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Temporal specification of blood progenitors from mouse
embryonic stem cells and induced pluripotent stem cells
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SUMMARY

The efficient and reproducible generation of differentiated progenitors from pluripotent stem cells requires the recapitulation of
appropriate developmental stages and pathways. Here, we have used the combination of activin A, BMP4 and VEGF under
serum-free conditions to induce hematopoietic differentiation from both embryonic and induced pluripotent stem cells, with the
aim of modeling the primary sites of embryonic hematopoiesis. We identified two distinct Flk1-positive hematopoietic
populations that can be isolated based on temporal patterns of emergence. The earliest arising population displays characteristics
of yolk sac hematopoiesis, whereas a late developing Flk1-positive population appears to reflect the para-aortic splanchnopleura
hematopoietic program, as it has reduced primitive erythroid capacity and substantially enhanced myeloid and lymphoid
potential compared with the earlier wave. These differences between the two populations are accompanied by differences in the

expression of Sox717 and Hoxb4, as well as in the cell surface markers AA4.1 and CD41. Together, these findings support the
interpretation that the two populations are representative of the early sites of mammalian hematopoiesis.

KEY WORDS: AGM, Hematopoiesis, Induced pluripotent stem cell, Embryonic stem cells, Sox17, Yolk sac, Mouse

INTRODUCTION

The capacity of embryonic stem cells (ESCs) and induced
pluripotent stem cells (iPSCs) to generate a broad range of
differentiated progeny in culture provides a powerful model system
for studying mammalian development as well as a novel source of
cells for therapeutic applications (Murry and Keller, 2008; Rubin,
2008; Irion et al., 2009). Within this context, the generation of
hematopoietic stem cells (HSCs) from pluripotent stem cells
(PSCs) is of particular interest as the derivation of these cells in the
differentiation cultures would provide a novel source of stem cells
for transplantation and for modeling hematological diseases in vitro
(McKinney-Freeman and Daley, 2007). Hematopoietic
development is one of the best-studied differentiation programs in
ESC cultures, as the blood cell lineages arise early even in poorly
defined serum-based cultures (Keller, 2005). However, efficient
development of transplantable HSCs from ESCs remains a
challenge and this difficulty might in part reflect our inability to
recapitulate the key developmental steps that establish this
population in the embryo.

The embryonic hematopoietic system consists of distinct
programs that develop at different sites and times during
embryogenesis. The yolk sac (YS), which is the first site of
hematopoiesis in the mammalian embryo, generates an early
restricted hematopoietic program that is characterized by the
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transient development of a unique population of primitive
erythrocytes, as well as macrophages and definitive erythroid,
megakaryocyte and mast cell progenitors (Palis et al., 1999;
Russell, 1979). Prior to the onset of circulation, the YS displays
minimal lymphoid and HSC potential (Cumano et al., 1996;
Cumano et al., 2001). This restriction appears to be stage specific,
however, as the YS of older embryos does contain lymphoid
progenitors and HSCs (Cumano et al., 1996; Yoder et al., 1997,
Samokhvalov et al., 2007).

Following the onset of the YS program, hematopoiesis is
initiated in a region known as the para-aortic splanchnopleura
(P-Sp), which later contains the developing aorta, gonads and
mesonephros (AGM) (Dieterlen-Lievre, 1975; Godin et al.,
1993; Medvinsky et al., 1993). Recent studies indicate that P-Sp
hematopoiesis is initiated through the direct transition of
hemogenic endothelium to hematopoietic progenitors (Bertrand
et al., 2010; Boisset et al., 2010; Kissa and Herbomel, 2010).
The P-Sp-derived hematopoietic program is distinct from that of
the early YS in that it gives rise to HSCs and lymphoid
progenitors and is devoid of primitive erythroid potential
(Cumano et al., 1996; Cumano et al., 2001; Medvinsky et al.,
1996). These differences in developmental potential are
associated with differential expression patterns of specific genes.
In situ hybridization studies have shown that the cell surface
marker AA4.1 (CD93 — Mouse Genome Informatics) is
expressed in the P-Sp region but not in the Y'S prior to the onset
of circulation (E7-8.5) (Petrenko et al., 1999). AA4.1 is found
on the majority of P-Sp-derived HSCs and multipotential
progenitors, whereas it is present only on a subset of
myeloid/erythroid-restricted YS progenitors (Bertrand et al.,
2005). At later stages of development, AA4.1 is found on
lymphoid progenitors throughout the embryo (Yamane et al.,
2009). Dependence on the transcription factor Sox17 may also
distinguish YS and P-Sp hematopoiesis as Sox/7-null animals
contain some erythroid and myeloid progenitors but do not
generate HSCs (Kim et al., 2007).
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The onset of hematopoiesis in mouse ESC differentiation
cultures appears to recapitulate early YS hematopoiesis, as this
stage is restricted in potential and characterized by the emergence
of a transient wave of primitive erythropoiesis (Keller, 2005).
Although lymphoid progenitors have not been identified in this
early phase of ESC-derived hematopoiesis, they have been detected
in later-stage stromal-based cultures, suggesting that a P-Sp-like
program is established under these conditions (Cho et al., 2001;
Cho et al., 1999; Nakano et al., 1994; Schmitt and Zuniga-Pflucker,
2002; Tabatabaei-Zavareh et al., 2007; Yamane et al., 2009). The
notion that P-Sp hematopoiesis can be generated from ESCs is
further supported by observations that cells with properties of
HSCs can be generated in ESC differentiation cultures following
the enforced expression of either Hoxb4 or the combination of
Cdx4 and Hoxb4 (Kyba et al., 2002; Wang et al., 2005b).

