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Introduction
In the developing embryo, the earliest hematopoietic activity is
characterized by lineage-restricted progenitors that arise initially
in the yolk sac prior to and independent of hematopoietic stem
cells (HSCs) (1-4). In contrast, the first definitive HSCs — defined
by their capacity for long-term, multilineage engraftment in adult
recipients — are detected thereafter in arterial vessels, such as the
dorsal aorta, of the region known as the aorta-gonad-mesonephros
(AGM) (5) and subsequently home to the fetal liver, where HSCs
undergo further maturation and significant proliferative expansion
prior to seeding the marrow (6, 7). Importantly, identifying the
resident niche signals that distinctly support the specification and
initial self-renewal of definitive HSCs could improve our ability to
generate transplantable HSCs from pluripotent stem cells or repro-
grammed cells, and thus have significant therapeutic implications.
The transition to definitive HSCs occurs from VE-cadherin®
endothelial-like precursors called hemogenic endothelium (HE)
in the context of the arterial vasculature via maturation through
HSC precursors (8, 9), suggesting the vascular niche provides
signals for HSC induction from HE. While HE cells are pheno-
typically indistinguishable by most known surface markers from
nonhemogenic endothelial cells (ECs), they express hematopoi-
etic transcription factors, such as RUNX1, during the endothe-
lial-to-HSC transition (10, 11). Recently, this transition has been
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Hematopoietic stem cells (HSCs) first emerge during embryonic development within vessels such as the dorsal aorta of the
aorta-gonad-mesonephros (AGM) region, suggesting that signals from the vascular microenvironment are critical for HSC
development. Here, we demonstrated that AGM-derived endothelial cells (ECs) engineered to constitutively express AKT
(AGM AKT-ECs) can provide an in vitro niche that recapitulates embryonic HSC specification and amplification. Specifically,
nonengrafting embryonic precursors, including the VE-cadherin-expressing population that lacks hematopoietic surface
markers, cocultured with AGM AKT-ECs specified into long-term, adult-engrafting HSCs, establishing that a vascular niche
is sufficient to induce the endothelial-to-HSC transition in vitro. Subsequent to hematopoietic induction, coculture with
AGM AKT-ECs also substantially increased the numbers of HSCs derived from VE-cadherin‘CD45* AGM hematopoietic cells,
consistent with a role in supporting further HSC maturation and self-renewal. We also identified conditions that included
NOTCH activation with an immobilized NOTCH ligand that were sufficient to amplify AGM-derived HSCs following their
specification in the absence of AGM AKT-ECs. Together, these studies begin to define the critical niche components and
resident signals required for HSC induction and self-renewal ex vivo, and thus provide insight for development of defined in
vitro systems targeted toward HSC generation for therapeutic applications.

visualized in the dorsal aorta as clusters of hematopoietic cells
(expressing initial hematopoietic markers c-KIT and CD41, fol-
lowed by CD45) bud from the underlying endothelium within the
vascular wall (12-14), suggesting dynamic interactions between
emerging hematopoietic cells and cells of the vascular niche reg-
ulate the process of HSC formation. Importantly, the niche must
provide signals that not only promote HSC induction from HE, but
subsequently limit lineage-restricted differentiation and promote
HSC self-renewal. Notably, signals to support HSC amplification
are present in AGM explant or reaggregation cultures ex vivo;
These signals were shown to correlate with survival of ECs (15,
16). The capacity of primary ECs from the paraaortic splanchno-
pleura (P-Sp) — the mesodermal precursor to the AGM region —to
support HSC activity from adult BM during in vitro coculture was
demonstrated by Li and colleagues (17), while other studies have
shown that stromal cell lines derived from the AGM region, some
of which have endothelial properties, can support both embryonic
and adult HSC maintenance in vitro (18-20). Furthermore, previ-
ous studies from our labs and others have established a role for the
vascular niche in supporting adult marrow-derived HSCs ex vivo
(21-24). However, it has not previously been established whether
an EC niche, such as from the AGM, is sufficient to induce the
specification of bona fide, long-term engrafting HSCs from non-
engrafting embryonic precursors, including HE, and support sub-
sequent numerical expansion of embryonic-stage HSCs.

Within the AGM, NOTCH signaling is essential for HSC devel-
opment and is thought to be mediated by cell-to-cell interactions
involving dynamic NOTCH receptor expression on hematopoietic
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cells emerging from underlying ECs expressing NOTCH ligands
(25). Whereas NOTCH signaling is dispensable for the earlier yolk
sac-derived primitive and erythromyeloid phases of hematopoie-
sis, knockout and chimeric analysis in murine embryos demon-
strated that NOTCHI signaling is required for definitive HSCs that
can contribute to long-term multilineage hematopoiesis (26, 27).
In this context, NOTCHI activation is known to play a role in arte-
rial endothelial fate and in embryonic HSC specification mediated
via downstream transcription factors such as GATA2, HESI, and
RUNX1 (28-31). Notably, a recent study also suggests a function
for NOTCHLI signaling supporting fetal liver HSCs (32), a unique
period when HSCs are undergoing substantial proliferative expan-
sion. Although canonical NOTCH signaling does not appear to be
required for adult HSCs during homeostasis (33), NOTCH2 activa-
tion may promote HSC self-renewal by limiting their differentia-
tion under certain proliferative conditions, such as after BM injury
(34). Thus, NOTCH activation mediated by ligand expression
within cells of various hematopoietic niches may play a role in sup-
porting multiple phases of HSC development from specification to
self-renewal. Further understanding of the effects of stage-specific
NOTCH activation in nascent HSCs and their precursors from the
AGM may increase our ability to generate HSCs ex vivo.

To dissect the niche requirements for embryonic HSC devel-
opment, we describe here the use of ECs derived from the AGM as
a substrate to recapitulate early HSC specification and amplifica-
tion in vitro. We utilized primary AGM ECs in which constitutive
AKT activation was induced to generate an in vitro vascular niche
suitable for coculture in serum-free conditions, and show that
AKT-activated AGM-derived ECs (AGM AKT-ECs) provide sig-
nals sufficient to promote induction of engrafting HSCs from non-
engrafting embryo-derived precursors, including HE. Further-
more, these ECs enhance subsequent expansion of HSC numbers
from specified VE-cadherin*CD45* hematopoietic cells from the
AGM. We further identified conditions with NOTCH activation,
cytokines, and TGF-p inhibition that were sufficient to support an
increase of AGM-derived, long-term HSCs but were insufficient
in generating HSCs from HE. Altogether, these studies begin to
deconstruct the necessary conditions to promote induction and
self-renewal of HSCs ex vivo, which will further the goal of devel-
oping methods using defined reagents to generate HSCs in vitro
for therapeutic purposes.

