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Modeling human yolk sac hematopoiesis with

pluripotent stem cells

Michael H. Atkins»?@®, Rebecca Scarfo3@®, Kathleen E. McGrath*@®, Donghe Yang?®, James Palis*®, Andrea Ditadi*®, and Gordon M. Keller"?®

In the mouse, the first hematopoietic cells are generated in the yolk sac from the primitive, erythro-myeloid progenitor (EMP)
and lymphoid programs that are specified before the emergence of hematopoietic stem cells. While many of the yolk
sac-derived populations are transient, specific immune cell progeny seed developing tissues, where they function into adult
life. To access the human equivalent of these lineages, we modeled yolk sac hematopoietic development using pluripotent
stem cell differentiation. Here, we show that the combination of Activin A, BMP4, and FGF2 induces a population of
KDR*CD235a/b* mesoderm that gives rise to the spectrum of erythroid, myeloid, and T lymphoid lineages characteristic of
the mouse yolk sac hematopoietic programs, including the V62* subset of y/8 T cells that develops early in the human embryo.
Through clonal analyses, we identified a multipotent hematopoietic progenitor with erythroid, myeloid, and T lymphoid
potential, suggesting that the yolk sac EMP and lymphoid lineages may develop from a common progenitor.

Introduction

Hematopoiesis in the mouse is initiated in the yolk sac by dis-
tinct programs that collectively produce a broad range of line-
ages, independent of hematopoietic stem cells (HSCs; Ghosn
et al., 2019). The primitive program, the first to develop, has
limited potential and gives rise to a transient population of
progenitors on embryonic day (E)7.0, the majority of which are
committed to the erythroid lineage. In addition to erythroid
cells, primitive hematopoiesis also generates macrophages and
megakaryocytes (Palis et al., 1999; Tober et al., 2007; Wong et al.,
1986). Following the onset of primitive hematopoiesis, a second
program, the erythro-myeloid progenitor (EMP) program,
emerges at E8.25 and generates an expanded set of lineages that
includes granulocytes and mast cells in addition to the erythroid,
macrophage, and megakaryocyte lineages (Palis et al, 1999;
Tober et al., 2007; Wong et al., 1986). EMPs can be identified and
isolated based on the coexpression of CD41, Kit, and CD16/32
(FcyRII/III), markers not expressed on primitive hematopoietic
progenitors (Ferkowicz et al, 2003; McGrath et al,, 2015;
Mikkola et al., 2003). Clonal analyses have demonstrated that
EMP hematopoiesis contains CD41*Kit*CD16/32* multipotent
progenitors (MPPs) that are able to generate the spectrum of
lineages produced at this stage (McGrath et al., 2015). The recent
demonstration that this population can also give rise to natural
killer (NK) cells (Dege et al., 2020) suggests that the potential of

this program extends beyond the erythroid, myeloid, and meg-
akaryocyte fates. Although the primitive and EMP programs
share common lineages, there are differences in some of the
end-stage cells generated. For example, primitive erythroid cells
are larger than their EMP counterparts and display a globin
expression pattern characterized by the predominance of the
embryonic ey and B Hi globins (Palis et al., 1999; Wong et al.,
1986). In contrast, EMP-derived erythroid cells predominantly
express the adult form of B-globin, B-major along with a low
level of B H1 globin (McGrath et al., 2015, 2011; Palis et al., 1999;
Wong et al., 1986).

In addition to the erythroid, myeloid, and megakaryocyte
lineages, there is compelling evidence that the yolk sac also
generates lymphoid cells independent of HSCs. Progenitors with
T lymphoid potential have been detected in the yolk sac as early
as E9.0 by culture in fetal thymic organs or with OP9 stromal
cells (Huang and Auerbach, 1993; Yoshimoto et al., 2012). Stro-
mal cell-based cultures have also identified B cell progenitors in
the yolk sac at the same stage of development (Yoshimoto et al.,
2011). Despite the presence of EMPs and lymphoid progenitors
in the E9.0 yolk sac, a clonal relationship between these lineages
has not been established. MPPs able to generate T cells, B cells,
macrophages, and granulocytes have been identified by the ex-
pression of CD45, Kit, I17ra, and FIt3 in E11.5 liver at a stage when
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few HSCs are present (Boiers et al., 2013). The observation that
the E9.5 yolk sac contains a low frequency of CD45*Kit*Il7ra*
cells with a similar molecular profile raises the possibility that
these progenitors are specified in the yolk sac.

Yolk sac hematopoiesis was long thought to function solely to
support the developing embryo before the generation of HSCs
by the definitive program. The view, however, has been chal-
lenged by a series of lineage tracing experiments in the mouse
which have demonstrated that populations of tissue-resident
macrophages in the adult, including microglia, Kupffer cells,
and alveolar macrophages, develop from HSC-independent
yolk sac-derived progenitors (Ginhoux et al., 2010; Gomez
Perdiguero et al., 2015; Schulz et al., 2012). These macro-
phage progenitors seed the developing organs and generate
the tissue-resident populations that maintain themselves
throughout adult life (Mass et al., 2016). More recent lineage
tracing studies have shown that the contribution of the yolk sac
hematopoietic programs to the adult is broader than first ap-
preciated and includes subpopulations of mast cells (Gentek
et al., 2018a; Li et al., 2018) and T cells (Gentek et al., 2018b).
The T cells traced from yolk sac progenitors in this study rep-
resent a unique subset of y8 T cells, known as dendritic epi-
dermal T cells (DETCs), that are distinguished from all other
T cells by their expression of an invariant Vy3 T cell receptor
(Havran et al., 1989). These Vy3* cells are the first TCR-expressing
lymphocyte detected in the thymus and are found as early as E14.0
(Havran and Allison, 1988). In utero depletion, parabiosis, and
transplantation studies have shown that HSCs do not generate this
lineage, indicating that DETCs are generated by embryonic-
restricted progenitors and maintain themselves throughout
life (Gentek et al., 2018b; Havran and Allison, 1990).

Given the limited access to human tissue at early stages of
development, the structure of the human embryonic hemato-
poietic system is far less well understood than that of the mouse.
Studies of the human yolk sac at 5 wk have identified large,
nucleated erythroblasts that express embryonic (HBE; €) globin
indicative of human primitive hematopoiesis (Peschle et al.,
1985). Analyses of the colony-forming progenitor potential of
the yolk sac and liver at this stage demonstrated the presence of
granulocyte and erythroid progenitors. The cells within these
erythroid colonies expressed a combination of the embryonic
(HBE; €) and fetal (HBG1/2; Ay and Gy) globins, suggesting that
they originate from the human equivalent of EMP-derived
progenitors. Similar globin expression patterns were detected
in erythroblasts present in the liver at 6 wk (Migliaccio et al.,
1986; Peschle et al., 1985, 1984). The detection of rare MPPs with
erythroid, macrophage, and granulocyte potential in the yolk sac
at Carnegie stage 12 (approximately day 30; Bian et al., 2020) has
provided further evidence of an EMP program in the human.
Although there are no detailed analyses of lymphoid progenitors
in the human yolk sac, studies on the developing liver and
thymus have shown that a subset of Y8 T cells, characterized by
the expression of the V82 gene, is present at 5 wk and is the
dominant T lymphoid population before 12 wk (Haynes and
Heinly, 1995; McVay and Carding, 1996). The proportion of
V&82* T cells decreases in these tissues beyond this time as these
cells are supplanted by a second wave made up of V81* T cells
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detected in the fetal blood by 40 wk (Dimova et al., 2015). The
early emergence of the V82* population suggests that it may be
uniquely specified from the HSC-independent progenitors in the
yolk sac, similar to the Vy3* T lymphoid lineage in the mouse.
The recent finding that fetal, but not postnatal, progenitors ef-
ficiently generate V62* T cells following culture with OP9-DL1
stromal cells is consistent with this interpretation (Tieppo et al.,
2020).

Owing to the scarcity of human yolk sac, efforts to char-
acterize the earliest stages of human embryonic hematopoi-
esis, such as the relationship of the different hematopoietic
programs and the pathways that regulate their specification,
have turned to the human pluripotent stem cell (hPSC) system
to model these developmental steps (Ditadi et al., 2017). Find-
ings from these studies have shown that hematopoietic dif-
ferentiation recapitulates the temporal organization of mouse
yolk sac hematopoietic development (Kennedy et al., 2007;
Zambidis et al., 2005), validating this approach for the study of
human embryonic hematopoiesis. Following on these studies,
our group has shown that appropriately staged inhibition of
Wnt signaling induces a population of KDR*CD235a* mesoderm
from hPSCs that displays erythroid and myeloid potential in-
dicative of yolk sac hematopoiesis (Sturgeon et al., 2014). This
mesoderm, however, did not give rise to the T lymphoid line-
age, suggesting that it does not recapitulate the full develop-
mental potential of the mouse yolk sac.

As the progenitors of tissue-resident immune cells are not
found after birth, hPSCs represent an unlimited source of these
cell types for further study and for future clinical applications,
including novel cell-based therapies. To model yolk sac devel-
opment from hPSCs, we used the combination of Activin A,
BMP4, and FGF2 to induce KDR*CD235a/b* mesoderm that gives
rise to the human equivalent of the primitive and EMP hema-
topoietic programs. In addition to erythroid and myeloid lineage,
we show that the human EMP program gives rise to y8 and af§
T cells, including the V82* lineage. Through clonal analyses,
we demonstrate that the EMP-derived population contains a
CD34*CD45*CD90*CD7- multipotent hematopoietic progenitor
capable of generating erythroid, myeloid, NK, and T cell prog-
eny. Analyses of the mouse EMP program revealed that it has
similar potential and generates T cells as well as bipotent pro-
genitors and MPPs that can give rise myeloid, erythroid, and
T cell progeny in vitro. Together, these findings demonstrate
that the early stages of human hematopoietic development re-
capitulate many aspects of hematopoiesis in the mouse yolk sac
and provide evidence that the EMP and lymphoid yolk sac lin-
eages develop from a common MPP.