To be able to generate HSCs from ESCs, it is necessary to
develop approaches that enable the specification and identification
of P-Sp-like populations in the differentiation cultures. We have
previously shown that temporal aspects of mesodermal
specification observed in the mouse embryo are faithfully
recapitulated in ESC cultures, enabling the isolation of
hematopoietic and cardiovascular progenitors (Fehling et al., 2003;
Kattman et al., 2006). Using a similar strategy in this study, we
mapped hematopoietic development over time in differentiation
cultures and identified distinct Flkl-positive (FIk1P%)
hematopoietic populations (Flk1 is also known as Kdr — Mouse
Genome Informatics) that display characteristics of YS and P-Sp
hematopoiesis.

MATERIALS AND METHODS

ESC maintenance and differentiation

The T-EGFP/Rosa26-tdRFP (RFP.bry) ESCs were generated by targeting
the tdRFP ¢cDNA to the Rosa26 locus (Luche et al., 2007). REP.bry, Sox17-
EGFP mESCs (Kim et al., 2007) and the iPSC lines Sox2-EGFP and Oct4-
EGFP (Stadtfeld et al., 2008) were cultured in serum-free media (Gadue et
al., 2006). For differentiation, ESCs were dissociated and cultured in
suspension in serum-free differentiation (SF-D) media without additional
growth factors for 48 hours. Embryoid bodies (EBs) were then dissociated
and reaggregated in SF-D with the addition of various growth factors or
inhibitors as indicated. In most experiments, the EBs were harvested 30-
32 hours later, the cells dissociated and the appropriate populations isolated
by cell sorting. For reaggregation, sorted cells were either cultured at
250,000 cells/ml in 24-well ULA dishes (Costar) or at 30,000 cells/100 pl
in 96-well ULA dishes. Human activin A, BMP4 and VEGF were
purchased from R&D Systems; SB-431542 was obtained from Sigma.

Quantitative real-time PCR

Total RNA was prepared with the RNeasy Mini or Micro Kits (Qiagen) and
treated with DNase (Qiagen). RNA (0.1-1 pg) was reverse transcribed
using random hexamers and oligo(dT) with Superscript III reverse
transcriptase (Invitrogen). Real-time quantitative (q) PCR was performed
on a MasterCycler RealPlex (Eppendorf) using SYBR Green JumpStart
ReadyMix (Sigma). The oligonucleotide sequences are listed in Table S2
in the supplementary material (all oligonucleotides from IDT). Genomic
DNA standards were used to evaluate the efficiency of the PCR and
calculate the copy number of each gene relative to the housekeeping gene
Actb.

Flow cytometry and cell sorting

EBs generated from the ESC differentiations were stained using the
following monoclonal antibodies from Pharmingen: CD41 (Itga2b) (1BS,
hybridoma), Flk1 (89B3) (Kabrun et al., 1997), c-Kit (CD117), Scal
(Ly6a) and AA4.1 (493). OP9 co-cultures were trypsinized and incubated
with 2.4G2 monoclonal antibody to block FcyRIII/IT and stained for CD45
(Ptprc), CD19, TCRp, CDS8, CD4, CD11b (Itgam) and Grl (Ly6g). All
antibody stains were performed at 4°C in PBS containing 2% (v/v) FCS

and in some cases also 0.02% (w/v) NaNs. The cells were acquired using
a LSR II flow cytometer with HTS sampler option (Becton Dickinson) or
sorted using a FACS ARIA II (Becton Dickinson). Analysis was performed
using FlowJo (Tree Star).

Isolation of FIk1P°* cells from mouse embryos

Timed pregnant Swiss Webster female mice were purchased from The
Jackson Laboratory. YS and P-Sp/AGM regions were dissected and single-
cell suspensions were stained with anti-Flkl monoclonal antibody. The
cells were sorted using a FACS ARIA II and mRNA was isolated and
converted to cDNA as described above.

Hematopoietic progenitor assay

Hematopoietic precursors were plated in 1% (w/v) methylcellulose (Fluka)
containing 10% (v/v) plasma-derived serum (PDS; Antech), 5% (v/v)
protein-free hybridoma medium (PFHM-II; Invitrogen) and the following
cytokines: kit ligand (KL) [1% (v/v) conditioned medium], thrombopoietin
(TPO) [1% (v/v) conditioned medium], erythropoietin (2 U/ml), IL11 (25
ng/ml), IL3 [1% (v/v) conditioned medium], GM-CSF (Csf2) [1% (v/v)
conditioned medium] and IL6 (5 ng/ml). Cultures were maintained at 37°C,
5% CO,. KL was derived from conditioned media (Genetics Institute). IL3
was from X63 AGS8-653 myeloma cells transfected with a vector
expressing IL3. Human VEGF, mouse IL6 and human IL11 were
purchased from R&D Systems. Mean and standard errors of six
independent experiments were calculated. Student’s z-test was used to
evaluate statistical significance.

OP9 co-culture

Irradiated (30 gray) OP9-EGFP or EGFP-DL1 cells were seeded 1 day
prior to use on 0.1% (v/v) gelatin in 24- or 96-well tissue culture treated
plates (Falcon). ESC-derived progenitors were then plated in cMEM
(Invitrogen) with 20% (v/v) FCS containing 10 ng/ml mouse FIt31, 10
ng/ml mouse IL7 (R&D Systems) and 2% (v/v) KL supernatant for the first
week. Medium was changed every 5 to 7 days. KL was removed after 7
days. Terb locus rearrangement on genomic DNA was analyzed using the
primers shown in Table S2 in the supplementary material.

