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Summary

Understanding pathways guiding the development of definitive hematopoiesis with lymphoid
potential is essential for advancing human pluripotent stem cell (hPSC) technologies for treatment
of blood diseases and immunotherapies. In the embryo, lymphoid progenitors and hematopoietic
stem cells (HSCs) arise from hemogenic endothelium (HE) lining arteries, but not veins. Here, we
show that activation of arterial program through ETS1 overexpression or by modulating
MAPK/ERK signaling pathways at the mesodermal stage of development, dramatically enhanced
formation of arterial type HE expressing DLL4 and CXCR4. Blood cells generated from arterial
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HE were more than 100-fold enriched in T cell precursor frequency and possessed the capacity to
produce B lymphocytes and red blood cells expressing high levels of BCL11a and p-globin.
Together, these findings provide an innovative strategy to aid in the generation of definitive
lymphomyeloid progenitors and lymphoid cells from hPSCs for immunotherapy through
enhancing arterial programming of HE.

De novo production of hematopoietic and lymphoid cells from /n vitro expandable human
cells, such as human pluripotent stem cells (hPSCs) represents a promising approach for
transplantation and immunotherapies of hematologic diseases and cancers. Although the
feasibility of generating engraftable hematopoietic cells and T lymphoid cells from hPSCs
has been demonstrated (Ledran et al., 2008; Rahman et al., 2017; Sugimura et al., 2017;
Vizcardo et al., 2013; Wang et al., 2005), further translation of these technologies from
bench-to-bedside requires developing of clinically safe protocols for scalable production of
therapeutic cells in defined physiological conditions. Thus, identifying the proper molecular
pathways guiding multipotential lymphomyeloid progenitor specification from hPSCs is
essential to advance T lymphoid cell and HSC manufacturing technologies.

During development, blood cells and HSCs arise from hemogenic endothelium (HE) which
represent a distinct RUNX1-expressing subset of vascular endothelium with capacity to
undergo endothelial-to-hematopoietic transition (EHT) (Boisset et al., 2010; Kissa and
Herbomel, 2010; North et al., 1999; Richard et al., 2013). In contrast to the first wave of
primitive hematopoiesis lacking of lymphoid and granulocytic potential, definitive
hematopoiesis produces the entire spectrum of adult-type erythro-myeloid progenitors
(EMP; second wave), lymphoid cells, cells capable of limited engraftment (third wave), and
HSCs with the capacity for long-term repopulation of an adult recipient (fourth wave)
(reviewed in (Lin et al., 2014; Medvinsky et al., 2011; Tober et al., 2016)). While some
definitive hematopoietic cells such as EMPs can be produced from HE in venous vessels and
capillaries (Frame et al., 2016; Goldie et al., 2008; Li et al., 2005), production of lymphoid
cells and HSCs is mostly restricted to arterial vasculature (de Bruijn et al., 2000; Gordon-
Keylock et al., 2013; North et al., 1999; Rybtsov et al., 2016; Yzaguirre and Speck, 2016).
The apparent lack of venous contribution to lymphoid cells and HSCs (Burns et al., 2009;
Gering and Patient, 2005; Kim et al., 2013; Lawson et al., 2001; Lawson et al., 2002)
suggests that arterial specification of HE could be an essential prerequisite for establishing
definitive hematopoiesis with lymphoid potential. However, discovery of HSC specification
pathways that are uncoupled from arterial patterning (Burns et al., 2009; Monteiro et al.,
2016; Robert-Moreno et al., 2008) raises the question whether arterial programming of HE
is required for establishing definitive hematopoiesis.

In hPSC cultures, HE can be separated from non-HE based on CD73 expression (Choi et al.,
2012; Ditadi et al., 2017). Although previous studies demonstrated arterial commitment
within CD73* non-HE fraction of hPSC-derived endothelium (Ditadi et al., 2015), little is
known about the effect of arterial programming on CD73™ HE. During vascular
development, arterial fate is control by a number of key signaling pathways including
Hedgehog, VEGF, NOTCH, MAPK/ERK, Wnt/B-catenin signaling pathways and ETS,
SOXF and FOXC1/C2 transcription factors (reviewed in (Fish and Wythe, 2015)). Here, we
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found that inducing arterial specification of HE by overexpression of ETS family
transcription factor, ETS1, or through modulation of MAPK/ERK pathways, led to arterial
HE formation with DLL4*CXCRA4*/~ phenotype and definitive erythroid, T and B lymphoid
potentials. Together, these findings suggest that promoting arterial patterning in hPSC
cultures could aid /n vitro approaches to instruct definitive hematopoiesis with lymphoid
potential from hPSCs.

