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SUMMARY

It is widely believed that hematopoiesis after birth is established by hematopoietic stem cells
(HSCs) in the bone marrow and that HSC-independent hematopoiesis is limited only to primitive
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erythro-myeloid cells and tissue-resident innate immune cells arising in the embryo. Here,
surprisingly, we find that significant percentages of lymphocytes are not derived from HSCs, even
in 1-year-old mice. Instead, multiple waves of hematopoiesis occur from embryonic day 7.5 (E7.5)
to E11.5 endothelial cells, which simultaneously produce HSCs and lymphoid progenitors that
constitute many layers of adaptive T and B lymphocytes in adult mice. Additionally, HSC lineage
tracing reveals that the contribution of fetal liver HSCs to peritoneal B-1a cells is minimal and

that the majority of B-1a cells are HSC independent. Our discovery of extensive HSC-independent
lymphocytes in adult mice attests to the complex blood developmental dynamics spanning the
embryo-to-adult transition and challenges the paradigm of HSCs exclusively underpinning the
postnatal immune system.
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In brief

Kobayashi et al. show that multiple waves of HSC-independent lymphopoiesis occur in the
embryo, which persist into adults and are not fully replaced by HSC-derived lymphocytes even
in 12-month-old mice. The presence of HSC-independent adaptive lymphocytes in adult mice
challenges the stem cell theory in the hematology field.
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INTRODUCTION

All blood cells are derived from specialized endothelial cells (ECs), referred to as
hemogenic ECs (HECSs) in the extraembryonic yolk sac (YS) and aorta-gonad-mesonephros
(AGM) region of the mouse embryo during a narrow time window.1~® Before the emergence
of hematopoietic stem cells (HSCs) from HECs in the AGM regions at embryonic day 11
(E11), multiple waves of blood cell production occur directly from HECs and contribute to
transient erythro-myelopoiesis.# During this time, /7 vitro T and B lymphoid and multipotent
progenitor (MPP) potentials of HECs in the early YS and embryo have been reported.5-12
However, the physiological presence of HSC-independent MPPs and lymphoid progenitors
(LPs) has yet to be unequivocally determined. Although a few B progenitors have been
found in the HSC-deficient fetal liver (FL), whether they persist into adult life remains
unknown because of the neonatal lethality of the knockout animals.13:14 Therefore, even

if such HSC-independent MPPs and LPs exist, how long and to what extent they persist

into postnatal life remains elusive. On the other hand, it is not well known when HSCs
initiate and dominate hematopoiesis (e.g., differentiate into various blood lineages). Because
very few HSCs are produced in the AGM region at E10-E11, HSCs need to expand in
number in the FL and placenta to maintain hematopoiesis throughout life.15-17 Recently,
contrasting results have been reported in mice and fish regarding HSCs’ contribution to
hematopoiesis in the embryo.18.19 HSC lineage tracing studies in adult mice have shown
their slow contribution to lymphoid cells.2%-22 /n vivo barcoding studies have demonstrated
that MPPs, not HSCs, are the major providers of blood cells in adult mice.2324 These studies
raised the question of whether HSCs are the sole drivers of hematopoiesis, particularly
lymphopoiesis. For instance, whether HSCs in the FL are the main providers of peritoneal
innate-like B-1a cells is still controversial.

B lymphocytes are mainly categorized into three subsets: bone marrow (BM)-derived B-2
cells (e.g., splenic follicular [FO] B cells), marginal zone (MZ) B cells, and innate-like B-1
cells, which reside mainly in the body cavities. CD5* B-1a cells are not replenished by BM
HSCs and have generally been considered to be derived from FL HSCs,25-27 whereas other
reports have shown that FL MPPs, not HSCs, repopulated B-1a cells more efficiently.28.29

In this study, we asked when HSCs initiate lymphopoiesis to generate T, B-2, and B-1a cells
using HSC and EC lineage tracing mouse models. We found that fetal and neonatal HSCs
did not contribute to lymphopoiesis until 4 weeks after birth. BM HSCs gradually produced
lymphocytes but did not completely replace HSC-independent T and B lymphocytes even
at 1 year of age. Interestingly, fetus-derived MPPs were promptly replaced by HSC-derived
MPPs but minimally persisted until 1 year of age. For B-1a cells, the HSC lineage tracing
assays showed that fetal and neonatal HSCs did not contribute to the peritoneal B-1a

cell pool and that HSC-independent HEC-derived B-1a cells were maintained throughout
life. Transplantation assays of E11.5 HSC precursors without co-culture demonstrated the
presence of transplantable MPPs and B-1a progenitors, in addition to HSCs, in the AGM
region. Our study provides definitive evidence of a prolonged presence of HSC-independent
lymphocytes in adult mice and identifies the major source of B-1a cells in the mouse
embryo.
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RESULTS

Fetal and postnatal HSCs do not fully contribute to lymphopoiesis

Fgd5is expressed exclusively in long-term HSCs (LT-HSCs; lin~Sca-1*c-kit™ [LSK]
CD1507CD48™ cells) in the FL and BM. Fgad5CreERTZ2:Rosa- Td Tomato (iFga5) mice
enable us to label HSCs at the time of tamoxifen (TAM) injection.2%:30 To examine the
contribution of perinatal HSCs to hematopoiesis in post-natal life, we labeled HSCs in
post-natal day 2 (P2) BM by a single TAM injection and traced Tomato* cells in various
hematopoietic subsets at different time points after birth (Figures 1A and S1). There were
variations of Tomato labeling efficiency among animals; therefore, to be accurate despite
variations in labeling efficiency in a consistent manner, we calculated the Tomato ratio of
each blood cell type to LT-HSCs (Tomato ratio = Tomato% of a defined cell type/Tomato%
of LT-HSCs) and normalized the variation as described previously.20 If a cell population

is HSC derived, then the Tomato ratio will converge to 1.0 over time.2% When we looked

at the Tomato ratio of spleen FO B cells, CD4", and CD8* T cells 4 weeks after birth,

the Tomato ratios of these lymphoid cell populations were extremely low (close to zero)
(Figure 1B), while the Tomato ratios of MPP was around 0.5. The Tomato ratio of splenic
macrophages was as low as 0.3, indicating that HSC-derived hematopoiesis had just started
and had not yet provided mature blood cells. At 8-12 weeks of age, the Tomato ratios

of BM MPPs and spleen macrophages became around 0.75, while spleen FO, CD4", and
CD8* T cells showed around 0.3. When mice were examined at 6-12 months of age, the
Tomato ratios of MPPs and spleen myeloid cells were around 0.8, while spleen B and

