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GENERATION OF HEMATOPOIETIC 
PROGENITOR CELLS FROM HUMAN 

PLURIPOTENT STEM CELLS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims priority to U.S. Provisional 
Patent Application No. 62/728,408 filed Sep. 7, 2019, which 
is incorporated herein by reference in its entirety. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH 

[0002] This invention was made with government support 
under HL034655 awarded by the National Institutes of 
Health. The government has certain rights in the invention. 

BACKGROUND 

[0003] The generation ofhematopoietic progenitor cells is 
a promising approach for treatment of blood disorders but 
this goal remains challenging. In two recent studies, 
hematopoietic cells capable of engraftment in immune
compromised mice were generated using transgenic meth
ods (Lis et al., 2017; Sugimura et al., 2017). However, 
transgenic methods cannot be scaled up for clinical appli
cations. The art is in need of large-scale, clinically appli
cable methods for producing hematopoietic progenitor cells 
capable of engraftment in an animal or human subject. 

SUMMARY OF THE INVENTION 

[0004] In a first aspect, described herein is a method for 
obtaining hematopoietic progenitor cells, the method com
prising culturing mesoderm cells seeded at low density in a 
chemically-defined culture medium that comprises a fibro
blast growth factor (FGF), a vascular endothelial growth 
factor (VEGF), and at least one of a Notch agonist, a TGF~ 
inhibitor, and an inhibitor of inositol monophosphatase, 
whereby a cell population comprising hemangioblast cells is 
obtained; and culturing the hemangioblast cells in a chemi
cally-defined culture medium that comprises insulin, a FGF, 
a VEGF, and a Notch agonist, whereby a cell population 
comprising CD34+ CD45+ hematopoietic progenitor cells is 
obtained. In some embodiments, the mesoderm cells are 
seeded at a density between about 6x 103 cells/cm2 and about 
6xl04 cells/cm2

. In some embodiments, the mesoderm cells 
express one or more mesodermal marker selected from the 
group consisting of Brachyury (T), EMOS, FOXA2, 
MIXLl, MSXl, and MSX2. In some embodiments, the 
Notch agonist is selected from the group consisting of 
Resveratrol (3,4',5-trihydroxystilbene ), valproic acid, and 
suberoyl bishydroxamic acid. In some embodiments, the 
TGF~ inhibitor is SB431542. In some embodiments, the 
inhibitor of inositol monophosphatase is L-690,330. 
[0005] In some embodiments, the mesodermal cells are 
obtained by culturing human pluripotent stem cells for a 
period of about two days in a serum-free, albumin-free 
chemically-defined cell culture medium comprising Bone 
Morphogenetic Protein 4 (BMP4), Activin A, and an acti
vator of Wnt/~-catenin signaling to obtain a cell population 
comprising mesodermal cells. In some embodiments, the 
human pluripotent stem cells are selected from the group 
consisting of embryonic stem cells and induced pluripotent 
stem cells. In some embodiments, the pluripotent stem cells 
are seeded at a density between about 6xl03 cells/cm2 and 
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about 6xl04 cells/cm2
. In some embodiments, the activator 

of Wnt/~-catenin signaling is a Gsk3 inhibitor. In some 
embodiments, the Gsk3 inhibitor is selected from the group 
consisting of CHIR99021, CHIR98014, BIO-acetoxime, 
BIO, LiCl, SB216763, SB415286, AR A014418, 1-Azak
enpaullone, and Bis-7-indolylmaleimide. In some embodi
ments, the mesoderm cells are cultured for about 4 days 
followed by culture of the hemangioblast cells for about 4 
days to produce a population of cells comprising hematopoi
etic progenitor cells. 

[0006] In a second aspect, described herein is a substan
tially pure, isolated population of CD34+ CD45+ 
hematopoietic progenitor cells obtained according to the 
methods described herein. In some embodiments, the iso
lated population comprises at least 90% hematopoietic pro
genitor cells. In some embodiments, the isolated population 
comprises at least 99% hematopoietic progenitor cells. 

[0007] In a third aspect, described herein is a substantially 
pure, isolated population of pluripotent stem cell-derived 
CD34+ CD45+ hematopoietic progenitor cells obtained 
according to the methods described herein. 

[0008] In a fourth aspect, described herein is a method for 
treating a blood disease in a patient, comprising adminis
tering to the patient a therapeutic dose of CD34+ CD45+ 
hematopoietic progenitor cells obtained according to the 
methods described herein. In some embodiments, the dis
ease is selected from the group consisting of anemia, thal
assemia, polycythemia, uremia, myelofibrosis, myeloma, 
myelodysplasia, leukemia, lymphoma, myelodysplastic syn
drome, hemoglobinopathy, neutropenia, thrombocytopenia, 
Von Willebrand disease, hemophilia, primary thrombo
cythemia, an acquired platelet function disorder, a plasma 
cell disorder, and a solid tumor. In some embodiments, the 
hematopoietic progenitor cells are administered in a formu
lation, and wherein the formulation is in a form for intra
venous delivery. 

[0009] In a fifth aspect, described herein is a method for 
obtaining macrophages, the method comprising (i) culturing 
the CD34+ CD45+ hematopoietic progenitor cells produced 
by the methods described herein in medium comprising 
granulocyte-macrophage colony-stimulating factor (GM
CSF) for about 3 days; and (ii) culturing the cultured cells 
of (i) in medium comprising interleukin-I beta (IL-18), 
macrophage colony stimulating factor (M-CSF), and serum 
or serum replacement, whereby a cell population comprising 
macrophages is obtained. In some embodiments, the cell 
population comprises at least 80% CDllb+ CD14+ macro
phages. 

[0010] In a sixth aspect, described herein is a method of 
obtaining Natural Killer (NK) cells, the method comprising 
culturing the CD34+ CD45+ hematopoietic progenitor cell 
population produced by the methods described herein in 
medium comprising bovine serum albumin, insulin, and 
transferrin for about 3 days to produce a population of cells, 
the population comprising attached cells and floating cells; 
and culturing the floating cells in medium comprising inter
leukin-7 (IL-7), interleukin-15 (IL-15), stem cell factor 
(SCF), and Flt3-ligand (FLT3-L), whereby a population of 
cells comprising NK cells is produced. In some embodi
ments, the population of cells comprising NK cells com
prises at least 60% CD56+ CD3- NK cells. In some embodi
ments, the floating cells are cultured in medium that 
additionally comprises serum or serum replacement. 
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[0011] In a seventh aspect, described herein is a method of 
obtaining T cells, the method comprising culturing the 
CD34+ CD45+ hematopoietic progenitor cells produced by 
the methods described herein in medium comprising inter
leukin-7 (IL-7), Flt3-ligand (FLT3-L), stem cell factor 
(SCF), and RESV to produce a population of cells compris
ing T cells. In some embodiments, the population of cells 
comprises at least about 90% CD3+ CD4+ CDS+ T cells. In 
some embodiments, the medium additionally comprises 
serum or serum replacement. 

INCORPORATION BY REFERENCE 

[0012] All publications, patents, and patent applications 
mentioned in this specification are herein incorporated by 
reference to the same extent as if each individual publica
tion, patent, and patent application was specifically and 
individually indicated to be incorporated by reference. 

BRIEF DESCRIPTION OF DRAWINGS 

[0013] The patent or patent application file contains at 
least one drawing in color. Copies of this patent or patent 
application publication with color drawings will be provided 
by the Office upon request and payment of the necessary fee. 
[0014] FIGS. lA-lF concern hematopoietic cell differen
tiation in accord with the invention. FIG. lA shows a 
schematic of in vitro differentiation of pluripotent cells into 
arterial endothelial cells and hematopoietic cells, where the 
pluripotent cells are plated at high or low cell density. Cells 
in high cell density methods of the experiments depicted in 
this figure were plated at 1.lxl05 cells/cm2

. Cells in low cell 
density methods of the experiments depicted in this figure 
were plated at 1.8xl04 cells/cm2

. The photographs of FIG. 
lB show cell morphology of cells of each culture at day 10. 
Round floating cells were observed in low cell density 
culture methods. FIG. lC shows flow cytometry analysis of 
CD34 and CD45 expression in cells from the low cell 
density culture at day 0 and day 10. FIG. lD shows flow 
cytometry analysis of CD144 expression from each of the 
low cell density (LD) and high cell density (HD) cultures at 
day 10. FIG. lE shows total hematopoietic cell number 
(floating cells) at day 10 generated from three pluripotent 
cell lines-HI (ES), H9 (ES), or PBMC-3-1 (iPS) cells in 1 
well of a 12-well plate. FIG. lF shows total hematopoietic 
cell number (floating cells) generated from 1 NUNC Triple
Flask. The hematopoietic cells could be cryopreserved at 
day 10 (90% FBS+10% DMSO) andhemangioblasts can be 
cryopreserved at day 6. 
[0015] FIG. 2A-2D show Notch and YAP signaling in the 
low and high density cell cultures. FIGS. 2A-2B show 
immunostaining of YAP and NICDl (Notch intra-cellular 
domain). FIG. 2C shows morphology of cells at day 10 in 
high density culture. Cells cultured at high density were 
treated with or without 10 µM DAPT (a Notch inhibitor) 
from day 2-10. FIG. 2D shows statistics of total hematopoi
etic cell number (floating cells) generated under high-den
sity conditions in absence or presence of 10 µM DAPT from 
day 2-10. 
[0016] FIGS. 3A-3E show BMP4 signaling in the low and 
high density cell cultures. FIG. 3A shows immunostaining of 
pSMADl/5/8. FIG. 3B shows a Western blot of phospho
rylated SMADl/5/8 (pSMADl/5/8), SMADl/5/8, and 
GAPDH from cells cultured at either low density (LD) or 
high density (HD). FIG. 3C shows a photograph of cell 
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morphology at day 10. Cells were cultured at high density 
with or without 50 ng/ml BMP4. FIG. 3D shows a photo
graph of cell morphology at day 10. Cells were cultured at 
low density with or without LDN (a BMP signaling inhibi
tor). FIG. 3E shows statistics of total hematopoietic cell 
number. 
[0017] FIG. 4 shows the results of a colony-forming unit 
assay. Day 10 hematopoietic cells were mixed with Metho
Cult™ and cultured for 2 weeks. 
[0018] FIGS. SA-SD show differentiation of hematopoi
etic progenitor cells into macrophages. FIG. SA shows a 
schematic ofmacrophage/microglia differentiation. FIG. SB 
shows flow cytometry analysis of CD 14 and CD 11 b expres
sion at day 19 of cells cultured as shown in FIG. SA in the 
presence of fetal bovine serum (FBS) or knockout serum 
replacement (KOSR). FIG. SC shows a photograph of cell 
morphology at day 19 of cells cultured with FBS or KOSR 
starting at day 13. FIG. SD shows phagocytosis by micro
glia/macrophage. Zymosan A (S. cerevisiae) BioParticles® 
(Texas Red® conjugate; Life Technologies) were prepared 
in PBS (10 mg/ml=2xl09 particle/ml). 20 µl particles were 
added to 2 ml E6M medium containing 4xl05 macrophages. 
Phagocytosis was imaged over time. 
[0019] FIGS. 6A-6C show differentiation of hematopoi
etic progenitor cells into Natural Killer (NK) cells. FIG. 6A 
shows a schematic ofNK cell differentiation. FIG. 6B shows 
flow cytometry analysis ofCD56 and CD3 expression at day 
27 of cells differentiated from hematopoietic progenitor cells 
made from Hl, H9, and PBMC-3-1 cell lines. FIG. 6C 
shows cell killing statistics of an NK killing assay. Hl-NK 
cell: U936/K572=1: 1. Live U936 or K572 cells were ana
lyzed 24 hours later. 
[0020] FIGS. 7A-7B show differentiation of hematopoi
etic progenitor cells into T cells. FIG. 7 A shows a schematic 
of T cell differentiation. FIG. 7B shows flow cytometry 
analysis of CD3, CD4, and CDS expression at day 34. 
[0021] FIGS. SA-SC show in vivo engraftment of 
hematopoietic progenitor cells. FIG. SA shows flow cytom
etry analysis of human CD45 (hCD45) and mouse CD45 
(mCD45) expression in peripheral blood 8 weeks after 
injection. Intra-venous injection (retro-orbital) was per
formed on NBSGW mouse, 3xl05 cells (in 100 ul HBSS)/ 
mouse. Peripheral blood was collected 8 weeks post injec
tion. FIG. SB shows statistics of hCD45+ cells present in 
mouse peripheral blood. FIG. SC shows a comparison ofHl 
(male ESC) and H9 (female ESC) derived hematopoietic 
progenitor cells, which were injected into the intra-femoral 
artery ofNBSGW mice at a dosage of 4.5xl05 cells (in 30 
ul HBSS)/mouse. Peripheral blood was collected 12 weeks 
post injection. "D 1 0" indicates cells that were cryopreserved 
at day 10. One day before transplantation, cells were thawed 
and cultured in SEFM + 100 ng/ml SCF for 24 hours. After 24 
hours, only floating HPCs were collected for transplant. 
"D6" indicates cells that were cryopreserved at day 6. One 
day before transplantation, cells were thawed and cultured in 
SEFM+l00 ng/ml SCF for 24 hours. After 24 hours, both 
floating HPCs and attached hemangioblasts were collected 
for transplant. Statistics of hCD45+ cells were shown. 
[0022] FIG. 9 shows an alternative method for generating 
hematopoietic progenitor cells. ES/iPS cells were cultured in 
ESBAC medium for 2 days (44 hours) (1.lxl05 cells/cm2

). 