ETS1 induction upregulates SOXF and NOTCH-signaling associated genes and enhances
arterial specification

In embryo, arterial fate is specified following induction of DLL4 expression (Chong et al.,
2011) initiated by signaling through an arterial-specific enhancer located within the third
intron of DLL4that is controlled by ETS factors (Sacilotto et al., 2013; Wythe et al., 2013).
To evaluate whether activation of arterial-specific enhancer affects arterial programming of
HE and hematopoiesis from hPSCs, we engineered H1 human embryonic stem cells (hESC)
carrying doxycycline (DOX)-inducible ETS1 transgene (IETS1-hESCs; Figure S1) and
differentiated them to endothelial and hematopoietic cells in chemically defined conditions
(Uenishi et al., 2014). We treated cultures with DOX beginning at mesodermal stage of
development (day 2 of differentiation) and analyzed the expression of arterial markers DLL4
and CXCR4 (Chong et al., 2011; Yamamizu et al., 2010) on CD144* (VE-cadherin®)
endothelial cells emerging on day 4 of differentiation (Figure 1A). As shown in Figures 1B
and 1C, DOX treatment increased formation of CD144* endothelial cells and induced
expression of DLL4 and CXCR4 in a dose-dependent manner. RNAseq analysis of
endothelial cells isolated on day 4 of differentiation, revealed that DOX treatment led to a
more than 3-fold upregulation in ETS1 mRNA levels along with a marked increase in
arterial specification-associated genes including CXCR4, NOTCH ligand DLL4, NOTCH,
NOTCH4, HEY1, SOXF group genes (SOX7, SOX17,and SOX18) (Corada et al., 2013;
Duarte et al., 2004; Gale et al., 2004; Kim et al., 2007; Sacilotto et al., 2013; Villa et al.,
2001; Yamamizu et al., 2010; Yurugi-Kobayashi et al., 2006), as well as CD93, a gene
associated with emerging HSCs in AGM region (Bertrand et al., 2005), without upregulation
of venous marker NR2F2 (Figure 1D). Arterial genes upregulation was confirmed by RT-
gPCR (Figure 1E) and the lack of NR2F2 venous marker expression was confirmed by
immunofluorescent staining (Figure 1F). Based on these we findings, we concluded that
ETS1 upregulation enhances arterial specification from hPSCs.

ETS1 induction at mesodermal stage enhances definitive hematopoiesis from hESCs.

To determine how ETS1 affects hematopoiesis and whether its effect on hematopoiesis is
associated with arterial program activation in HE, we treated cells with DOX in a stepwise
fashion as depicted in Figure 2A. In our differentiation system, hPSCs undergo a stepwise
progression toward APLNR*PDGFRa* mesoderm with hemangioblast colony forming cells
(HB-CFCs) that reflects primitive hematopoiesis, KDRMI"PDGFRa.!®'~ hematovascular
mesodermal progenitors with definitive hematopoietic potential, CD144*CD43-CD73~ HE
and CD43* hematopoietic progenitors which include CD235a*CD41a*
erythromegakaryocytic progenitors (E-MK) and CD235a/41a~CD45*/~ hematopoietic

Cell Rep. Author manuscript; available in PMC 2019 May 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Park et al.

Page 4

progenitors with lin"CD34*CD90*CD38CD45RA™ hematopoietic stem/progenitor cell
(HSPC) phenotype (Choi et al., 2012; Choi et al., 2009; Uenishi et al., 2014; Vodyanik et al.,
2006) (Figure S2A). Stepwise DOX treatment experiments, revealed that upregulation of
ETS1 during hematovascular mesoderm and HE specification on days 2—4 or 2-6 of
differentiation produced the most profound effect on generation of CD43* and CD45"
hematopoietic progenitors (Figures 2B-2E). Importantly, ETS1 upregulation increased the
proportion and absolute numbers of multipotential CD235a/CD41a-CD45™ progenitors and
CFC-GEMM frequencies (Figures 2C-2F). Typically, colonies from DOX+ were large
(Figure 2F). ETS1 induction before mesoderm establishment (days 0-2) or post-HE stage
(days 6-8) had minimal effect on blood production (Figures 2B-2F). Thus, we concluded
that the window for the optimal effect of ETS1 on hematopoiesis coincided with
amplification of arterial program by ETS1.

To define which type of hematopoiesis is affected by ETS1 overexpression, we evaluated the
effect of DOX treatment on i) hemangioblast (HB) CFCs that reflect the primitive wave of
hematopoiesis (Choi et al., 2012; Kennedy et al., 2007) and ii) on T lymphocytes and -
hemoglobin-producing red blood cells that reflect definitive hematopoiesis (Figure 3A)
(Choi et al., 2012; Kennedy et al., 2012). When cultures were treated with DOX on day 2 of
differentiation, we observed on day 3 a significant decrease in APLNR*PDGFRa* primitive
mesodermal cells (Figure S2B and S2C) and HB-CFCs compared to control (Figure 3B).
This effect was more profound when cultures were treated with DOX from day 0 through
day 3 to ensure maximum ETS1 overexpression on day 3 (Figure 3B, S2B and S2C). In
contrast, DOX treatment starting from day 2 of differentiation increased formation of
CD144*CD43~CD73~ HE with definitive potential (Choi et al., 2012) on day 5 of
differentiation in a dose-dependent manner (Figure 3C). To determine the effect of ETS1
upregulation on T cell potential, we collected CD43* cells from DOX+ and DOX- cultures
and subcultured on OP9-DLL4 stromal cells. Although cells collected from both conditions
generated a similar percentage of CD5*CD7* and CD4*CD8™* T lymphoid cells (Figure 3D),
CD43™ cells from DOX+ cultures produced a dramatically (~8 fold) greater number of T
lymphoid cells per 10* CD43 cells (Figure 3E). In addition, we found that CD43 cells
collected following DOX treatment upregulated adult -hemoglobin and BCL11a genes
associated with definitive erythropoiesis (Sankaran et al., 2008) when cultured in erythroid
conditions (Figure 3F); and produced up to 3-fold more megakaryocytes when cultured in
megakaryocytic conditions (Figure S2E and S2F). Overall, these studies suggest that ETS1
upregulation suppresses primitive and promotes definitive hematopoiesis from hPSCs, most
likely through enhancement of definitive HE specification at the mesodermal stage.

