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Chemokine receptor CXCR4, its ligand stromal cell-deriveéactor-1 (CXCL12) and the
decoy receptor atypical chemokine receptor 3 (ACKR3, alsoamed CXCR7), are involved
in the guidance of migrating cells in different anatomicalistricts. Here, we investigated
the role of the ACKR3 zebra sh ortholog ackr3b in the vascularization process during
embryonic development. Bioinformatics and functional anlgses con rmed that ackr3b
is a CXCL12-binding ortholog of humanmACKR3. ackr3b is transcribed in the endoderm
of zebra sh embryos during epiboly and is expressed in a widegange of tissues during
somitogenesis, including central nervous system and sones. Between 18 somite and
26 h-post fertilization stages, the broad somitic expressin of ackr3b becomes restricted
to the basal part of the somites. Afterackr3b knockdown, intersomitic vessels (ISVs)
lose the correct direction of migration and are characterad by the presence of aberrant
sprouts and ectopic lopodia protrusions, showing downregulation of the tip/stalk cell
marker hix1. In addition, ackr3b morphants show signi cant alterations of lateral dorsal
aortae formation. In keeping with a role foeckr3b in endothelial cell guidance, CXCL12
gradient generated by ACKR3 expression in CHO cell transfectants guides human
endothelial cell migration in anin vitro cell co-culture chemotaxis assay. Our results
demonstrate that ackr3b plays a non-redundant role in the guidance of sprouting
endothelial cells during vascular development in zebra shivioreover, ACKR3 scavenging
activity generates guidance cues for the directional migteon of CXCR4-expressing
human endothelial cells in response to CXCL12.

Keywords: ackr3b, angiogenesis, endothelial cell guidance, chemokine recep tor, zebra sh

INTRODUCTION

Chemokines and chemokine receptors, originally identi edreediators of the immune response,
play non-redundant roles in various developmental processgsAfnong them, the chemokine
receptor CXCR4 and its ligand stromal cell-derived factoiSDF-1, also known as CXCL12)
are involved in the guidance of cell migration in severaltan@cal districts, including neuronal
patterning ¢—4). Also, the CXCR4/CXCL12 system contributes to the developrogvascular
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networks, including gut, kidney and retinal vascularipatin ~ Nucleotide and amino acid sequences were compared to the
mice (5-8), as well as lateral dorsal aortae (LDA) patterningnon-redundant sequences present at the NCBI (National Gente
(9) and hindbrain capillary network formationl(Q) in zebra sh  for Biotechnology Information) using the Basic Local Aligant
(Danio rerig. In addition, chemokine signaling viexcr4daand Search Tool (BLAST) [PMID: 2231712]. Multiple sequences
cxcrdborchestrates the assembly of the lymphatic network iralignment was performed using the MUSCLE algorithm [PMID:
zebra sh embryo (1). 15034147] using the following amino acid: human ACKR3, Acc.
The atypical chemokine receptor 3 (ACKR3, also known asa NP_064707; zebra sh, Acc. NP_001138286 (Ackr3a) and
CXCRY7) is a deorphanized receptor responsible for CXCL1RP_001077301 (Ackr3b).
scavenging and internalization, with consequent generatf
guidance cues for CXCR4-expressing cells in dierent orgafCell Lines
systems 12). For instance, the twoackr3 genes identied COS cells, grown in Dulbecco modied Eagle's medium
in zebra sh, namedackr3a and ackr3b (2), modulate cell (DMEM) (Gibco Life Technologies, Grand Island, NY, USA)
guidance cues during posterior lateral line formatiol3¢16), supplemented with 10% FBS (Gibco Life Technologies), were
trigeminal sensory neuron migratiori{) and primordial germ transfected using Lipofectamin reagent (Invitrogen, Caxtkb
cell migration (L8) during embryonic development. CA, USA) with a pcDNA vector harboring theackr3b
In vertebrates, two events characterize the developmehieof t cONA under the control of the CMV promoter and selected
vascular system: vasculogenesis and angiogenesis.ogesuesis  with geneticin (500ng/ml; Invitrogen) to obtainackr3bCOS
consists in the dierentiation and migration of endothelial cells. Stable expression afckr3b was conrmed by RT-
precursors to form a primordial vascular network, wheread®CR. Human umbilical vein endothelial cells (HUVECS)
angiogenesis is the development of new blood vessels frowere isolated from umbilical cords and used at early (I-1V)
pre-existing ones. During vascular development in zebra stpassages. HUVECs were grown on culture plates coated with
embryos, angiogenesis in the trunk leads to the formation oporcine gelatin in M199 medium (Gibco Life Technologies),
the intersomitic vessels (ISVs) that occurs after the spngut supplemented with 20% FBS, endothelial cell growth factor
of endothelial cells from the dorsal aorta (DA) and posterior(10mg/ml), and porcine heparin (10@g/ml) (Sigma-Aldrich).
cardinal vein (PCV) originated by vasculogenic evef.(This Chinese hamster ovary (CHO) cells were transfected with a
complex process is nely regulated by several signaling patewa bicistronic pIRES-EGFP vector harboring the humACKR3
including vascular endothelial growth Vegfazl), Notch/DIl4  ¢cDNA (kindly provided by Prof. Marcus Thelen, Institute
(21), and Tie2 @2) signaling. for the Research Biomedicine, Bellinzona, Switzerland)gusin
Here, we investigated the expression of the Cxcl12 scavgngihipofectamin reagent and selected with 3&fml geneticin
receptorackr3bin zebra sh embryo during development and (Gibco Life Technologies) to obtain ACKR3-CHO cells. Stable
the eect of its downregulation during the vascularization expression of ACKR3 was con rmed by RT-PCR and uorescent
process of the embryonic trunk. Our results provide evidencanalysis of EGFPcells (se€igures 9A,B.
that ackr3b plays a non-redundant role in the guidance
of sprouting endothelial cells during ISV development inCXCL12 Binding Assay
zebrash. Accordingly, the CXCL12 gradient generated byock andackr3bCOS cells (2 1P cells/experimental point)
ACKRS3 expression in CHO cells guides human endothelial celere incubated with 100 ng/ml of biotinylated human CXCL12

migration in anin vitro cell co-culture chemotaxis model. (pCXCL12) (R&D System, Minneapolis, MN, USA) for 1 h a€4
or 37 Cin 100m phosphate bu ered saline (PBS), supplemented
MATERIALS AND METHODS with 0.05% bovine serum albumin (Sigma-Aldrich), in the
absence or in the presence of a 100x fold excess of unlabeled
Experimental Model and Subject Details human CXCL12. Then, cells were xed in 3% paraformaldehyde

Wild-type AB and transgenic Tg(kdr:EGFP) and (PFA) for 10 min on ice and incubated with 50 ng/ml of avidin-
Tg(kdrl:EGFP;gatal:DsRedgbra sh lines were maintained FITC (Molecular Probes, Eugene, OR, USA). When indicated,
at 28 C under standard condition@) and embryos were staged cells were permeabilized with 1% saponin (Sigma-Aldrich)
by hpf as describedf)). To examine embryos older than 22 hpf, after xation. Finally, samples were subjected to FACS agly
sh water was added with 0.2mM 1-phenil-2-thiourea (PTU, (MACSQuant, Miltenyi Biotec, Bergisch Gladbach, Germany).
Sigma-Aldrich, Saint Louis, MO, USA). For the observation of

the in vivo phenotypes, embryos were anesthetized using 0.X6hemotaxis

mg/ml Tricaine (Sigma-Aldrich). For chemotaxis experiments, linear gradiemSlide Chemotaxis
o _ ) chambers (Ibidi GmbH, Martinsried, Germany) were used
Bioinformatic AnaIyS|s following manufacturer's instructions. Brie y, HUVECs (2.5

