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Embryonic hematopoiesis involves successive waves of progenitors
from distinct anatomical sites, but the origins and contributions of early
hematopoietic stem and progenitor cells (HSPCs) remain incompletely
defined. Here we use genetic fate mapping in mice to temporally label

hemogenic endothelium (HE) subsets and track their progeny. We show that
awave of fetal-restricted HSPCs arises from HE in the vitelline and umbilical
arteries between embryonic days 8.5and 9.5, preceding the emergence of
definitive hematopoietic stem cells. Lineage tracing, single-cell transcriptomic
analyses and functional assays revealed that these progenitors are transient

and distinct from erythro-myeloid progenitors, contribute extensively to
fetal lympho-myelopoiesis but decline postnatally. Our findings reveal a
previously unrecognized early HE wave as a key source of fetal-restricted
HSPCs, refining the spatial-temporal understanding of layered
hematopoiesis and informing developmental origins of blood cell diversity.

The vertebrate embryonic hematopoietic system develops through a
series of overlapping waves of blood progenitors, each with progres-
sively broader lineage potential'2. Although the phenomenon of ‘lay-
ered hematopoiesis’—the sequential emergence of distinct blood cell
populations—is highly conserved across species, its detailed analysis
in model organisms has been challenging owing to the temporal and
spatial overlap of these waves and their multiple anatomical sources.
Furthermore, the identification of embryonic blood progenitor cells
has been complicated by the extensive sharing of surface markers

among these populations, and only recently has their heterogeneity
begunto be unraveled through advancesin single-cell methodologies’.

Adult repopulating hematopoietic stem cells (HSCs) are firstly and
autonomously generated in the aorta-gonad-mesonephros (AGM)
regionstarting from embryonic day (E)10.5 in the mouse*. HSCs origi-
nate from aspecialized population of endothelial cells termed hemo-
genic endothelium (HE) in the major embryonic arteries’ ®and mature
through a hierarchy of pro- and pre-HSC intermediates”°. Starting
from E12, HSCs colonize the fetal liver (FL) where they are thought to
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expand in numbers", and toward the end of gestation relocate to the
bone marrow (BM) where they will reside throughout adult life. The
BM niche, however, does not acquire robust HSC support capability
until after birth™.

Before HSC generation and following the early onset of primi-
tive hematopoiesis, several waves of oligopotent progenitors begin
emerging at E8.25 (refs. 2,13), initially from HE in the yolk sac (YS)*.
Among HSC-independent progenitors, erythro-myeloid progenitors
(EMPs) generate tissue-resident macrophages persisting until adult
life>'. EMPs were also reported to contribute to fetal erythropoiesis"”
and fetal innate lymphoid cells'. Although EMPs can generate mul-
tiple myeloid lineages', their physiological contribution to fetal
and postnatal hemopoiesis is still unclear. Immune-restricted
lympho-myeloid progenitors (LMPs) emerge in the YS slightly later
than EMPs and were shown to take partin fetal lympho-myelopoiesis,
even though for a limited time window and contributing less than
20% of myeloid cells at E14.5 (ref. 20). Despite conclusive evidence
that YS-derived HSC-independent B and T cell progenitors exist and
persist to adulthood* >, some controversy still remains regarding
theidentity of the first progenitors responsible for the colonization
of the fetal thymus and, in particular, whether they originate from
HSCs or not**,

HSC-independent progenitors are necessary and sufficient to
sustain fetal life until the end of gestation®. Indeed, recent work showed
that HSCs exert a limited contribution to prenatal hematopoiesis**®.
Lineage tracing identified embryonic multipotent progenitors (eMPPs)
appearing concomitantly to definitive HSCs, which markedly con-
tribute to fetal and adult multi-lineage hematopoiesis®®*°. Although
the origin of eMPPs appears to be HSC independent®®?, it is not clear
when and where they emerge during development. The existence of
fetal HSCs with characteristics distinct from those of adult HSCs has
also been suggested®>**; however, as for eMPPs, a prospective identi-
fication of these progenitors, which would allow localization in their
niche of emergence, is currently not possible®*. Moreover, the true
extent of their contribution to fetal and adult hematopoiesis needs
further clarification.

To genetically label and trace discrete subsets of HE, we took
advantage of well-established conditional fate-mapping strategies
inmice. We found that a wave of fetal-restricted hematopoietic stem
and progenitor cells (HSPCs) emerges from HE between E8.5 and
E9.5, before the onset of adult-type HSCs, and acts as amajor driver of
fetal lympho-myelopoiesis. Through acombination of whole-mount
imaging and single-cell transcriptomics, we localized the initial emer-
gence of HSPCs belonging to this wave to the hematopoietic clus-
ters of vitelline and umbilical arteries (VU). Moreover, we show that
fetal-restricted HSPCs are not endowed with long-term multi-lineage
engraftment potential butinstead represent a heterogeneous subset
of hematopoietic progenitors poised for differentiation, probably
including eMPPs.

Results

HE lineage tracing identifies a population of fetal-restricted
hematopoietic progenitors

Allhematopoietic cells, with the possible exception of some primitive
erythrocytes, originate from Cdh5' HE (ref. 1). To differentially label
embryonic hematopoietic waves and systematically trace their contri-
bution during fetal and adult hematopoiesis, we used a well validated
pulse-chase approach using tamoxifen-inducible CdhS-CreER™ mice®,
together with reporter lines selected for their suitability to different
applications (R26"“mao[R2670ren or R265Y) (Extended Data Fig. 1a).
This strategy benefits from the use of asingle Creline, thereby avoiding
bias from cell-type-specific promoters. To achieve precise temporal
control, we used (2)-4-hydroxytamoxifen (4-OHT), which has a short
invivo half-life (<3 h), reaches peak serum levels rapidly after admin-
istration and is cleared to undetectable within 12 h, as shown by mass
spectrometry’. By contrast, tamoxifen requires hepatic metabolization
into 4-hydroxytamoxifen (4-OHT), a process that takes approximately
6-12 hin vivo; tamoxifen itself remains detectable in serum for up to
48 h after administration®.

We first evaluated the labeling of YS EMPs (Ter119 Kit'CD41'**
CD16/32")".In CdhS-CreER™::R26*°"* embryos, E9.5and E10.5 YS EMPs
were found labeled at high efficiency with 4-OHT activation atboth E7.5
and E8.5 (Extended DataFig.1b,c). EMP labeling was also confirmed by
whole-mountimaging of E9.5YS (Extended Data Fig. 1d), whichidenti-
fied no difference in the number of labeled Kit" clusters when traced
at the two activation time points (Extended Data Fig. 1e). Consistent
with this, brain microglia, which originates from YS EMPs’, was found
highly labeled with both 4-OHT at E7.5and E8.5, in the E16.5 fetus and
inthe adult (Extended DataFig. 1f,g). By contrast, as expected, 4-OHT
at E10.5did not label microglia (Extended Data Fig. 1g).

We analyzed the labeling of LMPs (CD31°Kit"CD45") in the E10.5
AGM andYSincluding VU connecting the yolk sac to the embryo proper
(YS +VU). While in the AGM LMP labeling was partial with both acti-
vation time points, 4-OHT at E8.5 traced the majority of LMPs in the
YS + VU (Extended Data Fig. 2a,b), consistent with LMP emergence at
oraround E9.5in the YS®. In the E11.5 FL, the LMP (Lin Kit'*CD45*FIt3
“IL7Ra") recombination frequency was low with 4-OHT at E7.5 and
increased with activation at E8.5 (Extended Data Fig. 2¢,d). Interest-
ingly, the percentage of traced CD45°Kit" hematopoietic progenitors
in the E11.5 FL doubled when 4-OHT was delivered at E8.5 compared
withE7.5 (Extended DataFig. 2e), suggesting that part of them originate
independently from EMPs.

Next, weinvestigated the extent of labeling ofimmunophenotypic
type 1 (CD31'Kit"CD41°*CD45 CD43*CD201") and type 2 pre-HSCs
(CD31'Kit"CD41°¥CD45'CD43'CD201")** in AGM and YS + VU of
Cdh5-CreER™::R26"™ma/R26Crn E11.5 embryos (Fig. 1a). 4-OHT at
E7.5 labeled a minority of type 1 and type 2 pre-HSCs in both AGM
(Fig.1b,c) and YS + VU (Fig. 1d). Type 1 pre-HSC labeling was also low
at E10.5 at this activation time (Extended Data Fig. 2a,b). By contrast,

Fig.1|Lineage tracing of HEbetween E8.5 and E9.5 labels a subset of
phenotypic hematopoietic progenitors and HSCs. a, Visual schematic

of lineage tracing experiments in CdhS-CreER™::R26'°%/R267Cr" E11.5-F14.5-
E16.5 embryos and postnatal mice, related to Figs. 1and 2 and Extended Data
Figs.1f,g, 2c-mand 3. b, Representative flow cytometric analysis of AGM region
hematopoietic progenitors (Ter119Kit"CD31'CD41°"CD43*CD201"), type 1
pre-HSCs (Ter119 Kit*CD31'CD45 CD41°*CD43*CD201") and type 2 pre-HSCs
(Ter119°Kit'CD31°CD45'CD41°"CD43'CD201") in E11.5 CdhS-CreER™::R267C*"
embryos, quantified in c. c,d, Quantification of flow cytometric analysis shown
inb. The percentage (%) of recombination is represented as the percentage of
zsGreen' cells within progenitors and type 1and type 2 pre-HSCs in E11.5 CdhS-
CreER™::R26*"** AGM (c) and YS + VU (d). 4-OHT at E7.5 (n =15),4-OHT at ES.5
(n=23) (showninb),4-OHT at E10.5 (n =12) AGM (c) and 4-OHT at E7.5 (n =15),
4-OHT atE8.5(n=14),4-OHT at E10.5 (n =12). (d) were analyzed individually
across sixindependent experiments. Error bars represent the mean + s.d. Pvalues

are asindicated in the figure (two-way ANOVA followed by Tukey’s multiple
comparisons test). e, Representative flow cytometric analysis of FL HSCs (Lin~
Kit*Scal*CD48 CD150"), LK (Lin"Kit*Scal") and LSK (Lin Kit*Scal®) and relative
labeling frequencies in E14.5 CdhS-CreER™::R26"°™*° embryos. Lineage cocktail:
B220,CD19,CD3e, F4/80, Grl, Nk1.1, Ter119, 7-AAD. The related quantification
isshowninf.f-h, Recombination within phenotypic HSCs in E14.5 FL (f), E16.5

FL (g) and adult BM (h). Data are shown as the percentage of tdTomato* or
zsGreen' cells within HSCs. E14.5FL: 4-OHT at E7.5 (n = 14), E8.5 (n =26) or E10.5
(n=16) (shownine), 6 independent experiments. E16.5FL:4-OHT atE7.5 (n=13),
E8.5(n=18),E10.5 (n=17),4 independent experiments. Adult BM: 4-OHT at
E7.5(n=5),E8.5(n=13),E10.5(n=13),7 independent experiments. Error bars
represent the mean + s.d. Pvalues are indicated in the figure (one-way ANOVA
followed by Tukey’s multiple comparisons test). Illustrationin a created in
BioRender; Brunelli, S. https://biorender.com/sb5tlt5 (2026).
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both E8.5and E10.5 activations yielded substantial pre-HSC labeling at
E11.5. While type 1 pre-HSCs were captured at a higher frequency with
4-OHT atE10.5inthe AGM, labeling of more mature type 2 pre-HSCs was
significantly higher (~60%)inboth AGMand YS + VU with4-OHT at E8.5,
as opposed to an apparently complementary subset (~40%) labeled
with4-OHT at E10.5 (Fig. 1b-d). Strikingly, hematopoietic progenitors
other than pre-HSCs (CD31'Kit"CD41°*CD45""CD43*CD201") showed
amuch more selective labeling pattern and were almost exclusively
labeled by the E8.5 activation in AGM and YS + VU (Fig. 1b-d). When
YS and VU were dissected and analyzed separately from each other,
progenitor subsets in each tissue showed no difference in labeling
frequencies (Extended Data Fig. 2f); therefore, we kept these tissues
together for the remainder of this study.

We then tested the labeling of fetal and adult phenotypic HSCs
(Lin'Kit'Scal*CD150°CD48") (Fig. 1e). E14.5, E16.5 FL and adult BM
HSCs were extensively labeled with 4-OHT at E10.5, but not at E7.5
(Fig.1f-h), confirming a previous report*’. Interestingly, 4-OHT at E8.5
labeled E14.5FLHSCs with variable efficiency (58% on average; Fig. 1f)
not dependent on the specific reporter line (Extended Data Fig. 2g),
but decreasing to an average of 25% at E16.5 (Fig. 1g) and 10% in the
adult BM (Fig. 1h), raising the possibility of the existence of a wave of
‘fetal-restricted’ HSCs, as previously suggested®. A similar labeling
pattern, however, was also observed in Lin"Kit*Scal* (LSK) progeni-
tors (Extended Data Fig. 2h-j). Labeling of non-HSC hematopoietic
progenitors (LK, Lin“Kit*Scal"), comprising granulocyte-macrophage
progenitors, commonmyeloid progenitors (CMP) and megakaryocyte-
erythroid progenitors (MEP), was highest with 4-OHT at E8.5 in E14.5
FL (Extended DataFig. 2k), whereasat E16.5and in adult BM they were
mostly labeled with 4-OHT at E10.5 (Extended Data Fig. 21, m).

Taken together, these data suggest that HE lineage tracing in the
Cdh5-CreER”? model (4-OHT at E8.5) may capture a putative population
of HSPCslargely restricted to fetal life. By contrast,4-OHT pulses at E7.5
orE10.5, respectively, label either EMPs or adult-type HSCs. Therefore,
the same genetic model canbe used to study the relative fetal and adult
contributions of three sequential waves of HE in an unbiased way.

Fetal lympho-myelopoiesis is largely contributed from
hematopoietic progenitors originating from ES8.5-E9.5 HE

To examine the fetal lympho-myeloid contribution of the three HE
waves, we analyzed those lineages in CdhS-CreER™::R26""™*° E16.5
FL and thymus. 4-OHT activation at E7.5 yielded an average labeling
of only 35% of F4/80*CD11b'"* macrophages, less than 10% of B cells,
10-15% of T cells and 5% of F4/80'°-CD11b* myeloid cells in the E16.5 FL
and thymus (Fig. 2a,b). E10.5 activation resulted inlabeling of 30% of B
and myeloid cells (Fig.2a), asimilar contribution to T cells, with higher
labeling (30-40%) in less differentiated thymocytes (DN1and DN2)
(Fig.2b) and negligible labeling in macrophages. Strikingly, the highest
labeling frequenciesinall observed lineages were detected with4-OHT
activation at E8.5, yielding on average 70% of labeled B and myeloid cells
inthe E16.5FL (Fig. 2a and Extended Data Fig. 3a) and 50-60% of labeled

E16.5 fetal thymocytes (Fig. 2b and Extended Data Fig. 3b). In contrast
toE10.5activation, double-positive (CD4"'CD8DP) T cells showed the
highestlabeling frequency, and embryonic yS T cells were preferentially
labeled by 4-OHT administration at E8.5, showing an approximately
fourfold higher labeling efficiency compared with E10.5 (Fig. 2b). Thus,
our dataare consistent with the previously reported model suggesting
the existence of two separate waves of thymus-settling progenitors*.