The cells could be cryopreserved after this length of time. 
For further differentiation, the cells were passaged (1 :6 ratio) 
in E6T medium (add 10 LM Y-27632) and cultured for 18 
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hours. The medium was then changed to "five factor" 
medium until day 8. From day 8 to day 12, the culture was 
maintained in FVR medium. Hematopoietic cells could be 
cryopreserved at day 12. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0023] The present invention is based, at least in part, on 
the Inventors' development of protocols for differentiating 
human pluripotent stem cells into hematopoietic progenitor 
cells (HPC) under albumin-free, xenogeneic material-free 
("xeno-free"), chemically-defined conditions. The pluripo
tent cells can be human embryonic stem cells (human ES 
cells or hES cells) or human induced pluripotent stem cells 
(human iPS cells or hiPS cells). In particular, when the 
pluripotent cells are seeded in such media at low cell density, 
populations of CD34+/CD45+ hematopoietic progenitor 
cells can be generated. Based on these discoveries, the 
present invention provides fully defined and xeno-free meth
ods for producing and expanding clinically relevant human 
hematopoietic progenitor cells for use in clinical cell thera
pies and tissue modeling applications. As used herein, the 
term "hematopoietic progenitor cells" refers to cells that, in 
vivo and in vitro, give rise to cells of the myeloid and 
lymphoid lineages of blood cells via hematopoiesis which 
may be tracking by providing a maker that is retained in the 
myeloid or lymphoid lineage cells produced and that are 
obtained according to an in vitro method provided herein. 
While some naturally occurring HPCs are lineage-commit
ted and can only differentiate into one cell type, the HPCs of 
the present invention are multipotent and are characterized 
as capable of differentiating into cells of both the myeloid 
and lymphoid lineages. HPCs of the present invention are 
characterized by high levels of expression of hematopoietic 
progenitor cell markers such as CD34 and CD45. HPCs are 
also characterized by expression of markers CD34, CD43, 
CD49f, and CD90. HPCs are distinguishable from other cell 
types on the basis of characteristic expression profiles and 
functional attributes of the cells in vitro and in vivo as 
described herein. Specifically, HPCs of the present invention 
are able to engraft after transplantation. 
[0024] The present invention also provides methods of 
producing macrophages, Natural Killer (NK) cells, and T 
cells from hematopoietic progenitor cells produced by the 
methods described herein. 
[0025] Method 
[0026] In certain preferred embodiments, HPCs are 
obtained from mesodermal cells produced from pluripotent 
cells as described herein. HPCs can also be obtained from 
mesodermal cells made using other methods, but such 
methods are less efficient and fewer HPCs are obtained. 
[0027] In a first aspect, provided herein is a method of 
obtaining HPCs. In exemplary embodiments, the method 
comprises a first step of directing differentiation of meso
dermal cells into hemangioblast cells and a second step of 
directing differentiation of hemangioblast cells into 
hematopoietic progenitor cells. 
[0028] In exemplary embodiments of the first step, meso
dermal cells are seeded at low density and cultured in a 
medium to produce hemangioblast cells. In some cases, a 
mesodermal cell (including, in some cases, a pluripotent 
stem-cell derived mesodermal cell) is cultured in medium 
that comprises, or consists essentially of, an FGF and a 
VEGF in amounts effective and for a length of time suffi-
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cient to direct differentiation of a mesodermal cell to a 
hemangioblast cell. In some cases, a mesodermal cell (in
cluding, in some cases, a pluripotent stem-cell derived 
mesodermal cell) is cultured in medium that comprises, or 
consists essentially of, an FGF, a VEGF, a Notch agonist, a 
TGF~ receptor inhibitor, and an inhibitor of inositol mono
phosphatase in amounts effective and for a length of time 
sufficient to direct differentiation of a mesodermal cell to a 
hemangioblast cell. Mesoderm cells are cultured in the 
culture medium for about four days (e.g., 3 days, 4 days, or 
5 days). In some embodiments the culture medium com
prises, or consists essentially of, one or more of a FGF, a 
VEGF, an inhibitor of TGF~ signaling (e.g., SB-431542), 
Resveratrol (RESV), and an inhibitor of inositol monophos
phatase, where culturing occurs for a length of time suffi
cient for the cultured mesoderm cells to differentiate into 
hemangioblast cells. In some embodiments, the cell culture 
medium used to differentiate mesoderm cells into heman
gioblasts comprises each of these components. In some 
embodiments, mesodermal cells are seeded at low density 
and cultured in chemically-defined culture medium com
prising or consisting essentially of DMEM/F12 culture 
medium, L-ascorbic acid-2-phosphate magnesium, sodium 
selenium, NaHCO3 , transferrin, FGF2, VEGF-A, 
SB431542, RESV, and L690,330 for about four days. Pref
erably, the culture medium comprises or consists essentially 
ofDMEM/F12 medium, L-ascorbic acid-2-phosphate mag
nesium (64 ng/ml), sodium selenium (14 ng/ml), NaHCO3 

(543 µg/ml), transferrin (10.7 µg/ml), FGF2 (100 ng/ml), 
VEGF-A(50ng/ml), SB431542 (10 µM), RESV (5 µM), and 
L690 (10 µM). Culturing can take place on any appropriate 
surface (e.g., in two-dimensional or three-dimensional cul
ture). 

[0029] In some embodiments of the first step, mesodermal 
cells are seeded at high density and cultured in a medium to 
produce hemangioblast cells. In some cases, a mesodermal 
cell (including, in some cases, a pluripotent stem-cell 
derived mesodermal cell) is cultured in medium that com
prises, or consists essentially of, Bone Morphogenetic Pro
tein 4 (BMP4), an FGF, a VEGF, a Notch agonist, a TGF~ 
receptor inhibitor, and an inhibitor of inositol monophos
phatase in amounts effective and for a length of time 
sufficient to direct differentiation of a mesodermal cell to a 
hemangioblast cell. Mesoderm cells are cultured in the 
culture medium for about four days (e.g., 3 days, 4 days, or 
5 days). In some embodiments the culture medium com
prises, or consists essentially of, one or more of, BMP4, a 
FGF, a VEGF, an inhibitor of TGF~ signaling (e.g., 
SB-431542), Resveratrol (RESV), and an inhibitor of inosi
tol monophosphatase, where culturing occurs for a length of 
time sufficient for the cultured mesoderm cells to differen
tiate into hemangioblast cells. In some embodiments, the 
cell culture medium used to differentiate mesoderm cells 
into hemangioblasts comprises each of these components. In 
some embodiments, mesodermal cells are seeded at low 
density and cultured in chemically-defined culture medium 
comprising or consisting essentially of DMEM/F12 culture 
medium, L-ascorbic acid-2-phosphate magnesium, sodium 
selenium, NaHCO3 , transferrin, BMP4, FGF2, VEGF-A, 
SB431542, RESV, and L690,330 for about four days. Pref
erably, the culture medium comprises or consists essentially 
ofDMEMIF12 medium, L-ascorbic acid-2-phosphate mag
nesium (64 ng/ml), sodium selenium (14 ng/ml), NaHCO3 

(543 µg/ml), transferrin (10.7 µg/ml), BMP4 (50 ng/ml), 



US 2020/0080059 Al 

FGF2 (100 ng/ml), VEGF-A (50 ng/ml), SB431542 (10 
µM), RESV (5 µM), and L690 (10 µM). Culturing can take 
place on any appropriate surface ( e.g., in two-dimensional or 
three-dimensional culture). 
[0030] Mesodermal cells are typically cultured in a culture 
medium that is free, substantially free, or essentially free of 
insulin, albumin, or any component derived from a non
human animal (i.e., free of xenogeneic material). As used 
herein, the term "substantially free" refers to cell culture 
conditions substantially devoid of a certain component or 
reagent. Substantially free of insulin means the medium 
contains less than 2xl0-5% insulin by weight, and prefer
ably contains less than lxl0-5%, less than 0.5xl0-5 %, less 
than 0.2xl0-5% or less than 0.lxl0-5% insulin. 
[0031] As used herein, the terms "mesodermal cell" and 
"mesoderm cell" are used interchangeably and refer to a cell 
having mesoderm-specific gene expression and being 
capable of differentiating into a mesodermal lineage such as 
bone, muscle, such as cardiac muscle, skeletal muscle and 
smooth muscle ( e.g., of the gut), connective tissue such as 
the dermis and cartilage, kidneys, the urogenital system, 
blood or hematopoietic cells, heart and vasculature. Meso
derm-specific biomarkers include Brachyury (T), EMOS, 
FOXA2, MIXLl, MSXl, and MSX2. 
[0032] As used herein, the term "seeded at low density," or 
"cultured at low density," refers to a cell culture seeded at a 
density of between about 6xl03 cells/cm2 and about 6xl04 

cells/cm2
. In some embodiments, the low seeding density is 

about 1.0xl04
. In some embodiments, the low seeding 

density is about 2.0xl04
. 

[0033] As used herein, the term "seeded at high density," 
or "cultured at high density," refers to a cell culture seeded 
at a density above 6xl04 cells/cm2 and up to 3xl05 cells/ 
cm2

. 