Results

AGM-derived ECs are sustained in culture by induced AKT activa-
tion and express NOTCH ligands. Based on the close association
of emerging hematopoietic cells in the AGM with the underlying
arterial endothelium, we sought to test whether AGM-derived
ECs could provide an in vitro substrate for HSC induction and self-
renewal. To generate ECs from the AGM region, we cultured
sorted VE-cadherin'CD45" or VE-cadherin®*CD45CD41 cells
from dissociated AGM dissected from embryonic day 10-11 (E10-
E11) embryos in endothelial-supportive media to generate colo-
nies of VE-cadherin*CD31" cells (Figure 1, A and B). AGM-derived
ECs were sustained in culture by infection with a lentivirus encod-
ing constitutively active AKT1 (myristoylated AKT1; MyrAKT)
(23). This method has been used to culture primary ECs from
other organs, promoting EC survival in serum/growth factor-free
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conditions to study EC contribution to stem/progenitor cell niches
in vitro (35). AGM AKT-ECs express endothelial markers VE-cad-
herin, CD31, and FLK1 — as well as SCA-1 and low levels of CD34
— and lack expression of hematopoietic marker CD45 (Figure 1B).
Furthermore, AGM AKT-ECs demonstrate relatively homogenous
expression of NOTCH ligands, including Jagged1 (JAG1), Jagged2
(JAG2), Delta-like-1 (DLL1), and Delta-like-4 (DLL4) (charac-
teristic of arterial endothelium), compared with more heteroge-
neous expression of NOTCH ligands on fresh AGM ECs (gated as
VE-cadherin*CD45°CD41) from dissected embryos (Figure 1C;
control staining in Supplemental Figure 1; supplemental material
available online with this article; doi:10.1172/JCI80137DS1).
Although the population from which AGM AKT-ECs are derived
may contain a small proportion of HE cells at the time they are iso-
lated that cannot be distinguished by known surface markers, we
observed no residual hematopoietic potential of the AGM AKT-
ECs once established, as assayed by generation of phenotypic
CD45" cells, hematopoietic colony-forming potential, or trans-
plantation assays following culture of AGM AKT-ECs alone with
hematopoietic cytokines (AGM AKT-EC only), in experiments
performed in parallel with coculture experiments described below
(Figure 2 and data not shown).

AGM-derived EC coculture induces HSCs from E9-E10 VE-cad-
herin® precursors. Previous studies demonstrated that HSC activity
can be detected in the AGM at low frequency (3 mice engrafted
from 112 embryos) as early as E10.5 (34-41 somite pairs [sp]) by
direct transplantation to adult recipients (5). Prior to this stage,
between E9 and E10, in vitro multipotent hematopoietic progeni-
tors and precursors capable of engraftment into conditioned new-
born mice can be detected in the VE-cadherin* and c-KIT* popula-
tions (36, 37), suggesting that further maturation from precursors
before E10.5 is required prior to attaining the capacity for multi-
lineage engraftment into adult recipients. To determine whether
AGM AKT-ECs can promote HSC induction from developmental
precursors, we isolated VE-cadherin® cells from E9.5-E10 (25-32
sp) P-Sp/AGM for coculture in the presence of serum-free media
(X-Vivo) and hematopoietic cytokines (TPO, SCF, IL3, FLT3L)
(Figure 2A). Sorted E9.5-E10 VE-cadherin® cells gave rise visually
to colonies of apparent hematopoietic cells during coculture on
AGM AKT-ECs (Figure 2B). Hematopoietic identity of cells gen-
erated in coculture was confirmed by FACS demonstrating surface
expression of the pan-hematopoietic marker CD45* (Figure 2C). A
subset of cells also expressed markers of myeloid lineage (Grl and
F4/80), erythroid lineage (TER119), and stem/progenitor cells
(LSK phenotype: SCA-1*, c¢-KIT¥, lineage marker-negative) (Sup-
plemental Figure 2). Compared with the initial VE-cadherin® pre-
cursor population and with cells cultured under control conditions
without ECs, cells cultured on AGM AKT-ECs generated enhanced
numbers of total hematopoietic cells, LSK stem/progenitor cells,
and colony-forming progenitors (Figure 2, D and E). Most impor-
tantly, E9.5-E10 P-Sp/AGM VE-cadherin® cells cultured on AGM
AKT-ECs also generated HSCs capable of high-level, multilineage
engraftment at more than 20 weeks after transplant in peripheral
blood (PB), BM, thymus, and spleen of transplanted adult con-
genic-strain mice. These HSCs were also capable of multilineage
engraftment following transplantation into secondary recipients
(Figure 2, F and G, and Supplemental Figure 3A). Similar high-
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Figure 1. Constitutive AKT expression permits culture of AGM AKT-EC -expressing NOTCH ligands. (A) Schematic of method for generation of AGM
AKT-ECs. Image of cultured AGM AKT-ECs, maghnification x100. Dotted box indicates approximate region of the AGM. (B) Surface expression of endothe-
lial markers VE-cadherin and CD31 on primary EC colonies cultured from AGM region and in AGM AKT-ECs following MyrAKT lentiviral transduction and
expansion. Surface expression of FLK1, SCA-1, CD34, and CD45 in AGM AKT-ECs. Sub-plots show EC staining with isotype control antibodies. (C) Surface
expression of NOTCH ligands JAG1, JAG2, DLL1, and DLL4, and corresponding isotype controls (shown in gray) on freshly sorted AGM endothelium (gated as

VE-cadherin*CD45-CD417) and AGM AKT-ECs.

level, multilineage engraftment was observed from VE-cadherin*
cells cultured with multiple, independently generated AGM AKT-
ECs (Figure 2H). Furthermore, VE-cadherin® cells capable of gen-
erating HSCs with long-term, multilineage engraftment into adult
mice were detected as early as E9 (13-20 somite pairs [sp]), follow-
ing 7 days of coculture with AGM AKT-ECs (Figure 2H). In con-
trast, control cultures without ECs or on OP9, a stromal line that
supports hematopoietic progenitor activity in culture (38), did not
produce engrafting cells (Figure 2, F and H). As expected, freshly
sorted, uncultured VE-cadherin* cells from E9.5-E10 P-Sp/AGM
did not engraft adult recipients, nor did AGM AKT-ECs cultured
alone under hematopoietic conditions without P-Sp/AGM cells
(Figure 2H). Altogether, these results demonstrate that AGM AKT-
ECs express niche factors capable of promoting HSC induction in
vitro from nonengrafting VE-cadherin* precursors.

AGM-derived ECs coculture induces HSCs from E9-EIO HE.
Beginning after E9 in the P-Sp/AGM, the VE-cadherin* popu-
lation contains both ¢-KIT~ ECs as well as ¢-KIT* hematopoietic
progenitor cells (HPCs), which also express low levels of the early
Volume 125  Number 5
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hematopoietic marker CD41 (14) (see below). c-KIT/CD41 expres-
sion identifies the earliest HSC precursors that can be matured to
adult-engrafting HSCs by reaggregation culture (39, 40) or by pri-
mary transplantation to conditioned newborn mice (36). The VE-
cadherin‘c-KIT" endothelial population contains a small portion
of HE not yet expressing hematopoietic surface markers and thus
indistinguishable from nonhemogenic ECs at this stage by known
surface markers. To determine the subset of VE-cadherin® cells
that could give rise to HSCs, we initially separated VE-cadherin*
cells into VE-cadherin*c-KIT* HPCs or VE-cadherin*c-KIT- ECs
(containing HE) from E9.5-E10 P-Sp/AGM for coculture (Figure
2A). Notably, both VE-cadherin*c-KIT* HPCs and VE-cadherin®
c-KIT" ECs/HE generated engrafting HSCs following AGM AKT-
EC coculture (Figure 3A).

