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Blood vessel-resident macrophages
safeguard blood and vessel integrity

in zebrafish
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Tissue-resident macrophages populate nearly all organs, where they adopt
tissue-specific roles essential forimmune defense, tissue development
and homeostasis. Their dysfunction contributes to inflammation,

cancer and other diseases. Whether a dedicated macrophage population
operates within the extensive vascular network, one of the body’s largest
and most widely distributed tissues, has remained unknown. Here, using
high-resolution spatiotemporal live imaging in zebrafish embryos, we

identify adistinct population of macrophages residing within blood vessels,
termed blood vessel-resident macrophages (bM®s), with conserved
featuresin mice. bM®s patrol the bloodstream, clear foreign particles and
unfit cells, and act as first responders to endothelial damage. bM®s emerge
directly from axial vessels through an atypical endothelial-to-macrophage

transition thatis independent of Runxl and Csflr. Our findings reveal a
previously unrecognized macrophage population dedicated to vascular
immune surveillance, uncovering mechanisms that preserve blood and
vessel integrity and offering potential therapeutic avenues for bloodborne
and vascular diseases.

Macrophages, first described over a century ago for their ability
to engulf debris and pathogens, display remarkable plasticity and
heterogeneity' . Presentin nearly all tissues from early fetal develop-
ment through adult life, most tissue-resident macrophages originate
from yolk-sac-derived erythroid-myeloid progenitors (EMPs), with
partial replacement by macrophages originating from bone marrow
hematopoietic stem cell-derived monocytes*”. Given the scale of the
vertebrate vascular network and the need to maintain blood quality
and endothelial integrity, it remains unclear whether adedicated mac-
rophage populationresides inside blood vessels. Kupffer cellsin hepatic
sinusoids filter portal venous blood to remove gut-derived microbes
and debris®, and red pulp macrophages phagocytose senescent eryth-
rocytes and pathogens within the unique open circulatory system of
the spleen”°. However, these actions are restricted to these tissues’
specific vascular niches, leaving most blood vessels unmonitored.

Patrolling monocytes can initiate early immune responses”, yet
rapidly extravasate into the infected tissue and differentiate into
macrophages", emphasizing their transient nature. Here, we iden-
tify a bona fide population of intravascular macrophages that con-
tinuously safeguards blood and vessel integrity, which we term blood
vessel-resident macrophages (bM®s).

To determine how threats are cleared from the bloodstream,
fluorescently labeled foreign particles and cells were injected into
the circulation of zebrafish embryos 3 days post fertilization (dpf),
in which the flila promoter drives mCherry expression and labels all
vascular endothelial cells (ECs)™ (Fig. 1a). Within 30 min, particles
and cells were exclusively phagocytosed by cells with an unusually
bright mCherry signal (mCherry®") (Fig. 1b, Extended Data Fig. 1a
and Supplementary Video1). These phagocytic mCherry® " cells were
located inside venous blood vessels of the caudal part of the trunk, also
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known as the caudal vein plexus (CVP). Under homeostatic conditions,
mCherry® €™ cells were already present in the CVP and their numbers
did not change after foreign particle exposure (Fig. 1b, bottom, and
Extended Data Fig. 1b). Zymosan injected into the tissue adjacent to
the CVP did not result in extravasation of intravascular mCherry®eh
cells (Fig. 1c and Supplementary Video 2), indicating that they func-
tionwithinthe vasculature. High-spatiotemporal-resolution imaging
showed that mCherry®€" cells were not embedded in vessel walls but
crawled with an ameboid-like movement along the luminal surface,
independently of blood flow direction (Fig. 1d and Supplementary
Videos 3 and 4), often transiently obstructing flow, indicative of strong
endothelial adhesion (Supplementary Video 4).

To identify the nature of mCherry®€™ cells, we crossed our flila
reporter line with the reporter transgenic lines Tg(mpx:GFP)" (where
Tgis transgenic, mpx is myeloid-specific peroxidase and GFP is green
fluorescent protein) and Tg(mpeg:GFP)** (where mpeg is macrophage
expressed 1 (tandem duplicate 1; mpegl.1)), which label neutrophils
and macrophages, respectively. While no mCherry® & cells expressed
GFP in the neutrophil line (Fig. 2a, top), they all expressed GFP in the
macrophage line (Fig. 2a, bottom), indicating a macrophage identity.
mCherry® " cells were also detected using combinations of alternative
endothelial specific (thatis, kdrl and fit4)""° and macrophage (mpeg)"”
reporter line (Extended Data Fig. 2a-g). We thus identified a popula-
tion of phagocytic macrophages expressing endothelial markers and
confined to the vasculature, which we termed blood vessel-resident
macrophages (bM®s).

We then sorted bM®s (flila'mpeg*), macrophages residing
within the tissue (flila-mpeg’, referred to as tissue macrophages),
ECs (flila'mpeg") and neutrophils (mpx*) on the basis of fluorescent
reporter expression to compare their morphology. bM®s were dis-
tinguishable by filopodia-like protrusions on their surface (Fig. 2b
and Extended Data Fig. 2h,i). Such actin-rich protrusions are typically
used for attachment, migration, and as cellular tentacles to sense,
catch and pull particles'®"”. Inhibition of actin polymerization by a
low dose of Latrunculin Aimpaired bM® attachment (Fig. 2c and Sup-
plementary Video 5) and reduced clearance of intravascularly injected
zymosan, leaving most particles circulating freely (Fig. 2d, arrows).
These protrusions are therefore essential for endothelial adhesion and
phagocytosis. Intravascular injection of fluorescently labeled peanut
agglutinin (PNA) did not bind to bM®s, but only to CVP venous ECs
(Extended Data Fig. 2j), demonstrating that bM®s are not dendritic
cells (DCs), which also display similar filopodia-like protrusions or
dendrites®>?. Altogether, we identified a previously unrecognized
population of intravascular macrophages, marked by endothelial
(flila, kdrl and flt4) and macrophage (mpeg) reporters, that actively
phagocytoses foreign particles and cells within the bloodstream.

Macrophage development depends on spi-1 proto-oncogene b
(spi1b) (PU.1)** and downstream-acting interferon regulatory factor 8
(irf8)*. While spilb s required for the differentiation of EMPs into bipo-
tential neutrophil-macrophage progenitors?, irf8 skews these pro-
genitors toward macrophage lineage at the expense of neutrophils*?.
Injection of well-characterized morpholino oligonucleotides (MOs)
to knock down irf8* or spilb* eliminated nearly all bM®s and tissue

macrophages (Fig. 2e), indicating that bM® formation relies on classi-
calmyeloid transcription factors. Accordingly, zymosaninjected into
the circulation of spilb morphants was not phagocytosed (Fig. 2f and
Supplementary Video 6), confirming that bM®s are solely responsible
for clearing foreign particles from the blood. We next analyzed blood
from Tg(flila:laCherry; mpeg:GFP) (where laCherry is lifeactCherry)
adult zebrafish and identified laCherry*GFP" cells resembling embry-
onic bM®s (Fig. 2g,h), which phagocytosed retro-orbitally injected
zymosan into Tg(flila:laCherry) adults (Fig. 2i). Thus, bM®s are also
present and functionally active in adult zebrafish.

