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Zebrafish as a model to assess chemokine signaling axes

Zebrafish are increasingly used as a vertebrate model to study mechanisms of develop-
ment and to model diseases of different natures [1]. The popularity of this model species
is primarily due to the accessibility of embryos and larvae for genetic manipulation, mi-
croscopic imaging, and drug screening. Moreover, the zebrafish model is being increas-
ingly used in research because of the wide range of readily available molecular tools and
its cost-effective housekeeping requirements. Over 80% of all human disease-associated
genes identified so far have at least one putative functional homolog in zebrafish [2].
This is true also for genes of the chemokine receptor family, which play fundamental
roles in the immune system [3, 4, 5]. During fish evolution, extensive gene duplica-
tions occurred in two rounds of whole-genome duplication, which were followed by
duplication of single genes in different lineages. On the one hand, these duplications
complicate the study of zebrafish homologs of human chemokine receptors, but at the
same time, they provide a useful experimental system to explore chemokine receptor
sub-functionalization and loss of function events [6, 7, 8]. Recent findings in zebrafish
significantly contributed to our understanding of the role of chemokine receptors and
their ligands in homeostatic and pathological conditions. Non-invasive iz vivo imaging
in zebrafish contributed to clarify the role of different chemokine signaling axes in the
migration and function of immune cells in various inflammatory contexts and to un-
veil regulatory processes intrinsic to the chemokine system [9, 10, 11, 12, 13]. At the
same time, it also provides a useful experimental system to explore chemokine receptor
sub-functionalization and loss of function events [6, 7, 8]. This thesis is focused on the
zebrafish homologs of the human CXCR3 and CCR2 receptors, two important targets
for anti-inflammatory therapies.

Atypical chemokine receptors are a recent and fundamental addi-
tion to the chemokine receptor family

Chemokine receptors play major roles during embryonic development, cell differen-
tiation, cell proliferation, and are essential for immunity [14, 15]. They are amongst
the largest subfamilies within class A (rhodopsin-like) G protein-coupled receptors
(GPCRs). Their structure consists of an intracellular COOH terminus, an extracellular
NH2 terminus, and seven transmembrane domains connected by three extracellular
and intracellular loops [5, 16]. The cognate ligands of these receptors are small proteins
called chemokines. In resting conditions, chemokine receptors are coupled to hetero-
trimeric G proteins and the Ga subunit is bound to GDP (guanosine diphosphate).
Ligand binding triggers the canonical G protein-dependent signaling pathway in which
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the Ga subunit exchanges the GDP molecule for GTP (guanosine triphosphate), the
GTP-Go subunit complex uncouples from the receptor and the GB-y heterodimer trig-
gers the activation of various downstream effectors [14, 16]. Chemokine receptors can
also signal independently of G proteins through f-arrestin or by directly activating the
JAK/STAT (Janus kinase /Signal transducer and activator of transcription) signaling
pathway [17, 18]. The chemokine system is highly pleiotropic [19]. Most chemokine
receptors can bind multiple chemokines, and chemokines can also bind to numerous
receptors. This seemingly redundant system, however, requires tightly regulated mech-
anisms to confer specificity to the response resulting from receptor-ligand interactions
[5, 20]. Therefore, chemokine signaling and signal integration require to be regulated
at the genetic, functional, spatial, and temporal levels. Atypical chemokine receptors
(ACKRs) are unable to signal in the canonical G-protein dependent manner and act as
functional regulators of conventional chemokine receptors by scavenging shared ligands
and shaping chemokine gradients [21, 22, 23].

Both conventional chemokine receptors and ACKRs are highly conserved in humans
and zebrafish, which is best illustrated by the conserved interaction between CXCR4
and ACKR3 (CXCR7), whereby CXCR?7 antagonizes the function of CXCR4 in several
developmental processes and tumor progression in zebrafish and mammalian models
(7, 17, 13]. The chemokine receptors CXCR3 and CCR2 (two primary players in in-
flammatory responses) and their ligands are also well conserved in zebrafish [24, 25]. In
addition to functions on other leukocyte cell types, both CXCR3 and CCR2 function as
macrophage chemoattractant receptors. Macrophages together with neutrophils are the
main immune cell type in zebrafish embryos and larvae, which have not yet developed
adaptive immune cells [26, 27]. We have therefore used this model to explore the innate
immune functions of the CXCR3 and CCR2 chemokine receptors.