Postnatal analysis confirmed the absence of peripheral blood
(PB) labeling (<5%) in all lineages with activationat E7.5, both at 21 days
(Extended DataFig.3c) and 2 months (Fig. 2c,d), while E10.5 activation
resulted in high levels of recombination in all lineages (Fig. 2c,d and
Extended Data Fig. 3c). Conversely, activation at E8.5 showed highly
variable labeling at 21 days (average 30-35%) (Extended DataFig. 3c),
which showed a decreasing trend at 2 months (20-25%; Fig. 2c,d and
Extended Data Fig. 3d). Notably, comparison of fetal and postnatal
stages revealed divergent dynamics for the two labeling windows.
Labeling obtained with 4-OHT activation at E8.5, which was highest
atE16.5, declined markedly after birth, indicating that progeny of this
HE wave progressively lose representation in postnatal hematopoiesis
(Fig. 2d). By contrast, labeling following 4-OHT activation at E10.5
increased from E16.5 to postnatal stages (Fig. 2d), consistent with
the gradual takeover of hematopoiesis by adult-type definitive HSCs.
Together, thesereciprocal trendsindicate adevelopmental handover
between a predominantly fetal hematopoietic programemerging from
E8.5to E9.5HE and alater-arising program specified from E10.5 HE that
sustains postnatal blood production.

These datashow that the hematopoietic wave that emerges from
HEbetween E8.5and E9.5is amajor contributor to fetal, but not adult,
lympho-myelopoiesis. As HE labeling at E8.5 marks phenotypic pro-
genitors and pre-HSCs (Fig. 1) and similar labeling dynamics were seen
for LK, LSK and HSC (Fig. 2a-d and Extended Data Fig. 2h-m), thiswave
of HE probably contains the precursors that generate a pre-constituted
hierarchy of fetal-restricted hematopoietic progenitors, including
fetal HSCs, HSC-independent eMPPs and other progenitors?393+42,
Therefore, we will collectively refer to these as ‘fetal-restricted HSPCs'.

Fetal-restricted HSPCs first emerge from HE of the vitelline and
umbilical arteries

Toobtaininsightinto the dynamics of fetal-restricted HSPC generation,
we investigated sites of hematopoietic emergence using whole-mount
confocalimaging. As mentioned, Kit"CD31" hematopoietic clustersin
the E9.5YS, corresponding to EMPs, were equally labeled by 4-OHT
activation at E7.5 or E8.5 (Extended Data Fig. 1d,e). CD31'Kit" hemat-
opoieticclustersinthe dorsalaorta (DA), thought to contain pre-HSCs*,
peak at E10.5 (ref. 44). However, the first intra-embryonic Kit* hemat-
opoietic clusters appear within the portion of the vitelline artery (VA)
most proximal to the DA****¢, Although the majority of these clusters
are thought to contain progenitor cells other than pro-HSC’, vitel-
line and umbilical arteries are known to represent sites of pre-HSC
emergence””. Importantly, because of the lack of specific ways to trace

Fig. 2| Extensive but transient lympho-myeloid contribution of fetal-
restricted HSPCs at the end of gestation. a, Quantification of labeled
(tdTomato") B cells (CD45'B220"), myeloid cells (CD45'CD11b"*), macrophages
(CD45'F4/80") and total leukocytes (CD45%) in E16.5 FL from CdhS-
CreER™::R26'°™° embryos activated at E7.5 (left, n = 21), E8.5 (middle, n =23) or
E10.5 (right, n =13), analyzed across 5 independent experiments (gating strategy
in Extended Data Fig. 3a). Error bars represent the mean + s.d. b, Quantification of
labeled thymocyte subsets in CdhS-CreER™::R26™™%° E16.5 fetal thymus (gating
strategy in Extended Data Fig. 3b), activated with 4-OHT at E7.5 (left, n =13),E8.5
(middle, n=18) or E10.5 (right, n = 16). Thymuses were analyzed individually
across four independent experiments. Error bars represent the mean +s.d.

¢, Quantification of flow cytometric analysis of labeled B cells (CD45'B220"),
myeloid cells (CD45'CD11b"), T cells (CD45°CD3e") and total leukocytes (CD45")
inadult (2 months old) PB from CdhS-CreER™::R26'™™*° mice (gating strategy in

Extended Data Fig. 3d), activated with 4-OHT at E7.5 (left, n =12), E8.5 (middle,
n=13) or E10.5 (right, n =13). Mice were analyzed individually across seven
independent experiments. Error bars represent the mean + s.d. d, Longitudinal
labeling of Band T lymphocytes and myeloid cells at the three analysis time
points (E16.5, 21 days, and 2 months or adult). E16.5FL (4-OHT at E7.5,n = 21;
4-OHT at E8.5,n=23;4-OHT at E10.5, n = 8), 21-day-old mice PB (4-OHT at E7.5,
n=12;4-OHT atE8.5,n=15;4-OHT at E10.5, n =13) and adult 2-month-old mice PB
(4-OHT atE7.5,n=12;4-OHT at E8.5,n =13;4-OHT at E10.5, n = 13) were analyzed
individually across 12 independent experiments. Pvalues indicated in the figure
show significant differences between labeling at E16.5 and 21 days for the E8.5 and
E10.5 activation time points. The T cell graph was made based on recombination
frequencies within the CD4*'CD8" subset. Error bars are colored for each
activation time point and represent the mean + s.d. Pvalues are indicated in the
figure (two-way ANOVA followed by Tukey’s multiple comparisons test).
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these early progenitors, their contribution has never been analyzedin
anunperturbed system. Remarkably, few Kit" hematopoietic clusters
inthe CdhS-CreER™::R26"""E9.5 VA were labeled by 4-OHT at E7.5, but,
incontrast, their majority was labeled by the E8.5 activation (Fig. 3a,b),
correlating with the emergence of fetal-restricted HSPCs. These obser-
vationsindicate that such progenitors first emerge within the VA. Flow
cytometry analysis of E9.5 hematopoietic progenitors other than EMP
(non-EMPs, Kit*CD41'°"CD16/32") showed absence of differential labe-
lingintheYS, butsignificantly higher labeling within the caudal part of
theembryo (CP) whentraced at E8.5 (Extended Data Fig. 4a), consistent
with imaging data and an identity of VA clusters independent from
EMPs. Next, we evaluated labeling of hematopoietic clustersin the VA
and umbilical artery (UA) of E10.5 embryos (CD31°Kit" or CD31'Runx1*
round-shaped cells) and compared it with that of the DA. 4-OHT activa-
tionatE7.5yielded low labeling frequency of both VU and aortic clusters
(Fig.3c-f).Conversely, 4-OHT at E8.5resulted in high levels of recombi-
nationin VU clusters, but significantly lower in DA clusters (Fig. 3c-f).In
line with these results, differential labeling of non-EMPs by flow cytom-
etry was also observed at E10.5 in the AGM (Extended Data Fig. 4b).
Interestingly, HE labeling was low in the E10.5-E11.5 AGM at all activa-
tion time points, as assessed by whole-mount imaging (CD31'Runx1"
flat-shaped cells; Fig. 3e,f) and flow cytometry (CD31°Kit"CD41 CD45
“CD43") (Fig. 3g and Extended Data Fig. 4c). Notably, neither E7.5 nor
E8.5activationresulted in appreciable recombination within the ven-
tral aorticendothelium (Fig. 3e), consistent with the lack of tracing of
adult BM HSCs (Fig. 2d) arising in this location**. AGM non-HE (CD31
"Kit"CD41 " CD45°CD43") was not labeled (4-OHT at E7.5) or labeled at
low frequency (<10%; 4-OHT at E7.5 or E8.5) (Fig. 3g).

Previous ex vivo culture assays revealed the presence of pre-HSCs
inthe YSatE10.5,but notat E9.5 (refs. 9,45,49); from E11.5, YS pre-HSCs
seem to decline'®"*°, Whole-mount analysis of E10.5 YS identified
the presence of large Kit" hematopoietic clusters, which were absent
at £9.5. Within the YS, these clusters exclusively localized in the VA
and its ramifications (which form a continuous connection with the
intra-embryonic portion of the VA), and were previously documented
to express Lyé6a (ref. 46) and Hlf (ref. 50), markers associated with HSC
activity. In CdhS-CreER™::R26*°" YS, the majority of cells in these clus-
terswere not labeled with activationat E7.5but, instead, were consist-
ently labeled with4-OHT at E8.5 (Extended Data Fig.4d,e). Inline with
thisand with EMP labelingin our system, while E7Z.5activationidentified
hematopoietic clusters only in the YS vascular plexus, E8.5 activation
labeled clustersinboth plexus and YS arteries (Extended DataFig. 4f,g).
Similar towhat was already observed inthe AGM, the levels of labeling
of E10.5and E11.5 YSHE were undetectable to low at all activation time
points (Extended Data Fig. 4g,h).

Overall, these results suggest that fetal-restricted HSPCs first
emerge from the HE of the VA and the UA. Whereas at E9.5 the location
of the hematopoietic clusters likely to contain these progenitors is
solelyintra-embryonic, from E10.5, these clusters are also found within
the major arteries of the YS. The lack of labeled HE already 24 h after
activation suggests that endothelial-to-hematopoietic transition (EHT)
eventstake placeinvivowithinashort time window of <12 h, similar to
what was observed ex vivo®, and that the entirety of labeled HE under-
goes EHT, consistently with it being hematopoietic committed and
devoid of contribution to the structural endothelium®.

EMPs do not significantly contribute to hematopoietic clusters
inintra- and extra-embryonic arteries

To gain insight on the origin of hematopoietic clusters in different
sites of emergence, we performed lineage tracing using the Csf1r-iCre
transgenic mouse line, which targets EMPs and their progeny™.

Kit* clusters in the E9.5 VA of Csflr-iCre::R26“™™% embryos
showed near complete absence of labeling (Fig. 4a,d), despite the
expected highly efficient labeling of E9.5 EMPs (Fig. 4b). Non-EMPs
were not labeled in the E9.5 CP, whereas ~-50% recombined in the E9.5
YS, possibly representing immature EMPs and/or CsfIr* progenitors
otherthan EMPs (Fig. 4b). Interestingly, LMPs were previously shown
toemergein the YS vascular plexus starting from E9.5 and to express
CsfIr (ref. 20,25). Hematopoietic clusters in the E10.5 DA, VA and
UA and large arterial clusters in the E10.5 YS showed very low labe-
ling, confirming that they do not originate from EMPs (Fig. 4c,d and
Extended Data Fig. 5a). By contrast, extensive labeling was detected
in the E10.5 FL, in agreement with its early colonization by EMPs
(Fig.4c,d). Accordingly, at E10.5, EMP labeling remained high (>90%),
whileless than25% non-EMPs were labeled inboth YS + VU and embryo
proper (Fig. 4e).

These data show that hematopoietic clusters emerging in the
major intra- and extra-embryonic arteries, including the E10.5YS,
largely contain cells that develop independently of EMPs.

Alate wave of CsfIr* progenitors exerts a limited contribution
to fetal lympho-myelopoiesis

As 4-OHT activations at E7.5-E8.5 in the CdhS-CreER™ system both
target EMPs and non-EMPs, we wanted to get a better assessment of
the contribution of EMPs to fetal ympho-myelopoiesis. To this aim, we
took advantage of the tamoxifen-inducible CsfIr¥“¥ line, previously
used to trace EMPs in the absence of HSC labeling™ "2, As expected,
in Csf1rMercreMer::p2gt™omato £9 5_F10.5 embryos, both 4-OHT at E8.5and
E9.5 label EMPs but few non-EMPs (Extended Data Fig. 5b-d), as also
confirmed by microglia labeling in the E16.5 brain (Fig. 4f).

Fig. 3| Whole-mount confocal imaging localizes the initial emergence
offetal-restricted HSPCs to the vitelline and umbilical arteries. a, WM-IF
confocal analysis of E9.5 (21-27 sp) CdhS-CreER™::R26"""* embryos in the CP.
Maximume-intensity 3D projections are shown; the middle and right panels are
magnifications. Arrowheads indicate Kit* hematopoietic clustersin the VA,
labeled following 4-OHT administration at E8.5 (filled arrowheads) but not at
E7.5 (open arrowheads). b, Quantification of EYFP labeling within Kit* cluster
cellsinthe VA of E9.5 embryos shown in a. Measurements were obtained from
embryosactivated at E7.5 (n=3) or E8.5 (n =5), using 1-4 images per embryo
(11images for E7.5; 6 images for E8.5). Data are presented as mean +s.d. The
Pvalueisindicated in the figure (two-tailed unpaired Student’s t-test). ¢, WM-IF
confocal analysis of the AGM region of E10.5 (32-36 sp) CdhS-CreER™::R265""
embryos. The left and middle panels show maximum-intensity 3D projections;
the boxed region is shown as asingle 2.5-um optical slice (right). Arrowheads
indicate Kit" hematopoietic clusters in the UA, unlabeled after E7.5 activation
(open arrowheads; top), and labeled after E8.5 activation (filled arrowheads;
bottom). Embryos activated at E7.5 (n =9) or E8.5 (n =12) were analyzed in 7
independent experiments. d, Quantification of labeling in Kit" hematopoietic
clusters within the AGM at E10.5, shownin c. Clusters in the DA and VU were
quantified separately. Data were derived from 9 embryos (E7.5 activation) and

12 embryos (E8.5 activation), with 3-6 images per embryo (39 images for E7.5;
56 images for E8.5). Data are presented as mean + s.d. Pvalues are indicated

in the figure (two-way ANOVA with Tukey’s multiple comparisons test).

e, WM-IF confocal analysis of the E10.5 AGM region of E10.5 (32-36 sp)
CdhS-CreER™::R26" embryos. Boxed areas in maximume-intensity projections
are magnified in single 2.5-pm optical slices. Runx1*CD31* round-shaped
hematopoietic cluster cells (arrowheads) and flat-shaped HE (asterisks) are
indicated. Embryos activated at E7.5 (n = 4) or E8.5 (n = 4) were analyzed.

f, Quantification of labeling in Runx1*CD31" cluster cells and HE from

e, analyzed separately in DA and VU regions. Data were derived from 4

(E7.5 activation) and 4 embryos (E8.5 activation), with 5-12 images per embryo
(33images for E7.5; 40 images for E8.5). Data are presented as mean £ s.d.
Pvalues are indicated in the figure (two-way ANOVA with Tukey’s test). g, Flow
cytometric quantification of labeled HE (Ter119°CD31°Kit"CD45 CD41 CD43")
and non-HE (Ter119"CD31°Kit"CD45"CD41°CD43") in AGM of E11.5 CdhS5-
CreER™::R26*°" embryos (gates in Extended Data Fig. 4c). Embryos activated
atE7.5(n=15),E8.5(n=11) or E10.5 (n =12) were analyzed across 5 independent
experiments. Data are presented as mean + s.d. Pvalues are indicated in the
figure (two-way ANOVA with Tukey’s test).
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Fig. 4| CsfIrlineage tracing reveals anon-EMP identity of arterial
hematopoietic clusters and the contribution of CsfIr* progenitors to fetal
lympho-myelopoiesis. a, WM-IF confocal analysis of E9.5 CsfIr-iCre::R26"™m®
embryos. A 3D magnification (left) or single 2.5-um-thick optical slices (middle,
right) are shown. Open arrowheads indicate unlabeled (tdTomato™) Kit" clusters
inthe VA. Four embryos were analyzed in two independent experiments.