We then asked whether bM®s contribute to blood homeostasis,
for example by monitoring endogenous circulating cells. bM®s can be
uniquely identified by their distinct mCherry®¢" appearance, allowing
the use of GFP reporter lines to mark erythrocytes or hematopoietic
stem and progenitor cells (HSPCs). High-temporal single z-plane imag-
ing of the CVP region showed bM®s (mCherry®") catching circulating
erythrocytes (GFP*) and, after prolonged surface interactions, either
releasing them (Fig. 3a and Supplementary Video 7) or phagocytos-
ing them (Fig. 3b and Supplementary Videos 8 and 9). Phagocytosed
erythrocytes were often unusually large, suggesting that bM®s elimi-
nate abnormal or unfit cells from the circulation. Importantly, this
surveillance behavior was not restricted to erythrocytes but extended
also to HSPCs (Fig. 3c and Supplementary Video 10), with occasional
uptake of asmall portion of fluorescent cytoplasmic material through
trogocytosis (Fig. 3d), release or phagocytosis (Fig. 3e).

TofurtherexplorebM® functionintissue homeostasis, we adapted
an ultraviolet (UV) light-responsive optogenetic tool* to induce EC
apoptosis (Fig. 3f, top). We ablated ECs in asingle intersegmental ves-
sel (ISV) in embryos expressing the transgene PhoCl2c-Bid-mClover
(where Bid is BH3 interacting-domain death agonist), either stably in
all ECs or mosaically. In these embryos, bM®s (flila'mpeg®) rapidly
arrived at the injury site, efficiently clearing EC debris (flila"mpeg")
while neighboring tissue macrophages (flila-mpeg*) dwelled only
shortly around theinjury site and occasionally phagocytosed EC debris
(Fig. 3f, bottom, asterisks, Extended Data Fig. 3a and Supplementary
Videos 11 and 12). Neutrophils are known for their rapid response to
damage. However, like tissue macrophages, neutrophils were only
occasionally recruited, had short dwell times around the injury and
showed little to no phagocytosis of EC debris (Extended Data Fig. 3b,
arrows, and Supplementary Video 13). Altogether, these data suggest
thatbM®s contribute to blood and vascular homeostasis by surveying
the circulation for foreign particles and unfit endogenous cells and by
serving as first responders to EC damage.

To study the spatiotemporal origin of bM®s, we imaged the
entire trunk region starting from ~20 hpf. Just after the initiation of
blood flow (25 hpf), bM®s (visualized as mCherry°€") emerged
from both the roof and floor of the dorsal aorta (DA) and from the
roof of the posterior cardinal vein (PCV) (Fig. 4a). Although bM®s
were also produced from the PCV floor, their emergence was dif-
ficult to image owing to delayed mCherry expression at this time
point”. After emergence, bM®s entered the bloodstream; some
appeared in the common cardinal vein (CCV), which runs bilaterally
over the yolk ball, while others traveled to the caudal vein (Fig. 4a,

Fig.1|Intravascular flilamCherry®e" cells phagocytose foreign particles
and cells. a, Schematic representation of a 3-dpf zebrafish embryo. The axial
view (dashed box) is generated postprocessing to visualize the intraluminal
space of the blood vessels. Anterior is oriented to the left for allimaging data

in this study. b, Images of the CVP of 3-dpf Tg(flila:laCherry) embryos after
intravascular injection of fluorescently labeled particles (E. coli, zymosan

(S. cerevisiaebioparticles), polymeric beads) or cells (donor erythrocytes from
adult Tg(globin:eGFP)) (green). Injection in the CCV as indicated in the scheme
ina. AllECs (flila) are labeled with laCherry (magenta) that is fused N-terminally
tolifeact (la), a small actin-binding peptide thatis incorporated into the actin
cytoskeleton. GFP* particles and cells (green) were exclusively phagocytosed

by mCherry®€" cells. The bottom panel shows the non-injected control.
mCherry®&" cells are indicated by asterisks. ¢, Stillimages of Supplementary
Video 2in which zymosan particles (green) were injected into the tissue adjacent
tothe CVP of a Tg(flila:laCherry) embryo.d, Stillimages of Supplementary
Videos 3 (left) and 4 (right), showing 3-dpf Tg(flila:laCherry) embryos

injected with zymosan (left) or not injected (right). DA, CVP, erythrocytes and
mCherry®€" cells are outlined and colored on brightfield single z-slide images.
Images are representative of n = 3 independent experiments (30 embryos
analyzedintotal) (b), n=2 (10 embryos analyzed in total) (c),and 2and 5
independent time-lapse experiments, respectively (d). Scale bars, 20 pm.

e, erythrocyte.
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Fig. 2| FlilamCherry®e" cells are macrophages depending on the

myeloid transcription factors spi1b and irf8. a, Images of the CVP of 3-dpf
Tg(flila:laCherry; mpx:GFP) (top) and Tg(flila:laCherry; mpeg:GFP) (bottom)
embryos, where neutrophils and macrophages are marked by GFP (green),
respectively. All ECs are marked by mCherry (magenta). Asterisks depict
mCherry®&" cells. b, Images of bM®s, ECs, tissue macrophage and neutrophils
sorted by flow cytometry based on the indicated fluorophores after May-
Griinwald Giemsa staining. ¢, Stillimages of Supplementary Video 5inwhich a
3-dpf Tg(flila:laCherry) embryo was treated with Latrunculin A. Asterisks indicate
bM®s. d, Image of the CVP of a 3-dpf Tg(flila:laCherry) embryo pretreated
for1hwith Latrunculin A, followed by anintravascular injection of zymosan
particles (green). Arrows indicate nonphagocytosed zymosan. e, Images and
quantification of bM®s in the CVP of 3-dpf Tg(flila:laCherry; mpeg:GFP) embryos
injected with a control, irf8 or spilb MO (4 ng). f, Still image of Supplementary
Video 6 inwhich zymosan particles were intravascularly injected in a 3-dpf spilb
morphant (7Tg(flila:laCherry)). g, Representative flow cytometry plot and gating

strategy for sorting bM®s from adult Tg(flila:laCherry; mpeg:GFP) zebrafish
blood. Sorted cells were cytocentrifuged (cytospin) and stained by May-
Griinwald Giemsa before imaging. Representative pictures of bM®s.

h, Representative images of a blood smear of adult Tg(flila:laCherry; mpeg:GFP)
zebrafish. i, Representative images of a blood smear of adult Tg(flila:laCherry)
zebrafish retro-orbitally injected with zymosan. Images are representative

of n=3independent experiments (30 embryos analyzed in total) (a),n=4
independent sorts and cytospins (b), n =2 independent time-lapse experiments
(c,dandf)and n=2 (20 embryos) (e). The flow cytometry plotis a representative
of n=3(4adults/n) independent experiments (g), and images are representative
of n=2 (4adults/n) independent experiments (h and i). Percentages of
populations are indicated in the quadrants and gates of each plot. Scale bars,

20 pm (aand c-f) and 5 um (b). The box plot shows the median (center), first

and third quartiles (bounds) and 1.5 times the interquartile range (whiskers) (e).
Statistical analysis was performed using a Kruskal-Wallis test followed by Dunn’s
multiple comparisons test versus WT (e).

Extended Data Fig.4a,b and Supplementary Video 14). Consistently,
venous ECs photoconverted in the PCV at 24 hpf could be traced
into the caudal vein (CV) 1 day later (Extended Data Fig. 4c). While
the DA and PCV stopped producing bM®s after ~30 hpf, venous
ECs in the CVP continued producing bM®s up to 3 dpf (Fig. 4b,c,
Extended Data Fig. 4d and Supplementary Videos 15 and 16). bM®
production involved rapid morphological changes in ECs, enabling
them to emerge directly as bM®s from the vessel wall into the cir-
culation, with mCherry adopting its characteristic appearance. We
termed this process endothelial-to-macrophage transition (EMacT).
Thus, bM® production starts just after the initiation of circulation
(~25 hpf) from both arterial and venous ECs of the DA and PCV and
becomes restricted to the CVP around 30 hpf.