Zebra sh genomic sequences were analyzed using the UrtiyersiL(?/ml) suspended in M199 mediumplus3.5% FBS were seeded
of California Santa Cruz (UCSC) Genome Browser (http:/fin the observation area at the center of tmeslide chamber and
genome.ucsc.edu/) on the Zv9 (July 20D@nio rerioassembly allowed to adhere for the following 4 h. Then, the left resérv
and the Ensembl zebrash genome database (http://wwwof the observation area was lled with 50ng/ml CXCL12 in
ensembl.org/Danio_rerio/Info/Index). Synteny analysisasw M199 mediumplus 3.5% FBS, whereas the right reservoir was
achieved using the Synteny Database [PMID: 19465509]led with M199 medium plus 3.5% FBS alone. As negative
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controls, both reservoirs were lled with M199 mediuplus  blocking solution, Thermo Fisher Scienti c). Unbound anithy
3.5% FBS alone or added with 50 ng/ml CXCL12. For co-culturesas removed by several PBST washes.

experiments, the side reservoirs of the chamber were add&d wi

mock-CHO or ACKR3-CHO cells (3 1(P/ml) with or without ~ Microscopy

50 ng/ml CXCL12. HUVECs were imaged every 15 min by timekive and whole-mount hybridized embryos were photographed
lapse microscopy over a 13 h-period at 5-fold magni cationon agarose-coated dishes using either an epi uorescence Leic
under standard conditions with an Axiovert 200M uorescenc MZ16F stereomicroscope (1X Plan Apo objective, NA0.141)
microscope (Zeiss, Oberkochen, Germany) and images wefkeica, Wetzlar, Germany) equipped with digital camera or
imported into ImageJ software (NIH, Bethesda, USA). 30-5@n Axio Zoom.V16 uorescence stereomicroscope (Zeiss).
randomly chosen cells were tracked for each experiment usirighalloidin-stained embryos were acquired on an AxioveQNX0

a manual tracking plug in (Fabrice Cordelieres, Institut @ur uorescence microscope (Zeiss) equipped with ApoTome.2 to
Orsay, France) and analyzed with chemotaxis and migratioenhance resolution. Evaluation of ISV defects was carrigd o
tool (Ibidi GmbH) to create trajectory plots of cell migratio on developing vessels in the region of the trunk above the
In addition, the chemotactic parameters center of mass (COMprolongation of the yolk, as indicated Figure 4A.

corresponding to the average of all cell positions at the end of Confocal analysis of lopodia was performed using a LSM510
the migration experiment) and x- and y- axes forward migratio laser scanning microscope (Zeiss). To this purpose, 26-28
indexes (FMI, representing the e ciency of forward migratiof  hpf embryos were xed overnight with a PBS-based solution
cells parallel or perpendicular to the gradient, respectivebfew containing 1% PFA, 0.1% glutaraldehyde and 3% sucrose

calculated in each experiment. and mounted on glass slides with Mowiol 4.88 (Sigma). For
consistency reasons and in order to minimize stage-related
RT-PCR Analysis discrepancies, lopodia evaluation was carried out on the ISV

Total RNA was isolated from CHO cells using TRIZol pair in which the rst vessel had already reached the roof & th

Reagent (Invitrogen) according to manufacturer's instiont ~ trunk and the adjacent vessel was still growing up.
Two micrograms of total RNA were retrotranscribed and 100 ng
of cDNA were used for semi-quantitative RT-PCR analysis. THRESULTS

following primers were used: . .
ACKR3 forward % cctgctctacacgetctee3 reverse & Analysis of ackr3 Genes in Zebra sh

ggatattcacccagaccaca-3 The Gene and HomoloGene databases at NCBI [PMID:
GAPDH forward %- catggccttcegtgttcctac3reverse & 25398906] indicate the presence of two putative co-orthotigs
tigctgttgaagtcgcaggad-3 the humanACKR3gene in zebra sh, namelgckr3a(also named
cxcr7g and ackr3bon chromosomes 9 and 6, respectively. The
Whole-Mount in situ Hybridization (WISH) analysis of the chromosomal regions surrounding the humash an

LT . . zebra sh genes, carried out using the Synteny Database [PMID:
Digoxigenin-labeled RNA probes were transcribed from I|nea§3465509]’ showed a conserved synteny between the human

cDNA constructs (Roche Applied Smen(_:e, Penzberg, Germ_any \romosome 2 region harboring thaCKR3gene andDanio
WISH was performed on embryos xed in 4% PFA as described_ . .
reriochromosomes 6 and 9 regions where the two co-orthologs

(29). For sectioning, zebra sh embryos were post- xed in 4%are locatedFigure S1A. Similar to the human gene, botitkr3a
z:g\pilﬁzrnvgﬁ:éd%izyg\r/ztri?g::t ethanol series, cleared inlxyl andackr3bzebra sh co-orthologs are organized in two exons, the
’ second exon harboring the entire protein-encoding regioaté&d

. .. not shown). In addition, multiple sequence alignment indesit
Morpholino Injection high level of identity of the human ACKR3 protein with zebra sh
Two independent_ morpholinos (Geqe Tools, Philomath,ackr3a (51.1%) and Ackr3b (54.7%) polypeptidegre S1B.
OR, USA) targeting the ATG region ofackr3b were Analysis of the Expressed Sequence Tag (EST) database
injected at the indicated concentrations in 1-4 cell stag@hdicates that the zebra sh genes are expressed at di erent
embryos &ckr3bMO1: Slctcatcttggtcegtctttgttatc? ackr3b  |evels. with 47 vs. 3 EST sequences correspondinacko3b
MO2: Slatcattcacgttcacactcatctt@-3 cxcrda morpholino: and ackr3atranscripts, respectively. As shown Figure S1G
Sagacgatgtgtcegtaataagecdt-). Standard MO (std-MO:  the |ess abundant expressionaxfkr3awas con rmed by RNA-

52cctettaccteagttacaatttatd)dvas used as control. Seq data from the Wellcome Trust Sanger Institute Zebra sh
o o Transcriptome Sequencing Project [PMID: 22798421)]( In
Phalloidin Staining addition, the absence of RNA-Seq reads from 2-cell stageyarabr

Phalloidin staining of zebra sh embryos was performed asndicates thatthe two genes are not maternally expressetbabe
described 26). Brie y, manually dechorionated embryos were their expression can be detected from 3 to 6 h post fertilization
xed in 4% PFA for 3 h at room temperature (RT). Then, embryos(hpf) onward (data not shown).

were washed three times in PBS/0.1% Tween 20 (PBST) for On these bases, given the higher levels of expression
10 min and incubated in blocking solution (10% goat serum, 2%nd identity with the human counterpart, we focused
BSA, 0.5% Triton X-100 in PBS) for 2h at RT. Embryos wereur observations on the role of theackr3b gene in
incubated for 3 h at RT with Alexa Fluor 594 Phalloidin (1:400 vascular development.
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Cloning and Characterization of  ackr3b

The complete coding sequence atkr3bwas ampli ed from
total RNA isolated from zebrash embryos at 55 hpf and
cloned in the pcDNA3 expression vector (pcDNa8kr3l) to
generate Ackr3b-overexpressing COS cell transfectants3be
COS cells). To assess the ability of the Ackr3b receptor t{
bind its ligand CXCL12, Ackr3b-COS cells were sequentially
incubated with biotinylated CXCL12 followed by avidin-R2T
and subjected to FACS analysis. In a rst set of experimentgkm
and ackr3btransfected cells were incubated with biotinylated
CXCL12 in the absence or in the presence of an excess of non-
biotinylated CXCL12. The incubation was performed atCC4
to prevent CXCL12 internalization. Under these experimental
conditions, a signi cant increase in the percentage of cells
able to specically bind CXCL12 was observed ackr3b @ mock-COS cells + ,CXCL12
transfected vs. mock cells (66.3 and 24.7%, respectively), the @ Acki3b-COS cells + \CXCL12 + CXCL12
limited binding of the chemokine to mock cells being possibly
due to its interaction with cell surface glycosaminoglycan
and/or with scarcely expressed endogenous ACKR3 or CXCR4
receptors Figure 1A). In addition, incubation at 37C of
Ackr3b-COS cells with biotinylated CXCL12 followed by cel