[0034] In exemplary embodiments of the second step, 
hemangioblast cells are cultured in medium to produce a 
population of cells including hematopoietic progenitor cells. 
A suitable second step culture medium comprises, or con
sists essentially of, insulin, a FGF, a VEGF, and a Notch 
agonist in amounts effective to and for a length of time 
sufficient to direct differentiation of a hemangioblast cell to 
a hematopoietic progenitor cell. Hemangioblasts are cul
tured in the culture medium for about 4 days. In some 
embodiments, the hemangioblasts are cultured in chemi
cally-defined medium comprising or consisting essentially 
of DMEM/F12 culture medium, L-ascorbic acid-2-phos
phate magnesium, sodium selenium, NaHCO3 , transferrin, 
insulin, FGF2, VEGF, and RESV for about four days. In 
some embodiments, the culture medium comprises or con
sists essentially of DMEM/F12 medium, L-ascorbic acid-2-
phosphate magnesium (64 ng/ml), sodium selenium (14 
ng/ml), NaHCO3 (543 µg/ml), transferrin (10.7 µg/ml), insu
lin (20 µg/ml), FGF2 (100 ng/ml), VEGF-A (50 ng/ml), and 
RESV (5 µM). In some embodiments, the second step 
culture medium additionally comprises Bone Morphoge
netic Protein 4 (BMP4), WNT3A, or combinations thereof 
to increase the purity of the CD34+/CD45+ cell population 
produced. In some embodiments, about 50 ng/ml BMP4, 
about 50 ng/ml WNT3A, or combinations thereof are added 
to the culture medium. Culturing can take place on any 
appropriate surface (e.g., in two-dimensional or three-di
mensional culture). The population of cells produced by 
culturing hemangioblasts as described includes attached 
cells that adhere to the culture surface and floating 
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hematopoietic progenitor cells. The floating hematopoietic 
progenitor cells are characterized by a round morphology. 
[0035] In exemplary embodiments of the second step, 
hemangioblast cells are cultured in medium to produce a 
population of cells including hematopoietic progenitor cells. 
A suitable second step culture medium comprises, or con
sists essentially of, stem cell factor (SCF), IL-3, and throm
bopoietin (TPO) in amounts effective to, and for a length of 
time sufficient to, direct differentiation of a hemangioblast 
cell to a hematopoietic progenitor cell. Hemangioblasts are 
cultured in the culture medium for about 4 days. In some 
embodiments, the hemangioblasts are cultured in chemi
cally-defined medium comprising or consisting essentially 
of DMEM/F12 culture medium, L-ascorbic acid-2-phos
phate magnesium, sodium selenium, NaHCO3 , transferrin, 
insulin, SCF, IL-3, and TPO for about four days. In some 
embodiments, the culture medium comprises or consists 
essentially ofDMEM/F12 medium, L-ascorbic acid-2-phos
phate magnesium (64 ng/ml), sodium selenium (14 ng/ml), 
NaHCO3 (543 µg/ml), transferrin (10.7 µg/ml), insulin (20 
µg/ml), SCF (50 ng/ml), IL-3 (50 ng/ml), and TPO (50 
ng/ml). In some embodiments, the second step culture 
medium additionally comprises Bone Morphogenetic Pro
tein 4 (BMP4), WNT3A, or combinations thereof to increase 
the purity of the CD34+/CD45+ cell population produced. In 
some embodiments, about 50 ng/ml BMP4, about 50 ng/ml 
WNT3A, or combinations thereof are added to the culture 
medium. Culturing can take place on any appropriate sur
face ( e.g., in two-dimensional or three-dimensional culture). 
The population of cells produced by culturing hemangio
blasts as described includes attached cells that adhere to the 
culture surface and floating hematopoietic progenitor cells. 
The floating hematopoietic progenitor cells are character
ized by a round morphology. 
[0036] In some cases, the FGF used in both the first and 
second steps is FGF2. VEGF is a heparin-binding glyco
protein that acts as a specific endothelial cell mitogen. In 
some cases, the VEGF used in both the first and second steps 
is VEGF-A (vascular endothelial growth factor A) or an 
isoform thereof (e.g., VEGF-165). Exemplary human 
VEGF-A protein sequences include GenBank: AAH65522.2 
and GenBank: AAHl 1177 .2, and the nucleic acids encoding 
all, or a non-precursor portion, of VEGF-A are encom
passed. 
[0037] TGF~ receptor inhibitors appropriate for use in a 
method of the present invention include, without limitation, 
SB-431542, SB-525334, A83-01, LY2157299, LY210976, 
GW788388, RepSox, SB-505124, D4476, GW788388, 
SD208, and EW-7197. Preferably, the inhibitor of TGF~ 
signaling is SB-431542, a small molecule inhibitor of 
endogenous activin and the type I receptor (TGF~ Receptor 
I) (Inman et al., Mal Pharmacol. 62(1):65-74 (2002). 
[0038] Notch is a single-pass cell-surface receptor that 
binds to a family of cell-surface ligands including the 
Delta-like and Jagged families. As used herein, the terms 
"Notch agonist" and "Notch activator" refer to molecules 
( e.g., biomolecules, small molecules, chemicals) that bind to 
Notch receptor and initiate or mediate signaling events 
associated with Notch activation. Resveratrol (3,4',5-trihy
droxystilbene) belongs to a class of polyphenolic com
pounds called stilbenes and is an activator (agonist) of Notch 
signaling. Other Notch agonists appropriate for use accord
ing to methods provided herein for promoting differentiation 
to HPC include valproic acid and suberoyl bishydroxamic 
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acid. In addition, innnobilized or multimerized soluble 
Notch ligands, such as innnobilized DLL4 and innnobilized 
Jagged-I peptide, also can be used as Notch activators. 
[0039] Inositol monophosphatase (IMPase) catalyzes the 
hydrolysis of myo-inositol monophosphates to myo-inositol, 
which is required in the phosphoinositide cell signaling 
pathway. In some cases, an inhibitor of IMPase is the 
biphosphonate L-690,330 ([ 1-( 4-Hydroxyphenoxy )ethyl
idene ]bisphosphonic acid). Lithium also inhibits IMPase to 
attenuate phosphoinositide signaling (Berridge et al., Cell 
59:411-419 (1989)). Other inhibitors of the phosphoinosit
ide signaling pathway include, without limitation, phospho
inositide 3-kinase (PI3K) inhibitor Ly294002, Pictilisib, 
HS-173, GSK2636771, Duvelisib, TG 100-115, GSK 
1059615, PF-04691502, PIK-93, BGT226, AZD6482, 
SAR245409, BYL719, CUDC-907, IC-87114, TG100713, 
Gedatolisib, CH5132799, PKI-402, BAY 80-6946, XL147, 
PIK-90, PIK-293, PIK-294, Quercetin, Wortmannin, 
ZSTK474, AS-252424, AS-604850, and Apitolisib. 
[0040] A suitable working concentration range for chemi
cal inhibitors such as those described herein is from about 
0.1 µM to about 100 µM, e.g., about 2 µM, 5 µM, 7 µM, 10 
µM, 12 µM, 15 µM, 18 µM, or another working concentra
tion of one or more the foregoing chemical inhibitors 
between about 0.1 µM to about 100 µM. 
[0041] For several of the biological markers described 
herein, expression will be low or intermediate in level. 
While it is connnonplace to refer to cells as "positive" or 
"negative" for a particular marker, actual expression levels 
are a quantitative trait. The number of molecules on the cell 
surface can vary by several logs, yet still be characterized as 
"positive." Accordingly, characterization of the level of 
staining permits subtle distinctions between cell popula
tions. Expression levels can be detected or monitored by 
flow cytometry, where lasers detect the quantitative levels of 
fluorochrome (which is proportional to the amount of cell 
surface antigen bound by the antibodies). Flow cytometry or 
fluorescence-activated cell sorting (FACS) can be used to 
separate cell populations based on the intensity of antibody 
staining, as well as other parameters such as cell size and 
light scatter. Although the absolute level of staining may 
differ with a particular fluorochrome and antibody prepara
tion, the data can be normalized to a control. 
[0042] Any appropriate method can be used to detect 
expression of biological markers characteristic of cell types 
described herein. For example, the presence or absence of 
one or more biological markers can be detected using, for 
example, RNA sequencing (e.g., RNA-seq), innnunohisto
chemistry, polymerase chain reaction, quantitative real time 
PCR ( qRT-PCR), or other technique that detects or measures 
gene expression. RNA-seq is a high-throughput sequencing 
technology that provides a genome-wide assessment of the 
RNA content of an organism, tissue, or cell. Alternatively, or 
additionally, one may detect the presence or absence of, or 
measure the level of, one or more biological markers of 
HPCs using, for example, Fluorescence in situ Hybridization 
(FISH; see WO98/45479 published October, 1998), South
ern blotting, Northern blotting, or polymerase chain reaction 
(PCR) techniques, such as qRT-PCR. In exemplary embodi
ments, a cell population obtained according to a method 
provided herein is evaluated for expression ( or the absence 
thereof) of biological markers of HPCs such as CD34, 
CD45, CD43, CD49f, and CD90. Preferably, HPCs express 
one or more of the following hematopoietic progenitor cell 
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markers: CD34, CD45, CD43, CD49f, and CD90. Quanti
tative methods for evaluating expression of markers at the 
protein level in cell populations are also known in the art. 
For example, flow cytometry is used to determine the 
fraction of cells in a given cell population that express or do 
not express biological markers of interest. 
[0043] The terms "defined culture medium," "defined 
medium," and the like, as used herein, indicate that the 
identity and quantity of each medium ingredient is known. 
As used herein, the terms "chemically-defined culture con
ditions," "fully-defined, growth factor-free culture condi
tions," and "fully-defined conditions" indicate that the iden
tity and quantity of each medium ingredient is known and 
the identity and quantity of supportive surface is known. As 
used herein, the term "albumin-free conditions" indicates 
that the culture medium used contains no added albumin in 
any form including, without limitation, Bovine Serum Albu
min (BSA), any form of recombinant albumin, or any other 
animal albumin. 
[0044] Human pluripotent stem cells (hPSCs ), either 
embryonic or induced, provide access to the earliest stages 
of human development and offer a platform on which to 
derive a large number of hematopoietic progenitor cells or 
blood cells for cellular therapy and tissue engineering. 
Accordingly, in exemplary embodiments, the methods pro
vided herein further comprise differentiating human pluri
potent stem cells under conditions that promote differentia
tion of mesodermal cells into hematopoietic progenitor cells. 
A method of producing a hematopoietic progenitor cell 
comprises culturing human pluripotent stem cells in a 
serum-free, albumin-free, chemically-defined culture 
medium that promotes differentiation to mesoderm. In this 
manner, pluripotent stem cell-derived mesodermal cells are 
differentiated according to the HPC differentiation methods 
provided herein, thus producing pluripotent stem cell-de
rived HPCs. In exemplary embodiments, the serum-free, 
albumin-free, chemically-defined culture medium that pro
motes mesoderm differentiation comprises Activin A, Bone 
Morphogenetic Protein 4 (BMP4 ), FGF2, and an activator of 
Wnt/~-catenin signaling. 
[0045] Defined medium and substrate conditions for cul
turing pluripotent stem cells, as used in the methods 
described herein, are well known in the art. The medium 
used herein are limited only in that they are albumin-free. In 
some cases, pluripotent stem cells to be differentiated 
according to the methods disclosed herein are cultured in a 
serum-free, albumin-free medium. 
[0046] As will be appreciated by those having ordinary 
skill in the art, Wnt/~-catenin signaling can be activated by 
modulating the function of one or more proteins that par
ticipate in the Wnt/~-catenin signaling pathway to increase 
~-catenin expression levels or activity, TCF and LEF expres
sion levels, or ~-catenin/TCF/LEF induced transcriptional 
activity. 
[0047] In some embodiments, activation ofWnt/~-catenin 
signaling is achieved by inhibiting Gsk3 phosphotransferase 
activity or Gsk3 binding interactions. While not wishing to 
be bound by theory, it is believed that inhibition of Gsk3 
phosphorylation of ~-catenin will inhibit tonic degradation 
of ~-catenin and thereby increase ~-catenin's level and 
activity to drive differentiation of pluripotent stem cells to an 
endodermal/mesodermal lineage. Gsk3 inhibition can be 
achieved in a variety of ways including, but not limited to, 
providing small molecules that inhibit Gsk3 phosphotrans-
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ferase activity, RNA interference knockdown of Gsk3, and 
overexpression of dominant negative form of Gsk3. Domi
nant negative forms of Gsk3 are known in the art as 
described, e.g., in Hagen, T. et al. J Biol Chem, 277:23330-5 
(2002), which describes a Gsk3 comprising a R96A muta
tion. 
[0048] In some embodiments, the Wnt/~-catenin signaling 
pathway is activated by inhibiting Gsk3 in pluripotent stem 
cells by contacting the pluripotent stem cells with a small 
molecule that inhibits Gsk3 phosophotransferase activity or 
Gsk3 binding interactions. Suitable small molecule Gsk3 
inhibitors include, but are not limited to, CHIR99021, 
CHIR98014, BIO-acetoxime, BIO, LiCI, SB216763, 
SB415286, AR A014418, 1-Azakenpaullone, Bis-7-indolyl
maleimide, and any combinations thereof. In some embodi
ments, any ofCHIR99021, CHIR98014, and BIO-acetoxime 
are used to inhibit Gsk3 in pluripotent stem cells in the 
differentiation methods described herein. In one embodi
ment, the small molecule Gsk3 inhibitor to be used is 
CHIR99021 at a concentration ranging from about 1 µM to 
about 9 µM, e.g., about 1 µM, 2 µM, 3 µM, 4 µM, 5 µM, 6 
µM, 7 µM, 8 µM, 9 µM or another concentration of 
CHIR99021 from about 1 µM to about 9 µM. In another 
embodiment, the small molecule Gsk3 inhibitor to be used 
is CHIR98014 at a concentration ranging from about 0.1 µM 
to about 1 µM, e.g., about 0.1 µM, 0.2 µM, 0.3 µM, 0.4 µM, 
0.5 µM, 0.6 µM, 0.7 µM, 0.8 µM, 0.9 µM, 1.0 µMor another 
concentration ofCHIR98014 from about 0.1 µM to about 1 
µM. In another embodiment, the small molecule Gsk3 
inhibitor to be used is BIO-acetoxime at a concentration 
ranging from about 0.1 µM to about 1 µM, e.g., about 0.1 
µM, 0.2 µM, 0.3 µM, 0.4 µM, 0.5 µM, 0.6 µM, 0.7 µM, 0.8 
µM, 0.9 µM, 1.0 µM or another concentration of BIO
acetoxime from about 0.1 µM to about 1 µM. 
[0049] In other embodiments, Gsk3 activity is inhibited by 
RNA interference knockdown of Gsk3. For example, Gsk3 
expression levels can be knocked-down using commercially 
available siRNAs against Gsk3, e.g., Signa!Silence® GSK-
3a/(3 siRNA (catalog #6301 from Cell Signaling Technol
ogy®, Danvers, Mass.), or a retroviral vector with an 
inducible expression cassette for Gsk3, e.g., a commercially 
available Tet-inducible retroviral RNAi system from Clon
tech (Mountain View, Calif.) Catalog No. 630926, or a 
cumate-inducible system from Systems Biosciences, Inc. 
(Mountain View, Calif.), e.g., the SparQ® system, catalog 
no. QM200PA-2. 
[0050] In other embodiments, the Wnt/~-catenin signaling 
pathway is activated by overexpressing ~-catenin itself, e.g., 
human ~-catenin (GenBank Accession Nos: X87838 and 
CAA61107.1 for nucleotide and protein sequences, respec
tively). In one embodiment, ~-catenin overexpression is 
inducible ~-catenin overexpression achieved using, e.g., any 
of the just-mentioned inducible expression systems. Alter
natively, a constitutively active, stabilized isoform of 
~-catenin is used, which contains point mutations S33A, 
S37A, T41A, and S45A as described, e.g., in Baba, Y. et al. 
Constitutively active ~-catenin confers multi-lineage differ
entiation potential on lymphoid and myeloid progenitors. 
Immunity 23:599-609 (2005). 
[0051] In yet other embodiments, Wnt/~-catenin signaling 
pathway activation in pluripotent stem cells is achieved by 
contacting the cells with an agent that disrupts the interac
tion of ~-catenin with Axin, a member of the ~-catenin 
destruction complex. Disruption of the Axin-~-catenin inter-
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action allows ~-catenin to escape degradation though the 
destruction complex thereby increasing the net level of 
~-catenin to drive ~-catenin signaling. For example, the 
Axin-~-catenin interaction can be disrupted in pluripotent 
cells by contacting them with the compound 5-(Furan-2-yl)
N-(3-(lH-imidazol-1-yl)propyl)-l ,2-oxazole-3-carboxam
ide ("SKL2001"), which is commercially available, e.g., as 
catalog no. 681667 from EMD Biosciences. An effective 
concentration ofSKL2001 to activate Wnt/~-catenin signal
ing ranges from about 10 µM to about 100 µM, about 20 µM, 
30 µM, 40 µM, 50 µM, 60 µM, 70 µM, 80 µM, 90 µM or 
another concentration of SKL2001 from about 10 µM to 
about 100 µM. In some embodiments, the activator of 
Wnt/~-catenin signaling is a Gsk3 inhibitor. In some 
embodiments, the Gsk3 inhibitor is selected from the group 
consisting of CHIR99021, CHIR98014, BIO-acetoxime, 
BIO, LiCI, SB216763, SB415286, AR A014418, 1-Azak
enpaullone, and Bis-7-indolylmaleimide. In some embodi
ments, the Gsk3 inhibitor is CHIR99021 or CHIR98014 at 
a concentration between about 0.1 µM to about 10 µM in the 
medium. In one embodiment, the small molecule Gsk3 
inhibitor to be used is CHIR99021 at a concentration rang
ing from about 1 µM to about 9 µM, e.g., about 1 µM, 2 µM, 
3~4~5~6~7~8~9~man~cr 
concentration of CHIR99021 from about 1 µM to about 9 
µM. In another embodiment, the small molecule Gsk3 
inhibitor to be used is CHIR98014 at a concentration rang
ing from about 0.1 µM to about 1 µM, e.g., about 0.1 µM, 
0.2 µM, 0.3 µM, 0.4 µM, 0.5 µM, 0.6 µM, 0.7 µM, 0.8 µM, 
0.9 µM, 1.0 µM or another concentration of CHIR98014 
from about 0.1 µM to about 1 µM. 