Tofurtherexplore the capacity of the CVPto produce bM®s, we pre-
vented their productionbyinjectingalow dose of spilb MO (2 ng), which
interfered with spilb mRNA splicing up to 3 dpf (Extended Data Fig. 4e).
In these embryos, the CVP started to produce bM®s de novo from

3 dpfonward (Fig. 4d,e and Extended Data Fig. 4f). A higher spilb
MO dose (4 ng) caused an additional 1-day delay in bM® production
(Fig.4e). These de novo produced bM®s were functional, phagocytos-
ingintravascularly injected zymosan (Extended Data Fig. 4g). Mosaic
overexpression of spilbin ECsincreased the number of ECs undergoing
EMacT, and consequently the number of bM®s, but this occurred at
the expense of vascular morphology and integrity. (Fig. 4f, asterisk,
and Extended Data Fig. 4h, magenta arrow). Importantly, some venous
spilb-expressing ECs (mClover*) did not undergo EMacT (Fig. 4f, yellow
arrows, and Extended Data Fig. 4h, yellow arrows), suggesting that not
all ECs are competent for this transition.

Arterial ECs in the floor of the DA (in the aorta-gonad-meso-
nephros (AGM) region) produce HSPCs via a RunxI-dependent
endothelial-to-hematopoietic transition®® 2, In runxI morphants,
the number of bM®s remained normal, while the number of HSPCs
was significantly reduced (Fig. 4g and Extended Data Fig. 4i). Further-
more, bM®s lacked co-expression of the HSPC markers cd41 or gata2b
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(Extended Data Fig. 4j), confirming that bM®s do not originate from
HSPCs but instead arise through a novel runxi-independent EMacT
that persists in the CVP until at least 5 dpf.

To gain further insight into the cellular and molecular dif-
ference between bM®s, ECs and tissue macrophages, we sorted
~5,000 cells of each population and performed mass spectrometry
(Extended DataFig. 5a). We identified 55 unique proteins in bM®s, 95
shared with tissue macrophages and 33 shared with ECs (Fig. 5a,b and
Extended Data Fig. 5b). Filtering for proteins with known function in
myelopoiesis, endothelial biology and adhesion (Fig. 5¢) revealed
anotable lack of detection of colony-stimulating factor 1 receptor
(Csflr or M-csfr) inbM®s (Fig. 5¢). Animals deficient in Csflr are largely
macrophage deficient®?*. To test whether the lack of csflr affected
bM® production and/or function, we intercrossed csfria” csfrib*"
zebrafish® and found a reduction in tissue macrophage numbers
but normal numbers and distribution of bM®s in double mutants
(csflra”b™") (Fig.5d,e). These bM®s were functional, phagocytosing
intravascularly injected zymosan (Extended Data Fig. 5¢c) and respond-
ing toendothelial damage (Extended DataFig. 5d and Supplementary
Video17). HSPC numbers colonizing the CHT in csfIr double mutants at
3 dpfwere unchanged (Extended Data Fig. 5e), suggesting that bM®s
aloneare sufficient for normal HSPC productioninthe AGM and expan-
sion in the CHT. However, in the irf8 and spilb morphants, where all
macrophages are absent, HSPC numbers were similarly unaffected
(Extended Data Fig. 5f). This probably reflects an accumulation of
stressed HSPCs, which would typically be eliminated, coupled with
adecrease in proliferating HSPCs*®, both processes probably regu-
lated by bM®s, ultimately resulting in no net change in HSPC numbers
at2and3dpf.

In addition, we performed single-cell RNA sequencing
(scRNA-seq) on bM®s, tissue macrophages and neutrophils sorted
from wild-type (WT) zebrafish, and on bM®s and metaphocytes
fromcsflra” b mutants®*. bM®s and tissue macrophages clustered
together (in clusters 0, 3 and 4), separately from neutrophils (clus-
ters 1and 5) and metaphocytes (cluster 2), supporting the notion
that bM®s are molecularly distinct from these lineages (Fig. 5f,g
and Extended Data Fig. 6a,b). Clusters 0 and 3 were enriched for
classical macrophage markers such as marco, corola, mpegl.1,
spilb and/or mfap4 (Fig. 5h). Most bM®s (80% from both WT and
csflra” b”” mutants) resided in cluster 0, which also included a
small fraction (17%) of tissue macrophages (Fig. 5g). Consistently,
bM®s sorted from zymosan injected embryos (bM®s zymosan®;
cluster10) clustered adjacent to cluster O and additionally expressed
inflammatory/activation-associated genes (¢tnfa, il1b and draml)
(Extended Data Fig. 6¢,d). Thus, cluster O is enriched for functional
bM®s, which exhibit high expression of macrophage markers as well
as some endothelial markers (fli1h, mrcib, lamp2, cxcl8a and itgav)
(Fig. 5h). Because cluster 4 was characterized by the expression of
dnmt3bb1, myb and gata2b” >’ —representing HSPCs/myeloid progeni-
tors that are also marked by the flila:laCherry;mpeg:GFP transgenes
(Fig. 5h)—we excluded cluster 4 from further analysis and show that
bM®s do express endothelial and macrophage markers (Fig. 5i). Aside

from slightly lower expression of some pro-inflammatory markers
(Fig. 5j,k), bM®s from WT and csflIra’ b”~ mutants were transcrip-
tionally nearly identical. This reinforces that bM®s are generated
and function independently of csflra and csfirb, despite low-level
transcript expressioninsome bM®s (Extended DataFig. 6e). Together,
these data support our functional and imaging data that bM®s rep-
resent a distinct subset of bona fide macrophages, characterized by
the co-expression of macrophage and endothelial markers. Although
molecularly similar to tissue macrophages, bM®s are distinguished
by their morphology, function and intravascular localization.

Using asimilar approachasin zebrafish, we analyzed blood from
adult and neonate mice 1 h after intravenous zymosan injection by
multicolor flow cytometry. Zymosan particles were phagocytosed by
cellswith the following phenotype: CSFIR7!" CX3CR1- CD11b* Ly6Chie"
Ly6G~ CD43* CD31" F4/80 (Extended Data Fig. 7a,b (adult blood);
Extended DataFig. 7c,d (neonatal blood); Extended DataFig. 8a,b (con-
trols)). This signature differs from known circulating myeloid popula-
tions, including patrolling/nonclassical monocytes (NCMs) (CSF1IR*
CX3CR1"e"CD11b* Ly6C-"~ CD43* CD317)""*° (Extended DataFig. 8c,d),
classical monocytes (CSFIR* CX3CR1'°" CD11b* Ly6C"ieh CD43'°%) and
neutrophils (Ly6G*). NCMs were nearly depleted from the blood fol-
lowing zymosan injection (Extended Data Fig. 8e), whereas bM®s
remained in circulation (Extended Data Fig. 7a-d). In addition to
sharing phagocytic capacity and phenotypic features (CSFIR- CD31"
(endothelial marker)) with zebrafishbM®s, their mouse counterparts
also displayed a similar morphology with pseudopod-like extensions
(Extended Data Figs. 7d and 8f), strongly suggesting that bM®s are
evolutionarily conserved.

Here, we identify aspecialized and conserved population of mac-
rophages that reside and function within the vasculature of zebrafish
and mice, termed bM®s. These cells maintain blood homeostasis by
catching, assessing and either releasing or phagocytosing circulating
foreign particles and abnormal endogenous cells, a process recently
dubbed ‘grooming’ and ‘dooming™*. bM®s also act as primary respond-
ersto endothelial damage, clearing endothelial debris, whereas tissue
macrophages and neutrophils contribute minimally. Whether bM®s
are required for blood vessel maintenance and function, analogous
to perivascular macrophages in skin capillaries* or microgliain the
brain****, remains unknown and will require tissue-specific or condi-
tional knockout strategies.

bM®s persist beyond development into adulthood with similar
phenotype and function. Whether these adult bM®ds have an embryonic
originand are maintained locally through self-renewal, or are produced
denovo through EmacT, remains unresolved. Notably, bM® formation
and function are preserved in csflr-deficient embryos that lack nearly
all other tissue macrophages®*~*¢, Because Csflris broadly expressed
across tissue macrophages, the CsfIr-EGFP mouse line (MacGreen) is
widely used to detect and visualize macrophages”. The lack of Csflr
detection in bM®s probably explains why they have remained unno-
ticed thus far.