RESULTS

Temporal development of hematopoietic
progenitor populations

To recapitulate normal hematopoietic development in
ESC/embryoid body (ES/EB) cell cultures, it is important to use
agonists of signaling pathways that are known to regulate
hematopoietic commitment in the early embryo. For this purpose,
we focused on the nodal/TGFB, BMP4 and VEGF pathways as
they are known to play a role at different stages of mesoderm
induction and hematopoietic specification in vivo (Conlon et al.,
1994; Liu et al., 1999; Winnier et al., 1995) and have been shown
to function in a similar capacity in vitro (Lengerke et al., 2007; Ng
et al., 2005; Nostro et al., 2008). Using an ESC line carrying the
enhanced green fluorescent protein cDNA targeted to the brachyury
(T) gene [T-EGFP (Fehling et al., 2003)], we evaluated both T-
EGFP and Flkl expression over time to monitor mesoderm
induction and specification. When cultured in serum-free medium
in the absence of factors, neither T-EGFP nor Flk1 was induced in
the EBs (Fig. 1A). By contrast, when differentiated in the presence
of a combination of activin A, BMP4 and VEGF (AVB), greater
than 80% (80.745.5, n=7) of the resulting EB cells expressed T-
EGFP and of these typically more than 15% (15.8+2.9, n=7) co-
expressed Flk1. The dramatic expansion of these populations to
greater than 80% T-EGFP-positive and 15% Flk1-positive within
6-12 hours of their induction demonstrates the dynamic nature of
differentiation in these cultures and highlights the importance of
establishing detailed temporal profiles for the isolation of specific
lineages.
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Fig. 1. Induction of two distinct Flk1P°*
hematopoietic precursor populations from
mouse ESCs using activin A, BMP4 and VEGF.
(A) To the left are shown T-EGFP and Flk1
expression in day (d) 3.25 embryoid bodies (EBs)
cultured in the absence (no induction) or presence
(d3.25 presort) of inducers. The d3.25 population
was segregated into d3.25 T* F* and d3.25 T+ F~
fractions by cell sorting (T, brachyury; F, FIk1). The
d3.25 T* F cells were cultured as aggregates for 48
hours and the d5.25 F* and F~ fractions isolated
(shown to the right). (B) Hematopoietic progenitor
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The earliest Flk1P°® population that develops in serum-induced
EBs displays predominantly primitive erythroid potential
(Fehling et al., 2003; Keller, 2005). To assess the hematopoietic
potential of the AVB-induced Flk1P° population, the cells were
isolated from day (d) 3.25 EBs by flow cytometry, allowed to
aggregate and then cultured for an additional 24 hours in serum-
free medium in the presence of kit ligand [KL; also known as
stem cell factor (SCF)] and VEGF. The majority of
hematopoietic progenitors in these aggregates were of the
primitive erythroid lineage (82%), demonstrating that the
potential of the d3.25 Flk1P* population induced under serum-
free conditions was similar to that of the serum-induced
population and reflective of Y'S hematopoiesis (Fig. 1B) (Fehling
et al., 2003). Low numbers (<10% of total) of macrophage, bi-
potential erythroid-macrophage and multipotential progenitors
were also detected. Taken together, these findings indicate that
the AVB combination efficiently induces hematopoietic
development in mouse ESC differentiation cultures.

If hematopoietic development in the ESC model recapitulates the
establishment of the hematopoietic system in the early embryo, we
reasoned that a mesoderm-derived population equivalent to the P-
Sp should develop shortly following the appearance of the YS
program (Parameswaran and Tam, 1995). To identify a later-
developing hematopoietic program, we focused on the d3.25 Flk1-
negative (F1k1"°€) population and cultured these cells for 48 hours
in the presence of AVB. These d3.25 T-EGFP" Flk1"¢ cells did
give rise to a substantial (24.8+5.8% of all cells, n=06) second
Flk1P® population (d5.25 presort; Fig. 1A). Expression of 7,
evaluated by flow cytometry for EGFP or by qRT-PCR (Fig.
1A,C), declined during this culture period, demonstrating that this
population represented a developmental stage beyond mesoderm.

days 7-8. Data are expressed as the mean of six
independent experiments; error bars indicate +s.d.
**% P<0.0002. (C) gRT-PCR analysis of T expression
in all populations shown in A. d3.25 T* F*_RE
indicates d3.25 T+ F* cells reaggregated for 24
hours; d5.25 T* F*_RE indicates d5.25 F* cells
reaggregated for 24 hours. Data are presented as
expression relative to that of the housekeeping
gene Actb and are the mean of three independent
experiments; error bars indicate +s.d.

When isolated and cultured in the presence of VEGF and KL for
24 hours, the d5.25 Flk1P* population displayed hematopoietic
potential that differed from that of the early-developing Flk 1P
population. In contrast to the d3.25 T-EGFP" Flk1P* cells, the
d5.25 FIk1P* population generated significantly fewer primitive
erythroid progenitors (33.8% versus 82.5% of all colonies,
respectively), a higher percentage of macrophage progenitors
(47.8% versus 9.8%), and more bi-potential erythroid-macrophage
(3.5% versus 1.5%) and multipotential (8% versus 2.6%)
progenitors (Fig. 1B). The d5.25 Flk1"®& population contained few
hematopoietic progenitors (data not shown). The fact that the
percentage of FIk1P* cells (d3.25, 15%; d5.25, 25%) and the
frequency of progenitors were similar at both time points suggests
that these changes are not simply reflective of a decline in primitive
erythropoiesis over time (total colony number: d3.25, 409+197,
d5.25, 442+498; P=0.6, n=5, expressed as number of colonies per
10,000 input cells; see Fig. S2 in the supplementary material).
Rather, they support the interpretation that the two FIkI1P%
populations represent the temporal development of distinct
hematopoietic progenitors in AVB-induced mouse ESC-derived
EBs.

