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Pluripotent stem cells (PSCs) represent an alternative hematopoietic stem cell (HSC) source for treating hematopoietic
disease. The limited engraftment of human PSC-derived (hPSC-derived) multipotent progenitor cells (MPP) has hampered
the clinical application of these cells and suggests that MPP require additional cues for definitive hematopoiesis. We
hypothesized that the presence of a vascular niche that produces Notch ligands jagged-1 (JAG1) and delta-like ligand-4 (DLL4)
drives definitive hematopoiesis. We differentiated hes2 human embryonic stem cells (hESC) and Macaca nemestrina-induced

Introduction

Hematopoietic disease affects millions of people worldwide. In
many cases, transplantation of healthy or genetically corrected
long-term engrafting hematopoietic stem cells (LT-HSCs) is the
only cure. Finding a suitable allogeneic HLA-matched donor is a
formidable challenge, and there are considerable side effects asso-
ciated with allogeneic transplantation. Gene therapy of autologous
LT-HSCs is another emerging option; however, difficulty collect-
ing sufficient numbers of cells from the BM, the lack of an efficient
ex vivo expansion condition that maintains LT-HSCs, and patient
health have impeded autologous stem cell gene therapy. While
pluripotent stem cells (PSCs), which include autologous induced
PSCs (iPSCs) and allogeneic embryonic stem cells (ESCs), are a
theoretically unlimited source of HSCs, use of this technology
for blood stem cell therapy is hampered by the restricted engraft-
ment and reconstitution potential of human PSC-derived (hPSC-
derived) multipotent progenitor cells (MPP) observed in mouse
xenografts over the past 10 years (1-5). This substantial barrier has
delayed clinical translation of PSC-based blood therapeutics. As
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PSC (iPSC) line-7 with cytokines in the presence or absence of endothelial cells (ECs) that express JAG1 and DLL4. Cells
cocultured with ECs generated substantially more CD34‘CD45* hematopoietic progenitors compared with cells cocultured
without ECs or with ECs lacking JAG1 or DLL4. EC-induced cells exhibited Notch activation and expressed HSC-specific

Notch targets RUNX1and GATA2. EC-induced PSC-MPP engrafted at a markedly higher level in NOD/SCID/IL-2 receptor y
chain-null (NSG) mice compared with cytokine-induced cells, and low-dose chemotherapy-based selection further increased
engraftment. Long-term engraftment and the myeloid-to-lymphoid ratio achieved with vascular niche induction were
similar to levels achieved for cord blood-derived MPP and up to 20-fold higher than those achieved with hPSC-derived MPP
engraftment. Our findings indicate that endothelial Notch ligands promote PSC-definitive hematopoiesis and production of
long-term engrafting CD34- cells, suggesting these ligands are critical for HSC emergence.

a result, the focus of pluripotent blood stem cell therapy research
has shifted to identifying developmental mechanisms and molec-
ular pathways that drive hematopoietic specification from hemo-
genic endothelial precursors, with an emphasis on zebrafish and
mouse models (6-10).

In the last few years, evidence describing a key role for endo-
thelial cells (ECs) in HSC development, homeostasis, and regen-
eration has been accumulating (11-13). ECs form putative “vas-
cular niches” that influence HSC development and maintenance,
from the first definitive HSCs that emerge from the ventral wall of
the dorsal aorta (6) to the ECs in the BM microenvironment that
produce prohematopoietic Notch ligand jagged-1 (JAG1), which
is required for homeostatic and regenerative hematopoiesis (14).
Rafii et al. showed that transduction of vascular endothelium with
the E4ORF1 gene, which activates the Akt pathway in human ECs,
augments human long-term MPP (LT-MPP) expansion through
paracrine cues along key signaling pathways, including the Notch
pathway (12, 15, 16). We therefore hypothesized that Notch ligands
deployed by ECs are involved in definitive hematopoietic specifica-
tion and thus an ex vivo vascular niche would support formation
of definitive LT-MPP from PSC hemogenic precursors. We focused
primarily on the nonhuman primate (NHP) Macaca nemestrina
(Mn) iPSC model (17-19), which provides the means for evaluating
MPP fate in xenograft mouse studies and also allows for the future
testing in a clinically relevant autologous setting in the NHP. To
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Figure 1. Endothelial Notch ligands regulate emergence and expansion of hematopoietic progenitor cells from PSCs. (A) Left: CD34*CD45* cell yield per
million input of cells + ECs and Notch ligand- replete and -depleted conditions. Right: fold change in CD34*CD45" cells relative to MPP generated in cyto-
kines. JAG1-KD, ECs transduced with shRNA to JAG1; DLL4-KD, ECs transduced with shRNA to DLL4, -, cytokines alone. (B) Notch signaling target expres-
sion on day 15. Left: MniPSC-7-MPP; right: day hes2-MPP after coculture in indicated conditions. Levels calibrated to expression in PSC-MPP cocultured
with WT ECs and normalized to B-actin. (C) Number of hematopoietic CFUs from day-15 MniPSC-7-MPP after expansion + WT ECs. Right: Mn BM CD34*
activity (control). CFUs per 100,000 cells plated. Plating efficiency noted in parentheses. Far right: CFUs from day 15 MniPSC-7-MPP and BM CD34* cells.
Original magnification, x20. (D) Primate CD45* cells in blood 12 weeks after transplantation (1 transplant experiment, n = 3 mice/group, bars represent
mean/group). **P < 0.005; ***P < 0.0005, Student’s t test. Differentiation studies + Notch ligand-depleted ECs were conducted in 2 MniPSC lines and 1
hESC line (hes2) in 3 independent experiments per cell line. Differentiation studies comparing induction with cytokines alone and WT ECs were conducted

in 2 MniPSC lines and 1hESC line in 6 independent experiments per cell line.

determine the mechanism of action of vascular niche induction of
hematopoiesis and to allow for translation to human cell studies for
future development toward clinical application, we also tested dif-
ferentiation and engraftment with human ESCs (hESCs) with and
without EC-mediated Notch pathway activation. Here, we identify
a role for endothelial Notch ligands JAG1 and delta-like ligand-4
(DLL4) in the emergence of LT-MPP in definitive hematopoiesis.

Results

EC notch ligands JAG1 and DLL4 activate Notch signaling, RUNXI,
and GATA2 expression in PSC hematopoietic progenitors and emer-
gence of CD34*CD45" cells with ex vivo and in vivo hematopoietic
activity. To direct hemogenic mesoderm induction of human and
NHP PSCs, we used an 8-day staged protocol based on our previ-
ously established strategy (ref. 17 and Supplemental Figure 1A; sup-
plemental material available online with this article; doi:10.1172/
JC179328DS1). The cell lines used in these experiments are the
hESC line hes2 from the WiCell Research Institute, which has been
previously characterized (20) and has been used to study hemato-
poiesis ex vivo (21), and the NHP lines MniPSC-7 and MniPSC-3,
which were generated in our laboratory and have been previously
characterized (17, 19). hes2 and MniPSC-7 were aggregated in
media containing 10 ng/ml and 20 ng/ml human BMP4, respec-
tively. Embryoid body (EB) aggregates were then exposed to VEGF,
bFGF, and PGE2, the latter of which we previously showed to
enhance emergence of CD34*CD45" cells when added during the
first week of hematopoietic differentiation (17). By day 8 of induc-

tion, 35% of hes2 and 20% of MniPSC-7 hematopoietic progeni-
tors expressed the hematoendothelial marker CD34 and 80% of
the CD34" fraction also expressed the endothelial surface antigens
Flk1 (KDR), CD31 (PECAM-1), and VE-cadherin (Supplemental
Figure 1B). CD45 PECAMI'FIk-1*VE-cadherin (CD45"PFV) cells
have been shown to represent a bipotent population generated
from hESC that is responsible for hematopoietic fate (22). Previous
work from several groups shows that hematoendothelial precur-
sors specified toward hematopoietic fate by coculture with growth
factors alone (23-25) or with stromal cell support (2, 26) give rise
to phenotypic but primitive hematopoietic progenitors that lack
robust, long-term multilineage engraftment potential.