While these results suggested the capacity of AGM AKT-ECs
to induce HSCs from HE in vitro, further validation was necessary
to rule out the possibility of contamination of the VE-cadherin*
¢-KIT" population with HPCs. Thus, we also examined the poten-
tial of HE defined by absence of expression of CD41, the earliest
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Figure 2. Coculture on AGM AKT-ECs generates long-term HSCs from E9.5-E10 P-Sp/AGM VE-cadherin* precursors. (A) Schematic of experimental
design. Dotted box indicates approximate region of the P-Sp/AGM. (B) Formation of hematopoietic colonies (magnification x100) and (C) CD45* cells from
sorted P-Sp/AGM VE-cadherin* cells during coculture with AGM AKT-ECs or without ECs. Also shown are AGM AKT-ECs cultured with hematopoietic cyto-
kines but without P-Sp/AGM cells (AGM AKT-EC only). (D) Total CD45*, myeloid (Gr1* and/or F4/80"), and LSK cells generated per embryo equivalent (ee) of
starting cells. Shown is mean + SD (n = 3), from representative experiment (n = 3). (E) CFU progenitors per ee of starting cells. Shown is mean + SD

(n = 3), from representative experiment (n = 2). (F) Engraftment of VE-cadherin* cells cultured on AGM AKT-ECs or control (no EC). Shown at each time
point is mean + SD of PB engraftment (n = 4 experiments, 23 total mice), transplanted at 0.5-2 ee. (G) Donor-derived PB engraftment at >16 weeks from

n = 4 primary recipients transplanted to each of 2 secondary recipients. (H) Engraftment in PB at >16 weeks after transplant from E9.5-E10 VE-cadherin*
cells transplanted directly after sort (uncultured) with 2 ee, following coculture on OP9, or on multiple independent AGM AKT-ECs (#1-4) transplanted with
1-2 ee of cells. *Transplant from cocultured cells from ES P-Sp (13-20 sp). Control AGM AKT-ECs cultured with hematopoietic cytokines but without P-Sp/
AGM cells were also tested for engraftment (AGM AKT-EC only). Numbers above indicate fraction of mice with multilineage engraftment, designated by
data points in red. *P < 0.05, **P < 0.01 AGM, AKT-EC coculture vs. no EC; unpaired Student’s t test.
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ment, designated by data points in red. (B) Donor-derived PB engraftment at >16 weeks from n = 5 primary recipients (transplanted with AGM AKT-cultured
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is mean + SD from replicate samples (n = 3), from representative experiment (n = 3). (*P < 0.001, DMSO vs. DAPT, unpaired Student’s t test ).

marker of HPCs with clonal colony-forming capacity in the P-Sp/
AGM, and CD45, a pan-hematopoietic marker expressed sub-
sequent to CD41 in P-Sp/AGM HPCs. We observed long-term,
multilineage primary and secondary engraftment from either VE-
cadherin’c-KIT-CD45CD41 or VE-cadherin‘CD41 CD45 HE
from E9.5-E10 P-Sp/AGM following 5-6 days AGM AKT-EC
coculture, as well as from VE-cadherin*CD41"CD45 TER119- HE
from E9 (13-20 sp) P-Sp/AGM following 7 days of coculture (Fig-
ure 3, A and B, and Supplemental Figure 4, A-C).

The HE-to-hematopoietic transition is dependent on extrinsic
niche signals that include NOTCH pathway activation mediated
by NOTCH ligand-expressing stromal cells. In the absence of such
inductive signals, HE by definition should lack direct clonal hemato-
poietic activity. Consistent with this, VE-cadherin*CD41 CD45 HE
cells sorted from E9.5-E10 P-Sp/AGM contain no direct CFU pro-
genitor activity in methylcellulose assays and are unable to generate
CD45* hematopoietic cells or CFU progenitors following culture

jci.org  Volume125  Number5  May 2015

with media and cytokines in the absence of stroma. However, AGM
AKT-ECs can induce generation of CD45" cells — including myeloid
cells expressing Gr-1 or F4/80, and LSK stem/progenitor cells —and
CFU progenitors from HE following coculture (Figure 3, C and D).
Since NOTCH is an essential pathway involved in the endo-
thelial-to-hematopoietic transition in the P-Sp/AGM at this stage,
we also tested whether blocking NOTCH signaling could inhibit
hematopoietic induction from HE upon AGM AKT-EC coculture.
Consistent with a requirement for NOTCH, we show that genera-
tion of CD45"* cells from VE-cadherin‘CD41 CD45  HE cultured
on AGM AKT-ECs was significantly reduced by the addition of the
gamma-secretase inhibitor DAPT, which blocks NOTCH activa-
tion by preventing cleavage of the intracellular domain required for
downstream signaling through NOTCH receptors (Figure 3E). We
also tested hematopoietic-supportive OP9 stromal cells (endoge-
nously expressing NOTCH ligand JAG1) or OP9 cells engineered
to express NOTCH ligands DLL1 or DLL4 (Supplemental Figure
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1B) and found that each was capable of CD45* hematopoietic cell
generation from E9.5-E10 P-Sp/AGM-derived HE (Supplemental
Figure 5A). However, in contrast to AGM AKT-ECs, coculture of
HE with OP9 stroma-expressing NOTCH ligands did not induce
engrafting hematopoietic cells (Supplemental Figure 5B).
Altogether, these results are consistent with the known require-
ment for NOTCH activation during the endothelial-to-hemato-

poietic transition. However, whereas NOTCH ligand-expressing
OP9 stromal cells can promote induction of hematopoietic activ-
ity from AGM/P-Sp HE, AGM AKT-ECs provide additional signals
to promote their induction into definitive HSCs capable of high-
level, multilineage engraftment in adult recipients.