Macrophagesin zebrafish have three established origins: the rostral
blood island (primitive macrophages), the posterior blood island (via

Fig. 3| bM®s maintain blood homeostasis and respond to vascular damage.
a,b, Stillimages of Supplementary Videos 7 (a) and 8 (b), illustrating the
catching, assessment and release (a) or phagocytosis (b) of erythrocytes by
bM®s, respectively, in the CVP of Tg(flila:laCherry; globin:GFP) embryos in
whicherythrocytes are GFP* (globin, arrow) and bM®s are mCherry®€" (flila,
asterisk). Arrows in the magnification image show the intimate contact between
the erythrocyte and bM®. ¢, Stillimages of Supplementary Video 10, showing
theinteractions between HSPCs that are marked by GFP (gata2b, arrows) and
bM®s that are mCherry® €™ (flila, asterisk). d, Images of the CVP region of a 3-dpf
Tg(flila:laCherry; cd41:GFP) embryo, where HSPCs are GFP* (cd41) and bM®s

are mCherry""&" (flila). The asterisk indicates abM® that engulfed cytoplasmic
material of a GFP* HSPC. The dashed square is shown enlarged in the right image.

e, Time-lapse stillimages illustrating the phagocytosis of a HSPC by abM®. In
the CVP of 3-dpf Tg(flila:laCherry; gata2b:KalTA4; uas:laGFP), HSPCs are GFP*
(gata2b, arrow) and bM®s are mCherry®€" (flila, asterisk). f, Top: schematic
representation of the optogenetic tool PhoCl2c-Bid. Upon a short UV light pulse
of 405 nm, Bid is photocleaved and activated, which ultimately leads to the
release of cytochrome c from the mitochondria and apoptosis of the cell. Bottom:
stillimages of Supplementary Video 11, showing the optogenetic ablation of
targeted ECs (translucent circle) in Tg(flila:laCherry; flila:PhoCl2c-Bid-mClover;
mpeg:GFP) embryos in which tissue macrophages are GFP*laCherry™ (arrow),
ECsare GFPlaCherry*and bM®s are GFP*laCherry* (asterisk). Images are
representative of n = 3 independent time-lapse experiments (a-f). Scale bars,
20 pm, except fora (5 pm).
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Fig. 4| bM®s originate from ECs that undergo a runx1-independent EMacT.

a, Left: schematic representation of a 24-hpf zebrafish embryo. The dashed line
indicates theimaging region (trunk). Right: stillimages of Supplementary Video
14 at two time points. All ECs are marked by laCherry (black). Bottom: insets from
differentlocations and time toillustrate the emergence of bM®s (arrows). b, Still
images of Supplementary Video 15. CVP region of a Tg(flila:laCherry) embryo.
Orange boxes represent the insets shown on the left. Asterisks show venous

ECs undergoing EMacT toward the luminal of the CV. ¢, Time-lapse still images,
showing the transition of a venous EC into abM® through EMacT (arrows).
Asterisks: bM®s already present in the CVP. Insets are a magnification of the
dashed orange box in the top panel, shown in lateral and axial views. d,e, Images
(d) and quantification (e) of bM®s in the CVP of Tg(flila:laCherry; mpeg:GFP)
embryos after control (ctrl) MO, or low (2 ng) or high (4 ng) doses of spilb MO
injection. Asterisks indicate de novo generated bM®s (mCherry®€"GFP*).
f,Images and quantification of bM®s in the CVP of 2-dpf Tg(flila:laCherry;
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flila:spilb-T2A-mClover) embryos, showing ectopically produced bM®s by
mosaic OE of Spilb-T2A-laClover. The asterisk depicts abM®. Arrows depict
ECs expressing Spilb that did not undergo EMacT. g, Images and quantification
of HSPCs and bM®s in the CVP of Tg(flila:laCherry; gata2b:KalTA4; uas:laGFP)
embryos after ctrl MO and runxI MO injection. HSPCs are GFP* (gata2b), and
bM®s are mCherry®&" (flila). Images are representative of n = 3 independent
time-lapse experiments (a-c), n=2 (2,3 and 4 dpf, 20 embryos per condition;
5dpf, 41embryos per condition) (dand e), n =2 (10 embryos) (f), n =2 (ctrlMO
HSPCs, 24 embryos; bM®s, 42 embryos; runxI MO HSPCs, 24 embryos; bM®s,
40 embryos) (g). Scale bars, 20 pum. OE, overexpression; NS, not significant.
Box plots show the median (center), first and third quartiles (bounds) and
1.5times the interquartile range (whiskers) (e-g). Statistical analysis was
performed using a Kruskal-Wallis test followed by Dunn’s multiple comparisons
test versus WT (e) and a two-tailed Mann-Whitney U test for comparison of two
conditions (fand g).

EMPs) and the ventral endothelial wall of the DA (via HSPCs). We now
introduce afourth origin generating intravascular bM®s dedicated to
blood and vessel homeostasis. bM®s arise directly through an unex-
pected EMacT, depending onirf8and spilbbut not runxI. Ectopic spilb
expression forces some venous ECs to undergo EMacT, while others do

not, supporting the heterogeneity of PCV and caudal vein ECs, which
canadoptarterial, venous, lymphatic*® or,as shown here, myeloid fates.

We also identified bM®-like cells in neonatal and adult mouse
blood, which are phenotypically distinct from circulating myeloid
populations (patrolling monocytes/NCMs, classical monocytes
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and neutrophils). bM®s also differ from macrophages derived from
CX3CR1'CSFIR" endothelial-macrophage progenitors, which do not
circulate and are confined to the aortic adventitia*’. Murine bM®-like
cells exhibit phagocytic capacity and share phenotypic and morpho-
logical similarities with zebrafish bM®s, suggesting that they represent

true and evolutionarily conserved bM®s. These findings challenge
current views of blood and vascular system maintenance and might
pave the way for using bM®s or bioengineered versions to target
blood-related diseases, as well as cardiovascular diseases involving
endothelial damage.
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Fig. 5| CsfIr-independent production of bM®s. a, Venn diagram showing
shared and distinct proteins per cell population. b, Three-dimensional plot

of clustered proteins by K-means clustering. ¢, Heatmap of proteins involved
inmyeloid differentiation, EC biology or cell adhesion. d, Image of the CVP

of 3-dpf Tg(flila:laCherry; mpeg:GFP) csflra’"b”~ (double mutant). Asterisks
depict bM®s. e, Top: quantification of tissue macrophages (Macs) in the trunk
region of the indicated offspring of an incross of Tg(flila:laCherry; mpeg:GFP)
csflra*"csflrb” (referred to as csfira*"b*") zebrafish. Bottom: quantification of
bM®s in the CVP of the offspring of aniincross of Tg(flila:laCherry; mpeg:GFP)
csflra”"b*" zebrafish.f, UMAP scatter plot after unsupervised clustering of
scRNA-seq data. g, Distribution of the sorted cell types in the different clusters
showninf. h, Dot plot representing the average expression and percent of cells
expressing aselection of HSPC, macrophage and endothelial genes, expressed

inthe different clusters showninf.i, Violin plots of gene expression levels of
mpegl.1, marco, mfap4, mfapbb, flilb, lamp2 and itgav, comparing bM®s (WT),
bM®s (csflira’b™"), tissue macrophages, metaphocytes and neutrophils.

j, Hallmark pathway enrichment in bM®s from WT or csflra” b embryos.

k, Violin plots of gene expression levels of il1b, tnfb, dram1, c1ga and cfp,
comparing bM®s from WT and csfIra”"b”~ embryos. Images are representative
of n=5independent experiments (5 embryos) (d), and quantification is from
n=1experiment (138 embryos) (e). Box plots show the median (center), first
and third quartiles (bounds) and 1.5 times the interquartile range (whiskers) (e).
Statistical analysis was performed using a Kruskal-Wallis test followed by Dunn’s
multiple comparisons test versus WT (e). log IBAQ, log Intensity-Based Absolute
Quantification.
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Methods

Animals

All animal procedures performed at the Hubrecht Institute were
approved by the local animal experiment committee and by the Animal
Experimentation Committee (DEC) of the Royal Netherlands Academy
of Arts and Sciences. Experiments were performed according to the
national and European animal welfare laws, guidelines and policies.

