asterisk

CCL22 was not the only CCR4-related chemokine acting on ACKR4. CCL17, the
second ligand of CCR4, showed detectable activity toward ACKR4 but statistical
significance was not reached for this pairing. A similar low activity was also observed for
several other human CC chemokines including CCL7, CCL13, CCL14, CCL26, and CCL27,
which are ligands for CCR1, CCR2, CCR3, and CCR10. Moreover, the viral broad-spectrum
antagonist chemokine vCCL2/vMIP-Il encoded by the Kaposi sarcoma-associated
herpesvirus HHV-8 [25], known to bind to ACKR4 [7], and to activate ACKR3 [26], also
behaved as a partial agonist of ACKR4 (EC50 = 93 nM) inducing 50% of the maximum
efficacy observed with CCL19. In contrast, CXCL13, for which discordant observations
have been reported regarding its interaction with ACKR4 [7,9], did not induce B-arrestin
recruitment to ACKR4 in our assay, narrowing down ACKR4 specificity to CC chemokines
only. In a similar screening conducted with all 45 chemokines (100 nM) in antagonist mode,
that is, in the presence of CCL19 at a concentration equivalent to its EC50 (3 nM), no
chemokine other than the above-mentioned agonists was able to modulate CCL19-induced
B-arrestin recruitment to ACKR4 (data not shown).

A phylogenetic analysis based on amino acid sequences shows that CCL22 clusters
together with all other ACKR4 ligands, including CCL20, further supporting its pairing with
ACKR4. Moreover, CCL22 is constitutively expressed in lymphoid tissues, the intestine,
lung, and skin, where ACKR4 is also expressed [4,10]. CCL22 acts as a potent agonist for
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CCR4, primarily expressed on Th2 cells [27,28] but it has also been described to be
involved in self-tolerance and mediate DC-Treg interaction. Indeed, deletion of CCR4 or
CCL22 in mice showed a disruption of T-cell immunity, which caused an accumulation of
autoreactive T-cells and, as a result, autoimmune diseases [29,30]. Therefore, together with
the reported acceleration of CD4+ T-cell skewing toward Th17 in ACKR4-deficient mice [4],
one could postulate the involvement of ACKR4 in the CCR4/CCL22-axis to mediate
effective T-cell immunity. The relevance of this newly identified interaction remains
nevertheless to be established, especially considering the crosstalk of CCL22 with CCR4
and ACKR2. It also needs to be determined whether the interaction between CCL22 and
ACKR4 holds true for the murine homologues. Altogether, this systematic reassessment of
chemokine-receptor interactions confirmed the pairing between CCL20 and ACKR4 in a
different cellular background and using a different readout [31], reinforcing the initial
description by Matti and co-authors [19]. In addition, it identified another ligand for ACKR4,
CCL22. These novel pairings add a level of complexity to ACKR4 interactions within the
chemokine-receptor network and extend its regulatory functions to the CCL20/CCR6 and
CCL22/CCR4 axes (Fig. 1C). Nevertheless, complementary pharmacological experiments,
including binding and scavenging or internalization assays, remain to be performed to
validate these results. The importance of these novel interacting partners for ACKR4 in
pathophysiological context also remains to be elucidated. Finally, our study focused
exclusively on chemokine-induced B-arrestin recruitment and thus chemokines with
different mode of action toward ACKR4 may have been overlooked [32]. Indeed, although
ACKR4-driven chemokine scavenging is generally considered as dependent on B-arrestins,
recent studies indicated that they are not essential for this activity, suggesting that further
investigations are necessary to fully understand this still enigmatic receptor [8,33].
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Chapter 5

1. Simple Summary

The atypical chemokine receptor ACKR2 plays an important role in the tumour
microenvironment. It has long been considered as a scavenger of inflammatory
chemokines exclusively from the CC family. In this study, we identified the CXC chemokine
CXCL10 as a new strong agonist ligand for ACKR2. CXCL10 is known to drive the
infiltration of immune cells into the tumour bed and was previously reported to bind to
CXCR3 only. We demonstrated that ACKRZ2 acts as a scavenger reducing the availability of
CXCL10 for CXCRS3. Our study sheds new light onthe complexity of the chemokine network
and the potential role of CXCL10 regulation by ACKR2 in tumour immunology.

2. Abstract

Atypical chemokine receptors (ACKRs) are important regulators of chemokine
functions. Among them, the atypical chemokine receptor ACKR2 (also known as D6) has
long been considered as a scavenger of inflammatory chemokines exclusively from the CC
family. In this study, by using highly sensitive arrestin recruitment assays based on NanoBiT
and NanoBRET technologies, we identified the inflammatory CXC chemokine CXCL10 as
a new strong agonist ligand for ACKR2. CXCL10 is known to play an important role in the
infiltration of immune cells into the tumour bed and was previously reported to bind to
CXCR3 only. We demonstrated that ACKRZ2 is able to internalize and reduce the availability
of CXCL10 in the extracellular space. Moreover, we found that, in contrast to CC
chemokines, CXCL10 activity towards ACKR2 was drastically reduced by the dipeptidyl
peptidase 4 (DPP4 or CD26) N-terminal processing, pointing to a different receptor binding
pocket occupancy by CC and CXC chemokines. Overall, our study sheds new light on the
complexity of the chemokine network and the potential role of CXCL10 regulation by
ACKR2 in many physiological and pathological processes, including tumour immunology.
Our data also testify that systematic reassessment of chemokine-receptor pairing is
critically needed as important interactions may remain unexplored.

3. Introduction

Chemokines are small (8-14 kDa) soluble cytokines that guide directional cell
migration and orchestrate many important processes, including leukocyte recruitment
during immunosurveillance. They are also involved in numerous inflammatory diseases and
the development and spread of many cancers. Based on the presence of specific cysteine
motifs in their N termini, chemokines are divided into four classes: CC, CXC, XC and CX3C.
Their receptors belong to the G protein-coupled receptor (GPCR) family and are
accordingly classified as CCR, CXCR, XCR and CX3CR, depending on the chemokine
class they bind. Over the past years, a subfamily of four chemokine receptors has emerged
as important regulators of chemokine functions. These receptors are termed atypical
chemokine receptors (ACKR1-4) due to their inability to trigger a G protein-dependent
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signalling or directly induce cell migration in response to chemokine binding [1,2].
Nevertheless, ACKRs do play an important role within the chemokine-receptor network by
shaping the gradient of chemokines, thereby regulating their effect on cells expressing their
respective classical chemokine receptors. Most ACKRs have the ability to constitutively
cycle between the cell membrane and the intracellular compartments, internalizing and
directing for degradation the chemokines that they bind [1,3-5]. Although this activity was
previously considered to mainly rely on -arrestins, recent studies showed that alternative
mechanisms can drive chemokine scavenging by ACKRs [6-11].