b, Flow cytometric quantification of labeled (tdTomato*) EMPs (Ter119 Kit'CD41"
CD16/32") and non-EMPs (Ter119 Kit*CD41°CD16/32") in E9.5 CsfIr-iCre::R26"™ma
YS and embryos (gates in Extended Data Fig. 1b). Four YS and four embryos were
analyzed. Data are presented as mean + s.d. ¢, WM-IF confocal analysis of the
E10.5 CsfIr-iCre::R26"™™® AGM region (top rows) and FL (bottom). Single 2.5-um
optical sections are shown. Arrowheads indicate Kit" hematopoietic clusters in
the DA, UA and hematopoietic cellsin the FL. Open arrowheads mark unlabeled
cells; filled arrowheads indicate tdTomato® cells. Five embryos were analyzed
across threeindependent experiments. d, Quantification of labeling from WM-IF

images shown inaand c. Measurements were obtained from E9.5 (n =4) and E10.5
(n=5) embryos, using 2-8 images per embryo (21 E9.5images; 40 E10.5 images
total). Dataare presented as mean + s.d. e, Flow cytometric quantification of
labeled (tdTomato®) EMPs and non-EMPs in E10.5 CsfIr-iCre::R26“™™YS + VU
and embryos. Four YS and four embryos were analyzed. Data are presented as
mean +s.d. f, Flow cytometric quantification of E16.5 CsfIrMercreMer::R2gtamomat p|
brainand thymus following 4-OHT administration at E8.5 (n=4) orE9.5 (n=6).
Shown s the percentage of tdTomato* cells within FL myeloid cells (Ter119-CD45
“CD11bF4/807), B cells (Ter119-CD45'B220"), macrophages (Ter119-CD45°CD11b
“F4/80"), CD45" cells (Ter119°CD45"), LSK (Lin"Kit'Scal*), MPPs (Lin Kit'Scal'CD4
8*CD1507) and HSCs (Lin"Kit*Scal*CD48 CD150"); brain microglia (Kit*CD45"CD1
1b*F4/80%); and thymus CD45", DN (CD45°CD4 CD8"), CD4'SP (CD45°CD4°CDS8"),
CD8'SP(CD45'CD4 CD8") and DP (CD45'CD4'CD8"). An experimental schematic
isshown in Extended Data Fig. 5b. Data are presented as mean * s.d. from two
independent experiments.
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Inthe E16.5FL and thymus, E8.5 activation yielded no detectable
labeling, except FL macrophages (23%) (Fig. 4f). By contrast, E9.5activa-
tionlabeled asubset of myeloid and B cells (<20%) and 30-40% T cells
inthe E16.5FL and thymus, with the highest labeling detected inmore
differentiated thymocytes (CD4'CD8'DP, 50% labeling) (Fig. 4f). LSK,
including HSCs and multipotent hematopoietic progenitors (MPPs;
CD48°CD1507) were not labeled with either activation (Fig. 4f).

These data show that CsfIr® progenitors contribute in vivo to
fetal lymphoid cells, confirming a previous report®’. Lympho-myeloid
contribution of CsfIr® progenitors is limited in the FL but, surpris-
ingly, more pronounced in the thymus. Notably, in CsfIr' progenitors,
lymphoid potential appears only at E9.5. Our data provide support
for the existence of at least two waves of CsfIr" progenitors emerging
outside of the main arteries, with only the second being endowed with
lympho-myeloid potential.

B and T lymphoid potential appears in intra- and
extra-embryonic HE between E8.5and E9.5

To determine whether the ex vivo potential of fetal-restricted HSPCs
mirrored their in vivo fate, we isolated traced and untraced cells from
CdhS-CreER"™::R26  Tomato/zsreen | g agzstreen 9 5 YS or CPand E10.5YS + VU
or AGM (Fig. 5a,b). We performed colony-forming unit-culture (CFU-C)
assays ableto detect single or combined erythroid, myeloid and mega-
karyocyte potential of mature progenitors. CFU-Cs largely segregated
withlabeled cells at both activationsin either YS or CP-AGM (Fig. 5¢),
inagreement with the absence of differential labeling of EMPs at these
two time points (Extended Data Fig. 1b-e).

We next tested Band T lymphoid potential of HE using bulk OP9
and OP9-DL1 co-culture assays, respectively. Here we plated E10.5AGM
or YS + VU cells without previous isolation of the traced or untraced
fractions and normalized the percentage of labeled B and T lympho-
cytes after culture toinitial Kit* cell labeling. We found that cells traced
at E8.5 generated mature B and T lymphocytes with significantly
higher frequency than those labeled at E7.5in both AGM and YS + VU
(Extended Data Fig. 6a-d). To quantify the frequency of Band T cell
progenitors within labeled and unlabeled hemato-endothelial cells
(CD31" and/or Kit"; 4-OHT at E8.5) (Extended Data Fig. 6e,f), we per-
formed a limiting dilution assay (LDA) in OP9/OP9-DL1 co-cultures.
While Band T cell progenitors were almost exclusively detected in the
labeled fractions (Fig. 5d,e and Extended Data Fig. 6g,h), T progeni-
tors were significantly more frequent than B progenitorsinboth AGM
(1:81versus1:204, P=0.016) and YS + VU (1:123 versus 1:314, P= 0.012)
(Fig.5d,e).

These results show that while EMP emergence takes place from
E7.5 onwards, progenitors showing B and T lymphoid potential first
emerge fromintra- and extra-embryonic HE between E8.5and E9.5. The
different frequencies of Band T lymphocyte progenitors observed in
AGMandYS + VU are consistent withamodel in which developmental
uncoupling may already take place in the tissues of emergence of
these precursors.

Single-cell transcriptomics coupled with HE lineage tracing
identify distinct subsets of pre-HSPCsinAGM and YS + VU
Todetermine the transcriptional identity of fetal-restricted HSPCs and
evaluate the relationship between their origin and molecular signature,
we performed single-cell RNA sequencing (scRNA-seq). We pooled
hemato-endothelial CD31*and/orKit" cells from CdhS-CreER™::R26"™mt
AGMorYS +VU (4-OHT at E8.5) and separated theminto labeled (tdT")
andunlabeled (tdT") cells (Extended DataFig. 6a,b). Atotal of 44 clusters
were identified (Extended Data Fig. 7a). Pre-HSPCs distributed in two
distinct clusters and were recognized by their transcriptional signature,
characterized by the combined expression of the hematopoietic genes
Myb, Kit, Runx1, Adgrgl and Flt3together with genes reported toiden-
tify HSCs or theirimmediate precursors, including Hlf (refs. 28,50,53),
Cd27 (refs. 54,55), Mecom (ref. 28), Cd93 (ref. 56), Hoxa7 and Hoxa9
(ref.53) among others (Fig. 6a,b). Pre-HSPC 1were largely contributed
bylabeled AGM and unlabeled YS + VU cells; by contrast, tdT*YS + VU
cells made up >75% of pre-HSPC 2 (Fig. 6¢,d). Both clusters expressed
Cd27 (Fig. 6b and Extended Data Fig. 7b). Differential gene expression
analysis between the two clusters highlighted genes involved in hemat-
opoietic differentiation as well as metabolic and inflammatory genes
(Extended Data Fig. 7c,d and Supplementary Table 2).

Mapping to existing datasets®** confirmed a stem and progenitor
cell identity of the pre-HSPC 1 cluster, while a lymphoid progenitor
signature was more enriched in pre-HSPC 2 (Fig. 6¢,f). Separate evalu-
ation of the signature expression levels in each subset revealed that
uncommitted progenitor signatures were particularly expressed in
AGM cells of both clusters, while the lymphoid progenitor signature
was expressed at the highest level in tdT" cells of the YS + VU, found
almost exclusively in the pre-HSPC2 cluster (Extended Data Fig. 7e,f).

To further dissect pre-HSPC heterogeneity at the transcriptional
level, we restricted our analysis to pre-HSPC clusters (Fig. 6g). Rela-
tive gene set comparison evidenced that the pre-HSC transcriptional
signature was expressed at the highest level by labeled cells of the
AGM (Fig. 6h) and that our whole-mountimaging preferentially local-
izes within the intra-embryonic portion of the VU (Fig. 3). By contrast,
expression of genes characteristic of hematopoietic differentia-
tion was higher in tdT" cells of the YS + VU (Fig. 6i). AGM and YS + VU
pre-HSPCs showed a distinct metabolic signature, with glycolysis
prominent in AGM and OXPHOS genes expressed at a higher level
in YS + VU (Extended Data Fig. 8a). Pro-inflammatory genes, previ-
ously suggested to have arole in AGM HSC development®”*°, showed
heterogeneous expression. Interestingly, interferon response genes
were highest in labeled cells of AGM, while Tnf, Nfkb, Tlr4 and innate
immune response genes were more expressed in labeled cells of the
YS + VU (Extended Data Fig. 8b). Heterogeneity between tdT* AGM
and YS + VU pre-HSPC was confirmed by differential gene expression
analysis, which highlighted higher expression of ribosomal genesinthe
latter, indicative of higher metabolic activity (Extended DataFig. 8c,d
and Supplementary Table 3)°". Genes involved in signaling pathways
implied inHSC specification such as Notch, Shh and TGF-f3 (ref. 62) were

Fig. 5| Exvivo Band T lymphoid potential emerges in intra- and extra-
embryonic HE at E8.5, while erythro-myeloid potentialis already present
atE7.5.a, Schematic overview of CFU-C, OP9/OP9-DI1 co-cultures and limiting
dilution assays used to assess ex vivo hematopoietic potential of traced and
untraced hemato-endothelial cells. b, Representative flow cytometric gating
strategy for isolation of Ter119 -labeled (tdTomato' or zsGreen") and unlabeled
(tdTomato™ or zsGreen") cell fractions from E10.5 CdhS-CreER™YS + VU, following
4-OHT administration at E7.5 or E8.5 (shown). ¢, CFU-C output from labeled and
unlabeled Ter119™ cell fractions isolated from CdhS-CreER™::R26'4™°ma|R26%Creen
E9.5CPand YS (left), or E10.5AGM and YS + VU (right), following 4-OHT
activationat E7.5 or E8.5. Colony numbers are normalized to 1,000 Kit* cells
plated.E9.5:4-OHT E7.5 (n =12),4-OHT E8.5(n=6); E10.5: 4-OHTE7.5(n=4),
4-OHT E8.5 (n =4) samples analyzed across six independent experiments.
Starting cell numbers ranged from 100 to 4,300 (YS) and 40 t0 150,000 (CP/AGM).

GEMM, granulocyte-erythroid—-monocyte/macrophage-megakaryocyte; G/M/
GM, granulocyte-monocyte/macrophage; Ery, erythroid. Data are presented
asmean +s.d.E9.5CP4-OHTE7.5: P=0.1204; E9.5CP4-OHT E8.5: P=0.0988;
significant Pvalues are indicated in the figure (two-tailed unpaired Student’s
t-test).d,e, B cell (d) or T cell (e) LDAs performed with CdhS-CreER™::R267C"
E10.5AGMand YS + VU cells isolated as shown in Extended Data Fig. 6e,f.
Representative flow cytometric analyses are shown in Extended Data Fig.
6g,h. Top tables show, in the left columns, the number of cells seeded per
well. Progenitor frequencies were calculated based on the presence of Bor T
lymphocytes in OP9 or OP9-DL1 co-cultures, respectively. ELDA software was
used to perform this calculation and to generate the graphs. Samples were
analyzedinthree (B cell LDA) and two (T cell LDA) independent experiments.
zsG, zsGreen; tdT, tdTomato; n.d., not determined. lllustration ina created in
BioRender; Brunelli, S. https://biorender.com/1j1I9wh1 (2026).
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highly expressed intdT- AGM pre-HSPCs, probably the mostimmature
subset (Extended Data Fig. 8e). Taken together, our datashow evidence
of molecular heterogeneity within pre-HSPCs at the time of HSC emer-
gence and confirm at the transcriptomic level that 4-OHT at E8.5in
Cdh5-CreER™ mice labels the majority of E10.5 pre-HSPCs, probably
representing the precursors of fetal-restricted HSPCs. Our data also
suggest that pre-HSPCs in AGM and YS + VU include cells at distinct
stages of maturation, with those located in the AGM representing the
most uncommitted subset, and the ones in the YS + VU being primed
for differentiation.

Differentially labeled CD27°Kit" hematopoietic clusters
selectively localize to vitelline and umbilical arteries

Cd27 was one of the highly enriched genes in pre-HSPCs (Fig. 6b and
Extended DataFig. 7b). It was recently shown to be expressed in HSCs,
type 2 pre-HSCs and lymphoid progenitors in E10.5-E11.5 AGM>**,
To assess whether CD27 would allow a more specific localization of
labeled pre-HSPCs, we performed whole-mount confocal imaging of
E10.5 CdhS-CreER™ embryos (Fig. 7a). At this stage, we noticed that a
higher percentage of cells within VUKit" cluster cells expressed CD27
as compared with DA or YS arteries (Fig. 7b), while clusters in the
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E9.5YS did not express CD27 (Extended Data Fig. 9a), in agreement
with the reported lack of CD27 expression in EMPs**. Evaluation of
labeling of E10.5 Kit"CD27" cluster cells showed that E7.5 activation
labeled aminority of those clustersinboth AGM and YS (Fig. 7a,c,d and
Extended DataFig. 9b). By contrast, 4-OHT at E8.5 yielded significantly
higher labeling in the AGM (Fig. 7a,c) and in YS arteries (Fig. 7d and
Extended Data Fig. 9b). Strikingly, within the AGM, labeled Kit*CD27*
clusters were detected in the VU but not in the DA (Fig. 7a,c). These
results strongly suggest that CD27" pre-HSPCs with lymphoid potential
other than EMPs, identified with4-OHT at E8.5 in CdhS-CreER™ embryos,
specifically localize to VU in both intra- and extra-embryonic regions.

Fetal-restricted HSPCs and adult-type HSCs show distinct
dynamics of engraftment

To establish whether fetal-restricted HSPCs could yield multi-lineage
engraftment, we directly transplanted E11.5 AGM and YS + VU
from CdhS-CreER™::R26“™™°/R26%C*" pulsed with 4-OHT at E8.5
(fetal-restricted HSPCs) or E10.5 (adult-type HSCs) into lethally irra-
diated syngeneic CD45.1 recipients (Fig. 8a,b). We did not detect
any engraftment (defined as >5% donor chimerism) from YS + VU.
Remarkably, all recipient mice repopulated with cells traced at E8.5,
but none of those with cells traced at E10.5, showed high levels of
donor-derived labeling in myeloid and lymphoid cells of the PB (Fig. 8c
and Extended Data Fig.10a). Analysis of BM at 16 weeks after transplan-
tation confirmed PB data, with differentiated cells labeled only with
E8.5activation (Fig. 8d). Within the BM progenitor cell compartment,
LSK, MPP and LK were labeled only in mice transplanted with AGMs
traced at E8.5 (Fig. 8d and Extended Data Fig. 10b). Notably, immu-
nophenotypic HSCs were not found labeled with either activation time
point (Fig. 8d and Extended Data Fig. 10b). Within transplanted E11.5
AGM pools, a similar percentage of type 1and type 2 pre-HSCs were
labeled with both activations, while CD31*Kit*CD41'°*CD45""CD43
*CD201 progenitors were highly labeled with the E8.5 activation and
notlabeled with activation at E10.5 (Extended Data Fig. 10c), as previ-
ously shown (Fig. 1c). These data suggest that, in the E11.5 AGM, adult
repopulation potential may be confined to fetal-restricted HSPCs and is
likely toreside inthe CD201  subfraction, while adult-type HSCs labeled
at E10.5 are not yet competent for engraftment and most probably
require further maturation.