Previous work of our group has shown that the zebrafish Cxcr3.2 chemokine recep-
tor is a functional homolog of human CXCR3 and potentially interacts with seven
Cxcl11- like chemokines (Cxcll1aa, ac, ad, ae, af, ag, and ah) that share common an-
cestry with the human CXCR3 ligands CXCL9-10-11 to mediate macrophage recruit-
ment to inflammatory foci [25]. Likewise, zebrafish Ccr2 is a functional counterpart of
human CCR2 and can be activated both by human CCL2 and by zebrafish Ccl2, also
to mediate macrophage recruitment [24, 28]. A third chemokine receptor expressed by
macrophages is Cxcr3.3, which (like Cxcr3.2) resulted from duplication of the Cxcr3
gene in zebrafish [25]. In Chapter 2 we explored the interplay between the cxcr3.2 and
cxcr3.3 zebrafish paralogs to regulate macrophage migration during mycobacterial infec-
tion and wound-induced inflammation. Our work illustrates the sub-functionalization
of the Cxcr3.3 chemokine receptor which acquired a regulatory function by antagoniz-
ing Cxcr3.2 through a ligand-scavenging function typical for ACKRs (Figure 1). The
AKCKR group of chemokine receptors was only recently identified [29] and remains



largely uncharacterized because of its structural diversity and distant phylogenetic relat-
edness. Although Cxcr3.2 and Cxcr3.3 are closely related, the latter displays an altered
DRY-motif (DCY in Cxcr3.3) and differences in microswitch elements indicative of its
inability to signal in a G-protein-dependent fashion (Chapter 2, Figure 1). Chemokine
receptors can also signal through B-arrestin to internalize and degrade ligands during
chemotaxis. While such molecular mechanism remains to be shown for Cxcr3.3, we
showed that Cxcr3.2 and Cxcr3.2 have opposite effects on macrophage behavior during
wound-induced inflammation and infection, strengthening the hypothesis that Cxcr3.3

is an ACKR.
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Figure |. Anagonistic interaction between Cxcr3.2 and Cxcr3.3 regulates macrophage
recruitment during the inflammatory response. After binding to its cognate ligand, Cxcr3.2
(orange) signals in the canonical G protein-dependent manner to mediate macrophage recruitment to
inflammatory sites. Cxcr3.3 (blue) can bind the same ligands as Cxcr3.2 but is unable to signal through
G proteins and acts as a ligand scavenger that regulates Cxcr3.2-mediated macrophage recruitment
by limiting the ligand bioavailability. Both receptors are required for balanced macrophage recruitment
and the absence of either of them results in reduced or enhanced macrophage recruitment.
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Our analysis of a cxcr3.3 zebrafish CRISPR mutant showed that the loss of this receptor
brings macrophages in an activated state and stimulates their recruitment to sites of in-
flammation (Chapter 2). We propose that this phenotype is due to exacerbated Cxcr3.2
signaling and that this Cxcr3.2-Cxcr3.3 antagonism is mediated by competition for
the same ligands (Figure 1). In addition, our results suggest that Cxcr3.2-dependent
signaling may affect cxcr3.3 transcription, potentially serving as a feedback mechanism
to indirectly regulate Cxcr3.2 function. While Cxcr3.3 suffered significant structural
changes that ultimately led to the loss of its original function, the high degree of conser-
vation of the critical amino acids in the ligand-binding pockets of Cxcr3.2 and Cxcr3.3
throughout evolution allowed the interplay between them through their shared ligands
(Chapter 2, Figure 3). This mechanism could have evolved because inflammation-driv-
en induction of Cxcl11-like ligands is independent of the expression of both cxcr3 paral-
ogs and therefore, ligand availability had to be regulated at the post-transcriptional level.
The Cxcr3.2-Cxcr3.3 antagonism highlights how a specific mechanism for chemokine
signaling regulation can develop as a result of gene duplication and subsequent selec-
tion for functionally specialized receptor variants. An analogous antagonistic mecha-
nism exists between the human CXCR3-A and CXCR3B splice variants. Upon binding
to CXCL9-11 chemokines CXCR3-A induces chemotaxis and proliferation, whereas
CXCR3-B inhibits cell migration and proliferation, and induces cell death [30, 31].
The evolution of different mechanisms to regulate CXCR3 signaling suggests a form of
convergent evolution in zebrafish and humans.