A 100

o

% of Max

0 100 10
FL1
() mock-COS cells + yCXCL12 + CXCL12

. Ackr3b-COS cells + ,CXCL12

xation, saponin permeabilization and FACS analysis indisate B 100
that the interaction of CXCL12 with Ackr3b induces ligand - .
internalization Eigure 1B). Previous observations had shown I
the capacity of Ackr3b to bind and internalize zebra sh Cxad1l X 60
(16, 18). Our results con rm thatackr3bis a zebra sh ortholog =
of the humanACKR3gene and demonstrate that the encoded cg 40 -
receptor is able to bind and internalize also human CXCL12.
20
ackr3b Expression During Zebra sh 0 P
1 1
Embryo Development 0 0 FL1 0

A thorough investigation ofickr3bspatio-temporal expression
pattern in zebra sh embryos was carried out employing both RT-

Ackr3b-COS cell
PCR and whole-mountn situ hybridization (WISH) analyses @ Aok oot

followed by para n embedding and sectioning. In keeping with @ Ackr3b-COS cells + sCXCL12
RNA-Seq data (see aboveckr3bis expresseq in zebra sh @ Ackr3b-COS cells + ,CXCL12
embryo from 3 hpf onward, whereas no expression was observed + saponin permeabilization

in 2-4 cells embryos (data not shown). In agreement wit
previous observationge)' the ackrgb’[ranscript |S found in the FIGURE 1 | Zebra sh Ackr3b binds CXCL12.(A) FACS analysis of mock and
endoderm of zebra sh embryos between 50 and 80% epiboly nA_cker—COS cells incubated for 1 h at 4 C in the absence o_r presence of

L. . . biotinylated CXCL12 §CXCL12).(B) To assess Ackr3b-mediated CXCL12
a characteristic salt and pepper manngigures 2A,B. During internalization, Ackr3b-COS cells were incubated for 1h @7 C in the
somitogenesis (18 ss), the gene is expressed in a wide range &fsence or presence of, CXCL12 and permeabilized with saponin before
tissues, mainly in the central nervous system (rhombome@tes | FACS analysis. The results are representative of two indepgent experiments.
5, and 6, hindbrain, midbrain, spinal cord and oor plate) and
in somites Figure 2Q). As highlighted in coronal cross sections,
somitic expression ofickr3bis restricted to the inner part of transcript is detectable in the branchial arches and in ther&d
the somites, in close proximity to the notochord (arrows inline organs (neuromasts), whereas expression in the neuipal t
Figure 2D). At 20 hpf, theackr3htranscript is broadly detectable is lost and becomes restricted to the oor and roof plates gat
in the somites Figure 2E) and a strong expression is evident not shown).
at the level of the developing gut under the axial vasculature
(arrow in Figure 2F). At 26 hpf,ackr3bexpression is maintained . .
in the central nervous system and somitic expression becom&Ownregulation of ackr3b Impairs ISV
particularly evident in the caudal regiofrigure 2G). Moreover, Guidance
transverse cross sections revealed that the strongelst3b  Similar toackr3h cxcr4aand its ligandsxcll2aand cxcll2bare
expression is restricted to the basal aspect of the somitendrou expressed in the somites during zebra sh early somitogsnesi
the axial vessels (arrows Figure 2H). By 48 hpf, the ekr3b  (29. Then, cxcrdais expressed in endothelial cells of ISVs

Frontiers in Immunology | www.frontiersin.org 4 May 2019 | Volume 10 | Article 1092


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Tobia et al. CXCRY7 Cues in Cell Migration

80% epiboly

ackr3b

20 hpf " cxcrda 26 hpf cxcrda

FIGURE 2 | WISH analysis ofackr3b and cxcr4a expression during zebra sh embryo development. WISH analysiof ackr3b (A—H) and cxcr4a (I-J) mRNA
expression was performed at the indicated stages of develoment. (A—-C,E,G,1,J) Lateral view of whole-mount embryos (D) Coronal cross section through the trunk
highlighted as a dashed vertical bar ir{C), anterior to the top; arrows indicate somiticackr3b expression. (F,H) Transverse cross sections through the trunk highlighted
as dashed bars in(E,G), respectively. Arrows in(F,H) indicate ackr3b-positive developing gut and the basal part of the somites,aspectively.(A-C,E,G,l,J) Scale bar:
100 mm. (D,FH) Scale bar: 25mm.

and DA starting from 20 hpf Figure 2I), to fade in a cranio- MOL1 and control std-MO, respectively. Surviving embryos were
caudal fashion by 26 hpH{gure 2J. This suggests that Ackr3b then grouped in dierent phenotypic classes based on their
may provide vascular guidance cues in the Cxcr4a/Cxcliorphology EFigures S2A-E In all the experiments, embryos
interplay during developmental angiogenesis in the trunk ofwith severe and very severe phenotypes were discarded (72/206
zebra sh embryo. To assess this hypothesis, we used anrmstisein three independent experiments) whereas embryos with mild
morpholino (MO) knockdown approachi0) and designed a rst  (84/206) and close-to-normal phenotypes (50/206) were used fo
MO directed against the 5' UTR spanning thekr3bATG start  further analysis and considered together.

codon @ckr3abMO1). Dose-response experiments indicated that The ackr3b gene plays a non-redundant role in

the mortality rate in embryos injected with an optimal dose ofprimordium  migration in zebrash embryos 1(3.

MO, equal to 0.2 pmoles/embryo, was 9-10 and 5-6%é&r3b  On this basis, in order to validate theackr3bMO1
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treatment herewith adopted, wild type AB zebrash On this basis,Tg(kdrl:EGFP)Yransgenic zebra sh embryos,
embryos were injected with 0.2 pmoles/embryo ofin which EGFP expression is driven by the promoter of the
ackr3bMO1 and analyzed at 48 hpf by WISH using endothelial markekdrl, were injected at the 1—4 cell stage with
a specic claudin b probe. In keeping with previous 0.2 pmoles/embryo ciickr36MO1 or control std-MO and the
observations 13), ackr3b morphants showed an impaired development of EGFP-labeled blood vessels was followeckein liv
neuromast migration (6/7 ackr3bMO1 vs. 0/9 std- embryos. Vasculogenesis and early sprouting angiogenesis o
MO), thus conrming the eective knockdown of the normally in ackr3bmorphants as highlighted by the presence
gene Figures S2F,G of the primary axial vessels and sprouting ISVs when compared

std-MO ackr3b-MO1

ephb4a ephrin-B2a

fit4

15/15

G — B l S
. 28/28 13/37

FIGURE 3 | Effect of ackr3b knockdown on arterial/venous differentiation and lateralarsal aorta (LDA) bifurcation(A—F) WISH analysis of the arterial marker
ephrin-B2a (A,B) and venous markersephb4a (C,D) and t4 (E,F)expression was performed at 28 hpf on zebra sh embryos injead with std-MO (A,C,E) or
ackr3b-MO1 (B,D,F). Arterial and venous marker expression is normal iackr3b morphants when compared to controls. (G,H) WISH analysis ofcadherin 5
expression was performed at 30 hpf on zebra sh embryos injead with std-MO (G) or ackr3b-MO1 (H) to investigate LDA formation. Note the interruption of LDAi

ackr3b morphants [asterisk inH]. The number of embryos presenting the showed phenotype inespect to the total number of analyzed embryos is shown in edt
panel. Scale bar: 100mm.