Results

Specification of primitive hematopoiesis

In an effort to generate hPSC-derived CD235a* (hereafter re-
ferred to as CD235a/b, as the HIR2 clone used recognizes both
proteins) mesoderm that gives rise to the spectrum of erythroid,
myeloid, and lymphoid lineages found in the mouse yolk sac, we
induced this population with combinations of Activin A, BMP4,
and FGF2 without Wnt inhibition (Fig. 1 A), similar to the
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Figure 1. Specification of yolk sac-like hematopoietic mesoderm from hPSCs. (A) Schematic of hematopoietic differentiation from hPSCs through the
addition of Activin A (ACT A), BMP4, and FGF2 followed by culture in the presence of VEGF, FGF2, and hematopoietic cytokines. PS, primitive streak; RI, ROCK
inhibitor. (B) Representative flow cytometric analysis of KDR and CD235a/b expression on days 3 and 4 of differentiation in cultures induced with different
concentrations of Activin A (A; ng/ml). (C) Quantification of the proportion of KDR*CD235a/b* cells generated on day 4 of differentiation for a given con-
centration of Activin A (A; ng/ml; n = 3). ANOVA. *, P < 0.05; **, P < 0.0; and ***, P < 0.001 versus cultures induced with 6 ng/ml of Activin A (arrow).
(D) Quantification of the proportion of CD43* hematopoietic cells on day 9 of differentiation for a given concentration of Activin A (A; ng/ml; n = 3). ANOVA.
*, P < 0.05; **, P < 0.01 versus cultures induced with 6 ng/ml of Activin A (arrow). (E) Colony-forming progenitor number on day 9 of differentiation for a given
concentration of Activin A (A; ng/ml) based on an input of 500,000 H1 hESCs (n = 3). ANOVA. *, P < 0.05; **, P < 0.01; and ***, P < 0.001 versus cultures
induced with 6 ng/ml of Activin A (arrow). Counts represent the sum of the erythroid, myeloid, and mixed erythromyeloid colonies. (F) Quantification of the
number of total (black) and CD43* (gray) cells generated from 500,000 input H1 hESCs in 6 ng/ml Activin A-induced cultures at the indicated days (n = 4).
ANOVA. *, P < 0.05; **, P < 0.01; and ****, P < 0.0001 versus the indicated population on day 6 of differentiation (arrow). (G) Colony-forming progenitor
numbers generated between days 6 and 15 of differentiation in cultures induced with 6 ng/ml Activin A based on an input of 500,000 H1 hESCs (n = 3). ANOVA.
** P < 0.03; *** P < 0.001; and **** P < 0.0001 versus the indicated lineage on day 9 of differentiation (arrow; black = all colonies). Colonies: E, erythroid
(red); M, myeloid (blue); E/M, mixed erythro-myeloid (gray).

induction of CD235a/b* mesoderm was dependent on Activin/
Nodal signaling, as the size of this population (KDR* and KDR")

approach used by our group to generate CD235a/b* cardiogenic
mesoderm (Lee et al., 2017). For these studies, mesoderm was

generated through the addition of different amounts of Activin A
(0 to 10 ng/ml) together with a single concentration of BMP4
(10 ng/ml) and FGF2 (5 ng/ml) between days 1 and 4 of differ-
entiation. As observed in our previous study, we found that the
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measured on either day 3 or 4 of differentiation increased as the
concentration of Activin A increased up to 6 ng/ml (Fig. 1 B).
Additionally, we observed an increase in the proportion of
KDR*CD235a/b* cells between days 3 and 4 of differentiation in
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cultures induced with either 6 or 10 ng/ml of Activin A (Fig. 1, B
and C). To determine if the mesoderm induced under these
conditions displayed hematopoietic potential, we cultured the
embryoid bodies (EBs) for an additional 5 d in the presence of
vascular endothelial growth factor (VEGF), FGF2, and hemato-
poietic cytokines and then assayed the cultures for the presence
of CD43* hematopoietic cells and hematopoietic colony-forming
progenitors. Cultures induced with 6 ng/ml of Activin A con-
tained the highest proportion of CD43* cells and the highest
number of colony-forming progenitors (Fig. 1, D and E; and Fig.
S1 A). Further analyses of this population showed that CD43*
cells were present by day 6 of differentiation and increased in
number over the next 6 d (Fig. 1 F and Fig. S1 B), indicative of the
expansion and maturation of hematopoietic progenitors. The
number of colony-forming progenitors also increased between
days 6 and 9 of differentiation and then decreased over the next
6 d (Fig. 1 G). While some colonies of mast cells and macrophages
were detected, small erythroid colonies dominated the cultures
(Fig. 1G; and Fig. S1, C and D). Large and burst erythroid colonies
were also observed at much lower frequencies (Fig. S1 D).
Quantitative RT-PCR (RT-qPCR) analyses showed that both the
small erythroid (Fig. S1 E) and large (data not shown) colonies
predominantly expressed the embryonic globin HBE, indicating
that they represent the human primitive erythroid lineage.

The human primitive program transitions through a
hemogenic endothelial cell (HEC) intermediate

As studies in the mouse have shown that primitive hematopoi-
esis transitions through a HEC intermediate (Lancrin et al.,
2009; Stefanska et al., 2017), we were next interested in deter-
mining if the same holds true in the human. To address this
question, we monitored the cultures at different days for the
emergence of a population that expressed HEC markers before
the development of the first CD43* primitive hematopoietic
cells. As shown in Fig. 2 A and Fig. S2 A, a CD34*KDR*
CD144*CD31*CD45- vascular/HEC population was detected on
day 5 of differentiation, 1 d before the appearance of CD43* cells.
RT-qPCR analyses showed that two transcription factors asso-
ciated with HECs, SCL/TALI and RUNXla/b, were expressed in
the day 5 KDR*CD34* population (Fig. S2 B), supporting the
interpretation that it contains HECs. To formally test this, we
isolated the day 5 KDR*CD34* population by FACS and cultured
the cells as aggregates in the presence of VEGF, FGF2, and he-
matopoietic cytokines for 7 d. Within 1 d, we detected a small
population of CD43* hematopoietic cells that became increas-
ingly abundant over the duration of the culture, demonstrating
that the day 5 KDR*CD34* population has hematopoietic po-
tential (Fig. 2, B and C). Analyses of colony-forming potential
revealed a transient wave of progenitors in the cultures that
peaked in number on day 4 of culture (Fig. 2 D). The majority of
these progenitors gave rise to small erythroid colonies charac-
teristic of the primitive erythroid lineage (Fig. 2 D and Fig. S2 C).
When plated on a thin layer of Matrigel, the day 5 KDR*CD34*
cells formed an adherent monolayer. Within 24 h, round, non-
adherent CD43* hematopoietic cells appeared in the cultures
(Fig. 2 E and Fig. S2 D), indicative of the endothelial-to-hema-
topoietic transition, characteristic of hematopoietic commitment
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of HECs. Collectively, these results provide strong evidence that
the human primitive program transitions though an HEC in-
termediate before the onset of hematopoiesis.

Identification of a second HEC population with EMP and
lymphoid potential

In addition to the CD43* hematopoietic cells, the day 6 cultures
also contained a CD34*KDR*CD144*CD31*CD43-CD45~ popula-
tion that expressed SCL/TALl and RUNXlIa/b (Fig. 3 A; and Fig. S3,
A and B), suggesting that it also contains HECs. To characterize
the potential of the day 6 CD34*CD43" cells, we isolated them by
FACS and cultured the cells as aggregates, as described above.
For comparison, we also isolated and cultured the CD43* cells.
The number of cells generated by the day 6 CD43* population
increased over the initial 3 d of culture and then remained stable
(Fig. 3, B and C). Colony-forming analyses of day 6 CD43"-de-
rived cells revealed a transient pattern of progenitor develop-
ment almost identical to that generated by the day 5 KDR*CD34*
population (Fig. 3 D and Fig. S3 C). This pattern strongly
suggests that the day 6 CD43* population represents the emerging
primitive hematopoietic program. Analyses of the myeloid
compartment following 3 d of culture revealed the presence of
macrophage and mast cell progenitors. The high proportion of
mast cell progenitors indicates that this lineage is generated by
the human primitive program (Fig. 3 G). The day 6 CD34*CD43"
cells gave rise to a small CD43* population within 1 d of culture
that continued to increase in size over the next 5 d (Fig. 3, Band
C). Colony-forming progenitors were detected within 24 h of
culture, and their numbers continued to increase over the 6-d
period (Fig. 3 D), a pattern distinct from that of the day 6 CD43*
population. At early stages, cultures derived from the day 6
CD34*CD43" population contained a more even distribution of
erythroid and myeloid colony-forming progenitors than the
erythroid bias observed in the day 6 CD43*-derived cultures
(Fig. 3 D and Fig. S3 C). Within the first 3 d of culture, the day 6
CD34*CD43- population generated erythroid progenitors that
gave rise to large and burst colonies in addition to the pro-
genitors that formed the small colonies. Progenitors that
formed the small erythroid colonies dominated the population
by 6 d of culture and may well represent progeny of the pro-
genitors that generated the large and burst colonies at the
earlier stages (Fig. S3 D). Taken together, these patterns of
hematopoietic development support the interpretation that the
day 6 CD34*CD43~ HECs give rise to hematopoietic progenitors
that are distinct from those of the primitive program and may
represent the human EMP program.

As CD45 is expressed on a subset of EMPs, but not primitive
hematopoietic progenitors (McGrath et al., 2015; Mikkola et al.,
2003), we next analyzed our hPSC-derived populations for the
presence of this marker. Both the day 6 CD43* and CD34*CD43"
populations gave rise to few CD45" cells after 3 d of culture. By
day 6, both populations generated CD45* cells; however, the
number was significantly higher in the CD34*CD43"-derived
than in the CD43*-derived population (Fig. 3 C and Fig. S3 E).
The majority of the CD45* cells in both groups did not express
CD34 at day 6, suggesting that these populations represent ma-
turing hematopoietic cells (Fig. S3 E). Analysis on day 5 showed
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a different picture, as it revealed the presence of a distinct
CD34*CD45* population in the CD34*CD43 -derived cultures
that was not detected in the cultures generated from the CD43*
cells at any stage of development (Fig. 3 E and Fig. S3 E). The
majority of the CD34*CD45* cells expressed KIT, a marker found
on EMPs but not on primitive hematopoietic progenitors in the
mouse (Fig. 3 E; Ferkowicz et al., 2003; McGrath et al., 2015;
Mikkola et al., 2003). Progenitor analyses showed that the fre-
quency of colony-forming cells was significantly higher in the
KIT* than in the KIT- fraction of the CD34*CD45* population
(Fig. 3 F). Few erythroid-restricted progenitors were detected;
however, both fractions gave rise to mixed-lineage colonies
containing erythroid and myeloid cells. Primitive erythroid
progenitors were not detected in either fraction. In addition to
the macrophage and mast cell lineages, colonies of gran-
ulocytes developed from both KIT fractions (Fig. 3 G). The
presence of granulocyte progenitors in the CD34*CD43"-de-
rived population is consistent with observations in the mouse that
EMP, but not the primitive program, generates this lineage (Palis
et al., 1999). Taken together, these findings identify distinct pop-
ulations of CD34* progenitors that display developmental potential
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indicative of the human primitive and EMP hematopoietic
programs.

