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Fetal hematopoiesis takes place in the liver before colonizing the bone marrow
where it will persist for life. This colonization is thought to be mediated by
specification of a microenvironment that selectively recruits hematopoietic
cells to the nascent bone marrow. The identity and mechanisms regulating the
specification of this colonization niche are unclear. Here we identify a VCAMI"
sinusoidal colonization niche in the diaphysis that regulates neutrophil and
hematopoietic stem cell colonization of the bone marrow. Using confocal
microscopy, we find that colonizing hematopoietic stem and progenitor cells
(HSPC) and myeloid cells selectively localize to a subset of VCAMI" sinusoids in
the center of the diaphysis. Vcam1 deletion in endothelial cells impairs
hematopoietic colonization while depletion of yolk-sac-derived osteoclasts
disrupts VCAMI" expression, and impairs neutrophil and HSPC colonization to
the bone marrow. Depletion of yolk-sac-derived myeloid cells increases fetal
liver hematopoietic stem cell numbers, function and erythropoiesis indepen-
dent of osteoclast activity. Thus, the yolk sac produces myeloid cells that have
opposite roles in fetal hematopoiesis: while yolk-sac derived myeloid cells in
the bone marrow promote hematopoietic colonization by specifying a VCAMI"
colonization niche, a different subset of yolk-sac-derived myeloid cells inhibits
HSC in the fetal liver.

In mammals, the process of blood cell production, also known as progenitors from the yolk sac subsequently appear at around E8.5, and
hematopoiesis, takes place in different organs through embryonic and  generate different subsets of tissue-resident myeloid cells® that can
fetal development. In mice, the first hematopoietic cells are produced in  persist postnatally (including Kupffer cells*” in the liver, osteoclasts® in
the yolk sac at around embryonic day 7.0 (E7.0)"% Erythro-myeloid the bone marrow) and into adulthood (microglia’ in the brain). The first
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definitive hematopoietic stem and progenitor cells (HSPC) are specified
in the dorsal aorta at E10.25%°. These HSPCs will seed the fetal liver to
establish definitive hematopoiesis in the fetus®. At E16.5 hematopoiesis
will then progressively migrate to the developing bone marrow where it
will reside for life°. How the nascent bone marrow microenvironment
recruits definitive hematopoietic cells from the liver and how this
microenvironment is specified during fetal bone marrow development
are not well established. A study from the Hirschi group showed that
colony-forming activity (a surrogate assay for HSPC function) was
specifically enriched in the diaphysis but not the metaphysis of the
developing bones'. The Adams lab also showed that the trochanter
artery localizes to the center of the fetal diaphysis and produces Wnt
ligands that support HSC expansion™. Together these studies supported
the concept that the fetal bone marrow contains spatially restricted
microenvironments that selectively recruit hematopoietic cells from
the liver to the bone marrow. In this work, we use imaging analyses
combined with mouse genetic fate mapping and loss of function
experiments to investigate the identity of these niches and how they are
specified. We show that yolk-sac-derived osteoclasts control the speci-
fication of a VCAMLI' vascular niche in the diaphysis to selectively recruit
definitive hematopoietic cells to the fetal bone marrow.

Results

The fetal bone marrow does not support terminal hematopoi-
esis and grows by recruitment of mature myeloid cells

Recent studies in adult mice have shown that bone marrow hemato-
poiesis has a unique spatial anatomy. This is characterized by an even
distribution of multipotent stem and progenitor cells and enriched
near megakaryocytes. In contrast, lineage-specific progenitors and
immature cells cluster together in discrete production sites for each
major blood lineage that associate with specific blood vessels’”. To
investigate how this anatomical organization arises during develop-
ment, we imaged the fetal bone marrow at E18.5. This is the time point
where large numbers of hematopoietic cells are evident in the bone
marrow™. In contrast with the adult femur, the E18.5 femur had much
lower frequencies of LinCD117* progenitors. These progenitors map-
ped almost exclusively to the center of the diaphysis and did not
localize near megakaryocytes, as megakaryocytes were absent (Fig. 1a
and Supplementary Fig. 1a). Additionally, Ter119* erythroid cells were
detected primarily inside the blood vessels and not in the bone marrow
proper (Fig. 1a and Supplementary Fig. 1b). This indicated a lack of
terminal megakaryopoiesis and erythropoiesis in the fetal bone mar-
row. We then examined all other major steps of hematopoiesis by flow
cytometry. Despite the high frequencies of myeloid cells—particularly
mature neutrophils—we found an almost complete absence of mono-
cytic, dendritic, and lymphoid progenitors (< 3 cells per femur), as well
as immature cell subsets within each lineage, indicating that the fetal
bone marrow does not support terminal differentiation (Fig. 1b-d,
Supplementary Fig. 1c, and Supplementary Fig. 2). These findings agree
with those from a study by the McKinney-Freeman lab which showed
that the fetal bone marrow does not support stem and multipotent
progenitors until birth, indicating that further maturation of the
microenvironment is required". FACS analyses also showed that vir-
tually all cells in the E18.5 bone marrow were myeloid cells (Fig. 1d). The
low progenitor numbers suggested that the fetal bone marrow
expands by recruiting hematopoietic cells from the periphery rather
than local production from progenitors. To test this hypothesis, we
compared E17.5 and E18.5 bones. In this 24 h period, the number of
hematopoietic cells increased by -60,000 cells (Fig. 1e). However, we
only detected 0-1 multipotent Lin'Scal*CD117* and ~20 Lin'Scal CD117*
oligopotent progenitors at E17.5 (Fig. le). These progenitors would
have to divide 9 times over 24 hours (faster than yeast) without
exhausting themselves to account for this expansion. Together, these
experiments indicate that the fetal bone marrow grows by the
recruitment of definitive hematopoietic cells.

The fetal bone marrow is spatially organized with myeloid cells
selectively enriched in different regions

The flow cytometry analyses in Fig. 1d,e indicated that the E18.5 bone
marrow is comprised of neutrophils, monocytes, macrophages, and
very rare LinCD117* HSPC. The bone marrow also contains osteoclasts
that are not detected by FACS due to their large size and fragility. To
quantify osteoclasts, we performed confocal microscopy. A recent
study indicated that CD61 specifically stains osteoclasts in developing
bones®. We confirmed this and validated that CDé61 is a marker for
osteoclasts (Supplementary Fig. 3) which, when combined with F4/80,
CD11b, Ly6C and Ly6G stains in Cx3crl-gfp reporter mice'®, can detect
all myeloid cell subsets in the fetal bone marrow (Supplementary
Fig. 4). Imaging analyses demonstrated that osteoclasts are distributed
throughout the E18.5 bone marrow cavity. In contrast, Ly6C mono-
cytes and macrophages are selectively enriched in a 200 um region
immediately adjacent to the metaphysis that we named interdiaphysis.
Ly6C" monocytes, neutrophils, and LinCD117* HSPC selectively loca-
lize to the center of the diaphysis (Fig. 1f-h). Thus, each myeloid cell
type shows preferential localization within the fetal bone marrow.