ETS1 overexpression promotes definitive hematopoiesis through NOTCH-mediated

signaling

To determine whether ETS1 induction promotes definitive hematopoietic program in a cell-
autonomous or non-autonomous manner, we mixed tdTomato (tdT) transgenic H1 hESC
with IETS1 H1 hESCs and analyzed hematopoietic development from chimeric cultures
with and without induction of ETS1 expression (Figure 4A). These studies revealed that
ETS1 upregulation enhanced the production of CD43* hematopoietic progenitors, including
CD45™ progenitors, from both tdT* and tdT~ cells (Figure 4B and S3). When hematopoietic
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cells were collected on day 8 of differentiation and assayed for CFC potential, the number of
hematopoietic colonies in both tdT* and tdT~ were increased following DOX treatment
(Figure 4C). Interestingly, after 4 days of culture, endothelial cells in D4 the tdT~ fraction
expressed greater levels of DLL4 as compared to tdT* cells (Figure 4D). These results
indicate that ETS1 overexpression expands DLL4 expressing CD144* endothelial cells and
suggests that ETS1 could promote definitive hematoendothelial program through
upregulation of NOTCH signaling.

To confirm the role of NOTCH activation in promoting definitive hematopoiesis by ETS1,
we evaluated hematopoiesis following ETS1 upregulation in the presence of NOTCH
signaling inhibitor DAPT, and DLL4 neutralizing antibodies (Figure 4E). As shown in
Figures 4F-41, treatment of hESC cultures with NOTCH signaling inhibitor DAPT, or DLL4
antibodies, abrogated effect of ETS1 upregulation on hematopoiesis, thereby confirming the
important role of DLL4 expression and NOTCH activation in ETS1-mediated promotion of
definitive hematoendothelial program.

ETS1 overexpression induces HE with DLL4TCXCR4*/~ arterial phenotype.

Although previous studies found that DLL4* endothelial cells in hPSC cultures have
reduced hematopoietic potential as compared to DLL4™ cells (Ayllon et al., 2015; Ditadi et
al., 2015), we observed that increased definitive hematopoietic cell production following
ETS1 overexpression was correlated with marked increase in cells expressing arterial
markers DLL4 and CXCR4 (Chong et al., 2011; Yamamizu et al., 2010) within the
CD144*CD43-CD73~ HE population (Figures 5A and 5B). This suggests that enhancement
of the definitive hematopoietic program could be attributed to DLL4* HE population that
acquires arterial characteristics, as determined by analysis of EFNBZ, SOX17and NOTCH1
arterial markers by RT-gPCR (Figure 5E). To determine whether DLL4* arterial type HE has
hematopoietic potential, we sorted DLL4* and DLL4"™ cells and assessed blood formation
from them following 5 days secondary culture on OP9-DLL4 (Figure 5D). Although DLL4*
produced a relatively lower number of CD43" cells, the proportion of multipotential
CD235a/CD41a"CD45™" progenitors was greater in DLL4" cultures compared to DLL4~
(Figure 5F). Hematopoietic progenitors collected from DLL4" HE also produced a greater
number of multipotential CFC-GM and -GEMM (Figure 5G) and generated erythroid cells
with substantially higher expression of adult B-hemoglobin and BCL11a (Figure 5H).
Importantly, the most significant difference was observed in the lymphoid potentials of
DLL4* and DLL4~ HE (Figures 51-5K). As shown in Figure 5I, only DLL4* cells had B cell
potential. While both DLL4* and DLL4"™ cells possessed T cell potential (Figure 5J), the
limiting dilution analysis revealed more than a 100-fold enrichment in T cell progenitors in
DLL4" fraction. Interestingly, we have previously shown that in contrast to fetal liver HSCs,
PSC-derived hematopoietic progenitors have decreased expression of HSC homing receptor
CXCR4 (Salvagiotto et al., 2008). As demonstrated in Figure 5C, following ETS1 induction,
not only HE, but CD34*CD43* hematopoietic progenitors upregulated CXCR4 expression.
Together, these data suggest that arterial specification of HE is associated with acquisition of
definitive hematopoietic program. To further characterize DLL4" arterial HE, we evaluated
the hematopoietic potential of CXCR4* and CXCR4™ cells (Figure S4A). As shown in
Figures S4B-4E, both CXCR4* and CXCR4™ fractions of DLL4* HE cells generated
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multipotential CFCs and T cells. However, a more than 3-fold enrichment in T cell
progenitors was observed in blood cells generated from CXCR4* HE cells.