Zebrafish husbandry

The following zebrafish lines were previously described:
Tg(flila:lifeactCherry)"™ (ref. 50) referred to as flila:laCherry;
Tg(hbbel . 1:EGFP)¥** (ref. 51) referred to as Tg(globin:eGFP);
Tg(UAS:lifeactGFP)™! (ref. 52) referred to as UAS:laGFP;
Tg(gata2b:KalTA4)”’; Tg(-6.0itga2b:eGFP)"“ (ref. 53) referred to as
cd41:eGFP; Tg(mpeg:eGFP)¥ (ref. 14); Tg(mpx:eGFP)**; Tg(kdrl:Hsa.
HRAS-mCherry)"” referred to as kdrl:mCherry-CAAX; csflra* (ref. 54);
csflrb™® (ref. 55); Tg(Ola flt4:Gal4FF)"**°" (ref. 16), Tg(flIkl:Dendra2)*®
referred to as kdrl:Dendra, Tg(mpeg:Gal4.VP-16)"% (ref. 17) referred
to as mpeg:Gal4, Tg(UAS-E1B:NTR-mCherry)*” referred to as
UAS:mCherry, Tg(kdrl:GFP)*®.

Morpholino, plasmid injection and chemical treatment
Embryos were injected at the one-cell stage with MOs (GeneTools) or
50 ng plasmid with 100 ng tol2 mRNA. Spi1b (pu.1) translation block-
ing MO (5’-GATATACTGATACTCCATTGGTGGT-3")%; irf8 splice-site
MO (5’- AATGTTTCGCTTACTTTGAAAATGG-3')%; runxlI splice-site
MO, (5’- AGCGCTCTTACCGTATTTGGCGTCC-3’)*’; and scrambled MO
(control) were injected at similar concentrations to the targeted MO
(5’-CCTCTTACCTCAGTTACAATTTATA-3’). Capped tol2 mRNA was
synthesized from linearized pCS2+ constructs using the mMessage
mMachine SP6 kit (Ambion, AM1340). Embryos were treated with 5 nM
Latrunculin A (Cayman Chemical, #10010630) dissolved in ethanol
(stock 2,000x%). Control embryos were treated with ethanol alone
(2,000x diluted).

Intravascular and intratissue injections of particles or cells
Zebrafish embryos were injected with Zymosan A (Saccharomyces
cerevisiae) BioParticles conjugated with Alexa Fluor 488 (Invitrogen),
COMPEL magnetic COOH-modified beads (Glacial Blue; 3 pum; Bangs
Labs), and Escherichia coli labeled with CellTracker Green CMFDA
(Invitrogen), prepared according to the manufacturer’s instructions.
Blood from adult Tg(globin:GFP) fish was collected from the DA using
aglass microcapillary needle coated with heparin (5 mg ml™ dissolved
in saline), as previously described®. Particles and cells were injected
into the CCV (Fig. 1a) or into the tissue adjacent to the CVP.

For adult zebrafish, zymosan injection was done retro-orbitally
as previously described®.

Inadult mice, zymosan (2 x 10® particles) was injected into the tail
vein of adult C57BL/6 mice, and blood was collected retro-orbitally
1hpost-injection.

In neonatal mice, single C57BL/6 neonates (P2) were placed
directly on wet ice for 30-60 s to anesthetize the animal. Then, 50 pl
of zymosan (3.33 x 10° particles) was injected into the temporal (or
facial) vein, located just anterior to the ear bud on one side of the head,
using adissecting microscope. After injection, the neonates recovered
and rewarmed within 2-3 min and were placed back into the cage
with a heating pad underneath to facilitate recovery (as described in
ref. 62). Blood was collected 1 h post-injection by decapitation. Blood
was collected using a heparinized glass capillary into an EDTA-coated
Eppendorftube. All tubes were stored on ice for later flow cytometry
analysis or sorting.

Morpholino check
Tovalidate the spilb MO, we isolated total RNA from the indicated time
point with the RNeasy mini kit (Qiagen) following the manufacturer’s

instructions, including the DNAse treatment. cDNA was synthesized
with SuperscriptIll (Thermo Fisher) by using arandom hexamer primer.
A normal polymerase chain reaction (PCR) was run with the forward
primer (5-AGAGAGGGTAACCTGGACTGG-3’) onexon 2 and thereverse
primer (5-CCACTGGATGAATGTGATGC-3’) on exon 4. PCR product was
runona2% agarose gel, giving a product of 200 bpin WT embryos.

Cloning and generation of transgenic lines

To generate the Tg(flila:spilb-T2A-laClover) construct, we cloned the
coding sequence of zebrafish Spi1b (ENSDARGO0000000767) in frame
with the T2A sequence (5-GAGGGCAGAGGCAGTCTGCTGACATGCG-
GTGACGTGGAAGAGAATCCCGGCCCT-3’) and lifeact-mClover3 at
its C terminal. PCR products were ligated in front of the partial flila
promoter®, flanked by Tol2 sites, using the Gibson Cloning method
(NEB HiFi DNA Assembly Mix, E2621S). The optogenetic apoptosis
construct was generated by subcloning the NBid-PhoCl2c-CBid*
(Addgene plasmid #164051) and placing it with a T2A sequence and
mClover3infront oftheflila promoter that was flanked with Tol2 sites.
To generate Tg(UAS:laCherry), we cloned the lifeact tag N-terminally
5’-ATGGGTGTCGCAGATTTGATCAAGAAATTCGAAAGCATCTCAAA-
GGAAGAA-3') of mCherry and cloned it into a 4x nonrepetitive UAS®
plasmid containing Tol2 sites.

Genotyping

For the genotyping of the csflIra locus, we used a standard PCR pro-
tocol with an annealing temperature of 58 °C and the following
primers: forward (5’-CCTTTAACGCTGATGTGTGC-3’) and reverse
(5-GGAGCAAACCTTGCAGAGC-3’). On completion ofthe PCRrun, 0.1 pl
oftherestrictionenzymeBssSI-v2 (NEB) was directlyadded tothereaction
andincubated >1 hat37 °Cand runona3%gel. Asingleband of 242 bp can
bedetectedin WT animals, and two bands 0f123 + 119 bp canbe detected
inhomozygous mutants. For the csfirblocus, asimilar strategy was used
withthe primer set forward (5- CTTGCTGACAAATCCAGCAG-3'), reverse
(5’-GAGCTAACCGGACAAACTGG-3’) and Mspl (NEB) restriction enzyme.
WT bands after digestion are 203,132 and 71 bp, whereas homozygous
mutant bands are 331and 71 bp.