Given that the mouse yolk sac has lymphoid potential, we
next were interested in determining if the day 6 CD34*CD43"
population also has the capacity to generate lymphoid cells. To
evaluate this, we cultured the cells with OP9-DL4 stromal cells to
assay T lymphoid potential (Mohtashami et al., 2013; Schmitt
and Zuniga-Pflucker, 2006). The day 6 CD43" population was
analyzed in parallel. As shown in Fig. 4 A, the CD34*CD43-
population, but not the primitive CD43* population, generated
CD45*CD56-CD4*CD8* T lymphoid progenitors following 1 mo of
culture. To confirm that the T lymphoid lineage develops from
KDR*CD235a/b* mesoderm, we next isolated this population
and cultured the cells as aggregates for 3 d before their
transfer to OP9-DL4 cells. During this 3-d aggregation period,
the day 4 KDR*CD235a/b* cells gave rise to CD43* and
CD34*CD43" populations similar to those found in unmanip-
ulated EBs on day 6 of differentiation (Fig. 4 B). As observed
with the sorted day 6 CD34*CD43" cells, the KDR*CD235a/b*-
derived cells generated CD45*CD56-CD4*CD8* T lymphoid
progenitors after 1 mo of culture (Fig. 4 B), indicating that this
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Figure 3. Separation of the primitive and EMP programs on day 6 of differentiation. (A) Representative flow cytometric analysis of CD34 and CD43
expression on day 6 of differentiation, including the gating strategy used to isolate the day 6 CD43* and CD34*CD43- populations. (B) Representative flow
cytometric analysis of CD34 and CD43 expression in cultures generated from FACS-isolated day 6 CD43* and CD34*CD43" cells. (C) Quantification of the
number of total (black), CD43* (gray), and CD45* (white) cells generated from 62,500 day 6 CD43* or CD34*CD43" isolated cells (n = 5). t test and ANOVA.
** P <0.05; *** P < 0.001; and **** P < 0.0001 versus the stage-matched sample or versus after 1d of culture within the same sample (arrow), as indicated.
(D) Colony-forming progenitor numbers in populations generated from 62,500 day 6 CD43* or CD34+*CD43" cells (n = 5). t test and ANOVA. *, P < 0.05; **,
P < 0.01; and ****, P < 0.0001 versus the stage-matched sample or versus after 1 d of culture within the same sample (arrow), as indicated (black = all
colonies). Colonies: E, erythroid (red); M, myeloid (blue); E/M, mixed erythromyeloid (gray). (E) Representative flow cytometric analysis of CD34 and CD45
expression following 5 d of culture of day 6 CD43* and CD34*CD43~ cells, including the gating strategy used to isolate the KIT* and KIT~ CD34*CD45*
populations generated from the day 6 CD34*CD43~ population. (F) Colony-forming progenitor frequency in the isolated CD34*CD45* populations shown in
E (n = 3). ANOVA. **, P < 0.01 versus the indicated lineage (black = all colonies). Colonies: E, erythroid (red); M, myeloid (blue); E/M, mixed erythro-myeloid
(gray). (G) Distribution of myeloid progenitors observed in F and after 3 d of culture of the day 6 CD43* population. Colonies: Mac, macrophage (white); Mast,
mast cell (dark gray); Gr, granulocyte (light gray); mixed, mixed lineage myeloid (black).

subset of mesoderm harbors T lymphoid potential. In addition
to T lymphoid progenitors, this population also contained
primitive erythroid and myeloid colony-forming progenitors
(Fig. 4 C), demonstrating that the KDR*CD235a/b* mesoderm
gives rise to the spectrum of the hematopoietic lineages found
in the mouse yolk sac.

Atkins et al.
hPSC-derived yolk sac hematopoiesis

hPSC-derived progenitors give rise to V82* T cells

To further characterize the T lymphoid lineage generated by the
day 6 CD34*CD43" progenitors, we analyzed the population for
the presence aff and y8 T cells, including those that express V2
and V81. For comparison, we analyzed the T lymphoid potential
of CD34* cord blood progenitors, representative of definitive
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Figure 4. The day 6 CD34*CD43" population give rise a unique T lymphoid lineage. (A) Representative flow cytometric analysis of CD45, CD56, CD5, CD7,
CD4, and CD8 expression on cells derived from the day 6 CD43* or CD34*CD43 populations following 30 d of culture with OP9-DL4 cells. FSC-A, forward
scatter area; SSC-A, side scatter area. (B) Gating strategy used for the FACS-based isolation of day 4 KDR*CD235a/b* cells, which give rise to CD43* and
CD34*CD43 populations when cultured as aggregates for 3 d. Transfer of these cultures to OP9-DL4 cells generated T lymphoid progenitors marked by the
presence of CD45*CD56-CD4+*CD8* cells after 30 d. (C) Colony-forming progenitor number after 5 d of culture of 62,500 day 4 KDR*CD235a/b* cells (n = 3).
Colonies: E, erythroid (red); M, myeloid (blue); E/M, mixed erythro-myeloid (gray). (D) Quantification of the frequency of y& (gray) and ap (green) CD3* T cells
between days 25 and 42 of T lymphoid differentiation in cultures derived from day 6 CD34*CD43" or cord blood CD34" cells (n = 3). ANOVA. *, P < 0.05; **, P <
0.01; ***, P < 0.001; and ****, P < 0.0001 versus the stage and population-matched sample or versus day 25 of T lymphoid differentiation (arrow), as indicated.
#,P < 0.05; ##, P < 0.01; and ####, P < 0.0001 between stage-matched y& and aB T cells for the indicated sample. (E) Quantification of the frequency of V&1*
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(blue) and V82 (purple) CD3* T cells between days 25 and 42 of T lymphoid differentiation in cultures derived from day 6 CD34*CD43" or cord blood CD34*
cells (n = 3). ANOVA. *, P < 0.05; **, P < 0.01; ***, P < 0.001; and ****, P < 0.0001 versus the stage- and population-matched sample or versus day 25 of T
lymphoid differentiation (arrow), as indicated. #, P < 0.05; ##, P < 0.01; and ####, P < 0.0001 between stage-matched V81* and V62* T cells for the indicated
sample. (F) Representative flow cytometric analysis of TCRy§*, TCRaB, V81, V62, and Vy9 expression on day 35 of T lymphoid differentiation in cultures derived
from day 6 CD34*CD43" or cord blood CD34" cells. (G) Representative flow cytometric analysis of CD34, CD7, and CD5 expression on cells derived from day 6
CD34*CD43" or cord blood CD34* cells following 12 d of culture with OP9-DL4 cells.

hematopoiesis. Kinetic studies showed that CD3* T cells emerged
between the third and fourth weeks of culture (Fig. S4, A and B).
Y8 T cells predominated the TCR-expressing population at early
stages of differentiation and preceded the emergence of af
T cells in both the hPSC- and cord blood-derived cultures
(Fig. 4 D and Fig. S4 C). Analyses of V82 and V81 expression
showed that the hPSC-derived day 6 CD34*CD43- population
gives rise to V82* but not V81* T cells (Fig. 4, E and F; and Fig. S4,
D and E). A fraction of the hPSC-derived cells also expressed Vy9
(Fig. 4 F and Fig. S4 D), an observation consistent with the
presence of Vy9+*V82* T cells in the human fetus at early ges-
tational stages (Dimova et al., 2015; McVay and Carding, 1996).
In contrast, while the cord blood progenitors generated few V62*
T cells, V81* T cells were abundant (Fig. 4, E and F; and Fig. S4, D
and E). These observations suggest that human V82* and V81*
T cells develop from yolk sac and definitive progenitors, re-
spectively. To determine if the T cell lineages generated from
hPSCs and cord blood differ at earlier stages of development, we
compared the CD7* progenitors generated after 12 d of culture,
as the expression of this marker represents one of the earliest
stages of T lymphoid commitment. Analyses of the cord blood-
derived cells showed that the CD34* and CD34~ fractions of the
CD7* population coexpressed CD5, consistent with the expected
pattern of T lymphopoiesis. In contrast, the hPSC-derived
CD7+CD34* population did not express CD5 at this stage or any
other stage that was analyzed. A small proportion of the
CD7*CD34- population expressed CD5 at this time (Fig. 4 G and
Fig. S4 F). Collectively, these findings show that KDR*CD235a/b*
mesoderm induced with Activin A, BMP4, and FGF2 gives rise to
the primitive, EMP, and lymphoid yolk sac hematopoietic pro-
grams, largely reflecting the hematopoietic potential of the
mouse yolk sac. These studies also provide evidence that the
hPSC-derived T cells differ from those generated from postnatal
progenitors.

The EMP and lymphoid lineages develop from a multipotent
hematopoietic progenitor

The close temporal association between the EMP and lymphoid
hematopoietic programs in the mouse yolk sac and the demon-
stration that the hPSC-derived day 6 CD34*CD43~ population
contains erythroid, myeloid, and T lymphoid potential raised the
possibility that these lineages develop from a common multi-
potent hematopoietic progenitor. To search for this progenitor,
we cultured the day 6 CD34*CD43" cells with OP9-DL4 cells for
5 d to initiate the endothelial-to-hematopoietic transition and
then analyzed cultures for the presence of cells that express
markers of hematopoietic progenitors. Through this analysis, we
identified distinct CD34*CD45"CD90*CD7- (CD90*CD7-) and
CD34*CD45*CD7* (CD7*) populations (Fig. 5 A) that displayed
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lymphoid potential. Limiting dilution analyses revealed that the
CD90*CD7- population had a higher frequency of both NK (1 in
16 cells) and T lymphoid (1 in 26 cells) progenitors than the CD7*
population (NK, 1 in 82 cells; T lymphoid, 1 in 73 cells; Fig. 5 B).
Given this, we continued to evaluate the CD90*CD7- population
and next asked if it contains erythroid and myeloid potential. To
test this, we deposited 25 CD90*CD7- cells onto OP9-D14 cells by
FACS and cultured them for 4 d. Thereafter, 30% of the cells
were transferred to methylcellulose to measure erythroid and
myeloid colony-forming progenitors, and the remaining 70% of
cells were maintained on the OP9-DL4 cells to evaluate lymphoid
potential. As shown in Fig. 5 C, all of the cultures displayed
hematopoietic activity, and 50% of them contained all four lin-
eages, indicating that these conditions broadly support multi-
lineage hematopoietic differentiation and therefore should be
appropriate for expanding clones.