Next, we performed competitive transplants in which unfraction-
ated cells from E14.5 CdhS-CreER™::R26"°™/R265 FL pulsed with
4-OHT atE8.50r E10.5were transplanted into lethally irradiated recipi-
ent mice (Fig. 8a). Chimerism levels and labeling frequencies within
donor-derived fractions were followed over time in PB. To account for
variability in labeling efficiency, donor-derived labeling was normal-
ized to the percentage of labeled LSK in each donor sample before
transplantation (Extended DataFig.10d). Both E14.5FL cellslabeled at
E8.5and E10.5 showed multi-lineage engraftment potential in primary
recipients (Fig. 8e and Extended Data Fig. 10e). However, analysis of

the progenitor compartmentin BM of primary recipients at 16 weeks
showed that onlylabeled cells pulsed at E10.5 could expand in the host
BM niche (Fig. 8f and Extended Data Fig. 10f,g). We then performed
secondary transplantations (Fig. 8a). In secondary recipients, the
PB contribution of fetal-restricted HSPCs decreased, whereas that
of adult-type HSCs significantly increased with time (Fig. 8e). After
terminal analysis, no labeled phenotypic HSCs from donor cells pulsed
atE8.5weredetectedinthe BM of secondary recipients, while labeled
progenitors originally pulsed at E10.5, including phenotypic HSCs,
were still detected (Fig. 8f).

Taken together, these results suggest that, during development,
adult multi-lineage hematopoietic engraftment potential first appears
in fetal-restricted HSPCs; however, these cells are biased for differen-
tiation and devoid of long-term self-renewal potential. Our data are
consistent with adult-repopulating HSCs being still largely immature
inthe E11.5 AGM; therefore, as recently proposed®®’, they may require
the FL microenvironment to complete their maturation.

Discussion

The earliest intra-embryonic hematopoietic clusters are generated
inthe portion of the VA most proximal to the DA at E9.5 (refs. 9,45,46).
Although the VU are known to harbor HSC precursors, this knowl-
edge relied on primary transplantation experiments” in which
post-transplant contribution to HSC was not assessed. Due to the lack of
specific ways to identify and label VU-derived hematopoietic progeni-
tors, their physiological role during development was unclear. Here we
showinanunperturbedinvivo context that this vascular siteis asource
of multipotent hematopoietic progenitors that substantially contribute
to fetal lympho-myelopoiesis. Using temporally resolved HE lineage
tracing, whole-mountimaging and functional transplantation assays,
we reveal that the HE of the VU originates HSPCs acting as major contrib-
utorsto fetal lympho-myelopoiesis (Fig. 8g). Thus, the HE wave weiden-
tified contains the precursors of the recently described pre-constituted
FLhematopoietic hierarchy***, including fetal HSCs**** and eMPPs**,
whereas adult-type HSCs are mainly generated by the HE of the DA.
Given that the EHT output is heterogeneous, this raises the question
of whether this diversification takes place after EHT, or it is already
imprinted at the HE stage. Recent evidence supports the latter®*®, The
hematopoietic contribution of fetal-restricted HSPCs rapidly declines
after birth, marking them as a primarily transient population.

Our lineage tracing strategy cannot discriminate between the
separate contributions of individual progenitors (that is, fetal HSCs or
eMPPs) but rather identifies atemporally and spatially distinct wave of
HE as the source of fetal-restricted HSPCs. Although the existence of
fetal-restricted HSCs and eMPPs had been shown previously, the precise
time and anatomical location of their emergence has not beeninvesti-
gated before. The first report to identify developmentally restricted
HSCswas based on Flt3lineage tracing®’; however, this study primarily
relied on FL transplantation assays to probe their contribution and

Fig. 6| Combined HE lineage tracing and scRNA-seq identify distinct subsets of
E10.5 pre-HSPCs. a, UMAP 0f 26,180 cells (Ter1197Kit*/CD31") isolated from AGM
and YS + VU of E10.5 CdhS-CreER™::R26'™™*° embryos activated with 4-OHT at
E8.5.AGM tdTomato* (5,465), AGM tdTomato™ (8,135), YS + VU tdTomato* (4,445)
and YS + VU tdTomato™ (8,135) cells were separately sequenced (strategy for cell
isolation shown in Extended Data Fig. 6e,f). Cells were taken from 9 AGM and 14
YS + VU (1litter of 9 embryos for AGM; 2 litters of 11and 3 embryos for YS + VU).
Cells are colored according to individual cluster identities, and pre-HSPC clusters
land2arecircled. A complete cell-type annotation is shown in Extended Data
Fig.7a.b, Bubble plot showing the expression level of HSC and hematopoietic
progenitor genes for each cell cluster in the whole dataset. The dot size indicates
the percentage of cells expressing each gene, and the dot color represents the
gene expression level. Pre-HSPC1and 2 are highlighted with ablack box and a
gray box, respectively. c, UMAP plots showing cell cluster distribution of AGM
tdTomato’, AGM tdTomato*, YS + VU tdTomato and YS + VU tdTomato* samples.

Pre-HSPC clusters1and 2 are circled. d, Bar plot showing the relative contribution
of AGM tdTomato~, AGM tdTomato*, YS + VU tdTomato™~ and YS + VU tdTomato*
to pre-HSPC clusters1and 2. e,f, Gene expression of published signatures for
HSC* (e) and AGM-derived progenitors (‘Prog’) and lymphoid progenitors

(‘'Ly’)” (f in pre-HSPC 1and pre-HSPC 2 clusters. The average expression of

the top 50 genes for each signature was calculated on single cells using the
AddModuleScore function in Seurat. g, UMAP plot showing the subclustering

of pre-HSPC1and 2. Dots represent cells colored according to their origin.

h, Heatmap showing the relative expression levels of pre-HSC signature genes
among AGM tdTomato~, AGM tdTomato*, YS + VU tdTomato™and YS + VU
tdTomato® cells within pre-HSPC clusters1and 2.i, Heatmap showing the relative
expression levels of hematopoietic differentiation genes among AGM tdTomato-,
AGM tdTomato*, YS + VU tdTomato™and YS + VU tdTomato* cells within pre-HSPC
clustersland2.
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Fig.7|CD27' hematopoietic clusters emerging from E8.5-E9.5 HE specifically
localize to the VU. a, WM-IF confocal analysis of E10.5 CdhS-CreER™::R26""™"
AGM (4-OHT at E7.5 or E8.5). Upper panels show a 3D maximum-intensity
projection. Middle (UA) and lower (DA) panels show single 2.5-um-thick optical
slices. Arrowheads indicate examples of labeled (EYFP’; filled arrowheads) or
unlabeled (EYFP; open arrowheads) Kit"CD27* cells. 4-OHTE7.5 (n=4) and
4-OHTES8.5 (n = 8) different YS were analyzed in 3 independent experiments.

b, Quantification of WM-IF confocal analysis shownin a, representing the
percentage of CD27" cells on the total of Kit" cells. DA, VU (n =12) and YS arteries
(n=8)wereanalyzed in 7 independent experiments. Around 3-9 images per
sample were quantified: 105 (DA, VU) and 52 (YS arteries) total images. Error bars
represent the mean + s.d. The Pvalueisindicated in the figure (one-way ANOVA
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followed by Tukey’s multiple comparisons test). ¢, Quantification of WM-IF
confocal analysis in arepresenting the percentage of labeled EYFP* cells on the
total of Kit'CD27" AGM cluster cells. The 4-OHT E7.5 (n=4),and 4-OHTE8.5 (n =8)
embryos were analyzed in 4 independent experiments. Around 5-15 images

per sample were used: 34 (4-OHT E7.5) and 71 (4-OHT E8.5) total images. Error
barsrepresent mean +s.d. Pvalues are indicated in the figure (two-way ANOVA
followed by Tukey’s multiple comparisons test). d, Quantification of WM-IF
confocal analysis shown in Extended Data Fig. 9b representing the percentage
oflabeled EYFP* cells on the total of Kit'CD27" cluster cellsin YS arteries. Around
3-9images per sample were quantified: 25 (4-OHT E7.5) and 27 (4-OHT E8.5) total
images. Error bars represent the mean +s.d. The Pvalueis indicated in the figure
(two-tailed unpaired Student’s t-test).

thus offered little information on their origin and physiological role.
Aprevious study also used Flt3lineage tracing, but adopted aninduc-
ible strategy coupled with clonal barcoding to identify a population
of eMPPs that arise early in embryogenesis and contribute to post-
natal multi-lineage output®. This and another recent study® mainly
focused on postnatal contribution and did not investigate in depth
the emergence of eMPPs. Another report showed that hematopoietic
progenitorsinthe FL are generated independently of adult-type HSCs
and that Mecom levels, normally higher in the intra-embryonic region,
can play a functional role in HSPC specification®®*2, We found Mecom
to be more expressed in AGM than in YS + VU pre-HSPCs (Fig. 6h), in
line with an identity of the latter distinct from adult-type HSCs. The
high expression of Mecom in labeled AGM pre-HSPCs (Fig. 6h) con-
firms that Mecom-expressing cells are predominantly located in the
intra-embryonic portion of the main arteries, including VU*, Thus,
Mecom expression levels may not only be important to specify adult
HSCs, consistent with EVII“**|abeling phenotypic HSCsin the E14.5
FL?®, which our data suggest to be in part fetal-restricted (Fig. 1f).

Our pulse-chase approach labels Cdh5-expressing endothelial
and HE cells within a 12-h in vivo window®*?. Surprisingly, already
24 h after labeling, this resulted in near-exclusive recombination of

hematopoietic clusters, while much lower tracing frequencies were
detected inthe HE or the adjacent vascular endothelium. HE is a tran-
sient hematopoietic-committed cell population, and itis not bipotent®..
Inaddition, HE was shown to represent alineage distinct fromarterial
endothelium®. Thus, our data suggest that labeled HE undergoes
EHT in a rapid time window of a few hours in vivo, consistent with
what was observed ex vivo in time-lapse imaging studies®, and does
not contribute to structural endothelium. The specificity of the labe-
ling of distinct hematopoietic waves arises because of the sequen-
tial emergence of each HE, captured with our alternative activation
modes. Neither 4-OHT activation at E7.5 nor at E8.5 labels (or labels
very few) endothelial cells in the ventral side of the DA, providing a
strong rationale for the lack of labeling of adult-type HSC (Fig. 3e and
Fig. 7a). In addition, 4-OHT at E7.5 labels a minority of cells in the VU,
supporting that this activation mode does not mark fetal-restricted
HSPCs arising in this location. Moreover, the fact that we detected very
low labeling of non-HE in hematopoietic sites even with the activation
models thatlabel hematopoietic cells in the same locations additionally
raises the intriguing possibility that a substantial portion of the early
embryonic endothelium of these regions may in fact be hemogenic,
asrecently proposed®.
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Csflr-based lineage tracing clarified the relationship between
EMPs and fetal-restricted HSPCs. Both intra- and extra-embryonic
hematopoietic clusters in the VU arise independently of CsfIr" pro-
genitors, confirming that VU clusters do not contain EMPs or their
progeny and suggesting that most of the CsfIr-expressing progeni-
tors probably arise in the YS vascular plexus. We made the interesting
observation that late-emerging CsfIr* progenitors contributed mod-
estly (<20%) to fetal myeloid and B lymphoid compartments and more
markedly to thymus-settling progenitors in the fetal thymus. These
data support the existence of at least two CsfIr* progenitor waves: an
early EMP wave restricted to erythro-myeloid output and a later wave
with broader lympho-myeloid potential, probably overlapping with
LMPs?*%*, The limited contribution to B and myeloid cells in the E16.5
FLimplies that, at this stage, the majority of these cells originate from
Csflr-independent progenitors, that s, fetal-restricted HSPCs. Never-
theless, the higher labeling frequencies observed in the thymus empha-
size the functional uncoupling between T and B myeloid-producing
progenitors during development, further supported by our LDA assay
identifying different frequencies of B and T cell progenitors in both
AGM and YS + VU*6549,

scRNA-seq revealed two pre-HSPC subsets in the E10.5 embryo,
prominently originated by HE specified between E8.5 and E9.5, with
shared progenitor signatures (Kit, Runx1i, HIf, Cd27, Mecom, Hoxa7,
Hoxa9) but overall distinct molecular programs. AGM-derived
pre-HSPCs showed an uncommitted profile with a strong glycolytic
signature, whereas YS + VU-derived cells showed increased oxidative
metabolism, ribosomal activity and differentiation-priming transcripts.
These transcriptional differences suggest that fetal-restricted HSPCs
representaheterogeneous mixture of progenitors, withintra-embryonic
cells poised to mature into fetal HSCs and extra-embryonic cells
already primed for differentiation. Functional heterogeneity between
intra- and extra-embryonic HE has been shown?® and recent work
characterized their transcriptomic heterogeneity® . Interestingly, intra-
embryonic HE shows elevated chromatin and RNA splicing gene expres-
sion and greater isoform complexity compared with YS HE®,

Our transplantation experiments show that fetal-restricted HSPCs
possess multi-lineage potential yet lack durable self-renewal. Given the

labeling patterns observedin source tissues and in repopulated recipi-
ents, the progenitor subsets, which could yield engraftment in our E11.5
AGM transplants, were CD43°CD201" progenitors (probably the most
differentiated fraction) and/or phenotypic CD201" pre-HSCs and HSCs
labeled at E8.5, but not those labeled at E10.5. Further experiments will
beneeded to validate this finding. Competitive FL transplants further
confirmed that HSPCs labeled at E8.5 can yield multi-lineage engraft-
ment in primary recipients but fail to persist after secondary trans-
plantation, in contrast to the durable reconstitution by E10.5-labeled
adult-type HSCs. These results underscore the intrinsic differentiation
bias of fetal-restricted HSPCs and their functional distinction from
definitive HSCs that may require the FL microenvironment for full
maturation, as recently suggested®*®*. Although we cannot formally
exclude that part of the observed dynamics reflects differences in the
timing of pre-HSC emergence and maturation, the combined evidence
from lineage output, transplantation, postnatal contribution and
spatial origin argues that our labeling strategy captures functionally
heterogeneous HSPCs rather than a single homogeneous HSC pool.
Our datareinforce and enrich the concept thatembryonic hemat-
opoiesis is layered into multiple spatially and temporally distinct
programs. While HSPC emergence is initially segregated in space,
multi-lineage progenitors eventually converge in the FL'. For along
time, the FL was thought to be an intermediate reservoir for HSC
expansion after their initial generation in the AGM, in preparation to
their lifelong residency in the BM. Recent work revolutionized this
concept and showed that FL is a complex hub in which distinct waves
of progenitors differentiate, expand and mature with mechanisms
still largely unknown?*?>***¢_ Indeed, our and others’ data imply that
fetal-restricted HSPCs and adult-type HSCs coexist in the FL, where
they undergo different processes leading, respectively, to differentia-
tion and self-renewal. Testing to what extent HSPC fate is intrinsically
pre-determined, and what exactly isthe role of the microenvironment,
will offer crucial insight. On the basis of our findings, it is tempting to
speculate that before FL colonization, the emergence and transiting
of fetal-restricted HSPCs in the VU niche may influence their identity
and fate. Metabolic*’° and inflammatory factors® *° were shown to
promote HSC development.Indeed, here we observed that these genes

Fig. 8| Fetal-restricted HSPCs yield multi-lineage engraftment, but they

do not containlong-term HSCs and their contribution declines in serial
transplantations. a, Experimental schematic of E11.5 AGM and YS + VU and
E14.5FL transplantation assays. b, Percentage (%) of chimerism (percentage of
donor CD45.2%) inadult lethally irradiated mice transplanted with E11.5 CdhS-
CreER™::R26°ma0/R267Cre" AGM (2 e.e. per recipient), in PB (left) and BM (right)
16 weeks after transplantation. Each bar indicates a single recipient mouse.