EC ablation and photoconversion

To ablate ECs in the Tg(flila:spilb-T2A-mClover3) embryos or to pho-
toconvert ECs in the Tg(kdrl:Dendra) embryos, we drew the desired
shapearoundthetargeted ECs with experimental regiontoolinZEN 3.9
software (Zeiss). This region was used to expose ECs to 100% 405-nm
light for ~10 s using the interactive bleaching tool.

Microscopy and postprocessing imaging
Live microscopy was done in environmentally controlled micro-
scopy system based on a Leica Thunder Imager or a Zeiss LSM 900
with Airyscan2. For all imaging, embryos were placed into a modi-
fied Four-Well WillCo dish®* submerged in E3 medium containing
0.168 mg ml™ = 0.0168% = 0.02% ethyl 3-aminobenzoate methanesul-
fonate (MS222; Sigma E10521) at atemperature of 28.5 °C.Imaging was
subsequently done with either 20x/0.75,40x/1.4 or 63x/1.46 objectives.
Images captured inairyscan2 mode (Zeiss LSM900) were first pro-
cessed in Zeiss ZEN (airyscan processing) and subsequently analyzed
using FIJI or Imaris software. In some cases, XY drifts were corrected
using the MultiStackReg plugin (FIJI; B. Busse, NICHD) and correction
of fluorescence bleaching by histogram matching (FIJI). Contrastin all
images was adjusted. Look-up tables were modified (red to magenta,
or red/green to black and white for better visualization) using FlJI or
Imaris. Videos and animations were created in Adobe After Effects.

Cell preparation, flow cytometry analysis/sorting, cytospin
and staining

For zebrafish embryos, embryos were anesthetized in E3 medium
containing 0.01% tricaine. After removal of medium, embryos were put
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in TrypLE (ThermoFisher, 12563011) for 45 min at 32 °C with vigorous
shaking. Cells were then washed with fluorescence-activated cell sort-
ing (FACS) buffer (phosphate-buffered saline (PBS) +2% fetal bovine
serum (FBS) + 2 mM EDTA), resuspended in FACS buffer supplemented
with 4,6-diamidino-2-phenylindole (DAPI; ThermoFisher, 0.5 pg mi™
final concentration) and subsequently filtered through 40-pm nylon
mesh. Cells were sorted on a FACS Aria Il (BD Biosciences) and col-
lected in FACS buffer for cytospin (Thermo Shandon Cytospin 4) or
in ice-cold PBS for mass spectrometry. After cytospin, slides were
air-dried atroom temperature and subsequently submerged in May-
Griinwald solution for 10 min, rinsed in phosphate buffer and incubated
in Giemsa solution for 20 min. Slides were rinsed with demi-water and
air-dried at room temperature. A coverslip was mounted with Eukitt
Quick-Hardening Mounting Medium (Sigma-Aldrich), and stained
cellswereimaged.

For zebrafish adults, blood from adult Tg(flila:laCherry) fish was
collected from the DA using aglass microcapillary needle coated with
heparin (5 mg ml™ dissolvedinsaline), as previously described®’. Blood
was transferred into an EDTA-coated (1.6 mg EDTA mI™) Eppendorftube
(K3E; Sarstedt). Erythrocytes were lysed by adding 2 ml of 1x I0Test 3
Lysing Solution (Beckman Coulter) and incubated for 10 min at room
temperature. Cells were washed twice with FACS buffer (PBS + 2%
FBS +2 mMEDTA), strained through a40-um mesh cell strainers (VWR)
and resuspended in FACS buffer + DAPI (ThermoFisher, 0.5 pg ml™
final concentration). Samples were acquired on a CytoFLEX cytometer
(Beckman Coulter) and reanalyzed using FlowJo (BD Biosciences).

For adult and neonatal mice, blood was collected in EDTA-coated
(1.6 mg EDTA mI™) Eppendorftube (K3E; Sarstedt). Blood was diluted
with FACS buffer (PBS +2%FBS + 2 mM EDTA) to the desired concentra-
tion, and antibodies were directly added for 30 min at 4 °C. Directly
after staining, the erythrocytes were lysed by adding 2 ml of 1x IO Test
3 Lysing Solution (Beckman Coulter) and incubated for 10 minatroom
temperature. Cells were washed twice with FACS buffer (PBS + 2%
FBS +2 mM EDTA), strained through a40-um mesh cell strainers (VWR)
and resuspended in FACS buffer + DAPI (ThermoFisher, 0.5 pg ml™ final
concentration). The following antibodies were used: BD Pharmingen:
CD31-PE (cat. no. 553373); CD43-APC (cat. no. 560663); CX3CR1-PE
(cat. no. 567530); Ly6C-FITC (cat. no. 553104); Ly6C-APC (cat. no.
560595); Ly6G-PE (cat. no.561104); CD115-PE (CSF1R; cat. no. 565249);
CD62L-FITC (cat. no. 553150); CD11b-FITC (cat. no. 553310); CD11b-PE
(cat. no. 553311); BioLegend: CX3CR1-APC (cat. no. 149007); Bio-Rad:
F4/80-RPE (cat. no. MCA497G). Isotype-matched control antibodies
were used for controls. Samples were acquired on a CytoFLEX cytom-
eter (Beckman Coulter) and reanalyzed using FlowJo (BD Biosciences).

Proteomics, scRNA-seq and data analysis
Proteomics. For global proteome analysis of whole-cell extracts, cells
were lysed in 100 mM Tris-HCI, pH 8.2, containing 1% sodium deoxy-
cholate using sonicationinaBioruptor Pico (Diagenode). Protein con-
centrations were measured using a bicinchoninic acid assay (Thermo
Fisher Scientific). For this, 100 pg protein was reduced in lysis buffer
with 5 mM dithiothreitol and alkylated with 10 mM iodoacetamide.
Next, proteins were digested with 2.5 pg trypsin (1:40 enzyme:substrate
ratio) overnight at 37 °C. After digestion, peptides were acidified with
trifluoroacetic acid to a final concentration of 0.5% and centrifuged
at 10,000g for 10 min to spin down the precipitated sodium deoxy-
cholate. Peptides dissolved in the supernatant were desalted on a
50-mg C18 Sep-Pak Vac cartridge (Waters). After washing the cartridge
with 0.1% trifluoroacetic acid, peptides were eluted with 50% acetoni-
trile and dried in a Speedvac centrifuge. Peptides were then analyzed
by nanoflow liquid chromatography-tandem mass spectrometry
(MS/MS) as described below.

Nanoflow liquid chromatography-MS/MS was performed on an
EASY-nLC system (Thermo) coupled to an Orbitrap Eclipse Tribrid mass
spectrometer (both Thermo Fisher Scientific) operating in positive

mode and equipped with a nanospray source. Peptide mixtures were
trapped on a ReproSil C18 reversed phase column (Dr Maisch GmbH;
columndimensions1.5 cm x 100 pum, packed in-house) at a flow rate of
8 ul min™. Peptide separation was performed on ReproSil C18 reversed
phase column (Dr Maisch GmbH; column dimensions 15 cm x 50 pm,
packed in-house) using a linear gradient from 0% to 80% B (A= 0.1%
formicacid; B=80% (v/v) AcN, 0.1% formic acid) in120 minand atacon-
stant flow rate of 250 nl min™. The column eluent was directly sprayed
into the electrospray lonization source of the mass spectrometer.

Allmass spectra were acquired in profile mode; the resolution in
MS1 mode was set to 120,000 (automatic gain control (AGC) target:
4ES) and the m/zrange to 350-1,400. Fragmentation of precursors was
performed in 2-s cycle time data-dependent mode by higher-energy
collisional dissociation (or beam-type collisioninduced dissociation)
with a precursor window of 1.6 m/zand a normalized collision energy
of 30.0; MS2 spectra were recorded in the Orbitrap at a resolution of
30,000.Singly charged precursors were excluded from fragmentation,
and the dynamic exclusion was set to 60 s.