To determine if the CD90*CD7- population contains multi-
potent hematopoietic progenitors, we deposited single cells onto
OP9-DL4 cells by FACS and cultured them for 4 d to initiate
clonal expansion. The emerging clones were then assayed for
erythroid, myeloid, and lymphoid (NK and T) potential, as de-
scribed above. From 637 sorted cells, 60 (9.4%) produced a he-
matopoietic clone (Fig. 5 D), and, of these, 10 (16.7%) contained
NK cell, T lymphoid, erythroid, and myeloid progeny (Fig. 5, E
and F), demonstrating the existence of MPPs within the
CD90*CD7- population. The remaining 50 clones were largely
restricted to the lymphoid (20%) or erythromyeloid (25%) fates
(Fig. 5 F). We next compared the globin expression of the ery-
throid colonies generated from each clone with erythroid colo-
nies derived from hPSC-derived primitive and cord blood
hematopoietic progenitors. The erythroid colonies generated
from the CD90*CD7- progenitors expressed lower levels of the
embryonic globin HBE and higher levels of the fetal globin HBG
than the primitive erythroid colonies. In contrast, the cord
blood-derived colonies did not express HBE but did express both
HBG and the adult globin, HBB (Fig. 5 G). This intermediate
pattern is consistent with the globin expression profile observed
in erythroblasts in the human fetal liver between 5 and 6 wk of
gestation, a stage that likely contains EMPs (Migliaccio et al.,
1986; Peschle et al., 1985, 1984). Taken together, these findings
demonstrate that the day 6 CD34*CD43~ HECs differentiate to
give rise to a CD34*CD45*CD90*CD7- population that contains
multipotent hematopoietic progenitors with erythro-myeloid
and lymphoid potential.

The mouse yolk sac CD41*Kit*CD16/32* EMP population
contains T lymphoid progenitors

Given our demonstration of a multipotent hematopoietic pro-
genitor in what we consider to be the human equivalent of EMP
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Figure 5. The day 6 CD34*CD43" population gives rise to multipotent hematopoietic progenitors. (A) Representative flow cytometric analysis of CD34,
CD45, CD90, and CD7 expression on cells generated from the day 6 CD34*CD43~ populations following 5 d of culture with OP9-DL4 cells. (B) Limiting dilution
analysis of NK cell (CD457CD7*CD56*) and T lymphoid (CD45*CD7+CD56-CD4*CD8*) progenitor frequencies in the CD34*CD45*CD90*CD7- and
CD34*CD45*CD90-CD7* populations (n = 2). (C) Summary of cultures initiated with 25 CD34*CD45*CD90*CD7- cells that gave rise to NK cell (NK), T lymphoid
(T), myeloid (M), and erythroid (E) progeny. Gray = lineage positive. (D) Summary of the cultures initiated with one CD34*CD45*CD90*CD7- cell that gave rise
to a hematopoietic clone (Hemat). (E) Representative flow cytometric analysis of CD56, CD7, CD4, and CD8 expression and brightfield image identifying the NK
cell (NK), T lymphoid (T), myeloid (M), and erythroid (E) lineages generated from a single CD34*CD45*CD90*CD7- cell. (F) Summary of the NK cell (NK), T
lymphoid (T), myeloid (M), and erythroid (E) lineage potential of cells that gave rise to a hematopoietic clone (n = 60). Gray = lineage positive. (G) RT-qPCR
analysis of the percentage of HBE, HBG, and HBB globin expression in erythroid colonies generated from the hPSC-derived primitive, MPP, and cord blood
progenitors (n = 5-35). ANOVA. ****, P < 0.0001 versus the indicated sample.

hematopoiesis, we were next interested in determining if the
mouse CD41*Kit*CD16/32* population (Fig. 6 A) found in the
yolk sac at E9.5 has similar potential. As shown in Fig. 6 B, these
progenitors are able to generate CD45*CD4*CD8* T lymphoid
progenitors following 11 d of culture with OP9-DLI cells, indi-
cating that the potential of this population is not restricted to
erythroid, myeloid, and NK cell fates. Limiting dilution analyses

Atkins et al.
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revealed that the frequency of T lymphoid progenitors in the
CD41*Kit*CD16/32* population was 1 in 144 cells (Fig. 6 C). To
determine if the population contains multipotent hematopoietic
progenitors, we deposited single CD41*Kit*CD16/32* cells onto
OP9-DL1 cells by FACS and cultured them in a broad spectrum of
cytokines known to support multilineage hematopoietic differ-
entiation. Developing clones were analyzed at 11 d of culture by
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Figure 6. The mouse CD41*Kit*CD16/32* EMP population displays T lymphoid potential. (A) Gating strategy used for the FACS-based isolation of
Scal~CD41*Kit*CD16/32* EMPs from the E9.5 yolk sac. (B) Representative flow cytometric analysis of CD4 and CD8 expression on CD45* cells derived from
the E9.5 yolk sac CD41*Kit*CD16/32* population following 11 d of culture with OP9-DL1 cells. (C) Limiting dilution analysis of T lymphoid (CD45*CD4*CD8*)
progenitor frequency in the E9.5 yolk sac CD41*Kit*CD16/32* population (data collated from two to five embryos). (D) Representative flow cytometric analysis
of Ter119, CD11b, Ly6G, CD4, and CD8 expression identifying the erythroid (E), myeloid (M), and T lymphoid (T) lineages generated from clonal cultures.
(E) Summary of the T lymphoid (T), myeloid (M), and erythroid (E) lineage potential of all cells that gave rise to a hematopoietic clone (n = 512). Cells that gave
rise to a T lymphoid clone are shown below. Gray = lineage positive. (F) Schematic of the lineage-tracing approach used to track the contribution of Csflr-
expressing cells to the E16.5 fetus following the administration of a single dose of tamoxifen (TAM) at E9.25. (G) Representative flow cytometric analysis of
CD45, CD3, NK1.1, and YFP expression on lineage-negative cells isolated from the E16.5 thymus. FSC-A, forward scatter area. (H) Quantification of the
frequency of YFP* cells in the E16.5 liver and thymus. Liver: LT-HSC = Lin~(Ter119, Grl, CD19, NKL1, CD3)Scal*Kit*CD150*CD48"; Mac = macrophage
(Terl19-Ly6C-F4/80*); Gr = granulocyte (Ter119-Ly6C*Ly6G*); and NK = NK cell (Ter119-Grl-CD3-CD19-CD127-NK1.1*). Thymus: T cell = CD45*Lin~(Ter119,
Grl, CD19, NK1.1) CD3* (n = 5).

flow cytometry for the presence of erythroid (Ter119*), myeloid  (1.5%) contained T lymphoid cells and at least one other lineage.
(CD45*CD11b* and/or Ly6G*), and T lymphoid (CD45*CD4*CD8*)  Five of the eight clones had myeloid and T lymphoid cells, two
cells (Fig. 6 D). From 859 sorted CD41*Kit*CD16/32* progenitors, had erythroid and T lymphoid cells, and one contained all three
512 (59.6%) produced a hematopoietic clone, and, of these, 8 lineages. The remaining 506 clones were largely lineage restricted

Atkins et al. Journal of Experimental Medicine
hPSC-derived yolk sac hematopoiesis https://doi.org/10.1084/jem.20211924

920z Areniged 0| uoisenb Aq pdvz6 1 1202 Wel/6Z1LEe81/v261 1.2029/E/61Z/pd-ajoie/wal/bio ssaidny//:dpy woy papeojumoq

10 of 19


https://doi.org/10.1084/jem.20211924

(erythroid, 77.0%; myeloid, 6.8%); however, a small proportion
gave rise to both the erythroid and myeloid (14.6%) fates (Fig. 6 E).
To evaluate the potential of the EMP/MPP progenitors in vivo, we
traced the fate of Csflr-expressing cells at E9.25 using an inducible
CsflrMeriCreMerRosa26LSL-YFP model (Fig. 6 F; Qian et al., 2011; Schulz
et al,, 2012). With this approach, hematopoietic progenitors can
be labeled by the administration of tamoxifen at specific devel-
opmental stages, and their progeny can be identified and mon-
itored by the expression of YFP. For this study, we initiated
labeling at E9.25 and monitored YFP expression to verify that
immunophenotypic HSCs were not labeled. As shown in
Fig. 6 G and Fig. S5, YFP* macrophages (F4/80"), granulocytes
(Ly6G*Ly6C*), and NK cells (NKL1*) were detected in the liver at
E16.5. Phenotypic long-term HSCs (Lin"Kit*Scal-CD150*CD48")
were not labeled, supporting the interpretation that these line-
ages are HSC independent. Analyses of the E16.5 thymus re-
vealed the presence of YFP* T cells (CD3*NKL1*; Fig. 6 H), a
finding that is consistent with that reported by Gentek et al.
(2018b) and one that provides additional evidence that the ear-
liest T cells originate from yolk sac progenitors, independent
of HSCs.

Yolk sac hematopoietic differentiation from induced

PSCs (iPSCs)

To demonstrate that the protocol described here is applicable to
other hPSC lines, we tested it on the CHOPWTI10 iPSC line
(Maguire et al., 2016). Given our understanding that hPSC lines
differ in their responsiveness to cytokines, we first titrated
Activin A (0 to 10 ng/ml) in the presence of a single concen-
tration of BMP4 (10 ng/ml) and FGF2 (5 ng/ml) between days
1 and 4 of differentiation to optimize the induction of
KDR*CD235a/b* mesoderm. Cultures induced with either 2 ng/
ml or 4 ng/ml of Activin A generated the highest proportion of
KDR*CD235a/b* mesoderm at day 4 of differentiation (Fig. 7, A
and B). These cultures also contained the highest proportion of
CD43* cells when differentiated in the presence of VEGF, FGF2,
and hematopoietic cytokines for an additional 5 d (Fig. 7, A and
C). Further analysis of cultures induced with 2 ng/ml of Activin
A showed that CD43* cells were present from day 6 of differ-
entiation and increased in number thereafter (Fig. 7, D and E).
Finally, we isolated the day 4 KDR*CD235a/b* population to
evaluate whether the mesoderm generated with 2 ng/ml of
Activin A gives rise to the broad set of lineages indicative of
yolk sac hematopoiesis. Consistent with our studies using the
H1 human embryonic stem cell line (hESCs), the iPSC-derived
KDR*CD235a/b* mesoderm gave rise to progenitors with primi-
tive erythroid potential when assayed in methylcellulose and T
lymphoid progenitors when cultured with OP9-DL4 cells (Fig. 7,
F and G). Taken together, these findings demonstrate that the
yolk sac hematopoietic programs can be specified from different
hPSC lines through the appropriate optimization of mesoderm
induction.