We hypothesized that ECs, which are the initial site of defini-
tive hematopoiesis and express the membrane-bound Notch
ligands JAG1 and DLL4, control the transition from PSC-derived
hemogenic precursor to definitive HSC. Given that JAG1 and
DLL4 compete for binding of Notch-1 and Notch-2 receptors and
have opposing effects on ECs during angiogenesis (27), we further
postulated that a balance of endothelial JAG1 and DLL4 ligands is
required for HSC emergence.

To test our hypothesis, we transduced ECs with lentivirus vec-
tors expressing shRNAs to JAG1 and DLL4 (knockdown [KD]) for
use in our coculture differentiation strategy. KD of JAG1 and DLL4
was confirmed by quantitative reverse-transcriptase PCR (qRT-
PCR) and by flow cytometry analysis (Supplemental Figure 1C
and data not shown). Day-8 PSC-derived CD34* cells expressed
Notch-1 and Notch-2 receptors and other receptors (TIEI, TIE2,
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Figure 2. Long-term multilineage engraftment of vascular niche-induced MniPSC-MPP. Detection of primate CD45* cells in blood of mice transplanted
with EC-induced MniPSC-MPP, cytokine-induced MniPSC-MPP, or Mn BM CD34* cells. (A) Kinetics of primate CD45* cells in blood. *P < 0.05; **P < 0.005,
Student'’s t test. (B) Distinction between primate and mouse CD45* cells by flow cytometry analysis. Middle panels: lymphoid and myeloid subset analysis.
Right panels: flow cytometry plots showing CD3, CD20 single-positive and CD13, CD14 double-positive cells. (C) Primate CD45* cells in BM. Dots indicate indi-
vidual mice. Lines show mean/group. (D) Top panels: frequency of BM CFUs. M, macrophage; GM, granulocyte-macrophage; E, erythroid; GEMM,mixed. Bot-
tom panels: colonies from BM of EC MniPSC-MPP mouse. Original magnification, x4. Middle panels: Wright-stained macrophage and erythroid cells. Original
magnification, x20. Right panels: gRT-PCR for primate y- and B-hemoglobin from erythroid (BFU-E) cells. Transcripts normalized to B-actin and calibrated to
macaque blood (line indicates calibrator level). Transplantation studies were conducted in 8 to 12 mice/group over 3 independent experiments.

IGFR) that are required to transduce signals upon interaction with
endothelium (Supplemental Figure 1D). Day-8 CD34" cells were
replated in StemSpan media supplemented with prohematopoi-
etic cytokines with or without vascular niche support to induce
hematopoietic specification. KD of either JAG1 or DLL4 in the ECs
significantly reduced the CD34*CD45" cell yield (Figure 1A and
Supplemental Figure 1B). PSC-MPP cultured with WT ECs had
8-fold higher CD34*CD45" cell yield (per input of 1 million cells)
compared with cells specified with cytokines alone. EC coculture
had a greater impact on the frequency of CD34*CD45" cells pro-
duced from MniPSC compared with hes2 hemogenic precursors,
with a 30-fold and a 10-fold increase, respectively, compared with
cells induced with cytokines alone. KD of either JAG1 or DLL4
significantly reduced the CD34°CD45" cell yield (Figure 1A).

jci.org

Importantly, cells cultured with JAG1-KD and DLL4-KD ECs also
exhibited reduced Notch activation, as indicated by lower expres-
sion of Notch targets HESI1, HEY1, RUNXI, and GATA2 (Figure
1B), the latter 2 of which are required for definitive hematopoiesis
(RUNXI:refs. 9,28; GATA2: refs. 29, 30). To show that the effect of
vascular niche coculture was not an artifact of the line MniPSC-7,
experiments were repeated with another MniPSC line (MniPSC-3)
with similar results (Supplemental Figure 1, D and E).

RNA-Seq analysis also confirmed increased expression of
Notch-1 and Notch-2 downstream targets (HESI, HEY1, ADAMIO,
GATA?2) for vascular niche-induced, but not cytokine-induced,
MniPSC-MPP (Supplemental Figure 2). Comparative transcrip-
tome analysis (by hierarchical clustering and 3D scaling analy-
sis) identified several greater than 4-fold differentially expressed
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Figure 3. hESCs differentiated in a vascular niche give rise to engrafting MPP with in vivo myeloid and lymphoid
potential. (A) Kinetics of EC-induced hes2-MPP engraftment compared with mice transplanted with ECs alone. (B)
Distinction between the human and mouse CD45. (C) Th1 cytokine production by human CD3* cells and CD14* cells.
For cytokine assays, cells were isolated from organs of 3 mice/group (3 biological replicates) and 3 technical replicates

were run for each test.

genes in EC-induced, but not cytokine-induced, cells, including
regulators of HSC transcription, adhesion/migration, vascular
genes, and hematopoiesis (Notch, TGF-B, Wnt), indicating that
hematopoietic specification in a vascular niche is also associated
with a distinct transcriptional profile.

Vascular niche-induced MniPSC-MPP also had significantly
more hematopoietic activity, both ex vivo and in vivo. Colony-
forming assays indicated that vascular niche-induced hemato-
poietic cells gave rise to significantly more erythroid (CFU-E) and
myeloid (CFU-M) colonies and had a higher plating efficiency
compared with cells induced with cytokines alone (Figure 1C).
However, both PSC-derived hematopoietic cell populations had
lower colony-forming potential compared with somatic CD34*
cells isolated from monkey BM (positive control). To determine
the effect of endothelial Notch ligand induction on emergence of
engraftable hematopoietic cells, cocultures of day-15 MniPSC-7
hematopoietic progenitors with or without Notch ligand-depleted
(JAG1-KD or DLL4-KD) or WT ECs (n = 3 mice per group) were
injected directly into the BM of immunodeficient NOD/SCID/IL-2
receptor y chain-null (NSG) mice. Mice transplanted with MniPSC
hematopoietic cells that were induced/coinfused with WT ECs
had significantly higher engraftment of primate CD45" cells 12
weeks after transplantation, compared with recipients of cyto-
kine-induced cells and recipients of cells induced with cytokines
and JAG1-KD or DLL4-KD ECs (Figure 1D). Together, these data
show that generation of hematopoietic progenitors is more robust
in the context of a vascular niche and that KD of either pro-HSC
Notch ligand JAGI or proangiogenic Notch ligand DLL4 impedes
hematopoietic specification and emergence of engraftable MPP,
indicating a direct role for endothelial membrane-bound Notch
ligands JAG1 and DLL4 in HSC emergence.