cadherin 5
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std-MO ackr3b-MO1

26 hpf

48 hpf

28 hpf

FIGURE 4 | ackr3b knockdown affects ISV development and endothelial lopodia potrusions. Tg(kdrl:EGFPembryos injected with std-MO (left panels) or
ackr3b-MO1 (right panels) were photographed at 26 hp{B,C) and 48 hpf (D,E) under an epi uorescence microscope. (B—E) High magni cations of the trunk region
highlighted by the dotted box in(A) Asterisks in(C,E) indicate aberrant sprouts inackr3b-MO1-injected embryos. Vasculogenesis occurs normally iackr3b
morphants as indicated by the presence of DA and PCV (brackstin B,C). (F—I) Confocal microscopy analysis of 28 hpfTg(kdrl:EGFPYebra sh embryos injected with
std-MO (F,G) or ackr3b-MOL1 (H,l). Note the aberrant lopodia protrusions from stalk cells irackr3b morphants (arrows inl) when compared to control embryos.(G,I)
High magni cation of the region highlighted by dotted boxesn (F,H), respectively.(A—E) Scale bar: 100nm. (F—H) Scale bar: 25mm.

to controls (brackets inFigures 4B,G. Accordingly, ackr3b at 26 hpf in 76% ofackr3b morphants (58/76ackr3bMO1
downregulation does not a ect the expression of the vasculavs. 6/70 std-MO; Fisher tegtt < 0.0001 in four independent
endothelial growth factowvegfaat 16 hpf (data not shown) and experiments) Figures 4B,Q. In addition, ackr3b morphants
of the speci c arterial and venous markegphrin-B2aephb4a, were characterized by the presence of ectopic and aberrant
and t4 at 28 hpf Figures 3A-H. sprouts mostly localized at the level of the horizontal myogept
Despite the normal development of axial vessels and th@sterisk inFigure 4C). Moreover, confocal microscopy analysis
presence of sprouting ISVsackr3b downregulation caused revealed that ISVs afckr3bmorphants have persistent aberrant
remarkable alterations of ISV patterning along the trunk aaidl lopodia extensions in both stalk and tip cells when compared
Indeed, developing ISVs lose the correct direction of migrat to controls Figures 4F-) (4/5 ackr3bMOL1 injected embryos
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The homeobox genhlx1 is selectively expressed by tip and
S stalk endothelial cells during ISV sprouting in zebra sh emyi

In sprouting vessels, HIx1 exerts a critical role in the mairetnce

of the stalk cell potential by repressing the migration of tip
cells that express high levels of pro-migratory geng&s).(
Notably, hix1 expression in sprouting ISVs was signi cantly
downregulated at 26 hpf in zebra sh embryos injected with
ackr3bMO1 when compared to controls (87/1Gckr3bMO1

vs. 15/66 std-MO in four independent experiments; Fisher test:
p< 0.0001) Figures 5A-D).

In order to conrm the eects of ackr3b knockdown
on ISV migration, zebrash embryos were injected with
ackr3bMO2, a previously described MO directed against

: the ¥ UTR spanning theackr3b ATG start codon (9
. and distinct from ackr3BMO1. When administered at an
optimal dose equal to 1.2 pmoles/embryo, 56.5%ackr3b
morphants display lateral protrusions emerging from ISVs at
26 hpf (13/23ackr3bMO2 vs. 5/29 std-MO; Fisher tesp
< 0.005). The e ect persisted during embryo development,
with 74% of morphants showing impaired ISV branching at
48 hpf (14/19ackr3bMO2 vs. 5/25 std-MO; Fisher tespx <
0.001). Thusackr3bMO2 causes a phenotype similar to that
observed wittackr3bMO1, thus demonstrating the speci city of
the e ect.

As described aboveckr3bis expressed in somites during
embryonic development. In order to rule out the possibilityth
the observed ISV mispositioning was due to somitic defects,
phalloidin staining was performed oackr3bmorphants at 26—
28 hpf. As shown inFigures 6A-F no signi cant alterations
of somitic boundary formation were observed ackr3bMO1-
injected embryos with mild or close-to-normal phenotypes,
including those embryos characterized by the presence of

hix1

hix1

hix1

ackr3b-MO1

D impaired ISVs (27/3%ckr3bMOL1 vs. 13/14 std-MO in two
independent experiments).
p. To investigate whether the vascular defects observed in
4 ackr3bmorphants were associated to signi cant alterations of
B - y ¢ blood circulation, double transgenibg(kdrl:EGFP;gatal:DsRed)

zebra sh embryos that express EGFP in endothelial cells and
DsRed in erythroid cells were injected witdttkr3bMO1 and
assessed for the presence of gatal-positive circulating mieate

2 days post injection (2 dpi). Blood circulation was completely
abrogated in 36% ofackr3b morphants and gatal-positive
circulating cells were absent in the ISVs of 69% of the reingin

- d
s o L
hix1

FIGURE 5 | ackr3b knockdown impairs hix1 expression. (A—D) WISH analysis
of hix1 expression in 26 hpf-embryos injected with std-MO(A,B) or

ackr3b-MO1 (C,D). (B,D) High magni cation of the region highlighted by
dotted boxes in (A,C), respectively.hlx1is expressed by tip and stalk ISV
endothelial cells in std-MO injected embryos (arrows iB) whereas its

expression is downregulated inackr3b knockdown embryos (arrows inD).

ackr3b morphants that showed a normal axial circulation
(11/16 ackr3bMO1 vs. 3/43 std-MO; Fisher tegp: < 0.0001)
(Figures 7A-D. Similar results were obtained afterckr3b

MO2-injection (data not shown). These data support and extend
previous observations about the defects in blood circuhatio
in the trunk or tail of ackr3b morphants detectable after
vs. 1/7 stdMO injected embryos). Nevertheless, the dorsabloodstream injection of a FITC-dextran dy&3 32).

longitudinal anastomotic vessels (DLAVS) that generatehzy As described abovegxcrdaexpression occurs in zebra sh
fusion of two adjacent ISVs appear to form normally at 48endothelium of DA and developing ISVs between 20 and
hpf in both control andackr3bmorphants Figures 4D,B. Of 26 hpf. Moreover,cxcrdais expressed in LDA between 18
note, 33% of embryos injected witickr3bMO1 showed also somites and 24 hpf9). On these bases, in order to further
alterations of LDA development (13/3itkr3bMO1 vs. 0/28 std- assess a possible role of the Cxcr4/Ackr3 system in ISV
MO; Fisher testp < 0.0001) Figures 3G,H, in keeping with guidance,Tg(kdrl:EGFPxebra sh embryos were injected with
previous observations arxcr4amorphants [see) and below]. 1.0 pmoles/embryo of a speci cxcr4daMO. In agreement

Scale bar: 100mm.
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FIGURE 6 | ackr3b knockdown does not affect somite boundary development. Flarescence analysis of 28 hpfTg(kdrl:EGFP)ebra sh embryos injected with
std-MO (A,C,E) or ackr3b-MO1 (B,D,F) after phalloidin staining to reveal somitic actin bers (reth A,B,E,F). Note that somitic boundary formation occurs normally in
ackr3b morphants also in the presence of impaired ISV patterning (vite asterisks inD). Scale bar: 100mm.

with previous observations9), LDA interruption was present cells, we developed amvitro m-slide cell co-culture chemotaxis

in 81% of cxcrda morphants at 26 hpf (30/37txcr4daMO  assay 6) in which ACKR3 expression in CHO cells generate a
in two independent experiments). Moreover, 70% ®fcr4a CXCL12 gradient that guides HUVEC migration.