KDR*CD235a/b* mesoderm is detected in vivo

The presence of CD235a/b (encoded by GYPA and GYPB) on the
KDR* mesoderm that gives rise to yolk sac hematopoiesis sug-
gests that the expression of these glycophorins marks a
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subpopulation of early mesoderm. To determine if CD235a/b is
also found on KDR* mesoderm in vivo, we analyzed single-cell
RNA-sequencing data from a human gastrulating embryo (Car-
negie stage 7; ~16-19 d after fertilization) for the expression of
these markers (Fig. 8 A; Tyser et al., 2021). As shown in Fig. 8, B
and C, a fraction of KDR* cells in emergent and advanced mes-
oderm coexpress GYPA and/or GYPB. These analyses also showed
that GYPB is expressed at higher levels than GYPA (Fig. 8 B),
suggesting that it is the predominant glycophorin expressed in
KDR* mesoderm. This difference in gene expression is consis-
tent with our finding that the level of GYPB expression is sub-
stantially higher (80-fold) than GYPA in hPSC-derived day 4
KDR*CD235a/b* cells (Fig. 8 D). Together, these findings show
that GYPB is expressed in a subpopulation of KDR* mesoderm
in vivo.

Discussion

There is now compelling evidence that yolk sac hematopoiesis
gives rise to populations of myeloid (macrophage and mast
cell) and lymphoid cells (DETCs) that seed specific sites in
developing tissues, where they maintain themselves and func-
tion throughout adult life (Gentek et al., 2018a, 2018b; Ginhoux
et al., 2010; Gomez Perdiguero et al., 2015; Li et al., 2018; Schulz
et al., 2012). As these lineages are not readily generated from
HSCs, access to them for detailed studies on their development
and function and for potential therapeutic applications relies on
our ability to generate them from hPSCs. In this study, we show
that the combination of Activin A, BMP4, and FGF2 induces
KDR*CD235a/b* mesoderm from hPSCs that displays the capac-
ity to generate the blood cell lineages indicative of human yolk
sac primitive and EMP/lymphoid hematopoiesis. As the primi-
tive and EMP/lymphoid lineages are generated, they transition
through HEC intermediates, indicating that all stages of hema-
topoietic development share this developmental progression.
Through clonal analyses, we identified a CD34*CD45*CD90*CD7-
multipotent hematopoietic progenitor with erythroid, myeloid,
NK cell, and T lymphoid potential that we propose defines an
MPP yolk sac hematopoietic program that encompasses both
EMP and lymphoid hematopoiesis. While the relationship between
the different progenitors within the CD34*CD45*CD90*CD7~ pop-
ulation is currently unknown, we speculate that they establish a
developmental hierarchy, with the EMP and lymphoid progenitors
representing progeny of the MPP (Fig. 9). Our analyses of the
mouse yolk sac CD41*Kit*CD16/32* population showing that, in
addition to EMPs, it also contains T cell progenitors, suggest
that an MPP yolk sac program may be a unifying concept across
species.

The approach to modeling human yolk sac hematopoiesis in
this study builds on our previous work which showed that the
expression of CD235a/b identifies a subset of KDR* mesoderm
that gives rise to primitive, but not definitive hematopoiesis
(Sturgeon et al., 2014). The CD235a/b* mesoderm in that study,
induced through the inhibition of the WNT pathway in the
context of BMP and FGF2 signaling, did not display T cell po-
tential. Our demonstration that the KDR*CD235a/b* mesoderm
induced with Activin A, BMP4, and FGF2 does give rise to T
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Figure 7. Specification of yolk sac-like hematopoietic mesoderm from CHOPWT10 iPSCs. (A) Representative flow cytometric analysis of KDR and
CD235a/b expression on day 4 of differentiation and CD43 expression on day 9 of differentiation in cultures induced with different concentrations of Activin A
(A; ng/ml). (B) Quantification of the proportion of KDR*CD235a/b* cells generated on day 4 of differentiation for a given concentration of Activin A (A; ng/ml;
n =3). ANOVA. * P < 0.05; ** P < 0.01; ***, P < 0.001; and ****, P < 0.0001 versus the indicated sample. (C) Quantification of the proportion of CD43*
hematopoietic cells on day 9 of differentiation for a given concentration of Activin A (A; ng/ml; n = 3). (D) Representative flow cytometric analysis of CD43
expression between days 6 and 12 of differentiation in cultures induced with 2 ng/ml of Activin A. (E) Quantification of the number of total and CD43* cells
generated from 500,000 CHOPWT10 iPSCs between days 6 and 12 of differentiation (n = 3). ANOVA. *, P < 0.05; **, P < 0.0; and ****, P < 0.0001 versus the
indicated population after 1 d of culture (arrow). (F) Colony-forming progenitor number after 5 d of culture of 62,500 day 4 KDR*CD235a/b* cells (n = 3).
Colonies: E, erythroid (red); M, myeloid (blue); E/M, mixed erythromyeloid (gray). (G) Representative flow cytometric analysis of CD4 and CD8 expression on
CD45+CD56~ cells derived from the day 4 KDR*CD235a/b* population following 30 d of culture with OP9-DL4 cells.

lymphoid lineage cells stands in contrast to those findings and
highlights important differences in the capacity of these sig-
naling pathways to induce seemingly similar mesoderm pop-
ulations with different developmental potential. The protocol
used here is the same as the one that we developed for the in-
duction of CD235a/b* mesoderm fated to the ventricular car-
diomyocyte lineage (Lee et al., 2017). As was the case in that
earlier study, we found that the induction of CD235a/b* meso-
derm is exquisitely sensitive to the concentration of Activin A
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used, suggesting tight developmental control of this mesoderm
by the Activin/Nodal pathway. Our demonstration that the H1
and CHOPWTI10 hPSCs require slightly different concentrations
of Activin A underscores the sensitivity of this mesoderm to
Activin/Nodal signaling and the need to establish optimal con-
centrations of this factor for the efficient generation of
KDR*CD235a/b* mesoderm from different hPSC lines. The ob-
servation that ventricular cardiomyocytes, the first car-
diomyocyte lineage to develop, and yolk sac hematopoiesis
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Figure 8. Glycophorin expression in mesoderm in vivo. (A) Uniform Manifold Approximation and Projection (UMAP) plot of the human embryo at Carnegie
stage 7 (CS7) colored by cluster identity. Data made available by Tyser et al. (2021). (B) Single-cell RNA-sequencing analysis of KDR*GYPA* and KDR*GYPB* cells
in selected populations of mesoderm in the CS7 human embryo. Mesoderm: NM, nascent (purple); EM, emergent (green); AM, advanced (salmon).
(C) Quantification of the number of KDR*GYPA* and KDR*GYPB* cells shown in B. Mesoderm: NM, nascent (purple); EM, emergent (green); AM, advanced
(salmon). (D) RT-qPCR analysis of GYPA and GYPB expression in KDR*CD235a/b* (gray) and KDR*CD235a/b~ (black) cells on day 4 of hPSC differentiation (n =

3). t test. *, P < 0.05.

originate from CD235a/b* mesoderm suggests that expression
of these glycophorins marks an early emerging mesoderm
population. Our analysis of single-cell RNA-sequencing data of
a gastrulating human embryo (Tyser et al, 2021), which
showed that KDR*GYPB* cells are present in advanced and
emergent, but not nascent mesoderm, provides evidence that,
as in the hPSC differentiation model, GYPB defines a subpop-
ulation of KDR* mesoderm in vivo.

The contribution of yolk sac progenitors to populations of
tissue-resident macrophages in the adult has been well docu-
mented by lineage-tracing studies in the mouse (Ginhoux et al.,
2010; Gomez Perdiguero et al., 2015; Schulz et al., 2012). As most

ActA, BMP4, FGF2
—

hPSCs KDR*CD235a/b*

studies have traced the fate of Csflr-expressing cells from E8.5, a
primitive versus EMP origin of these populations is difficult to
determine because both programs are present at this time and
can be labeled. Our ability to separate the primitive and MPP
hematopoietic populations will enable us to characterize the
derivative macrophages with respect to molecular profile, pro-
liferative ability, and engraftment potential. Access to develop-
mentally relevant tissue-resident macrophage progenitors from
hPSCs will provide a source of these cells for studies on their role
in different diseases, including those of the brain and liver
(Krenkel and Tacke, 2017; Salter and Stevens, 2017), and for
developing novel cell-based therapies to treat them.
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Figure 9. A model of human yolk sac hematopoietic development. In this model, Activin A (Act A), BMP4, and FGF2 promote the generation of
KDR*CD235a/b* mesoderm on day 4 of differentiation. Within 24 h, the mesoderm gives rise to HECs that, in turn, generate CD43* primitive hematopoietic
progenitors with erythroid, mast cell, and macrophage lineage potential. Coincident with the emergence of these primitive hematopoietic progenitors on day 6
of differentiation, a second population of HECs gives rise to CD34*CD45*CD90*CD7- multipotent hematopoietic progenitors (MPPs). The MPP program
represents the unification of the EMP and lymphoid programs with its erythroid, mast cell, macrophage, NK cell, and a3 and y6 T lymphoid lineage potential. Of
the y& T cells, the V62* lineage was preferentially generated.
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In addition to tissue-resident macrophage progenitors, MPP
hematopoiesis also represents a source of V82* T cells. Our
demonstration that progenitors derived from hPSCs, but not
cord blood, can generate this subset of T cells suggests that their
development is restricted to the HSC-independent yolk sac he-
matopoiesis. The observations that they represent the predom-
inant y8 T cell population early in fetal life (Haynes and Heinly,
1995; McVay and Carding, 1996), that they are not efficiently
reconstituted in pediatric recipients who underwent CD34* he-
matopoietic cell transplantation (Airoldi et al., 2015), and that
fetal, but not postnatal progenitors efficiently generate these
T cells when cultured with OP9-DL1 cells (Tieppo et al., 2020)
support this notion. A yolk sac origin of V82* T cells in the
human would recapitulate the pattern of Vy3* DETC develop-
ment in the mouse (Gentek et al., 2018b; Havran and Allison,
1988). V82" T cells isolated from adults have potent antimicro-
bial activity and display the capacity to kill certain types of
cancers, highlighting possible therapeutic applications (Hoeres
etal., 2018; Lawand et al., 2017). Access to these cells from hPSCs
provides an unprecedented opportunity to further explore this
therapeutic potential.