AGM-derived EC coculture amplifies HSCs from E11 AGM VE-
cadherin*CD45* hematopoietic cells. Subsequent to their induction
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Figure 5. NOTCH pathway inhibition
reduces generation of phenotypic HSCs
during AGM AKT-EC coculture. (A)
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from embryonic precursors in the P-Sp/AGM, nascent HSCs must
receive signals that inhibit their lineage-specific differentiation
and promote their self-renewal. To examine whether AGM AKT-
ECs could support such maintenance and amplification of HSC
activity from already specified hematopoietic cells, we cocultured
FACS-isolated VE-cadherin*CD45* cells from E11 AGM (40-47
sp with AGM AKT-ECs in X-Vivo and hematopoietic cytokines
(SCF, IL3, FLT3L) (Figure 4A). E11 AGM VE-cadherin‘CD45*
cells contain the earliest long-term engrafting HSCs that are reli-
ably detected by standard transplantation assays into adult recip-
ients, as well as hematopoietic cells undergoing maturation to
adult-engrafting HSCs (16, 41). Following 5 days of coculture with
AGM AKT-ECs, E11 AGM VE-cadherin*CD45" cells generated
a population of LSK stem/progenitor cells — as well as a detect-
able population with strict HSC phenotype, lineage SCA1*c-KIT*
CD48°CD150* (LSK-SLAM), that was mostly absent in control
cultures without EC stroma (Figure 4, B and C). Since AGM-stage
HSCs do not express the SLAM antigen CD150 (42), this sug-
gested maturation of some embryonic-stage HSCs to a fetal /adult-
like HSC phenotype during the culture period. Consistent with
this HSC phenotype, cells cocultured with AGM AKT-ECs gen-
erated high-level, long-term, multilineage, donor-derived recon-
stitution (beyond 24 weeks) in the PB, BM, spleen, and thymus of
transplanted adult mice (Figure 4D and Supplemental Figure 3B).
Furthermore, multilineage PB engraftment was observed follow-
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ing transplantation into secondary recipients (Figure 4E and Sup-
plemental Figure 3B). In contrast, no long-term engraftment was
observed in mice transplanted with control (no ECs) cultured cells
(Figure 4D). Whereas only a portion of mice transplanted with 1
embryo equivalent of uncultured cells were engrafted long-term,
cells cultured on multiple, independently derived AGM AKT-ECs
demonstrated robust multilineage engraftment when transplanted
at 0.05-0.1 embryo equivalents (Figure 4F). Limit-dilution trans-
plantation demonstrated the generation of approximately 699
HSC repopulating units (HSC/RU) per embryo equivalent of start-
ing cells (ELDA, 95% CI 216-2268), which is comparable to the
estimated number of LSK-SLAM cells detected per embryo equiv-
alent following coculture (Figure 4, C and F). Estimates of HSC/
RU within the initial VE-cadherin*CD45* population at this stage
from previous studies (15, 16) and our own studies (see below)
demonstrate <1 HSC/RU per AGM. Thus, given the initial number
of total VE-cadherin*CD45" cells and HSC/RU detected per E11
AGM (16), the amplification of HSC/RU by AGM AKT-ECs must
involve both maturation of VE-Caderhin*CD45* precursors to
definitive HSCs and self-renewal of HSCs once specified, consis-
tent with similar studies of E11 AGM HSC amplification by reag-
gregation methods (16). Furthermore, in addition to amplification
of HSCs from the VE-cadherin*CD45" hematopoietic population,
AGM AKT-EC culture could also induce engrafting HSCs from E11
VE-cadherin*CD45" cells (Supplemental Figure 6), a population
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also previously shown to contain precursors capable of maturation
to HSCs following reaggregation culture (39). Altogether, these
results demonstrate that AGM AKT-ECs provide an in vitro niche
capable of supporting a robust increase of phenotypic and func-
tional HSC activity from E11 embryo AGM VE-Caderhin*CD45*
hematopoietic cells, consistent with a role in promoting fur-
ther HSC maturation, maintenance, and self-renewal following
hematopoietic induction from HE.

NOTCH activation promotes amplification of HSCs from EII
AGM-derived VE-cadherin*CD45* hematopoietic cells. NOTCHI1
is expressed in the emerging hematopoietic clusters in the P-Sp/
AGM (31) and is required for initial HSC generation (26, 27). We
have shown that induction of hematopoeitic cells from E9.5 AGM/
P-Sp-derived HE can be blocked by preventing NOTCH pathway
activation with gamma-secretase inhibitor treatment during AGM
AKT-EC coculture (Figure 3E). We observed surface expression
of NOTCHLI, as well as NOTCH2, in specified AGM hematopoi-
etic progenitors (expressing hematopoietic surface markers: E9.5
¢-KIT and CD41; E11 CD45) (Figure 5A). Importantly, NOTCH1
and NOTCH2 surface expression in nascent AGM hematopoietic
cells suggests that, following the initial requirement for NOTCH1
in hematopoietic induction in the AGM/P-Sp, HSCs may continue
to be receptive to NOTCH pathway activation mediated by ligand-
expressing ECs. To test whether AGM-derived HSCs require the
NOTCH pathway during the phase of expansion in AGM AKT-
EC coculture, we cultured E11 VE-cadherin*CD45* cells on AGM
AKT-ECs with gamma-secretase inhibitor DAPT. We observed
significantly reduced LSK and LSK-SLAM cell numbers, but not
total or myeloid cell numbers, in cultures with DAPT compared
with control (DMSO-treated) cultures (Figure 5B), suggesting a
specific effect on hematopoietic stem/progenitor cells at this stage.

Based on these findings, we then tested whether activation
of NOTCH signaling by immobilized ligand was sufficient to
amplify long-term HSCs from E11 AGM-derived VE-cadherin®
CD45" cells in the absence of EC stroma. To activate NOTCH
signaling, we employed Deltal (Deltal®+s%), consisting of the
extracellular domain of human Deltal fused to the Fc domain of
human IgG1 (hIgG1) (43, 44). We have previously shown that cul-
ture of murine adult BM HSCs with immobilized Deltal®'e¢ and
hematopoietic cytokines inhibits myeloid differentiation in vitro
and generates increased numbers of LSK multipotent progenitors
capable of short-term, multilineage engraftment (44). We here cul-
tured E11 AGM-derived VE-cadherin‘CD45" cells on Deltalex’s¢
or control hIgG, in media containing FBS and hematopoietic
cytokines SCF, FLT3L, IL-6, and TPO (4GF) (Figure 6A). Based on
previously reported studies suggesting an inhibitory effect of the
TGF-B pathway during AGM-stage hematopoiesis (45), we found
that the addition of a small molecule TGF-p inhibitor (SB431542
or LY364947) was essential in order to generate outgrowth of LSK
cells (Supplemental Figure 7). E11 VE-cadherin*CD45" AGM-
derived cells cultured with hematopoietic cytokines and TGF-p
inhibitor SB431542 (4GF+SB) on either Deltal®*!e¢ or higG, were
mostly VE-cadherin-after 5 days, consistent with phenotypic matu-
ration from the AGM to later developmental stages of hematopoie-
sis where VE-cadherin expression is lost (ref. 41 and Figure 6B).
Neither hIgG- nor Deltal®*¢¢-cultured cells displayed notable ery-
throid, B cell, T cell, or NK cell marker expression at day 5 (data not
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shown). Deltal®¢!s¢ cultured cells generated significantly higher
LSK cell numbers compared with hIgG-cultured cells, which pro-
duced mostly F4,/80* and /or Gr1* myeloid cells (Figure 6, B and C).
Deltal®t!sS-cultured cells also generated significantly increased
myeloid, erythroid, and mixed lineage colony-forming progenitors
compared with the uncultured starting-cell population or cells cul-
tured on control higG (Figure 6D). Prolonged culture on Deltal®!sC,
but not hIgG, generated increasing populations of CD25* and
CD25*Thy1.2* cells (Figure 6E), consistent with a known role of
NOTCH]1 activation in promoting early T cell differentiation (46).
However, cells cultured 5 days on Deltal®"8S-maintained both
B-lymphoid (CD19"B220*) and T-lymphoid (CD4*CD8") differ-
entiation capacity in secondary OP9 or OP9-DLI1 stromal cell
cultures, whereas control cultured cells demonstrated no T-lym-
phoid capacity (Figure 6F). Together, these results demonstrate
that in vitro activation of NOTCH pathway by Deltal®*'¢¢ in AGM-
derived VE-cadherin*CD45* hematopoietic cells promotes expan-
sion of phenotypic and functional hematopoietic stem/progenitor
populations with multilineage hematopoietic activity.