morphants with LDA interruption displayed alterations in ISV To this purpose, we transfected CHO cells with a bicistronic
patterning resembling those observed atkr3b morphants pIRES-EGFP vector harboring the humaCKR3 cDNA to
(21/30 cxcr4aMO vs. 11/61 std-MO; Fisher tesp: < 0.0001) generate a stable EGFP-positive ACKR3-overexpressing CHO
(Figures 8A-D. However, at variance witackr3bmorphants, cellline (ACKR3-CHO cellgsigures 9A,B. Then, we performed
43% ofcxcr4aMO-injected embryosr{ D 7) showed only few a preliminary set of experiments to conrm the ability of
or no lopodia protrusions in both stalk and tip ISV cells at 28 CXCL12 to induce a chemotactic response in HUVECs in a
hpf when compared to controld-{gures 8E—H. These data are mslide chemotaxis chamber that schematically consists of two
in keeping with previous observations showing that endotieli lateral reservoirs and a central observation area thatainat
cell sprouting and lopodia extensions are severely impairedhe cells under investigation3¢). To this aim, HUVECs that
after blockage of CXCR4/CXCL12 axis in a murine model ophysiologically express CXCR47 were seeded in the central
retinal vascularizationd) and that lopodia are not essential for observation area of the chamber and exposed to an optimal

endothelial tip cell migration?3). concentration of CXCL12 that was loaded in one or both
. . lateral reservoirs, as schematically illustratedrigure 9C. As

ACKR3 Guides CXCL12-Mediated anticipated, CXCL12 induces a directional migratory resgans

Endothelial Cell Migration HUVECSs when loaded in one but not in both lateral reservoirs.

The above data point to a role for Ackr3b in shaping aAs shown inFigure 9D, this was conrmed by a signi cant
Cxcl12 gradient for ISV guidance during zebra sh embryodecrease of the two quantitative descriptive x-axis pararsete
development. CXCL12 is known to represent a CXCR4-mediatediorward migration index” (xFMI, representing the e ciencyfo
chemotactic stimulus for human endothelial celis), Previous the forward migration of cells parallel to the gradient) and of
studies had shown the possibility to evaluate the directiondhe corresponding “displacement of center of mass” parameter
migration of bone marrow-derived dendritic cells in respens (XCOM, representing the average of all cell positions at the end of
to ACKR4-shaped CCL19 gradient using ianvitro co-culture  the migration experiment)36). This occurred in the absence of
assay §5). In this frame, to assess the capacity of ACKR3 t@ny change in the y-axis yFMI (representing the e ciency of cell
provide guidance cue for the migration of human endothelialmigration perpendicular to the gradient) and the corresporglin
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FIGURE 7 | ackr3b knockdown causes alterations of blood circulation(A-D) Tg(kdrl:EGFP;gatal:DsRed¢mbryos injected with std-MO(A,C) or ackr3b-MO1 (B,D)
were photographed at 2 dpi under an epi uorescence microscofe. GatalC elements were absent in Kdi¥ 1SVs ofackr3b morphants (asterisks inB,D). Scale bar:
100 mm.

yCOM value Figure 9D). A similar chemotactic response to reservoirs, thus con rming the capacity of ACKR3 to a ect the
CXCL12 gradient was observed when HUVECs were seeded fiormation of an CXCL12 gradienfgures 9G,H. SeeTable S1
the central observation area and mock-CHO cells were seedéar a schematic summary of the HUVEC migration responses to
in both lateral reservoirs before CXCL12 addition in one ofthe various experimental conditions.
the two lateral chambers. In contrast, no directional migra
was observed in the absence of CXCL12 or when both laterg| SCUSSION
reservoirs were lled with the chemokine solution in the peese
of mock-CHO cells Figures 9E, . Previous observations had identied ACKR3 as a CXCL12
On this basis, to assess the impact of ACKR3-expressing CH§2avenging receptor responsible for the generation of gaielan
cells on CXCL12-mediated endothelial cell migration, HUN&EC cues for CXCR4-expressing cells in di erent organ systepas (
were seeded in the central observation area of the chambey 6, 9-11, 14, 16, 19, 22, 31, 38-40). Our data extend these
whereas mock-CHO and ACKR3-CHO cells were seededbservations by showing for the rst time the capacity of this
separately in the two lateral reservoirs in presence or inradese receptor to provide guidance cues also for endothelial cellisgur
of the chemokine Kigure 10A). Under these experimental developmental angiogenesis in zebra sh. Indeed, in the ptese
conditions, HUVECs migrate toward mock-CHO cells after thework, we provide evidence for a role aeickr3h a zebra sh
addition of CXCL12 in both reservoird={gures 10B-D. This  co-ortholog of humanACKR3 in establishing endothelial cell
indicates that the scavenging activity of ACKR3 expressed lbyigration cues during the angiogenic process in ISVs and LDA
CHO transfectants seeded on the opposite reservoir in respect bf zebra sh embryos. Accordingly, we demonstrate the apilit
mock-CHO cells is able to create a directional CXCL12 gradie of ACKR3 to create a directional CXCL12 gradient sensed
sensed by HUVECs at the center of the chamber. Accordingly, ney CXCR4-expressing HUVECs in dn vitro cell co-culture
directional migration of HUVECs was observed when ACKR3-chemotaxis assay.
CHO cells were seeded in both lateral reservoirs in the a#gsen The angiogenic process in the trunk of zebra sh embryos
of CXCL12 or in the presence of the chemokine in one or bottstarts at about 22 hpf3Q), in a time window partially
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FIGURE 8 | cxcrda knockdown affects ISV patterning.Tg(kdr:EGFPembryos injected with std-MO(A,C,E,F) or cxcr4a-MO (B,D,G,H) were photographed at 26 hpf
under an epi uorescence microscope. (C,D) Extended focus of z-stacks images representing high magni ation of the trunk region. Asterisk inD) indicates aberrant
ISV branching incxcr4a-MO-injected embryos. (E-H) Confocal microscopy analysis of 28 hpfTg(kdr:EGFPgebra sh embryos injected with std-MO (E,F) or
cxcrda-MO (G,H). Control embryos show lopodia protrusions emerging from spouting ISVs(E). At variance, lopodia protrusions are strongly reduced or hsent in
cxcrda morphants (asterisk inH) despite ectopic ISV branching(G). High magni cation of the regions highlighted by dotted boxe are shown in(E,G), respectively.
(A-D) Scale bar: 100mm. (E-G) Scale bar: 25mm.

overlapping the expression afxcr4a cxcll2a/b,and ackr3b  observations reinforce the hypothesis that Ackr3b may play a
During zebra sh somitogenesigxcrd4aand its ligandscxcll2a role in the interplay between Cxcr4a and Cxcl12 during vascula
and cxcll2bare expressed in the somiteg9. At following development in this district.