T cells were still around 0.5, indicating that HSC-derived lymphocytes did not replace

all spleen lymphocytes even in 12-month-old mice. To eliminate the possibility that the
variations in labeling efficiency across experiments may cause Tomato ratios to deviate from
1, we generated “fate-mapping scatterplots” that depicted the relationship between Tomato
% measured in HSCs and each blood subset (Figures 1C-1E). These plots showed that
Tomato% in HSCs exhibited some variations due to differences in labeling efficiency across
experiments. Nevertheless, the Tomato% of many blood subsets was highly correlated with
the Tomato% in HSCs, consistent with the derivations of these cell types from HSCs. Also,
even though HSC labeling showed some variations, the labeling efficiency was high; the
absolute Tomato% of HSCs was 70.4% =+ 4.3% within 4 weeks (n = 3) and 77.6% + 16.5%
after 8 weeks (n = 15). In the case of MPPs and spleen macrophages, strong correlations
were observed after 8 weeks, as shown by closed red circles in Figure 1C (R-squared [R?]
=0.98 and 0.98, slope = 0.81 and 0.76, respectively). Spleen FO B cells and CD4 and CD8
T cells also exhibited a strong correlation with HSCs after 6 months of age (R? = 0.95,
0.95, and 0.94, respectively) (shown by closed circles in Figure 1D). Before 4 months of
age, these B and T cells showed some correlation with HSCs (R% = 0.74, 0.68, and 0.70,
respectively; slope = 0.23, 0.23, and 0.21, respectively) (shown by open circles in Figure
1D). When the Tomato% of HSCs was approximately 100%, these lymphoid subsets showed
around 60% Tomato™, also indicating that P2 HSCs were not the sole source of mature
lymphoid cells even at 1 year of age (Figure 1D). Importantly, the Tomato% of B-1a cells
and mast cells remained low irrespective of the high Tomato% of HSCs and the time of
analysis (Figure 1E), which suggested that B1-a and mast cells are HSC independent after
birth.
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We also examined the Tomato% ratios of T progenitor cells in the thymus, which reflects
recent replenishment by BM HSPCs. When we labeled HSCs in P2 neonatal BM, extremely
low Tomato ratios were observed in the early thymic progenitors (ETPs), CD4CD8 double-
negative (DN) 2 to 3, and double-positive (DP) T cells in the thymus 4 weeks after birth
(Figure 1F). The Tomato ratios of ETPs, DN2, and DP T cells after 6 months were still
significantly lower than 1.0. These data further indicate that HSCs do not produce B and

T lymphocytes for the first 4 weeks after birth and gradually contribute to lymphopoiesis
thereafter and that a majority of lymphocytes in early life are derived from progenitors in the
fetus. These results raised the question of which cells are the origin of lymphocytes in early
life.

To address this question, we tested whether FL HSCs produce lymphocytes in neonates.

We labeled FL HSCs by injecting TAM at E14.5 and E15.5, and up to 30% of FL HSCs
were Tomato™ at birth (P0) (Figure 1G). However, no Tomato* lymphocytes were detected
in the neonatal liver, thymus, and spleen, indicating that neonatal lymphocytes were not
derived from FL HSCs. We further traced FL HSC-derived hematopoiesis after birth (Figure
S2). Similar to P2 labeling results, FL-HSC-derived lymphopoiesis was not observed until 8
weeks after birth and did not fully contribute to spleen B and T cells even 6-12 months after
birth (Figure S2B). Strong correlations between FL HSCs and progenitors/lymphocytes,
including MPPs, spleen FO B cells, and CD4* and CD8* T cells, were observed after

6-12 months of age (Figure S2C, closed red circles). Thus, HSCs in E14.5 FL and P2 BM
exhibited similar kinetics of lymphopoiesis, and FL. HSCs did not initiate lymphopoiesis in
the embryo.

Fetal and postnatal HSCs show limited contributions to the peritoneal B-1a cell pool for life

As mentioned above, while FO B-2 cells were gradually produced by HSCs after 8 weeks of
age, the Tomato ratio of peritoneal B-1a cells to HSCs stayed very low (<0.2) up to 1 year
after birth (Figures 1B, 1E, S2B, and S2C) when HSCs were labeled at E14.5 FL or P2 BM.
Therefore, unlike B-2 cells, a majority of B-1a cells were HSC independent for life, and the
contribution of HSCs to the peritoneal B-1a cell pool was minimal for life. This result was
similar to mast cell development, which was completely independent of HSCs (Figures 1B
and 1E) and originated from ECs in the embryos.31-33

Fetus-derived lymphopoiesis persists for life

Given the results that HSCs do not fully contribute to adult lymphocytes, we aimed to
determine the origin of these cells. Traditionally, lymphoid potentials have been detected
in ECs of the embryo and YS as early as E8.5 using /7 vitro culture.8.7:9 To determine
the embryonic origins of postnatal lymphoid cells in a physiological setting, we utilized
the EC lineage tracing mouse model, Cah5CreERTZ2:Rosa-TdTomato (1Cdh5), in which
ECs are specifically labeled at the time of TAM injection. We administered a single dose
of TAM into pregnant mice at E7.5, E8.5, E9.5, E10.5, or E11.5 and examined at which
embryonic stage ECs produced the lymphoid subsets in mice at less than 4 months and
more than 6 months of age. (Figures 2A, and S3). As shown in Figure 2B, EC labeling
during E7.5-E11.5 marks HSC-independent progenitors and a portion of HSC-derived blood
cells because some ECs marked at E7.5 may not immediately produce blood cells and
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may contribute to producing HSCs at E10-E11. Therefore, to identify HSC-independent
lymphopoiesis, we need to subtract the Tomato% of HSC-derived cells from that of EC-
derived cells. As we obtained equations for the Tomato% of HSC-derived lymphocytes
(Figures 1C-1E), we calculated the “adjusted EC-derived Tomato%,” in which the estimated
Tomato% of the HSC-derived population was subtracted from the Tomato% of the EC-
derived population (Figures 1C, 1D, 2, and S3). This calculation was based on the results
that HSCs at E14.5 and P2 start lymphopoiesis 4 weeks after birth and will represent
HSC-independent hematopoiesis (Figures 1 and S2). We noted that E7.5 ECs contributed to
all lymphoid subsets in young mice (<4 months old) and that their contribution diminished
in mice older than 6 months (Figures 1C-1F), while ECs at E8.5-E10.5 contributed to

all lymphoid subsets and MPPs before 4 months and after 6 months of age. This HSC-
independent progenitor production was completed by E11.5 (Figures 2C-2G), while HSC
production in E11.5 ECs was evident (Figure S3B), indicating that E11.5 ECs exclusively
marked HSCs.

MPPs and LPs in the FL originate independent of HSCs from ECs as early as E7.5

Because E14.5 FL HSCs did not contribute to progenitors in PO neonates (Figure 1G), we
next determined the origin of MPPs and LPs in the FL and precisely examined which stage
of ECs produced HSCs and HSPCs in the FL. We injected a single dose of TAM into
pregnant iCdh5 mice at E7.5, E9.5, or E11.5, respectively, and examined Tomato* HSPCs
in E15.5 FL (Figure 3A). When TAM was injected at E7.5 and embryos were examined at
E10.5, at the time of HSC emergence from ECs, CD45*c-kit" HPCs and vascular endothelial
(VE)-cadherin (VC)* ECs in the YS exhibited approximately 80% Tomato™ labeling (Figure
3B), while ECs in the AGM region were only 10% * 6% Tomato™* (n = 5). When E15.5

FL was examined following TAM injection at E7.5, 5% * 2% of HSCs were labeled with
Tomato, while MPP, common LPs (CLPs), and CD19* B progenitors were around 20%
Tomato* (p < 0.01, n = 4), indicating that these HPCs in the E15.5 FL were neither derived
from E10.5 AGM ECs nor HSCs but likely from E7.5 ECs via HPCs at E10.5 or even YS
ECs at E10.5 (Figures 3B and 3C). When TAM was injected at E9.5 and embryos were
analyzed at E10.5, 74.8% + 2.9% of ECs in the AGM and 93.3% + 2.1% of ECs in the

YS were Tomato™, while the Tomato% of HPCs was very low (Figure 3E, n = 3). When
E15.5 FL was examined following TAM injection at E9.5, the Tomato% of HSCs and all
other HPCs was around 80% (Figure 3F), suggesting that these cells were all derived from
ECs at E10.5. When TAM was injected at E11.5 and E15.5 FL was examined, the Tomato%
of MPPs was significantly lower than that of HSCs (MPPs, 3.0% + 3.6%; HSCs, 21.6% +
11.6%), indicating that E11.5 ECs exclusively marked the first HSCs (Figure 3G).