Using the zebrafish-Mycobacterium marinum infection model, which mimics aspects of
human tuberculosis, we show how the absence of Cxcr3.3 results in enhanced macro-
phage recruitment to mycobacteria and the subsequent dissemination of the infection,
arguably because of exacerbated Cxcr3.2 signaling and increased macrophage motility.
In agreement, loss of excr3.2 has been shown to reduce infection levels and macrophage
motility [25]. The results of excr3.2 and exer3.3 mutations are also in line with other
studies showing that macrophages facilitate the spreading of mycobacterial infection
and that dampening the migratory activity of macrophages improves host resistance
[25] The ligand-scavenging activity of Cxcr3.3 modulates the processing of inflamma-
tory cues as shown by the up-regulation of pro-inflammatory markers and the branched
and elongated shape of cxcr3.3 mutant macrophages and their migration speed (Chap-
ter 2, Figure 6). These findings underscore the importance of ACKRs in fine-tuning
chemokine signaling networks and the immune response as a whole.

In conclusion, the results of Chapter 2 add to the recently recognized roles of CXCR3
signaling on macrophages. Together with CCR2, this chemokine receptor is critical for
determining macrophage polarization and a better understanding of the role in this
process could aid the development of novel therapies against infections, inflammatory
disorders, and favor tissue regeneration as well as unveil developmental processes [32,



33]. GPCRs are the largest protein family targeted by approved drugs [34]. Therefore,
it is important to further our understanding of the fundamental mechanistic principles
of GPCR-related pathways to open up new therapeutic options against multidrug-resis-
tant strains of M. tuberculosis, for example. A deeper knowledge of the role of ACKRs in
different homeostatic and pathogenic contexts is required to characterize the extensive
crosstalk among chemokine signaling axes and to better understand this highly complex
system. ACKRs could be also pharmacologically targeted to develop host-directed ther-
apies aimed at modulating the inflammatory response.

Chemotactic signaling drives cell motility and affects lysosomal
properties and macrophage immune competence

The integration of extracellular chemotactic signals and intracellular pathways driving
cell motility, metabolism, and the immune response remain largely uncharacterized de-
spite the growing interest in the topic [35, 36]. In Chapter 3 we showed that the de-
pletion of the chemokine receptor Cxcr3.2 is associated with the overall deregulation of
lysosomal and Golgi-related genes in which several of them were upregulated. Macro-
phages depleted in Cxcr3.2 had a rounded shape, highly acidic and enlarged lysosomes,
and enhanced bactericidal properties. We also showed that the chemokine receptor is
required for the proper cycling of lysosomes from the cell front to the rear that leads to
the polarized phenotype of migrating macrophages during chemotaxis (Figure 2).
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Figure 2.Disruption of Cxcr3.2 signaling reduces macrophage motility and affects lyso-
somal function and intracellular vesicle trafficking, rendering cells more microbicidal.
Chemotactic signaling contributes to cell polarization during chemotaxis by sustaining the cycling of
lysosomal contents from the front of the cell (lamellipodia) to the back (uropod) (A). In cxcr3.2 mu-
tants, macrophages are not polarized, they have a rounded shape, accumulate lysosomal contents in the
front of the cell during chemotaxis and clear bacteria more efficiently (B).
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The hallmark of chemotactic signaling is the rapid increase in intracellular calcium,
which allosterically regulates different enzymes and proteins to orchestrate the cytoskel-
etal rearrangements, adhesion-de-adhesion cycles, and membrane remodeling processes
required for cell motility [15, 35]. The binding of a chemokine receptor and its cognate
ligand activates the membrane-associated phosphoinositide-specific phospholipase CX
(PLC) which in turn generates IP3 that binds to IP3 receptors on the ER and lysosomes
that open up calcium channels and increase the intracellular concentration of free Ca**
[15]. Although the essential role of PLCs during chemotaxis has been challenged [37],
cells treated with an intracellular calcium chelator showed reduced chemotaxis, sup-
porting that Ca*" release is required for the process [38, 39]. Calcium release and its in-
tracellular distribution and concentration are central to complex interchained processes
such as cell motility, lysosomal function, cell metabolism, and immunity. Transgenic ze-
brafish reporter lines have been generated that allow 7z vivo measurement of Ca’* waves
(40, 41]. It would be of great interest to employ such Ca** indicator lines in future work
to study the molecular mechanism that links activation of Cxcr3.2 to the trafficking of
lysosomes and polarization of macrophages.