Promotion of arterial specification of HE and definitive hematopoiesis by modulation of
MAPK/ERK signaling

Acrterial specification in the embryo is modulated by multiple pathways, including
MAPK/ERK signaling. It has been shown that indirect ERK activation through inhibition of
Phosphoinositide 3-kinase (P13K) downstream of VEGF receptor signaling, enhances
arterial specification in zebrafish, while inhibition of ERK branch blocks arterial
specification (Herbert et al., 2009; Hong et al., 2006). To determine whether modulating
MAPK/ERK signaling affects arterial specification of HE from hPSCs, we treated
differentiation cultures on days 3 through 6 with PI3K inhibitor LY294002, or MEK1 and
MEKZ2 inhibitor U0126 (Figure 6A). Activation or inhibition of ERK phosphorylation
following corresponding treatments in our differentiation system was confirmed by Western
blot (Figure S5A and S5B). These studies revealed that treatment with LY 294002 enhanced
production of DLL4" arterial type HE, including the DLL4*CXCR4* fraction, while U0126
treatment markedly abrogated formation of DLL4* HE in control and LY294002-treated
cultures (Figures 6B and 6C). We also observed a direct correlation between definitive
hematopoiesis efficacy and arterial specification. When ERK pathways were activated
following HE specification, CFC potential and production of multipotent CD235a/CD41a
~CD45" hematopoietic progenitors on day 8 of differentiation was dramatically increased,
while ERK inhibition abrogated production of these types of cells (Figures 6D-6F). In
addition, T lymphoid potential was significantly increased in cultures treated with LY 294002
and entirely abrogated in cultures treated with U0126. Overall, these observations provide
additional evidence for our hypothesis that enhancing arterial specification of HE is essential
to establishing a definitive hematopoietic program with lymphomyeloid potentials from
hPSCs.

To investigate whether ERK’s effect on arterial HE specification and hematopoietic
development is mediated through NOTCH signaling, we treated differentiation cultures with
LY294002 in the presence or absence of NOTCH inhibitor DAPT. As shown in Figure S5D-
S5G, DAPT treatment abrogated the enhancing effect of LY294002 on formation of
DLL4*CXCRA4*"~ arterial HE and CD235a/CD41a-CD45" multipotential hematopoietic
progenitors, consistent with prior observations in the mouse system that MAPK pathway
specifies arterial identity of non-HE through activation of NOTCH signaling (Wythe et al.,
2013). It has also been demonstrated that MAPK/ERK pathway promotes phosphorylation
of ETS1 and ETS2 (Petrovic et al., 2003; Yang et al., 1996) and other ETS factor members
including ELK1 (Yang et al., 1998) and ERG (Fish et al., 2017). ERG phosphorylation is
required for p300 recruitment to DL L4 arterial-specific enhancer and its activation (Fish et
al., 2017; Wythe et al., 2013). To determine, whether ETS1 activity in our system is
controlled by MAPK/ERK signaling, we assessed how ERK inhibition affects HE
specification and hematopoietic differentiation in the presence of DOX (Figure S6A). We
found that inhibition of ERK phosphorylation with U0126 in DOX-treated cultures
essentially abrogated DOX-mediated induction of DLL4*CXCR4*/~ arterial HE and
CD235a/CD41a-CD45" multipotential hematopoietic progenitors (Figure S6B-S6F). In
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aggregate, these results suggest that MAPK/ERK signaling is critical for ETS1 activity
leading to NOTCH-mediated arterialization of HE and definitive hematopoiesis.

NOTCH and SOXF-mediated transcriptional program is activated in DLL4* arterial HE

To determine the molecular program associated with establishing arterial HE, we performed
RNAseq analysis of DLL4* and DLL4~ HE. As a basis for analysis, genes that were
differentially expressed in a 3-way Bayesian model involving DLL4* versus DLL4~ wild
type HE and DLL4* versus DLL4~ iETS1 HE from DOX cultures (Supplementary Dataset
S1) were used. The transcriptional network relevant to the observed responses was
visualized as described in Supplemental Experimental Procedures. Every node of the
network reflects both regulon-level signal strength related to a particular transcription factor
and the change in mMRNA level of the transcript of the gene encoding that transcription
factor. The relative abundance of mMRNA expression in these networks was coded as node
size, while color density represents enrichment (red) or depletion (blue) of known targets of
that transcription factor (regulon members) among the differentially expressed genes. As
shown in Figure 7A, the increased expression and regulon activity for NOTCH1, SOXF
(S0X17, SOX18), KLF5and BCL6B genes was a distinct feature of DLL4™ arterial HE
from wild type and iETS1 hESCs in DOX cultures, although these features were more
pronounced in iETS1 DLL4* HE. As previously shown, proinflammatory signaling plays an
important role in HSC development (Espin-Palazon et al., 2014; Li et al., 2014).
Interestingly, the regulons of NFKB1 and IRF6 factors were activated in DLL4* cells
suggesting that arterialization of HE is associated with activation of proinflammatory
signaling. Despite ETS1 overexpression in DOX cultures, ETS1 regulon signal in iETS1-
DLL4* HE was poor. This is consistent with our findings that the effect of ETS1 is primarily
mediated through upregulation of signaling from NOTCH1 and likely SOXF transcription
factors, rather than from any immediate activity of ETS1. Overall, these studies suggest that
activation of arterial program in HE is primarily driven by the NOTCH and SOXF-driven
transcriptional programs.