Taken together, these data revealed that multiple waves of EC-derived progenitors
contributed to HPCs in the FL, while HSCs were derived specifically from ECs at E10.5—
E11.5.

FL MPPs contain HSC-independent B-1 and B-2 common progenitors

Previous studies have reported that FL MPPs, but not LT-HSCs, most efficiently produced
B-1a cells upon transplantation.28:29 Because fetal HSCs are not the major provider of
peritoneal B-1a cells under a steady-state condition (Figures S2B and S2C), FL MPPs
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that have B-1a potential must be derived from precursors at earlier stages than FL HSCs,
such as HECs that can produce various hematopoietic cells.10:34 Hence, these data strongly
indicated that ECs as early as E7.5 produced MPPs and LPs in E15.5 FL (Figures 3C and
3D). Because Tomato™ E15.5 FL MPPs contain B-1a precursors upon transplantation,2? we
examined their B-1 and B-2 progenitor potential using modified B cell colony assays.2°
From 500 Tomato™ MPPs marked at E7.5 in /Cdh5 mice, 29 B progenitor colonies were
detected (Figure 3H). Among them, we found 20 B-1 progenitor colonies and 9 B-1 and
B-2 mixed progenitor colonies. These data suggest that E15.5 FL HSC-independent MPPs
contain common progenitors for B-1 and B-2 lymphocytes.

HSC-independent MPPs and B-1-biased repopulating cells are present in E11.5 embryos

Although EC labeling at E9.5-E11.5 efficiently marked HSCs in the FL, it is challenging
to detect HSCs at E10.5 by transplantation assays without ex vivo culture. It is well
accepted that HSC precursors (pre-HSCs), which are intermediate precursors linking

HECs and adult repopulating HSCs, are present during E10.5-E11.5 and express c-kit

and VVC, encoded by Cah5.35 The first adult repopulating cells are detectable at E11.5
without co-culture, and the E11.5 AGM region also contains pre-HSCs that become

HSCs at later stages. We have reported previously that the CD45-VC*c-kit* phenotypic
pre-HSC population in the E10.5 AGM region contains more B-1a-biased precursors than
multilineage repopulating cells.2? This result led us to assume that the phenotypic pre-HSC
population was heterogeneous, including progenitor cells. In this study, we tested whether
we could detect HSC-independent LPs and HSCs separately by transplanting phenotypic
pre-HSCs from the E11.5 AGM region into immunodeficient non-obese diabetic (NOD)/
severe combined immunodeficiency (SCID)/112yc™!! (NSG) neonates. We injected 5-50
cells of CD45*Ter119-VC*c-kit* endothelial protein C receptor (EPCR)*type Il phenotypic
pre-HSC population3® isolated from the E11.5 AGM region (Figure S4A) into sublethally
irradiated NSG neonates. Of 25 recipient mice, 15 showed donor-derived CD45.2* cells
(>0.1%) in the peripheral blood (PB) (Figures 4A-4C). When we examined the transplant
recipients 4-6 months post transplantation, we found three types of engraftment patterns:
multilineage engraftment with BM LSK cells (HSC engraftment, mice 1-5; Figures 4A and
4D-4F), multilineage engraftment without BM LSK cells (MPP engraftment, mice 6-11;
Figures 4B, 4D, and 4G), and only B-1 with minimum B-2 cell engraftment (mice 12-15;
Figures 4C and 4D).

Mice 1-5 exhibited LT multi-lineage repopulation with a significant donor cell percentage
in the PB, peritoneal cavity, spleen, and BM (Figures 4A and 4D) and predominant B-2

cell engraftment with B-1a and B-1b cells. In the recipient BM, successful donor-derived
LSK cell repopulation was also confirmed (Figure 4E). Thus, these mice were categorized as
HSC-repopulated mice. Importantly, the secondary recipient BM also showed donor-derived
LSK repopulation (Figure 4F), indicating that LSK-repopulating cells were the functional
HSCs that harbored self-renewal ability. In contrast, mice 6-11 showed multilineage
repopulation in the PB (Figure 4D) and LT reconstitution without donor LSK cells in

the BM (Figures 4B and 4G), indicating that they were engrafted with HSC-independent
progenitors; thus, we named them MPP-engrafted mice. These mice showed predominant
B-1 and MZ B cell engraftment with minimal B-2 cells in the peritoneal cavity and
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spleen (Figure 4B) and B-2, T, and myeloid cell engraftment in the PB and BM (Figures
4B and 4D), although the donor percentage in the BM was very low (<0.5%) (Figure

4B, right panel). Mice 12-15 showed B-1a, B-1b, and MZ B cell engraftment in the
peritoneal cavity and spleen but did not show donor-derived cells in the BM (Figure 4C),
indicating HSC-independent B-1 cell engraftment. One mouse (12) showed only B-1 and
B-2 cell engraftment (Figure 4C spleen), suggesting the presence of common B-1 and B-2
progenitors.

These results indicate that the phenotypic pre-HSC population in the E11.5 AGM region

is heterogeneous, containing HSC-independent LT engraftable MPPs and B-1 precursors.
Importantly, all engrafted mice exhibited B-1a cell repopulation, whereas B-2 cells were
dominant in HSC-engrafted mice. Thus, it seems that B-1a potential is the default property
within the E11.5 phenotypic pre-HSC population and that B-2 cell dominant generation is a
hallmark of functional HSCs.

scRNA-seq showed heterogeneity in the VC*c-kittEPCR™ phenotypic pre-HSC population
with HSC and B-lymphoid signatures

Based on the transplantation assays, we found that the VC*c-kittEPCR™ phenotypic
pre-HSC population in the E11.5 AGM region contained multilineage repopulating

HSCs, HSC-independent MPPs, and HSC-independent B-1-biased progenitors (Figure 4);
therefore, we refer to phenotypic pre-HSCs as pre-HSPCs. We hypothesized that different
hematopoietic potentials as above could be identified using gene expression profiles

among pre-HSPCs. To verify our hypothesis, we performed single-cell RNA sequencing
(scRNA-seq) of sorted VC*c-kittEPCR™ pre-HSPCs from E11.5 AGM and YS, E12.5 FL
HSCs (CD45"LSK*EPCR™), and E14.5 FL HSCs (CD45"LSK*CD150*CD48~) (Figure
S4). In parallel, the selected sorted subsets were transplanted into sublethally irradiated
NSG neonates to validate their hematopoietic capabilities (Figure S4D). Because VC*c-
kittEPCR™ cells constitute an extremely small population in the AGM region (0.02%

+ 0.01% in our data, more than 3 experiments), we sorted individual cells from the
abovementioned populations and generated single-cell full-length transcriptomes using
SMART-Seq. We distributed the genes (read counts > 10) in each cell and excluded cells that
expressed fewer than 2,000 genes and genes that were detected in less than 10 cells (Figure
SAE). At last, 95 cells and 11,814 genes were used for further analysis. Principal-component
analysis (PCA) of scRNA-seq showed clear separation of FL HSCs from pre-HSPCs (Figure
5A). Unbiased sc consensus clustering (SC3) of the whole transcriptomes separated these
cells into four distinct clusters (Figure S4F). The top 10 differentially expressed genes are
depicted in Figure S4G. Notch-related genes were highly expressed in many AGM cells

but downregulated in FL HSCs (Figure S5A), similar to the previously reported transitional
requirement of Notch signaling.3’