developmental stagesxcll2ais expressed in the horizontal ~ Our data show that ISV development is severely impaired in
myoseptum whereasxcl12bin DA (38). Starting from 20 ss, ackr3bmorphants: ISVs lose the correct direction of migration
cxcrda expression is restricted to the most caudal somitesat 26 hpf, form aberrant sprouts at the level of the horizontal
being detectable in the DA and endothelial cells that forra th myoseptum and show persistent lopodia protrusions in both
ISVs from 24 (1) to 26 hpf. Similarly, in agreement with ISV stalk and tip cells. Accordinglyackr3b downregulation
previous observation26), WISH and analysis of coronal and causes a signi cant alteration of the expression of the ISV
transverse cross sections of 18 ss, 20 hpf, and 26 hpf embrytgs and stalk cell markerhixl (31). In parallel with the
revealed a tightly regulated time-dependent patternackr3b defects observed in ISV developmergckr3b knockdown
expression in zebra sh somites. Notablyegfa that plays a impairs the bifurcation process of LDA, a phenotype that
pivotal role in vasculogenesis and angiogenesis in zebya sbharacterizes alsexcr4amorphants and mutants9). Notably,

is expressed in the somites at the same developmental stagbgse alterations occurred in the absence of major defects
thereby inducing the expression of genes that will be involvedf the vasculogenic process, as demonstrated by the normal
in arteriovenous di erentiation {1) and ISV sprouting few development of DA and PCV followingckr3bdownregulation,
hours later {0). Moreover, recent data have demonstrated thaand were paralleled by the lack ghtalpositive circulating
vegfaoverexpression or de ciency induce loss of endotheliablood cells even in the ISVs atkr3bmorphants with a normal
cell lopodia extension, thereby altering ISV path nding, in axial circulation.

a tight time-dependent manner2(), thus indicating a ne- The hypothesis that Ackr3b may play a role in the
tuned regulation of the angiogenic process of the developingpterplay between Cxcrda and Cxcl12 during ISV development
vessels of the trunk of zebrash embryos. Together, thesis further supported by the vascular defects we observed
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FIGURE 9 | Setup of the m-slide cell co-culture chemotaxis assay(A) semi-quantitative PCR analysis of mock-CHO and ACKR3-CHOsdlls. (B) Microphotographs of
EGFP-positive ACKR3-CHO cells(C) Schematic representation of them-slide chamber. HUVECs (hereafter referred to as ECs) adhent to the central observation
area are exposed to three different experimental conditian no CXCL12 (-/-), addition of 50 ng/ml of CXCL12 to oneQ/-) or both (C/C) lateral reservoirs. The
horizontal arrow indicates the anticipated direction of HYEC migration in the C/-) experimental condition.(D) Quanti cation of forward migration index (FMI) and
displacement of centre of mass (COM) parameters measured fA(HUVECS treated as illustrated iffC). (E) Schematic representation of them-slide chamber in the
presence of mock-CHO cells. HUVECs were seeded in the centtabservation area whereas mock-CHO cells were seeded in bbtlateral reservoirs. After 4 h, cells
were left untreated (—/—) or were incubated with 50 ng/ml CXCl2ladded to one (C/-) or both (C/C) lateral reservoirs(F) At the end of the incubation, FMI and COM
parameters were calculated(G) Schematic representation of themslide chamber in the presence of ACKR3-CHO cells. HUVECs we seeded in the central
observation area whereas ACKR3-CHO cells were seeded in botlateral reservoirs. After 4 h, cells were left untreated /5 or were incubated with 50 ng/ml CXCL12
added to one (C/-) or both (C/C) lateral reservoirs. At the end of the incubation, FMI and Q@ parameters were calculated(H). Data in panels(D,F,H) are the mean
S.E.M of two independent experiments. p < 0.05 or better, Student t-test.
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FIGURE 10 | ACKRS3 generates a chemotactic CXCL12 gradient for HUVEC$A) Schematic representation of them-slide chamber cell co-culture chemotaxis assay.
HUVECS (indicated as ECs) were seeded in the central obsenvan area whereas mock- and ACKR3-CHO cells are seeded in thieft and right lateral reservoirs,
respectively. When CXCL12 is added to both reservoirs (lefianel), ACKR3- CHO cells act as chemokine scavenger and gemate a chemotactic CXCL12 gradient for
HUVECSs. No migration was observed when CXCL12 was replacedybvehicle (right panel)(B,C) Leftward (black symbols) and rightward (red symbols) tragéory plots
of the migration of individual HUVECs exposed to the experiemtal conditions described in(A). Blue dot: centre of mass.(D) Quanti cation of the corresponding
forward migration index (FMI) and of the displacement of cerg of mass (COM) parameters. Data represent the mean S.E.M. of three independent experiments.
**p < 0.01, Student t-test.

in cxcrda morphants. Indeed,cxcrda MO-injected embryos Accordingly, ackr3b knockdown a ects the formation of a
show altered ISVs that have lost the correct direction ofjuiding Cxcl12 gradient, leading to an undirected ISV migra
migration, with a phenotype resembling that observed afteresponse characterized by abnormal lopodia protrusions
ackr3b knockdown. Notably, at variance with the ISVs of originating from both tip and stalk cells. These ndings are
ackr3bmorphants, downregulation ofxcr4aexpression results in keeping with the observation that lopodia distribution

in a strong reduction in lopodia extensions in ISV stalk and dynamics depend on chemokine gradients in zebra sh
and tip cells. These data are in agreement with previousmbryo ¢2). SeeFigure 11 for a graphical representation of
observations in a murine model of retinal angiogene8)saphd the e ect of ackr3b and cxcr4a downregulation on Cxcl12
support the hypothesis that lopodia might be dispensable forgradient formation and ISV development in the trunk of
endothelial cell migration 33). Nevertheless, ISV endothelial zebra sh embryo.

cells fail to sense Cxcl12 guidance cues in the absence ofPrevious observations have shown that ACKR3 blockade may
Cxcrda, thus acquiring a disorganized sprouting behaviorincrease the serum levels of CXCL12 in mice, possibly due to
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and activation. Further experiments will be required to dlari
this point.

In keeping with a role forackr3b in endothelial cell
guidance in zebrash embryos, CXCL12 gradient generated
by ACKR3 expression in CHO cells drives human endothelial
cell migration in an in vitro cell co-culture chemotaxis
assay. In this model, CXCR4-expressing HUVECs are seeded
in the central observation area of arslide chemotaxis
chamber 86). As anticipated, HUVECs migrate directionally
in response to CXCL12 added to one of the two lateral
chambers, whereas no directional migration was observed
when the chemokine was added to both chambers. At
variance, the CXCL12 scavenging activity exerted by
ACKR3-overexpressing CHO cells seeded in one of the two
lateral reservoirs generates endothelial guidance cues in
response to CXCL12 also when the chemokine was added
simultaneously to both lateral chambers. No directional
migration was instead observed in the absence of the charaoki
or when mock or CHO transfectants were seeded in both
lateral chambers.

ACKR3upregulation may occur in activated endothelial cells
and may contribute to tumor angiogenesié7. In addition,
recent observations have shown that endothelial ACKR3 may
drive CXCL12-mediated angiogenic respongisactivation of
the Akt signaling pathway4@. However, our data indicate
that CXCL12 stimulation is noper sesu cient to trigger a
directional migratory response in endothelial cells unlegmosed
to a concentration gradient of the chemokine as that gersetat
by the expression of this chemokine scavenging receptor in
adjacent cells.

In conclusion, our data demonstrate that Ackr3b mediates
the guidance of sprouting endothelial cells during the
angiogenetic development of ISVs and LDA in zebrash
embryos. Accordingly, our cell co-culture chemotaxis model
indicates that the scavenging activity of ACKR3 is able tatere

FIGURE 11 | Role of Ackrsb.durir?g the_z angiogenic ISV sprouting process in a directional CXCL12 gradient sensed by human endothelial
zebra sh embryos. In a physiological situationtop panel ), ackr3b expression ls. T ther. these ndinas o er novel information abdbe
generates the Cxcl12a gradient that guides the sprouting ofSV endothelial cells. Oge er, . R g i
cells. Tip cell guidance is mediated by the receptor Cxcrdayhich is mainly compIeX|ty of the S|gna“ng network that orchestrates sprogiti
expressed on lopodia. Knockdown of ackr3b (middle panel ) disrupts the angiogenesis, indicating that the CXCR4/CXCL12/ACKR3
Cxcl12a gradient and sprouting endothelial cells maintaia tip cell-like interplay provides non-redundant guidance cues for develgpin

phenotype, characterized by abnormal lopodia protruding fom the whole
vessel. The sprouting process results in the formation of arrant sprouts
localized in the region of the horizontal myoseptum. Knockalwn of cxcrda
(bottom panel ) hampers the response of sprouting endothelial cells to the

Cxcl12a gradient, mimicking the phenotype observed irackr3b morphants ETHICS STATEMENT

except for the strong reduction in lopodia protrusion both i tip and stalk cells.

blood vessels.