Long-term engraftment of vascular niche iPSC-derived MPP. Sev-
eral research groups have generated hPSC-derived hematopoietic
cells that resemble MPP (2, 4, 5), but that do not engraft long-term
and/or lack lymphoid potential in vivo. We hypothesized that vas-
cular niche induction of hematopoiesis would facilitate hemogen-
ic precursor maturation to LT-MPP. To evaluate long-term (>20
week) engraftment potential of PSC-derived cells, MniPSC-MPP/
EC cocultures, Mn BM CD34* cells (positive control for MniPSC-
MPP), or cytokine-expanded MniPSC-MPP were injected into the
BM of NSG mice (Supplemental Figure 3A). Cells were pulsed with
PGE?2 prior to intra-BM injection in order to promote homing to

expression of CXCR4 on
MniPSC and hes2 day-15
hematopoietic progenitors
(Supplemental Figure 4).

Two weeks after trans-
plantation, NHP CD45*
cells were detected in the
blood of all mice transplanted with PSC-derived hematopoietic
cells. By week 16, engraftment stabilized at approximately 10%
primate CD45" cells detected in the blood of the recipients of Mn
BM CD34* cell and endothelial-induced MniPSC-MPP (Figure
2A), which is similar to what has been reported for human umbili-
cal cord blood MPP (UCB-MPP) and what we observed with pigtail
macaque UCB-MPP after xenotransplantation in NSG mice (33).
In contrast, mice transplanted with cytokine-induced MniPSC-
MPP had approximately 1% engraftment by week 16.

In vivo hematopoietic subset analysis revealed that lymphoid
(CD3, CD20), myeloid (CD13, CD14), and erythroid subsets were
detected in the peripheral blood, with no significant differences
between PSC-MPP-and BM-derived somatic CD34* cell recipients
(Figure 2B). Importantly, the myeloid-to-lymphoid ratio (M/L) for
MniPSC-MPP and Mn BM-MPP (M/L 2/1.7) was similar to what is
observed in UCB-MPP-transplanted mice (M/L 1-2) (16, 34, 35).
From 20 to 24 weeks after transplantation, CD45" cell content in
the BM was equivalent between the MniPSC-MPP and BM-MPP
recipient mice (~20%) compared with 1% engraftment in mice
transplanted with cytokine-induced cells (Figure 2B). BM cells from
primary recipients were then plated in primate colony-forming cell
(CFC) assays to assess myeloid and erythroid potential of long-term
engrafted cells (Figure 2C). EC-induced engrafted cells gave rise to
both erythroid and myeloid colonies that had characteristic colony
and cell morphology. While the percentage of colony types (i.e.,
CFU-GM) were similar between engrafted EC-induced MniPSC-
MPP and somatic CD34" cells, engrafted cytokine-induced cells
had more CFU-M colonies and less than 1% CFU-E colonies detect-
ed (Figure 2D, percentages < 1% not shown). gqRT-PCR analysis of
erythroid cells indicated predominant expression of B-globin (and
relatively lower expression of y-globin), suggesting globin switching
occurred in vivo. However, a lower level of B-globin was detected in
erythroid cells from recipients of cytokine-induced MPP.

To confirm that the progeny of engrafted MniPSC-MPP are
functionally indistinct from the progeny of somatic CD34" cells,
we isolated human and NHP CD3* cells from the spleen and CD14*
cells from the BM of transplanted mice (Supplemental Figure 3,
B and C). Splenic CD3" cells from PSC-MPP- and somatic BM
CD34*transplanted mice proliferated ex vivo in response to CD3/
CD28 immunomagnetic bead activation and coexpressed CD3
and TCR-ap. CD14"* cells isolated from the BM differentiated into
macrophages ex vivo and became activated after treatment with
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Figure 4. In vivo selection increases long-term engraftment of EC-induced MniPSC-MPP. (A) Experimental schematic. (B) In vivo selection of EC-expanded
MniPSC-MPP (n = 10) versus cytokine-expanded MniPSC-MPP (n = 7). Arrows indicate 0°BG/BCNU. Primate CD45* cells in EC-induced MniPSC-MPP-trans-
planted mouse before and after in vivo selection (4 and 16 weeks, respectively). (C) CFU-GEMM from BM of EC-induced MniPSC-MPP-transplanted mice.
Original magnification, x20. Scale bars: 100 um. Bottom panels: CFU frequencies in primary recipient BM. (D) Summary of gene marking by PCR in organs.
Values are mean of biological replicates (mean + SD for all mice/group). Transplantation studies were conducted in 8 to 12 mice/group over 2 independent

experiments. **P < 0.005, Student’s t test.

lipopolysaccharide. To evaluate cell functionality, we quantified
cytokine production after activation; Thl cytokines (IL-2, IFN-y)
were detected in the activated CD3 and CD14 cells isolated from
mice transplanted with EC-induced MPP (Supplemental Figure
3C). In contrast, we could not isolate or activate a sufficient quan-
tity of CD3" cells to detect Thl cytokines from the mice engrafted
with cytokine-induced MPP.

In order to determine whether this technology is translatable
to human cells, hemogenic cells from the hESC line hes2 were also
induced with the vascular endothelial platform and then tested
for engraftment. A group of mice transplanted with human ECs
alone was also included to confirm that the vascular niche cells
alone were not the engrafting cell type. Vascular niche-induced
hes2-MPP engrafted at a level similar to what was observed with
EC-induced MniPSC-MPP (~10%, 16 weeks after infusion) and
the isolated hematopoietic progeny were also responsive to activa-
tion, producing Th1 cytokines (Figure 3). In contrast, no human
CD45" cells were detected in the mice transplanted with vascular
niche cells alone. Together, these data indicate that vascular niche
induction of PSC hematopoiesis supports emergence of long-term
engrafting definitive multipotent hematopoietic progenitors that
give rise to functional hematopoietic progeny in vivo.

EC coinfusion with MniPSC-MPP without prior coculture is not
sufficient to promote long-term multilineage hematopoiesis in vivo.
To determine whether the direct contact with EC in coculture is

jci.org

required for acquisition multipotency and self-renewal properties,
MniPSC-MPP were specified with cytokines alone (grown without
EC contact) and then coinfused with ECs. These cells preferen-
tially engrafted in the liver, which is similar to engraftment pat-
terns seen with hPSC-derived primitive hematopoietic cells and
indicates that vascular niche induction of definitive hematopoiesis
occurs during coculture and is required for acquisition of HSC-like
properties (data not shown). This finding is also consistent with
our previous work, which showed that cell-to-cell contact between
hematopoietic cells and ECs is required for LT-MPP maintenance
and expansion (12, 14-16).