It is likely that small GTPases play a role in the lysosomal phenotype of excr3.2 mutants.
Rho GTPases link chemokine signaling to cytoskeleton remodeling and cell polariza-
tion [42, 43], and Rab GTPases regulate membrane trafficking, vesicle formation, and
mobilization through actin and tubulin networks [35, 44]. The small GTPases Rab27a
and Rab3a have been shown to interact with Ca2+-sensing synaptotagmin (SYT) 7 and
SYTS5L that mediate lysosomal vesicle fusion with the plasma membrane and recycle
receptors back to the plasma membrane to regulate lysosomal exocytosis during chemo-
taxis [35, 44]. Small GTPases and guanine nucleotide exchange factors (GEFs) are also
known to play a fundamental role in bridging the regulation of lysosomal biogenesis
master genes TFEB/TFE3 with cell metabolism and cell motility (45, 46, 47, 48]. Fur-
thermore, the nutrient-sensitive Rag-Ragulator complex subunits associate with TFEB/
TFE3 on the lysosomal membrane to modulate cell metabolism and immunity [45, 47].
We found that blocking the zebrafish homolog of TFEC, a regulator of TFEB/TFE3
resulted in similarly enhanced microbicidal properties of macrophages as observed upon
disruption of Cxcr3.2 chemotactic signaling. To better understand the regulatory mech-
anisms governing the activity of the TFEB/TFEC family and its associated GTPases in
exer3.2 mutant and wild type zebrafish will contribute to a more comprehensive under-
standing of chemotaxis and its functional link to other cellular processes and immunity.
Chapter 3 reflects how chemotaxis, cell metabolism, and immunity are deeply inter-
twined and provides evidence on a direct effect of chemokine signaling on lysosomal
function iz vive. Unlike in vitro experiments, the zebrafish model allowed us to assess
the effect of the cxer3.2 mutation in macrophage migration and lysosomal function in
real-time and during the inflammatory response at the whole organism level. Studies
focusing on calcium-dependent intracellular pathways and the regulatory role of small



GTPases in such pathways would contribute to bridging gaps in our understanding of
chemotaxis as a complex process that incorporates various physiological processes and
integrates different extracellular cues.

Zebrafish model as an in vivo screening platform for chemokine
receptor inhibitors

In our studies of the exer3.2 and cxcr3.3 receptor mutants, we took advantage of the
power of zebrafish for non-invasive in vivo imaging of a whole organism due to its
optical transparency at early developmental stages. The use of zebrafish larvae also en-
ables the high throughput assessment of candidate anti-inflammatory drugs [49, 50].
Since specific cell types can be fluorescently labeled using available molecular tools and
tracked in real-time the physiological effect of a chemical compound can be evaluated in
a tissue-specific manner. As a proof-of-principle that drugs targeting human chemokine
receptors can be assessed in zebrafish, our group previously showed a human CXCR3

inhibitor to interfere with macrophage recruitment in zebrafish [25]. Here, we extend
these studies to inhibitors of CCR2.

Chapter 4 confirms the compatibility of the CXCR2-CXCL2 and CXCR3-CXCL11
signaling axes between zebrafish and humans and supports that zebrafish can be used
to screen human CCR2 inhibitors in a fast and robust manner (Chapter 4, Figure 2).
Different concentrations of existing orthosteric and allosteric CCR2 inhibitors reduce
macrophage recruitment to inflamed tissue in zebrafish after bath-exposure (Chapter 4,
Figure 3-4). Using a live organism allowed us to simultaneously assess compound tox-
icity through survival curves and choose highly eflicient compounds with low toxicity.
Given its many advantages, we propose that screening methods using zebrafish could be
implemented at the early stages of the drug-discovery process to speed up the develop-
ment of anti-inflammatory drugs.