The dashed lineindicates 5%, the threshold we considered for repopulation.

¢, Longitudinal analysis showing the frequency of labeled (zsGreen* or
tdTomato") donor myeloid (CD45.2°CD11b"), B cells (CD45.2°B220*) and T cells
(CD45.2°CD3e") in PB of mice transplanted with E11.5 AGM. The gating strategy
isshown in Extended Data Fig.10a. A total of 4 (4-OHT E8.5) and 2 (4-OHT

E10.5) mice were analyzed in 4 independent transplant experiments. Data are
presented as mean + s.d. Asummary of E11.5 transplantation data is provided
inSupplementary Table 4.d, Labeling frequency of donor myeloid, Band T
cells, MPPs (Lin"CD45.2*Kit"Scal'CD48*CD1507), LSK (Lin"CD45.2*Kit*Scal") LK
(Lin"CD45.2"Kit"Scal’) and HSCs (Lin"CD45.2*Kit*Scal’CD48 CD150") in BM of
AGM transplanted mice. A total of 4 (4-OHT E8.5) and 2 (4-OHT E10.5) mice were
analyzed in 4 independent transplant experiments. The gating strategy is shown
in Extended Data Fig. 10b. Data are presented as mean + s.d. e, Longitudinal
analysis showing the percentage of PB chimerism (top) and normalized labeling
frequency (bottom) in adult lethally irradiated mice transplanted with E14.5
CdhS-CreER™::R265"" or CdhS-CreER™::R26""° FL cells activated with 4-OHT
at E8.50r E10.5(1° Tx) or adult BM cells from 1° TX (2° TX). The frequency of
labeled (EYFP*/tdTomato*) donor myeloid, Band T cells was normalized on

the percentage of labeled LSK before transplant and shown as log,,. The gating
strategy is shown in Extended Data Fig.10e.n=11(4-OHTE8.51°Tx),n=13
(4-OHTE10.51°Tx), n=10 (4-OHT E8.52° Tx) and n = 11 (4-OHT E10.52° Tx)

recipient mice were analyzed in 2 independent experiments. Data are presented
asmean +s.d. Asummary of PB datais provided in Supplementary Table 5 (1°Tx)
and Supplementary Table 6 (2°Tx). Asterisks indicate statistical significance in
comparisons between 4-OHT at E8.5 and 4-OHT at E10.5. Pvalues: myeloid in 2°
Txat12 weeks, P=0.0332; and at 16 weeks, P=0.0368; B cells in 2° Tx at 16 weeks,
P=0.0225; and T cellsin 2° Tx at 16 weeks, P= 0.0288 (two-way ANOVA followed
by Tukey’s multiple comparisons test). f, Percentage of BM chimerism (top) and
normalized labeling frequency (bottom) of HSCs, MPPs, LSK and LK subsets in
primary and secondary transplanted mice from e, 16 weeks after transplant.

The frequency of labeled donor HSCs, MPPs, LSKs and LKs was normalized on the
initial labeling of each cell subset in the donor tissue (FL for 1° Tx or BM for 2° TX)
and shown aslog,,. The gating strategy is shown in Extended Data Fig. 10g.
Nolabeled HSCs were found in 2° Tx recipients with 4-OHT at E8.5. log,,(0) is
indicated with #. Data are presented as mean + s.d. Asummary of BM data s
provided in Supplementary Table 5 (1° Tx) and Supplementary Table 6 (2° Tx).
The Pvalue as indicated in the figure (two-way ANOVA followed by Tukey’s
multiple comparisons test). g, Conceptual schematic summarizing timeline

and anatomical sites of the subsets of HE and hematopoietic progenitors
identified within this and other studies, along with labeling modes. Indicated is
the contribution to fetal macrophages, myeloid cells, and Band T lymphocytes,
with E16.5 as the reference time point. Asterisks indicate that a contribution

was evaluated using multiple Cre lines; that is, macrophages and T cells are
contributed by Csflr* progenitors (CsfIre™er, 4-OHT E9.5). However, because
the combined contribution of Csflr* progenitors plus fetal-restricted HSPCs
(CdhS-CreER™, 4-OHT E8.5) is higher than the Csf1r* contribution alone, an
exclusive contribution of fetal-restricted HSPCs can be inferred. Illustrations
created in BioRender: a, Brunelli, S. https://biorender.com/ntjunf5 (2026);

g, Brunelli, S. https://biorender.com/bgf6y8y (2026).
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show variable levels of expression in subsets of pre-HSCs of differ-
ent origins (Extended Data Figs. 7 and 8). Interferon signaling, more
activein AGM-derived pre-HSPCs (Extended Data Fig. 8b), is required
for the switch between fetal and adult HSCs, beginning before birth”.
Therefore, it is possible that inflammatory cues are one of the main
extrinsic factors required to specify adult-type HSC identity. Thus,
it will be interesting to investigate what the specific signals are that
regulate fetal-restricted HSPCs.

Collectively, our findings provide mechanistic and spatial res-
olution to the long-standing question of how fetal-restricted and
adult-type hematopoietic programs are organized in the embryo.
Thediscovery that adistinct subset of HEin the vitelline and umbilical
arteries gives rise to a transient wave of multipotent progenitors that
dominate fetal lympho-myelopoiesis highlights a previously over-
looked site and mechanism of hematopoietic diversification. These
insights refine our understanding of layered hematopoiesis and can
informstudies of pediatric malignancies with prenatal origins, inwhich
leukemic transformation may occur within these developmentally
restricted progenitor pools.

Methods

Mice and embryos

CdhS-CreER™ (ref.35), Csflr-iCre (ref. 72), CsfIre M (ref, 73), R26*¢"",
R26"™mat (ref, 74) and R265""" (ref. 75) transgenic mice were previ-
ously described and were genotyped according to reported protocols
(further details and primers are listed in Supplementary Table 1).
R26%Creen, R2gTomato o R26EYF females aged 6-16 weeks were subjected
to overnight timed matings with CdhS-CreER"™, Csf1r-iCre or Csf1receMer
males. Successful mating was judged by the presence of vaginal plugs
the next morning, which was considered 0.5 days after conception
(E0.5). Embryos were collected and dissected in phosphate-buffered
saline (PBS) supplemented with 10% fetal bovine serum (FBS), EDTA
(2 mM), 50 Uml™ penicillin and 50 mg ml™ streptomycin*>*7,
E9.5-E11.5 embryos were carefully staged by counting somite pairs;
older embryoswere staged by morphological criteria. For CdhS-CreER™
fate mapping, asingle dose of 37.5 mg kg™ of 4-OHT dissolved in corn oil
was delivered by intraperitonealinjections to pregnant femalesatE7.5,
E8.50r E10.5. To counteract adverse effects of 4-OHT on pregnancies,
4-OHT solutions were supplemented with progesterone (18.75 mg kg™).
For Csf1r'rcer fate mapping, a single dose of 75 mg kg 4-OHT without
progesterone was used. All transgenic mouse lines were maintained
on a CD45.2 C57BL/6 genetic background, except for females used
for Csfir" ™ timed matings and other matings for generation of
adult mice with4-OHT activation during embryogenesis, whichwere,
instead, of C57BL/6/FVB mixed background (F1).

Mice were housed in individually ventilated cages or filter top
cages with a12 h:12 h light-dark cycle (350/450 lux) and unrestricted
access to food and water in the animal facilities at the San Raffaele
Scientific Institute, University of Oxford, or at the University of Milan.
Standardized housing conditionsincluded 22 °C (+2 °C) temperature
and relative humidity of 55% (+5%). All mouse experiments were per-
formed in accordance with experimental protocols approved by the
San Raffaele Scientific Institute and the University of Milan Institutional
Animal Care and Use Committees and authorized by the Italian Minis-
try of Health (authorization numbers 503/2019-PR, 753/2023-PR and
351/2022-PR). All procedures carried out at the University of Oxford
were in compliance with United Kingdom Home Office regulations and
the Oxford University Clinical Medicine Animal Welfare and Ethical
Review Committee (Project Licence number PP9552402).

Flow cytometry analysis and cell sorting

Single-cell suspensions were obtained from embryonic tissues (yolk
sac, embryo caudal part, FL) by incubating for 15 min at 37 °C in cal-
cium-magnesium-free PBS supplemented with FBS 10%, 50 U mI™
penicillin, 50 mg ml™ streptomycin, EDTA 2 mM and collagenase type

1 (Sigma) 0.12% (w/v), followed by mechanical dissociation by pipet-
ting. Single-cell suspension from the fetal thymus was obtained by
mechanical dissociation and passed through a 26-gauge needle. PB
samples were collected by tail vein bleeding using a scalpel; BM was
obtained by flushing long bones using a syringe and filtered in 40-pm
strainers. PB, BM and FL samples were treated with the appropriate
amount of RBClysis buffer. For flow cytometry analysis and cell sorting,
single-cell suspensions were incubated with conjugated antibodies
at 4 °Cin the dark for 15 min (refs. 45,51,76). A list of antibodies used
for flow cytometry can be found in Supplementary Table 1. Voltages,
compensation and gates were set using unstained, single-stained and
fluorescence-minus-one controls. Dead cells were excluded based
on Hoechst 33258 (Hellobio) or 7-AAD (Sigma) incorporation. Flow
cytometry data acquisition was carried out using a LSR Fortessa X-20
(BD) analyzer and BD FACSDiva software (version 8.0.2). Cell sorting
was performed using aMoFLO Astrios cell sorter equipped with Sum-
mit software version 6.3 (both from Beckman Coulter), aBD FACSDis-
cover S8 with FACS Chorus software, or FACSAria Il with BD FACSDiva
software. Anaverage sorting rate of 500-1,000 events per second ata
sorting pressure of 25 psi with a100-pum nozzle was maintained. Flow
cytometric datawere analyzed using FlowJo software version10 (BD).

CFU-Cassays

YS + VU and caudal parts were dissected from E9.5 (21-27 somite pairs
(sp)) orE10.5(32-36 sp) CdhS-CreER™::R26™™*°, CdhS-CreER™::R2670""
or CdhS-CreER™::R26°"" concepti. Three YS + VU and caudal parts were
each pooled and processed into single-cell suspensions. Labeled and
unlabeled cells were isolated by flow cytometry. CFU-C assays were
performed using Methocult M3434 (Stem Cell Technologies), accord-
ing to the manufacturer’s instructions. Cells were plated in duplicate
dishes and cultured at 37 °C and 5% CO, in a humidified chamber.
Colonieswere scored after 7 days. Numbers of colonies are normalized
to 1,000 Kit" cells seeded, considering the average of the percent-
age of Kit" cells in labeled and unlabeled fractions of Ter119™ cells of
YS + VU and caudal parts from E9.5 or E10.5 CdhS-CreER™::R26/™ma,
CdhS5-CreER™::R26%*" or CdhS-CreER™::R26""* concepti, activated
with4-OHT at E7Z.50or E8.5.

Bulk and limiting dilution OP9 and OP9-DI1 co-cultures

Forbulk cultures, yolk sacs with YS + VU and caudal parts were dissected
fromE10.5(32-36 sp) CdhS-CreER™::R26™™a or Cdh5-CreER™::R267C™"
conceptiactivated with4-OHT at E7Z.50r E8.5. Three YS + VU and caudal
parts were each pooled and processed into single-cell suspensions.
From each sample, 1 embryo equivalent (e.e.) was analyzed by flow
cytometry to determine the percentage of labeling (tdTomato* or
zsGreen®) inKit" cells. Then, 1e.e. was plated on confluent OP9 (mouse
BM stromal cell line; ATCC CRL-2749) or Delta-like 1-expressing OP9
(OP9-DI1; a gift fromJ.C. Zuniga-Pflucker)” stromal cells in six-well
plates in induction medium (aMEM, 10% FBS, supplemented with
10 ng mI™ IL-7 and 10 ng mI™ Flt3 ligand). At 4 days, the exhausted
medium was replaced with fresh medium. At 7 days, hematopoietic
cells that grew in suspension were collected from each well, split 1:2
and plated onnew OP9 and OP9-DI1 confluent cells. The tworesulting
samples were considered a technical duplicate. After 10 days from the
start of the culture, non-adherent cells were collected and analyzed by
flow cytometry.

ForLDAs, YS + VU and AGM were dissected from E10.5 (32-36 sp)
CdhS-CreER™::R26™°" embryos activated with4-OHT at E8.5.YS + VU
and AGM from an entire litter (7-12 e.e.) were each pooled and pro-
cessed into single-cell suspensions. Sorted hemato-endothelial cells
(sorting strategy shownin Extended DataFig. 6e,f) were plated on con-
fluent OP9 or OP9-DI1stromal cells in 96-well plates at doses of 10, 30,
100 or 200 cells per well. For B cell differentiation, cultures were main-
tained in kMEM with 10% FBS supplemented with 10 ng mI™ IL-7 and
10 ng mI™ FIt3 ligand. OP9 feeders and medium were refreshed every
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4-5 daysaccordingtothe status of the stromallayer,and non-adherent
cells were collected and analyzed by flow cytometry on day 10. For
T cell differentiation, cultures were maintained in xsMEM with 20%
FBS supplemented with 10 ng mI™ IL-7 and 10 ng ml™' Flt3 ligand. The
OP9-Dl1 feeders and medium were refreshed every 4-5 days according
tothe status of the stromallayer, and non-adherent cells were collected
and analyzed by flow cytometry on day 14. ELDA software was used to
calculate the frequency of Band T cell progenitors’,

Whole-mount immunofluorescence analysis and imaging

Whole-mountimmunofluorescence (WM-IF) of embryonic tissues was
performed according to previously described protocols**”’. Briefly,
embryos and yolk sacs were dissected and fixed in a 4% paraformal-
dehyde solution in PBS for 30 min to 2 h at 4 °C. For E10.5 embryos,
the limb buds and body wall were removed before fixation to expose
the aorta and the main intra-embryonic arteries. Next, samples were
treated with a permeabilizing-blocking solution (0.4% Triton X-100,
2% donkey serum, 2% FBS, 0.2% bovine serum albumin) and incubated
overnightat4 °Cinthe dark with primary antibodies. A second step of
incubation with appropriate secondary antibodies was then carried
out in the same conditions. Antibodies used for WM-IF are listed in
Supplementary Table 1. After staining, embryos were cleared inabenzyl
alcohol-benzyl benzoate solution and mounted on Superfrost glass
slides with FastWell flexible silicone gaskets (Grace Bio-Labs). Yolk
sacs were cleared overnightin a 50% solution of glycerolin PBS at 4 °C
andthen flat-mounted on Superfrost glass slides in the same solution.
Samples wereimaged using a Zeiss 710 confocal microscope equipped
withan LD LCIPlan-Apochromat 25x/0.8 Imm Corr DIC M27 objective
oranECPlan-Neofluar40x/1.30 Oil DIC M27 objective. Confocalimage
acquisition was carried out using Zeiss Zen software version 2.3 SP1;
image processing and analysis were carried out using Imaris and Imaris-
Viewer software version10.2 and earlier versions (Bitplane), Image]J/Fiji
(versions 2.3.5-2.9.0) and Adobe Photoshop 2024 and earlier versions.

scRNA-seq of E10.5AGMandYS + VU
AGM and YS + VU dissected from E10.5 CdhS-CreER™::R26' "t
embryos (31-37 sp; 4-OHT at E8.5) were processed into single-cell sus-
pensions as described here. Live Ter119-CD31'/Kit" cells were isolated
by FACS as shown in Extended Data Fig. 6e,f and split into tdTomato*
andtdTomato™. Labeled and unlabeled cells were analyzed separately.
scRNA-seq libraries were generated using a Chromium instru-
ment (10x Genomics) with a Next GEM Single Cell 3’ kit. Libraries were
quantified using a Qubit fluorometer (Thermo Fisher) and their profile
was analyzed using a TapeStationinstrument (Agilent). NGS sequences
were generated using a Novaseq 6000 instrument (Illumina) with
atarget of 25,000 reads per cell. Following multiplexing, raw fastq
reads were processed using cellranger v6.1 and aligned against the
mm10 mouse genome (GENCODE vM23/Ensembl 98) modified with the
mkreftool to add anartificial‘tdTomato’ chromosome. The associated
genome annotation GTF file was modified accordingly. Filtered count
matrices generated with cellranger were processed with Seurat v4.0
(ref. 80) package implemented in R (versions 3.2.3-4.2.1). Cells with
gene counts >300 and <8,000 and fractions of mitochondrial reads
<0.20 were kept for downstream processing.