For dataanalysis, Data-Dependent Acquisition raw datafiles were
analyzed using the MaxQuant software suite (version 2.0.3.0, www.
maxquant.org)® for the identification and relative quantification of
proteins. ‘Matchbetween runs’ was disabled, and afalse discovery rate
of 0.01 for peptides and proteins and a minimum peptide length of 6
amino acids were required. The Andromeda search engine was used
tosearchthe MS/MS spectra against the Danio rerio UniProt database
(version March 2022) concatenated with the reversed versions of all
sequences and a contaminant database listing typical background
proteins. A maximum of two missed cleavages was allowed. MS/MS
spectrawere analyzed using MaxQuant’s default settings for Orbitrap
and ion trap spectra. The maximum precursor ion charge state used
for searching was 7, and the enzyme specificity was set to trypsin.
Further modifications were cysteine carbamidomethylation (fixed)
as well as methionine oxidation (variable). The minimum number of
peptides for positive proteinidentification was set to 2. The minimum
number of razor and unique peptides was set to 1. Only unique and
razor peptides—unmaodified, with oxidized methionine, or N-terminally
acetylated—were used for protein quantitation. The minimal score for
modified peptides was set to 40 (default value).

SORT sequencing. For scRNA-seq, cells were prepared as described
above and sorted into 384-well plates. Plates were processed by Single
Cell Discoveries using the SORT-seq protocol®. lllumina sequencing
libraries were prepared using TruSeq Small RNA primers (Illumina) and
paired-end sequenced with aread length of 75 bp on the lllumina Next-
Seqplatform.Intotal, ten 384-well plates were sequenced containing
one cell per well, two plates per cell type (bM®s, macrophages, neu-
trophils from WT and bM®s and metaphocytes from csflra”’ b™") Map-
ping was performed against the zebrafish reference genome assembly
version 9 (Zv9). Next, single-cell datawere analyzed using Seurat®. The
following parameters were used: variable features = all genes, dimen-
sions =50 and resolution = 0.2. This resulted in the identification of
ten clusters that were plotted in atwo-dimensional Uniform Manifold
Approximation and Projection (UMAP).

Statistical analysis and experimental setup

For eachinvivo experiment, animals from the same clutch were divided
into different treatment groups without any bias. The whole clutch
was excluded if more than 10% of control embryos displayed obvious
developmental defects. Animals were randomly selected for analysis
and imaging, and, if applicable, genotyped afterward. If necessary,
statistical analysis was performed using SPSS 20 (IBM). To compare two
groups, statistical analysis was performed using a Kruskal-Wallis test
followed by Dunn’s multiple comparisons test versus WT. For multiple
groups, statistical analysis was performed using a Kruskal-Wallis test
followed by Dunn’s multiple comparisons test versus WT.
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Mass spectrometry raw data files were uploaded to the ProteomeX-
change Consortium via the PRIDE partner repository with the data
identifier PXD052344. The scRNA-seq dataset has been deposited at
the NCBI Gene Expression Omnibus (GEO) repository under accession
number GSE296640. Source data are provided with this paper.
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Extended Data Fig. 1| Intravascular phagocytosis of donor erythrocytes by zymosan. Images are representative of n =1(5embryos) (a). n =1, non-injected
flilamCherry®e™ cells. a, Images of the CVP of a3 dpf Tg(flila:laCherry) embryo (30 embryos); zymosan injected (33 embryos) (b). Scale bars: 20 pum. CVP,
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Extended Data Fig. 2| Phenotypic and functional characterization of

bM®s. a-e, Images and close-up of the CVP region of 3 dpf embryos from (a, b)
Tg(kdrl:mCherry-CAAX; mpeg:GFP), where all ECs are labelled with mCherry-CAAX
(kdrl) and macrophages with GFP (mpeg), (c) Tg(flt4:Gal4; UAS:laCherry;
mpeg:GFP), where all ECs are labelled with laCherry (fIt4) and macrophages

with GFP (mpeg), (d) Tg(flila:laCherry; kdrl:GFP), where all ECs are labelled with
laCherry (flila) and GFP (kdrl) and (e) Tg(mpeg:Gal4; UAS:mCherry; kdrl:GFP),
where all ECs are labelled with GFP (kdrl) and macrophages with mCherry (mpeg).
Asterisks show mCherry'GFP* cells. f, Representative flow cytometry plot of 3 dpf
Tg(mpeg:Gal4; UAS:mCherry; kdrl:GFP) embryos. g, Close-up of the CVP region

of a3 dpf Tg(flila:laCherry; kdrl:Dendra) embryo, where all ECs are labelled
withlaCherry (flila) and Dendra (green; kdrl). Asterisks show mCherry*GFP*

cell. h, i, Representative flow cytometry plots and gating strategy for sorting
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the indicated cell populations. Sorted cells were cytocentrifuged (cytospin)

and stained by May-Griinwald Giemsa before imaging. Representative pictures
of ECs, bM®s, tissue macrophages (h) and neutrophils (i) sorted based on the
indicated fluorophores. j, Images of the CVP of a 3 dpf Tg(flila:laCherry) embryo
intravascularly injected with fluorescently labelled PNA (PNA-AF488, green).
PNA s a plantlectin protein that recognizes the galactose 3 (1- > 3) N-acetyl
galactosamine carbohydrate sequence. bM®s are depicted by asterisks. Images
arerepresentative of n =3 independent experiments (30 embryos) (a-g),
n=1(10 embryos) (j). Sort and cytospin were performed on clutches of different
families from n =3 independent experiments (h, i). Scale bars: 20 pm (a-e, g,j),
5um (h, i). CVP, caudal vein plexus; EC, endothelial cell; PNA, peanut agglutinin;
bM®, blood vessel-resident macrophage.
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b, Stillimages of Supplementary Video 13 in which ECs of an ISV have been
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Extended DataFig. 4 | Endothelial origin of bM®s. a, Time-lapse still images of
Tg(flila:laCherry) embryos, with the left panels depicting in schemes the embryo
orientation as mounted for imaging. Blue arrows indicate blood flow direction
through the CCV that runs bi-laterally over the yolk ball. Magenta arrows show
bM®s. b, Time-lapse stillimages of a Tg(flila:laCherry) embryo, with the two
most left panels depicting in schemes the embryo orientation. Insets are a
magnification of dashed boxes, showing the emergence of bM®s (asterisks).

¢, PCVregion of a3 dpf Tg(kdrl:Dendra) embryo (top panel). Region exposed to
UV light to photoconvert cells from green to red is marked with dashed box. CV
region one day post conversion (lower panel). All ECs are labelled with Dendra
(green; kdrl). Asterisk shows a cell with a macrophage morphology (magenta)
photoconverted inthe PCV and located 24 h later in the CVregion. d, Stillimages
of Supplementary Video 15, showing the transition of venous ECs into bM®s
through EMacT (yellow arrows). Lower panels are a magnification of the orange
andblue dashed boxes. e, Schematic drawing of the partial exon-intron region
of the spilb gene and MO targeting site (thick red arrow), including the forward
and reversed primers used for PCR (orange arrows). Image of agarose gel showing
the mis-splicing of the spi1b gene. f, Time-lapse stillimages of the CVP of a 3 dpf
Tg(flila:laCherry; mpeg:GFP) embryo after low dose spilb MO (2 ng) injection,
showing the de novo emergence of bM®s (arrows). g, Image of Tg(flila:laCherry)
spilblow dose morphantsinjected with zymosan (green) at 3 dpf. Asterisks

indicate de novo generated bM®s (mCherry®e™) that phagocytosed zymosan.