Gene expression analysis of sorted populations

To further characterize these two hematopoietic progenitor
populations, freshly isolated Flk1P°® and Flk1"°¢ cells, as well as
populations derived from them were subjected to qRT-PCR gene
expression analyses. These analyses included the following
populations: (1) d3.25 non-induced EBs; (2) the d3.25 induced EBs
(presort); (3) the T* Flk1P° (T* F") fraction from d3.25 EBs; (4)
the T" Flk1™¢ (T* F") fraction from d3.25 EBs; (5) the d3.25 T*
Flk 1P cells following 24 hours of aggregation culture (d3.25 T*
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F" RE; RE refers to reaggregated); (6) the presorted d5.25
population generated from the T Flk1¢ cells; (7,8) the Flk1P°s
and Flk1"¢ fractions isolated from the d5.25 cells (d5.25 F* and
d5.25 F, respectively); and (9) the population derived from the
d5.25 FIk1P cells following 24 hours of aggregation culture
(d5.25 F*_RE). These different populations were analyzed for
expression of genes associated with hematopoietic induction [Cdx4,
Hoxb4 (Davidson et al., 2003)] and hematopoietic commitment
[Scl (Tall — Mouse Genome Informatics), Runxi, Lmo2, Gata3
(Robb et al., 1996; Wang et al., 1996)]. We also included genes
indicative of neuroectoderm (Sox/) and definitive endoderm
(FoxaZ2) development to monitor the efficiency of primitive streak
(PS)/mesoderm induction. Sox/7 was evaluated as it has been
shown to be expressed in fetal liver HSCs in addition to definitive
endoderm (Kim et al., 2007).

Expression of Sox/ was detected only in EBs cultured in the
absence of PS inducers, indicating differentiation to the
neuroectoderm lineage (Fig. 2A). In the induced EBs, Cdx4, a
member of the caudal-related homeobox gene family, displayed a
striking pattern, as its expression appeared to be preferentially
restricted to the Flk1"°® fractions from both time points (Fig. 2B,
fractions 4 and 8). Expression of Hoxb4 was detected at highest
levels in the d5.25 Flk1P® fraction generated from the d3.25 T"F~
Cdx4" population. Hoxb4 expression appeared to distinguish the
two Flk1P% populations, as it was found in the second but not the
first population (Fig. 2C). Genes essential for hematopoietic
development in the embryo, including Scl, Runx1 and Lmo2, were
broadly expressed in all Flk1P% cells or derivatives thereof, a
pattern consistent with their role in both YS and P-Sp/AGM
hematopoietic commitment (Fig. 2D-F). Gata3, a gene required for
T lymphocyte and kidney development (Pandolfi et al., 1995), also

displayed a relatively broad expression pattern (Fig. 2G). The
expression pattern of Sox/7 was one of the most restricted as it was
detected only in the d5.25 Flk1P* cells and the population derived
from them (Fig. 2H, fractions 7 and 9). As with Hoxb4, expression
of Sox17 also distinguished the two Flk1P* populations. Expression
of SoxI7 was not reflective of the emergence of definitive
endoderm, as these populations did not express the pan-endoderm
marker Foxa?2 (Fig. 21). Taken together, these expression studies
document molecular differences between the two FIk1P®
hematopoietic populations consistent with the interpretation that
they are representative of distinct hematopoietic programs.

Flow cytometric analysis of the Flk1-derived
populations

We next analyzed the two Flk1P° populations and cells derived
from them for expression of AA4.1, CD41, c-Kit and Scal, as
combinations of these markers can distinguish early YS- and P-
Sp/AGM-derived hematopoiesis (Bertrand et al., 2005; de Bruijn
et al., 2002). The analyses included d3.25- and d5.25-derived
populations cultured for 24 hours, as well as a d3.25 population
cultured for 3 days as a control for the total culture period of the
d5.25-derived cells. Cells from the d3.25 fraction cultured for 1 day
did not express CD41 or AA4.1 (Fig. 3A). More than 35% of the
population expressed c-Kit, but less than 8% of the cells co-
expressed Scal. By contrast, a substantial portion of the d5.25
Flk1P%-derived population expressed either CD41 (38%) or AA4.1
(21%) or both (>30%) (Fig. 3B). The majority (>60%) of these
cells also co-expressed Scal and c-Kit. The differences observed
between the two Flk1P°® populations were not simply due to time
in culture, as the patterns observed on the d3.25 T F'-derived
population cultured for 3 days differed from those found on the
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Fig. 3. Phenotypic analyses of the populations derived from the two FIk1P°s populations. (A) Analysis of d3.25 Flk1P%-derived populations
cultured for either 1 day in the presence of KL and VEGF (d4) or for 2 days in activin, BMP4 and VEGF and then for 1 day in kit ligand (KL) and
VEGF (d6). (B) Analysis of d5.25 Flk1P°-derived populations cultured for 1 day in the presence of KL and VEGF. Data are representative of two

independent experiments and gates were set on unstained controls.

d5.25-derived population (Fig. 3A). The most notable differences
were the smaller size of the subpopulations that co-express
AA4.1/CD41 and Scal/c-Kit in the d3.25-derived population. In
summary, cell surface marker analysis of these fractions suggests
an enrichment of P-Sp/AGM-like hematopoiesis in the d5.25
FIk1P% fraction.