ACKR2 (formerly D6 or CCBP2) has been long reported to bind inflammatory
chemokines exclusively from the CC family. ACKR2 main ligands include CCL2-8,
CCL11-13, CCL17 and CCL22, which are agonists of the classical receptors CCR1-5
[12—-15]. By scavenging this large spectrum of inflammatory chemokines, ACKR2 drives the
resolution phase of inflammation and prevents exacerbated immune responses [16-21].
ACKR?2 is expressed on lymphatic endothelial cells, epithelial cells, trophoblasts in placenta
and some subsets of leukocytes, including alveolar macrophages and innate-like B cells
[22—-24]. Owing to its anti-inflammatory effect, ACKR2-deficient mice show an increased
number of circulating inflammatory monocytes [25] and neutrophils [26,27], as well as
defects in lymphatic vessel density and function [28]. ACKR2 was also shown as an
important regulator of chemokines in inflammatory and autoimmune diseases, notably in
psoriasis [18,29-31]. A scavenging-independent activity of ACKR2 has also been reported
in apoptotic neutrophils, where ACKR2 was proposed to present chemokines to
macrophages and promote inflammation resolution by shifting their phenotype [32,33].

Importantly, ACKR2 plays diverse and complex roles in tumour biology from initiation
to metastasis [27,34,35]. ACKR2-deficient mice were shown to be more prone to tumour
development but display increased tumour natural killer (NK) cell infiltration and circulating
neutrophils, while opposing effects were reported regarding ACKR2 involvement in tumour
dissemination [27,34,36]. Besides CC inflammatory chemokines, several CXC chemokines
play important roles in inflammatory responses and are also found as part of tumour-
associated inflammatory signatures [37,38]. In particular, the interferon gamma-induced
chemokine CXCL10, also known as IP-10, reported to sustain tumour growth via autocrine
loops [39] and to drive T lymphocytes and NK cells through activation of CXCR3 [37,40,41],
is often upregulated in the same manner or simultaneously with CC inflammatory
chemokines [42].

In this study, by applying highly sensitive assays monitoring-arrestin recruitment, we
identified CXCL10, previously known to exclusively bind to CXCRS3, as a high-affinity
agonist for ACKR2. This finding expands the panel of ACKR2 ligands to the CXC
chemokine family and at the same time highlights the need for a systematic reassessment
of chemokine-receptor pairing, as important interactions may remain unexplored.
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4. Material and methods

4.1. Cells and Proteins

HEK-ACKR2 cell line stably expressing human or mouse ACKR2 were established by
transfection of HEK293T cells (ATCC, Manassas, VA, USA) with pIRES-puro vector
(Addgene, Watertown, MA, USA ) encoding the human or mouse ACKR2 and subsequent
puromycin selection (5 pg/mL). Receptor surface expression was verified by flow cytometry
using hACKR2-specific mAb (clone 196124, R&D Systems, Minneapolis, MI, USA) or
polyclonal mMACKR2-specific antibody (ab1656, Abcam, Cambridge, UK). The absence of
CXCR3 at the cell surface was confirmed using mAb clone 1C6 and the corresponding
isotype control (BioLegend, San Diego, CA, USA). The B16.F10 and U87.MG cell lines
were purchased from ATCC. Unlabelled chemokines were purchased from PeproTech.
CXCL10 was labelled with Cy5 using the Amersham QuickStain Protein Labeling Kit (GE
Healthcare Life Sciences, Marlborough, MA, USA). Alexa Fluor 647-labelled CCL2 (CCL2-
AF647) was purchased from Almac (Craigavon, UK).

4.2. Chemokine Processing by Dipeptidyl Peptidase 4

CCL5, CCL2, CXCL10, CXCL11 and CXCL12 chemokines (9 uM) were incubated
with recombinant dipeptidyl peptidase 4 (CD26) (200 U) in Tris/HCI 50 mM pH 7.5 + 1 mM
EDTAfor 1 h at 37°C in the presence or absence of the sitagliptin (10 M) (Sigma Aldrich, St.
Louis, MO, USA). The efficiency of processing was verified by MALDI-TOF analysis using
a RapifleX, Bruker Daltonics instrument (Billerica, MA, USA) in positive ion mode and in
reflectron mode.

4.3. Chemokine-Induced b-Arrestin Recruitment

Chemokine-induced f-arrestin recruitment to receptors was monitored by NanolLuc
complementation assay (NanoBiT) [43—45] or by NanoBRET using mNeonGreen as
acceptor molecule.

NanoBiT: HEK293T or U87.MG cells were co-transfected with pNBe vectors encoding
chemokine receptors C-terminally fused to SmBIiT and human (-arrestin-1/2 N-terminally
fused to LgBiT. Twenty-four hours after transfection cells were harvested, incubated 25 min
at 37°C with Nano-Gilo Live Cell substrate (1:200) and upon addition of chemokines at the
indicated concentrations, B-arrestin recruitment was evaluated with a Mithras LB940
luminometer (Berthold Technologies, Bad Wildbad, Germany). Each point corresponds to
average values acquired for 20 min, represented as percentage of maximum full agonist
response.

NanoBRET: HEK293T cells were co-transfected with pNeonGreen and pNLF vectors
encoding ACKR2 C-terminally fused to mNeonGreen and -arrestin-1 N-terminally fused to
Nanoluciferase. Twenty-four hours after transfection cells were harvested and upon
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simultaneous addition of Nano-Glo Live Cell substrate (1:200) and chemokines, BRET
signal was measured with a Mithras LB940 luminometer (Berthold Technologies) using a
460/70 BP filter for Nanoluciferase and a 515/40 BP filter for mNeonGreen signal.

4.4. Chemokine Binding

HEK293T and HEK-ACKR2 cells were incubated with CXCL10-Cy5 at indicated
concentrations for 45 min at 37°C, then washed twice with FACS buffer (PBS, 1% BSA,
0.1% NaN3). Dead cells were excluded using Zombie Green viability dye (BioLegend).
ACKR2-negative HEK293T cells were used to evaluate non-specific binding of CXCL10-
Cy5. For binding competition with unlabelled chemokines (50 nM or 10 nM), the signal
obtained for CXCL10-Cy5 (100 ng/mL) or CCL2-AF647 (30 ng/mL) in the absence of
unlabelled chemokines was used to define 100% binding. Ligand binding was quantified by
mean fluorescence intensity on a BD FACS Fortessa cytometer (BD Biosciences, Franklin
Lakes, NJ, USA).