Kinetics of myeloid cell colonization. The differential enrichment of
myeloid cell populations in the central diaphysis is surprising (Fig. 1d,
with all cells tallied in Fig. 2a), as all regions of the bone marrow contain
large numbers of vessels that are similarly perfused (Figs. 1a and 2a).
Possible explanations for the zonation of myeloid cells in the E18.5
bone marrow are differences in the time point at which each cell
colonizes the bone marrow and/or the existence of specific regions
that retain each cell type. Previous studies have shown that a sig-
nificant fraction of osteoclasts are derived from erythro-myeloid pro-
genitors that are specified in the yolk sac around E8.5%. We fate-
mapped yolk-sac-derived cells by mating CsfIr-MeriCreMer mice'® with
Ail4Tdtomato mice” to generate Csflr-MeriCreMer:iTdTomato fetuses.
In this model, a tamoxifen-inducible Cre is under the control of the
Csflr promoter. Administration of tamoxifen at E8.5 results in recom-
bination and TdTomato expression in yolk-sac-derived myeloid cells
(ref. 4,20,21 and Fig. 2b) but not HSC-derived cells, as HSC are not
specified until E10.5%>%%, In agreement with other studies®”” we found
that over 60% of osteoclasts at E18.5 were yolk-sac-derived, whereas
less than 1% of all other myeloid cells originated in the yolk sac
(Fig. 2b,c, Supplementary Fig. 5). We then systematically mapped
myeloid cell localization from E16.5 to E18.5. At E16.5 the osteoclasts
were evenly distributed throughout the marrow, with all other cell
types localizing to the center of the diaphysis (Fig. 2d and Supple-
mentary Fig. 6a). This result indicates that all myeloid cell subsets
colonize the bone marrow as soon as it is specified at E16.5 and that the
observed myeloid cell zonation (Fig. 1f-h) is not due to differences in
the time of colonization. At E17.5 the number of hematopoietic cells in
the bone marrow dramatically increased due to large increases in
recruitment of neutrophils and Ly6C* monocytes, which colonize the
bone marrow at much faster rates than other populations (Fig. 2d,e
and Supplementary Fig. 6b). This expansion is spatially organized at
E17.5 and takes place in the center of the diaphysis with recruitment
also evident in the diaphyseal vessels that project toward the inter-
diaphysis. Importantly, at E17.5, most macrophages and Ly6C mono-
cytes localized to the interdiaphysis. This spatial distribution was
maintained as the bone grows at E18.5 (Fig. 2d and Supplementary
Fig. 6b). Collectively, these results show that the myeloid patterning is
not due to differences in time of colonization. Instead, all myeloid cells
-except osteoclasts- are recruited first to the center of the diaphysis
and progressively separate as the bone grows.

VCAMI defines a “colonization niche” for HSC-derived cells that
expands from the central diaphysis as the bone marrow matures
The fact that macrophages, monocytes, neutrophils and HSPC (which
are produced by HSC in the fetal liver vs. osteoclasts that are also yolk-
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Fig. 1| The E18.5 bone marrow grows by recruitment and is spatially organized
by the distribution of myeloid cells. a Representative images of twelve-week-old
(adult, positive control) or E18.5 femur stained with the indicated markers. The
right image shows a zoomed-in region showing extravasated Ter119" erythroid cells
and the location of LinCD117* hematopoietic progenitors (blue spots for easier
visualization). b Representative flow cytometry plots and quantifications showing a
lack of CD11b*CD117'Ly6G* immature neutrophils (IN) and increased
CDI11b"CD117Ly6G" mature neutrophils (MN) in the E18.5 bone marrow. Each dot
shows the frequencies detected by pooling long bones (tibia, femur, humerus)
from one litter. ¢ Quantifications of granulocyte progenitors (GP), monocyte den-
dritic cell progenitors (MDP), monocyte progenitors (MOP), and common lym-
phoid progenitors (CLP) in the average E18.5 femur from one litter. d Cellular
composition of the E18.5 femur; note the absence of erythroid cells. Each dot
corresponds to one fetus. e Number of total hematopoietic cells and
Lin'CD117*Scal (LK) and Lin'Scal*CD117* (LSK) HSPC in the femurs from E17.5
(n=13) and E18.5 (n =15) fetuses. Each dot corresponds to one femur from one
fetus in 2 independent litters. f The left image shows a whole-mounted E18.5 femur
from a Cx3cri-gfp fetus stained with the indicated markers. The right image is a map
of a representative 5 um optical section from the image on the left where each
indicated cell type has been replaced with a dot of the same diameter as the cell of
interest. Osteoclasts (CD11b“™ CD61* Ly6C F4/80° CX3CR1“™ CD31), macrophages
(CD11b¥™ CD61 Ly6C F4/80° CX3CR1* CD31), Ly6C monocytes (CD11b* CD61 Ly6c

F4/80* CX3CRI' CD31), Ly6C* monocytes (CD11b* CD61 Ly6c* F4/80* CX3CRI1*
CD31) and neutrophils (CD11b" CDé1 Ly6c* F4/80° CX3CR1 CD31). g The dot plot
shows the Y position (along the anteroposterior axis of the bone, relative to the
geometric center of each section) of all myeloid cell types found in three repre-
sentative 5 um thick optical sections of 4 femurs from 4 different E18.5 Cx3crI-gfp
fetuses as shown in (f). For HSPC, the data shows the position of all HSPCs found in
3 whole-mounted femurs from 3 different E18.5 wild-type fetuses as shown in (a).
Based on the differential localization of myeloid cells, we defined the metaphysis as
the region of the bone that is >600 um from the center of the bone. The inter-
diaphysis is the region that is more than 400 um -but less than 600 um—from the
bone center. The rest of the bone is considered the central diaphysis. Each dot
corresponds to one cell. Total cell numbers of each myeloid cell population in 4
femur sections from 4 E18.5 Cx3cr1-gfp fetuses: osteoclasts n =122, 109, 145, 170;
macrophages n=96, 33, 108, 84; Ly6C+ monocytes n =324, 468, 427, 510; Ly6C-
monocytes n =158, 169, 192, 194; neutrophils (Neu) n=1386, 1142, 1726, 1401; and
HSPC (Lin'CD117*) n =56, 75, 75 from 3 femur sections from 3 E18.5 wild-type
fetuses. h The plots show the number of each indicated cell type per 100 um in each
bone marrow region (M=metaphysis). Each dot corresponds to one section from
one E18.5 fetus. Statistical differences were calculated using one-way ANOVA. For
panels b to e each dot corresponds to one femur and statistical differences were
calculated using two-way Student’s t-test if the distributions were normal and
Mann-Whittney if not normal. Source data are provided as a Source Data file.

sac-derived; Fig. 2b,c) first colonize the vessels in the central diaphysis
(Fig. 2d) but not the metaphysis—despite vessels in both regions being
equally perfused (Fig. 2a)—suggested the existence of a unique
microenvironment that mediates recruitment of HSPC and myeloid
cells to this region. Numerous studies have demonstrated that neu-
trophil and HSPC homing and retention in the adult bone marrow after

myeloablation and transplantation are mediated by leukocyte adhe-
sion molecules, including VCAMLI, E and P selectins, and other adhe-
sion molecules and cytokines”*'. scRNAseq analyses of human fetal
bone marrow revealed high levels of Vcam1*. Based on this we profiled
VCAMI through fetal bone marrow development. We found that
VCAML1 was expressed -exclusively- in the center of the diaphysis at