Lymphoid potential of the Flk1-derived
populations

As a final evaluation of the two FIk1P°® populations, we
compared their capacity to generate cells of the lymphoid
lineages (Cho et al., 1999; Nakano et al., 1994; Schmitt and
Zuniga-Pflucker, 2002; Schmitt et al., 2004). Within 3 weeks of
culture, B cell and T cell development was observed on the OP9
and OP9-DLI stromal cells, respectively (see Fig. S3A,B in the
supplementary material).

To better quantify the lymphoid potential of the two FIk1P%
populations, we carried out a limiting dilution study to estimate the
frequency of T lymphoid progenitors in these groups. For these
analyses, d3.25 T* F*_RE or d5.25 F*_RE cells generated from a
T-EGFP cell line engineered to express the red fluorescent protein
(tdRFP) from the Rosa26 locus (Luche et al., 2007) were seeded at
different densities on OP9-DL1 stromal cells in microtiter plates.
Cultures were harvested at 3 weeks and analyzed by flow
cytometry. The frequency of wells containing T cell progenitors
was calculated from the ratio of tdRFP* T cells (defined by CD45"
TCRB" CD4" CD8" or CD45" TCRB™ CD8™) to the total number
of tdRFP" cells (Fig. 4A). Analyses from six different experiments
revealed that the average frequency of T cell progenitors in the
second FIk1P* population was approximately 1 in 400 cells (Fig.
4B). The frequency of T cell progenitors in the population derived
from the first FIk1P*® fraction was approximately 1 in 4600
(14.2+6.5-fold lower). This difference was not due to total
induction time in culture, as the d3.25-derived population cultured
for 3 days prior to the OP9-DI1 co-culture (under the same
conditions as their d3.25 T" F~ counterpart) showed a substantially
lower frequency of T cell progenitors (approximately 1 in 12,000;
n=2; data not shown), despite increased CD41 and AA4.1

expression (Fig. 3A). The findings from this lymphoid progenitor
frequency analysis add further support to the interpretation that the
d5.25 population represents the equivalent of the P-Sp
hematopoietic program.

Sox17 expression distinguishes Flk1P°s
subpopulations
To determine whether the differential expression of Sox/7 could be
used to distinguish the Flk1P* populations, we used an ESC line in
which EGFP was targeted to the Sox17 locus (Kim et al., 2007).
The Sox17-EGFP cells responded well to the AVB induction
protocol and generated a d3.25 Flk1P* population with similar
efficiency to that observed with the T-EGFP cells (Fig. 5A,B). Two
small distinct Sox/7-positive populations were observed at this
stage: an F1k1P* population that expressed an intermediate level of
Sox17-EGFP (Sox17-EGFP™™) and an Flk1"™2 population that
expressed high levels of Sox17-EGFP (Sox17-EGFP"¢"). The latter
population is likely to represent a small amount of definitive
endoderm induced under these conditions as it expressed Foxa2 in
addition to Sox/7 (Fig. 5D,E). Four different fractions were
isolated from the d3.25 EBs: FIk1"®/Sox17-EGFP"¢;
Flk1¢/Sox17-EGFPMe"; Flk1P°%/Sox17-EGFP™2 (d3.25 F* S°);
and Flk1P°/Sox17-EGFP™ (d3.25 F* S*). The entire Flk1"¢
population was reaggregated and cultured in AVB media for an
additional 48 hours. The Flk1™® cells generated a substantial
second Flk1P* population, most of which expressed intermediate
levels of Sox17-EGFP (Fig. 5B). The majority of the d5.25 Flk1"¢
population also expressed intermediate levels of Sox17-EGFP. The
Flk1™%/Sox17-EGFP"g" population was not detected at this stage.
The Flk17°%/Sox17-EGFP" and FIk17**/Sox17-EGFP™ cells from
d3.25 and d5.25 were isolated and reaggregated in the presence of
VEGF and KL for 24 hours and then tested for progenitor potential
in methylcellulose cultures. There was no significant difference in
precursor frequency between the two samples from d3.25, whereas
the d5.25 Sox17-EGFP™ population contained fewer primitive
erythroid and more macrophage progenitors than the corresponding
Sox17-EGFP"® population (see Fig. S4 in the supplementary
material). Analyses of T cell potential at d5.25 revealed that the
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Fig. 4. T cell potential of the FIk1P°* progenitors. (A,B) d3.25 T*
F*_RE or d5.25 F*_RE cells generated from a T-EGFP ESC line expressing
tdRFP were seeded over a range of densities on OP9-DL1 stroma cells
and cultured for 3 weeks. Media were changed every week. Following
culture, the cells were harvested, stained and (A) analyzed for
expression of CD45, TCRB, CD4 and CD8 by flow cytometry and (B) the
frequency of T cell progenitors in the two populations (1/4680 for
d3.25 versus 1/401 for d5.25) determined. Positive wells were those
that contained at least 500 tdRFP* cells (as a measure of total
deposition), of which more than 5% expressed T cell markers as
defined by the expression of both CD45* and TCRB* and either CD8
alone or both CD4 and CD8. The frequency of T cell progenitors was
then determined using L-Calc software (Stem Cell Technologies). Data
are presented as the frequency of T cell progenitors and graphed on a
logarithmic scale (n=6).