In vivo selection of PI140K-MGMT gene-modified PSC-MPP
by treatment with low-dose O°BG/BCNU chemotherapy increases
polyclonal long-term engraftment. Although 10% engraftment of
PSC-MPP 16 weeks after transplantation has not been previously
achieved, we wanted to improve upon this clinically applicable
engraftment threshold. We hypothesized that engineering PSC
to express a chemotherapy-resistance transgene would allow
for in vivo selection to provide the engrafting cells with a selec-
tive advantage for repopulation in order to stabilize and increase
long-term engraftment to a desired therapeutic level. To test our
hypothesis, we gene modified MniPSC with a chemotherapy-resis-
tance transgene (P140K variant of methylguanine methyltransfer-
ase, MGMT), which we have previously shown allows for in vivo
selection in NHP and clinical studies (36-38). After validation of
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Figure 5. Gene-modified MniPSC-MPP from primary recipient mouse BM reconstitute secondary recipient mice. (A) Representative PCR analysis of
mouse BM from EC-MniPSC-MPP mouse for data shown in Figure 4D showing detection of primate -actin and lentivirus LTR. (B) PCR of GFP transgene
(top gel) and macaque (Mn) BSG (lower gel) in gDNA from GFP* sorted monkey PBMCs, unmodified, negative control human and mouse hematopoietic
cells, and splenic gDNA from representative engrafted mice. (C) Subsets in second-degree recipients. (B) CFUs from BM of second-degree recipient mice.
Secondary transplantation studies were conducted in 3 mice/group over 2 independent experiments.

P140K-MGMT transgene expression at the protein and RNA levels
(Supplemental Figure 5, A and B; Supplemental Uncut Gel Image
1), resistance to alkylating chemotherapy was evaluated in P140K*
and P140K MniPSC-derived hematopoietic cells (Supplemen-
tal Figure 5C). Day-8 hemogenic CD34" cells were plated in CFC
assays after treatment with vehicle or O°-benzylguanine (O°BG)
with or without N,N’-Bis(2-chloroethyl)-1-nitrosourea (BCNU)
chemotherapy. P140K* MniPSC-derived cells maintained signifi-
cantly more hematopoietic colony-forming potential compared
with P140K™ MniPSC-derived cells after chemotherapy exposure
(*P < 0.05). To determine clonality of the gene-modified cells, we
performed retroviral integration site (RIS) analysis that identified
148 unique clones in P140K* MniPSC over several passages in cul-
ture, indicating that the P140K* MniPSC line is highly polyclonal
(Supplemental Figure 5D).

To evaluate in vivo hematopoietic potential and to determine
whether O°BG/BCNU chemotherapy would increase engraft-
ment of gene-modified cells, we generated hematopoietic pro-
genitors from P140K* MniPSC by differentiation with cytokines
with or without ECs and then transplanted these cell popula-
tions into NSG mice (Figure 4A). Four weeks after transplanta-
tion, there was no difference in the short-term engraftment of
MniPSC-MPP with or without ECs (Figure 4B). In vivo selection
by 2 treatments with low-dose O°BG/BCNU (5 and 9 weeks after
transplantation) increased primate CD45* engraftment levels. In
vivo selection in mice transplanted with EC-induced MniPSC-
MPP was significantly more effective compared with selection
in mice transplanted with cytokine-induced cells, as indicated
by the 4-fold increase in engraftment (30% primate CD45" in
peripheral blood) (Figure 4B), which was sustained until the end
of the study (P < 0.005).

;

Sixteen weeks after transplantation, engraftment and gene
marking were evaluated in hematopoietic organs. Up to 60% of
primate CD45* cells were detected in BM of EC-induced MniPSC-
MPP recipients, which is significantly higher compared with cyto-
kine-expanded cells. To confirm gene marking, hematopoietic
CFU assays were established from mouse BM, spleen, and liver
(Figure 4, C and D). Mixed CFU-granulocyte, erythroid, macro-
phage, megakaryocyte (CFU-GEMM) colonies grew from BM
cells from mice transplanted with EC-induced MniPSC-MPP (1%
GEMM of total CFUs), but not cells induced with cytokines alone
(Figure 4C). To determine gene marking and confirm primate ori-
gin of hematopoietic colonies, CFC genomic DNA (gDNA) was
assayed for NHP B-actin and LTR sequences (Figure 4D and Fig-
ure 5A; Supplemental Uncut Gel Image 2). The average gene mark-
ing in NHP B-actin* CFUs and the number of gene-marked (LTR*)
colonies were higher for mice transplanted with EC-induced ver-
sus cytokine-induced MniPSC-MPP.

To validate gene-modified MniPSC-MPP engraftment, we
performed PCR analysis for detection of GFP (which is in the
P140K transgene expression cassette) and monkey-specific Mn
basigin (BSG) gDNA in engrafted mouse splenocytes. While Mn
BSG was detected in splenic gDNA from all cohorts, GFP was
detected only in EC-induced MniPSC-MPP transplant recipients
(Figure 5B; Supplemental Uncut Gel Image 3). These findings
confirm that engrafted cells originated from gene-modified EC-
induced MniPSC-MPP that support effective in vivo selection,
thereby increasing long-term engraftment.

EC-induced but not cytokine-induced PSC-MPP reconstitute
myeloid and lymphoid compartments of secondary recipient mice.
Serial transplantation of hematopoietic progenitor cells is the
standard assay to confirm self renewal and multipotency prop-
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Figure 6. Hypothetical model for vascular niche JAG1/DLL4-mediated
induction of Notch activation of hematopoietic specification. Hemogenic
cells (CD34*PECAM1T*VEC*VEGFR* CD45°) placed in a vascular niche that
produces JAG1/DLL4 lead to Notch activation and upregulation of RUNX1
and GATA2, which, in combination with additional unknown factors
(indicated by ??), support the endothelial-to-hematopoietic transition.
Blockade of either JAG1 or DLL4 expression by vascular cells (shRNA to the
membrane-bound Notch ligands) altered competing Notch-1, -2 ligand
stoichiometry, reduced Notch activation in hemogenic precursors, lowered
RUNX1 and GATA2 expression, and resulted in fewer CD34*CD45" cells.

erties. We therefore transplanted first-degree BM into second-
degree recipients (without intervening exposure to, coculture, or
coinfusion with ECs). Multilineage engraftment and detection
of lymphoid and erythroid cells in the blood 12 weeks after trans-
plantation were higher in second-degree recipients of EC-induced
MniPSC-MPP compared with recipients of cytokine-expanded
cells (23% versus 11% CD45* cells) (Figure 5C). Importantly, the
M/L ratio in second-degree recipients of EC-induced MniPSC-
MPP was 1.2. In contrast, the M/L ratio for second-degree recipi-
ents of cytokine-induced MniPSC-MPP was 30 (myeloid skewed
differentiation in vivo), which is closer to the typical M/L ratio
observed for most human iPSC-MPP studies (i.e., M/L of 15) (4, 5).
CFU assays indicated that BM from second-degree recipients’ EC-
induced hematopoietic cells had higher frequencies of erythroid
and mixed hematopoietic colonies, and distribution of colony
subtype resembled hematopoietic colony formation from second-
degree recipients of Mn BM CD34* cells (Figure 5D). In contrast,
BM from second-degree recipients of cytokine-induced cells did
not give rise to mixed hematopoietic colonies and had a lower
frequency of erythroid potential, which is consistent with the dis-
tribution of hematopoietic myeloid/erythroid subsets detected in
the blood. These findings confirm long-term engraftment with
authentic long-term hematopoietic progenitor cells generated
from MniPSC hemogenic precursors by vascular niche induction.
Furthermore, the engraftment level and in vivo contribution
to hematopoiesis achieved with the EC-induced MPP strongly
resemble the engraftment pattern achieved with human UCB-
CD34" cell xeno-engraftment studies (16) and are significantly
higher compared with the most effective hPSC-MPP engraftment
studies to date (2, 4, 5).