All applicable international, national, and/or institutiah
guidelines for the care and use of animals were followed. @urre
national legislation do not require approval for research on
a reduced scavenging of the chemokird&, (44). In addition, zebra sh embryos.
ACKR3 downregulation/inactivation, with consequent excet
CXCL12, may cause the loss of CXCR4 due to an increased
ligand-dependent internalization and intracellular deggiidn  AUTHOR CONTRIBUTIONS
of the receptor 45 46). Thus, the possibility exists that an
upregulation of systemic Cxcl12 levels may occur alsackr3b  Experiment conception and design: CT and MP. Experiment
zebra sh morphants and may contribute, together with theslos performing: CT, PC, AB, SB, EF, and JG. Data analysis: CT
of guidance cues, to the aberrant lopodia extensions obsgrv and MP. Analysis tools contribution: SM and GB. Manuscript
in tip and stalk cells because of an alterextr4 expression preparation: CT and MP.

Frontiers in Immunology | www.frontiersin.org 14 May 2019 | Volume 10 | Article 1092



Tobia et al.

CXCRY7 Cues in Cell Migration

FUNDING

SUPPLEMENTARY MATERIAL

This work was supported in part by Associazione ltalianarhe Supplementary Material for this article can be found

per la Ricerca sul Cancro (IG AIRC grant nl18493)
to MP.

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

. Legler DF, Thelen M. New insights in chemokine signalfffpD00Re$2018)

. Strasser GA, Kaminker JS, Tessier-Lavigne M. Microarray &halysetinal

7:95. doi: 10.12688/f1000research.13130.1

. Miyasaka N, Knaut H, Yoshihara Y. Cxcl12/Cxcr4 chemokine $iigmas
required for placode assembly and sensory axon path nding in the zgora 20.

olfactory systemDevelopmen{2007) 134:2459-68. doi: 10.1242/dev.001958

. Doitsidou M, Reichman-Fried M, Stebler J, Koprunner M, Dorriddelyer D,
et al. Guidance of primordial germ cell migration by the chemokine SDF-121.

Cell (2002) 111:647-59. doi: 10.1016/S0092-8674(02)01135-2

. Knaut H, Werz C, Geisler R, Nusslein-Volhard C, Tubingen ScreeA C.

zebra sh homologue of the chemokine receptor Cxcr4 is a germ-cell gaila
receptorNature (2003) 421:279-82. doi: 10.1038/nature01338

. Nagasawa T, Hirota S, Tachibana K, Takakura N, Nishikawa tamkra

Y, et al. Defects of B-cell lymphopoiesis and bone-marrow myelopoiesis in
mice lacking the CXC chemokine PBSF/SDRN&ture (1996) 382:635-8.
doi: 10.1038/382635a0

. Tachibana K, Hirota S, lizasa H, Yoshida H, Kawabata K, Katagka

et al. The chemokine receptor CXCR4 is essential for vasculamzafithe
gastrointestinal traciNature (1998) 393:591—4. doi: 10.1038/31261

. Takabatake Y, Sugiyama T, Kohara H, Matsusaka T, Kurihara H,
25.

Koni PA, et al. The CXCL12 (SDF-1)/CXCR4 axis is essentialttier
development of renal vasculaturé. Am Soc Nephro(2009) 20:1714-23.
doi: 10.1681/ASN.2008060640

endothelial tip cells identi es CXCR4 as a mediator of tip cell morolgy and
branchingBlood (2010) 115:5102-10. doi: 10.1182/blood-2009-07-230284

. Siekmann AF, Standley C, Fogarty KE, Wolfe SA, Lawson ND. ChHamok 27.

signaling guides regional patterning of the rst embryonic artéBenes Dev
(2009) 23:2272-7. doi: 10.1101/gad.1813509

Bussmann J, Wolfe SA, Siekmann AF. Arterial-venous network faosmat 28.

during brain vascularization involves hemodynamic regulation ofobkine
signaling.Developmen{2011) 138:1717-26. doi: 10.1242/dev.059881
Cha YR, Fujita M, Butler M, lIsogai S, Kochhan E, Siekmann AF,

et al. Chemokine signaling directs trunk lymphatic network formation 29.

along the preexisting blood vasculatur®ev Cell (2012) 22:824-36.
doi: 10.1016/j.devcel.2012.01.011

Thelen M, Thelen S. CXCR7, CXCR4 and CXCL12: an eccentrig Xrio 30.

Neuroimmunal (2008) 198:9-13. doi: 10.1016/j.jneuroim.2008.04.020
Dambly-Chaudiere C, Cubedo N, Ghysen A. Control of cell mignaitiche
development of the posterior lateral line: antagonistic interactibetween
the chemokine receptors CXCR4 and CXCR7/RDBNIC Dev Bial (2007)
7:23.doi: 10.1186/1471-213X-7-23

Valentin G, Haas P, Gilmour D. The chemokine SDF1a coordirntigsse
migration through the spatially restricted activation of Cxcr7 andcfZb.
Curr Biol (2007) 17:1026-31. doi: 10.1016/j.cub.2007.05.020

Breau MA, Wilson D, Wilkinson DG, Xu QL. Chemokine and Fgf siting

act as opposing guidance cues in formation of the lateral line primordium.
Developmen{2012) 139:2246-53. doi: 10.1242/dev.080275

Venkiteswaran G, Lewellis SW, Wang J, Reynolds E, Nicholson C,
Knaut H. Generation and dynamics of an endogenous, self-gemkrate
signaling gradient across a migrating tissugell (2013) 155:674-87.
doi: 10.1016/j.cell.2013.09.046

Lewellis SW, Nagelberg D, Subedi A, Staton A, LeBlanc M, Girdide 35.

et al. Precise SDF1-mediated cell guidance is achieved throughdlig
clearance and microRNA-mediated decdyCell Bial (2013) 200:337-55.
doi: 10.1083/jch.201207099

Boldajipour B, Mahabaleshwar H, Kardash E, Reichman-Fried MseBla
H, Minina SD, et al. Control of chemokine-guided cell migration by

19.

22.

23.

24.

26.

31.

32.

33.

34.

36.

online at: https://www.frontiersin.org/articles/10.Z88nmu.
2019.01092/full#supplementary-material

ligand sequestration.Cell (2008) 132:463-73. doi: 10.1016/j.cell.2007.
12.034

Mulligan TS, Weinstein BM. Emerging from the PAC: studying
zebrash lymphatic development.Microvasc Res (2014) 96:23-30.
doi: 10.1016/j.mvr.2014.06.001

Jin D, Zhu D, Fang Y, Chen Y, Yu G, Pan W, et al. Vegfa signedigglates
diverse artery/vein formation in vertebrate vasculatues$enet Genomics
(2017) 44:483-92. doi: 10.1016/j.jgg.2017.07.005

Hogan BM, Herpers R, Witte M, Helotera H, Alitalo K, Duckers
HJ, et al. Vegfc/Flt4 signalling is suppressed by DIl4 in developing
zebrash intersegmental arteriesDevelopment (2009) 136:4001-9.
doi: 10.1242/dev.039990

Li W, Chen J, Deng M, Jing Q. The zebrash Tie2 signaling raist
tip cell behaviors and acts synergistically with Vegf pathway in
developmental angiogenesidcta Biochim Biophys Sir(2014) 46:641-6.
doi: 10.1093/abbs/gmu055

Wester eld M. The Zebrash Boak Eugene, OR: University of Pregon
Press (1995).