F1k17°%/Sox 17-EGFP™™ population contained a higher frequency of
T cell progenitors than the Flk1P°/Sox17-EGFP"* fraction. (1/988
versus 1/4205; n=4; Fig. 5C). Expression analyses (QRT-PCR) of the
different fractions showed that Sox/7 was expressed at the highest
levels in the Sox17-EGFP™ fractions, indicating that the EGFP
reporter faithfully tracks endogenous Sox!7 expression. Runxl
expression segregated to the Flk1P°%/Sox17-EGFP™ fraction at d3.25
and was detected in both d5.25 Flk1P* populations, whereas Hoxb4
was expressed at highest levels in the Sox17-EGFP™ fractions at
both time points. Taken together, these findings demonstrate that
Sox17 is expressed in the F1k1P° progenitor population that develops
following the onset of primitive hematopoiesis, displays lymphoid,
myeloid and erythroid potential and co-expresses Runx! and Hoxb4.

To determine whether different levels of Sox/7 distinguish the
different sites of hematopoietic development in the early embryo,
we isolated Flk1P* cells from the YS and P-Sp/AGM regions of
E9.0 embryos by cell sorting and analyzed them for Soxi7
expression. As shown in Fig. 5H, the levels of Sox/7 were

significantly higher (P=0.0012) in the P-Sp-derived FIk1P%
population than in the corresponding population isolated from the
YS. Both populations expressed similar levels of Flkl. Expression
of Gatal indicates that this P-Sp/AGM population has
hematopoietic potential. The observations from these embryo
studies are consistent with findings from the ESC model and
demonstrate that the YS- and P-Sp-derived Flk1P* populations
express different levels of Sox17.

Regulation of d5.25 FIk1P°5/Sox17-EGFP'™
development

The d5.25 FIkIP® population used in the above studies was
generated from d3.25 Flk1™ cells cultured in the presence of AVB.
As this culture step is crucial for the development of this P-Sp-like
progenitor, we investigated the role of different signaling pathways
at this stage. For these studies, d3.25 Flk1™¢ cells from two
different ESC lines (T-EGFP and Sox17-EGFP ESCs) were
cultured in different factor combinations for 48 hours and the
resulting aggregates analyzed for the presence of Flk1P* T-EGFP*
or FIkIP® Sox17-EGFP™ progenitors and CD41" c-Kit"
hematopoietic populations (Fig. 6A). In the absence of any factors,
the d3.25 Flk1"®¢ cells generated a modest size (5-16%) Flk1P
population with no detectable Sox17-EGFP expression. They did
not give rise to any CD41 single-positive or CD41" ¢-Kit" cells,
suggesting little, if any hematopoietic potential (Fig. 6A). The
addition of BMP4 and VEGEF to the d3.25 Flk1"°® aggregation
cultures promoted the development of an Flk1P°%/Sox17-EGFP™
population (9-31%; Fig. 6B). As with the population generated in
the absence of added factors, the BMP4/VEGF-induced population
did not give rise to CD41" c-Kit" hematopoietic cells at this stage.
Activin A added together with BMP4 and VEGF substantially
increased the size of the Flk1P°%/Sox17-EGFP™ population and also
induced the development of CD41" and CD41" ¢c-Kit" populations
(Fig. 6C). VEGF and activin A together also generated a substantial
FIk1P°%/Sox17-EGFP™ population (18-35%; Fig. 6D) as well as the
CD41" and CD41" ¢c-Kit" populations. In the absence of VEGF,
together BMP4 and activin A induced a small FIkI1P*/Sox17-
EGFP™ population and no CD41" ¢-Kit" cells (5-16% FIk1P*; Fig.
6E). These findings are consistent with the known requirement of
VEGF for hematopoietic induction of Flk1P* cells (Choi et al.,
1998; Nostro et al., 2008; Park et al., 2004; Pearson et al., 2008).
The addition of SB-431542, a small-molecule inhibitor of the
TGFp1/activin/nodal pathway, to the BMP4 plus VEGF cultures
decreased the size of the FIk17°%/Sox17-EGFP™ population, but not
of the overall FIk1P° population, indicating that the emergence of
the Sox17-expressing cells in these conditions is likely to be
dependent on endogenous nodal signaling (Fig. 6F).

Given the known role of activin A signaling in PS induction and
mesoderm formation (Gadue et al., 2006; Nostro et al., 2008), we
were interested in determining whether the effect of activin A
observed in these studies might be mediated at the level of
mesoderm induction and/or expansion. To address this, d3.25 T*
F"and d3.25 T* F~ populations were cultured as aggregates in the
presence or absence of low levels of activin A for 24 hours and
then analyzed for expression of T-EGFP. T* F~ cells cultured in the
presence of activin A maintained a larger T"EGFP" population than
those cultured without it, suggesting that signaling through activin
A sustains PS/mesodermal potential (see Table S1 in the
supplementary material). Collectively, these observations
demonstrate that the development of d5.25 FIk1P% cells from the
d3.25 T-EGFP" Flk1"¢ population is regulated by a combination
of signaling pathways, including activin A/TGFf, BMP and VEGF.
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Fig. 5. Isolation of Sox17-EGFP-positive cells from d3.25 and d5.25 populations. (A) Flow cytometric analyses showing Flk1 and Sox17-EGFP
expression in d3.25 EBs. The four fractions indicated by the black boxes (d3.25 F* S7, d3.25 F~ S7, d3.25 F* S* and d3.25 F~ S*; F, Flk1; S, Sox17)
were isolated by cell sorting. (B) Flow cytometric analyses showing Flk1 and Sox17-EGFP expression in the d5.25 reaggregated population. Boxes
indicate the FIk1P% populations (d5.25 F* S* and d5.25 F* S) isolated by cell sorting. (C) d5.25 F* S* and d5.25 F* S~ cells were plated in the limiting
dilution OP9-DL1 co-culture assay for 3 weeks. The cells were then harvested and analyzed for the expression of T cell markers. (D-G) The sorted cell
populations isolated in A and B were analyzed for the expression of the indicated genes by qRT-PCR. Data are presented as expression relative to
that of Actb and are the mean of two independent experiments; error bars indicate +s.d. (H) Flk1P° cells were isolated from E9.0 mouse embryos
by flow cytometric cell sorting. Samples were analyzed for the expression of the indicated genes by gRT-PCR. Expression was standardized to that of
Actb and are presented relative to the value found in the yolk sac (set at 1). Data shown are the mean of three independent experiments; error bars

indicate +s.d.

