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How are leukocyte dynamics controlled and regulated in an intact vertebrate? Deficient
recruitment of innate immune cells can permit damage to an organism or allow infection to
persist, while overexuberant or lasting inflammation can result in collateral harm to the host.
Chemokines and their cognate receptors play central roles in leukocyte recruitment; their
regulation affects the trajectory of inflammation, infection, and resolution. In this issue,
Sommer et al. uncover a fascinating mechanism by which the CXC chemokine receptor 3
(CXCR3) axis is regulated in zebrafish: a paralogous copy of the cxcr3 gene generates an
atypical chemokine receptor on macrophages that influences macrophage migration, the
immune response, and the dynamics and distribution of mycobacterial infection [1].

In mammals, the CXCR3 axis plays important roles in recruiting a variety of immune cells,
including macrophages. In zebrafish, a close functional and sequence orthologue of CXCR3
is expressed on macrophages and neutrophils, and is responsive to zebrafish CXC
Chemokine Ligand 11 (CXCL11) orthologues [2]. Zebrafish larvae represent a powerful
system to dissect the role of specific chemokine receptors and signalling events during the
host response to injury and infection; the larvae are optically transparent, genetically
accessible, and have been widely used to understand conserved vertebrate immune responses
during infection and inflammation. Sommer et al. use this platform to examine the role of
the zebrafish cxcr3 genes in the context of mycobacterial infection, asking how alterations in
macrophage behavior and chemokine responsiveness impact pathogenesis.

Macrophages, the first responders in Mycobacterium tuberculosis (M. th) infection play an
essential role in tuberculosis (TB) disease progression. During early stages of M. tb
infections, macrophages serve as a replicative niche and recruit additional macrophages,
initiating formation of mycobacterial granulomas, the hallmark structures of TB. Infection of
zebrafish with Mycobacterium marinum, a close relative of M. tband a natural fish
pathogen, generates mycobacterial granulomas with conserved features of human TB
granulomas. While granulomas may ultimately help to contain infection, initially they also
facilitate the spread of infection to newly recruited macrophages or, once fully mature, limit
immune access to bacteria within [3, 4]. Importantly, many host genes associated with
human TB pathogenesis are conserved in the zebrafish model. Induction of key chemokines
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and cytokines mirrors that observed in human mycobacterial infections, with important roles
in infection trajectory for the C-C motif chemokine ligand 2 (CCL2) and for Vegfa induction
by granuloma macrophages [5, 6].

Using the zebrafish infection model, Torraca et. a/had previously shown that zebrafish
Cxcr3.2, the orthologue of human CXCR3, and its ligands Cxcl1laa and Cxcl11af help
mediate macrophage recruitment to sites of mycobacterial infection [2]. The Cxcr3.2
receptor is a class A (rhodopsin-like) G-protein-coupled receptor. Genetic disruption or
pharmacological inhibition of this signalling axis caused a reduction in mycobacterial
burden as well as decreased dissemination to distal tissues [2]. These findings agree with a
number of other studies suggesting that macrophage recruitment and early granuloma
formation can serve to promote mycobacterial growth and dissemination [3]

In the featured article, Sommer et. a/show that the paralogous gene Cxcr3.3 encodes a
receptor with many properties of an atypical chemokine receptor (ACKR) (Figure 1). In
mammals, ACKRs are appreciated to play important roles in fine-tuning canonical
chemokine responses, through their action as competing decoy or scavenger receptors.
Sommer et al. present data suggesting that Cxcr3.3 acts antagonistically to Cxcr3.2 to
regulate the CXCR3-CXCL11 signalling axis [1]. The Meijer group had previously found
that zebrafish macrophages express Cxcr3.3 along with its paralogue Cxcr3.2 [2]. Here the
authors closely analyzed the protein sequences and found that the paralogues share a
conserved ligand binding site; however, unlike Cxcr3.2, Cxcr3.3 has an altered E/DRY-motif
as well as alterations to predicted microswitches within the transmembrane domains,
resembling ACKRs (Figure 1). Mammalian ACKRs lack the ability to signal robustly
through G-proteins, but can bind and scavenge chemokines, limiting their availability and
fine-tuning the amounts and distribution of bioavailable chemokines. The ACKRs thus aid in
regulating inflammation and play a significant role in resolving chronic inflammation [7].
Hence the authors hypothesized that Cxcr3.3 acts similarly to antagonize the function of
Cxcr3.2 (Figure 1).