Nature Communications | (2025)16:4427


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-59058-w

a
<0.0001 Yolk-sac-derived %
ns Lineage Tracing 'é 6!
300 <0.0001 @100 _ns S
A ° Csf1r-MeriCreMer: K
£ 8 80 Csfir-MeriCreMer  iTdTomato £ 4
> el
S 200 ® (_é Tamoxifen 14
S & 60 v £
T =
8 5 X s ™ %2
: Lo S %
2 100 5 8
S T 20 Ai14tdTomatoTom/Tom >—c_,
@
5 =
o a0 Meta Inter Dia
0
©
-
w
200pm
w
N~
-~ N
w
0
©
-
w

I Optical Section

Brain c 1 CD11b TdTomato _ Optical section
Bone marrow _ Liver .
0 I . 5100
igi 2 | O
: : o
] S 80
. . o
0 (o 2
o & 60
: 0 +
E L2
0 P g0
2 :
R 20
:O e
0 — =
° 0
Fa® X @ oY
& W' §° (o
S N 0% ¢!
Ve \)Q‘{\
2000 —
5 < 6 50
° € 2
8 w0w<
2 1500 Neu > >
@ <4 2
Py = 30 &
) @ 2
§1000 3 £
@ 20 =
o
5] r2 =
Ly6C* &
5 500 <
2 LyeC = 100
E oc o >
Z o0 T MO o 0
165 175 185 16.5 175 185
Embryonic day Embryonic day
h P=0.0276
Quantified P=0.0013
P<0.0001
T P<0.0001
2120 S
kel ! e °
S ° °
3 100
2 LI
% 80
K g ¢ ®
S 60 8 °
2 °
S 13
Q 40 °
=}
: 3 20 8
CX3CR1CD11b oc Mo § o
F4/80  Ly6C Ly6C+ Neu ® O o x
cD31  VCAM1 a ¢ \\@0 ® &
. % =
- Littermate
Cdh5-Cre! £18.5 Control
Vcam1fex+ y (LC)
Tamoxifen
X ¥ X
E155
Veam?1fo/ox Cdh5-CrefRT2
Vecam 7f/ox/ﬂox
(KO)
= =}
) 00116 59 0.0079
<)
X o ge
P 5 g 100
© % SN
SE oN
£ . o ®
o o4 O E
b =5 -5 50
i g 32
¢ o -
= b O m
= O >QA
S © O 0
S 3 LC Ko °® LC KO
Optical Section

Merge

VCAM1 in vessels

E16.5. At E17.5 (when HSPC, monocytes, and neutrophils colonize the
bone marrow in earnest) VCAML expression in sinusoids and perisi-
nusoidal regions dramatically increased (Fig. 2d, f). VCAMI1 expression
upregulated further at E18.5 in nearly all sinusoids in the diaphysis but
was largely excluded from the metaphyseal vessels (Fig. 2d). Impor-
tantly, all myeloid cell types -except osteoclasts- were selectively
recruited to VCAMLI" sinusoids (Fig. 2d, g, h). The endothelial cells in

CD31 VCAM1 in vessels

Merge

CD31VCAM1 in vessels
ra

VCAM1 in vessels

bone marrow sinusoids frequently associate with PDGFRB* stromal
cells, known to play a role in establishing fetal hematopoiesis®. FACS
analyses showed that VCAM1 was expressed both in PDGFR[* stromal
cells and CD31" endothelial cells but that the increase in VCAM1
expression from E16.5 to E18.5 was mediated mainly by increases in
VCAMI" endothelial cell numbers (Supplementary Fig. 6c, d). To
examine the role of VCAMI1 in mediating recruitment,t we first deleted
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Fig. 2 | VCAMLI" sinusoids are a “colonization niche” in the diaphysis. a the
graphs show the number of hematopoietic cells detected in Fig. 1g (left) and per-
centage of perfused vessels (right) defined by the presence of Terl19* red blood
cells in the vessel lumen of the E18.5 bone marrow. Each dot corresponds to one
femur section from one fetus. b Experimental scheme for fate mapping yolk-sac-
derived cells using Csflr-MeriCreMer and Ail4tdTomato™™™™ mice. The right panel
shows the percentage of the indicated cells that are yolk-sac-derived (TdTomato*)
by flow cytometry. ¢ Representative images and quantifications of TdTomato" yolk-
sac-derived osteoclasts (CD61"). Each dot corresponds to one fetus in one experi-
ment. d The left panels show whole-mount images and representative maps from
5um optical sections of E16.5, E17.5 and E18.5 femurs showing progressive coloni-
zation by the indicated myeloid cells. The cell diameter and cell type are repre-
sented by the diameter and color of the spot. The right panels are representative
images showing progressive upregulation of VCAMLI in sinusoidal and perisinu-
soidal cells in the central diaphysis as the bone marrow matures. e number of the
indicated cells in the E16.5, E17.5 and E18.5 femur sections shown in d. Each dot
corresponds to the average of 1 femur from 3 fetuses. Data are presented as mean
values +/- SD. f Quantifications of the VCAM1" area (black line) and VCAMLI intensity

(red line) in the samples shown in c. n =3 femur sections from 3 fetuses per time
point. Data are presented as mean values +/- SD. g Representative zoomed-in
optical section and map of an E18.5 femur in d showing that myeloid cells selec-
tively map to VCAMI" sinusoids in the central diaphysis and not to VCAMLI' sinu-
soids. h Graph showing the distance of a respective myeloid cell population (one
dot = one cell) in 3 E16.5 sections from each fetus to the closest VCAMI" sinusoid.
Statistical differences were calculated using the Kruskal-Wallis multiple compar-
isons test. i microscopy images showing expression of VCAMLI in CD31+ vascular
endothelial and PDGFRf stromal cells. j experimental scheme for conditional
Vcaml deletion in endothelial cells using CdhS-Cref®:Vcam#*/** mice pulsed with
tamoxifen at E15.5 (prior to colonization of definitive hematopoiesis).

k, I quantifications (k) and raw images (I) showing colonization by Ly6C + CD11b+
cells (monocytes and neutrophils) and VCAML1 expression in CD31+ cells in femur
sections from CdhS-Cre™®":Vcam?™** mice (KO) or littermate controls (LC). n=5
for both conditions. Each dot corresponds to one section from one fetus. For all
panels, P values were calculated using two-tailed Mann-Whittney analyses. Source
data are provided as a Source Data file.

Vcaml in the non-endothelial stromal cells by crossing PrxI-Cre mice**
with VeamP™ mice® to generate PrxI-Cre:VcamP°* mice. This
resulted in an almost complete loss of VCAML in the stroma but not in
vascular endothelial cells, and yet there were no changes in hemato-
poietic cell recruitment to the bone marrow (Supplementary Fig. 6e-g).
To test the role of VCAMLI in endothelial cells, we crossed CdhS-Cre™®"
mice® with Vcam?™ mice to generate CdhS-Cre®*":VeamP™ fetuses,
and pulsed pregnant VcamP™#* dams with tamoxifen at E15.5, before
definitive hematopoietic cells colonize the bone marrow. Even though
this treatment only reduced endothelial VCAM1 by ~-20%, the CdhS-
Cre™":VeamP™~ fetuses showed reductions of neutrophil coloniza-
tion by 50%, with clear loss of hematopoietic recruitment in diaphyseal
regions where vessels lost VCAM1 expression (Fig. 2j-1). These results
formally demonstrate that VCAMLI' endothelial cells in the diaphyseal
sinusoids provide a hematopoietic recruitment niche in the bone
marrow.