We then focused on expression of HSC- and lymphoid cell-related genes in each cell (Figure
5B) and examined the trajectory of cell states with the order of cells from the E11.5 AGM

to E14.5 FL HSCs using pseudo-time analysis. The trajectory map indicated progression

of E11.5 AGM pre-HSPCs to E12.5 and E14.5 FL HSCs (Figure 5C), although we did

not see clear branches leading to HSC and B lymphoid lineages. Almost all phenotypic
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pre-HSPCs and HSCs expressed essential genes for B cell development, such as /kzf1 and
7¢f3, in addition to various HSC-related genes (Figures 5B, and S5B). Next, we performed
velocity analysis to identify an unbiased trajectory based on the gene splicing status.4041
Interestingly, the velocity analysis of our data showed two directions of the gene expression
status: right and left directions (Figure 5D arrows). We compared gene expression between
the right and left end of Figure 5D (Table S1) and applied them to ImmGen datasets

for expressed genes in BM HSCs and B progenitors. The listed genes showed similar
expression as that seen in BM B progenitors (highly expressed on the left) and BM HSCs
(highly expressed on the right) (Figure 5E) in the ImmGen database, suggesting that the
pre-HSPC population may mature into two ways. To validate these findings, we analyzed
public sScRNA-seq large data of pre-HSPC populations or intra-aortic clusters that were
populations equivalent to our E11.5 AGM pre-HSPCs (Figures 5F-51 and S5C-S5E).38:39
Uniform manifold approximation and projection (UMAP) showed 13 clusters, and FL. HSCs
were distributed to several clusters (Figure S5D). Similar to our data, HSC or lymphoid
genes were expressed in all clusters (Figure S5E). The pseudo-time analysis revealed a
differentiation trajectory from type | pre-HSPCs to type Il pre-HSPC, intra-aortic clusters
(IACs), and E14.5 FL HSCs (Figures 5F and 5G). Importantly, there were two branches, one
of which was connected to FL HSCs and the other to the status with more IACs, suggesting
the presence of two different directions of differentiation from typel pre-HSPCs (Figure 5F).
The genes primarily expressed in fetal HSC/MPPs, including H/f SpiZ, and Lin28b,42-44
were mainly mapped in the branch connected to FL HSCs (Figure 5H, top panel). 7¢73,
Pbx1, and Bcl11a, genes critical for HSC maintenance and B cell development,*>-50—were
mapped to branches connected to FL HSCs and AGM IACs (Figure 5H, center panel). Ebf1,
essential for B cell development,>! was exclusively expressed in the left branch originating
from pre-HSPCs to IACs (Figure 5H, bottom panel). These expression patterns reflected our
transplantation results in which the pre-HSC population matures into HSCs or B-1-biased
progenitors.

We also performed a velocity analysis of these large public datasets, which indicated the
following three directions of the velocities (Figure 51): one connected to HSCs, the second
connected to IACs, and the third connected to pre-HSPCs. These results were compatible
with our velocity analysis in Figure 5D because our sScRNA-seq data represented E11.5
type Il pre-HSPCs and E14.5 FL HSCs, which were matched with the branches connected
to HSCs and 1ACs of the public data (Figures 5D and 5F, bottom two panels, and 5I).
Thus, scRNA-seq analysis of our data and public large datasets supported the presence of
HSC-independent LP development from the VC*c-kit* phenotypic “pre-HSC population,”
which was also shown by our transplantation assays (Figure 4).

DISCUSSION

In this study, we demonstrated that (1) HSCs do not fully contribute to all of the
lymphocytes, (2) B-2 and T cells derived from fetal ECs constitute major populations

in postnatal mice and significantly persist in adult mice up to 12 months old, (3) HSC-
independent MPPs exist in a physiological setting, and a small portion of MPPs can persist
up to 12 months after birth, and (4) innate-like peritoneal B-1a cells are rarely produced by
HSCs, including in the FL stage, and fetal-EC-derived B-1a cells are maintained for life.
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Although the presence of HSC-independent immune cells has recently been recognized,
these reported HSC-independent cells found in adult mice are tissue-resident immune cells,
including microglia, subsets of y8T cells, and mast cells.31-33:52-54 Therefore, contrary,
adaptive immune cells (e.g., CD4* or CD8" T cells and B-2 cells) have been believed to be
derived from HSCs. Our data showed that the majority of MPPs, T, and B-2 cells within 4
weeks after birth were fetal EC-derived and that a portion of these cells persisted LT in adult
life. These results challenge the current paradigm of HSC-derived hematopoiesis in the adult
BM.

Our results indicating the persistence of fetus-derived lymphopoiesis in mice 12 months

of age agree with the recent inducible FIt3 lineage tracing study by Patel et al.?> that
showed that FL FIt3* MPPs provide a significant percentage of lymphocytes in adult

mice. In their study, the origin of FL MPPs remained unknown; however, our data clearly
indicated that FL MPPs are derived from HECs at earlier stages. Thus, their findings

and our study complementarily explain the fetal origin of T and B lymphoid cells in

adult mice. Our results of fetal-EC-derived lymphopoiesis in adult mice are also in line
with previous reports showing that postnatal HSC labeling showed a gradual increase of
HSC-derived-lymphocytes over 32 weeks!820-22.56 and a recent report showing a minimal
contribution of definitive HSCs to fetal hematopoiesis in a fish model.1° In addition, the
presence of HSC-independent MPPs in the pre-HSC population has also been reported
using the AGM-EC co-culture system.10 Therefore, together with our results, the phenotypic
pre-HSC population contains cells that mature to HSCs and HSC-independent LPs, both of
which support hematopoiesis in postnatal life.

A few caveats have to be considered, though. In our study, MPPs showed a strong
correlation with HSCs in iFgd5 mice older than 8 weeks, and around 80% of MPPs

were derived from HSCs (Figures 1B and 1C). Therefore, the majority of MPPs that
support hematopoiesis in adult life must be derived from HSCs with a minimal contribution
from fetus-derived MPPs. Indeed, spleen macrophages showed a strong correlation with
Fgd5Cre™ MPPs. These results are contrasted with the barcoding data showing MPP-derived
native hematopoiesis.24 Because it is known that Fgd5 also marks a small portion of MPPs,
we also examined whether short-term (ST)-HSCs and MPP populations were labeled by
TAM injection into P2 iFdg5 neonates (Figures S2D and S2E). At P3 (24 h after TAM
injection), around 16% of LT-HSCs were labeled, while 6% and 1% of ST-HSCs and MPPs
were labeled, respectively (Figure S2D). In the same littermates at P5 (72 h after TAM
injection), 70% of LT-HSCs were labeled, while 30% and 8% of ST-HSCs and MPPs were
labeled, respectively (Figure S2E). These results indicated that TAM injection at P2 labeled
a portion of ST-HSCs and MPPs in addition to a majority of LT-HSCs by P5, suggesting that
Tomato* blood cells in iFgd5 mice contain some ST-HSC-derived (up to 35%) and MPP-
derived (up to 10%) cells. Therefore, it is possible that the Tomato% of HSC-derived MPPs
might have been overestimated by including directly labeled HSC-independent ST-HSCs
and MPPs at P2. Also, the barcoding study in adult mice cannot identify the origin of MPPs
that have different barcodes from HSCs when those MPPs were already differentiated from
HSCs before barcoding.
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Another important finding, that most B-1a cells are HSC independent for life, has finally
resolved the long-standing controversy in the field about the primary source of the peritoneal
B-1a cells. It is widely accepted that peritoneal B-1a cells are derived from FL precursors
but not adult BM HSCs.25:57:58 Transplantation assays using cellular barcoding or FIk2-Cre
mice showed the B-1a cell repopulation ability of HSCs.26:27 However, our lineage tracing
mouse models revealed that even FL HSCs did not produce B-1a cells efficiently; rather,
HECs are the major source of B-1a cells, and transplantation assays showed the transient
B-1a cell repopulating capacity of HSCs in the AGM region only at E10.5-E11.5. These
results displayed the unique ontogeny of peritoneal B-1a cells. Of note, BM progenitors can
reportedly generate B-1a cells with extensive N additions to the immunoglobulin (1g) V-D
junction.59:80 These previous reports are in line with our results that up to 10%-20% of B-1a
cells are Tomato™ upon HSC labeling (Figures 1B and 1E).