[0052] In exemplary embodiments, pluripotent stem cells 
are cultured in a chemically-defined culture medium com
prising or consisting essentially of DMEM/F12 culture 
medium, L-ascorbic acid-2-phosphate magnesium, sodium 
selenium, human FGF2, insulin, NaHCO3 , transferrin, 
TGF~l, BMP4, Activin-A, and CHIR99021 ("E8BAC 
medium") for two days. Preferably, the culture medium 
comprises or consists essentially of DMEM/F12 medium; 
L-ascorbic acid-2-phosphate magnesium (64 mg/I); sodium 
selenium (14 µg/1); human FGF2 (100 µg/1); insulin (20 
mg/I); NaHCO3 (543 mg/I); transferrin (10.7 mg/I); TGF~l 
(2 µg/1); BMP4 (5 ng/mL); Activin A (25 µg/1); and 
CHIR99021 (1 µM). Human pluripotent stem cells are 
cultured in the culture medium for about two days. After 
about two days, at least about 80% ( e.g., at least about 80%, 
85%, 90%, 95%, 99%) of the resulting cell population are 
mesoderm cells. As used herein, the term "mesoderm cell" 
refers to a cell having mesoderm-specific gene expression, 
capable of differentiating into a mesodermal lineage such as 
bone, muscle such as cardiac muscle, skeletal muscle and 
smooth muscle ( e.g., of the gut), connective tissue such as 
the dermis and cartilage, kidneys, the urogenital system, 
blood or hematopoietic cells, heart and vasculature. Meso
derm-specific biomarkers include Brachyury (T). Culturing 
can take place on any appropriate surface ( e.g., in two
dimensional or three-dimensional culture). 

[0053] As used herein, "pluripotent stem cells" appropri
ate for use according to a method of the invention are cells 
having the capacity to differentiate into cells of all three 
germ layers. Suitable pluripotent cells for use herein include 
human embryonic stem cells (hESCs) and human induced 
pluripotent stem (iPS) cells. As used herein, "embryonic 
stem cells" or "ESCs" mean a pluripotent cell or population 
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of pluripotent cells derived from an inner cell mass of a 
blastocyst. See Thomson et al., Science 282:1145-1147 
(1998). These cells express Oct-4, SSEA-3, SSEA-4, TRA-
1-60 and TRA-1-81. Pluripotent stem cells appear as com
pact colonies comprising cells having a high nucleus to 
cytoplasm ratio and prominent nucleolus. ESCs are com
mercially available from sources such as WiCell Research 
Institute (Madison, Wis.). As used herein, "induced pluri
potent stem cells" or "iPS cells" mean a pluripotent cell or 
population of pluripotent cells that may vary with respect to 
their differentiated somatic cell of origin, that may vary with 
respect to a specific set of potency-determining factors and 
that may vary with respect to culture conditions used to 
isolate them, but nonetheless are substantially genetically 
identical to their respective differentiated somatic cell of 
origin and display characteristics similar to higher potency 
cells, such as ESCs, as described herein. See, e.g., Yu et al., 
Science 318:1917-1920 (2007). 

[0054] Induced pluripotent stem cells exhibit morphologi
cal properties ( e.g., round shape, large nucleoli and scant 
cytoplasm) and growth properties (e.g., doubling time of 
about seventeen to eighteen hours) akin to ESCs. In addi
tion, iPS cells express pluripotent cell-specific markers ( e.g., 
Oct-4, SSEA-3, SSEA-4, Tra-1-60 or Tra-1-81, but not 
SSEA-1). Induced pluripotent stem cells, however, are not 
immediately derived from embryos. As used herein, "not 
immediately derived from embryos" means that the starting 
cell type for producing iPS cells is a non-pluripotent cell, 
such as a multipotent cell or terminally differentiated cell, 
such as somatic cells obtained from a post-natal individual. 

[0055] Human iPS cells can be used according to a method 
described herein to obtain HPCs having the genetic comple
ment of a particular human subject. For example, it may be 
advantageous to obtain HPCs that exhibit one or more 
specific phenotypes associated with or resulting from a 
particular disease or disorder of the particular mammalian 
subject. In such cases, iPS cells are obtained by reprogram
ming a somatic cell of a particular human subject according 
to methods known in the art. See, for example, U.S. Patent 
Publication No. 2013/0217117, U.S. Patent Publication No. 
2014/0057355, U.S. Pat. Nos. 8,268,620, 8,440,461, Yu et 
al., Science 324(5928):797-801 (2009); Chen et al., Nat. 
Methods 8(5):424-9 (2011); Ebert et al., Nature 457(7227): 
277-80 (2009); Howden et al., Proc. Natl. Acad. Sci. U.S.A. 
108(16):6537-42 (2011). Induced pluripotent stem cell-de
rived HPCs allow modeling of drug responses in tissue 
constructs that recapitulate vascular tissues in an individual 
having, for example, a particular disease. Even the safest 
drugs may cause adverse reactions in certain individuals 
with a specific genetic background or environmental history. 
Accordingly, human subject specific iPS cell-derived HPCs 
are useful to identify genetic factors and epigenetic influ
ences that contribute to variable drug responses. 

[0056] Subject-specific somatic cells for reprogramming 
into iPS cells can be obtained or isolated from a target tissue 
of interest by biopsy or other tissue sampling methods. In 
some cases, subject-specific cells are manipulated in vitro 
prior to use in a three-dimensional hydrogel-based tissue 
construct of the invention. For example, subject-specific 
cells can be expanded, differentiated, genetically modified, 
contacted to polypeptides, nucleic acids, or other factors, 
cryo-preserved, or otherwise modified prior to introduction 
to a three-dimensional tissue construct. 
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[0057] Medium and substrate conditions for culturing 
pluripotent stem cells, as used in the methods described 
herein, are well known in the art. In some cases, pluripotent 
stem cells to be differentiated according to the methods 
disclosed herein are cultured in mTESR-1 ® medium (Stem
Cell Technologies, Inc., Vancouver, British Columbia.), ES 
medium, or Essential 8® medium (Life Technologies, Inc.) 
on a MATRIGEL™ substrate (BD Biosciences, NJ) accord
ing to the manufacturer's protocol or on a Coming™ Syn
themax™ surface. 