Ablation of yolk-sac-derived myeloid cells disrupts vessel growth
and the VCAMT* recruitment niche. Since osteoclasts are known to
promote angiogenesis®®, we hypothesized that yolk-sac-derived
osteoclasts regulate the establishment of the VCAMI" sinusoids. To
selectively ablate yolk-sac-derived myeloid cells we injected C57BL/
6] pregnant dams at E6.5 with anti-CD115 depleting antibody
(Fig. 3a). This is an established protocol that ablates myeloid cells
derived from the yolk sac while sparing hematopoietic cells pro-
duced by HSC, as HSC are specified later*?*~*°, We then compared
anti-CD115 (depleted, aCD115) and anti-IgG (control) litters at E18.5.
anti-CD115 treatment led to loss of osteoclasts (Fig. 3a-c) and overall
reduction in osteoclast size (Supplementary Fig. 7a). This size change
is likely due to the replacement of the large yolk-sac-derived osteo-
clasts by smaller osteoclasts (which will be derived from HSC)
throughout the bone marrow. In the anti-CD115 group, there was
a ~2-fold reduction in the number of neutrophils but no other mye-
loid cells (Fig. 3b, d). FACS analyses demonstrated an almost com-
plete loss of VCAM1 expression in the bone marrow endothelium and
overall loss of endothelial cells and PDGFRP" stromal cells (Fig. 3e).
Imaging analyses showed selective loss of VCAMI and perturbed
vessel growth in the diaphysis (Supplementary Fig. 7b-d). Unex-
pectedly, depletion of yolk-sac-derived myeloid cells led to de novo
expression of VCAMLI in the metaphysis (Fig. 3b, f) and this correlated
with de novo recruitment of neutrophils to this region (Fig. 3g).
These results indicate that yolk-sac-derived myeloid cells promote
vessel growth and VCAMLI expression in the diaphysis and suppress
VCAMI expression in the metaphysis, and that VCAM1 expression is
sufficient to direct neutrophil colonization to specific regions of the
bone marrow.

Due to very low stem and progenitor numbers at E18.5 it was not
feasible to quantify recruitment of these cells using imaging. We thus
examined HSPC recruitment using FACS analyses by pooling long bones
from multiple fetuses. We confirmed the loss of multipotent
LinCD117*Scal* (LSK) cells after the ablation of yolk-sac-derived cells
(Fig. 3h). To functionally confirm the depletion of HSC we performed
competitive transplants. Long-term reconstitution potential was not
detectable in mice transplanted with all the hematopoietic cells found in
a femur from the anti-CD115-treated mice, whereas 3 out of 7 recipients
showed multilineage donor cell engraftment when transplanted with the
IgG control bone marrow (Fig. 3i and Supplementary Fig. 8a, b) indi-
cating that ablation of yolk-sac-derived myeloid cells results in impaired
HSPC colonization of the fetal bone marrow.

Because osteoclasts are responsible for bone resorption and
maintain the size of the bone marrow cavity*®*, an alternative expla-
nation for reduced bone marrow colonization after loss of yolk-sac-
derived myeloid cells would be a reduced bone marrow cavity in the
anti-CD115-treated mice. However, we found that anti-CD115 treatment
did not lead to reductions in bone length or the size of the bone
marrow cavity, indicating that reduced colonization is not mediated by
loss of available bone marrow space (Fig. 3j and Supplementary
Fig. 8c). Since complete loss of osteoclasts in CMV-Cre:Rank™ mice
(Supplementary Fig. 3k, henceforth Rank**) results in a reduced bone
marrow cavity at E18.5 (Supplementary Fig. 3h, i) these results also
indicate that the osteoclasts that persist after anti-CD115-treatment
(Fig. 3c), which are likely derived from HSC and not the yolk sac
(Fig. 2c), are sufficient to generate a bone marrow cavity after anti-
CD115 treatment.

Together, our results indicate that yolk-sac-derived myeloid cells
control definitive HSPC and myeloid cell colonization of the develop-
ing bone marrow through the specification of a VCAMI1" vascular
recruitment niche.

Yolk-sac-derived myeloid cells are negative regulators of fetal
liver hematopoiesis
The liver is the main organ of hematopoiesis during fetal
development***. The identity of the niches that support and regulate
fetal liver hematopoiesis is unclear. Different studies have proposed
that portal vessels, hepatocytes, stellate cells, endothelial cells, and
macrophages all function as HSPC niches**~*. Since the fetal liver also
contains yolk-sac-derived myeloid cells (including fetal liver macro-
phages, or Kupffer cells** - Fig. 2b), and depletion of macrophages
perturbs fetal liver hematopoiesis**~°, we examined the effect of anti-
CD115 treatment in the E18.5 fetal liver.

Unexpectedly, depletion of yolk-sac-derived myeloid cells -using
the anti-CD115 protocol- dramatically increased fetal liver cellularity
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Fig. 3 | Yolk-sac-derived myeloid cells control VCAMI1 expression and coloni-
zation by neutrophils and HSC. a Experimental design depleting yolk-sac-derived
myeloid cells as previously reported***’*°, b Representative images of whole-
mounted E18.5 femurs and maps of the indicated regions. ¢ Number of CD61"
osteoclasts after depletion of yolk-sac-derived myeloid cells. Each dot corresponds
to one femur section from one E18.5 fetus. d Number of indicated cells per section;
n =35 sections from 5 E18.5 fetuses. e Cell numbers and percent VCAMI" cells of
CD45Ter119°.CD31'CD105" vascular endothelial cells (VEC) or CD45-Ter119-CD31-
PDGFRp+ stromal cells (PDGFRpB+). Each dot corresponds to one E18.5 fetus from
two independent litters. f, g Zoomed-in image from b and quantifications showing
de novo misexpression of VCAMI1 and subsequent recruitment of neutrophils
(Ly6C") in the metaphysis of anti-CD115-treated fetuses. For VCAM1 quantifications;
IgG n=5 and aCD115 n =4 sections from femurs of different E18.5 fetuses in each
group. For metaphyseal neutrophil quantifications; n =S5 femur sections from five

E18.5 fetuses in each group. h Number of total hematopoietic cells along with
Lin'Scal'CD117* multipotent progenitor numbers and frequency in the femur of
anti-CD115- or IgG-treated E18.5 fetuses quantified by FACS. Each dot corresponds
to one mouse. i Percentage of donor (CD45.2°) cells in the peripheral blood of
CD45.1" recipients at the indicated time points after transplantation of all the
hematopoietic cells found in one femur of anti-CD115- or IgG-treated E18.5 fetuses
along with 1 x10° CD45.1" competitor cells purified from adult mice. Each dot cor-
responds to one mouse, n =7 IgG and 8 anti-CD115 recipients in two experiments.
Statistics shown are for total engraftment at 16 weeks. j Representative penta-
chrome stain and quantification of bone marrow area (not occupied by cartilage or
bone) in E18.5 femur from IgG or aCD115 groups. Each dot corresponds to one
femur from one fetus. For all panels, p values are shown, and statistical differences
were calculated using a two-tailed Student’s -test if the distributions were normal
or Mann-Whitney if not normal. Source data are provided as a Source Data file.