Kimmel CB, Ballard WW, Kimmel SR, Ullmann B, Schilling TF. Stages
of embryonic development of the zebra sBev Dyn (1995) 203:253-310.
doi: 10.1002/aja.1002030302

Pa ett-Lugassy NN, Zon LI. Analysis of hematopoietic depaient

in the zebrash. Methods Mol Med (2005) 105:171-98.
doi: 10.1385/1-59259-826-9:171

Therapontos C, Vargesson N. Zebra sh notch signalling pathmagants
exhibit trunk vessel patterning anomalies that are secondary to teomi
misregulationDev Dyn (2010) 239:2761-8. doi: 10.1002/dvdy.22410

Yang H, Zhou Y, Gu J, Xie S, Xu Y, Zhu G, et al. Deep mRNA sequencing
analysis to capture the transcriptome landscape of zebra sh embryos and
larvae PLoS ONE(2013) 8:€64058. doi: 10.1371/journal.pone.0064058
Thisse B, Pumio S, Furthauer M, Loppin B, Heyer V, Degrave A,
et al. Expression of the Zebra sh Genome During EmbryogeihdbsisR01
RR15402). ZFIN Direct Data Submission (2001). Available onlinbtgp:/

z n.org (accessed March 27, 2019).

Chong SW, Nguyet LM, Jiang YJ, Korzh V. The chemokine Sdifdlita
receptor Cxcr4 are required for formation of muscle in zebra BMC Dev
Biol. (2007) 7:54. doi: 10.1186/1471-213X-7-54

Nasevicius A, Ekker SC. E ective targeted gene 'knogkdim zebra sh.Nat
Genet(2000) 26:216-20. doi: 10.1038/79951

Herbert SP, Cheung JY, Stainier DY. Determination of endialtstalk versus

tip cell potential during angiogenesis by H2.0-like homeoboxzirr Biol
(2012) 22:1789-94. doi: 10.1016/j.cub.2012.07.037

Miao Z, Luker KE, Summers BC, Berahovich R, Bhojani MS, Reftlandt,

et al. CXCR7 (RDC1) promotes breast and lung tumor groimtkivo and is
expressed on tumor-associated vasculatBrec Natl Acad Sci USA2007)
104:15735-40. doi: 10.1073/pnas.0610444104

Phng LK, Stanchi F, Gerhardt H. Filopodia are dispensable fathatial tip

cell guidanceDevelopmen(2013) 140:4031-40. doi: 10.1242/dev.097352
Salcedo R, Wasserman K, Young HA, Grimm MC, Howard OM, Anver
MR, et al. Vascular endothelial growth factor and basic broblasiwgh
factor induce expression of CXCR4 on human endothelial céllsvivo
neovascularization induced by stromal-derived factor-1lalgha. J Pathal
(1999) 154:1125-35.

Ulvmar MH, Werth K, Braun A, Kelay P, Hub E, Eller K, et al. The atypical
chemokine receptor CCRL1 shapes functional CCL21 gradients in lymph
nodesNat Immunol (2014) 15:623-30. doi: 10.1038/ni.2889

Zengel P, Nguyen-Hoang A, Schildhammer C, Zantl R, Kahl V, Hommie
Slide Chemotaxis: a new chamber for long-term chemotaxis stusi€. Cell
Biol. (2011) 12:21. doi: 10.1186/1471-2121-12-21

Frontiers in Immunology | www.frontiersin.org

15

May 2019 | Volume 10 | Article 1092



Tobia et al.

CXCRY7 Cues in Cell Migration

37.

38.

39.

40.

41.

42.

43.

44.

Volin MV, Joseph L, Shockley MS, Davies PF. Chemokine receptoR@
expression in endotheliunBiochem Biophys Res Comm(ir998) 242:46-53.
doi: 10.1006/bbrc.1997.7890

Nguyen PD, Hollway GE, Sonntag C, Miles LB, Hall TE, Berger 8. et
Haematopoietic stem cell induction by somite-derived endothediells
controlled by meoxINature (2014) 512:314-8. doi: 10.1038/nature13678
Isogai S, Lawson ND, Torrealday S, Horiguchi M, Weinstein BiWjidgenic
network formation in the developing vertebrate trurRevelopment(2003)
130:5281-90. doi: 10.1242/dev.00733

Nasevicius A, Larson J, Ekker SC. Distinct requirementszéira sh
angiogenesis revealed by a VEGF-A morphafgast (2000) 17:294-301.
doi: 10.1002/1097-0061(200012)17:4<294::AID-YEABLSB,2-5

Lawson ND, Vogel AM, Weinstein BM. Sonic hedgehog anctulas
endothelial growth factor act upstream of the Notch pathway
during arterial endothelial di erentiation. Dev Cell (2002) 3:127-36.
doi: 10.1016/S1534-5807(02)00198-3

Meyen D, Tarbashevich K, Banisch TU, Wittwer C, ReichiRead M,

45.

46.

47.

48.

Sanchez-Alcaniz JA, Haege S, Mueller W, Pla R, Mackay F, Sshulz
et al. Cxcr7 controls neuronal migration by regulating chemokine
responsivenessNeuron (2011) 69:77-90. doi:
12.006

Saaber F, Schutz D, Miess E, Abe P, Desikan S, Ashok Kumar
et al. ACKR3 regulation of neuronal migration requires ACKR3
phosphorylation, but not beta-arrestirCell Rep (2019) 26:1473-88 9.
doi: 10.1016/j.celrep.2019.01.049

Yamada K, Maishi N, Akiyama K, Tow k Alam M, Ohga N, Kawamoto
T, et al. CXCL12-CXCR7 axis is important for tumor endothelial cell
angiogenic propertyInt J Cancer (2015) 137:2825-36. doi: 10.1002/ijc.
29655

Zhang M, Qiu L, Zhang Y, Xu D, Zheng JC, Jiang L. CXCL12 erésan
angiogenesis through CXCR7 activation in human umbilical veidathelial
cells.Sci Rep(2017) 7:8289. doi: 10.1038/s41598-017-08840-y

Conict of Interest Statement: The authors declare that the research was

10.1016/j.neuron.2010.

Maugis B, et al. Dynamic lopodia are required for chemokine-dependen conducted in the absence of any commercial or nancial relatigps that could

intracellular polarization during guided cell migratian vivo. Elife (2015)  be construed as a potential con ict of interest.

4:e05279. doi: 10.7554/eLife.05279

Berahovich RD, Zabel BA, Lewen S, Walters MJ, Ebsworth KgWaet al. ~ Copyright © 2019 Tobia, Chiodelli, Barbieri, Buraschi, FerMitola, Borsani,

Endothelial expression of CXCR7 and the regulation of systemicl®C Guerra and Presta. This is an open-access article distiutder the terms
levelsiImmunology (2014) 141:111-22. doi: 10.1111/imm.12176 of the Creative Commons Attribution License (CC BY). Thedisteibution or

Wang H, Beaty N, Chen S, Qi CF, Masiuk M, Shin DM, et al. Thereproduction in other forums is permitted, provided themalgauthor(s) and the
CXCR7 chemokine receptor promotes B-cell retention in the spleniccopyright owner(s) are credited and that the original patidic in this journal

marginal zone and serves as a sink for CXCLBI®od (2012) 119:465-8.
doi: 10.1182/blood-2011-03-343608

is cited, in accordance with accepted academic practicaséydlistribution or
reproduction is permitted which does not comply with tleesest

Frontiers in Immunology | www.frontiersin.org

16

May 2019 | Volume 10 | Article 1092