Discussion

In present studies, we demonstrated that definitive hematopoiesis from hPSCs could be
promoted through activation of arterial program in HE through two mechanisms:
overexpression of transcription factor ETS1, which has the capacity to activate arterial-
specific enhancer in the third intron of DL/ 4 gene (Sacilotto et al., 2013; Wythe et al.,
2013), or through modulation of MAPK/ERK signaling by small molecules. Both of these
approaches induced formation of DLL4*CXCRA4*/~ arterial type HE that is highly enriched
in definitive hematopoietic progenitors with T and B lymphoid potentials. In addition,
arterial program activation enhanced production of CD34*CD43* hematopoietic progenitors
expressing HSC homing receptor CXCR4, which is typically not present in hematopoietic
progenitors in traditional hESC differentiation cultures (Salvagiotto et al., 2008). Thus, our
studies suggest that HE lineage similar to non-HE lineage can undergo arterialization
(Figure 7B). These /n vitro findings correlate with /n vivo observations that demonstrated
expression of DLL4 arterial marker by HE underlying intra-aortic hematopoietic clusters in
the avian AGM (Richard et al., 2013), significant enrichment in pre-HSCs in the DLL4*
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fraction of mouse AGM HE (Hadland et al., 2017) and selective impairment of
hematopoiesis in the dorsal aorta, but not yolk sac, in £/782"~ mice (Chen et al., 2016).

The effect of ETS1 and MAPK/ERK signaling on arterial HE specification was primarily
mediated through upregulation of DLL4 expression and activation of NOTCH signaling. In
addition, epistasis experiments revealed a strong dependence of ETS1 activity on
MAPK/ERK signaling during HE development. Prior studies in zebra fish revealed that
VEGF/ERK signaling induces phosphorylation ETS transcription factor ERG in non-HE
(Fish et al., 2017; Wythe et al., 2013). This phosphorylation enhances DNA binding activity
of ERG leading to activation of arterial-specific DLL4 enhancer. Since ETS1 is
phosphorylated by MAPKSs (Petrovic et al., 2003; Yang et al., 1996), it is highly likely that
ETS1 effect on arterial specification of HE is controlled by VEGF/MAPK signaling in a
similar manner.

Discovering the important role of arterial programming in lymphoid development from
PSCs, allowed us to significantly improve T cell progenitor production in defined conditions
by applying small molecules to enhance formation of arterial type HE. Scalable T cell
production is essential to advance translation of iPSC-based immunotherapies into the clinic.
However, in vivo studies from ETS1-induced cultures have failed to show evidence of long
or short-term engraftable cells (data not shown). As we demonstrated the effect of ETS1 or
MAPK/ERK signaling on hematopoiesis is mostly mediated through activation of NOTCH
signaling. NOTCH signaling must be downregulated following EHT (Lizama et al., 2015),
most likely through cis-inhibition (Hadland et al., 2017), and fine tuning of NOTCH
signaling is required for the appropriate pre-HSC type | HSC development and transition
into pre-HSC type Il (Souilhol et al., 2016). Thus, excessive activation of arterial program
and NOTCH following ETS1 overexpression in our study may not allow for appropriate
calibration of NOTCH signaling during EHT and establishment of the self-renewal program
required for engraftment. It is also possible that arterial program activation is required, but
not sufficient for HSC induction ex vivo. Studies in zebra fish revealed that HSC
specification is also regulated by mechanisms uncoupled from arterial patterning (Burns et
al., 2009; Monteiro et al., 2016). Molecular profiling of PSC-derived phenotypical HSCs in
human and mouse systems has revealed that in addition to a deficient Notch-signaling
signature (McKinney-Freeman et al., 2012), ex vivo generated cells compared to their in
vivo counterparts, demonstrated deficiency in HOXA and AP-1 complex gene expression
that are functioning independently of arterial programming (Dou et al., 2016; Ng et al.,
2016; Salvagiotto et al., 2008; Sugimura et al., 2017). Our RNAseq studies found no
sunstantial effect of ETS1 on the expression of HOXA and AP-1 complex genes, suggesting
that ETS1-activated arterial programming has a major effect on NOTCH-mediated
developmental pathways, but fails to affect molecular programs uncoupled from arterial
development. Thus, further exploration of the interplay between mechanisms coupled and
uncoupled with arterial specification and deciphering kernels for the gene regulatory
network required for HSC development, will be essential to further advance HSC generation
for clinical purposes.
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Experimental Procedures

hESC lines maintenance and hematopoietic differentiation

H1 hESCs were obtained from WiCell Research Institute (Madison, WI). H1 hESC line, the
iETS1 H1 hESC line and the tdTomato H1 hESC lines were maintained on matrigel in
mTeSR1 medium. Cells were passaged every 3—-4 days using 0.5 mM EDTA in PBS. The
hESC lines were differentiated on CollV coating plate (Uenishi et al., 2014). Singular iIETS1
hESCs were plated 10,000 cells/cm? to 6 well plates coated with CollV (Sigma). After 1
day, media was changed to IF9S media with 50 ng/ml FGF (Peprotech), 50 ng/ml BMP4
(Peprotech), 15 ng/ml Activin A (Peprotech) and 2 mM LiCl (Sigma). On day 2, media was
changed to IF9S media with 50 ng/ml FGF and 50 ng/ml VEGF (Peprotech). On day 4,
media was changed to IF9S media with 50 ng/ml FGF, 50 ng/ml VEGF, 50 ng/ml TPO
(Peprotech), 50 ng/ml SCF (Peprotech), 50 ng/ml IL-6 (Peprotech) and 10 ng/ml IL-3
(Peprotech). On day 6, IF9S media with cytokines the same as day 4 media was added to the
culture.

