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ABSTRACT

Methods of generating and expanding human hemangio-colony
forming cells in vitro and methods of expanding and using such
cells are disclosed. The methods permit the production of large
numbers of hemangio-colony forming cells as well as derivative
cells, such as hematopoietic and endothelial cells. The cells
obtained by the methods disclosed may be used or a variety of

research, clinical, and therapeutic applications.
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Invention Title: Hemangio-colony forming cells

The following statement is a full description of this invention, including the best
method of performing it known to us:
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Hemangio-Colony Forming Cells

Field of the Invention

[(ooo01] The present invention generally relates to
methods for generating and expanding human hemangio-
colony forming cells. More particularly, the invention
relates to a methdd of generating and expanding human
hemangio-colony forming cells in vitro using a two-step
process by first, culturing human embryo-derived stem
cells in serum-free media in the presence of at least
one growth factor in an amount sufficient to induce the
differentiation of embryonic stem cells into embryoid
bodies, and second, culturing the embyroid bodies in
serum-free media in the presence of at least one growth
factor in an amount sufficient to expand human

hemangio-colony forming cells in the medium comprising
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embryoid bodies. The invention further relates to
preparations of human hemangio-colony forming cells.
The invention further relates to methods of
differentiating human hemangio-colony forming units
along a hematopoietic or endothelial lineage, as well
as methods of preparing partially or fully
differentiated cell types from hemangio-colony forming
cells. Hemangio-colony forming cells, and cells
differentiated therefrom, have a variety of uses in
vitro and in vivo. The ability to generate expanded
human hemangio-colony forming cells in such large
quantities in vitro provides for the first time the
potential to derive large numbers of human hemangio-
colony forming derivative cell types, such as human
hematopoietic stem cells, or endothelial cells,
differentiated hematopoietic cells, such as red blood
cells and platelets, that will be useful in various
therapeutic applications.. Furthermore, the expanded
numbers of human hemangio-colony forming cells derived
by the present invention may be utilized in novel
therapeutic strategies in the treatment of
hematopoietic and endothelial cell disorders or in

blood banking.

Background of the Invention

{o002] Hematopoietic stem cells (KSCs) are capable
of self-renewal and are able to give rise to all blood
cell lineages. These cells, which reside in the bone
marrow, form the basis of the adult hematopoietic
system. The transplantation of these cells represents
the most common cell-based therapy applied today in the

clinic.
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[0003] HSC transplantation is used for the treatment
of patients with acute or chronic leukemia, aplastic
anemia and various immunodeficiency syndromes, as well
as various non-hematological malignancies and auto-
immune disorders. For patients with hematological
malignancies, HSC transplantation may rescue patients
from treatment-induced aplasia, which can occur
following high-dose chemotherapy and/or radiotherapy.
[0004) Despite the widespread clinical utility of
HSC transplantation, the three major sources of HSCs
(human bone marrow, mobilized peripheral blood, and
umbilical cord blood) are limited as two-thirds of the
patients in need of somatic HSC transplantation lack
well-matched donors. For example, for any given
patient, there is only a 25% chance that a sibling is a
human leukocyte antigen (HLA)-identical match.

[0005] HLAs are proteins on a cell's surface that
help the immune system identify the cells as either
self (belonging to the body) or non-self (foreign or
from outside the body). The HLA proteins are encoded
by clusters of genes that form a region located on
human chromosome 6 known as the Major
Histocompatibility Complex, or MHC, in recognition of
the important role of the proteins encoded by the MHC
loci in graft rejection. Accordingly, the HLA proteins
are also referred to as MHC proteins. Although
matching the MHC molecules of a transplant to those of
the recipient significantly improves the success rate
of clinical transplantation, it does not prevent
rejection, even when the transplant is between HLA-
identical siblings. Such rejection may be triggered by
differences between the minor Histocompatibility

antigens. These polymorphic antigens are usually "non-
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self" peptides bound to MHC molecules on the cells of
the transplant tissue, and differences between minor
Histocompatibility antigens will often cause the immune
system of a transplant recipient to eventually reject a
transplant, even where there is a match between the MHC
antigens, unless immunosuppressive drugs are used.
[0006]) There are three types each of class I and
class II HLA. A person (typically a sibling) who has a
class I and class IXI HLA match is called a related
donor. Increased survival is associated with a match
between recipient and donor class I HLA-A, HLA-B, HLA-
C, and class II HLA-DRB1 and HLA-DQBl1 (Morishima, et
al., 2002 Blood (99) :4200-6). For a patient who does
not have a matched, related donor, a search through
donor banks may provide a person with matching HLA
types. However the number of people in need of a cell
or tissue transplant, such as an HSC transplant, is far
greater than the available supply of cells and tissues
suitable for transplantation. Under these
circumstances, it is not surprising that obtaining a
good match between the MHC proteins of a recipient and

those of the transplant is frequently impossible..

Therefore, many transplant recipients must wait for an
MHC-matched transplant to become available or accept a
transplant that is not MHC-matched and endure higher
doses of immunosuppressive drugs and still risk
rejection. The ability to generate and manipulate
HSCs, and/or to induce tolerance in recipients of
transplants, therefore, will greatly benefit the
treatment and management of humaﬁ disease.

{00071 Based on work in the avian embryo, and
subsequently in frogs and mammals, it has been

demonstrated that the developmental programs of blood




2013201444 07 Mar 2013

10

15

20

25

30

and endothelium are closely linked. For example,
endothelial and hematopoietic cells emerge concurrently
and in close proximity in yolk sac blood islands. The

yolk sac blood islands derive from aggregates of

mesodermal cells that colonize the yolk sac. The
center of these aggregates gives rise to the embryonic
hematopoietic cells whereas the peripheral population
differentiates into endothelial cells which form the
vasculature that surrounds the inner blood cells.
These observations support the notion that endothelial
and hematopoietic cells have a common precursor.