(30 million additional cells when compared to IgG controls, Fig. 4a, b).
We used flow cytometry to systematically quantify stepwise differ-
entiation for all major blood lineages (Supplementary Fig. 9). These
revealed that the expansion in cellularity was due -almost exclusively-
to increased erythropoiesis, especially of CD71°€"Ter119°€" |ate ery-
throblasts (Fig. 4c¢). Importantly, we found no reductions in neu-
trophils or HSC (Fig. 4d, e), indicating that reduced neutrophil and
HSC recruitment to the fetal bone marrow after anti-CD115 treatment

(Fig. 3d, h) was not due to impaired production of these cells in
the liver.

These analyses also demonstrated that the number of
Lin'Scal*CD117 Flt3'CD48'CD150" LT-HSC and Lin'Scal’CD117* LSK dou-
bled after yolk-sac-derived cell depletion (Fig. 4e). To rigorously assess
HSC function, we performed competitive transplantation experiments.
We FACS-purified 50 Lin'Scal® CD117*FIt3:CD41CD48'CD150" HSC from
the liver of anti-CD115 or IgG-treated fetuses. We transplanted
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Fig. 4 | Yolk-sac-derived myeloid cells are negative regulators of fetal liver
hematopoiesis. a Experimental design for depletion of yolk-sac-derived myeloid
cells and examination of HSC function in primary and secondary competitive
transplantation experiments in the E18.5 fetal liver. b-e Number of the indicated
cells in the fetal liver of mice treated as in a Each dot corresponds to one fetus in
two different litters. CFU-E Colony forming unit erythrocyte progenitors, Ery Ery-
throblasts, Retics Reticulocytes, RBC erythrocytes, Neutros Mature Neutrophils LT-
HSC Lin'Scal*CD117'FIt3CD48 CD150" Long term hematopoietic stem cells, LSK
Lin'Scal’CD117". f Frequency of donor CD45.2" cells in the blood of B6-SJL (CD45.1)
recipients transplanted with 50 Lin'Scal’CD117*FIt3CD48' CD150" CD45.2" LT-HSC
from fetal livers and 2x10° CD45.1" competitor cells as shown in a. Note that the
Lineage panel does not contain CD11b, as this molecule is expressed in fetal HSC*

(in contrast to adult HSC). The dot shows the mean, and the error bars the SEM.
n=6 and 7 recipients in 2 independent experiments. P values: All cells 4 weeks =
0.0298, B cells 4 weeks = 0.0087, B cells 8 weeks = 0.0291, T cells 8 weeks = 0.0041.
g The table shows the fraction of CD45.1* secondary recipients that showed per-
ipheral blood engraftment (defined as more than 0.1% CD45.2* donor cells in per-
ipheral blood); the right graph shows the frequency of donor cells for the same
mice. Statistical differences were calculated using a one-tailed Chi-square test.
Unless otherwise indicated for all other panels: p values are shown, each dot cor-
responds to one mouse, and statistical differences were calculated using a two-
tailed Student’s t-test if the distributions were normal or Mann-Whitney if not
normal. Source data are provided as a Source Data file.

these CD45.2* HSC along with 200,000 CD45.1* competitor cells into
lethally irradiated CD45.1" recipients. These experiments revealed
2-fold increases in short-term T cell and B cell engraftment after
transplantation (Fig. 4f). To further examine the ability of HSC to self-
renew functionally, we performed secondary competitive trans-
plantation experiments. We transplanted 100 45.2° HSC from the
primary recipients along with 2x10° competitor cells into irradiated
secondary recipients (Fig. 4a). Twelve out of fourteen (85.7%) of
secondary recipients transplanted with the HSC first purified from
the anti-CD115 depleted fetuses displayed multilineage engraftment
(=20.1% donor cells in peripheral blood) at 16 weeks after

transplantation. In contrast, only three out of eight (37.5%) of the
secondary recipients transplanted with HSC from the IgG controls
displayed engraftment (Fig. 4g). This experiment demonstrates
increased HSC function and self-renewal in the fetal livers from
the anti-CD115-depleted fetuses. Together our results demonstrate
that yolk-sac-derived myeloid cells are negative regulators of HSC
and erythropoiesis in the fetal liver. Since the depletion of liver
macrophage populations has different effects on fetal liver
hematopoiesis**>°, our results also suggest that multiple myeloid
cell subsets function in the liver to regulate blood production in
the fetus.
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Fig. 5 | Mice lacking osteoclasts do not display changes in fetal liver hemato-
poiesis. a Numbers of the indicated cells in the E14.5 fetal liver from fetuses from
dams treated with IgG or anti-CD115 as in Fig. 4a. LT-HSC =
Lin'Scal*CD117'FIt3:CD48' CD150" Long-term hematopoietic stem cells, CFU-E Col-
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(Rank*%). ¢ Representative pentachrome-stained E18.5 femur sections and quanti-
fications from Rank®* mice and littermate controls showing reduced bone marrow
cavity (control n =10, Rank**= 5) and hematopoietic cells per femur (control n=11,
Rank¥= 4) in Rank® mice. d, e Representative images and quantification showing
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Mice lacking osteoclasts do not display changes in fetal liver
hematopoiesis

Flow cytometric analyses found no differences in fetal liver HSC and
mature erythroid cell numbers between the anti-CD115 and IgG control
groups at E14.5, indicating that these cells expand in the liver during the
E14.5 to E18.5 period (Fig. 5a). Since BM colonization is impaired at E18.5
in the anti-CD115 group due to the loss of the VCAMLI niche (Fig. 3), these
results raised the possibility that the increased HSC and erythroid cells
in the E18.5 liver after anti-CD115 treatment were due to lack of traf-
ficking to the bone marrow. To test for this possibility, we crossed CMV-
Cre mice™ with Rank™”°* mice* to generate Rank* fetuses, which lack
osteoclasts (Supplementary Fig. 3h-k), as RANK-RANK ligand signaling is
necessary for osteoclast formation***. Rank** fetuses recapitulated

previously published data on Rank’ mice*, showing reduced bone
marrow cavity and reduced colonization by hematopoietic cells
(Fig. 5¢). These mice also showed complete loss of VCAMI expression,
strongly suggesting that the VCAMI" colonization niche is specified by
osteoclasts (Fig. 5d, e). If the accumulation of HSC and erythroid cells in
the anti-CD115-treated E18.5 liver (Fig. 4c, e) was due to a lack of traf-
ficking to the bone marrow, then we predicted that HSC numbers,
function, and erythroid cell numbers should also be increased in the
Rank** fetal liver. In contrast, we found no differences in HSC function
or numbers of any cell population assessed in the Rank** fetal liver
when compared to littermate controls (Fig. 5f-h). These results
demonstrate that HSC and erythroid cell accumulation in the anti-
CD115-treated liver are not due to an inability to colonize the bone
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marrow. These results also indicate that yolk-sac-derived myeloid cells
in the bone marrow are positive regulators of fetal bone marrow
hematopoiesis by controlling the specification of the colonization
niche, whereas a different yolk-sac-derived cell negatively regulates
fetal liver hematopoiesis.