4.5. Chemokine-Induced Receptor Mobilisation to the Plasma Membrane

Ligand-induced receptor mobilisation to the plasma membrane was monitored by
NanoBRET. A total of 5 x 106 HEK293T cells were seeded in 10 cm dishes and co-
transfected with plasmids encoding ACKR2 C-terminally tagged with Nanoluciferase and
mNeonGreen C-terminally tagged with the plasma membrane targeting polybasic
sequence and prenylation signal sequence from K-RAS splice variant b [46]. Twenty-four
hours after transfection, cells were distributed into black 96-well plates (1 x 10° cells per
well) and treated with chemokines (100 nM). After 45 min incubation at 37°C,
coelenterazine H (10 uM) was added, and donor emission (460 nm) and acceptor emission
(535 nm) were immediately measured on a GloMax plate reader (Promega, Madison, WI,
USA).

4.6. Chemokine-Induced Receptor-Arrestin Delivery to Endosomes

Ligand-induced receptor-arrestin delivery to early endosomes was monitored by
NanoBRET. In brief, 5 x 10° HEK293T cells were seeded in 10 cm dishes and co-
transfected with plasmids encoding ACKR2, B-arrestin-2 N-terminally tagged with
Nanoluciferase and FYVE domain of endofin interacting with phosphatidylinositol 3-
phosphate (PI3P) in early endosomes [46,47], N-terminally tagged with mNeonGreen.
Twenty-four hours after transfection, cells were distributed into black 96-well plates (1 x 10°
cells per well) and treated with full-length or processed chemokines. After 2 h incubation at
37°C, coelenterazine H (10 yM) was added, and donor emission (460 nm) and acceptor
emission (535 nm) were immediately measured on a GloMax plate reader (Promega).

4.7. Chemokine Scavenging
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Chemokine depletion from the extracellular space was quantified by ELISA. HEK293T
and HEK-ACKR2 cells were incubated 8 h at 37°C with chemokines at 0.3 and 30 nM.
Chemokine scavenging by ACKR2 was evaluated by quantifying the concentration
ofchemokines remaining in the supernatant using commercially available ELISA kits
(CXCL10 R&D Systems, CCL5 BioLegend and CXCL11 Peprotech, Rocky Hill, NJ, USA)
and was expressed as the percentage of input chemokine concentrations.

4.8. Chemokine Internalization

Chemokine internalization using labelled CXCL10 or CCL2 was visualized by imaging
flow cytometry as previously described [7]. HEK.293T or HEK-ACKR2 cells were incubated
15 min at 37°C in the presence or absence of unlabelled chemokines (200 nM) after which
Cy5-labelled CXCL10 (100 nM) or AF647-labelled CCL2 (100 ng/mL) was added for 45 min
at 37°C. Cells were washed twice with FACS buffer. Dead cells were excluded using
Zombie Green viability dye (BioLegend). Images of 1 x 10* in-focus living single cells were
acquired with an ImageStream MKII imaging flow cytometer (Amnis Luminex, Austin, TX,
USA) using 60x magnification. Samples were analysed using Ideas6.2 software. The
number of spots per cell was determined using a mask-based software wizard.

For confocal microscopy, 4 x 104 HEK-ACKR2 cells/well were seeded on poly-L-
Lysine coated 8-well chamber slides (u-Slide 8 well, Ibidi, Fitchburg, WI, USA). After 36 h,
cells were incubated 2 h at 37°C with 100 nM Cy5-labelled chemokines (CXCL10, CXCL11
or CCL2) and co-incubated one additional hour with 750 nM LysoTracker™ Red DND-99
(ThermoFisher, Schwerte, Germany). Cells were then washed twice with PBS, fixed with
3.5 % (w/v) paraformaldehyde for 20 min at room temperature and washed again twice with
PBS. Nuclear staining was performed with Hoechst 33342 dye (1 ug/mL) for 20 min at room
temperature, and cells were washed 3 times with PBS. Images were acquired on a Zeiss
LSM880 confocal microscope using a 63 oil-immersion objective and Zen Black 2.3 SP1
software (Zeiss, Jena, Germany). Representative cells from 12 image acquisitions of three
independent experiments are shown.

4.9. Inhibition of Chemokine Uptake by Anti-mACKR2 Antibodies

HEK-mACKR2 or B16-F10 cells were incubated 45 min at 37°C with Cy5-labelled
mCXCL10 (100 nM) in the presence or absence of the polyclonal goat anti-mACKR2
antibody (50 pg/mL) (ab1656, Abcam) or goat IgG control antibody (ab37373, Abcam) and
the secondary donkey anti-goat-AF647 antibody (Jackson ImmunoResearch,West Grove,
PA, USA). Dead cells were excluded using Zombie Green viability dye (BioLegend). Ligand
uptake was quantified by mean fluorescence intensity on a BD FACS Fortessa cytometer
(BD Biosciences). Inhibition of mCXCL10 scavenging by anti-mACKR2 was expressed as
the percentage relative to conditions where the antibody was absent.

4.10. Data and Statistical Analysis
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Concentration—response curves were fitted to the four-parameter Hill equation using
an iterative, least-squares method (GraphPad Prism version 8.0.1) to provide EC50 values
and standard errors of the mean. All curves were fitted to data points generated from the
mean of at least three independent experiments. All statistical tests, i.e., t-tests, ordinary
one-way ANOVA and post hoc analysis, were performed with GraphPad Prism 8.0.1. p-
values are indicated as follows: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

5. Results and Discussion

The pairing of ACKR2 with CC chemokines dates back to when many chemokines,
especially the CXC chemokines, had not yet been known or available [12,15,48]. Recent
identification of CCL20 and CCL22 as ligands for ACKR4 [49,50] demonstrates that some
pairings within the complex chemokine—receptor interaction network may have been
overlooked. Several reports point to increased CXC chemokine levels in ACKR2-deficient
mice [51,52], and an indirect crosstalk between the orphan CXCL14 and ACKR2 has
recently been described [53]. These observations prompted us to re-evaluate the ability of
ACKR2 to scavenge chemokines also from the CXC family.

First, we assessed the activity of the 16 human CXC chemokines (100 nM) towards
ACKR2 by monitoring their ability to induce B-arrestin-1 recruitment using Nanoluciferase
complementation-based assay (NanoBiT). Our screening revealed that at least three CXC
chemokines, namely CXCL2, CXCL10 and CXCL12, are capable of inducing p-arrestin-1
recruitment to ACKR2. However, only CXCL10 reached statistical significance in this assay
(Figure 1A).

To evaluate the functional relevance of the interactions between these chemokines
and ACKR2, especially in light of a possible scavenging function, we next performed an in-
depth analysis of intracellular events and monitored the fate of the chemokines and
receptor following their interactions.