Polyclonal reconstitution of secondary recipient mice transplanted
with P140K-MniPSC LT-MPP. To confirm second-degree recipient
gene-modified MniPSC-MPP repopulation, we conducted RIS
analysis on gDNA from BM, spleen, and blood collected 28 weeks
after infusion. Integration profiles indicated polyclonal repopula-
tion without clonal dominance with the following: 25 clones identi-
fied across both cohorts; and 2 and 5 clones detected in undifferen-
tiated parent MniPSC and second-degree recipients of “cytokine
alone” and EC-expanded cells, respectively (Supplemental Tables
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2 and 3). Thus, MniPSC CD34" cells instructed by human vascular
niche contribute to long-term multilineage hematopoiesis without
evidence of clonal dominance.

Discussion

Generation of LT-MPP from PSCs would greatly benefit patients
with hematologic disease. Our studies mark a technical advance
toward this goal, as we show long-term, high-level engraftment of
“HSC-like cells” that we designated LT-MPP, based on Irv Weiss-
man’s gold standard that describes “HSCs” as “MPP” in human
CD34* cell/mouse xenograft studies (39), in which more than 1
cell is transplanted into NSG mice.

In vivo selection tripled BM engraftment of hematopoietic
progenitors that were induced with ECs in the presence of cyto-
kines, while, in contrast, engraftment of cytokine alone-induced
hematopoietic cells decreased over time and was skewed toward
myeloid progeny in second-degree recipient mice. Importantly,
EC-induced cells exhibited multipotency and self-renewal prop-
erties, as evidenced by multilineage reconstitution of both first-
degree and second-degree recipients.

The critical role of the vascular niche for acquisition of self
renewal and multipotent properties of hematopoietic progenitor
cells that persist in vivo is supported by the evidence that cytokine-
induced cells have significantly lower engraftment and restricted
long-term myeloid potential (P < 0.05). Our study also reveals a
direct role for the EC membrane-bound Notch ligands (JAG1 and
DLL4) in definitive hematopoietic specification. However, the
vascular niche may also play a role in engraftment of EC-induced
MPP in the BM. From our unpublished observations, in which
we found that coinfusion of vascular cells with cytokine-induced
hematopoietic progenitors is not sufficient to produce LT-MPP,
we hypothesize that cotransplantation of the vascular niche with
the EC-induced MPP provides engraftment support such that the
hematopoietic cells can successfully lodge in the BM, leading to
higher basal repopulating ability. Successful lodgement in the BM
and the initial support provided by niche cells allows for matura-
tion of the cells to fully functional LT-MPP. Thus, transitioning
EC-induced cells from a vascular ex vivo niche to a BM microenvi-
ronment supports maturation of LT-MPP.

In our proposed model, an ex vivo vascular niche produces
JAG1 and DLL4, which activate Notch signaling in hemogenic
precursors (CD34*PECAMI*VEC*VEGFR2*CD45"") to increase
expression of RUNX1 and GATA2. This increased expression of
RUNX1 and GATA?2 in combination with other undefined factors
supports the endothelial-to-hematopoietic transition. Blockade
of either EC JAG1 or DLL4 expression (shRNA to these Notch
ligands) reduced Notch activation in hemogenic precursors,
lowered RUNXI and GATA2 expression, and resulted in fewer
CD34*CD45" cells (Figure 6). In the historical context of pub-
lished literature, which shows that direct modulation of either
RUNXI or GATA2 is not sufficient to generate LT-MPP, our work
shows that direct contact between PSC-derived hemogenic pre-
cursors and a vascular niche is required for definitive hematopoi-
esis and production of LT-MPP. Our findings agree with results
from other groups that indicate that Notch signaling is required for
hematopoiesis (40). However, in those previously published stud-
ies, Notch activation by exposure to plastic-immobilized ligand
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alone or in the context of a stromal cell culture is not sufficient for
generation of definitive LT-MPP, given that PSC-derived hemato-
poietic cells generated under these conditions did not repopulate
the BM long-term (23, 41).

Although vascular niche induction with Notch activation is
required for definitive hematopoiesis, we recognize that there are
likely additional unidentified acellular paracrine or autocrine fac-
tors produced by emergent HSCs and niche cells that are required
for definitive hematopoiesis. The HSC-like cells generated in our ex
vivovascular niche functionally and phenotypically resemble more
mature definitive multipotent progenitors (CD34*CD45*CD41)
that emerge from hemogenic endothelium in the ventral wall of
the dorsal aorta in the aorta-gonad-mesonephros (AGM) region of
the developing embryo (6, 42). These cells are functionally (long-
term engrafting, with lymphoid, myeloid, and erythroid potential)
and phenotypically (CD41) distinct from the more primitive yolk
sac or early emergent AGM embryonic hematopoietic progeni-
tors (CD41") that are myeloerythroid restricted and transient, or
immature, respectively (42, 43). While the vascular niche-induced
hematopoietic progenitors differentiated from PSCs in our ex vivo
systems strongly resemble definitive HSCs, we hypothesize that
placing the CD34* hemogenic precursors in the BM milieu dur-
ing hematopoietic specification is required for their maturation
to definitive adult LT-MPP. We recognize, though, that the ex vivo
vascular niche system likely requires further interrogation for suc-
cessful and efficient large-scale production of authentic LT-MPP
for transplantation and for translation to the clinic.

A more recent study in the zebrafish model indicated that the
Notch-1 receptor is required for the endothelial to hematopoietic
transition and HSC emergence from hemogenic endothelium
(10). We previously showed that the mechanism of adult regen-
erative and homeostatic LT-MPP expansion in the mouse BM is
through the endothelial JAG1/hematopoietic Notch-1 signaling
axis, which balances self renewal and prevents adult HSC exhaus-
tion after transplantation (14). Here, we show that endothelial
Notch-1 ligands JAG1 and DLL4 are required for HSC emergence
and support generation of LT-MPP from human and monkey PSCs
during development. Although no direct connection between
Notch signaling and RUNXI has been described previously,
RUNX1 has been shown to rescue hematopoiesis in the context
of Notch-1 receptor deficiency (44), implying a link between the
2 pathways. Here, we show a direct relationship between loss of
Notch-1 activation and loss of RUNX1 expression, which directly
links the 2 pathways.

Given that the endothelial Notch-1ligands JAG1 and DLL4 are
required for LT-MPP emergence from PSCs, one potential strategy
to further improve PSC-MPP expansion in the future is through
careful titration of endothelial Notch ligands JAG1 and DLL4 by
genetic manipulation of ECs. Our engraftment levels are 5- to
20-fold higher compared with previous hPSC-MPP studies, and
therefore our study represents an advance that will facilitate clini-
cal translation of pluripotent blood stem cell therapeutics. Impor-
tantly, clinical applications of EC technology for human HSC
expansion and transplantation in the clinic are forthcoming and
the described P140K selection strategy has been safely and effec-
tively applied in a clinical setting (38, 45); therefore, our strategy
for LT-MPP generation should allow for a rapid translation to clini-
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cal studies following further appropriate preclinical scale-up and
safety studies in the autologous primate model. Our work marks
an advance in elucidating the mechanism of HSC emergence for
developing an effective strategy for generation of LT-MPP for clin-
ical application of human pluripotent blood stem cell therapeutics.