In our EC lineage tracing study, one question remained about which blood cells E9.5 ECs
produced. EC labeling at E7.5 resulted in more Tomato™ HPCs than HSCs in the E15.5

FL, while EC labeling at E11.5 resulted in exclusively labeled HSCs in the E15.5 FL.
Evidently, E7.5 ECs produced HSC-independent progenitors in the FL, while E11.5 ECs
produced only HSCs. However, EC labeling at E9.5 marked 80% Tomato* ECs in the
AGM region and YS at E10.5 and a similar Tomato% in HSCs and other HPCs in the
E15.5 FL (Figure 3F). This result raised the question of whether Tomato* MPPs and LPs

in the E15.5 FL were derived directly from ECs, produced simultaneously with HSCs, or
through the first HSCs at E10.5. Is it possible for the very few HSCs arising from ECs at
E10.5 to produce all MPPs and LPs in E15.5 FL while expanding for only 5 days? The
numbers of Tomato* phenotypic HSCs, MPPs, and CLPs in E15.5 FL were 4,291 + 790,
99,222 + 25,018, and 44,683 + 30,116, respectively, in our data (Figures 3C and 3F). Using
these numbers, we utilized the approximate Bayesian computation (ABC) model for HSC
differentiation to learn parameters that reproduced the observed cell counts (Figure S6). To
explain the observed HSC and progenitor cell counts at E15.5, the ABC simulation indicated
that at least 57 (confidence interval [CI]: 7-98) HSCs were required at E9.5. This was a
conservative estimate because we allowed the HSCs to have much higher proliferation rates
in our simulation than previously estimated.17%6 If we had constrained HSC proliferation
rates to be lower (to be more in line with prior publications), we would need an even higher
number of HSCs at E9.5. In this regard, Rybtsov et al.61 precisely calculated the number of
pre-HSCs and HSCs during the transition from E9 to E12 and estimated that, by late E11.5,
the embryo contains ~70 pre-HSCs in total. However, the estimated numbers of pre-HSC
and HSCs at E9.5 were almost zero. A previous report also showed that the frequencies of
HSCs in the embryo estimated by direct transplantation into neonates were 1/44.8 embryo
equivalent (e.e.) at E9.5 and 1/2.84 e.e. at E10.5.52 Our recent study showed that the
frequency of multilineage repopulating HSCs among highly purified VC*c-kit"EPCR™ cells
at E10.5 was 1/10 e.e. All of these numbers are much lower than the estimated HSC number
that was calculated by the ABC simulation for HSCs to produce MPPs and LPs in E15.5
FL. Thus, it will be more reasonable to consider that MPPs and LPs in E15.5 FL are
HSC-independent progenitors. A recent paper by Yokomizo et al.%3 reported that HSCs
minimally contribute to hematopoietic progenitors in the FL, which also supports our data
that HSCs do not start hematopoiesis during the FL stage.
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Taken together, we propose a new paradigm where multiple hematopoietic progenitors are
produced from ECs during E7.5-E11.5 and arise simultaneously with HSCs at E10-E11.
These HSC-independent fetus-derived lymphocytes constitute a major population, even in
mice 6-12 months old (Figure 6A). HSCs are produced from E10-E11 HECs and seed the
FL (Figure 6B) but do not start lymphopoiesis until 4 weeks of age and do not fully produce
all of the mature lymphocytes even at 1 year of age (up to 60%). B-1a cells are produced
from HECs during E7.5-E11.5 and persist for life, while HSCs’ contribution to this
population is minimal (Figure 6A). Thus, embryonic EC-derived lymphopoiesis continues
much longer than traditionally considered, and these results challenge the paradigm of HSC
dogma in hematology.

Limitations of the study

There are some limitations of the study using the iCdh5 and iFgd5 lineage tracing mouse
models. As mentioned above, although Fgd5 specifically marks LT-HSCs in the BM, it
still marks a portion of phenotypic ST-HSCs and MPPs. Therefore, the percentage of
HSC-derived cells could have been slightly overestimated. Additionally, in iFgd5 mice, the
labeling efficiency of FL HSCs was relatively low (up to 30%) compared with neonatal
HSCs in the BM (>70% labeled); therefore, we cannot completely rule out the possibility
that Tomato™ HSCs in the FL might produce lymphocytes during the perinatal period. In
iCdh5 mice, it is challenging to avoid labeling HSCs emerging at E10-E11 even when
TAM is injected at an earlier stage (E7.5 or E8.5). Therefore, we calculated the adjusted
EC labeling percentage as shown in Figure 2 as our best estimate. To better understand the
relationship between HSCs, MPPs, and HSC-dependent/independent lymphocytes, further
investigations will be required, using a combination of lineage tracing and barcoding in
animals.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Momoko Yoshimoto
(Momoko.Yoshimoto@uth.tmc.edu).

Materials availability—Mouse lines generated in this study were originally obtained from
the following.

Cdh5(PAC)-CreERT2 mice from Dr. Ralf Adams.
Fgd5CreERT2 mice from Jackson Laboratory (Stock No: 027789).

Rosa-TdTomato mice from Jackson Laboratory (Stock No: 007909).

Data and code availability

. Sequencing data have been deposited in the GEO database under the accession
number GSE182206.
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. All original code has been deposited at github and is publicly available from the
date of publication of the article. URLSs are listed in the key resources table.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Experimental animals—Cdh5(PAC)-CreERT2 mice were crossed with Rosa-TdTomato
mice (Jackson Laboratory Stock No: 007,909) and Cdh5CreE2: Rosa-Tomato mice were
generated. Similarly, Fgd5CreERT2 mice were crossed with Rosa-TdTomato mice and
Fgd5CreERT2: Rosa-Tomato mice were generated. These mice were timed mated with
Rosa-Tomato mice and the vaginal plugs were confirmed in the following morning. The
noon on the day that the plug was found was counted as embryonic day 0.5. Tamoxifen
(15ng/mother body weight) was administrated into timed mated pregnant iCdh5 dams at
E7.5, 8.5, 9.5, 10.5, 11.5 respectively, or into timed mated pregnant Fgd5 dams at E14.5, or
P2 neonates. 10-15 mice for each Tam injection date were examined.

Cdh5(PAC)-CreERT2: Td-Tomato mice were timed mated with Rosa-DNMAML-GFP mice.
Tamoxifen was injected into the pregnant mice at E7.5 and mice were examined after birth.