Following the filtering process, the dataset included 26,180 cells
(5,465 AGM tdTomato*, 8,135AGMtdTomato™,4,445YS + VU tdTomato*
and8,135YS + VUtdTomato"). After individual matrices were converted
inSeurat objects viathe Read10X function, datawere normalized and
transformed using the SCTransform Variance Stabilizing Transfor-
mation using the glmGamPoi method, while also regressing out for
feature counts, percentages of mitochondrial counts and cell phases.
Datagenerated fromboth samples were subsequently integrated with
acanonical correlation analysis using the PrepSCTIntegration, FindIn-
tegrationAnchors and IntegrateData commands, by using SCT as the
normalization method. Dimensionality reduction of the integrated

datawas initially carried out using principal component analysis and
subsequently with uniform manifold approximation and projection
(UMAP) algorithms, by retaining the first 30 principal components
of the principal component analysis. Clusters were identified with
the Louvain algorithm; their number was selected using the Clustree
tool® (version 0.4.3) by maximizing cluster stability. Individual cell
types were identified by using SingleR (ref. 82; version1.0.1) as well as
with manual data curation. A list of software programs and packages
used for scRNA-seq analysis can be found in Supplementary Table 1.

Expression of publicly available gene signatures (top 50 differ-
entially expressed genes (DEGs)) for nascent embryonic HSCs and
progenitors®>**was assessed in our dataset using the AddModuleScore
functionin Seurat (ctrl=100).

GO biological process gene set enrichment analysis

Gene setenrichment analysis was conducted using a ranked list of DEGs
(P<0.05) between pre-HSPC 2 and pre-HSPC 1 (Extended Data Fig. 7d)
andaranked list of DEGs between AGM tdT and YS + VU td T pre-HSPCs
(Extended Data Fig. 8d). Analyses were carried out using R package
ClusterProfiler (version 4.8.3)% querying the Gene Ontology (GO)
database. The analysis was performed by setting the number of per-
mutations to10,000 and the minimum gene set to 3 and the maximum
to 800. GO terms were considered significant with a selected cutoff P
value of 0.05.

Invivo transplantation

For AGM and YS + VU transplantation experiments, tissues were
dissected from E11.5 CdhS-CreER™::R26*“"*" embryos (4-OHT at E8.5
or E10.5). Single-cell suspensions were prepared as described here.
Syngeneic C57BL/6 (CD45.1) recipient mice were lethally irradiated
(9 Gy, split dose) before intravenous transplantation of single-cell
suspensions obtained from 2 embryo equivalents of each tissue.
For FL transplantation experiments, syngeneic C57BL/6 (CD45.1)
recipient mice were lethally irradiated (9 Gy, split dose) before
intravenous transplantation of 1 x 10° unfractionated FL cells (pri-
mary transplantation) or 2 x 10° adult BM cells (secondary trans-
plantation) from E14.5 Cdh5-CreER™::R26™°™ or Cdh5-CreER™:
:R26""" mice (4-OHT at E8.5 or E10.5). For both AGM and YS + VU
transplantation experiments, and FL transplantation experiments,
donor-derived chimerism and percentage of labeling (tdTomato*,
EYFP* or zsGreen®) within donor cells was determined by flow cytom-
etryinPB at 4 weeks, 8 weeks and 12 weeks after transplantation, and
inPBand BM at 16 weeks after transplantation. BM from primary and
secondary transplanted mice was analyzed by flow cytometry to
determine the percentage of labeling of donor hematopoietic stem
and progenitor cells. A comprehensive summary of transplanta-
tion analysis data is provided in Supplementary Table 4 (E11.5 AGM
transplants), Supplementary Table 5 (FL primary transplants) and
Supplementary Table 6 (FL secondary transplants).

Quantification and statistical analysis

Statistical analyses were performed using GraphPad Prismv10.2.1and
later versions. No specific randomization method was used. Animals
were allocated into experimental groups according to their genotype.
Theinvestigators were not blinded to group allocations during data col-
lectionand analysis. Ineach of the graphs shownin the figures, individ-
ual data pointsrepresent biological replicates. To determine the level
of significance, unpaired two-tailed Student ¢-test and one-way and
two-way ANOVA followed by Tukey’s multiple comparisons test were
used asindicated infigure legends. P < 0.05was considered statistically
significant, and the level of significance is indicated where relevant.

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

Alldatasupporting the findings of this study areincludedin the Article
and Supplementary Information. Raw scRNA-seq data of YS + VU and
AGM from E10.5 Cdh5-CreER™::R26“™™® embryos (4-OHT at E8.5)
are available at the National Center for Biotechnology Information
Sequence Read Archive datarepository under accession number Bio-
Project ID PRJNA898269 (sample accession numbers: SRR28006358,
SRR28006359, SRR28006360 and SRR28006361). Source data are
provided with this paper.
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Extended Data Fig. 2| Flow cytometric analysis of LMPs, LSK and LK labeling
in CdhS-CreER™ embryos and adult mice. Related to Fig. 1. (A-B) Representative
flow cytometric analysis (A) and labeling quantification (B) of LMPs (Ter119~
CD31"Kit* CD45" CD41") and type 1 pre-HSC (Ter119 CD31" Kit* CD45~

CD41°% CD43* CD201") in E10.5 CdhS-CreER™::R267°" AGM and YS + VU, labeled
with4-OHT atE7.5,E8.5 (shown here). 4-OHT E7.5(n=4),4-OHT E8.5(n=3) were
analyzed individually across 2 independent experiments. Error bars represent
mean + s.d. P-values as reported in figure (two-way ANOVA followed by

Tukey’s multiple comparisons test). (C-D) Flow cytometric analysis (C) and
labeling quantification (D) of LMPs (Lin” CD45" Kit" FIt3*IL7Ra ") in E11.5
Cdh5-CreER™::R26"™* fetal liver (FL).4-OHT E7.5(n=4),and 4-OHTE8.5 (n=8)
FL were analyzed individually in 2independent experiments. Error bars represent
mean t s.d. P-value asreported in figure (two-tailed unpaired Student’s t-test).
(E) Quantification of flow cytometric analysis of labeled hematopoietic
progenitor cells (CD45" Kit*) in E11.5 CdhS-CreER™::R26'4°a fetal liver (FL)
identified asin (C). Replicates as in (C-D). Error bars represent mean + s.d. P-value
asreported in figure, (two-tailed unpaired Student’s ¢-test). (F) Quantification

of flow cytometric analysis of labeled (zsGreen * ) progenitors, type 1and type 2
pre-HSCs in E11.5 CdhS-CreER™::R26%*" VU and YS when dissected separately
(gating strategy shown in Fig. 1b). Error bars represent mean + s.d. ns = not
significant (two-way ANOVA followed by Tukey’s multiple comparisons test).
(G) Comparison of flow cytometric analysis of E14.5 FLHSCs as shown in Fig. 1e,
shown separately for Cdh5-CreER™::R26%°"** and CdhS-CreER::R26"™ma
embryos. Error bars represent mean =+ s.d. (H-M) Quantification of flow
cytometric analysis of labeled LSK (Lineage Kit* Scal”) and LK hematopoietic
progenitor cells (Lineage™ Kit* Scal’) in CdhS-CreER™::R26"™™* or CdhS-
CreER™::R26%°*" E14.5 FL (H for LSK, K for LK), E16.5 FL (I for LSK, L for LK)

and adult BM (2-months-old) (J for LSK, M for LK) activated with 4-OHT at E7.5,
E8.50rE10.5, related to Fig. le. (E14.54-OHT at E7.5 (n = 14), E14.54-OHT at E8.5
(n=26),E14.54-OHT at E10.5 (n =16), E16.54-OHT E7.5 (n =13), E16.54-OHT E8.5
(n=18),E16.54-OHT E10.5 (n=17),2 months 4-OHT E7.5 (n =5), 2months 4-OHT
E8.5(n=13),2 months 4-OHT E10.5 (n = 13) were analyzed individuallyin 17
independent experiments. Error bars represent mean + s.d. P-values as reported
infigure, (one-way ANOVA followed by Tukey’s multiple comparisons test).
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Extended Data Fig. 3| Flow cytometric analysis of fetal and postnatal
lympho-myeloid contribution in Cdh5-CreER™ mice. Related to Fig. 2.

(A) Representative flow cytometric analysis of CD45" (leukocytes), myeloid cells
(CD45* CD11b*), macrophages (CD45* F4/80"), B cells (CD45* B220") in E16.5

Cdh5-CreER™::R26"™* FL, labeled with 4-OHT at E7.5, E8.5 (shown here) or E10.5.

4-OHTE7.5(n=21),4-OHTE8.5(n=23),4-OHT E10.5 (n = 8) FL were analyzed
individually in 5independent experiments. The corresponding quantification
isshownin Fig. 2a. (B) Representative flow cytometric analysis of thymocytes
inE16.5 CdhS-CreER™::R26"™™* or CdhS-CreER™::R26%*" fetal thymus, labeled
with 4-OHT at E7.5, E8.5 (shown here) or E10.5.4-OHTE7.5(n=13),4-OHT
E8.5(n=18),4-OHTE10.5 (n =16) thymuses were individually analyzed in 4

independent experiments. Quantification shown in Fig. 2b. (C) Quantification of
flow cytometric analysis of B cells (CD45" B220" ), myeloid cells (CD45" CD11b"),
Tcells (CD45' CD3e"), CD45" (leukocytes) injuvenile 21 days old Cdhs-
CreER™::R26/°™* PB, 4-OHT E7.5 (n =12),4-OHT E8.5 (n =15),and 4-OHT

E10.5 (n =13) mice were analyzed individually in 7 independent experiments.
Error bars represent mean + s.d. (D) Representative flow cytometric analysis

of postnatal CD45" (leukocytes), B cells (CD45* B220"), T cells (CD45* CD3e"),
myeloid cells (CD45* CD11b*) in CdhS-CreER™::R26'™™* PB abeled with 4-OHT
atE7.5, E8.5 (2-months-old adult mice; shown here) or E10.5.4-OHT E7.5 (n =12),
4-OHTE8.5(n=13),and 4-OHT E10.5 (n = 13) mice were analyzed individually in 7
independent experiments. The corresponding quantification is shownin Fig. 2¢
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Extended Data Fig. 4 | Flow cytometric analysis and whole-mount confocal
imaging of non-EMPs, endothelial cells and hematopoietic clusters in Cdh5-
CreER™ embryos and YS. Related to Fig. 3. (A) Quantification of flow cytometric
analysis of non-EMP (Ter1197Kit* CD41'°" CD16/32") cells in CdhS-CreER™::R267°""
E9.5YS (left) and caudal part (CP, right), labeled with 4-OHT at E7.5 or E8.5. Gates
asshownin Extended Data Fig.1B.4-OHT E7.5 (n =19),and 4-OHTE8.5 (n =23)

YS analyzed in 4 independent experiments. 4-OHT E7.5 (n =11), and 4-OHT
E8.5(n=15) CPanalyzed in 3 independent experiments. Error bars represent
mean + s.d. ns =non-significant; P-values as reported in figure, (two-tailed
unpaired Student’s t-test). (B) Quantification of flow cytometric analysis of
non-EMP (Ter119™ Kit* CD41'°% CD16/32") cellsin CdhS-CreER™::R26*°"*¢" E10.5
YSincluding vitelline and umbilical arteries (VU), left and AGM, right, labeled
with4-OHT E7.5 or E8.5. Gates as shown in Extended Data Fig.1B. 4-OHT E7.5
(n=10),and 4-OHT E8.5 (n =12) YSanalyzed in 4 independent experiments.
4-OHTE7.5(n=14),and 4-OHT E8.5 (n =12) AGM analyzed in 4 independent
experiments. Error bars represent mean + s.d. P-values asreported in figure (two-
tailed unpaired Student’s t-test). (C) Representative flow cytometric analysis

of AGM region hemogenic endothelium (HE, Ter119” Kit* CD31* CD41" CD43")

and endothelium (Ter119”Kit” CD31*CD45 CD41 CD43") in E11.5 CdhS5-
CreER™::R26%°"" embryos, activated with 4-OHT at E10.5, related to Fig. 3g.

(D) Confocal WM-IF analysis of E10.5 CdhS-CreER™::R26=°"*" YS large arteries. Left
panels show 3D maximum intensity projections. Middle and right panels show
single 2.5 pm-thick optical slices. Arrowheads indicate large Kit* hematopoietic
clusters, unlabeled with 4-OHT at E7.5 (empty arrowheads; top), or labeled at
E8.5 (white arrowheads; bottom).4-OHTE7.5 (n=4),and 4-OHTE8.5(n=4)
different YS were analyzed in 2 independent experiments. Scale bars: 20 pm.