Invivo selection stabilized engraftment (up to 45%) at a level far
above the therapeutic threshold (10%) for clinical benefit from gene
therapy. EC Notch activation and increased RUNXI and GATA2
expression are critical for generation of hematopoietic progenitors
that can lodge and mature in the BM. Transplantation of hemogenic
precursors that developed in coculture with a vascular niche to an in
vivo BM niche supports their maturation from precursor to LT-MPP.
The ability of LT-MPP to support in vivo selection further confirms
their HSC-like status, as BCNU is an HSC-focused selection agent
and does not appear to improve engraftment of hematopoietic cells
specified ex vivo with cytokines alone.

Transcriptional profiling also identified differential expression
of Wnt signaling pathway components in EC-educated MPP. Wnt
signal strength has been shown to control the balance between
self renewal and differentiation (46). We found that EC-educated
MniPSC-MPP downregulated targets of the Wnt/p-catenin path-
way relative to EC-naive MniPSC-MPP, which is not surprising
given that ECs express Wnt pathway inhibitors DKK1 (47), DKK3
(15), IGFPB2 (48), and IGFBP3 (49). Wnt signaling has been shown
to regulate the Notch pathway in normal (50-52) and malignant
hematopoiesis (53, 54). The intersection between Wnt and Notch
signaling and modulation of their equilibrium in the context of a
vascular setting may reveal the precise balance required for endo-
thelial to hematopoietic transition and definitive HSC emergence.

Endothelial JAG1 and DLL4/Notch-1 activation drive RUNX1
and GATA2 expression and hematopoietic specification of human
and NHP PSCs, which highlights 2 important advances in clinical
translation of pluripotent blood stem cell therapeutics: (a) JAG1 and
DLL4 Notch-1 activation in the setting of vascular instruction directs
the emergence of LT-MPP, and (b) P140K-mediated in vivo selec-
tion stabilizes engraftment of PSC-derived MPP, neither of which
has, to our knowledge, been previously reported. Our work therefore
represents an advance toward preclinical translation of PSC-based
blood cell therapeutics in the NHP model and hPSCs, emphasizing a
prominent role of the vascular niche in HSC development.

Methods
PSC lines. NHP MniPSC-7 and MniPSC-3 (17) (generated in our labora-
tory) were used in these studies and maintained as previously described
(17, 55). The hESC line hes2 (NIH code ES02) was purchased from
WiCell. MniPSC and hes2 cells were maintained on irradiated mouse
embryonic fibroblasts (Chemicon) in DMEM:F12 medium, supple-
mented with 2 mM L-glutamine, 1% MEM nonessential amino acids,
20% KnockOut Serum Replacement, 100 uM 2-mercaptoethanol
(Sigma-Aldrich), and 20 ng/ml bFGF (all reagents from Life Technolo-
gies unless noted). Cells were routinely monitored for PSC morphol-
ogy and expression of pluripotency markers SSEA-4 and Oct4 (by flow
cytometry) and tested negative for mycoplasma (Boca Scientific). For
all assays, MniPSC and hes2 hESC were between passages 60 and 70.
NHP animal care. Healthy juvenile macaques (M. nemestrina),
which are donors for BM CD34" cells used as positive controls in these
studies, were housed at the University of Washington Regional Pri-
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mate Research Center under conditions approved by the American
Association for the Accreditation of Laboratory Animal Care.

Mouse animal care. Eight-week-old male NSG immunodeficient
mice were housed at the FHCRC.

Macaque BM CD34* cells. BM CD34" cells were harvested and
enriched from pigtail macaque BM as previously described (56).

Lentivirus vector production. Self-inactivating (SIN) lentivirus vec-
tors and pRSC-EMPGW vector stock preparation have been described
previously (57). The vector pRSC-EMPGW contains the human short
elongation factor-1 o (EFS) promoter regulating the P140KMGMT
chemotherapy resistance transgene (P140K).

Generation and use of E4ORFI-transduced ECs. Isolation, culture,
and primary E4ORFI gene transfer into primary endothelium have
been described previously (58). Primary ECs were isolated from
human umbilical cords by members of the Jason Butler laboratory and
transduced with E4ORF1-containing lentivirus vector per the refer-
enced protocol listed above. For some experiments, E4ORF1 ECs were
a gift from Angiocrine Bioscience (VeraVecs). ECs were passaged at
ratios of 1:2 to 1:4 based on density, and passages 5 to 13 were used
for PSC-MPP expansion studies. All cell lines were routinely tested for
mycoplasma and were negative. In some experiments, ECs were also
transduced with lentivirus vector expressing either shRNA to human
JAG1 or shRNA to human DLL4.

Hematopoietic induction and differentiation. Hematopoietic meso-
derm induction and differentiation of MniPSC lines were performed as
described previously (17). On day O, cells were treated with 10 uM Rock
Inhibitor &-27632 (Stem Cell Technologies) in PSC media for 1 hour.
Cells were then treated with 200 U/ml collagenase IV (Life Technolo-
gies), washed with DMEM:F12, and then aggregated in DMEM:F12 by
scraping monolayers into cell clusters with a pipette. Cell clumps were
resuspended in StemPRO media (Life Technologies) supplemented
with StemPRO supplement, 2 mM L-glutamine, 1% penicillin-strep-
tomycin (Life Technologies), 50 pg/ml ascorbic acid (Sigma-Aldrich),
150 pg/ml transferrin (Roche), and 4 x 10~ M 1-thioglycerol (Sigma-
Aldrich) with 10 ng/ml (hes2) or 20 ng/ml (MniPSC) of human BMP4
(R&D Systems). Aggregates were plated in 10-cm low cluster plates
(Corning) and cultured at 37°C in hypoxia (5% O, in air) for 7 days. On
day 1, EBs were settled in 15 ml conical tubes to remove dead single
cells and then resuspended in supplemented StemPRO media contain-
ing BMP4, 2 uM 16, 16-dimethyl PGE2 (Cayman Biochemicals), and 10
ng/ml bFGF. On day 4, cells were replated in supplemented StemPRO
containing 10 ng/ml VEGF, 2 uM PGE2, and 10 ng/ml bFGF. On day 8,
EBs were dissociated into single cells with accutase (Life Technologies)
and enriched for CD34" cells using the EasySep Human PE Positive
Selection Kit according to the manufacturer’s instructions (Stem Cell
Technologies). Cells were stained with 3 pg/ml anti-CD34 antibody
conjugated with phycoerythrin (PE) (clone 563, BD Biosciences) and
selected for PE* cells per the manufacturer’s protocol. Enriched cells
were expanded for 7 days as described below. These differentiation
studies were conducted on 2 MniPSC lines (3 and 7) and 1 hESC line
(hes2) in 6 independent experiments per cell line.

PSC-derived MPP expansion. Sorted CD34" cells were expanded
with or without coculture on ECs in StemSpan SFEM media (Stem Cell
Technologies) supplemented with 1% v/v penicillin-streptomycin (Life
Technologies), 200 ng/ml stem cell factor (SCF) (Miltenyi Biotech),
100 ng/ml each of FLT-3 ligand (FL) (Peprotech) and thrombopoietin
(TPO) (Peprotech), 50 ng/ml IL-11, 25 ng/ml IGF-1 and IGF-2, and 10

jci.org

TECHNICAL ADVANCE

ng/ml b-FGF (Life Technologies). All growth factors are recombinant
human and from R&D Systems unless otherwise noted. Hematopoi-
etic/EC cocultures (EC and PSC-CD34" cells) were cultured at 37°C
in normoxia (20% O, in air) at a 3:1 ratio by cell density. After 7 days,
adherent and suspension cells were harvested with accutase and pro-
cessed for phenotypic or functional assays or for engraftment studies.