The concept of an MPP is not inconsistent with many of the
observations on hematopoietic lineage specification in the early
embryo. As MPPs can only be identified with sensitive assays
that support multilineage hematopoiesis, these progenitors may
not have been detected in previous studies, or they may have
been characterized as lymphoid or erythro-myeloid restricted,
depending on the conditions used in the experiment (Bian et al.,
2020; McGrath et al., 2015; Yoshimoto et al., 2011, 2012). Alter-
natively, some of these progenitors, such as the CD45*Kit*
I7ra*Flt3* cells identified in the fetal liver, may represent
progeny of the MPPs that have migrated from the yolk sac
(Boiers et al., 2013). Evidence for such migration has been pro-
vided by lineage-tracing studies that showed that EMPs from the
yolk sac could be detected in the liver at E12.5 (Gomez Perdiguero
et al., 2015). Similar migration may also take place in the human,
as erythroid progenitors that give rise to colonies that express
both embryonic (HBE; ) and fetal (HBG1/2; Ay and Gy) globins, a
pattern characteristic of EMP-derived progenitors, have been
identified in the liver at 5 wk (Peschle et al., 1985). The concept
that MPPs and their progeny colonize the liver has important
implications for studies on human fetal liver hematopoiesis. For
instance, given the phenotype of the MPPs described here, these
progenitors would contaminate CD34*CD45*CD90*CD7- pop-
ulations enriched for HSCs (Laurenti and Gottgens, 2018). Ad-
ditionally, it is also possible that hematologic diseases that
appear soon after birth, including acute leukemias, arise from
MPP and not definitive hematopoiesis (Cazzola et al., 2021).

In summary, our study provides a roadmap of human he-
matopoietic development that we propose represents the
equivalent of human yolk sac hematopoiesis. The temporal
emergence and lineage potential of the primitive and MPP
programs characterized here recapitulate the development of
the primitive and EMP and lymphoid programs in the mouse
yolk sac, demonstrating that many aspects of embryonic he-
matopoiesis are conserved. The advances in this study provide
access to the human yolk sac-derived hematopoietic lineages
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that persist and function in the adult. With this access, it is now
possible to further investigate their role in normal tissue ho-
meostasis and their contribution to disease. Evidence for a role
in adult disease is provided by the findings that a mutation in-
troduced into the yolk sac hematopoietic progenitors of mi-
croglia led to late-onset neurodegenerative disease in mice
(Mass et al., 2017) and by the work of Daniels et al. (2020) which
showed that V82* T cells can develop into an aggressive form of
cutaneous lymphoma in humans. In addition to providing
models to study their role in disease, access to the yolk sac-
derived hematopoietic populations provides an opportunity to
develop new cell-based strategies to replace and regenerate
these cell types in damaged or degenerating tissues.

Materials and methods

hPSC culture

The H1 hESCs (Thomson et al., 1998) and CHOPWTI0 induced
hPSC line (Maguire et al., 2016) were used in this study. hPSCs
were maintained on irradiated mouse embryonic fibroblasts in
hESC media containing DMEM/F12 (CellGro) with penicillin/
streptomycin (1%; Thermo Fisher Scientific), L-glutamine (2
mM; Thermo Fisher Scientific), nonessential amino acids (1x;
Thermo Fisher Scientific), 2-ME (55 uM; Thermo Fisher Scien-
tific), and KnockOut serum replacement (20%; Thermo Fisher
Scientific) on 0.1% gelatin (MilliporeSigma)-coated tissue cul-
ture plates. Media supplemented with FGF2 (H1 15 ng/ml and
CHOPWT10 10 ng/ml; R&D Systems) was changed daily for 7 d
before differentiation. hPSCs were routinely tested for myco-
plasma. hPSCs were maintained in normoxic conditions
(37°C, 5% CO,). The hPSC studies were subject to approval
by the Stem Cell Oversight Committee (Canadian Institutes
of Health Research).

Hematopoietic differentiation from hPSCs

hPSC differentiation to the hematopoietic lineage was per-
formed in StemPro-34 media supplemented with penicillin/
streptomycin (1%; Thermo Fisher Scientific), L-glutamine (2
mM; Thermo Fisher Scientific), ascorbic acid (50 pg/ml; Milli-
poreSigma), transferrin (150 pg/ml; Roche), monothioglycerol
(50 mg/ml; MilliporeSigma), and other stage-specific factors.
Differentiation cultures were maintained in hypoxic conditions
(37°C, 5% CO,, 5% O,) unless otherwise indicated. On day O,
hPSC cultures at 80-90% confluency were treated with TrypLE
for 3 min at 37°C. Thereafter, 80-90% of the TrypLE was aspi-
rated, and the cultures were incubated at 37°C for an additional
2 min. Small clusters of hPSCs (<5 cells per cluster) were gen-
erated by gentle pipetting and transferred to 4 ml of StemPro-34
media (Gibco) containing ROCK inhibitor Y-27632 (10 uM) and
BMP4 (1 ng/ml) at 500,000 cells/ml. EBs were generated in 60-
mm Petri dishes by culture on an orbital shaker (H1, 70 revo-
lutions per minute; CHOPWT10, 60 revolutions per minute) for
18 h. On day 1 of differentiation, the EBs were collected by
centrifugation at 40 relative centrifugal force for 5 min and
cultured in StemPro-34 media supplemented with BMP4 (10 ng/
ml), FGF2 (5 ng/ml), and Activin A (H1, 6 ng/ml; CHOPWTI0,
2 ng/ml). Cultures were maintained under static conditions in
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5% poly(2-hydroxyethyl methacrylate; MilliporeSigma)-treated
tissue culture plates for the duration of the differentiation. On
day 4 of differentiation, the EBs were collected by centrifugation
at 150 relative centrifugal force for 5 min and cultured in
StemPro-34 media supplemented with FGF2 (5 ng/ml), VEGF
(15 ng/ml), IL-6 (10 ng/ml), and IL-11 (10 ng/ml). From day 6 of
differentiation onward, cultures were maintained in StemPro-
34 media containing FGF2 (5 ng/ml), VEGF (15 ng/ml), IL-6
(10 ng/ml), and IL-11 (10 ng/ml), stem cell factor (SCF; 100 ng/ml),
IGF1 (50 ng/ml), and erythropoietin (EPO; 4 U/ml). Thereafter, the
media were replenished every 2 d for the duration of the differ-
entiation. All recombinant factors are human and were purchased
from R&D Systems.

Flow cytometry and cell sorting

EBs before day 9 of differentiation, monolayer cultures, and
cultures aggregated after cell sorting were dissociated with
trypsin (Corning) for 5 min at 37°C. From day 9 of differentiation
onward, EB cultures were dissociated with trypsin for 5 min at
37°C before incubation in collagenase type II (0.2%; Wor-
thington Biochemical) for 1 h at 37°C. Cells were stained at a
concentration <5,000,000 cells/ml for 30 min at 4°C in the
dark. For flow cytometry, cells were stained in IMDM (Gibco)
supplemented with penicillin/streptomycin (1%), FCS (2%;
Wisent), and DNase I (MilliporeSigma). For FACS, cells were
stained, sorted, and collected in StemPro-34 media supple-
mented with penicillin/streptomycin (1%), L-glutamine (2
mM), and DNase I. Cells were sorted through a 100-pm nozzle
using the Influx (BD), FACSAriall (BD), FACSArialll (BD), and
MoFlo (Beckman Coulter Life Sciences) cell sorters at the
SickKids/University Health Network Flow Cytometry Facility.
Thereafter, the sorted cells were counted and resuspended at
250,000 cells/ml in StemPro-34 media supplemented with
recombinant factors appropriate for the day of differentiation.
To aggregate the sorted cells, 250 pl of the single-cell sus-
pension was transferred to individual wells of 5% poly(2-hy-
droxyethyl methacrylate)-treated 24-well tissue culture
plates. 750 pl of supplemented StemPro-34 media was added
1d after sorting. To generate monolayer cultures, 80 pl of the
single-cell suspension was spotted on individual wells of 25%
Matrigel-coated 12-well tissue culture plates in supplemented
StemPro-34 media. After 1 d, 1 ml of supplemented StemPro-
34 media was added.

To access hematopoietic cells from OP9-DL4 cocultures, hu-
man cells were isolated by magnetic-activated cell sorting. The
cultures were dissociated with trypsin for 5 min at 37°C and
stained with the Mouse Cell Depletion Cocktail (1:5, Miltenyi) at
100,000,000 cells/ml for 15 min at 4°C in the dark. Following
magnetic-activated cell sorting on an MS column (Miltenyi Bio-
tec), the flow-through fraction was stained with fluorescence-
conjugated antibodies in calcium- and magnesium-free PBS
(CellGro) supplemented with 2% FCS and DNase I for 30 min at
4°C in the dark. Cells were sorted and collected in calcium- and
magnesium-free PBS supplemented with 2% FCS and DNase I or
deposited into wells of 96-well tissue culture plates containing
150 pl of supplemented culture media and stromal cells where
indicated.
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The following antibodies were used in the human studies:
KDR-PE (3:20, clone 89106; R&D Systems), KDR-biotin (1:10,
clone 89106; Novus Biologicals), CD235a/b-APC (1:100, clone
HIR2/GA-R2; BD Pharmingen), CD34-PE-Cy7 (1:100, clone 4H1J;
Thermo Fisher Scientific), CD34-APC (1:100, clone 8GI2; BD
Pharmingen), CD34-FITC (1:100, clone 8G12; BD Pharmingen),
CD43-PE (3:100, clone 1G10; BD Pharmingen), CD43-FITC (1:10,
clone 1G10; BD Pharmingen), CD43-APC-H7 (1:100, clone 1G10;
BD Pharmingen), CD45-eFluor 450 (1:50, clone HI30; Thermo
Fisher Scientific), CD45-APC-Cy7 (3:100, clone 2D1; BD Phar-
mingen), CD45-BV605 (1:50, clone HI30; BioLegend), KIT-APC
(1:50, clone 104D2; Thermo Fisher Scientific), KIT-PE (1:50,
clone 104D2; BD Pharmingen), CD144-APC (3:100, clone BVY;
BioLegend), CD31-FITC (3:20, clone WM59; BD Pharmingen),
CD31-PE (3:100, clone WM59; BD Pharmingen), CD90-APC (1:
1000, clone 5E10; BD Pharmingen), CD7-PE (7:100, clone
M-T701; BD Pharmingen), CD7-APC (3:100, clone 124-1D1;
Thermo Fisher Scientific), CD56-eFluor 450 (1:50, clone
TULY56; Thermo Fisher Scientific), CD56-APC (3:100, clone
B159; BD Pharmingen), CD5-FITC (1:10, clone UCHT2; BD Phar-
mingen), CD4-PE-Cy7 (1:50, clone SK3; Thermo Fisher Scien-
tific), CD8-PE (1:20, clone HIT8a; BD Pharmingen), CD3-FITC (1:
50, clone UCHTY; Thermo Fisher Scientific), TCRaB-APC (3:100,
clone IP26; BioLegend), TCRYS-PE (5:100, clone IMMUS510;
Beckman Coulter Life Sciences), TCRy8-BV421 (2:100, clone BI;
BioLegend), TCR V81-APC (1:50, clone REA173; Miltenyi Biotec),
TCR V82-BV421 (1:200, clone B6; BioLegend), and TCR Vy9-APC
(1:200, clone B3; BioLegend). Staining with biotin-conjugated
antibodies was detected with streptavidin-BV421 (1:100; Bio-
Legend) or streptavidin-PE-Cy7 (1:200; BD Pharmingen).