We next sought to determine whether cells generated on
NOTCH ligand from AGM-derived hematopoietic cells were
also capable of short- and long-term multilineage engraftment
in vivo. E11 VE-cadherin*CD45* AGM cells cultured 5 days on
Deltal®**¢ or control hIgG, with 4GF+SB, were transplanted at
one embryo equivalent of starting cells into lethally irradiated
congenic-strain adult mice together with a small dose of con-
genic BM cells. For some experiments, freshly sorted CD45'VE-
cadherin® cells, uncultured, were also transplanted at 1 embryo
equivalent per mouse to measure engraftment of the starting
population. Deltal®*’¢S-cultured E11 AGM cells demonstrated
significantly increased levels of rapid donor PB engraftment
(2 weeks after transplant) compared with an equivalent popula-
tion of hIgG-cultured cells or cells transplanted without culture,
including both the B-lymphoid (CD19) and myeloid (Grl and/or
F4/80) compartments (Supplemental Figure 8). Furthermore,
long-term multilineage engraftment was observed in mice trans-
planted with Deltal®'¢¢-cultured cells, but not hIgG-cultured
cells, beyond 24 weeks after transplant (Figure 6G), and multi-
lineage engraftment was observed in secondary transplantation
from primary recipients of Deltal®*¢-cultured cells (Figure 6H
and Supplemental Figure 3). Pooled transplantation experiments
showed a significant increase in the mean donor chimerism and
in the percentage of multilineage-engrafted mice long-term
(>24 weeks) transplanted with Deltal=t'¢-cultured cells relative
to mice transplanted with an equivalent dose (1 embryo) of VE-
cadherin*CD45* AGM-derived cells without culture (uncultured);
this suggests that Deltal®'¢¢ induced an increase in HSC num-
bers (Figure 61). To quantify this effect, transplantation of freshly
sorted, uncultured cells was compared with Deltal®e¢-cultured
cells with limiting dilutions based on fractions of the starting cell
population expressed per embryo equivalent. The frequency of
HSC/RU per embryo equivalent was increased greater than 8-fold
in Deltal®tS-cultured cells compared with the starting popula-
tion of uncultured cells (Figure 6]). Altogether, these studies sug-
gest that defined EC-free conditions utilizing NOTCH activation
by immobilized ligands is sufficient to amplify AGM-stage HSCs
from specified VE-cadherin*CD45* hematopoietic cells.
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from n = 5 primary recipients transplanted to each of 2 secondary recipients. (I) Engraftment at >24
weeks in mice transplanted with freshly sorted cells (uncultured), or cells cultured on Deltal®*'« or higG,
transplanted at 1ee. Shown above is a fraction of mice with multilineage engraftment, designated by
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analysis of HSC repopulating units (HSC/RU) of cells transplanted prior to culture (uncultured) or follow-
ing Delta1®*'s¢ culture. Dotted lines represent 95% confidence interval (P = 0.00005, ELDA) (60).
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this implies contribution by proliferative self-renewal of
HSCs as they arise, as well, to account for the number
of HSC/RU generated. Thus, the AGM AKT-EC provide
signals sufficient to both mature VE-cadherin*CD45*
pre-HSC to definitive HSC, as well as to ensure HSC

Figure 7. Model for vascular niche induction and NOTCH-mediated expansion of HSCs.
(A) The AGM AKT-EC vascular niche promotes (i) induction of HSCs from embryonic

HE, which is dependent on NOTCH activation mediated by one or more NOTCH ligands
expressed on ECs to promote the endothelial-to-hematopoietic transition, as well as other
EC-derived niche factors (*) to promote the generation of engrafting HSCs. (i) Subsequent
to HSC specification, further amplification of AGM-derived HSC numbers continues to
involve both ligand-mediated NOTCH activation and additional EC-niche factors (**),
which contribute to HSC maturation and self-renewal. (B) NOTCH activation by immobi-
lized NOTCH ligand Delta1®*'¢®, combined with hematopoietic growth factors (SCF, TPO,
IL6, FLT3L) and small molecule inhibition of the TGF-B pathway (SB+4GF), is sufficient to
amplify AGM-derived HSC numbers in vitro in the absence of AGM AKT-EC stroma.

Discussion

Here, we examined the capacity of the vascular niche to support
embryonic HSC genesis, a complex process with developmentally
unique requirements to promote both the specification of engraft-
ing HSCs from nonengrafting precursors and subsequent self-
renewal of the nascent, embryonic HSCs. We demonstrate that
ECs from the AGM region are able to support robust and repro-
ducible in vitro induction of adult-engrafting HSCs from HE and
subsequently significantly expand long-term, engrafting HSC
numbers dependent on NOTCH signaling (Figure 7A). We fur-
ther identify conditions involving NOTCH signaling activation
by immobilized ligand to amplify the nascent AGM-derived HSC
population in the absence of EC stroma (Figure 7B). Importantly,
these studies establish methodology to support both HSC induc-
tion and numerical expansion ex vivo from embryonic precursors,
and begin to dissect critical mechanistic components of the vascu-
lar niche necessary and sufficient for this process.

Previous studies have shown that culture of whole AGM
explants or reaggregated AGM stroma ex vivo can support HSC
amplification from E11 embryos (15, 16, 41). Numerous stromal
cell lines derived from the AGM with various properties of mes-
enchymal cells have been shown to support HSC maintenance in
vitro, though these studies did not demonstrate the capacity of
these stromal lines to promote significant numerical expansion of
AGM-derived HSCs comparable to that of reaggregation culture
(18, 19). Thus, the precise microenvironmental components within
the AGM capable of supporting embryonic HSC expansion at this
stage have remained unclear. While it is likely that multiple stro-
mal cell types from the AGM microenvironment contribute to sup-
porting embryonic HSCs, here we have shown that in vitro culture
with AGM-derived ECs is sufficient to recapitulate robust amplifi-
cation of HSCs from E11 VE-cadherin*CD45* AGM hematopoietic
cells. Given that limit-dilution analysis suggests approximately 1 or
fewer HSCs per AGM at this stage (ref. 15 and Figure 6]), the degree
of numerical expansion of HSCs in culture is consistent with previ-
ous studies of AGM reaggregation culture in which HSCs are also
derived by further maturation of HSC precursors contained within
the VE-cadherin’CD45* population (16). However, as this rare
population consists of approximately <100 cells per AGM (16, 41),

self-renewal once established.