Exvivoselectionof MniPSC-derived hematopoieticcells. O°BG (Sigma-
Aldrich) was reconstituted in DMSOv (Sigma-Aldrich) solution to a
concentration of 50 mM. BCNU (Sigma-Aldrich) was reconstituted to
155 mM concentration in ethanol. Day-8 CD34* MPP were subjected
to ex vivo drug selection with indicated concentrations of O°BG or
equivalent volumes of DMSO as vehicle controls and incubated at
37°C (5% CO,, 20% 0O,) for 1 hour, followed by addition of indicated
concentrations of BCNU or equivalent volumes of ethanol as vehicle
controls. Chemotherapy- and vehicle-treated cells were then plated in
standard CFC assays (see below).

Colony formation in methylcellulose. Short-term CFC assays were
performed as described previously (17). Briefly, cells were plated in
Methocult H4230 (Stem Cell Technologies) supplemented with the fol-
lowing cytokines: 100 ng/ml each of SCF, TPO, GM-CSF, G-CSF, IL-3,
IL-6,and 4 U/ml erythropoietin (EPO). After 12 days, plates were scored
for hematopoietic colony phenotypes (CFU-E, CFU-M CFU-GM,
CFU-GEMM) under a light microscope. Individual colonies from each
experiment were randomly picked for Wright-Giemsa staining of cyto-
spin samples and, in some studies, for analysis of proviral integration
by PCR assay (56).

RNA isolation and real-time qRT-PCR. RNA isolation and real-
time qRT-PCR have been previously described (17). Macaque-specific
(human cross-reactive) primers designed based on the annotated rhe-
sus macaque genome where possible are either listed in Supplemental
Table 1 or have been previously described (17).

Flow cytometry analysis. Flow cytometry analysis was performed
using standard procedures (17). All antibodies are from BD Biosci-
ences unless otherwise indicated. Macaque BM and peripheral blood
white blood cells and MniPSC-derived cells were stained with the fol-
lowing antibodies in different combinations: mouse anti-human (NHP
cross-reactive) CD34-PE (clone 563, catalog no. 550761), CD34-APC
(clone 563, catalog no. 561209), CD45-PerCP (clone TU116, catalog
no. 557513) and NHP-specific (not cross-reactive with human) CD45-
BV786 (clone D058-1283, catalog no. 563861), CD45-APC (clone
DO058-1283, catalog no. 561290), anti-human CD45-eFLUOR450
(eBioscience clone 2D1, catalog no. 48-9459), and NHP-specific (not
cross-reactive with human) CD38-APC (NHP Reagent Resource).
MPP and ECs were also stained with KDR-PE (R&D Systems, cata-
log no. FAB357P), CD31-V450 (clone WM59, catalog no. 561653),
CD31-PE (clone WM59, catalog no. 555446) and CD31-APC (clone
WMS59, eBioscience catalog no. 17-0319), CD144-APC (VE-cadherin;
eBioscience clone 16B1 catalog no. 17-1449) and CD144-Alexa Fluor
700 (eBioscience clone 16B1, catalog no. 56-1449) and Tra-1-85-APC
(R&D Systems catalog no. FAB3195A). In coculture systems, ECs were
distinguished from MniPSC-MPP by forward and side scatter, expres-
sion of the pan-human antigen CD147 (which is encoded by the human
BSG gene), and identified by immunostaining with the Tra-1-85
antibody. For in vivo studies, cells were costained with a human/NHP-
specific antibody (anti-human CD45 PerCP and anti-primate CD45-
BV786 or anti-human CD45 APC Cy7), a mouse CD45-specific anti-
body (anti-mouse CD45 FITC, eBiosciences clone 30-F11, catalog no.
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11-0451 or anti-mouse CD45 V450, eBioscience clone 30F11, catalog
no. 48-0451), CD14-PeCy7 (clone M5E2, catalog no. 560919), CD3-
APC (clone SP34-2, catalog no. 557597), CD3-Alexa Fluor 488 (clone
SP34-2, catalog no. 557705), CD20 Brilliant Violet 605 (Biolegend,
clone 2H7, catalog no. 302333), and CD235ab Pacific Blue (Biolegend
clone HIR2, catalog no. 306611). For in vivo studies, human-specific
antibodies reported to be cross-reactive with monkey blood cells
were selected; then a gating strategy was established and applied to
allin vivo analyses. Mouse peripheral samples were also stained with
anti-mouse CD45-FITC or mouse CD45-eFlour-450 (eBioscience).
To detect erythroid cells, cells were costained with anti-human
CD235ab and anti-HbF (Life Technologies, clone HbF-1, catalog no.
MHFHO5) antibodies (adult macaque blood, unlike adult human
blood, contains HbF) (59).

Western blot analysis. Western blot analysis of MGMT protein
expression has been described elsewhere (38). Primary antibody
staining was performed with anti-human MGMT (Kamiya Biomedi-
cal) at a dilution of 1:500 or B-actin (N-21) (Santa Cruz Biotechnology
Inc.) at a dilution of 1:200 for 1 hour at room temperature (RT). The
secondary antibodies used were goat anti-mouse (BD Biosciences)
or goat anti-rabbit (R&D Systems) immunoglobulin G1 conjugated to
horseradish peroxidase, respectively, at a dilution 0f 1:2,000 for 1 hour
at RT. The immunoblotted complex was visualized using the Kodak
X-OMAT 2000 Processor.

Real-time gPCR (TagMan). Gene marking in transduced PSCs and
their hematopoietic progeny was analyzed by TagMan 5' nuclease
real-time qPCR assay as described previously (37). Sample DNA was
analyzed in duplicate with a lentivirus-specific primer/probe combina-
tion (forward, 5-TGAAAGCGAAAGGGAAACCA; reverse, 5-CCGT-
GCGCGCTTCAG; probe, 5-AGCTCTCTCGACGCAGGACTCGGC
[IDT]) and in a separate reaction with a B-globin-specific primer/
probe combination (forward, 5-CCTATCAGAAAGTGGTGGCTGG;
reverse, 5-TTGGACAGCAAGAAAGTGAGCTT; probe, 5-TGGCTA-
ATGCCCTGGCCCACAAGTA [DT]) to adjust for equal loading vol-
ume of gDNA per reaction.

Transplantation studies in NSG mice. Mice received a sublethal dose
of irradiation from a Cesium source (275 ¢Gy) 1 day before transplanta-
tion. For the PGE2 pulse, day-15 cocultures were manually processed to
single-cell suspension, washed with DPBS, and resuspended in Stem-
Span containing 10 uM PGE2. Cells were placed on ice (at room tem-
perature) for 2 hours and vortexed every 30 minutes. After PGE2 treat-
ment, cells were washed twice with DPBS, passed through a 70-micron
filter, loaded into a 0.5 cc insulin syringe, and injected directly into the
right femurs of anesthetized mice. Experiment 1 and 2 cell doses were
as follows: MniPSC-MMP EC coculture, 0.3 million MniPSC-MPP and
0.9 million ECs (experiment 1: # = 3 mice/group; experiment 2: n = 12
mice/group); 0.3 million cytokine alone-induced MPP (n = 8 mice/
group); Mn BM CD34* MPP, 2 million cells (# = 8 mice). Experiment 3
cell doses included the following: cytokine-expanded P140K-MniPSC-
MPP, 0.35 million (n = 7 mice); EC-expanded P140K-MniPSC-MPP,
0.35 million MPP, and 1 million ECs (7 = 12 mice).