h, Time-lapse stillimages of a 2 dpf Tg(flila:laCherry; flila:spilb-T2A-laClover)
embryo in which spilb-T2A-laClover is mosaically over-expressed in ECs of

the CVP. Yellow arrows (top panels) indicate ECs ectopically expressing spilb.
Magenta arrows (lower panels) follow the emergence of abM® directly from
anEC embedded in the blood vessel wall (single GFP channel shown). i, Left,
WISH of the HSPC marker cmyb performed on ctrl MO and runxI MO injected
embryos. Right panel, quantification of HSPCs (cmyb*) in the AGM region of ctrl
and runxI morphants.j, Images of the CVP of 3 dpf Tg(flila:laCherry; cd41:GFP)
(top panels) and Tg(flila:laCherry; gata2b:KalTA4; uas:laGFP) (bottom panels)
embryos in which HSPCs are GFP* (cd41 or gata2b) and bM®s are mCherry®rie
(flila, asterisks). Images are representative of n = 3independent time-lapse
experiments (a, b, d, f, h), n=1(10 embryos) (c), n=5embryos per time point
and condition (e); n =2 (10 embryos) (g), n =1(15embryos/condition) (i), n=3
(30 embryos) (j). Scale bars: 20 pm. CCV, common cardinal vein; bM®, blood
vessel-resident macrophage; WB, western blot; WISH, whole mount in situ
hybridization; MO, morpholino oligonucleotide; EC, endothelial cell; CVP, caudal
vein plexus; PCV, posterior cardinal vein; AGM, aorta-gonad-mesonephros
region. Box plot shows the median (center), first and third quartiles (bounds) and
1.5 times the interquartile range (whiskers) (i). Statistical analysis was performed
using a two-tailed Mann-Whitney U test for comparison of two conditions (i).
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Extended Data Fig. 5| See next page for caption.
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Extended Data Fig. 5| Gating strategy, mass spectrometry analysis, and
functionality of csfIr deficient bM®s. a, Representative flow cytometry plot
(top) and gating strategy for sorting the indicated cell populations for mass
spectrometry. Plots (bottom) showing the purity of the sorted cell populations
gatedin (a). b, Heatmap of the clustered proteins as shown in Fig. 5b. ¢, Image of
the CVP of a3 dpf Tg(flila:laCherry) csflra”b”" (double mutant) embryo after
intravascular injection of fluorescently labelled zymosan (green). Injection in
the CCV asindicated in scheme in Fig. 1a. Asterisks indicate bM®s that have
phagocytosed zymosan particles. d, Stillimages of Supplementary Video 17
showing the optogenetic ablation of ECsin an ISV of a 3 dpf Tg(flila:laCherry;
flila:PhoCl2c-Bid-mClover; mpeg:GFP) csfira’"b”" (double mutant) embryo
(see scheme top panelin Fig. 3f). Targeting areaisindicated by the translucent
circle. ECs are GFP laCherry*and bM®s are GFP*laCherry* (asterisks). e, Images

and quantification of HSPCs in the CVP region at 3 dpfin Tg(flila:laCherry;
gata2b:KalTA4; uas:laGFP) csflra” b*" (top panel) and csfIra”"b”" (double
mutant, bottom panel) embryos. f, Images and quantification of HSPCs in the
CVPregion at 3 dpfof Tg(flila:laCherry; gata2b:KalTA4,; UAS:laGFP) embryos
injected with ctrl, irf8 or spilb MO. Images are representative of n = 5independent
experiments (5embryos) (¢, d), quantificationn =1(89 embryos (e); 10 embryos/
condition (f)). Scale bars: 20 um. dpf, days post fertilisation; EC, endothelial cell;
Macs, tissue macrophages; PCV, posterior cardinal vein; CCV, common cardinal
vein; ISV, intersegmental vessel; ns, not significant. Box plots show the median
(center), first and third quartiles (bounds) and 1.5 times the interquartile range
(whiskers) (e, f). Statistical analysis was performed using a Kruskal-Wallis test
followed by Dunn’s multiple comparisons test versus WT (e, f).

Nature Immunology


http://www.nature.com/natureimmunology

Article

https://doi.org/10.1038/s41590-026-02481-y

a b
s 100 All cells All cells All cells
< CIusger - bMds - bMas csfira”-b/- . Macrophages
] ]
€ .5 =1 10 10 10
2 w2
5 m3 ~
35 50 lg %'
= ] 0 :
8 £ 0 0/ wm N
5 25 B¢ s LA
5 =8 v
S mo
T 446 - - -
a %:,{gzgofr%%% 10 10 10
%Wf.oféo% ) -10 0 10 -10 10 -10 0 10
%3?0‘%;{» umap_1 umap_1
I All cells . All cells
- Metaphocytes o « Neutrophils
& .
10 10 )
N
g
0f ~~ 0f w
5 <
-10 # -10
-10 0 10 -10 0 10
umap_1 umap_1
c d
Clusters
., AR 3
10 &,ﬁ Pk
© bMds 1
o~ © bM®s csfira--b7- 0
%' 0 ©® Macrophages ®
£ © bMds zymosan+ ¢ 4
©
£ 3
-10{ 8 g 2{%
£ 1
g 0
= 4
All cells e Allcells 34
10 - bMas 10 B pMos csfira’b7- 2|3
1
N N
g 0 X g 0 .
£ 3 £ J
S e g S
-10 o -10 g2
- (0]
5 2
El &
S| @
-10 0 10 -10 0 10 o 8
umap_1 umap_1 3 &
il
All cells i
10 Cw - bMds zymosan+
N
o 0
©
£
=}
-10
4
£
-10 0 10 g
umap_1 c
S
K]
e 2
I csflra csfirb <
B
c
K]
3
%3
[
S
x
w

Extended Data Fig. 6 | scCRNA-sequencing analysis of bM®s. a, Distribution

oftheindicated sorted cell-types in the different scRNA-seq clusters.

b, Projection of the different sorted cell populations on the UMAP scatter plots.

embryos (bM®s zymosan*) scRNA-seq data shown in Fig. 5f.d, Violin plots of

gene expression levelsin the indicated cell populations. e, Violin plots of gene

¢, UMAP scatter plots after the addition of bM®s sorted from zymosan injected

expression levels of csfIr genes in the indicated cell populations.
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b, Representative flow cytometry plots and histogram of two main populations
of cells that phagocytosed zymosan in the bloodstream of adult mice; bM®s
(zymosan'Ly6C*Ly6G™SSC®" CSFIR”*" CD31") and neutrophils (zymosan'Ly6C*
Ly6G* SSC"e" CSF1R"). Two most right panels are controls for gating strategy.

¢, Representative flow cytometry plots of cells that phagocytosed zymosan
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CD43" CSFIR” CX3CRI).d, Representative flow cytometry plot and gating
strategy for sorting zymosan phagocytosing cells (bM®s [zymosan* Ly6C* Ly6G']
and neutrophils [zymosan”Ly6C" Ly6G’]) from the bloodstream of neonatal
mice. Sorted cells were cytocentrifuged (cytospin) and stained by May-Griinwald
Giemsabefore imaging. Representative pictures of bM®s (top panels) and
neutrophils (bottom panels) are shown. Flow cytometry plots are representative
of n=3(3injected and 2 non-injected adults/n; 6 injected neonates/n)
independent experiments (a-d). Percentages of populations areindicated in the
quadrants and gates of each plot.
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Cell population abundance Purity was determined after sort after reanalysis of a cell sample.

Gating strategy Cells were selected based on morphology (FSC/SSC), doublets exclusion, live/death staining (dapi) and positivity (gating
strategy) was determined after examination of control zebrafish lines.

|Z Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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