Hematopoietic development from iPSCs

To determine whether the approach developed in this study is
applicable to other pluripotent cell lines, we induced two different
mouse iPSC lines [with EGFP targeted either to the Oct4 (PouSf1
— Mouse Genome Informatics) or Sox2 locus] with AVB and
analyzed the EBs for hematopoietic and lymphoid potential. Both
iPSC lines responded well to the inducers and generated a
substantial FIk1P* population by d3.25 (Fig. 7A; data not shown).
The d3.25 Flk1P% and Flk1™®¢ populations were isolated from the
Oct4-EGFP-derived EBs and used for hematopoietic progenitor
analysis and for the generation of d5.25 populations, respectively.
Following 48 hours of culture, the Flk1"® cells gave rise to d5.25
Flk1P* and Flk1"*¢ populations (Fig. 7A). The d5.25 FIk1P* cells
were isolated and analyzed for hematopoietic potential. The
patterns of hematopoietic progenitor development were similar to
those observed for the ESC-derived fractions, as primitive
erythroid colonies predominated the d3.25 Flk1P® cultures when
compared with the d5.25 Flk1P°® population (47.5% versus 31.5%
of total), whereas macrophage colonies were more abundant in the
cultures generated from the later-stage population (22.1% versus
54.1% of total) (see Fig. S5 in the supplementary material). For the

analysis of their lymphoid potential, we implemented a simplified
sorting strategy, providing access to the late-stage Flk1P% cells with
only one cell-sorting step. For this approach, AVB-induced d3.25
EBs were dissociated and the entire population was reaggregated
for 24 hours in the presence of activin A and then for an additional
24 hours in the presence of AVB. This protocol also yielded Flk1P%
cells at d5.25, which were isolated and analyzed for their
hematopoietic potential (Fig. 7B). This d5.25 Flk1P* population
displayed T lymphoid potential from both iPSCs and ESCs (Fig.
7C). Analysis of these samples revealed the expected Terb locus
rearrangement (Fig. 7D). These findings demonstrate that iPSCs do
respond in a comparable fashion to ESCs to the inducers used for
hematopoietic induction.

DISCUSSION

The efficient and reproducible generation of specific cell types
from ESCs is dependent on accurately recapitulating in the
differentiation cultures the key regulatory pathways that control the
development of the corresponding lineage in the early embryo.
Establishing the hematopoietic programs in such cultures requires
not only activation of specific signaling pathways at appropriate
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(F) BMP4, VEGF and SB-431542. Quadrant labels were removed if zero (n=2 for both cell lines).

stages, but also the ability to track the temporal changes associated
with the emergence of the different sites of blood cell production
in the embryo. In this study, we used reporter ESC lines carrying
the EGFP ¢cDNA targeted to either the 7" or Sox!7 locus to follow
the development of mesoderm subpopulations. With this approach
we were able to identify two distinct Flk1P* progenitor populations
that display hematopoietic potential indicative of YS and P-Sp
development (see Fig. S1 in the supplementary material).

We initially identified the putative P-Sp progenitor as an F1k1P*
cell that emerges in the ESC differentiation cultures following the
development of a YS-like hematopoietic progenitor. These late-
arising progenitors display substantially more lymphoid potential,
have reduced primitive erythroid capacity and give rise to
populations that are phenotypically similar to P-Sp-derived HSCs.
An absolute separation of primitive erythroid and lymphoid
potential in this system is difficult as the generation of Flk1P
mesoderm represents a continuum and there is no spatial separation
of the developing populations as there is in the early embryo. The
presence of Flk1 on the putative ESC-derived P-Sp population is
consistent with studies in mouse and zebrafish showing that this
receptor is expressed on hemogenic endothelium (Bertrand et al.,
2010; Shalaby et al., 1997) and with transplantation experiments
demonstrating that at least a subpopulation of AGM-derived HSCs
is FIk1 positive (North et al., 2002). Lineage-tracing studies in both

mouse and zebrafish clearly demonstrate that the majority of
hematopoietic cells in the adult are derived from progenitors that
at one stage expressed Flk1, strongly supporting the notion that the
P-Sp hematopoietic program is established from an Flk1-positive
progenitor (Ema et al., 2006; Bertrand et al., 2010; Lugus et al.,
2009).