CXCL2 and CXCL12 consistently showed reduced potency and efficacy in B-arrestin
recruitment towards ACKR2 compared to CXCL10 or to the activity they display towards
their already known receptors [45,54-56] (Figure 1B,E,H,|). Given this limited activity, they
were not further investigated. CXCL10, however, showed a strong potency towards ACKR2
(EC50 = 8.2 nM, pEC50 = 8.08 + 0.14) and induced approximately half of the maximal
response compared to the full agonist CCL5 (Figure 1B). This partial agonist behaviour of
CXCL10 was reminiscent of the activity towards its long-established signaling receptor
CXCRa3 relative to the full agonist CXCL11 (Figure 1C,F,G) [57,58]. The potency of CXCL10
towards ACKR2 appears approximately 3 times stronger than towards CXCR3 (EC50=24.9
nM, pEC50 = 7.60 0.12), consistent with a potential scavenging role of ACKR2. In
NanoBRET, the potency of CXCL10 towards ACKR2 (EC50 = 5.1 nM, pEC50 =8.29 + 0.11)
was close to that of CCL2 and approximately 20-fold stronger than towards CXCR3. The
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Figure 1 | ACKR2 activation by CXCL10. (A) B-arrestin-1 recruitment to ACKR2 in response to all known human CXC
chemokines (100 nM) monitored by NanoBiT-based assay. CCL2 and CCL5 were used as positive control chemokines. (B)
B-arrestin-1 recruitment to ACKR2 by the CXC chemokines CXCL2, CXCL10 and CXCL12 monitored by NanoBiT, showing
the concentration—response relationship. CXCL11 was used as negative control. (C) B-arrestin-1 recruitment to CXCR3
induced by its cognate ligands CXCL9, CXCL10 and CXCL11 monitored by NanoBiT. CXCL12 was used as negative control.
(D) B-arrestin-1 recruitment to all known chemokine receptors in response to CXCL10 (100 nM). (E,F) B-arrestin-1 recruitment
to ACKR2 (E) and CXCR3 (F) monitored by NanoBRET. (G) Schematic representation of chemokine—receptor interactions
between ACKR2, CXCR3 and the CC receptors CCR1, CCR2, CCR3, CCR4 and CCRY5, including the newly identified pairing
between CXCL10 and ACKR2. (H) B-arrestin-2 recruitment to ACKR2 by the CXC chemokines CXCL2, CXCL10 and CXCL12
monitored by NanoBiT. (I) B-arrestin-1 recruitment to ACKR2 by the CXC chemokines CXCL2, CXCL10 and CXCL12
monitored by NanoBiT in U87.MG cells. (J) Flow cytometry analysis of cells used in the binding studies, left panel: ACKR2
surface expression in HEK-ACKR2 (green histogram) and the parental HEK293T cell line (greyfilled histogram) evaluated
using the ACKR2-specific mAb (clone 196124) or the corresponding isotype control (black histogram); right panel: CXCR3
surface expression in HEK-ACKR2 evaluated using the CXCRS3-specific mAb (clone 1C6) (blue histogram) and the
corresponding isotype control (black histogram). Unstained cells are represented as grey filled histogram. (inset) Positive
control surface expression staining for CXCR3 in HEK293T cells transiently transfected with a CXCR3-encoding vector, using
CXCR3-specific mAb (clone 1C6) (blue histogram) and the corresponding isotype control (black histogram). (K) Binding of
Cy5-labelled CXCL10 to HEK-ACKR2 cells. (inset) Binding competition (100 ng/mL CXCL10-Cy5) with unlabelled
chemokines (50 nM). (L) Binding competition of unlabelled CXCL10 with Alexa Fluor 647-labelled CCL2 (30 ng/mL) on HEK-
ACKR2 cells. (inset) Binding competition with unlabelled chemokines (10 nM). EC50 and IC50 values for concentration—
response curves (B-L) are indicated (nM). All NanoBiT and NanoBRET assays were conducted in HEK293T cells except for
(1) for which U87.MG cells were used. Data points represent mean + SEM of three independent experiments. * p < 0.05, ** p
<0.01, *** p < 0.0001 by one-way ANOVA with Dunnett (A,D) and Bonferroni (K,L) post hoc tests.
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efficacy of CXCL10 in this assay reached approximately 70% of the maximal signal
measured with CCL5 (Figure 1E,F). Similar observations were made for the recruitment of
B-arrestin-2 (Figure 1H) and were further confirmed in a different cellular background
(Figure 11). Moreover, the screening of CXCL10 on 23 chemokine receptors showed that
CXCR3 and ACKR2 are the only human receptors activated by CXCL10 (Figure 1D).
Fluorescently labelled CXCL10 also strongly and specifically bound to HEK293T cells
expressing ACKR2 (IC50 = 5.4, pIC50 = 8.27 0.09) (Figure 1J,K) and was only displaced
by ACKR2-related chemokines CCL5, CCL2 and by CXCL10 itself (Figure 1K inset).
Inversely, binding competition studies showed that CXCL10 was able to fully displace
fluorescently labelled CCL2 from the receptor with an IC50 of 2.1 nM (pIC50 = 8.68

1 0.03) (Figure 1L).

The ability of ACKR2 to mediate CXCL10 scavenging and control its extracellular
concentration was then analysed. CXCL10 stimulation resulted in rapid mobilization of
intracellular ACKR2 to the plasma membrane reminiscent of the activity of CC chemokines
[59,60] (Figure 2A). The CXCL10-induced receptor mobilisation was followed by its delivery
to the endosomes with an EC50 of 6.0 nM (pEC50 = 8.22 + 0.06) (Figure 2B,C). Imaging
flow cytometry also revealed specific and efficient uptake of labelled CXCL10 by ACKR2-
expressing cells. A notably higher number of distinguishable intracellular vesiclelike
structures and mean fluorescent intensity were observed compared to HEK293T cells or
HEK-ACKR2 cells pre-treated with CCL5 (Figure 2D,F). Confocal microscopy further
confirmed CXCL10 uptake and in addition showed its distribution within acidic intracellular
vesicles (Figure 2E). Moreover, the uptake of CXCL10 by ACKR2 was more efficient
compared to that by CXCR3, consistent with the stronger potency of CXCL10 towards
ACKR2 and the possible scavenging function (Figure 2G). As an additional selectivity
control, CXCL10—just like CCL5 and CCL2—was able to compete with the uptake of
fluorescently labelled CCL2 by ACKR2-expressing cells in imaging flow cytometry (Figure
2H). Importantly, the ACKR2-driven intracellular accumulation of CXCL10 was also
associated with a reduction of its availability in the extracellular space as demonstrated by
ELISA quantification. The efficiency of ACKR2-driven CXCL10 scavenging was similar at
high (30 nM) and low (0.3 nM) chemokine concentrations (Figure 21) and was comparable
to the depletion of CCL5, while no reduction was observed for CXCL11. The interaction
between CXCL10 and ACKR2 was also observed with the murine counterparts, as
illustrated by the uptake of labelled murine CXCL10 (mCXCL10) by HEK-mACKR2 cells or
the mouse melanoma cell line B16.F10, which was partially inhibited by mACKR2-specific
polyclonal antibody but not the isotype control (Figure 2J).