To investigate the identity of these fetal liver cells, we performed
flow cytometric analyses of E18.5 livers of Csfir-MeriCreMer:iTdtomato
fetuses to fate map TdTomato" yolk-sac derived cells (Supplementary
Fig. 10a). We found TdTomato" yolk-sac-derived cells in the monocyte,
neutrophil, erythroid and macrophage cell compartments, with phe-
notypically defined Kupffer cells being the most abundant TdTomato*
cells in the E18.5 fetal liver Supplementary Fig. 10b). Recent manu-
scripts have depleted macrophages (of which Kupffer cells are a sub-
set) in the fetal liver using different methods and discovered
hematopoiesis was perturbed in these depletion models, indicating
that macrophages regulate fetal liver hematopoiesis**™°. To formally
test the role of Kupffer cells in fetal hematopoiesis, we bred Clec4f-Cre-
tdTomato mice® with ROSA-iDTA®* mice (Supplementary Fig. 10c) to
deplete Kupffer cells in E18.5 Clec4f-Cre:iDTA fetuses, as Clec4f-Cre-
tdTomato is selectively expressed in Kupffer cells®. Despite ~3-fold
fewer Kupffer cells (Supplementary Fig. 10d) we found no changes in
HSC numbers or erythroid cells in the Clec4f-Cre:iDTA fetal livers
(Supplementary Fig. 10e). These experiments indicate that Kupffer
cells do not regulate E18.5 fetal liver hematopoiesis and that other rare
subsets of yolk-sac-derived cells are responsible for negatively reg-
ulating HSC and erythroid cells at this stage of development.

Discussion

In this study we sought to identify the mechanisms regulating colo-
nization of the fetal bone marrow by definitive (HSC-derived) hema-
topoietic cells. Using imaging approaches, we demonstrate that the
fetal bone marrow is spatially organized by differential localization of
myeloid cell subsets that selectively localize to VCAMI" sinusoids in the
diaphysis. Our results indicate that this VCAMI" niche is both necessary
and sufficient to promote recruitment, as loss of VCAMI significantly
reduced colonization, and misexpression of VCAML1 in the metaphysis
resulted in de novo recruitment of neutrophils cells to that region. This
VCAMI' colonization niche is specified by yolk-sac-derived myeloid
cells, as depletion of these cells abrogated the VCAMI" niche, resulting
in reduced leukocyte and HSPC recruitment to the bone marrow. We
propose that the yolk-sac-derived myeloid cell that specifies the
VCAMI niche is an osteoclast, as these are the most abundant yolk-sac-
derived myeloid cell in the bone marrow and genetic depletion of
osteoclasts abolishes the VCAMI" niche. The observation that deple-
tion of yolk-sac derived osteoclasts -using anti-CD115- does not impact
bone size but depletion of yolk-sac- and HSC-derived of osteoclasts -in
Rank knockouts- raises the possibility that different subsets of
osteoclasts might have unique functions in bone and bone marrow
development. This would agree with a recent study that showed that
vessel-associated osteoclasts control vascular development and
growth plate homeostasis®”. We also found that a different subset of
yolk-sac-derived cells regulates erythropoiesis and HSC function in the
fetal liver in an osteoclast and Kupffer cell-independent manner. Thus,
different subsets of yolk-sac-derived myeloid cells differentially reg-
ulate hematopoiesis in two fetal organs.

Even though Kupffer cells are the most abundant yolk-sac-derived
myeloid cell in the liver, genetic depletion of Kupffer cells did not
impact fetal liver hematopoiesis. This was unexpected because recent
studies have shown that depletion of fetal liver macrophages via
pharmacological inhibition of CSFIR from E11.5-14.5 or Rank-Cre-
mediated deletion of Pu.l induced a myeloid bias in HSC, increased
neutrophil production, and perturbed erythropoiesis**°. Our results
thus suggest that these phenotypes are mediated by macrophage
populations distinct from Clec4f-Cre-targeted Kupffer cells.

An accompanying manuscript, using a different mouse model for
ablating yolk-sac-derived myeloid cells, also shows a role for these cells
in establishing the neonatal bone marrow microenvironment (see
accompanying Percin et al manuscript™). This study shows that yolk-sac-
derived myeloid cells regulate the expansion of CXCL12-producing cells
to promote hematopoietic recruitment to the neonatal bone marrow.
The findings from both independent studies thus demonstrate that yolk-
sac-derived myeloid cells act on different subsets of non-hematopoietic
cells to specify “colonization niches” in the bone marrow.

Our study also has some limitations: while our data demonstrates
that yolk-sac-derived myeloid cells control the maturation of the
microenvironment to promote neutrophil and HSPC recruitment to
the bone marrow- our results also indicate that additional signals
regulate myeloid cell colonization, as depletion of yolk-sac-derived
osteoclasts did not impair colonization by monocytes or macro-
phages. Our fate-mapping experiments demonstrate that most yolk-
sac-derived cells in the bone marrow are osteoclasts. However,
tamoxifen-induced cre recombination is inherently variable, and we
cannot exclude the possibility that rarer subsets of yolk-sac-derived
cells are also present in the bone marrow at these fetal stages. We also
did not identify the yolk-sac-derived cell(s) that regulates fetal
liver HSC.

This study highlights the power of in situ imaging approaches to
reveal the underlying biology of hematopoiesis within the developing
fetus. They reveal a complex serial recruitment and spatially organized
crosstalk between hematopoietic cells with different developmental
origins and non-hematopoietic cells in different organs to regulate
fetal hematopoiesis.

Methods

Mice

All mouse experiments were approved by the Institutional Animal Care
and Use Commiittee (IACUC) of Cincinnati Children’s Hospital Medical
Center. All the mice (Mus musculus) used in the study were bred and
housed in the Cincinnati Children’s Hospital Medical Center’s animal
care facility in compliance with institutional and National Institutes of
Health guidelines. Mice were maintained at the vivarium at Cincinnati
Children’s Hospital Medical Center under a 14-hours light:10-hours
darkness schedule, 30-70% humidity, 22.2+1.1°C, and specific-
pathogen-free conditions. The following mouse strains were used:
C57BL/6)-Ptprc® (CD45.2), B6.SJL-Ptprc®Pepc’/Boy) (CD45.1), B6.Cg-
Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/]  (Ail4tdTomato), FVB-
Tg(CsfIr-cre/Esr1*)1Jwp/) (Csflr-MeriCreMer), B6.C-Tg(CMV-Cre)1Cgn/),
B6.Cg-Tnfrsfllatml.llrw/]  (Rank™),  B6.Cg-Tg(PrrxI-cre)1Cjt/),
B6.129(C3)-VcamI™f), C57BL/6)-Clec4f <955y B6.129P2-Gt(ROSA)
26Sor ™PTL /| and C57BL/6-Tg(CdhS-cre/ERT2)1Rha.