Although our studies show that Flkl marks distinct
hematopoietic populations in the ESC cultures, their isolation based
solely on temporal patterns of Flk1 expression is challenging
because the kinetics of differentiation can vary from cell line to cell
line or following induction with different protocols in the same cell
line. Our PCR analyses demonstrating that Sox!7 is preferentially
expressed in the second Flk1P* population indicated that the two
populations do have different molecular profiles and that Sox17
might provide a marker of P-Sp hematopoiesis. Analysis of
populations generated from the Sox17-EGFP reporter ESC line
confirmed these findings and showed that Sox17-EGFP was found
at highest levels in the d5.25 Flk1P% population. The fact that the
d5.25 FIk1P°%/Sox17-EGFP™ population is enriched for lymphoid
potential suggests that expression of Sox17 does mark the P-Sp-
like progenitor population. A role for Sox17 in P-Sp-derived
hematopoiesis in vivo is supported by in situ hybridization studies
demonstrating that SoxF group transcription factors, including
Sox17, are expressed in the ventral wall of the dorsal aorta of the
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P-Sp/AGM (Liao et al., 2009; Matsui et al., 2006) and by
transplantation experiments showing that Sox17 is found in the
majority of fetal liver-derived HSCs and is required for their
development (Kim et al., 2007). Our analyses on the embryo
populations clearly demonstrate that the P-Sp-derived Flk1P* cells
express Sox17, suggesting that it might provide a marker for the
emergence of the definitive hematopoietic program in vivo. The
overlapping patterns of Sox/7 and Hoxb4 in the d5.25 FIk1P
population is of particular interest in the context of Cdx4, as it has
been shown that transient expression of Cdx4 followed by enforced
expression of Hoxb4 in ESC-derived hematopoietic cells leads to
the induction of cells with properties of HSCs (Wang et al., 2005a).
Expression of Cdx4 in the d3.25 T* Flk1"¢ fraction, followed by
the endogenous upregulation of Hoxb4 expression in the d5.25
FIk1P%/Sox17™ population derived from it, might reflect the
normal molecular progression required to establish the P-Sp
hematopoietic program and cells with HSC potential.

population (40X magnification). Flk1"®9
cells were reaggregated for 48 hours and
analyzed by flow cytometry at d5.25 for
the emergence of a secondary Flk1P%
population. (B) Flow cytometric analyses
demonstrating the presence of an Flk 1P
population in d5.25 aggregates generated
from Oct4-EGFP iPSCs and tdRFP/T-EGFP
(RFP.bry) cells. Both cell types were
differentiated in the presence of activin A,
BMP4 and VEGF. After dissociation at
d3.25, the cells were reaggregated without
cell sorting and cultured for an additional
48 hours, at which time they were sorted
based on the expression of Flk1. (C) Flow
cytometric profile demonstrating the
generation of CD4* CD8* lymphocytes
from the d5.25 FIk1P% ESC- and iPSC-
derived progenitors following culture on
OP9-DI1 cells for 3 weeks. (D) PCR analyses
showing T cell receptor gene
rearrangements in the developing T cell
populations from either the ESC
progenitors (B3, B10) or the iPSC
progenitors (E7, E9, E10, F8 and G7).

M, 1 kb DNA ladder.
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Although the d5.25 F1k1P* population displays properties of the
P-Sp progenitor, attempts to repopulate Rag2™~ [12rg”~ mice with
these unmanipulated cells have thus far been unsuccessful (not
shown). In this regard, they might be representative of the earliest
P-Sp-derived hematopoietic progenitors that display limited
repopulating potential. The repopulating capacity of these
progenitors does increase with time in vivo and in P-Sp explants in
vitro (Medvinsky and Dzierzak, 1996; Taoudi et al., 2008),
suggesting that additional maturation steps are required to promote
the differentiation of these pre-HSC progenitors to functional HSCs
(Medvinsky and Dzierzak, 1996; Taoudi et al., 2008). Studies with
human ESCs have indicated that interactions with appropriate
stromal cell lines in vitro might provide the appropriate maturation
signals required for the generation of HSCs (Ledran et al., 2008;
Narayan et al, 2006; Wang et al., 2005a). Although the
development of long-term repopulating multipotent HSCs under
these conditions remains to be demonstrated, these findings do
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highlight the potential importance of interactions with the
appropriate niche/cellular microenvironment for the differentiation
and maturation of HSCs from PSCs.

The observation that the defined conditions used for the
generation of the two Flk 1P hematopoietic populations from ESCs
could also be used to induce the development of comparable
populations from iPSCs is important, as it demonstrates that the
principles of embryonic development can be applied to these PSCs
as well, even in the absence of fluorescent marker genes. As the
isolation of the d5.25 Flk1P* population with this approach is not
dependent on the use of reporter ESCs, we expect it to be
translatable to the human ESC (hESC) model. Studies with hESCs
suggest that both YS- and P-Sp-derived hematopoiesis are initiated
in the differentiation cultures (Galic et al., 2006; Galic et al., 2009;
Tian et al., 2006; Timmermans et al., 2009; Vodyanik et al., 2005;
Wang et al., 2005a). The onset of YS hematopoiesis has been
defined by the emergence of a KDR-positive hemangioblast
(Kennedy et al., 2007), whereas the development of a VE-
cadherin® CD45~ hemogenic population might be reflective of the
P-Sp program (Wang et al., 2004).

In summary, the findings reported here have identified distinct
ESC-derived FIk1P*® hematopoietic progenitors that display
characteristics of the YS and P-Sp hematopoietic populations found
in the early embryo. Detailed analysis of the emergence of the
second Flk1P* population enabled the identification and isolation
of intermediate populations that represent different stages in the
progression of mesoderm to the putative P-Sp progenitor. Access
to these populations provides a unique opportunity to investigate
the regulatory pathways that control the development of this
hematopoietic progenitor as well as those that promote its
maturation to derivative hematopoietic progeny, including the
HSC. Translation of this approach to human PSCs will represent
an important step forward in modeling human hematopoiesis in
culture as well as in accessing different cell populations for
transplantation therapies.
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