Assessment of hematopoietic potential of DLL4™ and DLL4*CXCR4*/~ HE.

The IETS1 DOX-treated cells from day 5 of culture were dissociated into single cells by
treatment with 1X TrypLE and stained with DLL4-PE, CD144-PerCPVio700, CD43-APC
and CD73-BV421 antibodies and then sorted using a FACSAria Il cell sorter (BD
Biosciences) for isolation of DLL4* and DLL4~ HE. For isolation of CXCR4* and CXCR4-
DLL4* HE, cells were stained with DLL4-PE, CD144-PerCPVio700, CXCR4-PEVio770,
CD73-APC and CD43-APCVio770 antibodies and sorted using a FACSAria Il (BD
Biosciences). Isolated day 5 DLL4*CD144*CD73-CD43" and
DLL4~CD144*CD73"CD43™ HE, or CXCR4*DLL4*CD144*CD73"CD43™ and CXCR4"
DLL4*CD144*CD73"CD43~ HE were cultured at a concentration of 4x104 cells per well
on a monolayer of Mitomycin C (Cayman Chemicals)-pretreated OP9 cells expressing
human DLL4 (OP9-DLL4) in medium with SCF (50 ng/ml), TPO (50 ng/ml), IL-3 (10
ng/ml) and IL-6 (20 ng/ml) (PeproTech) in 6-well plates as described previously (Choi et al.,
2012). After 5 days of cultures on OP9-DLL4, cells were harvested and analyzed by flow
cytometry. The floating CD43* cells were collected for T cell or RBC differentiation.

T and B cell differentiation

T cell differentiation of hESC-derived hematopoietic precursors was performed on OP9-
DLL4 in T cell differentiated medium consisting of a-MEM (Gibco) supplemented with
20% FBS (HyClone), 5 ng/ml FLT3L, 5 ng/ml IL-7 and 10 ng/ml SCF (PeproTech) as
described previously (Uenishi et al., 2014). For B cell differentiation, sorted DLL4* and
DLL4™ HE cells were cocultured on OP9 for 4 weeks in a MEM medium containing 20%
FBS, FLT3L (5 ng/ml) and IL7 (5 ng/ml) (PerproTech). Cultures were fed with complete
media changes weekly. Presence of B cells was confirmed via staining with CD19 APC
(Miltenyl Biotech) and CD10 PE (BD Biosciences) antibodies.

Cell Rep. Author manuscript; available in PMC 2019 May 22.
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Limiting dilution assay to determine frequency of T cell progenitors

Limiting Dilution Assays were conducted with the floating blood cells collected from
DLL4* and DLL4~ HE or CXCR™* and CXCR™DLL4* HE cultured on OP9-DLL4 for 5
days. Row A of a 96-well plate received 500 cells/well, and each subsequent row afterwards
received half the previous row (e.g. Row B contained 250, Row C contained 125, etc, until
eventually Row H contained 3—4 cells). Wells were assessed 2 weeks later under microscope
for presence of floating blood cells and by flow-cytometry for CD5*CD7* expressing cells.
Extreme limiting dilution analysis was conducted using a previously established algorithm
(Hu and Smyth, 2009).

Flow cytometry

Cells were analyzed using MACSQuant Analyzer 10 (Miltenyi Biotec) and FlowJo software
(Tree star). Cell surface staining utilized the antibodies listed in Table S1. FACS plots with
FMO controls and graduations used to identify and gate hematopoietic progenitor and HE
subpopulations are presented in Supplementary Figure S7.

DAPT and DLL4 antibody treatment

Notch signaling was blocked by DAPT (-y-secretase inhibitor/GSI, 10 uM, Cayman
Chemicals) or DLL4 blocking antibody (10 ug/ml, Creative BioLabs).

LY294002 and U0126 treatment

MAPK/ERK pathway was activated using LY 294002 (2-3 pM, Cayman Chemicals) and was
inhibited using U0126 (1-2 Mm, Cayman Chemicals)

Quantitative real time PCR

Total RNA was isolated using the RNeasy Plus Micro Kit (Qiagen). RNA was reverse
transcribed into cDNA using Oligo(dT) with ImProm-11 Reverse Transcriptase (Promega).
Real time quantitative PCR was performed in triplicate using SYBR Advantage qPCR
Premix (Clontech) on Mastercycler ep realplex (Eppendorf). Gene expression was evaluated
as DeltaCt relative to the RPL13agene. Primer sequences are listed in Table S2.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. ETSL induction enhances arterial specification of hPSCs.
(A) Experimental scheme. iIETS1 hESC were differentiated in defined conditions with or