[0058] Preferably, human pluripotent stem cells ( e.g., 
human ESCs or iPS cells) are cultured in the absence of a 
feeder layer (e.g., a fibroblast feeder layer), a conditioned 
medium, or a culture medium comprising poorly defined or 
undefined components. As used herein, the terms "chemi
cally-defined medium" and "chemically-defined culture 
medium" also refer to a culture medium containing formu
lations of fully disclosed or identifiable ingredients, the 
precise quantities of which are known or identifiable and can 
be controlled individually. As such, a culture medium is not 
chemically-defined if (1) the chemical and structural identity 
of all medium ingredients is not known, (2) the medium 
contains unknown quantities of any ingredients, or (3) both. 
Standardizing culture conditions by using a chemically
defined culture medium minimizes the potential for lot-to-lot 
or batch-to-batch variations in materials to which the cells 
are exposed during cell culture. Accordingly, the effects of 
various differentiation factors are more predictable when 
added to cells and tissues cultured under chemically-defined 
conditions. As used herein, the term "serum-free" refers to 
cell culture materials that do not contain serum or serum 
replacement, or that contains essentially no serum or serum 
replacement. For example, an essentially serum-free 
medium can contain less than about 1 %, 0.9%, 0.8%, 0.7%, 
0.6%, 0.5%, 0.4%, 0.3%, 0.2%, or 0.1% serum. "Serum 
free" also refers to culture components free of serum 
obtained from animal (e.g., fetal bovine) blood or animal
derived materials, which is important to reduce or eliminate 
the potential for cross-species viral or prion transmission. 
For avoidance of doubt, serum-containing medium is not 
chemically-defined. 

[0059] The methods provided herein produce isolated 
populations of pluripotent stem cell-derived HPCs, where 
the isolated population is a substantially pure population of 
HPCs. As used herein, "isolating" and "isolated" refer to 
separating, selecting, or enriching for a cell type of interest 
or subpopulation of cells from surrounding, neighboring, or 
contaminating cells or from cells of another type. As used 
herein, the term "substantially pure" refers to a population of 
cells that is at least about 80% ( e.g., at least about 80%, 82%, 
83%, 85%, 90%, 95%, 96%, 97%, 98%, 99% or more) pure, 
with respect to HPCs making up a total cell population. In 
other words, the term "substantially pure" refers to a popu
lation of HPCs of the present invention that contains at least 
about 80% (e.g., at least about 80%, 82%, 83%, 85%, 90%, 
95%, 96%, 97%, 98%, 99% or more) of HPCs when 
directing differentiation to obtain cells of the hematopoietic 
progenitor cell lineage. The term "substantially pure" also 
refers to a population of HPCs of the present invention that 
contains fewer than about 20%, about 10%, or about 5% of 
non-HPCs in a population prior to any enrichment, expan
sion step, separation, or selection step. In some cases, a 
substantially pure isolated population of HPCs generated 
according to a method provided herein is at least about 95% 
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(e.g., at least about 95%, 96%, 97%, 98%, 99%) pure with 
respect to HPCs making up a total cell population. 

[0060] In some embodiments, the proportion of 
hematopoietic progenitor cells in a population of cells 
obtained in the described methods is enriched using a cell 
separation, cell sorting, or enrichment method, e.g., fluores
cence activated cell sorting (FACS), enzyme-linked immu
nosorbent assay (ELISA), magnetic beads, magnetic acti
vated cell sorting (MACS), laser-targeted ablation of non
endothelial cells, and combinations thereof. Preferably, 

Medium 
Name 

ES 

ESBAC 

E7 

E7BVi 

E7Bi 

E7Vi 

E7V 

E6 

E6FVB 

E6V 

E5 

FVIRL 
"Five Factor" 
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FACS is used to identify and separate cells based on 
cell-surface antigen expression. 
[0061] The methods of the present invention provide scal
able, inexpensive, and reproducible generation of human 
HPCs. For instance, after obtaining a cell population com
prising human HPCs according to a method described 
herein, the human HPC population can be expanded in a 
culture medium appropriate for proliferating human HPCs 
including, without limitation, E6 medium plus stem cell 
factor (SCF), or StemSpan™ SFEM plus SCF. In some 
embodiments SCF is included in the medium at 20 ng/ml. 

TABLE 1 

Chemically-defined Culture Medium Components 

Protocol Step Chemically-defined Components 

DMEM/F12 medium+ 
L-ascorbic acid-2-phosphate magnesium (64 mg/1); 
sodium selenium (14 µg/1); 
human FGF2(100 µg/1); 
insulin (20 mg/1); 
NaHCO3 (543 mg/1); 
Transferrin (10.7 mg/1); and 
TGFl3l (2 µg/1) 

Human pluripotent stem ES medium + 
cells to mesodermal cells BMP4 (5 ng/mL); 

Activin A (25 µg/1); and 
CHIR99021 (1 µM) 
DMEM/F12 medium+ 

Differentiating 
pluripotent stem cell
derived mesodermal cells 
into hemangioblasts 

L-ascorbic acid-2-phosphate magnesium (64 mg/1); 
sodium selenium (14 µg/1); 
human FGF2 (100 µg/1); 
insulin (20 mg/1); 
NaHCO3 (543 mg/1); and 
Transferrin (10.7 mg/1) 
E7 medium+ 
VEGF-A (50 µg/1); 
BMP4 (50 µg/1); and 
SB431542 (5 µM) 
E7 medium+ 
BMP4 (50 µg/1); and 
SB431542 (5 µM) 
E7 medium+ 
VEGF-A (50 µg/1); and 
SB431542 (5 µM) 
E6 medium+ 
FGF2 (100 µg/1); and 
50 µg/1 VEGF-A 
DMEM/F12 medium+ 
L-ascorbic acid-2-phosphate magnesium (64 mg/1); 
sodium selenium (14 µg/1); 
insulin (20 mg/1); 
NaHCO3 (543 mg/1); and 
transferrin (10.7 mg/1) 
E6 medium+ 
human FGF2(100 µg/1); 
VEGF-A (50 µg/1); and 
BMP4 (50 µg/1) 
E6 medium+ 
VEGF-A (50 µg/1) 
DMEM/F12 medium+ 
L-ascorbic acid-2-phosphate magnesium (64 mg/1); 
sodium selenium (14 µg/1); 
NaHCO3 (543 mg/1); and 
transferrin (10.7 mg/1) 
E5 medium+ 
Human FGF2 (100 µg/1) 
VEGF-165 (50 µg/1) 
SB431542 (10 µM) 
RESV (5 µM) 
L-690,330 (10 µM) 
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Medium 
Name 

FVIRLW 

FVIRL-5 

FVIRL-5-I 

FVIRL-5-W 

FVIRL-5-BB 

FVIR 

FVR 

VIL 

FVIM 

FVB 

FYI 

FV 

BV!n 

VI 

Control 

Control+ 
VEGF 
Control+ 
RESV 
Control+ 
WNT3A 

TABLE I-continued 

Chemically-defined Culture Medium Components 

Protocol Step 

Differentiating 
hemangioblasts into 
hematopoietic progenitor 
cells 

Chemically-defined Components 

FVIRL + 
WNT3A (100 ng/ml) 
E5 medium+ 
Human FGF2 (100 µg/1); 
VEGF-165 (50 µg/1); 
SB431542 (10 µM); 
RESV (5 µM); and 
L-690,330 (5 µM) 
FVIRL-5 + 
insulin (20 mg/1) 
FVIRL-5 + 
WNT3A (50 ng/ml) 
FVIRL-5 + 
PDGF-BB (100 µg/1) 
E5 medium+ 
Human FGF2 (100 µg/1); 
VEGF-165 (50 µg/1); 
SB431542 (10 µM); and 
RESV (5 µM) 
E6 medium+ 
Human FGF2 (100 µg/1); 
VEGF-165 (50 µg/1); 
RESV (5 µM) 
E5 medium+ 
Human FGF2 (100 µg/1); 
VEGF-165 (50 µg/1); 
SB431542 (10 µM); and 
L-690,330 (10 µM) 
E5 medium+ 
Human FGF2 (100 µg/1); 
VEGF-165 (50 µg/1); 
SB431542 (10 µM); and 
WNT3A (100 µg/1) 
E5 medium+ 
Human FGF2 (100 µg/1); 
VEGF-165 (50 µg/1); and 
BMP4 (50 µg/1) 
E5 medium+ 
Human FGF2 (100 µg/1); 
VEGF-165 (50 µg/1); and 
SB431542 (10 µM) 
E5 medium+ 
Human FGF2 (100 µg/1) 
VEGF-165 (50 µg/1) 
E5 medium+ 
BMP4 (50 µg/1); 
VEGF-165 (50 µg/1) 
Insulin (20 mg/1) 
E5 medium+ 
VEGF-165 (50 µg/1) 
SB431542 (5 µM) 
E5 medium 
Human FGF2 (100 µg/1) 
SB431542 (10 µM) 
Control mediwn + 
VEGF-165 (50 µg/1) 
Control mediwn + 
RESV (5 µM) 
Control mediwn + 
WNT3A (50 µg/1) 

[0062] In another aspect, provided herein is a method of 
obtaining macrophages. In an exemplary embodiment, the 
floating cells of the cell population comprising hematopoi
etic progenitor cells are cultured in medium comprising 
granulocyte-macrophage colony stimulating factor (GM
CSF) for about 3 days. The cells are then cultured in medium 
comprising interleukin 1 beta (IL-18), macrophage colony 
stimulating factor (M-CSF), and either fetal bovine serum 
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(FBS) or knockout serum replacement (KOSR) for about 6 
days to obtain a population of cells comprising macro
phages. In some embodiments, the population of cells com
prises at least about 90% (or at least about 95%) CDllb+ 
CD14+ macrophages. 

[0063] In another aspect, provided herein is a method for 
differentiating Natural Killer (NK) cells from the HPC 
without the need for added feeder cells. Previous methods 
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described in the art for differentiating NK cells require 
co-culture with added feeder cells or the addition of bovine 
serum albumin (Knorr et al., 2013). In an exemplary 
embodiment, the population of cells comprising hematopoi
etic progenitor cells produced by the methods described 
herein is cultured in medium comprising bovine serum 
albumin (BSA), insulin, and transferrin for about 3 days to 
produce a population of cells comprising attached cells and 
floating cells. In some embodiments, the medium is E6 
medium comprising BSA, insulin, and transferrin. The float
ing cells are removed and cultured in medium comprising 
interleukin 7 (IL-7), interleukin-15 (IL-15), Flt3 ligand 
(FLT3-L), and SCF to produce a population of cells com
prising NK cells. In some embodiments, the medium addi
tionally comprises serum or serum replacement such as 
knockout serum replacement (KOSR) or BIT9500 serum 
substitute. In some embodiments, StemSpan™ SFEM 
medium may be used. In some embodiments, the floating 
cells are cultured for about 2-3 weeks to produce NK cells. 
In some embodiments the population of cells comprises at 
least about 60% ( or at least about 65%, at least about 70%, 
at least about 80%, at least about 85%, at least about 90%, 
at least about 95%, or at least about 99%) CD56+ CD3- NK 
cells. 
[0064] In another aspect, provided herein is a feeder-free 
method for differentiating T cells from the hematopoietic 
progenitor cells produced by the methods described herein. 
In an exemplary embodiment, the floating cells from the cell 
population comprising hematopoietic progenitor cells are 
cultured in T cell medium comprising interleukin 7 (IL-7), 
Flt3 ligand (FLT3-L), SCF, and a Notch agonist to produce 
a population of cells comprising CD3+, CD4+, CDS+ T cells. 
In some embodiments, the cells are cultured for about 30 
days to produce the T cell population. The T cells may also 
express T cell receptor y/o (TCR y/o). In some embodiments, 
the T cell medium additionally comprises serum or serum 
replacement such as knockout serum replacement (KOSR) 
or BIT9500. In some embodiments, StemSpan™ SFEM 
medium may be used. In some embodiments, the Notch 
agonist may be RESV, DLL4, JAG! or another Notch 
agonist or activator as described herein. In some embodi
ments, the methods described herein produce a cell popu
lation comprising between about 85% and about 95% (e.g., 
85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%,or 
95%) CD3+, CD4+, CDS+ T cells. T cells produced by the 
methods described herein may be used in a therapeutic 
composition for use in treatment methods, such as for use as 
an allogeneic immune therapy. 
[0065] As used herein, "feeder-free" refers to culture 
conditions that are substantially free of a cell feeder layer. 
Cells grown under feeder-free conditions may be grown on 
a substrate, such as a chemically-defined substrate, and/or 
grown as an adherent culture. Suitable chemically-defined 
substrates include vitronectin. 
[0066] In another aspect, provided herein are therapeutic 
compositions including HPCs, macrophages, NK cells, and/ 
or T cells obtained according to methods provided herein 
and methods of using them for the treatment of subjects. In 
some embodiments, the HPCs described herein may be used 
in cancer immunotherapy treatments or in the production of 
chimeric antigen receptor (CAR) T cells or CAR NK cells. 
[0067] Chimeric antigen receptors (CARs), also known as 
chimeric T cell receptors, artificial T cell receptors and 
chimeric immunoreceptors, are engineered receptors, which 
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graft specificity onto an immune effector cell. In general, a 
chimeric antigen receptor is a transmembrane protein having 
a target-antigen binding domain that is fused via a spacer 
and a transmembrane domain to a signaling endodomain. 
When the CAR binds its target antigen, an activating signal 
is transmitted to the T cell or NK cell. In one embodiment, 
the chimeric antigen receptor or genetically engineered 
receptor is introduced into the T cell or NK cell. In one 
embodiment, a nucleic acid vector encoding the chimeric 
antigen receptor or genetically engineered receptor is trans
fected into the T cells or NK cells whereby the T cells or NK 
cells express the chimeric antigen receptor. In some embodi
ments, a nucleic acid vector encoding the chimeric antigen 
receptor or genetically engineered receptor is transfected in 
human pluripotent stem cells, mesoderm cells, hemangio
blasts, or hematopoietic progenitor cells for use in any of the 
methods described herein to produce CAR T cells or CAR 
NK cells. Methods of making and using CAR T cells and 
CAR NK cells are described in the art. See, for example, 
June et al. (June, et al., "CAR T cell immunotherapy for 
human cancer," Science, 359, 1361-1365, 2018), and Mehta 
et al. (Mehta et al., "Chimeric antigen receptor expressing 
natural killer cells for immunotherapy of cancer," Frontiers 
of Immunology, 9:283, 2018). 