Collection of fetal bone marrow and liver

Dam and sire mating pairs were examined every morning before 10:00
local time. Dams with a visible mating plug were considered pregnant
at E0.5. At the indicated time points, the dams were euthanized by
isoflurane overdose followed by cervical dislocation, and the fetuses
harvested and euthanized by decapitation following IACUC-approved
protocols. Fetal long bones (tibia, humeri, femur) were crushed and
filtered through a 70 um strainer before analysis. Fetal livers were
pushed through a 100 um strainer and again through a 70 um strainer
before analysis. Cell counts were obtained with a hemocytometer.

Collection of adult bone marrow cells

Twelve-week-old C57BL/6] male mice were anesthetized with iso-
flurane followed by cervical dislocation. For long bones, bone marrow
cells were flushed out of the femurs with a 21-gauge needle in 1 ml of
ice-cold PEB buffer 2 mM EDTA, 0.5% bovine serum albumin, 0.005%
sodium azide in PBS) and filtered through a 70 pum strainer.
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Tamoxifen treatment

Pregnant dams at E8.5 or E15.5 received an intraperitoneal injection
containing 4-hydroxytamoxifen (75 pg/g of body weight Sigma-Aldrich
# T5648-5G) and progesterone (37.5 pg/g body weight; Sigma-Aldrich
# P0130-256) in corn oil. Progesterone was used to prevent fetal
abortions due to the potential estrogenic effects of tamoxifen.

Depletion of yolk-sac-derived cells

Pregnant C57BL/6] females were treated at E6.5 with a single intra-
peritoneal injection of 3 mg of anti-CSFIR mAb (Bio X Cell, clone AFS98
#BP0213) or rat IgG2a isotype control (Bio X Cell, clone 2A3 #BP0089)
as previously described*?*",

Stromal Digestion

Protocol was modified from previous publications®. Briefly, the
digestion buffer was made with 2 mg/ml collagenase type IV (Gibco,
17104-019) and 3 mg/ml dispase (Gibco, 17105-041) dissolved in room-
temperature PBS. We harvested the adult bone marrow by flushing each
tibia with 1 ml of digestion buffer into a 5 ml polypropylene snap-cap
tube containing another 1 ml of digestion buffer. For fetal bones, long
bones (femur, tibia, humerus) were dissected, washed with PBS 1x, and
then crushed in a digestion buffer. We mixed the tubes vigorously by
hand and incubated them at 37 °C for 5-7 min. After the first incubation,
the tubes were mixed vigorously by hand and then incubated at 37 °C
for another 5-7 min. After this second incubation, we collected the
supernatant, taking care to leave any macroscopic clumps in the tube.
We transferred the digested cells to a tube containing 5 ml of ice-cold
PBS 2 mm EDTA 0.1% Bovine Serum Albumine 0.005% Sodium Azide
(PEB). Then we added 1 ml of digestion buffer to the snap-cap tubes, and
the process above was repeated until all macroscopic pieces of bone
marrow had been digested. This was repeated no more than 5 times. For
adult bone marrow, red blood cells were lysed once with RBC lysis
buffer. All samples were filtered first through a 100-um filter and then
immediately spun down in a centrifuge. The cells were resuspended in
1ml of ice-cold PEB, filtered in a 70um filter, immediately spun down,
and then used for subsequent analyses.

Flow cytometry

For FACS analyses, cells were stained with a cocktail with the indicated
antibodies (Supplementary Data 1) used in each stain for 30 minutes,
washed thrice with ice-cold PBS containing 2mM EDTA and 0.5%
Bovine Serum Albumin, and analyzed in a BD LSRFortessa™ Flow
Cytometer (BD Bioscience) or purified using SH800S Cell Sorter (Sony
Biotechnology). Dead cells and doublets were excluded based on FSC
and SSC distribution and DAPI exclusion (Sigma-Aldrich, catalogue
number D9542). The very low hematopoietic stem cell and progenitor
numbers found in the E18.5 femur made rigorous detection of these
cells in individual femurs challenging. Therefore, for each analysis, we
stained and FACS-analyzed all cells found in the long bones from each
litter and then plotted the values normalized to the cellularity of one
individual femur. Supplementary Fig. 1 provides examples of gating
strategies for the cell populations interrogated using flow cytometry.

Hematopoietic stem cell transplantation

B6.SJL-Ptprc*Pepc?/Boy) (CD45.1%) recipient mice were myelo-ablated
by two doses of 700 and 475 rads, three hours apart. For fetal bone
marrow transplants the recipients were transplanted with all the
hematopoietic cells in an E18.5 CD45.2" femur and 1x10° total hema-
topoietic competitor cells from a CD45.1" adult mouse. For fetal liver
primary HSC transplants the recipients were transplanted with 50
Lin'Scal*CD117*FIt3CD48 CD150°CD45.2" HSC purified from the liver
and 2x10° total hematopoietic competitor cells from a CD45.1" mouse.
For secondary transplants we FACS-purified 100 CD45.2" LT-HSC from
the primary recipients and transplanted along with 2x10° total hema-
topoietic competitor cells from a CD45.1" mouse. All recipients were

myelo-ablated CD45.1"adult male mice. Multilineage reconstitution in
the peripheral blood of the recipients was quantified by flow cytometry
every four weeks with positive engraftment considered at >0.1%
CD45.2° cells.

Bone marrow and liver sectioning for immunostaining

For the detection of hematopoietic cells in the bone marrow (fetal and
adult) and fetal liver, we modified a previously established protocol*®.
Tissues were fixed in 4% ice-cold PFA for six hours and washed in PBS.
At this stage, femurs were decalcified overnight by rotating in the
immersion of a solution of 10% w/v EDTA in PBS. Then, samples were
cryoprotected by immersion in 20% w/v sucrose in dH,0 and frozen in
OCT (TissueTek). Samples were kept in -80 until sectioning.

For sectioning, tissues were removed from molds and placed in a
frozen microtome. For bone marrow samples, the cavity was exposed
by careful shaving of the bone surface until the central bone marrow is
fully exposed. Similarly, a lobe of the fetal liver was shaved to expose a
region of tissue within the liver for immunostaining. The sample is then
removed from OCT, thawed in ice-cold PBS, blocked for 2 hours in PBS
with 20% Goat Serum stained overnight with primary antibodies
(Supplementary Data 1), washed thrice, and stained with secondary
antibodies (Supplementary Data 1) for 4 hours.

For quantification of changes in the vasculature we modified a
different protocol®. Fetal femurs were fixed overnight in 4% ice-cold
PFA, washed in PBS, and decalcified overnight by immersion in a
solution of 10% w/v EDTA in PBS. Bones were then mounted in agarose
and sectioned with a vibratome (60 um thick). For this protocol -
blocking, staining and imaging was conducted using high-quality
polymer chamber wells (Ibidi, 80426). The same reagents for staining
were used as above.

Confocal Imaging acquisition

Confocal imaging was performed on whole-mounted tissue samples or
vibratome sections in a Nikon AXR Inverted Confocal Microscope with
the following specifications: high power 405nm, 445nm, 488 nm,
514 nm, 561 nm, 594 nm, 640 nm, and 730 nm solid-state diode lasers.
All microscopes were equipped with a fully encoded scanning XY
motorized stage, Piezo-Z nosepiece for high-speed Z-stack acquisition,
resonant and galvanometric scanners, one high-quantum efficiency,
low-noise Hamamatsu photomultiplier tube, and three high-quantum
efficiency gallium arsenide phosphide photomultiplier tubes (GaAsP-
PMTs) for overall 400-820 nm detection. For image acquisition, we
used a LWD Lambda S 40XC water-immersion objective (Nikon,
MRD77410) with a resonant scanner and 4X line averaging, 1024 x 1024
pixels resolution, and 0.3 pm Z-step.