The CCR2 and CXCR3 signaling axes have been implicated in multiple inflammato-
ry diseases. In secondary multiple sclerosis, CCR2 and CXCR3 can be found in de-
myelinating plaques as hypertrophic astrocytes secrete both CCL2 and CXCL10 [51].
CCR2-expressing macrophages phagocytose axonal debris and drive the axonal damage
that characterizes this pathology [51]. In atherosclerotic lesions, CCR2-depleted mice
show a striking reduction in the recruitment of macrophages and the formation of ath-
erosclerotic lesions [52]. Interestingly, in mice with induced colitis the simultaneous
blockade of CCR2 and CXCR3 with a non-peptide chemokine receptor antagonist
(TAK-779), reduced monocyte/macrophage infiltration into the colonic mucosa and
the secretion of pro-inflammatory cytokines [53]. Novel allosteric inhibitors targeting
both CCR2 and CXCR3 could be tested using zebrafish and expand anti-inflammatory

treatment options in a fast and reliable manner.
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Most human CCR2 inhibitors also target closely related CCR1 and CCR5 receptors.
Closely related Cer2 homologs can also be found in zebrafish. Therefore, developing
mutants of the relevant ccr genes could provide new tools to study the specificity of
CCR?2 inhibitors in vivo. However, the considerable amount of duplicated chemokine
and chemokine receptor genes in zebrafish may also complicate the identification of sin-
gle chemokine-receptor-ligand interactions. The assessment of the chemokine receptor
inhibitors on cells transfected with a single zebrafish receptor would help to pinpoint
and characterize specific chemokine receptor-inhibitor interactions and support the
comparison with the human homologs. Based on the iz vivo data obtained from the
CCR2 inhibitors screening in Chapter 4, we developed an in vitro assay using Chinese
hamster ovary (CHO) cells transfected with zebrafish and human CCR2 and CXCR3
chemokine receptors and used the xCELLigence Real-Time Cell Analysis (RTCA) In-
struments technology to assess cell response upon ligand binding and exposure to CCR2
inhibitors. The xCELLigence technology uses electronic microtiter 96 well-plates (E-
Plate” 96) with gold microelectrodes embedded in the bottom of each well to detect
changes in cell shape size and adherence in a highly sensitive and non-invasive manner
[54]. The system measures the impedance of the electric current created by the elec-
trodes and the cell-culture medium. The impedance is measured in a unitless parameter
called “cell-index”, which reaches a plateau when cells entirely cover the bottom of the
well (100% confluence) and sets the starting point for the real-time assessment of cell
behavior (Figure 3 A-B). One of the main advantages of this system is that it does not
require radioligands or any other labels so that purified CCR2 and ligands CXCR3
(CCL2 and Cxcll1aa, respectively) can be directly administered and that the response
can be recorded in real-time [54].

As a first step to applying xCELLigence technology to the study of zebrafish chemok-
ine receptors, we transfected plasmids containing the protein-coding sequences of hu-
man CCR2 and zebrafish Cxcr3.2 in CHO cells. Transfection was performed using
the cationic polymer polyethyleneimine (PEI), which binds and condenses DNA into
positively charged molecules that are endocytosed by the cells and release the DNA
into the cytoplasm [55]. Human CCR2 served as a positive control since its expression
and function using the xCELLigence technology had been previously standardized. We
pre-treated cells with either vehicle (DMSO) or with the CCR2 inhibitor/antagonist
CCR2-RA-[R] and then added either vehicle (PBS) or the relevant chemokine ligand
(CCL2 or Cxclllaa) (Figure 3C). The baseline-corrected results for CCR2 show an
increase in Cell index upon stimulation with CCL2 when treated with vehicle compared
to the response in antagonist-treated cells showing that CCL2 induces a response that
is counteracted by CCR2-RA-[R] (Figure 3D). Preliminary data on Cxcr3.2-expressing
cells treated with vehicle and stimulated with Cxcll1laa show a clear but short-lived
response, and in line with observations iz vivo, CCR2-RA-[R] did not lower the mag-