For transplantation assays, C57BL/6 mice were timed mated and embryos at E11.5 were
harvested from the pregnant dams for donor cells. The embryonic age was confirmed by the
somite numbers and developmental features of the embryos.

NOD/SCID/II2-ycM!! mice (NSG mice. Jackson Laboratory Stock No: 005,557, OD.Cg-
Prkacseid 112rg"mIWJliSz) mice) were mated and day2-5 neonates were used for recipients of
transplantation assays. Recipient NSG neonates were sublethally irradiated (150rad) before
donor cells were injected into facial vein.

For secondary transplantation, lethally irradiated adult B6.SJL-Ptorc? PepctiBoyd mice
(BoyJ mice, Stock No: 002,014, B6 Cd45.1) were used for recipients.

Mice were kept in specific pathogen free condition and all the experimental procedures
using the mice were approved by Animal Welfare Committee at UTHealth.

METHOD DETAILS

Lineage tracing experiments: Cdh5CreERT2: Rosa-Tomato (iCdh5) mice were timed
mated. A single dose of Tamoxifen (TAM: Sigma) 15ng/mother body weight together with
Progesterone (7.5 ng) solved in corn oil was administrated to the pregnant dam by oral
gavage at E7.5, 8.5, 9.5, 10.5, and 11.5 respectively. TAM usually makes the delivery
difficult, therefore, Cesarean section was performed on day 19 pregnant dams to rescue the
embryos and these pups were taken care of by a surrogate mother prepared in advance.
Fgd5CreERT2: Rosa-Tomato (iFgd5) mice were used for marking HSCs. TAM was injected
into E14.5 pregnant dam or P2 neonatal mice. We harvested various hematopoietic tissues
including peritoneal cells, spleen, thymus, and bone marrow from TAM administrated
embryos/mice and examined Tomato™ percentages in each hematopoietic subset. 10-15 mice
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for each TAM injection date were examined. We performed 3-4 experiments (biological
replicates) per each TAM injection.

Cell harvesting, sorting and transplantation—E11.5 embryos were harvested from
C57BL/6 pregnant mice. The embryonic age was confirmed by the somite numbers and
developmental features of the embryos. AGM region was dissected and digested with 0.25%
collagenase (Stem cell technology) for 30 min at 37°C to make a single cell suspension.
Cells were then stained with anti-CD11b, Ter119, CD144, c-kit, and CD206 antibodies and
pre-HSC population was sorted by single cell sorting mode on BD FACS Melody. Five to 60
cells were injected to sublethally irradiated NSG neonates (day 2-5). The peripheral blood
was collected from the recipient mice every month starting at 6 weeks after transplantation.
Four to 6 months after transplantation, all the hematopoietic tissues were collected and
examined for CD45.2* donor cells by flow cytometry.

For secondary transplantation, 1-2 million BM cells from the primary recipient mice were
injected into lethally irradiated adult BoyJ mice. Blood cells of NSG and BoyJ mice express
CD45.1.

B-progenitor colony forming assay—Five hundred FL multipotent progenitors (MPPS)
were plated to Methocult M3630 (Stemcell Technologies) containing 10 ng/mL IL-7 with
10° OP-9 cells. Eight days after plating, colony numbers were counted and each colony was
picked up and stained with antimouse CD45, AA4.1, CD19, B220, and CD11b to identify
B-1 and B-2 progenitors using flow cytometry.

scRNA-sequencing—E11.5 pre-HSCs, E12.5 and 14.5 FL HSCs were single cell sorted
into 96 well plate (1 cell/well). RNA were extracted from each well and converted into
cDNA using SAMRT-Seq Single cell kit (Takara). DNA library was made and sequenced

at Single Cell Genomic Core at the Baylor College of Medicine. Briefly, following

cDNA synthesis, Nextera XT DNA library preparation kit (Illumina) was used to prepare
library.120pg of cDNA was simultaneously fragmented and tagged with adapter sequences
by transposome. The product was then amplified using 12 cycles of PCR and purified. Final
library was sequenced using Illumina Novaseq 600.

Bioinformatics analysis of sScRNA-sequencing—The quality of all sequenced
samples was analyzed using FastQC. Raw reads were aligned to the GRCm38 reference
genome using STAR with default parameters. The expression count matrix was generated
using htseg-count. We filtered genes whose read counts less than 10 and cells that were less
than 2000 genes. Read counts were normalized using DEseq2 with default parameters. The
normalized matrix was clustered by SC3. We chose K = 2 for SC3 as the best represented
the heterogeneity in our dataset. Marker genes in each cluster were filtered by the area under
the ROC curve (auroc) > 0.85 and the adjusted p values<0.01. Trajectory and pseudotime
analysis were performed by monocle2 package with default parameters.

PCA analysis was performed using scikit-learn software package.%
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RNA Velocity analysis was performed according to the original article.#041 In brief,
unspliced pre-mRNA counts and mature spliced mRNA counts for each cell were computed
from BAM file, then RNA velocity was computed using stochastic model. The result was
visualized onto the PCA plot based on the expression profile of mature spliced mRNA for
each cell. Each arrow represents a direction of a cell transition based on the RNA Velocity.

scRNA-seq analysis of published data—E11 AGM data from Hadland, B et al.38
(GSE145886) and E11.5/E14.5 data from Zhu Q. et al.39 (GSE137117) are downloaded in
fastq format from NCBI GEO dataset (Figure 5C). Raw scRNA-Seq reads of samples were
processed individually according to 10x Genomics CellRanger software®® and mapped to
the mm10 genome with default parameters. We analyzed the sScRNA-seq and filtered the
cells with at least 400 genes and less 10% of raw reads belong to mitochondrial genes.
Samples were merged by Seurat v4 packages. The integration of data was performed using
Seurat CCA method. Clustering was then performed by Seurat’s FindClusters function,
with resolution res = 0.5 and then visualization was performed by 2D UMAP plots. The
Monocle platform was used for pseudotime analysis with default parameters. Velocyto.py*
was used for detecting the expression of spliced and unspliced transcripts of genes.
“velocyto.R”(https://github.com/velocyto-team/velocyto.R) was performed RNA velocity
analysis. All the cells and genes used in velocity analysis were consistent with the Seurat
results. Velocity fields were then projected onto UMAP generated by Seurat.

Statistical analysis—Non-parametric student-t test was used for statistical analysis in
Figures 1, 2, and 3.

The simulation model to produce output stem and progenitor cell numbers
—Approximate Bayesian Computation was used to learn parameters for the HSC
differentiation model proposed by Busch et al. 2015,6 using observed cell counts at
E15.5, in order to infer the initial HSC number at E9.5. Net proliferation rates and
differentiation rates were each independently sampled from Uniform (0, 4), based on the
bounds previously determined by Busch et al. Under this model, a net proliferation rate of
3 per day corresponds to 2 cell divisions per day. Initial HSC number was sampled from

1 to 100 uniformly. Model simulations were performed for with time steps of 1 h. A total
of 10,000,000 samples of model parameters were generated, and sample parameters were
accepted only if the predicted cell numbers were all within the 99% confidence interval of
the observed data, resulting in an acceptance rate of about 0.01%.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Multiple waves of lymphopoiesis occur in mouse embryos and persist into
adult life

HSCs do not produce all of the lymphocytes in the adult
HSC-independent MPPs are produced simultaneously with HSCs from ECs

HSCs minimally contribute to the peritoneal B-1a cell pool in adult mice
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Figure 1. HSCs start lymphopoiesis in mice after 4 weeks of age and do not completely replace
fetus-derived lymphocytes

(A) Experimental design. TAM was injected once on P2 into /F/ga’5 mice to label HSCs.
Tomato* blood cells in the BM, spleen, and peritoneal cavity were examined at different
time points.