Image analyses

Original images (.ND2 format file) were denoised by a built-in artificial
intelligence algorithm (Denoise.Al) and stitched together using the
NIS-Elements software (Nikon, version 5.20.02 and 5.30.03). The
denoised and stitched .ND2 files were converted to Imaris (.IMS) files
using Imaris software (Bitplane, version 9.5 to 9.9). Cells of interest
were labeled with dots of the same diameter as the cell with the Imaris
Spots function in manual mode, and then X, Y, and Z coordinates from
the dots were automatically computed. Sinusoids (VCAMI" or VCAMLI),
were segmented based on the signal from the VCAMI channel using
the Imaris Surface function. For cells with irregular shapes (osteoclasts
and macrophages) we measured the diameter of the minimum circle
that contained the cell. Distances between cells and vessels were
obtained with the Imaris surface-to-surface function. The distance
from each cell to the center of the diaphysis was a point extrapolated
from the Y coordinates as indicated above. For segmenting the
metaphysis, intermetaphysis, and diaphysis within our bone marrow
images, we first identified where the anterior and posterior ends of the
marrow were, based on the CD31 signal. We define the center of the

Nature Communications | (2025)16:4427

10


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-59058-w

bone as the geometric point between these two ends. Then, we defined
the metaphysis as the region of the bone that is >600 um of the center
of the bone. The interdiaphysis is the region that is more than 400 um
-but less than 600 um - from the bone center. The rest of the bone is
considered the central diaphysis. The y-coordinates of the manually
annotated spots determined what region the cell was identified in.
Vessel length and lumen measurements were extracted using point-to-
point distance analysis on Imaris software. Vessel length was measured
from branchpoint to branchpoint. Vessel lumen was measured based
on the largest diameter within a vessel (as defined in vessel length). In
VeamP*°* mice, Ly6C + CDI1b+ cells were calculated by generating a
masked Ly6C channel for CD11b in Imaris, creating a surface based on a
positive signal within the masked channel, and extracting the volume
from that surface. This volume was then divided by the average volume
of a neutrophil (as shown in Supplementary Fig. 3e) to obtain the total
number of Ly6C + CD11b+ cells per image. This was then divided by the
bone marrow volume, which was extracted from the manually anno-
tated surface generated based on the CD31 signal that outlined the
bone marrow tissue. In CdhS-Cref*":VcamP ™ mice, VCAMLI colocali-
zation with CD31 was calculated using the color threshold function in
ImageJ. In PrxI-Cre:VCAMP™* mice, VCAMLI voxels were extrapolated
from a surface based on a positive VCAMI signal within the bone
marrow in Imaris. Images shown are from a mask that removed
VCAMIL signal within a surface based on the CD31 channel. Maximum
pixel intensity values in Supplementary Fig. 3 were extracted from
manually annotated spots in Imaris. Percentages were then calculated
based on the following: 1) at or below the minimum intensity threshold
was assigned the value of O (not real signal or background signal) while
intensities at or above the maximum intensity threshold were con-
sidered saturated or maximum signal; and 2) Values that fell within this
range were calculated by taking that value, dividing it by the maximum
intensity signal, and multiplying by 100% to give a percent of max-
imum intensity. This was then applied to 10 different cells within each
of the populations outlined in Supplementary Fig. 3. All software were
installed in HP Z4 windows 10 x 64 workstations equipped with Dual
Intel Xeon Processor W-2145, 192GB ECC-RAM, and an Nvidia Quadro
RTX 5000 16GB GDDR6 Graphics Card.

Quantifications of vessel number, length, diameter, and
perfusion

Bone marrow vessels were detected based on expression of CD31. Each
vessel was defined as a continuous segment between two branching
points. Vessel length was defined as the contiguous line from one
branch point to another. Vessel lumen diameter was defined as the
largest diameter within one vessel. Vessel perfusion was determined
based on the presence or absence of Terl19+ erythroid cells within the
lumen of an E18.5 fetal bone marrow sample.

Pentachrome stain and quantification of bone length and

area size

Fetal femurs were fixed in 10% formalin overnight, washed thrice in
PBS, and decalcified in 20% w/v in PBS overnight. Samples were
dehydrated in 70% ethanol, embedded in paraffin, and sectioned
(10 um) in a microtome. Alternate consecutive sections were stained
with hematoxylin/eosin or pentachrome solutions, and those deter-
mined to represent the central bone marrow used to quantify the size
of the bone marrow cavity and bone length. Images of pentachrome-
stained sections were acquired on a 3007 A Nikon 90i upright
microscope. Image analysis was done using NIS-Elements GA3 pro-
cessing to exclude the mucin and collagen signals within the marrow,
with the resulting bone marrow area quantified. This process was
inverted when quantifying the composition cartilage and bone of our
Rank** pentachrome images. For bone marrow length, we used NIS-
Elements to measure the distance between center points of each end
of marrow in our pentachrome sections.

Statistics

All statistical analyses were performed using Prism 9 (GraphPad Soft-
ware). For graphs quantifying cells in different mice, we indicate the
mean, and each dot corresponds to one mouse. For graphs showing
distributions of cells, we indicate the mean, and each dot corresponds
to one cell. Statistical analyses between two samples were performed
by using the Student’s t-test if the data was normal and the Mann-
Whitney test if the data was not normal. For statistical analysis between
multiple samples, analyses were performed using two-way ANOVA
followed by Sidak’s multiple comparisons test if the data was normal or
the Kruskal-Wallis test if not normal.

Data reporting

No statistical methods were used to predetermine the sample size.
Image analyses of the bone marrow are very time-consuming, and it
is not possible to examine large numbers of samples. We have
previously shown that 3 bones per condition allow the identifica-
tion of a sufficient number of cells to detect changes in location and
distribution in the bone marrow'. Based on this, we have striven to
analyze 3 bones per condition and included additional bones when
possible. All mice were included in the analyses. Mice were ran-
domly allocated to different groups based on genotype and litter
size. For all experiments, we aimed to have the same number of
mice in the control and experimental groups. Investigators were
not blinded to allocation during experiments and outcome assess-
ment. This is because it was not possible to blind the investigator to
the age ofthe fetal bone examined, as they are readily identified by
size and cell distribution. Similarly, the depletion of yolk-sac-
derived cells led to evident changes in cellular content and
organization.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Data is publicly available in the Biolmage Archive®® under the Biol-
mages accession number S-BIAD1761, including FACS data files (FCS
and experiments), ND2 and IMS imaging files. Source data files are
provided with this paper in.xls format and indicate the file locations
within the data repository. Of note - FACS data files for Fig. 1 can be
found in the Supplementary Fig. 2 folder of the repository, data in
Supplementary Fig. 8 can be found in the Fig. 3 folder, and data in
Supplementary Fig. 9 can be found in the Fig. 4 folder. All other data
are available in the article and its Supplementary files or from the
corresponding author upon request. Source data are provided with
this paper.
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