nitude of this response (Figure 3E). This preliminary data shows the potential of the
xCELLigence technology, but further work is required to establish the conditions for

studying the zebrafish receptors.
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Figure 3.The xCELLigence Real-Time Cell Analysis (RTCA) assay principle and set-up.
The gold microelectrodes attached to the bottom of each well of the plate generate an electric flow
through the administration of a small voltage and its interaction with the salt-containing culture me-
dium.The system measures the impedance of the electric flow resulting from changes in cell number,
shape, adherence and permeability. Impedance is reported as a measure of cell adhesion to the bottom
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called “cell index”. In the absence of cells, there is no electric impedance and the cell index = zero
(A).When cells proliferate and attach to the bottom the electric flow is impeded and cell index is >
zero (B). Panel C provides an overview of the single steps of the xCELLigence assay. Chinese hamster
(CHO) cells were transfected with human CCR?2 or zebrafish Cxcr3.2 and expression was verified by
ELISA.Transfected cells were seeded in an E-Plate® 96 at a density of 50,000 cells/well and incubated
for 17h at 370C + 5% CO2. During this time, cells proliferated and the cell index gradually increased
until growth reached a plateau (cell proliferation). The cell culture medium was exchanged for fetal
calf serum- free medium and cells were incubated for two more hours (serum starvation). Cells
were subsequently incubated with either DMSO or the CCR2 antagonist CCR2-RA-[R] (pre-treat-
ment) and stimulated after 30 min with PBS, CCL2 or Cxcll laa (stimulation). Data were baseline
corrected (DMSO pretreatment and PBS stimulation = 0). Cells transfected with CCR2 and incubated
with DMSO showed a clear response upon stimulation with CCL2 and a reduced response when in-
cubated with CCR2-RA[R] (D). Cxcr3.2-expressing cells showed a clear but transient response upon

stimulation with Cxcll laa and were not affected by CCR2-RA[R] incubation (E).

Taken together, combining iz vive and in vitro data on the efficacy and binding selectiv-
ity of CCR2 inhibitors could provide valuable insight into the cell- and tissue-specific
effect of these compounds, their potential side effects and assist the design of inhibitors
targeting single or multiple chemokine receptors to develop novel anti-inflammatory

drugs.

Concluding remarks

The present work provided new insight into one of the multiple regulatory mecha-
nisms underlying chemokine signaling axes by taking advantage of the duplication of
the CXCR3 gene in zebrafish. It showed that macrophage recruitment to sites of infec-
tion requires the interplay between the conventional Cxcr3.2 receptor and the atypical
chemokine receptor Cxcr3.3 to exert a balanced inflammatory response during myco-
bacterial infection and tissue wounding. It also shows that chemotactic signaling directly
affects lysosomal function in vive, highlighting the deep connection between chemotac-
tic signaling and intracellular processes involving metabolism and immunity, and sug-
gests that the chemokine system should be studied in a wider context instead of focusing
on chemotaxis alone. This work also illustrates how the zebrafish model constitutes a
fast and robust screening platform for chemokine receptor inhibitors aimed at reduc-
ing inflammation and proposes to complement iz vivo observations with iz vitro assay
to offer a comprehensive view on how inhibitors act on specific chemokine receptors.
Altogether, the work included in this thesis emphasizes the essential role of chemokine
receptors in immunity and calls for a better characterization of the chemokine system.
It also serves as a proof of principle that the zebrafish model can be used as an in vivo
screening platform using zebrafish for the identification of chemokine receptor inhibi-
tors to assist the development of anti-inflammatory drugs.
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Macrophages are immune cells that express multiple receptors on their membrane to
sense and process external signals required to mount an effective immune response
against pathogens and upon tissue damage. Chemokine receptors direct macrophages
to inflamed or infected tissue by following and binding to a gradient of small proteins
called chemokines. The chemokine receptors CXCR3 and CCR2 guide macrophages to
infectious and inflammatory foci, where these cells engulf and degrade bacteria, mod-
ulate inflammation and support the repair of injured tissue. Chemokine receptors and
their functions on macrophages are therefore considered central elements of the innate
immune response and form the main subject of this work.