For Experiment 1 (Figure 1) (engraftment of MPP induced with
cytokines * Notch ligand-replete or -deficient ECs), engraftment
was evaluated 12 weeks after injection. To study long-term engraft-
ment in experiment 2 (Figure 2), mice were monitored weekly for 16
to 24 weeks by flow cytometry for detection of NHP CD45" cells and
myeloid, lymphoid, and erythroid progeny in the CD45" gate.
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For experiment 3, which studies the long-term effect of in vivo
selection on engraftment of cytokine-induced and EC-induced MPP,
both primary and secondary BM transplants were conducted. For
secondary BM transplantation assays, whole BM was collected from
16-week engrafted primary recipients and directly injected into the
BM of sublethally irradiated (275 c¢Gy) secondary recipients (BM from
1 primary donor into 1 secondary recipient) (n = 3 secondary recipi-
ents per group). Cells were infused without any intervening additional
culture period and without any additional ECs. Secondary recipients
were analyzed 12 weeks after transplantation.

Chemotherapy preparation and administration to NSG mice. O°BG
(50 mg bottle, Sigma-Aldrich) was resuspended in 3.33 ml PEG-400
(Sigma-Aldrich) and sonicated in warm water for 40 minutes. O°BG
was then diluted with DBPS to a final concentration of 5 mg/ml in
10 ml final volume. BCNU (Carmustine, 25 mg vial, Sigma-Aldrich)
was reconstituted in 0.75 ml 100% ethanol at a final concentration of
33.3 mg/ml. Mice received 2 i.p. injections of O°BG at a dose of 5 mg/
kg per injection, with the 2 injections fractionated 30 minutes apart
(total dose 10 mg/kg). One hour after the first OSBG injection, mice
received an i.p. injection of BCNU at a dose of 1 mg/kg or 2 mg/kg.
To assess myelosuppression, mice were monitored by complete blood
count (CBC) analysis immediately before and up to 2 weeks after che-
motherapy administration.

Analysis of PSC-derived cell engraftment in hematopoietic organs. Fol-
lowing euthanasia of mice, femurs, tibia and iliac crests, spleen, liver,
and blood were harvested for preparation of single-cell suspensions as
described elsewhere (2). Based on yield, cells from individual mice and
organs were divided for gDNA extraction, RNA extraction, flow cytom-
etry analysis, and CFC assays. CD3*and CD14" cells were isolated from
spleen and BM, respectively, of transplanted mice. Spleen-derived pri-
mate lymphocytes were cultured in T cell-supportive medium (17) and
activated with CD3/CD28 magnetic beads for 1to 2 weeks. BM-derived
primate monocytes were differentiated into macrophages as described
(60). Cytokine production by the organ-derived cells was analyzed
using the NHP Th1/Th2 cytokine kit (cytokine bead array, BD Biosci-
ences) according to the manufacturer’s instructions.

PCR amplification and analysis of gDNA from hematopoietic CFCs.
Hematopoietic colonies generated from mouse organs (24 colonies
per organ [BM, spleen, liver] per mouse) were isolated and trans-
ferred to tubes containing 90 pl of water supplemented with 1.7 U of
proteinase K from Tritirachium album (Sigma-Aldrich). GDNA was
isolated from individual colonies and then subjected to PCR analysis
to determine percentage of colonies containing the lentiviral provirus
and NHP gDNA. To validate NHP origin of hematopoietic colonies,
multiple PCR reactions were performed on gDNA extracted from each
colony with NHP- and human-specific PCR primers for detection of
B-actin, B-globin (NHP, human), and BSG (pan-human specific gDNA
encoding the human CD147 antigen). Primer sequences are listed in
Supplemental Table 1.

RIS analysis. RIS amplification, detection, and processing were
carried out as previously described, with the exception of random
shearing, which was accomplished by adaptive focused acoustics
technology (38). Briefly, 3 ug of DNA from each sample was sheared
using the M220 focused ultrasonicator (Covaris). Fragmented DNA
was isolated and polished, and modified linkers were ligated fol-
lowing the manufacturer’s protocol (454/Roche-GS 20 DNA library
preparation kit). About 100 to 200 ng of double-stranded DNA was
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then amplified in a standard exponential PCR (primer pair 1, LTR-
specific L2-PST-1-5-biotin-AGCTTGCCTTGAGTGCTTCA-3' and
linker-specific LC1 1-5-GACCCGGGAGATCTGAATTC-3’; primer
pair 2, 2A-[Barcode]- LTR-specific L2: 5-CCATCTCATCCCTGCGT-
GTCTCCGACTCAG-[Barcode]- AGTAGTGTGTGCCCGTCTGT-3'
and linker-specific LC2-trP1-5-CCTCTCTATGGGCAGTCGGTGAT-
GATCTGAATTCAGTGGCACAG-3'). LTR-specific primer L2-PST-1
was biotin tagged to capture/wash specific products from the first
PCR, and DNA was diluted 1:100 in H,0 before a second, nested PCR
with barcoded, LTR-specific, and modified linker-specific primers was
fused to sequences for compatibility to massively paralleled semi-
conductor sequencing (IonTorrent; Invitrogen/Life Technologies).
PCR products were visualized on a 2% agarose gel, and DNA frag-
ments ranging from approximately 300 to 800 bp were gel purified
and sequenced by the semiconductor sequencing service available
from Edge Biosciences following standard procedures. Processing and
genomic mapping of retrovirus integration sites were carried out as
previously described (38) with the following exceptions: valid integra-
tion sites were scored after locating retrovirus LTR-intervening NHP
gDNA and linker cassette sequence. The resulting junction sequences
were aligned to the October 2010 (BGI CR_1.0/rheMac3) assembly
of the rhesus genome with a stand-alone version of BLAT that gen-
erates a BLAST alignment score. To assign the closest transcription
start site (TSS) proximal to the site of virus integration, the flanking
NHP genomic sequence identified was converted to the correspond-
ing sequence in the human genome by aligning to the February 2009
(GRCh37/hg19) genome assembly, which was then interrogated for
the nearest RefSeq gene TSS.

RNA-Seq library construction, sequencing, and analysis. RNA prepa-
ration, library construction, sequencing, and analysis were performed
as previously described (61). All original RNA-Seq data were deposited
in the NCBI’s Gene Expression Omnibus (GEO GSE64644).

TECHNICAL ADVANCE

Statistics. Means and SD were calculated and Student’s ¢ tests
performed where indicated using Microsoft Excel software version
14.14.6. P < 0.05 was considered significant.

Study approval. The mouse animal procedures conformed to pro-
tocols approved by the FHCRC Institutional Animal Care and Use
Committee. The NHP studies (collection of peripheral blood cells and
BM CD34* cells) were conducted under protocols approved by the
Institutional Review Board and Animal Care and Use Committees of
the University of Washington.
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