Previous studies have also shown that, prior to E10.5
— when no high-level, adult-engrafting HSCs can be
detected in the embryo — reaggregation of VE-cadher-
in*CD41*CD45 HSC precursors with OP9 stromal cells
in culture at air-liquid interface can support their matu-
ration to engrafting HSCs (39, 40), and in vitro multipo-
tent lymphoid/myeloid hematopoietic progenitors and
cells capable of engrafting conditioned newborn mice
are detectable in the VE-cadherin*c-KIT* population as
earlyasE9(36,47). Here,wehave shownthat AGM/P-Sp-
derived VE-cadherin" cells from embryos as early as E9,
cocultured with AGM AKT-ECs, generate HSCs capa-
ble of high-level, long-term, multilineage engraftment
in adult recipients. This includes the population of VE-cadherin®
HPCs already expressing hematopoietic markers c-KIT and CD41.
However, we also show in this study the capacity of AGM AKT-ECs
to induce HSCs from HE contained within the VE-cadherin* popu-
lation yet lacking expression of hematopoietic surface markers or
direct clonal hematopoietic activity. Thus, we provide the first evi-
dence, to our knowledge, that an EC niche is sufficient to recapitu-
late the embryonic HE-to-HSC transition ex vivo. Notably, a recent
study in zebrafish suggests an essential in vivo role for a subset of
somite-derived ECs in the dorsal aorta in supporting HSC induc-
tion from adjacent HE (48), further promoting the concept that
ECs provide essential niche signals for HSC induction.

Importantly, further studies of the EC coculture system will
facilitate the determination of paracrine signals essential for HSC
generation. Since AKT activation was necessary in these studies
to permit AGM-derived ECs to grow in serum-free conditions
suitable for coculture with HSCs/precursors, it is impossible to
rule out that some properties of AGM AKT-ECs that allow for
support of HSC generation may be induced by AKT activation. In
this regard, AKT activation was previously shown to be involved
in HSC self-renewal in the context of the adult BM vascular niche
(23), and pathways downstream of AKT-activation in ECs, includ-
ing that of nitric oxide induced by fluid shear stress, have been
implicated in HSC development (49-51). It is interesting to specu-
late that an AKT-induced nitric oxide pathway in the EC coculture
system may circumvent the normal requirement for flow-medi-
ated shear stress in HSC development, but further studies are
required to investigate this possibility, as well as the potential role
of other pathways downstream of AKT that may contribute to HSC
generation in this system.

One pathway active in the AGM vascular niche, with an essen-
tial role in HSC genesis, is that of the NOTCH family (25). Loss-of-
function studies firmly established that the NOTCH pathway is
required for HSC development (26-28, 31), though recent stud-
ies suggest multiple stage-, context-, and receptor-specific func-
tions of the NOTCH pathway in sequential processes during HSC
development, including determination of arterial endothelial fate,
specification of HE within lateral plate mesoderm, induction of
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HSCs from HE in the dorsal aorta, and survival of HSCs in the
fetal liver (32, 52-57). In addition to such roles in promoting cell
fate and survival, context-specific NOTCH activation is known to
regulate stem/progenitor self-renewal in some systems by inhib-
iting lineage-specific differentiation. In this way, NOTCH2 regu-
lates the regeneration of multipotent progenitors and HSCs in the
adult BM following injury, even though canonical NOTCH signal-
ing may be dispensable for HSCs in adult BM during homeostasis
(33, 34). Thus, ligand-mediated NOTCH activation in developing
HSCs and their precursors may compose a critical component of
the AGM vascular niche by limiting the differentiation of nascent
HSCs as they emerge, and — in concert with other growth-factor
signals — mediating their self-renewal and proliferative expan-
sion. Consistent with this hypothesis, our studies have determined
in vitro conditions whereby NOTCH activation can increase
long-term engrafting HSC numbers from the newly specified E11
AGM (CD45'VE-cadherin®) hematopoietic cells. Although Deltal
was used as the ligand to activate the NOTCH pathway in these
studies, multiple NOTCH ligands are expressed on AGM ECs,
and our preliminary studies suggest that immobilized JAG1 and
either NOTCHI1 or NOTCH2 receptor-specific activation can also
support AGM HSCs at this stage, though perhaps with different
efficiencies (not shown). Additional studies will be required to
determine whether the strength of NOTCH pathway activation
mediated by differential-receptor activation may contribute in
mediating self-renewal verses alternative cell fates in this regard.

Although NOTCH signaling is required during the HE-to-
HSC transition, neither the use of immobilized NOTCH ligand
under conditions that we showed could amplify HSCs from E11
AGM hematopoietic cells, nor the use of OP9 stroma expressing
NOTCH ligands, was sufficient to induce engrafting HSC from
HE. Further studies of AGM AKT-ECs may elucidate the nature
of additional signals required for induction of HSCs from HE
in concert with NOTCH pathway activation. We anticipate that
such studies, by defining the precise signals necessary and suf-
ficient in vitro for both specification and self-renewal of HSCs
from embryonic precursors, will move us closer to the goal of
bringing pluripotent stem cell technologies to therapeutic appli-
cations for HSC transplantation.

Methods
Mice. WT C57Bl6/]J7 (Ly5.2/CD45.2) and congenic C57BL/6.SJL-
Ly5.1-Pep3b (Ly5.1/CD45.1) mice were bred at the Fred Hutchinson
Cancer Research Center. C57B16/]7 Ly5.2 male and female mice were
used for timed matings.

Embryo dissections and cell sorting. Embryos were harvested from
pregnant females, dissected free of maternal tissue, and washed
extensively in PBS containing 10% FBS. Embryo age was precisely
timed by counting sp. The following stages were used for studies as
indicated: E9, 13-20 sp; E9.5-E10, 21-32 sp; and E11, 41-47 sp. For
AGM dissections, 30-gauge needles were used to remove the caudal
and rostral portions of the embryo above the forelimbs and below the
hindlimbs, and subsequently to dissect off the dorsal somite tissue and
ventral abdominal contents. The embryo was then splayed open lying
on its dorsal surface, and remaining tissues surrounding the urogeni-
tal ridges were further dissected, leaving the intact AGM containing
the dorsal aorta centrally. For embryos prior to E10, the P-Sp region
Volume 125  Number 5
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was dissected by removing the rostral and caudal portions of the
embryo. Dissected AGM/P-Sp tissues were pooled and treated with
0.25% collagenase (StemCell Technologies Inc.) for 25-30 minutes
at 37°C, pipetted to single-cell suspension, and washed with PBS con-
taining 10% FBS. Cells were incubated with anti-mouse CD16/CD32
(FcyRII block) and stained with the following monoclonal antibodies:
FITC or APC-conjugated CD45 (clone 30-F11); FITC or APC-conju-
gated anti-c-KIT (clone 2B8; eBioscience); FITC-, Alexa Fluor 488-,
or APC-conjugated CD41 (clone MWReg30; eBioscience); unconju-
gated or PE-conjugated VE-cadherin/CD144 (clone 11D4.1); or corre-
sponding isotype controls. When staining with unconjugated CD144,
following incubation with primary antibodies, cells were washed twice
with PBS/FBS, and secondary staining was performed with PE-con-
jugated mouse anti-rat IgG2a (clone RG7/1.30). All antibodies were
from BD Biosciences unless otherwise indicated. DAPI staining was
used to gate out dead cells. All reagents for cell staining were diluted in
PBS with FBS, and staining was carried out on ice or at 4°C. Cells were
sorted on a BD FACS Aria II (BD Biosciences).