A genetic knockout of cxcr3.3resulted in an increase in the mycobacterial burden, a
phenotype roughly opposite to that of the cxer3.2 knockout phenotype observed earlier.
Notably, cxcr3.3knockout macrophages retained their bactericidal properties and expression
of proinflammatory markers, discounting the possibility that reduced activation status of
these macrophages might explain the observed increase in mycobacterial burden. Using a
tail amputation model, the authors showed that Cxcr3.3-deficient macrophages exhibited
enhanced migration toward the wound site. This result suggested that enhanced recruitment
of cxer3.3knockout macrophages to an infection site or subsequently enhanced efflux might
promote dissemination of infection, leading to increased bacterial burden in these mutants.
Indeed, mycobacterial infection in cxcr3.3 mutant larvae resulted in more frequent distal
granuloma formation when compared to wildtype or cxcr3.2 mutant fish. Thus, the Cxcr3.3
mutants were more likely to promote mycobacterial dissemination (Figure 1). These results
suggest functionally antagonistic interactions /n vivo between these two zebrafish Cxcr3
paralogues.
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Although canonical ACKR-mediated regulation of human CXCR3 has not been described,
an alternative mechanism exists to regulate its function. Two of the three CXCR3 splice
variants bind to identical ligands but carry out antagonistic functions, suggesting isoform
rather than paralogue-based regulation in mammals [8]. CXCR3 has been detected on other
immune cells, including T lymphocytes during Mycobacterium tuberculosis infection [9].
Hence, its overall role during infection might depend on its combined effects on diverse
immune cell populations. In Sa/monella entericainfections in mice, CXCR3* Th1 cells
reside at the periphery of a different, non-epithelioid granuloma type, and play an important
role in limiting infection [10]. Thus, expansion of these findings to other cell types and
infections will be an interesting future direction.

Thus far, at least four ACKRs have been identified and characterized in humans, of which
two -- ACKR2 and ACKR3 -- have been found on leukocytes [7]. The zebrafish genome has
four ACKR orthologues annotated as ackr3a, ackr3b, ackr4aand ackr4b. Future work
identifying and characterizing such atypical receptors may further complement our
understanding of the regulation described here. The work by Sommer et a/ opens new
opportunities to study potential roles for these orthologues, especially ackr3aand ackr3b, as
well as yet to be characterized ACKRs during infection and inflammation.

More generally, this work illustrates that chemokine signalling during leukocyte recruitment
is regulated at multiple levels, including via antagonistic receptors that likely control the
magnitude, spatial, and temporal dynamics of chemokine gradients. Pathogenic microbes
that interact with these cell types may have evolved mechanisms to target these pathways
and promote their own success.
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Figure 1. Regulation of the Cxcr3 signalling axis in zebrafish via an antagonistic Cxcr 3 receptor

pair.

In this issue, Sommer et. aldescribe a novel regulatory function for zebrafish Cxcr3.3, a
paralogue of the previously characterized chemokine receptor Cxcr3.2. In comparison to
Cxcr3.2, Cxcr3.3 has an altered E/DRY motif (DCY) that resembles atypical chemokine
receptors (ACKRs), potentially limiting signalling through G-proteins. Upon binding to its
ligand Cxcl11, Cxcr3.2 has been shown to drive increased macrophage recruitment to M.
marinum infection sites and consequently promote dissemination to distal sites. In contrast,
Cxcr3.3 is posited to compete with Cxcr3.2 for Cxcl11, thereby acting to antagonize Cxcr3.2
function. This antagonism leads to reduced macrophage migration and ultimately limits
dissemination of infection to distal sites. Thus, deficiencies for the antagonistic Cxcr3.3
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receptor result in more dissemination and higher bacterial burdens during mycobacterial
infections.
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