[0068] In a further aspect, therefore, the present invention 
provides methods and compositions for cell transplantation, 
cell replenishment, and cell or tissue replacement and 
enhancing hematopoiesis. The method can comprise provid
ing to a subject in need thereof a therapeutically effective 
amount ofhematopoietic progenitor cells derived according 
to methods provided herein, whereby providing hematopoi
etic progenitor cells treats the subject. Disorders requiring 
cell or tissue replacement and improving hematopoiesis 
include, without limitation, hematologic disease, such as, 
hemoglobinopathy, neutropenia, thrombocytopenia, anemia, 
thalassemia, polycythemia, uremia, myelofibrosis, 
myeloma, myelodysplasia, leukemia, lymphoma, myelodys
plastic syndrome, Von Willebrand disease, hemophilia, pri
mary thrombocythemia, an acquired platelet function disor
der, a plasma cell disorder, a solid tumor and any other 
disorder or disease for which the stricken individual would 
benefit from hematopoietic regenerative medicine or a 
hematopoietic progenitor cell transplant. Preferred indi
vidual subjects according to the present invention are mam
mals including, without limitation, humans and non-human 
primates, as well as canines, felines, ovines, porcines, 
equines, and bovines. In some cases, a substantially pure 
population of hematopoietic progenitor cells is obtained 
using a pluripotent cell (e.g., induced pluripotent stem cell) 
of the subject in need of treatment. However, a substantially 
pure population of hematopoietic progenitor cells also can 
be obtained using pluripotent stem cells of, preferably, a 
syngeneic or allogeneic donor. Less preferably, a xenogeneic 
donor is used. 

[0069] Any appropriate dosage can be used for a thera
peutic method provided herein. The cell dose will depend on 
the extent and severity of the blood disorder or disease but 
a suitable range is from about lxl08 cells/patient to about 
1 xl 010 cells/patient per dose. In some cases, HPCs obtained 
as described herein are co-administered to a subject with 
other cell types including, for example, macrophages, T 
cells, or NK cells. 

[0070] After administering the cells into the subject, the 
effect of the treatment method may be evaluated, if desired, 
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using any appropriate method known to practitioners in the 
art. The treatment may be repeated as needed or required. 
Following treatment according to the methods provided 
herein, the treated subject can be monitored for any positive 
or negative changes in blood disorder or disease being 
treated. In a preferred embodiment, an increase in the 
production of blood cells is a result of engraftment of HPCs 
following administration of the said cells. 
[0071] Administration of a therapeutically effective 
amount of HPCs into the recipient subject is generally 
effected using methods well known in the art, and usually 
involves directly injecting or otherwise introducing a thera
peutically effective dose of HPCs into the subject using 
clinical tools known to those skilled in the art ( e.g., U.S. Pat. 
Nos. 6,447,765; 6,383,481; 6,143,292; and 6,326,198). For 
example, introduction ofHPCs of the present invention can 
be effected locally or systemically via intravascular admin
istration, such as intravenous, intramuscular, or intra-arterial 
administration, intraperitoneal administration, and the like. 
Cells can be injected into an infusion bag (e.g., Fenwal 
infusion bag (Fenwal, Inc.)) using sterile syringes or other 
sterile transfer mechanisms. The cells can then be immedi
ately infused via IV administration over a period of time, 
such as 15 minutes, into a free flow IV line into the patient. 
In some embodiments, additional reagents such as buffers or 
salts are provided to the recipient subject concurrently with 
the cells. 
[0072] In exemplary embodiments, HPCs of the present 
invention are provided to the subject as a pharmaceutical 
composition comprising the cells and one or more pharma
ceutically acceptable carriers, buffers, or excipients. The 
pharmaceutical composition for administration must be for
mulated, produced, and stored according to standard meth
ods that provide proper sterility and stability. A pharmaceu
tical composition of the present invention may also comprise 
one or more growth factors or cytokines (e.g., angiogenic 
cytokines) that promote the survival or engraftment of 
transplanted cells, promote angiogenesis, modulate the com
position of extracellular or interstitial matrix, and/or recruit 
other cell types to the site of transplantation. 
[0073] Compositions 
[0074] In another aspect, provided herein are preparations 
of HPCs. For example, provided herein are HPCs, substan
tially purified populations of HPCs, pharmaceutical prepa
rations comprising HPCs, and cryopreserved preparations of 
the HPCs. The HPCs described herein may be substantially 
free of at least one protein, molecule, or other impurity that 
is found in its natural environment ( e.g., "isolated"). The 
HPCs may be mammalian, including, human HPCs. The 
invention also provides human HPCs, a substantially puri
fied population of human HPCs, pharmaceutical prepara
tions comprising human HPCs, and cryopreserved prepara
tions of the human HPCs. The preparation may be a 
preparation comprising human embryonic stem cell-derived 
HPCs, human iPS cell-derived HPCs, and substantially 
purified (with respect to non-HPCs) preparations comprising 
differentiated pluripotent stem cell-derived HPCs. 
[0075] Cell preparations provided herein are useful for 
various in vitro and in vivo applications such as hematopoi
etic progenitor cell transplantation, blood disease modeling, 
and screening for drugs affecting hematopoiesis such as 
hematopoietic growth factors, erythropoietics, and colony
stimulating factors. The disclosed methods facilitate pro
duction and use of HPC populations. 
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[0076] In another aspect, provided herein is a genetically 
engineered HPC produced by the methods described herein. 
Also provided herein is a genetically engineered T cell 
differentiated from an HPC produced by the methods 
described herein. In some embodiments, the genetically 
engineered T cell is a CAR T cell. In some embodiments, 
provided herein is a genetically engineered NK cell differ
entiated from an HPC produced by the methods described 
herein. In some embodiments, the genetically engineered 
NK cell is a CAR NK cell. In some embodiments, provided 
herein is a genetically engineered macrophage differentiated 
from an HPC produced by the methods described herein. 

[0077] As used herein, the terms "genetically engineered" 
and "genetically modified" are used interchangeably and 
refer to a cell ( e.g., prokaryotic or eukaryotic cell) that has 
been modified to comprise a non-naturally occurring nucleic 
acid molecule that has been created or modified by the hand 
of man (e.g., using recombinant DNA technology) or is 
derived from such a molecule ( e.g., by transcription, trans
lation, etc.). An HPC, T cell, NK cell, or macrophage that 
contains an exogenous, recombinant, synthetic, and/or oth
erwise modified polynucleotide is considered to be a geneti
cally modified cell and, thus, non-naturally occurring rela
tive to any naturally occurring counterpart. In some cases, 
genetically modified cells contain one or more recombinant 
nucleic acids. In other cases, genetically modified cells 
contain one or more synthetic or genetically engineered 
nucleic acids ( e.g., a nucleic acid containing at least one 
artificially created insertion, deletion, inversion, or substi
tution relative to the sequence found in its naturally occur
ring counterpart). Procedures for producing genetically 
engineered cells are generally known in the art, for example, 
as described in Sambrook et al, Molecular Cloning, A 
Laboratory Manual (Fourth Edition), Cold Spring Harbor 
Press, Cold Spring Harbor, N.Y. (2012) and Doudna et al, 
CRISPR-Cas, A Laboratory Manual, Cold Spring Harbor 
Press, Cold Spring Harbor, N.Y. (2016), each of which is 
incorporated herein by reference. 

[0078] In some cases, a cell's genome is modified (e.g., 
engineered) so that functional proteins encoded by either the 
class II or both the class I and the class II major histocom
patibility complex genes do not appear on the cell's surface. 
See, for example, Deuse et al. (Deuse et al., "Hypoimmu
nogenic derivatives of induced pluripotent stem cells evade 
immune rejection in fully immunocompetent allogenic 
recipients," Nature Biotechnology, vol. 37, 252-258, 2019) 

[0079] In this way, the modified cells are more likely to 
evade attack by T-cells of a recipient. In some cases, cells are 
genetically modified (engineered) as described in U.S. Pat. 
No. 6,916,654. In other cases, it may be advantageous to 
produce immune non-responsive cells from iPS cells by 
disrupting beta-2 microglobulin as described by as U.S. 
Patent Pub. 2014/0134195. For example, a cell can be 
modified to comprise a genetically engineered disruption in 
the cell's endogenous beta-2 microglobulin (B2M) gene. As 
described in U.S. Patent Pub. 2014/0134195, the genetically 
engineered disruption can comprise introducing one or more 
polynucleotide sequences capable of encoding a single chain 
fusion human leukocyte antigen (HLA) class I protein 
comprising at least a portion of the B2M protein covalently 
linked, either directly or via a linker sequence, to at least a 
portion of a human leukocyte antigen (HLA)-I chain. It will 
be understood, however, that methods of obtaining "univer
sal" human AECs are not limited to modifying HLA pro-
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teins. Other strategies can also be used to genetically modify 
cells to minimize the immune response. For example, Riolo
bos et al. (Molecular Therapy 2013, 21(6):1232-1241) 
described producing stable HLA-I negative human pluripo
tent cells by making targeted disruptions in both alleles of 
the Beta-2 Microglobulin (B2M) gene using recombinant 
adeno-associated virus (rAAV)-mediated gene editing. The 
resulting B2M_1

_ pluripotent stem cells could be differenti
ated using any of the methods described herein. In another 
example, genetic modifications that wholly or partially 
disrupt expression of CD58 on the cell surface have been 
shown to increase escape from immune recognition by both 
arms of cellular immunity. See, e.g., Challa-Malladi et al. 
(Cancer Cell 2011; 20(6):728-740). Also, HLA-E-express
ing pluripotent stem cells (Edimer cells) evade allogeneic 
responses and lysis by NK cells (Gomalusse et al., Nat 
Biotechnol. 2017; 35(8):765-772). 