(E) Labeling quantification of Kit* cluster cells in the YS large arteries as displayed

in (D). Measurements were performed onimages from 4-OHTE7.5 (n=4), and
4-OHTES8.5 (n =4) different YSs (2-4 images/ YS);12 (4-OHTE7.5),12 (4-OHT
E8.5) differentimages used. Error bars represent mean + s.d. P-value as reported
infigure (two-tailed unpaired Student’s t-test). (F) Confocal WM-IF analysis

of E10.5 (32-36sp) CdhS-CreER™::R26""" ¥S. The left panels show maximum
intensity 3D projections. Boxed area in the merged image is magnified in the
right panels and shows a single 2.5 um-thick optical slice. Color-code indicates
magnified arterial (red box) and vascular plexus (grey box) regions. Arrowheads
indicate Runx1* CD31" round-shaped hematopoietic cluster cells, labeled (white
arrowheads) and unlabeled (empty arrowheads). Asterisks indicate Runx1* CD31"
flat-shaped hemogenic endothelium cells. 4-OHT E7.5 (n =4), and 4-OHT

E8.5(n =4) different embryos were analyzed Scale bars: 300 pm (3D), 50 pm
(slice). A: artery; P: plexus. (G) Labeling quantification of Runx1* CD31* round-
shaped hematopoietic cluster cells and Runx1* CD31" flat-shaped hemogenic
endothelium cells in E10.5 CdhS-CreER™::R265* YS as shown in (F). Cells located
inthe arteries (A) cells were quantified separately from cells in the YS vascular
plexus. Measurements were performed onimages from 4-OHTE7.5 (n=4),and
4-OHTE8.5 (n = 4) different embryos (3-6 images/YS); Error bars represent
mean + s.d. P-values as reported in figure (two-way ANOVA followed by Tukey’s
multiple comparisons test). (H) Quantification of flow cytometric analysis of
labeled hemogenic endothelium (HE) (Ter119"CD31" Kit* CD45  CD41 CD43")
and endothelium (Ter119- CD31*Kit" CD45"CD41 CD437) in YS + VU of E11.5
CdhS-CreER™::R26*"" embryos (gates asin (C)). 4-OHT at E7.5 (n =15), 4-OHT
atE8.5(n=11),4-OHT at E10.5 (n = 12) AGM were analyzed individuallyin 5
independent experiments. Error bars represent mean + s.d. P-value asreported in
figure (two-way ANOVA followed by Tukey’s multiple comparisons test).
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Extended DataFig. 5| Csflr lineage tracing yields highly specific labeling of
immunophenotypically defined EMPs. Related to Fig. 4. (A) Confocal WM-IF
analysis of E10.5 CsfIr-iCre::R26'™™° YS large arteries. Left panel shows a 3D
maximum intensity projection; other images are single 2.5 pm-thick optical
slices. Arrowheads indicate Kit" hematopoietic clusters. Empty arrowheads
indicate unlabeled (tdTomato") cells, white arrowheads indicate labeled
(tdTomato* ) ones. Quantificationis shownin Fig. 4d. A total number

of 5different embryos were analyzed in 3 independent experiments.

(B) Visual schematic of lineage tracing experiments in CsflrMercreter::p2gtdTomato
E9.5-E10.5-E16.5 embryos, related to Fig. 4f and Extended Data Fig. 5c, d.

(C-D) Representative flow cytometric analysis (C) and labelling quantification
(D) of EMPs (Ter119™ Kit* CD41'°" CD16/32*) and non-EMPs (Ter119-, Kit" CD41""
CD16/32") in Csf1rMercreMer::R267°ma E9 5 embryos, activated with 4-OHT at E8.5.
E9.5embryos 4-OHTE8.5 (n=2),and E10.5 embryos 4-OHT E8.5 (n = 2) were
analyzedin2independent experiments. Line indicates mean. lllustrationinb
created in BioRender; Brunelli, S. https://biorender.com/qj9wrbv (2026).
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Extended Data Fig. 6| Hemato-endothelial cell sorting strategy and ex vivo
assessment of the lympho-myeloid potential of fetal-restricted HSPCs
through bulk and limiting dilution co-culture assays. Related to Fig. 5.

(A-B) OP9 (B cell) bulk co-culture assays. A representative flow cytometric
analysis is shownin (A). Values in (B) represent the frequency of labeled B
(CD45" AA4.1' B220" CD19") cells at day (d)10 of co-culture, normalized to the
percentage of labeled Kit" cells at dO, from E10.5 AGM and YS + VU activated
with4-OHT atE7.50rE8.5.N =8 (4-OHTE7.5) and n = 6 (4-OHT E8.5) different
samples were analyzed across 4 independent experiments. Error bars represent
mean +s.d. P-values as indicated in figure (two-tailed unpaired Student’s ¢-test).
(C-D) OP9-DI1 (T cell) bulk co-culture assays. A representative flow cytometric
analysis is shownin (C). Valuesin (D) represent the frequency of labeled T cells
atday (d)10 of co-culture normalized on the percentage of labeled Kit* cells
atdo, from E10.5AGM and YS + VU activated with4-OHT at E7Z.50r E8.5.N =7
(4-OHTE7.5) and n = 6 (4-OHT E8.5) different samples were analyzed across 4
independent experiments. Each data point represents abiological replicate.
Error bars represent mean + s.d. P-values as indicated in figure (two-way ANOVA

followed by Tukey’s multiple comparisons test). (E) Experimental schematic
showing the cell sorting strategy used for scRNA-Seq and for Limiting Dilution
Assays (LDA) of AGM and YS + VU from E10.5 Cdh5-CreERT2::R26"™ma% /R 267Creen
embryos, with4-OHT activation at E8.5. Hemato-endothelial (Ter119- CD31"
and/orKit") cells were selected and tdTomato/zsGreen* or tdTomato/zsGreen™
fractions were separately sorted from either AGM or YS + VU. (F) Representative
flow cytometric gating strategy for the isolation of live Ter119~ CD31" and/or

Kit* tdTomato*and tdTomato™ for scRNA-Seq or LDA as represented in (E). (G)
Representative flow cytometric analysis of B cell LDA OP9 co-cultures from E10.5
Cdh5-CreER™::R26=°™*" YS + VU with 4-OHT at E8.5. 3 independent experiments
were performed. The corresponding quantification is shownin Fig. 5d. (H)
Representative flow cytometric analysis of T cell LDA OP9-DI1 co-cultures

from E10.5 CdhS-CreER™::R26%¢"" AGM with 4-OHT at E8.5. 2 independent
experiments were performed. The corresponding quantification is shown in
Fig. Se.lllustrationin e created in BioRender; Brunelli, S. https://biorender.
com/5igowp4 (2026).
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Extended Data Fig. 7| sSCRNA-Seq of E10.5AGM and YS + VU hemato-
endotbhelial cellsisolated from Cdh5-CreER™::R26"7°™* embryos (4-OHT at
E8.5) allows the identification and comparison of subsets of pre-HSPCs with
distinct origins. Related to Fig. 6. (A) UMAP plot showing complete clustering
annotation of the scRNA-Seq dataset (cell isolation strategy as shown in Extended
DataFig. 6D, E). (B) UMAP plot showing Cd27 expression. Pre-HSPC clusters 1and
2arecircled. (C) Volcano plot (Average log2 FC versus negative log of adjusted

P value) used to visualize statistically significant gene expression changes
(adjusted P value < 0.05) between pre-HSPC 2 and pre-HSPC 1. Upregulated
genes are labeled in red and downregulated genes labels in blue. Highlighted in
labels are known genes related with hematopoiesis, inflammation and metabolic

processes. A total number of 587 genes were differentially expressed (complete
listin Supplementary Table 2). (D) GO biological process gene set enrichment
analysis (GSEA) performed on a ranked list of differentially expressed genes
between pre-HSPC 2 and pre-HSPC 1. Dot size indicates the gene count and
colorintensity represents enrichment score (adjusted P value). (E-F) Gene
expression of published signatures for (E) HSC (Vink et al., Cell Reports 2020),
(F) AGM-derived progenitors (“Prog”) and lymphoid progenitors (“Ly”)

(Patel et al., Nature2022) in pre-HSPC1and pre-HSPC 2 clusters, considering
thetissue origin (AGM tdT-, AGM tdT*,YS+VUtdT ", YS+VUtdT"). The average
expression of top50 genes for each signature was calculated on single cells using
the AddModuleScore functionin Seurat.
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Extended Data Fig. 8| Pre-HSPCs of distinct origin show different expression
levels of genes involved in metabolism, inflammation and hematopoiesis.
Related to Fig. 6. (A) Heatmap showing the relative expression levels of selected
genesinvolved in the metabolic pathways of glycolysis (left) and oxidative
phosphorylation (OXPHOS, right) among AGM tdTomato~, AGM tdTomato*,

YS +VUtdTomato and YS + VU tdTomato* pre-HSPCs. (B) Heatmap showing
the relative expression levels of selected genes involved in pro-inflammatory
pathways among AGM tdTomato’, AGM tdTomato*, YS + VU tdTomato™ and

YS + VU tdTomato" pre-HSPCs. (C) Volcano plot (Average log2 FC versus negative
log of adjusted P value) used to visualize statistically significant gene expression
changes (adjusted P value < 0.05) between AGM tdTomato*and YS + VU

tdTomato* pre-HSPCs. Upregulated genes are labeled in red and downregulated
genes labels in blue. Highlighted in labels are known hematopoietic and
ribosomal genes. A total number of 698 genes were differentially expressed
(complete list in Supplementary Table 3). (D) GO biological process gene set
enrichment analysis (GSEA) performed on a ranked list of differentially expressed
genes between AGM tdTomato* and YS + VU tdTomato* pre-HSPCs. Dot size
indicates the gene count and color intensity represents enrichment score
(adjusted P value). (E) Heatmap showing the relative expression levels of selected
genesinvolved in developmental and hematopoietic processes (for example
Notch, BMP, Shhsignaling pathways) among AGM tdTomato”, AGM tdTomato*,
YS + VU tdTomato and YS + VU tdTomato* pre-HSPCs.
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Extended Data Fig. 9 | Whole-mount confocal imaging analysis of Kit* CD27~ experiments. Scale bar: 20 pm. (B) Confocal WM-IF analysis of E10.5 CdhS-

andKit® CD27’ clustersin the YS. Related to Fig. 7. (A) Confocal WM-IF analysis CreER™::R26*°"*"YS large arteries. Images show single 2.5 um-thick optical

of E9.5 CdhS-CreER™::R26=°"** YS (4-OHT E8.5) showing lack of CD27 expression slices. Arrowheads indicate examples of labeled (zsGreen® ; white arrowheads)
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Extended Data Fig. 10 | Flow cytometric analysis of E11.5 AGM and E14.5 FL
transplants. Related to Fig. 8. (A) Representative flow cytometric analysis of

PB from adult C57 BL/6 CD45.1 mice transplanted with CdhS-CreER™::R26*C™"
E11.5AGM, activated with 4-OHT at E8.5 (top) or 4-OHT at E10.5 (bottom). FACS
plots show hematopoietic populations and labeling percentages of donor
myeloid cells, Bcellsand T cells. The corresponding quantification is shown in
Fig. 8b, c. (B) Representative flow cytometric analysis of BM from adult C57 BL/6
CD45.1 mice transplanted with CdhS-CreER™::R26*°"*" E11.5 AGM, activated with
4-OHT at E8.5 (top) or 4-OHT at E10.5 (bottom). FACS plots show hematopoietic
progenitor populations and labeling percentages of donor LKs, LSK, MPPs and
HSCs. The corresponding quantification is shown in Fig. 8d. (C) Quantification

of flow cytometric analysis ofimmunophenotypic pre-HSC labeling in Cdh5-
CreER™::R267°"¢" and CdhS-CreER™::R26'°™* E11.5 transplanted AGM (related to
Fig.8a-d), labeled with 4-OHT at E8.5 or E10.5. Four (4-OHT E8.5) and two (4-OHT
E10.5) mice were analyzed in four independent transplant experiments. Error
bars represent mean + s.d. P-value as reported in figure, ns = non-significant (two-
way ANOVA followed by Tukey’s multiple comparisons test). (D) Quantification of
flow cytometric analysis of LSK cells labeling in CdhS-CreER™::R26"*" and
CdhS-CreER™::R26“™™a° E14.5 transplanted FL and bone marrow (BM) of primary
and secondary transplanted mice labeled with 4-OHT at E8.50r E10.5.N =11

(4-OHTE8.51°Tx),n=13 (4-OHTE10.51° Tx),n=10 (4-OHTE8.52°Tx) and n=11
(4-OHT E10.5 2° Tx) recipient mice were analyzed in 2 independent experiments.
Error bars represent mean + s.d. ns=non-significant (two-way ANOVA followed
by Tukey’s multiple comparisons test). (E) Representative flow cytometric
analysis of PB from adult C57 BL/6 CD45.1 mice transplanted with Cdh5-
CreER™::R26"°™° E14.5 FL, activated with 4-OHT at E8.5 or 4-OHT at E10.5 (shown
here). FACS plots show hematopoietic populations and labeling percentages

of donor myeloid cells, B cellsand T cells. The corresponding quantification is
shown in Fig. 8e. (F) Percentage (%) of chimerism (% of donor CD45.2") in the BM
HSCs, MPPs, LSK and LK of adult lethally irradiated of mice transplanted with
E14.5 CdhS-CreER™::R26™™" or CdhS-CreER™::R26"™™*° FL cells activated with
4-OHT at E8.5 or E10.5 (1° Tx) or adult BM cells from 1° TX (2° TX). N=11 (4-OHT
E8.51°Tx), n=13 (4-OHT E10.51° Tx), n=10 (4-OHT E8.5 2° Tx) and n=11 (4-OHT
E10.52° Tx) recipient mice were analyzed in 2 independent experiments. Error
barsrepresent mean + s.d. (G) Representative flow cytometric analysis of BM
from adult C57 BL/6 CD45.1 mice transplanted with CdhS-CreER™::R26'™"*° E14.5
FL, activated with 4-OHT at E8.5 or 4-OHT at E10.5 (shown here). FACS plots show
hematopoietic progenitor populations and labeling percentages of donor LKs,
LSK, MPPs and HSCs. The corresponding quantification is shown in Fig. 8f.
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Rat monoclonal anti-Ter119 APC-fire750 (clone TER-119) BioLegend Cat#116250; RRID: AB_2819833 1:200

Rat manoclonal anti-CD117 (c-Kit) FITC (clone 2B8) eBioscience Ref: 11-1171-85; RRID: AB_465187 1:100
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Rat monoclonal anti-Ly6A/E (Sca-1) Pacific Blue (clone E13-161.7) BiolLegend Cat#122520; RRID: AB_2143237 1:100
Rat monoclonal anti-CD117 (c-kit) APC-Cy7 (clone 2B&) Biolegend Cat#105826; RRID: AB_1626278 1:600

Rat monoclonal anti-CD45 APC-eFluor 780 (clone 30-F11) eBioscience Cat#47-0451-82; RRID: AB_1548781 1:200
Rat monoclonal anti-CD117 (c-kit) PE-Cy7 (clone 2B8) Biolegend Cat#105814; RRID: AB_313223 1:100

Rat monoclonal anti-CD135 Brilliant Violet 421 (clone A2F10) BioLegend Cat#135313; RRID: AB_2562338 1:200

Rat monoclonal anti-CD127 (IL-7Ra) PE (clone A7R34) BiolLegend Cat#135009; RRID: AB_1937252 1:200

Rat monoclonal anti-Ter119 PE-Cy5 (clone TER-119) Biolegend Cat#116210; RRID: AB_313711 1:400

Armenian hamster monoclonal anti-CD3e PE-Cy5 (clone 145-2C11) BioLegend Cat#100310; RRID: AB_312675 1:200
Rat monoclonal anti-F4/80 PE-Cy5 (clone BM8) BioLegend Cat#123112; RRID: AB_893482 1:200

Mouse maonoclonal anti-NK1.1 PE-Cy5 (clone PK136) BioLegend Cat#108716; RRID: AB_493590 1:400

Rat monoclonal anti-Ly6G/Ly6C (Grl) PE-Cy5 (clone RB6-8C5) Biolegend Cat#108410; RRID: AB_313375 1:400

Rat monoclonal anti-CD19 PE-Cy5 (clone 6D5) Biolegend Cat#115509; RRID: AB_313644 1:400

Rat monoclonal anti-CD45R/B220 PE-Cy5 (clone RA3-6B2) BioLegend Cat#103210; RRID: AB_312995 1:200

Rat monoclonal anti-CD45 PE (clone 30-F11) BiolLegend Cat#103106; RRID: AB_312971 1:200