Similar to many other CC and CXC chemokines, CXCL10 was shown to be subject to
post-translational modification by proteolytic enzymes [61]. In particular, N-terminal
cleavage by the dipeptidyl peptidase 4 (DPP4 or CD26) was demonstrated to turn CXCL10
from CXCR3 agonist to antagonist [62]. Based on recent reports demonstrating that, in
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Figure 2 | CXCL10 scavenging by ACKR2. (A) ACKR2 mobilisation to the plasma membrane in response to chemokines
(100 nM) monitored by NanoBRET-based assay. (B,C) B-arrestin-1/ACKR2 complex delivery to the early endosomes in
response to the CXC chemokines CXCL2, CXCL10 and CXCL12 (B) or the 16 human CXC chemokines (100 nM) (C)
monitored by NanoBRET-based assay. CCL2 and CCL5 were used a positive control chemokines. (D-F) Uptake of
fluorescently labelled CXCL10 by ACKR2-expressing cells visualized by imaging flow cytometry (D,F) and confocal
microscopy (E). (D) HEK, HEK-ACKR2 or HEK-ACKR?2 cells pre-treated with CCL5 at saturating concentration (200 nM) were
stimulated for 45 min at 37°C with 100 nM (Cy5)-labelled CXCL10 (CXCL10-Cy5, red channel). Five representative cells for
each condition are shown (10,000 events recorded). Scale bar: 7 pm. (F) Percentage of cells from (D) with a given number of
distinguishable vesicle-like structures (spots), as well as the geometrical mean fluorescence intensity (MFI) for the red
channel were determined (inset). Data shown are representative of three independent experiments and for inset, mean + SEM
of three independent experiments. (E) Cellular localization of Cy5-labelled chemokine (red) following HEK-ACKR2 stimulation
(100 nM) for 2 h monitored by fluorescent confocal microscopy. Lysosomes and nucleic DNA were stained using
LysoTracker™ Red DND-99 (white) and Hoechst 33342 (blue), respectively. Pictures are representative of 12 acquired
images from three independent experiments. Scale bar: 5 m. Arrows highlight colocalization of Lysotracker and chemokine-
Cy5 signal. (G) Uptake of Cy5-labelled chemokine (100 nM) by HEK cells transfected or not with equal amounts of ACKR2 or
CXCRS vectors analysed by imaging flow cytometry as described in (D). (H) Binding competition between Alexa Fluor 647-
labelled CCL2 (100 ng/mL) and unlabelled chemokines (100 nM) in HEK-ACKR2 analysed by imaging flow cytometry. (I)
ACKR2-mediated depletion of extracellular CXCL10 monitored by ELISA. Chemokines in the supernatant of HEK293T cells
expressing or not ACKR2 were quantified after 8 h stimulation, and expressed as percentage of the input concentrations (30
nM and 0.3 nM). CCL5 and CXCL11 were used as positive and negative controls, respectively. Data points represent mean
+ SEM of three independent experiments. (J) Inhibition of mMACKR2-mediated mCXCL10 uptake by neutralizing antibodies.
Cy5-labelled mouse CXCL10 (mCXCL10-Cy5) (100 nM) was incubated with HEK-mACKR2 or B16.F10 in the presence of
mACKR2-specific polyclonal antibody (Ab1656) or corresponding isotype control (Ab37373) for 45 min at 37°C and analysed
by flow cytometry. (K—M) Impact of chemokine N-terminal processing by dipeptidyl peptidase 4 (DPP4/CD26) on the activation
of ACKR2 and related receptors CXCR3 and CCR5 and ACKR2 delivery to the endosomes. (K,L) B-arrestin-1 recruitment to
ACKR2 by processed chemokines monitored by NanoBRET. (L) Comparison of the impact of N-terminal processing on the
ability of CXC and CC chemokines (100 nM) to induce B-arrestin-1 recruitment to ACKR2, CXCR3 and CCRS. (Inset)
Comparison of ACKR2 activity induced by unprocessed CXCL10 or CXCL10 treated with CD26 in the presence or absence
of its specific inhibitor, sitagliptin (STG) (10 M) or with STG alone, demonstrating no interference between CD26 and the
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ACKR2-CXCL10 interaction. (M) B-arrestin-1/ACKR2 complex delivery to the early endosomes in response to processed
chemokines monitored by NanoBRET. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 by one-way ANOVA with Dunnet
(A,C) and Bonferroni (H) post hoc tests or repeated measures one-way ANOVA with Bonferroni post hoc test (J) and two-tailed
unpaired Student’s t-test (1).

contrast to CXCR3, ACKR3 is responsive to DPP4-inactivated CXCL11 [45], the impact of
the CXCL10 N-terminal processing on ACKR2 activation was evaluated and compared to
CXCR3. We observed that, in contrast to CC chemokines, truncation of CXCL10 drastically
reduced its ability to induce [-arrestin-1 recruitment to ACKR2 (Figure 2K,L) and
subsequent receptor targeting to the early endosomes (Figure 2M), indicating that CXCL10
N-terminal residues are critical for its activity towards ACKR2 [60,63]. The uptake of CD26-
processed CXCL10 by ACKR2-positive cells was also highly reduced and, similar to the full-
length chemokine, competed out by non-truncated CXCL10 or ACKR2-related CC
chemokines (data not shown). These results, in addition to partial agonist behavior of
CXCL10, point to distinct ACKR2 interaction and activation modes compared to CC
chemokines. This may be attributed to notable differences in the N terminus orientation and
occupation of the receptor binding pockets of CXC and CC chemokines [64].

6. Conclusions

In conclusion, our study shows that CXCL10 is a novel ACKR2 ligand. CXCL10 is one
of the most important inflammatory CXC chemokines and is involved in many physiological
and pathological processes such as angiogenesis, chronic inflammation, immune
dysfunction, tumour development and dissemination [65,66], in which ACKR2 has also
been shown to play critical roles [35]. Together with CCL5, CXCL10 is a key player in driving
NK cells and CD8+ T cells into the tumour bed [37,38,40,41]. This novel pairing
consequently adds an unforeseen level of complexity to ACKR2 functions and a new level
of CXCL10 regulation and could thus encourage re-examination of previous studies taking
into account CXCL10—-ACKR?2 interactions (Figure 1G) [27,51,52,65,67].