Due to the easy optical access and the wide variety of readily available molecular tools,
the zebrafish model enables the live tracking and visualization of fluorescently labeled
macrophages lacking or overexpressing chemokine receptors during bacterial infection
and injury. We exploited these advantages to study the zebrafish homologs of CXCR3
and CCR2, addressing three main research questions: i) Is macrophage migration regu-
lated by the interplay between closely related chemokine receptors? ii) Does chemokine
signaling link the migration of macrophages to their microbicidal activity? and iii) What
is the potential of the zebrafish model for screening anti-inflammatory drugs that target
chemokine receptors?

In Chapter 1, we provide an overview of chemokine signaling principles and review
the role of chemokine receptors in different inflammatory contexts and zebrafish de-
velopment. The chapter focuses on macrophages and neutrophils and their ability to
clear microbial invaders, resolve inflammation, and tune the activation status of mac-
rophages. It briefly describes the link between chemokine signaling and cytoskeletal
rearrangements required for cell movement and phagocytosis (ingestion of pathogenic
particles and dying cells) and emphasizes that human and zebrafish chemokine systems
are highly conserved despite the extensive gene duplication in the latter. The chapter
compiles the most relevant contributions of the zebrafish model to the characterization
of fundamental mechanisms in chemokine signaling networks and their role during
cancer progression and wound- and pathogen-induced inflammation. It underscores the
versatility and robustness of the zebrafish model to assess developmental processes and
early innate responses in real-time.

Chapter 2 describes the antagonistic interplay between the excr3.2 and cxcr3.3 paralogs
in zebrafish macrophages. The Cxcr3.2 chemokine receptor is homologous to human
CXCR3 and drives macrophage movement towards sites of infection and inflamma-
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tion. Cxcr3.3 has structural and phylogenetic features of so-called atypical chemokine
receptors, which are unable to signal but scavenge chemokines shared with conventional
receptors to regulate their function. In this chapter, we explore the functional antago-
nism of these receptors in the context of mycobacterial infection and wound-induced
inflammation. The depletion of the Cxcr3.2 receptor by mutation leads to reduced mac-
rophage motility, while the loss of Cxcr3.3 enhances cell motility. The reduced motility
of exer3.2 mutant macrophages limits the dissemination of intracellular bacteria and has
a host-protective effect, while enhanced motility in exer3.3 mutants leads to bacterial
spreading and poor control of the infection. Also, fewer macrophages are recruited to
sites of injury in cxcr3.2 mutants, while more cells are recruited in cxc73.3 mutants.
These observations and the structure of Cxcr3.3 suggest that this receptor regulates
Cxcr3.2 function by limiting the availability of shared ligands. Therefore, the absence of
Cxcr3.3 results in enhanced Cxcr3.2-driven macrophage recruitment. This antagonistic
regulatory mechanism resulting from the diversification of conventional and atypical
receptor variants in zebrafish is analogous to the role of antagonistic splice variants CX-
CR3A and CXCR3B in humans. Our findings highlight the usefulness of the zebrafish

to study core mechanisms of chemokine networks and the translatability to humans.

Cell movement requires the integration of multiple extracellular and intracellular cues
that remain largely elusive. A recently characterized mechanism involved in chemotax-
is links chemokine receptors with the cycling of lysosomes (primary degradative cell
organelles) from the front to the rear of migrating cells. Chapter 3 examines the link
between lysosomal function, directed cell movement (chemotaxis), and immunity. It
shows that several lysosomal genes are upregulated in macrophages lacking the Cxcr3.2
chemokine receptor, which also display an accumulation of highly acidic lysosomes in
the front of the cell, which rarely shuttle to the rear of the cell during chemotaxis. This
defect in the cycling of lysosomes and their altered properties confer an increased capac-
ity to degrade intracellular bacteria to cxcr3.2 mutant macrophages. To confirm the link
between lysosome function and cxcr3.2 mutation, we used molecular tools that enable
us to overexpress or block Transcription factor EC (Tfec), an inhibitor of the lysosom-
al regulator complex. Tfec overexpression strongly inhibited lysosomal function and
resulted in poor intracellular clearance of bacteria. Tfec blockade enhanced lysosomal
function and boosted bacterial clearance like the cxcr3.2 mutation. Furthermore, Tfec
overexpression in Cxcr3.2-deficient macrophages counteracted the protective effect of
the mutation, confirming that the lack of the chemokine receptor alters the function
of lysosomes. Finally, to assess the link between the altered lysosomal function and cell
motility, we tracked lysosomes of cxcr3.2 mutant macrophages during chemotaxis. Ly-
sosomes concentrated in the front and rarely went to the back of the cell, suggesting
that the absence of Cxcr3.2 disrupts the lysosome trafficking required for chemotaxis
while rendering these cells more efficient at clearing bacteria. This chapter illustrates
the complex network of processes that need to be integrated during cell movement and