[0080] Preparations comprising HPCs useful for clinical 
applications must be obtained in accordance with regula
tions imposed by governmental agencies such as the U.S. 
Food and Drug Administration. Accordingly, in exemplary 
embodiments, the methods provided herein are conducted in 
accordance with Good Manufacturing Practices (GMPs), 
Good Tissue Practices (GTPs), and Good Laboratory Prac
tices (GLPs). Reagents comprising animal derived compo
nents are not used, and all reagents are purchased from 
sources that are GMP-compliant. In the context of clinical 
manufacturing of a cell therapy product, such as in vitro 
populations of human hematopoietic progenitor cells, GTPs 
govern donor consent, traceability, and infectious disease 
screening, whereas the GMP is relevant to the facility, 
processes, testing, and practices to produce a consistently 
safe and effective product for human use. See Lu et al. Stem 
Cells 27: 2126-2135 (2009). Where appropriate, oversight of 
patient protocols by agencies and institutional panels is 
envisioned to ensure that informed consent is obtained; 
safety, bioactivity, appropriate dosage, and efficacy of prod
ucts are studied in phases; results are statistically significant; 
and ethical guidelines are followed. 

[0081] In another aspect, provided herein is a set of culture 
medium or a culture system comprising a first culture 
medium for differentiating human pluripotent stem cell
derived mesodermal cells into hemangioblasts, where the 
first culture medium comprises or consists essentially of an 
FGF, a VEGF, an inhibitor of TGF~ signaling (e.g., 
SB431542), a Notch agonist ( e.g., Resveratrol (RESV)), and 
an inhibitor of inositol monophosphatase, and a second 
culture medium for differentiating hemangioblasts into 
HPCs, wherein the second culture medium comprises or 
consists essentially of insulin, a FGF, a VEGF, and a Notch 
agonist. In exemplary embodiments, the first culture 
medium comprises or consists essentially of E5 medium 
supplemented with human FGF2 (100 µg/1), VEGF-165 (50 
µg/1), SB431542 (10 µM), RESV (5 µM), and L-690,330 (10 
µM). In exemplary embodiments, the second culture 
medium comprises or consists essentially of a FGF, a VEGF, 
and a Notch agonist ((e.g., Resveratrol (RESV)). 

[0082] In some aspects, the culture medium comprises, or 
consists essentially of, an FGF, a VEGF, an inhibitor of 
TGF~ signaling (e.g., SB431542), a Notch agonist (e.g., 
Resveratrol (RESV) ), and an inhibitor of inositol monophos
phatase. The FGF ( e.g., FGF2) may be present in the culture 
medium at a concentration between about 10 ng/ml and 
about 200 ng/ml ( e.g., 10 ng/ml, 20 ng/ml, 30 ng/ml, 40 
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ng/ml, 50 ng/ml, 60 ng/ml, 70 ng/ml, 80 ng/ml, 90 ng/ml, 
100 ng/ml, 125 ng/ml, 150 ng/ml, 175 ng/ml, or 200 ng/ml). 
In some embodiments, 100 ng/ml FGF2 is included in the 
culture medium. The VEGF (e.g., VEGF-A or an isoform 
such as VEGF-165) may be present in the culture medium 
at a concentration between about 1 ng/ml and about 100 
ng/ml ( e.g., 1 ng/ml, 5 ng/ml, 10 ng/ml, 15 ng/ml, 20 ng/ml, 
30 ng/ml, 50 ng/ml, 60 ng/ml, 75 ng/ml, 80 ng/ml, 90 ng/ml, 
or 100 ng/ml). In some embodiments, 50 ng/ml VEGF-165 
or VEGF-A is included in the culture medium. The inhibitor 
ofTGF~ signaling may be, but is not limited to, SB-431542, 
SB-525334, A83-01, LY2157299, LY210976, GW788388, 
RepSox, SB-505124, D4476, GW788388, SD208, and 
EW-7197. The TGF~ inhibitor may be present in the culture 
medium at a concentration between about 5 µMand about 15 
µM (e.g., 5 µM, 6 µM, 7 µM, 8 µM, 9 µM, 10 µM, 11 µM, 
12 µM, 13 µM, 14 µM, or 15 µM). In some embodiments, the 
culture medium includes 10 µM SB431542. The Notch 
agonist may be, but is not limited to, Resveratrol (RESV, 
3,4',5-trihydroxystilbene ), valproic acid, and suberoyl bis
hydroxamic acid. The Notch agonist may be present in the 
culture medium at a concentration between about 1 µM and 
about 10 µM (e.g., 1 µM, 2 µM, 3 µM, 4 µM, 5 µM, 6 µM, 
7 µM, 8 µM, 9 µM, or 10 µM). In some embodiments, the 
culture medium includes 5 µM RESV. The inhibitor of 
inositol monophosphatase may be, but is not limited to, 
biphosphonate L-690,330 ([1-( 4-Hydroxyphenoxy)ethyl
idene ]bisphosphonic acid), lithium, phosphoinositide 3-ki
nase (PI3K) inhibitor Ly294002, Pictilisib, HS-173, 
GSK2636771, Duvelisib, TGl00-115, GSK1059615, 
PF-04691502, PIK-93, BGT226, AZD6482, SAR245409, 
BYL719, CUDC-907, IC-87114, TG100713, Gedatolisib, 
CH5132799, PKI-402, BAY 80-6946, XL147, PIK-90, PIK-
293, PIK-294, Quercetin, Wortmannin, ZSTK474, 
AS-252424, AS-604850, and Apitolisib. The inhibitor of 
inositol monophosphatase may be present in the culture 
medium at a concentration between about 5 µMand about 15 
µM (e.g., 5 µM, 6 µM, 7 µM, 8 µM, 9 µM, 10 µM, 11 µM, 
12 µM, 13 µM, 14 µM, or 15 µM). 
[0083] In some embodiments, the culture medium 
includes 10 µM L-690,330. In some embodiments, the 
culture medium additionally includes DMEM/F12 culture 
medium, L-ascorbic acid-2-phosphate magnesium, sodium 
selenium, NaHCO3 , and transferrin. In some embodiments, 
the culture medium comprises or consists essentially of 
DMEM/F12 medium, L-ascorbic acid-2-phosphate magne
sium (64 ng/ml), sodium selenium (14 ng/ml), NaHCO3 

(543 µg/ml), transferrin (10.7 µg/ml), FGF2 (100 ng/ml), 
VEGF-A(50ng/ml), SB431542 (10 µM), RESV (5 µM), and 
L-690,330 (10 µM). 
[0084] Articles of Manufacture 
[0085] The invention also provides a kit for differentiating 
human pluripotent stem cells into HPCs, comprising (i) a 
first culture medium suitable for differentiation of human 
pluripotent stem cells into mesodermal cells; (ii) a second 
culture medium suitable for differentiation of pluripotent 
stem cell-derived mesodermal cells into hemangioblasts; 
(iii) a third culture medium suitable for differentiation of 
hemangioblasts into HPCs and (iv) instructions describing a 
method for differentiating human pluripotent stem cells into 
HPCs, the method employing the first culture medium, the 
second culture medium, and the third culture medium. 
[0086] Unless defined otherwise, all technical and scien
tific terms used herein have the same meaning as commonly 
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understood by one of ordinary skill in the art to which the 
invention belongs. Although any methods and materials 
similar to or equivalent to those described herein can be used 
in the practice or testing of the present invention, the 
preferred methods and materials are described herein. 
[0087] In the specification and in the claims, the terms 
"including" and "comprising" are open-ended terms and 
should be interpreted to mean "including, but not limited to 
. . . ." These terms encompass the more restrictive terms 
"consisting essentially of' and "consisting of." As used 
herein and in the appended claims, the singular forms "a", 
"an", and "the" include plural reference unless the context 
clearly dictates otherwise. As well, the terms "a" ( or "an"), 
"one or more" and "at least one" can be used interchange
ably herein. It is also to be noted that the terms "compris
ing," "including," "characterized by," and "having" can be 
used interchangeably. 
[0088] As used herein, "a medium consisting essentially 
of' means a medium that contains the specified ingredients 
and those that do not materially affect its basic characteris
tics. 
[0089] As used herein, "effective amount" means an 
amount of an agent sufficient to evoke a specified cellular 
effect according to the present invention. 
[0090] As used herein, "about" means within 5% of a 
stated concentration range, density, temperature, or time 
frame. 
[0091] The present invention has been described in terms 
of one or more preferred embodiments, and it should be 
appreciated that many equivalents, alternatives, variations, 
and modifications, aside from those expressly stated, are 
possible and within the scope of the invention. 

Example 1 

[0092] The embodiment described here demonstrates the 
large-scale production ofhematopoietic progenitor cells and 
demonstrates the engraftment of said cells into mice. 
[0093] The transition of endothelial cells into hematopoi
etic cells involves dramatically reduced cell-cell contact. 
However, the role of cell-cell contact in hematopoietic cell 
fate determination remains unclear. Here, we disrupted the 
cell-cell contact by seeding cells in low density. The results 
demonstrated that human pluripotent stem cells provided at 
high cell density differentiated into arterial endothelial cells, 
while human pluripotent stem cells provided at low cell 
density differentiated into hemangioblasts. Further investi
gation revealed that low cell density activated the BMP 
signaling pathway to promote HPC formation. These 
hematopoietic progenitor cells could be further differenti
ated to macrophages, NK (natural killer) cells, and T cells in 
feeder-free and serum-free conditions. Our study provides 
new insights about endothelium-to-hemangioblast transition 
and an efficient protocol for generating hematopoietic pro
genitor cells. 
[0094] Cell-Cell Contact Regulates Arterial Endothelial 
Cells and Hemangioblast Cell Fate Determination
[009S] Endothelial-to-hematopoietic stem cell transition 
occurs in aorta-gonad-mesonephros region. We therefore 
investigated whether human pluripotent stem cell-derived 
arterial endothelial cells can be reprogrammed into 
hematopoietic stem cells. To mimic the diminished cell-cell 
contact during the endothelial-to-hematopoietic stem cell 
transition, we disrupted the cell-cell contact by seeding cells 
at low density. The "five factor" arterial endothelial cell 
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differentiation protocol was used for the first six days (Zhang 
et al., 2017, also see U.S. Patent Publication No. 2016/ 
0244 719) (FIG. lA). The medium was switched to FVR and 
cultured for another three to four days. Hematopoietic cells 
were observed in the low cell density culture, but not in the 
high cell density culture (FIG. 1B). These cells expressed 
hematopoietic progenitor cell markers CD34 and CD45 
(FIG. lC). In contrast, endothelial cell marker CD144, was 
reduced (FIG. lD). The results indicated the generation of 
hematopoietic progenitor cells. The hematopoietic progeni
tor cells were also generated from H9 ES and PBMC-3-1 iPS 
cell lines (FIG. lE). Finally, we were able to generate 4xl 08 

HPCs from 1 TripleFlask (FIG. lF) in 10 days. The 
hematopoietic cells could be cryopreserved (90% FBS+10% 
DMSO) at day 10. The results suggest that the protocol was 
suitable for large-scale clinical application. Results also 
demonstrated that HPCs can be generated using cryopre
served mesoderm cells (FIG. 9). 

[0096] Seeding at Low Cell Density Activates BMP Sig
naling to Promote Endothelium to Hemangioblast Transi
tion-

[0097] NOTCH and YAP signaling are two key pathways 
regulated by cell-cell contacts (Bray, 2016; Pan, 2010). Our 
results demonstrated that YAP expression and nuclear trans
location were similar in both low and high cell density 
cultures (FIG. 2A). Interestingly, although activated 
NOTCH! (NICDl) was largely reduced in low cell density 
compared to high cell density (FIG. 2B), inhibiting of 
NOTCH signaling did not promote hematopoietic-like cell 
formation in high cell density (FIGS. 2C&D). These results 
suggested that low cell density regulated other pathways to 
promote hematopoiesis. 

[0098] Since BMP4 signaling was required for hematopoi
esis (Goldman et al., 2009; Wang and Nakayama, 2009), we 
examined the BMP4-SMAD1/5/8 pathway. Phosphorylated 
SMAl/5/8 were greatly increased in low cell density, as 
demonstrated by both immunostaining and western blot 
(FIGS. 3A&B). More importantly, adding BMP4 promoted 
hematopoiesis in high cell density, while inhibiting BMP4 
signaling by LDN reduced hematopoiesis in low cell density 
(FIG. 3C-E). The results indicated that reducing cell-cell 
interaction increased BMP4 signaling pathway to induce 
hematopoiesis from arterial endothelial cells. 