EC generation and culture. For derivation of AGM ECs, P-Sp/
AGM tissues were dissected from E10-E11 embryos and sorted using
VE-cadherin/CD144 (clone 11D4.1), as described previously, with
APC-conjugated CD45 (clone 30-F11) — along with CD41 (clone
MWReg30, eBioscience) in some experiments — to exclude hemato-
poietic cells. Sorted cells pooled from multiple P-Sp/AGM were cul-
tured on 48-well tissue culture plates (>20,000 VE-cadherin*CD45"
or VE-cadherin*CD45°CD41 cells per well) coated with 5 pg/ml
RetroNectin (r-fibronectin CH-296; Takara Bio Inc.), in media con-
taining IMDM, 20% FBS (HyClone), Penicillin/streptomycin, L-glu-
tamine, heparin 0.1 mg/ml (H3149-100KU; Sigma-Aldrich), endothe-
lial mitogen 100 pg/ml (Biomedical Technologies), VEGF (50 ng/ml;
PeproTech), CHIR009921 (5 uM; StemGent), and SB431542 (10 uM;
R&D Systems). Following 1-2 days, colonies of ECs were infected by
lentivirus with MyrAKT construct, as previously described (23). For
some experiments, mock-infected ECs were also cultured in paral-
lel, but in the absence of infection with MyrAKT, these cells did not
continue to proliferate/survive after initial passage. When confluent,
cells were serially split at a density of no less than 1:3 to larger wells
and coated with 0.1% gelatin in above media but without added VEGF,
CHIR09921, or SB431542. The first passage to T75 flask was consid-
ered passage O, with subsequent passages every 3-4 days plated at
approximately 5 x 10° cells per T75. For coculture experiments, AGM
AKT-ECs at passage 15 or less were plated at a density of 4 x 10* cells
per 24-well or 1 x 10° cells per 12-well the day prior. Cell populations
from E9-E11 P-Sp/AGM sorted as described were plated on AGM
AKT-ECs, or control conditions (no ECs or OP9 cells), in serum-free
media consisting of X-Vivo 20 (Lonza) with recombinant cytokines
(PeproTech): stem cell factor (SCF), FLT3 ligand (FL), interleukin-3
(IL-3) —each at 100 ng/ml — and thrombopoietin (TPO) at 20 ng/ml,
asindicated. Sorted cells were cocultured at a density of approximately
1-2 embryo equivalents per 24-well or 3-5 per 12-well. Cells sorted per
embryo equivalent varied based on embryonic stage and the popula-
tion sorted (ranges: E9-E10 total VE-cadherin®: 1750-6961; E9-E10
VE-cadherin*c-KIT  and/or CD41 CD45 HE: 1600-6408; E9.5-E10
VE-cadherin*c-KIT*: 210-581; E11 VE-cadherin*CD45": 38-619). For
indicated experiments, DAPT (in DMSO, final concentration 5 pM;
EMD Millipore) or equivalent volume DMSO was added as indicated.
In some experiments, AGM AKT-ECs were cultured alone with serum-
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free media and hematopoietic cytokines, and analyzed in parallel with
coculture experiments for phenotypic hematopoietic cells, CFU, and
engraftment following transplantation, to rule out hematopoietic con-
tribution from AKT-ECs.

Culture on NOTCH ligands. Deltal®*'s¢ was generated as previ-
ously described (43). Nontissue culture-treated plates (Falcon; BD
Biosciences) were incubated with Deltal®*'s¢ (dose range from 0.5 pug/
ml-20 pg/ml), or hIgG1 (Sigma-Aldrich) diluted in PBS together with
5 pg/ml RetroNectin (r-fibronectin CH-296; Takara Bio Inc.), incu-
bated overnight at 4°C. Wells were washed extensively with PBS prior
to adding media. Media consisted of either Iscove’s Modified Dulbeco’s
Media (IMDM) (Invitrogen) containing 20% FBS (HyClone), supple-
mented with Penicillin/Streptomycin (Sigma-Aldrich), small molecule
inhibitor of TGFf pathway (10 uM; SB431541, Tocris Bioscience, or
LY364947, R&D Systems; added 1:1,000 from stock 10-mM solution in
DMSO), and recombinant hematopoietic cytokines (PeproTech): SCF,
FL, interleukin-6 (IL-6) at 100 ng/ml, and TPO at 20 ng/ml; some ini-
tial experiments also included recombinant interleukin-11 (IL-11) at 10
ng/ml and IL-3 at 100 ng/ml, though these cytokines were excluded
in later experiments, as they did not improve engraftment of cultured
cells. For experiments examining the effect of TGF-p1, cells were
cultured in above media or serum-free (StemSpan; StemCell Tech-
nologies Inc.) with above cytokines and recombinant TGF-1 (1 or 10
ng/ml; R&D systems) added as indicated. Freshly sorted VE-cadher-
in*CD45" cells from dissected E11 embryos were resuspended in media
with cytokines and added to coated 96-well plates (approximately 2-5
embryo equivalent of cells per 96-well). Cells were passaged to larger
wells prepared as described once cells were nearly confluent, when
necessary. For most experiments, cells were harvested for phenotypic
analysis, CFU, or transplantation assays at day 5 of culture, unless oth-
erwise indicated. For experiments involving transplants from E11 VE-
cadherin*CD45" cells, only AGM from early E11-E11.5 (40-46 somite
range) were included, since HSC frequency increases in the late E11
AGM (58). Preliminary experiments optimizing Deltal**'s® ligand
concentration showed a trend toward improved engraftment with rela-
tively lower doses of Deltal®%¢¢ (0.5-2.5 pg/ml) (not shown), so these
concentrations were used for subsequent analysis.

Hematopoietic assays on secondary OP9 stromal culture. OP9 cells
and OP9 cells expressing DLL1 (OP9-DL1) or DLL4 (OP9-DL4), a
gift of J.C. Zuniga-Pflucker (University of Toronto, Toronto, Ontario,
Canada), were cultured as previously described (59). For lymphocyte
assays, cells harvested following culture were replated onto OP9 or
OP9-DL1 in OP9 media (aMEM, FBS 20%, penicillin/streptomycin)
containing recombinant FLT3-L (FL, 10 ng/ml) and IL-7 (1 ng/ml).
Cells were replated at 7-day intervals, or when confluent to fresh OP9
layers, and analyzed by flow cytometry at 7-day intervals for T cell
(CD44, CD25, CD4, CD8), and B cell (CD19, B220) markers, using
antibodies indicated below.