Rat manoclonal anti-CD45R/B220 APC (clone RA3-6B2) Biolegend Cat#103212; RRID: AB_312997 1:200




Rat monoclonal anti-CD45R/B220 APC-Cy7 (clone RA3-6B2) BioLegend Cat#103224; RRID: AB_313007 1:200

Rat monoclonal anti-CD11b PE-Cy7 (clone M1/70) BioLegend Cat#101216; RRID: AB_312799 1:200

Rat monoclonal anti-Ly6G/Ly6C (Grl) APC (clone RB6-8C5) BioLegend Cat#108412; RRID: AB_313377 1:200

Mouse monoclonal anti-CD45.2 FITC (clone 104) BioLegend Cat#103806; RRID: AB_313443 1:400

Mouse monoclonal anti-CD45.1 PE (clone A20) BioLegend Cat#110708; RRID: AB_313497 1:200

Mouse monoclonal anti-CD45.1 BV786 (clone A20) Biolegend Cat#110743; RRID: AB_2563379 1:200

Rat monoclonal anti-CD93 (AA4.1) APC (clone AA4.1) BioLegend Cat#136510; RRID: AB_2275868 1:200

Rat monoclonal anti-F4/80 APC (clone BM8) Biolegend Cat#123116; RRID: AB_893481 1:200

Rat monoclonal anti-CD4 PE-Cy5 (clone RM4-5) Biolegend Cat#100514; RRID: AB_312717 1:200

Rat monoclonal anti-CD8a APC-Cy7 (clone 53-6.7) BioLegend Cat#100714; RRID: AB_312753 1:200

Rat monoclonal anti-CD25 PE-Cy7 (clone PC61) BioLegend Cat#102016; RRID: AB_312865 1:200

Rat monoclonal anti-CD44 APC (clone IM7) Biolegend Cat#103012; RRID: AB_312963 1:400

Mouse monoclonal anti-CD45.2 APC-Cy7 (clone 104) Biolegend Cat#109824; RRID: AB_830789 1:100

Rat monoclonal anti-CD31 APC (clone 390) BiolLegend Cat#102410; RRID: AB_312905 1:200

Rat manoclonal anti-CD117 (c-kit) BV 786 (clone 2B8) BD Horizon Cat#564012; RRID: AB_2732005 1:200

Rat monoclonal anti-CD117 (c-kit) APC (clone 2B8) Biolegend Cat#105812; RRID: AB_313221 1:200

Rat monoclonal anti-CD117 (c-kit) PE (clone 2B8) BiolLegend Cat#105807; RRID: AB_313216 1:600

Rat monoclonal anti-CD201 PE (clone 1560) BD Pharmingen Cat#566337; AB_2739694 1:100

Rat monoclonal anti-mouse CD16/CD32 antibody (Fe Block), clone 2.4G2 BD Biosciences Cat# 553142; RRID:AB_394657 1:500
Rat monoclonal Anti-Mouse CD44 BVS10 (clone IM7) BD Biosciences Cat#563114; RRID: AB_2738011 1:400

Armenian Hamster monoclonal Anti-Mouse CD3e BUV395 (clone 145-2C11) BD Biosciences Cat#563565; RRID: AB_2738278 1:100
Rat monoclonal Anti-Mouse CD4 BV786 (clone RM4-5) BD Biosciences Cat#563727; RRID: AB_2728707 1:400

Rat monoclonal Anti-Mouse CDBa Pacific Blue (clone 53-6.7) BioLegend Cat#100725; RRID: AB_493425 1:300

Rat monoclonal Anti-Mouse CD43 Alexa Fluor 700 (clone $11) BioLegend Cat#143213; RRID: AB_2800660 1:200

Human recombinant monoclonal Anti-Mouse CD45 APC Vio770 (clone REA737) Miltenyi Cat#130-110-662; RRID: AB_2658231 1:200
Rat monoclonal Anti-Mouse CD25 APC (clone PCE1) BD Biosciences Cat# 557192; RRID:AB_398623 1:200

Rat monoclonal Anti-Mouse CD4 Pacific Blue (clone RM4-5) BD Biosciences Cat# 558107; RRID:AB_397030 1:200

Rat monoclonal Anti-Mouse CD8a PE (clone 53-6.7) BD Biosciences Cat# 553033; RRID:AB_394571 1:200

Rat monoclonal Anti-Mouse CD45 BV605 (clone 30-F11) Biolegend Cat# 103139; RRID: AB_2562341 1:200

Rat monoclonal Anti-Mouse CD11b FITC (clone M1/70) BioLegend Cat#101206; RRID: AB_312789 1:200

Rat monoclonal Anti-Mouse F4/80 AF700 (clone BMB8) BioLegend Cat#123130; RRID: AB_2293450 1:200

Rat monoclonal Anti-Mouse CD4 BV786 (clone RM4-5) eBioscience Cat# 417-0042-82; RRID: AB_2921053 1:200

Rat monoclonal Anti-Mouse CD8a PE-Cy7 (clone 53-6.7) eBioscience Cat#t 25-0081-82; RRID: AB_469584 1:200

Rat monoclonal Anti-Mouse CD45R/B220 APC (clone RA3-6B2) BD Biosciences Cat#553092; RRID: AB 398531 1:200

Rat monoclonal Anti-Mouse F4/80 FITC (clone BM8) Biolegend Cat#123108; RRID: AB_893502 1:200

Rat monoclonal Anti-Mouse Ter119 APC-ef780 (clone TER119) eBioscience Cat# 47-5921-80; RRID: AB_1548786 1:200
Streptavidin BV785 Biolegend Cat#405233 1:200

Rat monoclonal Anti-Mouse Scal FITC (clone E13-161.7) BiolLegend Catt 122506; RRID: AB_756191 1:200

Rat monoclonal Anti-Mouse CD150 PE-Cy7 (clone mShad150) eBioscience Cat# 25-1502-82 RRID: AB_10805742 1:200
Armenian Hamster monoclonal Anti-Mouse CD48 APC-Cy7 (clone HM48-1) BD Biosciences Cat# 561242; RRID: AB_10644381 1:100
Rat monoclonal Anti-Mouse CD45R/B220 Biotin (clone RA3-6B2) BD Biosciences Cat# 553086; RRID: AB_394615 1:200
Armenian Hamster monoclonal Anti-Mouse CD3e Biotin (clone 145-2C11) BD Biosciences Cat#553060; RRID: AB_394593 1:200
Rat monoclonal Anti-Mouse F4/80 Biotin (clone BM8) eBioscience Cat# 13-4801-85; RRID: AB_466657 1:200

Rat monoclonal Anti-Mouse Gr-1 Biotin (clone RB6-8C5) BD Biosciences Cat# 553125; RRID: AB_394641 1:200

Mouse monoclonal Anti-Mouse Nk1.1 Biotin (clone PK136) Biolegend Cat# 108704; RRID: AB_313391 1:200

Rat monoclonal Anti-Mouse Csfir Biotin (clone AFS98) Biolegend Cat#f 135508; RRID: AB_2085223 1:200

Rat monoclonal Anti-Mouse CD4 Biotin (clone GK1.5) BD Biosciences Cat# 553728; RRID: AB_395012 1:200

Rat monoclonal Anti-Mouse CD8a Biotin (clone 53-6.7) eBioscience Cat# 13-0081-85; RRID: AB_466346 1:200

Armenian Hamster monoclonal CD11c Biotin (clone N418) BioLegend Cat# 117304; RRID: AB_313773 1:200

Rat monoclonal Anti-Mouse Ter119 Biotin (clone TER119) BD Biosciences Cat#f 553672; RRID: AB_394985 1:200
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Goat polyclonal anti-m/rCD31/PECAM1 R&D systemns Cat#AF3628 1:100

Rabbit polyclonal anti-GFP Invitrogen Cat#A11122; RRID: AB_ 221569 1:300

Chicken polyclonal anti-GFP Invitrogen Cat#410262; RRID: AB_2534023 1:500

Rat monoclonal anti-mouse CD117 (c-Kit) (clone 2B8) eBioscience Cat# 14-1171-82; RRID: AB_467433 1:200

Rabbit polyclonal anti-RFP Rockland Cat# 600-401-379; 1:500

Armenian hamster monoclonal anti-mouse CD27 (clone LG-7F9) eBioscience Cat#14-0271-82; RRID: AB_467183 1:100
Rabbit anti-mouse/rat/human Runx1, clone EPR3099 Abcam Catf#f ab92336; RRID: AB_2049267 1:400

Dankey polyclonal anti-goat Alexa Fluor Plus 647 Invitrogen Cat#A32849; RRID: AB_2762840 1:500

Donkey polyclonal anti-rabbit Alexa Fluor Plus 488 Invitrogen Cat#A32790; RRID: AB_2762833 1:500

Donkey polyclonal anti-rabbit Alexa Fluor Plus 555 Invitrogen Cat#432794; RRID: AB_2762834 1:500

Donkey polyclonal anti-rat Alexa Fluor 488 Invitrogen Cat#21208; RRID: AB_2535794 1:500

Donkey polyclonal anti-rat CF568 Biotium Cat#20092; RRID: AB_ 1:500

Donkey anti-chicken |GY AF488 Invitrogen Cat#A78948; RRID: AB_2921070 1:500

Goat polyclonal anti-armenian hamster DyLight 649 (clone Poly4055) BioLegend Cat#405505; RRID: AB_1575122 1:500

Validation All antibodies have been validated by the manufacturer for the respective specific applications, and each lot has been tested for
performance.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) OP9: ATCC CRL-2749. OP9-DI1 were generated in the lab of luan Carlos Z(niga-Pflicker.




Authentication

No new cell lines were generated in this study. No lines were authenticated.

Mycoplasma contamination OP9 and OP9-DI1 cells tested negative for mycoplasma contamination during routine checks,

Commonly misidentified lines  No commonly misidentified fines in the ICLAC registry were used for the present study.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

The transgenic mouse lines used in the present study were the following (indicated are name of the mouse line, source and RRID
and/or reference).

Cdh5-CreERT2 - Gift from R.Adams (Wang et al,, 2010)

R26zsGreen - Gift from M.lannacone - RRID:IMSR_JAX:007906

R26tdTomato - The Jackson Laboratory - RRID:IMSR_IAX:007909

R26EYFP - The Jackson Laboratory - RRID:IMSR_JAX:006148

Csflr-iCre - (Deng et al., 2010) - RRID:IMSR_JAX:021024

CsflrMerCreMer (Qian et al, 2011) RRID:IMSR_JAX:019098

B6.S]L-Ptprca Pepcb/Boyl (B6 CD45.1) - Gift from L. Naldini - RRID:IMSR_JAX:002014

All transgenic mouse lines were maintained on a CD45.2 C57BL/6 genetic background, with the exception of females used for timed
matings in order to generate adult mice with 4-OHT activation during embryogenesis, which were instead of C57BL/6/FVEB mixed
background (F1). Mouse age is indicated in the manuscript and was comprised between 3 and 12 weeks at the time of the start of
the experiment. Mice were housed in individually ventilated cages or filter top cages with a 12h:12h light-dark cycle (350/450 lux)
and unrestricted access to food and water in the animal facilities at the San Raffaele Scientific Institute, University of Oxford or at the
University of Milan. Standardized housing conditions included 22 (+/-2) °C temperature and relative humidity of 55% (+/-5%).

This study does not involve wild animals.

Sex information was not considered in the study design, and was not collected in embryos analyzed in this study. No sex-based
difference was observed in analysis of adult mice. Hence, findings of the present study apply to both sexes.

This study does not involve field collected samples.

All mouse experiments were performed in accordance with experimental protocols approved by San Raffaele Scientific Institute and
University of Milan Institutional Animal Care and Use Committees (IACUC) and authorized by the Italian Ministry of Health
(Authorization numbers n® 503/2019-PR, 753/2023-PR and 351/2022-PR), All procedures carried out at the University of Oxford were
in compliance with United Kingdom Home Office regulations and the Oxford University Clinical Medicine Animal Welfare and Ethical
Review Committee (PPL number: PP9552402).

MNote that full information on the approval of the study protocol must also be provided in the manuscript.

Plants
Seed stocks N/A
Novel plant genotypes  N/A

Authentication

N/A




Flow Cytometry

Plots
Confirm that:

Eﬂ The axis labels state the marker and fluorochrome used (e.g, CD4-FITC),

]Z} The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

g All plots are contour plots with outliers or pseudocolor plots.

& A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument

Software

Cell population abundance

Gating strategy

Sample preparation is detailed in the Methods section. Briefly, single cell suspensions were obtained from embryonic tissues
{volk sac, embryo/caudal part, thymus, fetal liver) by incubating for 20min at 37°Cin calcium/magnesium free PBS
supplemented with FBS 10%, 50 U/ml penicillin, 50 mg/ml streptomycin, , EDTA 2mM and collagenase type | (Sigma) 0.12%
{w/v), followed by mechanical dissociation by pipetting. Peripheral blood (PB) samples were collected by tail vein bleeding
using a scalpel; bone marrow (BM) was cbtained by flushing long bones using a syringe and filtered in 40 micron strainers.
PB, BM and fetal liver samples were treated with the appropriate amount of RBC Lysis Buffer, For flow cytometry analysis and
cell sorting, single cell suspensions were incubated with conjugated antibodies at 4°Cin the dark for 15 minutes.

Flow cytometry data acquisition was performed on a BD LSR Fortessa X-20. Cell sorting was performed using a MoFLO Astrios
cell sorter (Beckman Coulter), BD FACSAria Il or BD FACSDiscover S8

Flow cytometry data was collected with either BD FACSDiva software (version 8.0.2), Summit version 6.3 (Beckman Coulter)
or Chorus version 6.1.0 (BD). Flow cytometry data was analyzed using Flowlo software version 10 (BD).

Cell populations in bulk were sorted to >95% purity, determined by re-analysis of sorted fractions.

Cells were identified by FSC-A and SSC-A parameters, followed by doublet exclusion based on the ratio of FSC-W vs FSC-H and
SSC-A vs SSC-W. Dead cells were subsequently excluded based on Hoechst 33258 or 7-AAD incorporation. A representative
gating strategy for all experiments is included in main and/or Extended Data figures.

Fig.1B: Cells were gated on Ter119-

Fig. 1E: Cells were gated on Lin- (B220, CD189, CD3e, F4/80, Grl, Nk1.1, Ter119)
Fig. 5B: Cells were gated on singlets

Extended data Fig. 1B: Cells were gated on Ter119-

Extended data Fig. 1F: Cells were gated on CD45+

Extended data Fig.2A: Cells were gated on Ter119-

Extended data Fig.2C: Cells were gated on Lin- (8220, CD19, CD3e, F4/80, Grl, Nk1.1, Ter119)
Extended data Fig. 3A:Cells were gated on Live (Hoechst-)

Extended data Fig. 3B: Cells were gated on Live (Hoechst-)

Extended data Fig 3D; Cells were gated on Live (Hoechst-)

Extended data Fig. 4C: Cells were gated on Ter119-

Extended data Fig. 5C: Cells were gated on Terl19-

Extended data Fig 6A: Cells were gated an CD45+

Extended data Fig. 6C: Cells were gated on Live (Hoechst-)

Extended data Fig.6G: Cells were gated on singlets

Extended data Fig.6H: Cells were gated on singlets

Extended data Fig. 10A and B: Cells were gated on Live (Hoechst-)

Extended data Fig. 10E and G: Cells were gated on Live (Hoechst-)

E Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information,
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