[0099] Differentiation of Hematopoietic Progenitor Cells 
into Macrophages-

[0100] To test the differentiation potential of these 
hematopoietic cells, the floating cells were collected from 
the culture at day 10. Colony-forming unit (CFU) assay 
revealed the existence of GM (granulocytes and monocytes/ 
macrophages) and GEMM (granulocytes, erythrocytes, and 
monocytes/macrophages) colonies (FIG. 4), indicating the 
multi-potency of hematopoietic progenitor cells. 

[0101] Next, we tested whether these cells could be dif
ferentiated into macrophages. The cells were cultured in 
E6G medium for 3 days and them E6M medium (supple
mented with 10% FBS or KOSR) for another 6 days (FIG. 
SA). The protocol generated more than 95% of CDllb+ 
CD14+ macrophages (FIGS. SB&C). Phagocytosis analysis 
revealed these macrophages were able to take up bacteria 
particles (FIG. SD), demonstrating that these macrophages 
were functional. 
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[0102] Differentiation of Hematopoietic Progenitor Cell 
into NK Cells-
[0103] NK cells have been used for cancer therapy. NK 
cells do not cause GvHD (graft-versus-host disease) or other 
alloimmune reactions, providing a potential universal source 
of allogenic cell therapy (Mehta and Rezvani, 2018). Given 
the advantage, chimeric antigen receptor (CAR)-engineered 
NK cells have been widely studied for curing various 
cancers. 
[0104] Previous protocols for generating NK cells from 
human pluripotent stem cells required co-culture with feeder 
cells. Kaufman's group removed the feeder cells, but bovine 
serum was still required for the differentiation protocol 
(Knorr et al., 2013). In addition, CD34+CD45+ cells need to 
be sorted out in order to perform NK cell differentiation 
(Knorr et al., 2013). Here, we aimed to remove serum and 
avoid the purification step of CD34 +cD45+ cells during the 
differentiation. The cells (including attached and floating 
cells) from day 10 were further cultured in E6BIT medium 
for another 3 days (FIG. 6A). The floating cells were then 
transferred to a new plate and cultured in NK medium for 
2-3 weeks (FIG. 6A), which yielded 67-96% CD56+cm
NK cells across three ES/iPS cell lines (FIG. 6B). We then 
evaluated Hl derived NK cell mediated cytolytic activity 
against tumor cells. The results demonstrated that 75% of 
K562 (a leukemic cell line) and U937 (monocytes derived 
from lymphoma patient) cells were killed by hESC-NK cells 
(FIG. 6C). 
[0105] Differentiation of Hematopoietic Progenitor Cells 
into T Cells-
[ 0106] Generating T cells from ES/iPS cells for immune 
therapy is a promising new treatment for hematological and 
non-hematological cancer. Currently, feeder cells are used to 
direct differentiation of human pluripotent stem cells into T 
cells, which is not suitable for clinical application. Here, we 
generated a feeder-free and serum-free protocol for T cell 
differentiation. The floating cells were collected from day 10 
and cultured in T medium for another 30 days (FIG. 7A). 
Flow cytometry analysis revealed that 30-50% of cells 
expressed CD3, CD4, and CDS, suggesting the T cell 
formation (FIG. 7B). These T cells also expressed T cell 
receptor y/o (TCR y/o) (FIG. 7B). The protocol worked for 
3 different cell lines, including Hl and H9 ES cells and 
PBMC-3-1 iPS cells (FIG. 7B). 
[0107] TCR yo T cells are becoming of increasing interest 
in allogeneic cell therapy (Handgretinger and Schilbach, 
2018; Wu et al., 2017). TCR a~ T cells are primarily used 
for cancer immune therapy, due to the high abundance 
( accounting for approximately 95% of all T cells) in human. 
However, TCR a~ T cells recognize exogenous pathogen 
specific ligands or endogenous stress-induced ligands in a 
MHC (major histocompatibility complex)-dependent man
ner, thus will cause GvHD when applied to allogeneic 
therapy. In contrast, yo T cells are not alloreactive and do not 
cause GvHD. Therefore, our protocol provides a potential 
cell source for large-scale allogeneic ("off-the shelf') 
immune therapy. 
[0108] In Vivo Engraftment of Hematopoietic Progenitor 
Cells-
[0109] The generation of hematopoietic stem/progenitor 
cells is a promising way to treat blood disorders, but this 
goal remains challenging. Two recent studies used trans
genic methods to generate hematopoietic cells capable of 
engrafting in an immune-compromised mouse (Lis et al., 
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2017; Sugimura et al., 2017). However, the transgenic 
methods cannot be scaled up for large-scale clinical appli
cation. Here, we were able to generate 4xl08 hematopoietic 
progenitor cells from 1 TripleFlask in 10 days (FIG. lF). The 
day 10 hematopoietic progenitor cells were injected intra
venously into NBSGW mice. Human CD45+ cells were 
detected in the peripheral blood 8 weeks after injection (FIG. 
SA). Three out of 9 mice showed more than 1 % of human 
CD45+ cells engraftment (FIG. SB). As sex may play a role 
in transplant success, we compared hematopoietic progeni
tor cells derived from Hl (male) and H9 (female) ES cells. 
The result demonstrated that H9-derived hematopoietic pro
genitor cells have much higher engraftment efficiency com
pared to HI-derived hematopoietic progenitor cells (FIG. 
SC). The average engraftment efficiency was improved from 
6% to 10% when using cells harvested and cryopreserved at 
an earlier stage, for example day 6 (FIG. SC). To the best of 
our knowledge, this is the best engraftment efficiency for 
hematopoietic progenitor cells derived from ES/iPS cells 
reported to date. 

[0110] Medium Components-

[0111] Components and compositions of the media used in 
this example are outlined in the tables below. 

TABLE 2 

Mediwn Components 

Media components ES ESBAC E6 

DMEM/F12 + + + 
Ascorbic acid (64 mg/1) + + + 
Sodium selenium (14 µg/L) + + + 
NaHCO3 (543 µg/mL) + + + 
Transferrin (10.7 µg/mL) + + + 
Insulin (20 µg/mL) + + + 
FGF2 (100 µg/L) + + 
TGFl3l (2 µg/L) + + 
BMP4 (5 µg/L) + 
Activin A (25 µg/L) + 
CHIR99021 (1 µM) + 
VEGF-A165 (50 µg/L) 
SB431542 (10 µM) 
RESV (5 µM) 
L690 (10 µM) 

TABLE 3 

E6G and E6M Medium Components 

Media components 

Base media 
GM-SCF (200 ng/mL) 
IL-lB (10 ng/mL) 
M-CSF (20 ng/mL) 

E6G 

E6 
+ 

TABLE 4 

T media 

Base medium 
IL-7 
FLT3-L 
SCF 

T Medium 

E6 
5 ng/ml 
5 ng/ml 

10 ng/ml 

Five 
factor 

+ 
+ 
+ 
+ 
+ 

+ 

+ 
+ 
+ 
+ 

E6M 

E6 

+ 
+ 

FVR 

+ 
+ 
+ 
+ 
+ 
+ 
+ 

+ 

+ 
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TABLE 4-continued 

T Medium 

T media 

RESV 5 µM 
KOSR 10% 

TABLE 5 

E6BIT Medium 

E6BIT 

Base medium E6 
BIT9500 20% 

TABLE 6 

NK Medium 

NK medium 

Base medium E6 
IL-7 20 ng/ml 
IL-15 10 ng/ml 
SCF 20 ng/ml 
FLT3-L 10 ng/ml 
KOSR 10% 
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We claim: 
1. A method for obtaining CD34+ CD45+ hematopoietic 

progenitor cells, the method comprising: 
culturing mesoderm cells seeded at low density in a first 

chemically-defined culture medium that comprises a 
fibroblast growth factor (FGF) and a vascular endothe
lial growth factor (VEGF), whereby a cell population 
comprising hemangioblast cells is obtained; and 

culturing the hemangioblast cells in a second chemically
defined culture medium that comprises either (a) insu
lin, an FGF, a VEGF, and a Notch agonist, or (b) stem 
cell factor (SCF), IL-3, and thrombopoietin (TPO), 
whereby a cell population comprising CD34+ CD45+ 
hematopoietic progenitor cells is obtained. 

2. The method of claim 1, wherein the mesoderm cells are 
seeded at a density between about 6x 103 cells/cm2 and about 
6xl04 cells/cm2

. 

3. The method of claim 1, wherein the mesoderm cells 
express one or more mesodermal marker selected from the 
group consisting of Brachyury (T), EMOS, FOXA2, 
MIXLl, MSXl, and MSX2. 

4. The method of claim 1, wherein the second chemically
defined culture medium comprises an FGF, a VEGF, and a 
Notch agonist. 

5. The method of claim 4, wherein the Notch agonist is 
selected from the group consisting of Resveratrol (3,4',5-
trihydroxystilbene ), valproic acid, and suberoyl bishy
droxamic acid. 

6. The method of claim 1, wherein the second chemically
defined culture medium comprises SCF, IL-3, and TPO. 

7. The method of claim 1, wherein the first chemically
defined culture medium additionally comprises a Notch 
agonist, a TGF~ inhibitor, or an inhibitor of inositol mono
phosphatase, 

8. The method of claim 7, wherein TGF~ inhibitor is 
SB431542. 

9. The method of claim 7, wherein the inhibitor of inositol 
monophosphatase is L-690,330. 

10. The method of claim 1, wherein the mesodermal cells 
are obtained by culturing human pluripotent stem cells for a 
period of about two days in a serum-free, albumin-free 
chemically-defined cell culture medium comprising Bone 
Morphogenetic Protein4 (BMP4), ActivinA, and an activa
tor of Wnt/~-catenin signaling to obtain a cell population 
comprising mesodermal cells. 

11. The method of claim 10, wherein the human pluripo
tent stem cells are selected from the group consisting of 
embryonic stem cells and induced pluripotent stem cells. 
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12. The method of claim 10, wherein the pluripotent stem 
cells are seeded at a density between about 6xl03 cells/cm2 

and about 6xl04 cells/cm2
. 

13. The method of claim 10, wherein the activator of 
Wnt/~-catenin signaling is a Gsk3 inhibitor. 

14. The method of claim 13, wherein the Gsk3 inhibitor 
is selected from the group consisting of CHIR99021, 
CHIR98014, BIO-acetoxime, BIO, LiCl, SB216763, 
SB415286, AR A014418, 1-Azakenpaullone, and Bis-7-
indolylmaleimide. 

15. The method of claim 1, wherein the mesoderm cells 
are cultured for about 4 days and wherein the hemangioblast 
cells are cultured for about 4 days to produce a population 
of cells comprising hematopoietic progenitor cells. 

16. A substantially pure, isolated population of 
hematopoietic progenitor cells obtained according to the 
method of claim 1. 

17. The isolated population of claim 16 comprising at 
least 90% hematopoietic progenitor cells. 
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18. The isolated population of claim 16 comprising at 
least 99% hematopoietic progenitor cells. 

19. A method for obtaining CD34+ CD45+ hematopoietic 
progenitor cells, the method comprising: 

culturing mesoderm cells seeded at high density in a first 
chemically-defined culture medium that comprises 
bone morphogenetic protein 4 (BMP4), a fibroblast 
growth factor (FGF) and a vascular endothelial growth 
factor (VEGF), whereby a cell population comprising 
hemangioblast cells is obtained; and 

culturing the hemangioblast cells in a second chemically
defined culture medium that comprises either (a) insu
lin, an FGF, a VEGF, and a Notch agonist, or (b) stem 
cell factor (SCF), IL-3, and thrombopoietin (TPO), 
whereby a cell population comprising hematopoietic 
progenitor cells is obtained. 

20. The method of claim 19, wherein the mesoderm cells 
are seeded at a density between about 6xl04 cells/cm2 and 
about 3xl05 cells/cm2

. 

* * * * * 