Cell surface analysis. Cells were harvested from freshly isolated
P-Sp/AGM as described previously or pipetted from tissue-culture
wells and washed with PBS with 2% FBS. Cells were preincubated with
anti-mouse CD16/CD32 (FcyRII block) and then stained with various
combinations of the following monoclonal antibodies for cell-surface
analysis: APC- or FITC-conjugated CD45 (clone 30-F11); APC-, Alexa
Fluor 488-, or FITC-conjugated CD41 (clone MWReg30; eBioscience);
purified or PE-conjugated VE-cadherin/CD144 (clone 11D4.1); FITC-,
PE-, or PECy7-conjugated anti-SCA1 (anti-Ly-6A/E, clone E13-161.7);
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APC- or APCeFluor780-conjugated anti-c-KIT (clone 2B8; eBiosci-
ence); PECy7-conjugated anti-Thyl.2 (clone 53-2.1); APCeFluor780-
conjugated anti-F4/80; APC-Cy7-, PE-, or APC-conjugated anti-
CD19 (clone ID3); PerCP- or APCeFluor780-conjugated Gr-1
(anti-Ly6-G, clone RB6-8C5; eBioscience); PerCP-, APCeFluor780-,
or FITC-conjugated anti-B220/CD45R (clone RA3-6B2; eBioscience);
PE- or APC-Cy7-conjugated anti-CD25 (clone PC61); APC-conju-
gated CD44 (clone IM7); FITC- or PE-conjugated CD4 (clone RM4-5);
FITC- or PerCP-conjugated CD8 (clone 53-6.7); PE-conjugated anti-
VE-cadherin/CD144 (clone 16B1; eBioscience); APC- or APC-Cy7-
conjugated FLK-1 (clone Avas 12al); FITC-, PE-, APCeFluor780-, or
PE-Cy5-conjugated TER-119 (Ly76, clone TER-119; eBioscience);
FITC-conjugated anti-NK1.1 (clone PK136; eBioscience); PE- or
PerCP/C5.Cy5-conjugated CD150 (clone TC15-12F12.2; Biolegend);
PeCy7-conjugated CD48 (clone HM48-1); APC-conjugated anti-
NOTCH1 (clone HMN1-12; Biolegend); NOTCH2 (clone HMN2-
35; BioLegend); DLL1 (clone HMDI-3; Biolegend) or DLL4 (clone
HMD4-1; Biolegend); APC- or PE-conjugated JAG1 (clone HMJ1-29;
Biolegend /eBioscience); eFluor 660-conjugated JAG2 (clone HM]J2-1;
eBioscience); or corresponding isotype control antibodies. For anal-
ysis involving unconjugated VE-cadherin antibody (clone 11D4.1),
following incubation with primary antibodies, cells were washed
twice with PBS/2% FBS, and secondary staining was performed with
PE-conjugated mouse anti-rat IgG2a (clone RG7/1.30). AGM AKT-
ECs were excluded from analysis of cocultured cells by gating based
on expression of VE-cadherin or FLK-1. Based on the lineage mark-
ers expressed in cells following coculture experiments, lineage-nega-
tive cells were gated by exclusion of Gr-1, F4/80, TER119, and B220
expression, unless otherwise indicated. DAPI was used to exclude
dead cells. Flow cytometry was performed on a BD FACSCanto II (BD
Biosciences) and data analyzed using FlowJo Software. Specificity
of NOTCH1 and NOTCH?2 antibodies was confirmed by comparing
expression on WT and NOTCH1-deficient embryonic stem cells, and
WT or NOTCH2-deficient hematopoietic cells from mice with induc-
ible deletion of Notch2 (not shown).

CFU progenitor analysis. Freshly sorted AGM/PsP cells or cultured
cells pipetted from wells were washed and counted, resuspended in
IMDM, added to M3434 methylcellulose semi-solid media containing
hematopoietic cytokines (StemCell Technologies Inc.), and plated in
triplicate 30mm petri dishes. After 7 days of culture, individual colo-
nies were counted and scored by morphology as myeloid (CFU-GM,
granulocyte/monocyte; or CFU-Mac, macrophage), erythroid (burst-
forming unit-erythroid, BFU-E), or mixed lineage (CFU-mix, contain-
ing both erythroid and myeloid cells). For most analysis, numbers of
each CFU type are enumerated per 1 embryo equivalent of starting
cells prior to culture.

Transplantation assays. Freshly sorted Ly5.2/CD45.2 AGM cells or
cultured cells harvested by gentle pipetting off of wells were washed
with PBS with 2% FBS and resuspended in 100 ul PBS/2% FBS per
mouse transplanted. Freshly harvested Ly5.1/CD45.1 BM cells were
added at 3 x10*cellsin 100 pl PBS/FBS per mouse to provide hemato-
poietic rescue. Cells were co-injected into lethally irradiated (900-
1,000 cGy using a Cesium source) Ly5.1/CD45.1 adult recipients via
the tail vein. For secondary transplants, 10° whole BM cells harvested
from primary recipients were transplanted to lethally irradiated Ly5.1/
CD45.1 recipients via the tail vein. FACS analysis of PB obtained by
retro-orbital bleeds was performed at indicated intervals — and from
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cells obtained from harvested BM, spleen, and thymic tissues at the
time of the secondary transplant — at least 16 weeks following the
primary transplant. Staining for donor Ly5.2/CD45.2 with APC-
eFluor780- or PE-Cy7-conjugated CD45.2 (clone 104; eBioscience)
was distinguished from Ly5.1/CD45.1 (recipient/rescue cells) stained
with PE-Cy7 or eFlour-450-conjugated CD45.1 (clone A20; eBio-
science) and myeloid and T/B lymphoid lineage determination was
obtained by costaining with the monoclonal antibodies: FITC-con-
jugated anti-CD3 (clone 17A2); PE-conjugated F4/80 (clone BMS;
eBioscience); APC-conjugated anti-CD19 (clone ID3); PerCP-conju-
gated GR-1 (anti-Ly6-G, clone RB6-8C5); PE-conjugated CD8 (clone
53-6.7); and PECy5-conjugated CD4 (clone RM4-5). Multilineage
engraftment was defined as >5% donor (CD45.2) contribution to the
PB with each of donor myeloid (Gr-1 and/or F4,/80), B cell (CD19), and
T cell (CD3) engraftment detected at 20.5% of total PB.

Statistics. For statistical analysis, 2-tailed, unpaired Student’s ¢
test was used to calculate P values unless otherwise indicated. P value
<0.05 was considered significant. ELDA software (http://bioinf.wehi.
edu.au/software/elda/) (60) was used for limit-dilution transplanta-
tion analysis, calculated using the fraction of mice engrafted at each
dilution of starting cells expressed per embryo equivalent, where
engraftment was defined as >5% donor (CD45.2) contribution to the
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PB, with each of donor myeloid (Gr-1 and/or F4,/80), B cell (CD19),
and T cell (CD3) engraftment detected at least 0.5% of total PB at
20 weeks after transplant.

Study approval. All animal studies were conducted in accordance
with the NIH guidelines for humane treatment of animals and were
approved by the Institutional Animal Care and Use Committee at the
Fred Hutchinson Cancer Research Center.
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