(B) The Tomato ratio of each blood cell subset to HSCs (<4 weeks, n = 3; 8-12 weeks, n =
9; >6 months, n = 5-6).
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(C-E) “Fate mapping scatterplots” showing the correlation between Tomato% in HSCs (x
axis) and Tomato% of a target cell population (y axis). The equation and R? values were
calculated using Prism.

(C) Scatterplots of MPP (n = 18) and spleen macrophages (n = 15). A strong correlation was
seen as early as 8 weeks after birth (late, red dots). Blue dots represent correlation when
analyzed before 4 weeks of age.

(D) Scatterplots of spleen FO (n = 18), CD4 (n = 18), and CD8 T cells (n = 18). Blue dots,
less than 4 months; red dots, more than 6 months.

(E) Scatterplots of peritoneal B-1a cells (n = 18) and mast cells (n = 17). Blue dots, less than
4 months; red dots, more than 6 months.

(F) The Tomato ratio of T progenitor populations in the thymus at 4 weeks (n = 4), 8-12
weeks (n =9), and 5-12 months (n = 5) after birth.

(G) Actual Tomato% in various hematopoietic populations in the PO liver, thymus, and
spleen when TAM was injected at E14.5 and E15.5 (n = 4). **p < 0.01, *p < 0.05 (unpaired
Student’s t test).
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Figure 2. HECs produce MPP and B and T lymphocytes that persist in old mice
(A) Experimental design. A single dose of TAM was injected into /Cadh5 pregnant mice at

E7.5-E11.5, respectively, and Tomato* HSPCs were examined at different time points after
birth.

(B) Cdh5Cre marks HSC-independent and HSC-dependent lineages and defined “adjusted
EC-derived lymphocytes.” The estimated Tomato% of HSC-derived cells was determined
using the equations in each fate mapping plot in Figure 1.
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(C-1) Adjusted EC-derived spleen FO B cells (C), CD4 (D), CD8 (E), peritoneal B-1a cells
(F), mast cells (G), BM MPPs (H), and spleen macrophages (mac) (I) when TAM was
injected at each embryonic time point. Shown are (E) early time points (<4 months old) and
(L) late time points (>6 months old). The numbers of analyzed mice and actual Tomato% of
these cells are shown in Figure S3. ***p < 0.001, **p < 0.01, *p < 0.05, unpaired Student’s t
test. The numbers of analyzed mice are listed in Figure S3A.
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Figure 3. HECs produce the majority of HPCs in the FL
(A) Experimental design. TAM was injected at E7.5, E9.5, or E11.5, and FL progenitors

were examined at E15.5.

(B) Tomato% in CD45*c-kit" HPCs and CD45"VC™* ECs in the YS and AGM region at
E10.5 following TAM injection at E7.5 (n = 5).

(C) Tomato% in HSCs and HPCs in the E15.5 FL following TAM injection at E7.5 (n = 6).
(D) Representative fluorescence-activated cell sorting (FACS) plots of (C).

(E) Tomato% in HPCs and ECs in the YS and AGM region at E10.5 following TAM
injection at E9.5 (n = 3).

(F) Tomato% in HSCs and HPCs in the E15.5 FL following TAM injection at E9.5 (n = 4).
(G) Tomato% in HSCs and MPPs in the E15.5 FL following TAM injection at E11.5 (n = 3).
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(H) B-1 and/or B-2 progenitor colony-forming cell numbers. Tomato* MPPs in E15.5 FL
following TAM injection at E7.5 were sorted and used for the B-progenitor colony formation
assay. Eight days after plating, all colonies were individually picked up and subjected to
FACS analysis for B-1 (CD93*CD19*B2207) and/or B-2 progenitors (CD93*CD19~B220™).
**p < 0.01, *p < 0.05, unpaired Student’s t test.
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Figure 4. LT-HSCs, MPPs, and B-1 repopulating cells arise independent from VC*c-kit"EPCR*

cells in the E11.5 AGM region

(A-C) Five to 50 pre-HSCs from the E11.5 AGM region were injected into sublethally
irradiated NSG neonates. Shown is the CD45.2* donor cell percentage in the peripheral
blood (PB) of the recipient mice 4-6 weeks after transplantation (left panels). Donor cell
percentage and their composition within the lymphoid subsets in the peritoneal cells, spleen,
and BM are depicted. The engraftment patterns were categorized into three groups: (A)
multi-lineage engraftment with BM LSK repopulation (HSC engraftment), (B) multi-lineage
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engraftment without BM LSK repopulation (MPP engraftment), and (C) only B-1 with
minimal B-2 cell engraftment without BM repopulation (B-1 cell engraftment).

(D) Donor-derived cell lineage distribution in the PB of the recipient mice in each group.
HSC, HSC-engraftment group (A), n = 5; MPP, multi-lineage engraftment group (B), n = 6;
B-1 only, only B-1 with minimal B-2 cell engraftment group (C), n=4.

(E) Representative FACS plots of the BM of an HSC-engrafted mouse (mouse 2).

(F) Representative FACS plots of the BM of the secondary transplanted mice with BM cells
from mouse 2.

(G) Representative FACS plots of the BM of an MPP engrafted mouse (mouse 9).
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Figure 5. scRNA-seq analysis showed HSC and B lymphoid signatures in E11.5 pre-HSCs and
E12 and E14 FL HSCs

(A) Dimensionality reduction of sScRNA-seq data using PCA colored by cell type. E11A,
E11.5 AGM pre-HSCs; E11Y, E11.5 YS pre-HSCs; E12F, E12.5 FL HSCs; and E14F, E14.5
FL HSCs.

(B) A heatmap depicting the expression of HSC-, B cell-, T cell-, and ILC-related genes in
the E11 AGM and YS pre-HSC populations and E12.5 and E14.5 FL HSCs. Red, blue, and
yellow intensities indicate high, low, and intermediate expression levels, respectively.

(C) Pseudo-time analysis of our scRNA-seq data.
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(D) Velocity analysis of the 96-cell data, indicating two directions (right arrow and left
arrow).

(E) Genes that were highly expressed at both ends of the arrows in Figure 1D were applied
to the gene expression subsets of HSC and B progenitors in the ImmGen database (https://
www.immgen.org/Databrowser19/DatabrowserPage.html).

(F and G) Pseudo-time analysis of the public data on E11.5 pre-HSCs (types I and I1),
intra-aortic clusters (IACs), and E14.5 FL HSCs.38:39 Each cell type was also mapped in the
pseudo-time analysis.

(H) Selected HSC- and lymphoid cell-related genes were plotted in the pseudo-time analysis
of the public data. Genes expressed and/or essential for HSC/MPP (top panel), HSC/B
progenitors (center panel), and B progenitors (bottom panel) are depicted.

(1) Velocity analysis of the public datasets.

Cell Rep. Author manuscript; available in PMC 2023 April 22.


https://www.immgen.org/Databrowser19/DatabrowserPage.html
https://www.immgen.org/Databrowser19/DatabrowserPage.html

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Kobayashi et al. Page 32

A

HSC- A HSC- A HSC-
independent : independent | independent -
I B-1a cells VB-2&Tcells V¥V MPPs EC-derived
blood cells
L A i HSC-derived
: MPP
Transient HSC- :
independent v -

Hematopoiesis

EC-derived
progenitors

HSC-derived
v B-2 &T cells

_ HSC-derived
B-1a cells
L.