The following antibodies were used in the mouse studies:
Scal-FITC (1:50, clone REA422; Miltenyi Biotec), Scal-PerCP-
Cy5.5 (1:100, clone D7; Thermo Fisher Scientific), Kit-APC-H7 (1:
200, clone 2B8; BD Pharmingen), Kit-PE-Cy7 (1:100, clone 2BS;
Thermo Fisher Scientific), CD16/32-PE (1:100, clone REA377;
Miltenyi Biotec), CD16/32-PE-Cy7 (1:20, clone 93; Thermo Fisher
Scientific), CD48-PE (1:100, clone HM48-1; Thermo Fisher Sci-
entific), CD150-APC (1:100, clone 9D1; Thermo Fisher Scientific),
CD41-PE (1:50, clone MWReg30; BD Pharmingen), CD41-VioBlue
(1:50, clone MWReag30; Miltenyi Biotec), Terl19-PE (1:50, clone
TER-119; BD Pharmingen), Terl19-APC-eFluor 780 (1:100, clone
TER-119; Thermo Fisher Scientific), CD45-BV605 (1:50, clone 30-
F11; BD Pharmingen), CD45-VioBlue (1:50, clone REA737; Milte-
nyi Biotec), CD45-APC (L:100, clone 30-F1; Thermo Fisher
Scientific), Ly6G-FITC (1:50, clone REA526; Miltenyi Biotec),
Ly6G-APC-Fire750 (1:100, clone 1A8; BioLegend), Ly6C-PE-Cy7
(1:100, clone HK1.4; Thermo Fisher Scientific), Grl-APC-eFluor
780 (1:100, clone RB6-8C5; Thermo Fisher Scientific), F4/80-
APC (1:100, clone BMS8; Thermo Fisher Scientific), CD11b-PE-
Vio770 (1:50, clone REA592; Miltenyi Biotec), CD127-APC (1:100,
clone A7R34; Thermo Fisher Scientific), NK1.1-PE-CF594 (1:100,
clone PK136; BD Pharmingen), CD4-APC (1:200, clone RM4-5; BD
Pharmingen), CD8a-APC-Vio770 (1:200, clone REA601; Miltenyi
Biotec), CD3-PerCP-Cy5.5 (1:100, clone 145-2C11; Thermo Fisher
Scientific), CD3-APC-eFluor 780 (1:100, clone 17A2; Thermo
Fisher Scientific), and CD19-APC-eFluor 780 (1:100, clone
eBiolD3; Thermo Fisher Scientific).
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Table 1. Primer sequences for RT-qPCR

Gene Forward primer sequence Reverse primer sequence
(5/_3!) (5!_3/)

TBP TGAGTTGCTCATACCGTGCTG CCCTCAAACCAACTTGTCAAC
CTA AGC

ACTB AAACTGGAACGGTGAAGGTGA CAATGTGCAATCAAAGTCCTC
CAG GGC

GAGEBI ~ CAACATACCTCATAGCATTAT CCCTATGTTCCTGGTTCTTCA
ACAAGAC TATT

RUNXla/ CGTGCACATACATTAGTAGCA CCTCCACGAATCTTGCTTGCA

b CTACC GAGGT

SCL CCGTGGATTCGCTTGAGTTA GAAAGAAGAGGGAGCCAGAAG

HBE TCTGGCTACTCACTTTGGCAA TCACAGGAACACCTGCAAACT
GGA GGA

HBG TGGGAAATGTGCTGGTGACCG AAGCTCTGAATCATGGGCAGT
TTT GAG

HBB ACTAAGCTCGCTTTCTTGCTG TCCAGATGCTCAAGGCCCTTC
TCC ATA

RT-qPCR

Total RNA was prepared with the RNAqueous RNA Isolation Kit
(Thermo Fisher Scientific) that included treatment with RNase-
free DNase. Reverse transcription to cDNA was performed using
the iScript cDNA Synthesis Kit (Bio-Rad Laboratories). RT-qPCR
was performed on a CFX384 Touch Real-Time PCR Detection
System (Bio-Rad Laboratories) with the QuantiFast SYBR Green
PCR Kit (Qiagen). Gene expression was evaluated as ACt relative
to TBP. For globin analyses, gene expression was evaluated as
ACt relative to ACTB. Genomic DNA content was assessed using
primers for the GAGEBI promoter. Primer sequences are listed in
Table 1.

Hematopoietic colony-forming assay

Colony-forming progenitor number was quantified by plating
100-80,000 cells in methylcellulose (1%) containing plasma-
derived serum (15%; Animal Technologies), protein-free hy-
bridoma media II (5%; Invitrogen), L-glutamine (2 mM), ascorbic
acid (25 pg/ml), transferrin (150 pg/ml), monothioglycerol (33
pg/ml), thrombopoietin (TPO; 50 ng/ml), IL-3 (50 ng/ml), IL-6
(10 ng/ml), IL-11 (5 ng/ml), SCF (100 ng/ml), EPO (4 U/ml), GM-
CSF (1 ng/ml), M-CSF (10 ng/ml), IGF1 (25 ng/ml), VEGF (10 ng/
ml), and FGF2 (10 ng/ml). Cultures were maintained in normoxic
conditions (37°C, 5% CO,) for 9-14 d before quantification.

T lymphoid differentiation using OP9-DL4 cells

OP9 stromal cells that constitutively express Delta-like 4 (OP9-
DL4; Mohtashami et al., 2013; Schmitt and Zuniga-Pflucker,
2006) were used to assay T lymphoid potential. Cocultures were
maintained in normoxic conditions (37°C, 5% CO,). 1-250,000
cells were cultured with OP9-DL4 cells on 0.1% gelatin-treated
tissue culture plates in aMEM (Gibco) supplemented with
penicillin/streptomycin (1%), FCS (20%; HyClone), L-glutamine
(2 mM), IL-7 (5 ng/ml), and FLT3L (5 ng/ml). SCF (30 ng/ml)
was included at the start of the coculture and removed after 4-6
d. Cultures were transferred to new OP9-DL4 cells every 4-6 d
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by vigorous pipetting and passage through a 40-pm strainer.
Cultures were analyzed by flow cytometry at the indicated
stages and scored positive if >10 CD45*CD56-CD4*CD8* events
were observed.

Hematopoietic MPP cell assay

Hematopoietic cells were isolated from OP9-DL4 cocultures
initiated with day 6 CD34*CD43" cells after 5 d. Single cells were
sorted into the wells of 96-well plates, retaining index sorting
information on an FACSAria II cell sorter. The perimeter wells
were excluded from the sort. The cells were cultured in a-MEM
supplemented with FCS (20%), penicillin/streptomycin (1%;
Thermo Fisher Scientific), L-glutamine (2 mM; Thermo Fisher
Scientific), SCF (30 ng/ml), IL-7 (5 ng/ml) and FLT3L (5 ng/ml).
The cultures were maintained in normoxic conditions (37°C, 5%
CO,). After 4 d, the cultures were dissociated with trypsin, and
30% of the culture was transferred to methylcellulose to evalu-
ate erythro-myeloid potential, as described above. The cultures
were scored after 14 d, and erythroid colonies were picked for
B-globin expression analysis by RT-gPCR. As the OP9-DL4 cells
express GFP, the colonies were visualized under fluorescence to
confirm their human identity. The remaining fraction of the
culture was seeded on new OP9-DL4 cells to evaluate NK and
T cell potential, as described above. Cultures were dissociated
with trypsin and transferred to fresh OP9-DL4 biweekly for
another 12-14 d. OP9-DL4 cocultures were analyzed by flow cy-
tometry. >10 CD45"-gated events (T cells, CD7*CD56-CD4*CD8";
NK cells, CD56"CD7+) were required to call a positive well.