The ability to bind and respond to both CXC and CC chemokines has already been
reported for ACKR1 [68], ACKR3 [69] and ACKR4 [70], although this property has recently
been challenged for the latter. Here, we identified an agonist CXC ligand for ACKR2, which
until now has been recognised for binding inflammatory CC chemokines only. Therefore,
such cross-family spectrum of chemokine ligands, uncommon among the classical
chemokine receptors, seems to represent an additional functional property of ACKRs [2]
besides their inability to trigger G protein signalling. Overall, this study highlights that a
systematic reassessment of chemokine—receptor pairings for both long-established and
recently deorphanized receptors may be necessary, as important interactions may have
been overlooked.
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Discussion and outlook

The number of publications reporting the involvement of chemokines and their
receptors in diseases has been increasing over the years since their discovery. Chemokine
receptors and their endogenous ligands exert important functions in many vital
physiological cellular processes, such as cell migration, proliferation, and differentiation.
However, alternations in their expression, such as an enhanced or a reduced expression
could derail the chemokine receptor network possibly leading to abnormal cell mobilization
or proliferation resulting in some cases in the development of particular diseases, including
autoimmune and vascular pathologies, inflammatory diseases and cancer. Although being
important therapeutic targets for these diseases, not many therapeutic molecules targeting
these receptors are present on the market to date.

One chemokine can recognize multiple chemokine receptors and vice versa.
However, each chemokine-receptor interaction induces specific cellular functions
depending on their spatial and temporal expression that results in appropriate physiological
responses. The latter indicates that the chemokine receptor network is non-redundant.
Moreover, the involvement of a particular chemokine-receptor axis in homeostasis or
disease state is often overestimated. Multiple chemokine receptors can be expressed on
similar cells at the same time, however, dependent on the cellular context a chemokine
receptor will trigger a cellular function that drives the overall response compared to the
other chemokine receptors axis present in the same cellular context. For example, CCR1
and CCR2 promote the migration of monocytes, macrophages and T lymphocytes to the
synovial fluids of patients with rheumatoid arthritis. As both chemokine receptors are
expressed on these cell types, it was first believed that both contributed equally to the
disease development. However, additional studies discovered that the attraction of these
immune cells to the inflamed joints is primarily mediated by CCR1, and not by CCR2,
suggesting that blocking CCR1 would be able to reduce the inflammation but not CCR2.
Additionally, one should also compare the contribution of a particular chemokine-receptor
axis in each animal model when translating the drug candidate from one model to another.
For example, CXCR1 is the main driver of neutrophil recruitment in human, but mice lack
the gene encoding for this chemokine receptor. Instead, mice use CCR1 to migrate
neutrophils to substitute for the absence of CXCR1. Therefore, administering an anti-CCR1
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drug for the attenuation of neutrophil migration in mice will not have the predicted and
desired outcome in neutrophil-driven human diseases [1]. Moreover, the broad, open, and
similar ligand binding pockets of chemokine receptors prove to be demanding targets to
develop receptor-specific and effective small molecule drugs [2]. This non-redundant
crosstalk between chemokine receptors and their ligands, the impact of each chemokine
receptor axis in a particular cellular context and model, and the open binding pocket
contribute to what makes them so challenging to modulate therapeutic targets.

The CXCR3 chemokine receptor binds three chemokines: CXCL11, CXCL10, and
CXCL9. Together, they mediate the trafficking of immune cells, particularly T lymphocytes,
for immunosurveillance. In inflammatory conditions, the three CXCR3 ligands are
upregulated by the pro-inflammatory cytokines INF-y and TNF-[1 and attract activated T
cells to the damaged tissue to regulate the inflammation. However, a higher expression of
CXCR3 and their ligands also contribute to disease development, including cancer
proliferation and metastasis [3]. Interestingly, this chemokine receptor can be transcribed to
three variants: CXCR3-A, CXCR3-B, and CXCR3-Alt. Each CXCR3 chemokine receptor
variant differs in their amino sequences and displays different characteristics. CXCR3-A is
referred to as the reference receptor variant, CXCR3-B shows a 51 amino acid extension
at its N terminus [4], and CXCRS3-Alt lacks two transmembrane helices and has an
alternated C terminal region [5]. Although these variants have been discovered for almost
two decades, much research focused on elucidating the role of CXCR3-A. Consequently,
most of CXCR3-A’s biology, from its cellular effect and downstream signaling pathways to
in vivo implication, has been described. The binding of all three ligands to CXCR3-A triggers
the activation of Ggj/q proteins, which leads to the migration of immune cells. The study of
the other two variants has been mostly neglected as a result of which, today, their
underlying mechanisms for their molecular and functional properties have not been fully
mapped out. Stimulation of CXCR3-B induces opposite cellular responses compared to
CXCRS3-A, such as inhibition of cell proliferation and migration, however, data on its
signaling properties remains unclear [4]. Even fewer reports are available on the CXCR3-Alt
receptor variant. CXCR3-Alt is known to bind all CXCR3 ligands and activation of this
receptor variant leads to its internalization; however, its signaling properties are still
undiscovered. Moreover, recently, this receptor, together with CXCL11, has been shown to
be important players in the attenuation of bladder cancer upon chemotherapy [6, 7].

At the start of the project, CXCR3-B’s signaling and functional characteristics were
poorly understood as conflicting results were reported. Additionally, the exact contributions
of both CXCR3 variants and their ligands in the tumor microenvironment that leads to their
observed cellular effect could not be easily found as the available reviews and publications
often referred to the term CXCRS3 and did not distinguish between CXCR3-A and CXCR3-B.
Therefore, this PhD project started with two objectives: the first one was to investigate and
elucidate the molecular and functional differences between the CXCR3 variants, CXCR3-A
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and CXCR3-B, and elucidating the roles of each player in the CXCR3 axis in the tumor
microenvironment to validate them as possible valuable drug targets. Besides the
fundamental research, the second objective of this project was more applied and
translational. It consisted in the development of probes allowing to discriminate the
expression of CXCR3-A from CXCR3-B at the protein level in vitro and in vivo, and possibly
use these probes as possible therapeutic molecules to counter CXCR3-driven pathologies,
such as cancer development and metastasis, rheumatoid arthritis and transplant rejection.

Reviews on the contribution of CXCR3-A, CXCR3-B or their ligands in the tumor bed
were difficult to find at the beginning of the project. Moreover, the available reports did not
make the distinction between both CXCR3 variants but rather referred to CXCR3 overall.
Therefore, an extensive literature review with focus on CXCR3-A and CXCR3-B, as two
distinct chemokine receptors, and their shared ligands in the tumor microenvironment was
performed at the beginning of my PhD (chapter 1). During this study, we found cancer cells
increase CXCR3-A's expression at the cell surface which contributes to cancer
development following receptor activation. Additionally, cancer cells hijacked this
chemokine receptor’ ability to induce cell migration to spread to distant tissues in
collaboration with the upregulated CXCR3 ligands. On the other hand, the expression of
CXCR3-B on these cells attenuated tumor development by inhibiting cancer cell
proliferation and angiogenesis.