B

S AR I
»
4

E7.5 E10.5 E14.5 PO aw 16w 6-12M
B
Mature B & T -cells
derived .
EC derived- -
Lymphoid @,

progenitor/,,/#
EC derivedf@., 2
MPPs / %@ expansion

/ _/'HSC in the FL
Hemogenic ECs
E8.5-9.5 E10.5-11.5 E14 Birth young adult>6months

Figure 6. Our working model proposing EC-derived multiple waves of hematopoiesis
(A) EC-derived (HSC-independent) and HSC-derived lymphopoiesis show how we can

estimate the percentages of each wave.

(B) Multiple waves of hematopoiesis produce MPPs, LPs, B-1a cells, and HSCs during
E7.5-E11.5. EC-derived HSPCs are the major cell populations in young animals. While
postnatal HSC-derived lymphoid cells replace these embryonic EC-derived blood cells with
age, a significant percentage of embryonic EC-derived lymphocytes persist in old mice.
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REAGENT or RESOURCE  SOURCE IDENTIFIER
Antibodies
CD3e 145-2C11 eBioscience 14-0031-82; RRID:AB_2621636

CD4 GK1.5 Tonbo, BD Bioscience 20-0041; RRID:AB_11205236
CD5 53-7.3 eBioscience 17-0051-82; RRID: AB_469331
CD8a 53-6.7 Tonbo 50-0081; RRID: AB_10596646

CD11b M1/70

Biolegend, Tonbo, BD Bioscience

101206; RRID: AB_312789, 35-0112; RRID: AB_2621676,
563553; RRID: AB_2738276

CD19 1D3

eBioscience, Tonbo

50-0193; RRID: AB_2621752

CD21 7E9, 4E3

Biolegend, eBioscicence

123407; RRID: AB_940403, 11-0212; RRID: AB_464977

CD24 M1/69 eBioscience 45-242-82; RRID:AB_1210701

CD25 PC61.5 Biolegend, eBioscience 102005; RRID: AB_312854, 12-0251-82; RRID: AB_465607

CD41 MWReg30 eBioscience 110411-82; RRID: AB_10639937

CD43 S11 Biolegend 143219; RRID: AB_2800666

CD44 IM7 eBioscience, BD Bioscience 25-0441-82; RRID: AB_469623, 560569; RRID: AB_1727484

CD93 AA4.1 eBioscience, Biolegend 17-5892-82; RRID: AB_469466, 136511; RRID: AB_2275879

CD117 2B8 eBioscience, Biolegend 25-1171-82, 105826; RRID: AB_1626278

CD150 TC15-12F12.2 Biolegend 115910; RRID: AB_493461

CD45 30-F11 BD Bioscience, Biolegend, Tonbo 552848; RRID: AB_394489, 103112; RRID: AB_312977,
35-0451; RRID: AB_469717

CD45.1 A20 BD Bioscience, eBioscience 565212; RRID:AB_2722493, 47-0453-82; RRID:
AB_1582228

CD45.2 104 BD Bioscience, Biolegend 564616; RRID: AB_2738867, 109806; RRID: AB_313443

IgM 11/41, RMM-1

BD Bioscience, Biolegend

743329; RRID: AB_2741430, 406506; RRID: AB_315056

1gD 11-26¢.2a

Biolegend

405720; RRID: AB_2561876

B220 RA3-6B2

Tonbo, Biolegend

60-0452; RRID: AB_2621849, 103207; RRID: AB_312992

FCERI MAR-1 Biolegend, Tonbo 134319; RRID: AB_10641135, 35-5898; RRID: AB_2621719
F4/80 BM8 eBioscience 47-4801-82; RRID: AB_1548745

CCR6 140706 BD Bioscience 561751; RRID: AB_10896986

Gr-1 RB6-8C5 Biolegend 108428; RRID: 893558

EPCR 1560 eBioscience 12-2012-82; RRID: AB_914317

CD144 11D4.1

BD Bioscience

562242; RRID: AB_2737608

CD48 HM48-1 Biolegend, BD Bioscience 103404; RRID: AB_313019, 740236; RRID: AB_2739984
CD23 B3B4 eBioscience 25-0232-82; RRID: AB_469604
CD127 A7TR34 Biolegend, eBioscience 135012; RRID: AB_1937216, 12-1271-82; RRID: AB_465844

Terll9 TER-119

Tonbo, Biolegend, eBioscience

65-5921; RRID: AB_2935630, 116223; RRID:AB_2137788,
11-5921-82; RRID:AB_465311

Sca-1 D7

eBioscience, Biolegend

25-5981-82; RRID: AB_469669, 108124; RRID:AB_893615

CD34 RAM34

eBioscience

11-0341-82; RRID: AB_465021

Thy1.2 30-H12

Biolegend, eBioscience

105328; RRID: AB_10613293, 11-0902-82;
RRID:AB_465154
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

CD184 2B11

eBioscience

12-9991-82; RRID: 891391

Chemicals, peptides, and recombinant proteins

Tamoxifen Sigma T5648
Progesterone Sigma P0130
Recombinant mouse IL-7 PeproTech 217-17
Recombinant mouse SCF PeproTech 250-03
Recombinant mouse FIt3- PeproTech 250-31L
ligand

Collagenase Type | (0.25%) STEMCELL Technologies 07902
Critical commercial assays

SMART-Seq V4 Ultra Low Takara # 634898
RNA Kit

MethoCult M3630 STEMCELL Technologies 03630
Deposited data

scRNA-sequencing GEO database GSE182206

Experimental models: Cell lines

OP-9 stromal cells

Dr. Toru Nakano at Osaka University, Japan

ATCC CRL-2749

Experimental models: Organisms/strains

Fgd5ZsGreen-CreERT2

C57BUBN-Fga5™3(ere/ERT2)0)])

Jackson no. 027789

Cdh5(PAC)-CreERT2

C57BL/6-Tg(Cdh5-cre/ERT2)

Taconic no. 13073

Rosa-TdTomato

B6.Cg- GI(ROSA)26S0rm(CAG-dTomato)Hize]

Jackson no. 007909

NSG

NOD.Cg-Prkdcsc/2rgt14|Szj

Jackson no. 005557

Boy/J

B6.SJL-PtprcaPepch/BoyJ

Jackson no. 002014

Software and algorithms

Fastqc

Babraham Institute

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/

STAR

PMID: 23104886

https://github.com/alexdobin/STAR

Htseqg-count

PMID: 25260700

https://github.com/htseg/htseq

SC3 PMID: 28346451 http://bioconductor.org/packages/release/bioc/vignettes/SC3/
inst/doc/SC3.html

Monocle2 PMID: 28825705 http://cole-trapnell-lab.github.io/monocle-release/docs/

CellRanger PMID: 28091601 https://support.10xgenomics.com/single-cell-gene-expression/
software/pipelines/latest/using/tutorials

Scikit-learn https://scikit-learn.org/stable/

Velocyto.py PMID: 30089906 http://velocyto.org/velocyto.py/tutorial/analysis.html

velocyto.R https://github.com/velocyto-team/velocyto.R

sc\elo \Volker Bergen https://scvelo.readthedocs.io

Script used for Figures 5A
and 5D

This paper

https://github.com/seitalab/hsc_independent

Approximate Bayesian
Computation (Figure S6)

This paper

https://github.com/djhshih/analysis-lineage-tracing-bla
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