Mouse tissue collection and processing

Animal experiments were performed in accordance with the
institutional guidelines approved by the University of Rochester
School of Medicine and Dentistry Institutional Animal Care and
Use Committee and the Animal Care and Use Committee of
Ospedale San Raffaele (IACUC 841) and communicated to the
Ministry of Health and local authorities according to Italian law.
Mice were housed with free access to food and water and
maintained in a 12-h/12-h light/dark cycle. Pregnant CD-1 mice
were purchased from Charles River Laboratories, and FVB-
Tg(Csflr-cre/Esr1*)1]jwp/] and B6.129X1-Gt(ROSA)26Sort™(EYFP)
Cos/T mice were purchased from The Jackson Laboratory. Mice
were euthanized under CO,. Embryonic tissues were staged by
somite pairs. E9.5 yolk sacs were dissected and incubated in 0.1%
collagenase type I (Sigma-Aldrich) in calcium- and magnesium-
free PBS (CellGro) supplemented with 5% FCS (HyClone) for
15 min. Single-cell suspensions were prepared thereafter by
gentle pipetting. E16.5 thymi were dissected and incubated in
0.08% collagenase type I (STEMCELL Technologies) in PB2 made
up of calcium- and magnesium-containing PBS (Thermo Fisher
Scientific) supplemented with 0.3% BSA (Gemini Bioproducts)
and 0.1% glucose (Invitrogen) for 30 min. Single-cell suspen-
sions were prepared thereafter by gentle pipetting. E16.5 livers
were dissected, and single-cell suspensions were prepared by
gentle pipetting in PB2. For in vitro studies of lineage potential,
cells were sorted through an 85-pm nozzle using the Ariall cell
sorter at the Flow Cytometry Resource, Advanced Cytometry
Technical Applications Laboratory (FRACTAL).
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Mouse hematopoietic progenitor cell assay

OP9 stromal cells that constitutively express Delta-like 1 (OP9-
DLI1; Schmitt and Zuniga-Pflucker, 2002) were used to assay the
hematopoietic potential of mouse yolk sac cells. Cocultures were
maintained in normoxic conditions (37°C, 5% CO,). 500-10,000 cells
were cultured with OP9-DL1 cells on tissue culture plates in a-MEM
(Thermo Fisher Scientific) supplemented with penicillin/streptomy-
cin (100 pg/ml; Lonza), L-glutamine (2 mM; Lonza), FCS (20%, Hy-
Clone), Scf (50 ng/ml), Tpo (50 ng/ml), Gm-csf (3 ng/ml), I3 (30 ng/
ml), 1I-6 (5 ng/ml), F1t31 (10 ng/ml), II-7 (5 ng/ml), and EPO (2 U/ml).
All factors are mouse, with the exception of EPO (human). All factors
were purchased from Miltenyi Biotec, except for Gm-csf and EPO,
which were purchased from PeproTech. Cultures were transferred to
new OP9-DLI cells after 5 d by vigorous pipetting and passage
through a 40-um strainer. For clonal analyses, single cells were sorted
into the wells of 96-well plates on an FACSAriall cell sorter.

Mouse lineage tracing

FVB-Tg(Csflr-cre/Esr1*)1jwp/] and B6.129X1-Gt(ROSA)26Sor™(EYF)
Cos/] mice were mated overnight, and the morning that the vaginal
plug was detected was considered E0.3. To induce Cre, mice were
administered 4-hydroxytamoxifen (75 mg/g; Sigma-Aldrich) and
progesterone (37.5 mg/g; Sigma-Aldrich) by i.p. injection at E9.25.

Analysis of the single-cell RNA-sequencing dataset (Tyser

et al,, 2021)

Preprocessed count matrix and metadata containing the cell type
annotation were retrieved from the study by Tyser et al. (2021). The
data were accessed under the accession no. E-MTAB-9388 from
ArrayExpress. Further filtering of low-quality cells (nFeature_RNA
>2,000) and mitochondrial and cell cycle factors regression (var-
s.to.regress = c [“percent.mt”, “S.Score”, “G2M.Score”]) was per-
formed with the SCTransform pipeline provided in the Seurat
version 3.2.2 R package (Hafemeister and Satija, 2019; Macosko
et al,, 2015; Satija et al, 2015), as described in the tutorials
(http://satijalab.org/seurat/). For clustering analysis, the top 25
principal components were chosen, and a resolution of 0.7 was
applied. The cell type annotation provided by Tyser et al. was used
to label cells in Uniform Manifold Approximation and Projection
plots. KDR-, GYPA-, and GYPB-expressing cells were identified using
a threshold of normalized expression value >0.

Quantification and statistical analyses

All data are presented as the mean + SEM. Flow cytometry and
cell sorting data were analyzed using Flow]Jo software (BD Bio-
sciences). Statistical analyses were performed using GraphPad
Prism 9 as indicated in the figure captions. Progenitor fre-
quencies from limiting dilution analyses were calculated using
extreme limiting dilution analysis (Hu and Smyth, 2009) in the
R statistical computing environment.

Online supplemental material

Fig. S1is related to Fig. 1 and shows (i) flow cytometric analysis
of populations induced with different concentrations of Activin A
at day 9 of differentiation and (ii) flow cytometric, colony-forming
progenitor, and RT-PCR globin analyses of populations induced
with 6 ng/ml of Activin A. Fig. S2 is related to Fig. 2 and shows (i)
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flow cytometric and RT-qPCR analyses of the day 5 KDR*CD34*
population, (ii) colony-forming progenitor analyses of populations
generated from aggregates of day 5 KDR*CD34* cells, and (iii) flow
cytometric analysis of the populations generated from monolayers
of the day 5 KDR*CD34* cells. Fig. S3 is related to Fig. 3 and shows
(i) flow cytometric and RT-gPCR analyses of the day 6 CD34*CD43"
population and (ii) flow cytometric and colony-forming progeni-
tor analyses of populations generated from the day 6 CD34*CD43~
cells. Fig. S4 is related to Fig. 4 and shows flow cytometric analyses
of hPSC- and cord blood-derived T cells. Fig. S5 is related to Fig. 6
and shows flow cytometric analysis of the hematopoietic pop-
ulations analyzed in the Csflr lineage-tracing study.
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Figure S1. Characterization of hematopoietic differentiation from hPSCs. Related to Fig. 1. (A) Representative flow cytometric analysis of CD43 ex-
pression on day 9 of differentiation in cultures induced with different concentrations of Activin A (A; ng/ml). (B) Representative flow cytometric analysis of
CD43 expression between days 6 and 15 of differentiation. (C) Distribution of myeloid progenitors generated between days 6 and 15 of differentiation (n = 3).
Colonies: Mac, macrophage (white); Mast, mast cell (dark gray); mixed, mixed lineage myeloid (black). (D) Distribution of erythroid progenitors generated
between days 6 and 15 of differentiation (n = 3). ANOVA. **, P < 0.0L; ***, P < 0.001; ****, P < 0.0001; ##, P < 0.01; and ####, P < 0.0001 versus small and
large erythroid colony morphologies, respectively. Representative brightfield images of the different erythroid colony morphologies that were observed. Scale
bar, 50 pm. Colonies: circle = small, square = large, and hexagon = burst morphology. (E) RT-qPCR analysis of the percentage of HBE, HBG, and HBB globin

Day of differentiation

Day of differentiation

expression in small erythroid colonies (n = 3). ANOVA. **** P < 0.001 versus the indicated globin gene.
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Figure S2. Characterization of the day 5 KDR*CD34"* population. Related to Fig. 2. (A) Representative flow cytometric analysis of CD144, CD31, and CD45
expression in the KDR*CD34* population (gray) on day 5 of differentiation. Black line = unstained cells. (B) RT-qPCR analysis of SCL/TALI and RUNX1a/b
expression in KDR*CD34* (gray) and unsorted (black) cells on day 5 of differentiation (n = 3). t test. *, P < 0.05. (C) Distribution of erythroid progenitors
generated over 7 d of culture in aggregates derived from day 5 KDR*CD34* cells (n = 4-5). Colonies: circle = small, square = large, and hexagon = burst
morphology. (D) Representative flow cytometric analysis of CD34 and CD43 expression in monolayer cultures generated from FACS-isolated day 5
KDR*CD34~ cells.
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Figure S3. Characterization of the day 6 CD43* and CD34*CD43" populations. Related to Fig. 3. (A) Representative flow cytometric analysis of KDR,
CD144, CD31, and CD45 expression in the day 6 CD34*CD43- population (gray). Black line = unstained cells. (B) RT-qPCR analysis of SCL/TAL1 and RUNX1a/b
expression in CD34*CD43~ (gray) and unsorted (black) cells on day 6 of differentiation (n = 5). t test. ***, P < 0.001. (C) Distribution of lineages observed in
Fig.3D (n=5). ANOVA. ** P < 0.01; ***, P < 0.001; and ****, P < 0.0001 versus the stage-matched sample. Colonies: E, erythroid (red); M, myeloid (blue); E/M,
mixed erythromyeloid (gray). (D) Distribution of erythroid progenitors observed in Fig. 3 D. ANOVA. *, P < 0.05; **, P < 0.0; and ***, P < 0.001; *, P < 0.05; and
## P < 0.01 versus small and large erythroid colony morphologies, respectively. Colonies: circle = small, square = large, and hexagon = burst morphology.
(E) Representative flow cytometric analysis of CD34 and CD45 expression in cultures generated from FACS-isolated day 6 CD43* and CD34*CD43" cells.
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Figure S4. Characterization of the embryonic T cell lineage. Related to Fig. 4. (A) Representative flow cytometric analysis of CD3 expression between days
25 and 40 of T lymphoid differentiation in cultures derived from day 6 CD34*CD43~ or cord blood CD34" cells. SSC-A, side scatter area. (B) Quantification of
the frequency of CD3* cells between days 25 and 42 of T lymphoid differentiation in cultures derived from day 6 CD34*CD43- (gray) or cord blood CD34*
(black) cells (n = 3). ANOVA. *, P < 0.05; **, P < 0.03; ***, P < 0.001; and ****, P < 0.0001 versus day 25 of T lymphoid differentiation for the indicated
population and #, P < 0.05 versus the stage-matched sample. (C) Representative flow cytometric analysis of TCRyS and TCRaf3 expression between days 25 and
40 of T lymphoid differentiation in cultures derived from day 6 CD34*CD43- or cord blood CD34* cells. (D) Representative flow cytometric analysis of Vy9 and
V&2 expression between days 25 and 40 of T lymphoid differentiation in cultures derived from day 6 CD34*CD43- cells or cord blood CD34* cells.
(E) Representative flow cytometric analysis of V81 expression between days 25 and 40 of T lymphoid differentiation in cultures derived from day 6 CD34*CD43~ or
cord blood CD34+ cells. (F) Quantification of frequency CD5* cells in the CD34*CD7* and CD34-CD7* populations derived from day 6 CD34*CD43" (gray) or cord
blood CD34* (black) cells after 12 d of culture with OP9-DL4 cells (n = 4). ANOVA. **, P < 0.01; **** P < 0.0001 versus the indicated sample.
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Figure S5. Characterization of the E9.25 Csflr*-traced YFP* populations in the E16.5 liver. Related to Fig. 6. (A) Representative flow cytometric analysis
of Kit, Scal, CD48, CD150, and YFP expression on lineage-negative cells (Ter119-Gr1-CD19-NK1.1-CD3"). FSC-A, forward scatter area. (B) Representative flow
cytometric analysis of Ly6C, Ly6G, F4/80, and YFP expression on Ter119- cells. (C) Representative flow cytometric analysis of CD127, NK1.1, and YFP ex-
pression on lineage-negative cells (Terl19-Grl-CD3-CD19").
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