without DOX for 4 days and evaluated for expression of arterial markers in CD144*
endothelial cells. (B) The effect of DOX treatment on generation of CD144* endothelial
cells. (C) Flow cytometric analysis of arterial markers expression by hESC-derived
endothelial cells following DOX treatment (1, 1.5 or 2 ug/ml) for 2—-4 days. Representative
data of three independent experiments is shown. (D) Heat map of arterial and venous genes
expression in day 4 KDR*CD144* endothelial cells obtained with or without ETS1
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induction as determined by RNAseq analysis. Log2-transformed Transcripts Per Million
(log2(TPM)) are used for color mapping. (E) RT-gPCR analysis confirms upregulation of
arterial genes following DOX treatment. (F) Immunofluorescent analysis of NR2F2
expression by iETS1-hESCs derived KDR*CD144* endothelial cells in DOX-treated
conditions. Human umbilical vein endothelial cells (HUVECs) served as positive control for
NR2F2 expression; scale bar is 50 um. Bar graphs in (B) and (E) are mean + SD of at least
three independent experiments; *p<0.05; **p<0.01; ***p<0.001. See also Figure S1.

Cell Rep. Author manuscript; available in PMC 2019 May 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Park et al. Page 17

A Mesoderm
Specification and HE Hematopoietic
Patterning Formation Progenitors

DO D1 D2 D3 D4 D5 D6 D7 D8 / Flow cytometry

]
I T T T 1 T T T 1
™~ CFC assay
Dox0-2 _ Dex24 . poxds
e Dox 6-8
_—
B No Dox Dox 0-2 Dox 2-4 Dox 4-6 Dox 6-8
6 0
o
<
Q
@)
L 74
A
©
o}
(%2]
AN
a) 2
()
C , D . .
15 525 *xx & 60 L 24000, 2800, - 515000,
*% *% = a * e 21_) [0
%10 o gfg - G 40 x 3000 £ 600 210000
2. 5810 3 § 2000{ 7@ 3400 2
O . ~ - c i ” T
R ° x 2o 5 : 5% i 1000 200 § 5000
0 30 * R0 3 o S ol=M 5 o
% 9 X oD NN ER + o S+ © o
<>°++°'m&'i“’°¥‘b+"“b S +°‘+Q’+q’ Sy +°‘ gk R S 00
P FPP PP N PSPPSR N FPPF P éooo %ooo V\p
NoDox Dox0-2 Dox2-4 1000 1 gm v CFU-GEMM
- 800 M GEMM " E BEce '
o GM o
S o0 muy -
Q mG B
Dox4-6 Dox6-8 Dox2-6 ¢ 400+ BFU-E
200 4 : o
ol o Y
> o 9 | ©
- o S P _& E 3
BN CD235a/41aCD45 Bl CD235a/41a'CD45 o P U S A
B CD235a/41a*CD45 ~ CD235a/41a*CD45* RO O R VR VMR

Figure 2. Stage-specific effect of ETS1 on hematopoietic development.
(A) Experimental scheme. (B) Flow cytometric analysis of the hematopoietic progenitors

obtained from iETS1 hESCs treated with DOX at indicated time points. Representative
experiment of three independent experiments is shown. (C) The percentage of hematopoietic
and endothelial cells in day 8 of differentiation cultures following DOX treatment at
indicated time points. (D) Bar graph shows the total number of CD43*, CD45* and CD144*
generated from 10% iIETS1-hESCs in DOX-treated and untreated conditions. (E) Pie charts
display the composition of CD43* subsets. (F) Hematopoietic colony-forming potential of
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iIETS1 hESCs treated with DOX at indicated time points. Photographs show GEMM and
BFU-E colonies generated from DOX-treated cultures. Image bar is 200 pm. Bar graphs in
(C), (D) and (F) are mean £ SD. for two independent experiments performed in duplicates;
*p<0.05; **p<0.01; ***p<0.001 compared to no DOX treatment. See also Figure S2.
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Figure 3. ETSL induction suppresses primitive while promoting definitive hematopoiesis.
(A) Experimental scheme. (B) Effect of ETS1 induction on hemangioblast (HB)-CFCs. (C)

Flow cytometric analysis shows the increase of CD144*CD73~CD235a/43~ HE population
at day 5 of differentiation of iIETS1-hESC cultures treated with DOX for 2-5 days. (D)
CD43™ cells generated in DOX-treated and untreated cultures possess T cell potential.
Representative experiment of 3 independent experiments shows the expression of T cell
markers on CD45-gated cells in T cell differentiation cultures. (E) Bar graph shows the total
number of T cells generated from 104 CD43* cells obtained from iETS1-hESCs in DOX-
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treated and untreated conditions. (F) Ratio of p/e and B/y globin chain and BCL11a gene
expression as measured by RT-gPCR in red blood cell cultures generated from CD43" cells
obtained from DOX-treated and untreated iETS1-hESC cultures. Bar graphs in (B), (C), (E)
and (F) are mean + SD of at least three independent experiments. *p<0.05; **p<0.01;
***n<0.001 compared to no DOX treatment. See also Figure S2.
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Figure 4. ETS1 induction promotes hematopoiesis through upregulation of NOTCH signaling.
(A) Schematic diagram of experiment with chimeric hESC cultures. Mixture of tdTomato™