immunity and links chemotactic signaling with lysosomal function in the context of
wounding and infection.

Zebrafish larvae are increasingly used as a platform for chemical screens because they are
highly permeable to chemical substances, but also due to their fast development, small
size, and cost-effective housekeeping requirements. Adult zebrafish lay large amounts of
eggs granting representative sample sizes and robust statistical analyses. The transparen-
cy of larvae enables the real-time visualization of fluorescently labeled cells during in-
flammation. A further advantage of using live zebrafish larvae is that compound toxicity
can be easily evaluated by assessing survival, development, and morphological abnor-
malities. Previous work had shown that a human CXCR3 inhibitor reduces macrophage
recruitment similar to exer3.2 mutation. Chapter 4 focuses on another key receptor for
macrophage recruitment, CCR2, and assesses the viability of using the zebrafish model
to robustly screen human CCR2 inhibitors in a whole organism. CCR2 is involved in
multiple inflammatory disorders and therefore an important drug target. CCR2 inhibi-
tors aimed at reducing inflammation exist but none of them has made it to clinical trials.
Demonstrating the high degree of conservation across human and zebrafish chemokine
signaling axes, human chemokines effectively induced macrophage migration in zebraf-
ish. Furthermore, macrophage migration in zebrafish was reduced by human CCR2
inhibitors, belonging to either the orthosteric class (blocking the chemokine binding
site) or the allosteric class (blocking receptor function via an interaction outside the
chemokine binding site). These results serve as proof-of-principle for screening CCR2
inhibitors using the zebrafish model. We suggest a workflow to evaluate the efficacy of
human CCR2 inhibitors by quantifying macrophages recruited to inflamed tissue and
simultaneously assess toxicity to find compounds and concentrations with high efficacy
and low toxicity. Implementing the zebrafish model to the CCR2 inhibitors testing
scheme could speed-up the development of anti-inflammatory drugs to treat multiple
diseases.

Chapter 5 discusses the results of the previous chapters and the broader perspective
of chemokine signaling research using the zebrafish model. It discusses the relevance
of characterizing and understanding regulatory mechanisms underlying the chemokine
system and calls for a better classification of atypical chemokine receptors and their
roles. It contextualizes our findings on the link between chemotactic signaling and lyso-
somal function during wounding and infection in relation to current advances in related
fields and explores areas that could further our understanding of chemokine signaling
in a broader context. Finally, it provides preliminary data of iz vitro assays that could be
refined and implemented to develop a comprehensive screening platform for chemokine
receptor inhibitors that uses the combination of zebrafish and cell culture systems to
enable robust, fast, and detailed efficacy and toxicity assessments.
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In conclusion, the work in this thesis highlights the relevance of chemokine signaling
axes in the immune response, their link to other cellular processes besides chemotaxis,
and shows that zebrafish can be used as a robust and fast screening platform for chemo-
kine receptor inhibitors. Taking advantage of the extensive duplication of chemokine
receptor genes, it demonstrates that two copies of the exer3 gene evolved to antagonize
each other to balance macrophage recruitment to inflammatory foci. Live imaging of
migrating macrophages lacking the functional homolog of human CXCR3 showed that
lysosomal properties, numbers, and localization were affected in these cells and that they
degraded intracellular bacteria more efficiently despite having aberrant motility. It also
demonstrates that it is feasible to use the zebrafish model as a screening platform for
inhibitors of chemokine receptors and assess their efficacy and toxicity simultaneously
at the early stages of the drug testing process to speed up the development of novel an-
ti-inflammatory drugs.