These interesting opposing cellular effects of CXCR3-A and CXCR3-B, summarized
in our review, led us to investigate the functions and signaling properties of these two
CXCRS3 variants in vitro. To compare the two CXCR3 variants at the molecular, cellular and
functional levels, new assays and tools were implemented or developed, including cell lines
expressing stably CXCR3-A or -B, G protein recruitment and dissociation assays,
internalization as well as chemokine uptake assays as well as other techniques to measure
different secondary messengers and the related downstream signaling pathways. Overall,
the molecular and functional comparison of CXCR3-A and CXCR3-B revealed that CXCR3-
B displays many attributes of an atypical chemokine receptor (chapter 2). CXCR3-B
showed a drastic reduction of its ability to induce G protein-mediated signaling following
activation yet maintained B-arrestin recruitment and demonstrated a distinct intracellular
localization in absence of chemokine. Moreover, it had contrasting receptor trafficking in
contrast to CXCR3-A. Furthermore, we were able to show that the N terminal extension of
CXCRa3-B lies at the basis of its atypical properties as truncations of its N terminus allowed
recoupling of G proteins to this CXCR3 variant.

The recent publication of the interplay between two cxc3 receptors, cxcr3.2 and
cxcr3.3, in zebra fish described cxcr3.3 to have properties of ACKRs and regulate cxcr3.2-
mediated cellular effect may corroborate our results and could highlight the importance of
having these two receptor variants with opposing signaling outcomes in humans [8].
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ACKRS3 is known to bind CXCL11 [21] and our screening of all the presently known
CXC chemokines on ACKR2 led to the identification of ACKR2 as a scavenger for CXCL10.
Taking these new observations into account, one might question the interest of CXCR3-B
being another ACKRs bind and internalize CXCR3 ligands. The importance of CXCR3-B
could be revealed in inflammatory conditions. ACKR3 is continuously present on the cell
surface of endothelial cells (EC) in homeostatic conditions to regulate the extracellular
CXCL12 and is upregulated in inflammatory conditions [22]. CXCR3 endogenous ligands,
CXCL11, CXCL10, and CXCL9, are induced and expressed during inflammation [23] and
CXCRS3-B is omnipresent on EC in normal and inflammatory conditions [11]. One might
postulate that ACKR2, ACKR3 and CXCR3-B are needed to ensure proper regulation of the
different chemokine levels, including CXCL12, CXCL11, CXCL10 and CXCL9, present in
the extracellular space in inflammatory conditions. However, bearing in mind that the
chemokine receptor network is non-redundant, functional selective, and that the expression
of each chemokine and receptor is temporal and spatially induced, studying the interactions
between ACKRs and their shared ligands in more complex in vitro experiments, and in vivo,
would provide a better understanding of how the chemokines are scavenged by which
ACKR and would shed light on their possible function and inter-complementarities.

Investigation of the CXCR3-A and CXCR3-B in vitro and in vivo proved to be a difficult
task. One of the major hurdles of studying CXCR3 and its variants is the lack of tools to
investigate them. To date, no antibodies are available that can distinguish all CXCRS3
variants as the primary antibodies used today recognize CXCR3-A’s N-terminus sequence,
a motif present in all variants. Although a few CXCR3-B antibodies have been generated,
using CXCR3-B’s 51 AA extension, they are not wildly used as its applications are limited
to Western Blot or ELISA. Therefore, the generation of variants specific tools would enable
us to visualize and investigate the expression of the CXCR3 variants at the cell surface in
vivo more in-depth. Mice are excellent models to investigate the impact of chemokines and
their receptors by knocking out the genes of interest. While CXCR3-A mice knockouts are
available, CXCR3-B does not exist in mice as the proposed alternative splicing of CXCR3-
B, using the published mouse cxcr3 genomic sequence, generates an in-frame stop codon
resulting in the termination of CXCR3-B’s translation [9]. The latter makes it even more
difficult to prove its existence as well as its cellular effect in vivo. The fact that CXCR3
variants recognize the same endogenous chemokines makes it also difficult to generate
molecules that specifically modulate one variant. Conformational antibodies could help in
that regard as the different cellular effects of CXCR3-A and -B probably lies in different
conformational states. During this PhD, | invested a lot of my time in the generation of tools,
including cell lines, production of CXCR3 chemokines with different tags, and assays, to
generate and isolate antibody fragments that were able to distinguish and modulate both
CXCRa3 variants. This project was in collaboration with a private company, but due to many
difficulties related to CXCR3 listed above and the COVID-19 pandemic, this part of my PhD
project had to be put on hold and | was not able to valorize this work with the isolation of
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CXCRS3 specific antibody fragments. Furthermore, due to the confidentiality of this part of
the project, the results are not presented and discussed in this thesis manuscript.

The expression of CXCR3-A on immune cells and its function are widely
acknowledged. However, the existence of CXCR3-B in vivo in humans is still a matter of
debate. Presently, data is available on the expression of CXCR3-B, which described this
receptor to be present on EC and other barrier cells type, using ex vivo tissue samples or
variant specific primers [4, 10, 11]. Yet, in vitro CXCR3-B is absent on the surface of these
cells in culture. The latter suggests a loss of expression possible due to the in vitro non-
physiological conditions in which the cells are cultured or epigenetic control [9]. The
emergence of new sequencing techniques like RNA- and g-PCR-seq based techniques will
allow to generate more robust and conclusive data on its expression. It might also be of
interest to be able to induce this CXCR3-B variant on different cell types using pro-
inflammatory cytokines. Finding the right media conditions to express CXCR3-B on
endothelial cells in culture would be of great help to elucidate its molecular signatures and
function at a physiological expression level.

To train me in the molecular and cellular and assays available in the group at the start
of this project, | first contributed to the comparative study of the roles of the two cysteine
residues present in the N terminal extracellular domain of ACKR3 and CXCR3 on ligand
binding and activation. The two cysteines motif of ACKRS3, separated by four residues, were
shown to form an atypical arch which is not observed in all other known chemokine
receptors. CXCR3, however, contains two adjacent cysteines in its N-terminus that possibly
form a disulphide bridge and add some rigidity to its N terminus. To assess the impact of
these cysteines in CXCR3 ligand binding and activation, a CXCR3-A mutant was
generated, in which the N-terminal cysteines were substituted for serines, resulting in the
disruption of the possible cysteine bridge (chapter 3) [13]. Although the substitution of the
cysteine motif did not change CXCR3-A's functionality towards its endogenous ligands, it
increased its expression at the cell surface. This first research work allowed me to get first-
hand experience on various cellular assays, especially the B-arrestin recruitment assay.