iETS1 and tdTomato* H1 hESCs were cultured with or without DOX (2 pg/ml) for 2-6 days
during hematopoietic differentiation in chemically defined culture conditions. (B) Flow
cytometric analysis of hematopoietic development on day 8 of differentiation following
gating tdTomato™ or tdTomato™ (iETS1) cells in DOX-treated and untreated cultures. (C)
Hematopoietic colony-forming potential of tdTomato* or tdTomato™ cells on day 8 of
differntiation. (D) Flow cytometric analysis of DLL4 expression in day 4 KDR*CD144*
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population following gating tdTomato™ or tdTomato™ cells in DOX-treated and untreated
cultures. (E) Schematic diagram of experiment to assess the role of NOTCH signaling in
ETS1-mediated effect on hematopoiesis. The effect of DAPT treatment on blood production
(F) and CFC potential (G) in cultures treated with DOX. The effect of DLL4 neutralizing
antibodies on blood production (H) and CFC potential (1) in cultures treated with DOX. Bar
graphs in (B), (C), (G) and (I) are mean = SD of three independent experiments; *p<0.05,
**p <0.01; ***p<0.001. See also Figure S3.
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Figure 5. ET S1 promotes specification of arterial type HE.

0 50 100 150 200 250
dose (number of cells)

(A) and (B) DOX treatment enhances specification of DLL4*CXCR4*/~ arterial type HE in
dose-dependent manner. (C) DOX-treatment enhances production of CD34*CD43™*

hematopoietic progenitors expressing CXCR4™ in a dose-dependent manner. (D) Schematic
representation of the experimental strategy to assess hematopoietic potential of DLL4* and

DLL4™ HE. (E) RT-gPCR analysis of arterial genes in D
Hematopoietic (F) and CFC (G) potential of DLL4* and

LL4* and DLL4™ HE.
DLL4™ HE. (H) Ratio of /e and p/

v globin chain and BCL11a gene expression as measured by RT-qPCR in red blood cell
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cultures generated from DLL4* and DLL4~ HE. (1) B cell potential of DLL4* and DLL4~
HE. (J) T cell potential of DLL4* and DLL4~ HE. Flow cytometry plot depicts percentage
of CD4*CD8* T cells. (K) Limiting dilution assay to determine frequency of T cell
progenitors in DLL4" and DLL4~ HE cultures. Bars in (B), (C), (E), (F), (G) and (H) are
mean + SD of at least three independent experiments; *p<0.05, **p <0.01; ***p<0.001. See
also Figure S4.
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Figure 6. Modulation of MAPK/ERK signaling enhances arterial specification and definitive
hematopoiesis from hESCs.

(A) Experimental scheme. Effect of LY294002 and U0126 on arterial HE specification (B)
and (C), hematopoietic (D)-(E), CFC (F) and T cell development (G) and (H) from hESCs.
Bars in (C), (E), (F) and (H) are mean + SD of at least three independent experiments;
*p<0.05, **p <0.01; ***p<0.001. See also Figure S5-S6.

Cell Rep. Author manuscript; available in PMC 2019 May 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Park et al.

hPSCs

Page 26
DLL4*vs DLL4" wild type HE DLL4*vs DLL4- iETS DOX+ HE
@9 & s

o
N/

£ )
| 2znFess |

TN

g

> p ;}ii ( 4 N ‘
1

N S
iy 4

1

S ./
=4
.'..\

A
/i

9.
[ <)
N ZNF2;
ZNF702P O
g
(ore) £ g
(a178) e
4

Lymphomyeloid
DLL4'CXCR4*  hematopoiesis
HE
5 — ane . @9
cD144)cD73 g | ETS! O)
HE lineage 3 | MAPK/ERK
5 | NOTCH DLL4-CXCR4-
;=
< HE '

7 I S .
Primitive and myeloid

KDR*CD144-
Mesoderm \ DLL4*CXCR4* restricted hematopoiesis

= . EC
S LB
CD144'CD73* § '
non-HE lineage ®©
I3 DLL4-CXCR4
T ., _EC
Ci /! -

Figure 7. Gene expression profiling reveals activation of NOTCH and SOXF-mediated
transcriptional programsin DLL4" arterial HE.

(A) Transcriptional regulatory network reconstructed based on analysis of differentially
expressed genes in DLL4* and DLL4~ HE cells. Nodes size represents the relative
abundance of mRNA of the respective gene, computed as log2 (fold change) in DLL4* and
DLL4™ HE cells (see balloon size scale below; U is upregulated, NC is no change and D is
downregulated). Color density represents enrichment (red) or depletion (blue) of known
targets of that transcription factor (regulon members) among the differentially expressed
genes. Color scale: numbers are signed log-transformed FDR values -log10(FDR) for
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upregulation (positive numbers), log10(FDR) for dowenregulation (negative numbers).
Network visualization was performed using Cytoscape ver. 3.4.0 (Shannon et al., 2003). (B)
Schematic of arterial HE induction from hPSCs by overexpression of ETS1 or modulation of
MAPKI/ERK signaling pathways. At least two distinct HE and no-HE endothelial cell
lineages are formed in hPSC cultures from mesoderm. As previously shown, CD73* non-HE
specifies into arterial and venous endothelial populations (Ditadi et al., 2015). In present
study, we show that similar to non-HE, HE undergoes specification into arterial and venous-
type populations with definitive lymphomyeloid and restricted erythro-myeloid
hematopoietic potential, respectively. Arterial specification of HE can be promoted by
overexpression of ETS1 or by modulation of MAPK/ERK signaling pathways.
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