This B-arrestin recruitment assay, based on the complementation of a split
Nanoluciferase protein, was used throughout this thesis and all related publications. This
assay was instrumental to identify CXCL10, previously reported to bind to CXCR3 only, as
a new chemokine ligand for ACKR2 and shed light on the implication of this atypical
chemokine receptor in the regulation of CXCR3 related ligand (chapter 5) [14]. This assay
was also key for the pairings of CCL20 and CCL22 as two new ligands for ACKR4 that we
identify during a systematic reassessment of chemokine-receptor pairings towards the
different ACKRs (chapter 4) [15]. Additionally, the screening of all known chemokines on
CXCRS3-A and CXCR3-B disproved CXCL4 and revealed vCCL2 as a ligand of CXCR3-A
and CXCRS3-B (chapter 2). This screening effort attests that systematic reassessment of
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chemokine-receptor pairing is critically needed as important interactions may remain
unexplored. Even though this B-arrestin recruitment assay would technically allow us to
screen all known chemokines on all chemokine receptors, it might anyway overlook G
protein-biased or constitutively arrestin-recruiting receptors. The latter has been recently
reported for the newly described ACKR GPR182. This receptor does not recruit B-arrestin
recruitment upon ligand stimulation but downregulation of arrestin production results in
decreased basal arrestin recruitment levels suggesting that this receptor is a high
constitutively active receptor in absence of its kindred ligands [16]. Furthermore, chemokine
receptor’s function might be B-arrestin independent, as described for ACKR1 [17], and
ACKR3 [18, 19] and ACKR4 [20] suggesting that this highly sensitive (B-arrestin based
assay, although being a very powerful tool, has some limitations and other complementary
assays are needed to identify new or confirm ligands that do not induce B-arrestins
recruitment. Additionally, molecules that weakly trigger the recruitment of B-arrestins, such

as CXCL9 and CXCL10 for CXCR3-B, also attest to the limitations of this assay.

In conclusion, in this thesis, new molecular, signaling and functional properties for
CXCRS3-B have been described. Our results show that the N-terminal extension of CXCR3-
B drastically affects receptor features, modifying the receptor cellular localization and
preventing G protein coupling, while preserving B-arrestin recruitment and chemokine
uptake capacities. Moreover, we also demonstrate that gradual truncation of the N terminus
leads to progressive recovery of surface expression and recoupling to G protein. Our study
clarifies the molecular basis underlying the divergent cellular effects of CXCR3 variants that
now may be regarded as opposing effectors in analogy to classical and atypical chemokine
receptors. We propose CXCR3-B to be an intrinsically biased beta-arrestin chemokine
receptor and therefore an atypical chemokine receptor. This new concept, supported by our
dataset, changes our perception of the role of CXCR3-B in homeostatic and diseases state
and possibly explains the contrasting functional biological effects described in the literature.
Lowering extracellular CXCR3 chemokine levels by CXCR3-B could directly regulate
CXCR3-A-mediated cellular effects, which could present themselves as cell anti-
proliferative or migration inhibitory physiological effects as observed in the tumor
microenvironment. A similar mode of action of ACKRs modulating classical chemokine
receptors-driven cellular effect has been described for ACKR2 and ACKR4: these ACKRs
regulate the bioavailability of extracellular chemokines for their related chemokine receptors
resulting in the inhibition of tumor growth and metastasis [24]. Moreover, with CXCR3-B
being present on endothelial cells (EC) in homeostatic conditions, like ACKR3 and ACKR4,
we can postulate that CXCR3-B mediates the migration of CXCR3-A+ immune cells by
regulating extracellular chemokine levels. The proposal of CXCR3-B as atypical chemokine
receptors can be further strengthened by the presence of two homologous CXCRS3
chemokine receptor variants, cxcr3.2 and cxcr3.3, in zebra fish, which was recently
described.
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Finally, while most of my work focused on CXCR3, as a group effort, we also
discovered several chemokine ligands for the atypical chemokine receptors ACKR2 and
ACKRA4. These findings contribute to the expansion of the chemokine receptor network (see
figure 2) that might lead to novel insights into their implication in several diseases and the
generation of new modulators. Below, | summarized the highlight of each publication and
my perspective on the following research questions that flow from this PhD results and that
need to be answered to validate our findings or to further expand our understanding of the
chemokines receptors network.
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Known ligands

CCL2 cCLM
cXck4 CCL3 CCL12 CXCL13
CcXCL11 CXCL9 CCL4 CCL13 ccL19
CXCL12 CXcL10 CCL5 cCL14 cCL21
CXCL11 CCL7 CCL17 CcCL25

CCL8 CCL22

New ligands

cCL20
vCCL2 cXcL10 o

@ Atypical chemokine receptors @ Classical chemokine receptors

Figure 2 | Expansion of the chemokine receptor network with the findings in this PhD.
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Highlights of PhD thesis and future research questions

Key findings per chapter

Chapter 1:

* CXCR3-A and -B display opposing cellular effects within the tumor microenvironment.
* CXCL11, CXCL10 and CXCL9 are upregulated under inflammatory conditions. They attract leukocytes

to the tumor bed to regulate the tumor's progression, but can also contribute to cancer development and
metastasis.

Chapter 2:

* CXCR3-B is a B-arrestin biased receptor, which is localized intracellularly and takes up extracellular
CXCR3 ligands.

* CXCR3-B's atypical features arise from its N-terminal extension, which limit its ability to interact
efficiently with G proteins.

Chapter 3:

» Removal of ACKR3's extracellular arch, by disrupting disulphide bridges, shows alternations in ligand
binding capabilities, but not in the receptor's functionality.

* CXCR3-A's N-terminal cysteines limit its expression at the cell surface but are not essential for
the activation of the receptor.

Chapter 4:
* CCL20 and CCL22, but not CXCL13, trigger B-arrestin recruitment towards ACKR4.

Chapter 5:

» ACKR2 recognizes and scavenges extracellular CXCL10, but with a different binding and activation
mode compared to its cognate CC chemokines.

Unanswered questions and outlook

¢ What are the structural differences between CXCR3-A and CXCR3-B in absence and presence of its
endogenous ligands? Answering this research question would enable us to determine the underlying
structural differences between CXCR3-A and CXCR3-B and would complement the pharmacological data
acquired during this PhD.

* Are ACKR2, ACKR3 and CXCR3-B expressed simultaneously in inflammatory conditions? Acquiring
more data on ACKRs' expression in vivo together with studying the interactions between these ACKRs and
their shared ligands in more complex in vitro experiments would provide a better understanding of how the
chemokines are scavenged by which ACKR and would shed light on their possible function in vivo.

* Developing probes that distinguish and modulate CXCR3-A and CXCR3-B specifically would allow
us to investigate these receptors in vivo and validate them as possible therapeutic targets.
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