[0008] Additionally, in zebrafish and mouse embryos,
both endothelial and hematopoietic lineages share the
expression of certain genes, such as Flkl1l, Fltl, Tiel,
Tie2, CD34, Scl, and Runxl (Fina et al. 1990 Blood
(75): 2417-2426; Millauer et al. 1993 Cell (72): 835-
846; Yamaguchi et al. 1993 Development (118): 489-498;
Anagnostou et al. 1994 PNAS USA (91): 3974-3978;
Kallianpur et al. 1994 Blood (83): 1200-12081; Young et
al. 1995 Blood (85): 96-105, Asahara et al. 1997
Science (275): 964-967; Kabrun et al. 1997 Development
(124): 2039-2048). Likewise certain gene mutations
affect both endothelial and hematopoietic cell
development (Shalaby et al. 1995 Nature (376): 62-66;
Robb et al. 1995 PNAS USA (92): 7075-7079; Shivdasani

et al. 1995 Nature (373): 432-434; Stainier et al. 1995
Development (121): 3141-3150; Bollerot et al. 2005 |
APMIS (113): 790-803). Further, the deletion of either
F1kl1l or Fltl, which are both receptors for vascular
endothelial growth factor (VEGF), results in a
disruption of hematopoietic and endothelial development

in the mouse embryo.
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[0009] The generation of mouse hemangioblasts from
mouse embryonic stem cells in vitro has been reported
in the literature (Choi et al. 1998 Development 125:
727-732). Further, human precursor cells capable of
giving rise to both hematopoietic and endotheliai_cells
have been derived from human ES cells (Wang et al 2004
Immunity (21): 31-41 and Wang et al. J Exp Med (201):
1603-1614), but only in small quantities, hundreds of

‘cells at best. Moreover, no method or conditions exist

for the expansion of the hemangioblast precursor cells
in vitro.

foo10] Thus, there remains a need for methods for
generating and expanding large numbers of human
hemangioblasts as well as hemangioblast derivative cell
types, i.e., hématopoietic and endothelial cells, and
all solutions/mixtures containing such quantities of
hemangioblasts or derivative cell types. Such methods
would increase the availability of cells for
transplantation as well as have utility in a variety of
other therapeutic applications, such as in induction of
immunological tolerance.

{0011l There is additionally a critical need for
available blood for transfusion. The Red Cross and
other suppliers of blood report a near constant
shortage of blood. This is especially true for
patients with unique blood types, patients who are Rh+,
or following accidents or disasters resulting in mass
casualties. Additionally, in times of war, the
military has an acute need for available blood for use
in the treatment of traumatic war-related injuries.

The present invention provides differentiated
hematopoietic cells for use in blood banking and

transfusion. The cells and methods of the present
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invention will provide a safe and reliable advance beyond the
traditional reliance on blood donations, and will help prevent

critical shortages in available blood.

[0011a] Reference to any prior art in the specification is not,
and should not be taken as, an acknowledgment, or any foxm of
suggestion, that this prior art forms part of the common general

knowledge in Australia or any other jurisdiction or that this prior

art could reasonably be expected to be ascertained, understood and

regarded as relevant by a person skilled in the art.

Summary of the Invention

{0012} The present invention overcomes the problems described
above by providing a method of generating and expanding human
hemangioblasts or hemangio-colony forming cells in vitro. The
ability to expand human hemangioblasts or hemangio-colony forming
cells by the novel methods disclosed herein allows the production
of cells that can be used in various therapeutic applications.
Additionally, the present invention provides methods for generating
human hemangioblast or hemangio-colony forming lineage cells (i.e.,
hematopoietic and endothelial cells) that may be used in
therapeutic applications. The methods of the invention provide
further utility in that they enable the generation of large numbers
of human hemangioblasts or hemangio-colony forming cells as well as
hematopoietic and endothelial cells, and cells differentiated

therefrom, that may be used at commercial scale.

[0013] The present invention provides for a method for
generating and expanding human hemangio-colony forming cells in

vitro, said method comprising the steps of:
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a) culturing a cell culture comprising human embryo-
derived cells in serum-free media in the presence of at least one
growth factor in an amount sufficient to induce the differentiation

of said embryo-derived cells into embryoid bodies; and
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(b) adding at least one growth factor to said
culture comprising embryoid bodies and continuing to
culture said culture in serum-free media, wherein said
growth factor is in an amount sufficient to expand
human hemangio-colony forming cells in said embryoid
bodies culture,

wherein said stem cells, embryoid bodies and
hemangio-colony forming cells are grown in serum-free
media throughout steps (a) and (b) of said method.
[oo14] This invention also provides a method for
generating and expanding human hemangio-colony forming
cells in vitro, said method comprising the steps of:

(a) culturing a cell culture comprising human
embryo-derived cells in serum-free media in the
presence of at least one growth factor in an amount
sufficient to induce the differentiation of said
embryo-derived cells into embryoid bodies;

(b) adding at least one growth factor to said
culture comprising embryoid bodies and continuing to
culture said culture in serum-free media, wherein said
growth factor is in an amount sufficient to expand
human hemangio-colony forming cells in said embryoid
bodies culture,

(c) said embryoid bodies are disaggregated
into single cells;

(d) adding at least one growth factor to
said culture comprising said single cells and
continuing to culture said culture in serum-free media,
wherein said growth factor is in an amount sufficient
to expand human hemangio-colony forming cells in said

culture comprising said single cells,
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wherein said stem cells, embryoid bodies and
hemangio-colony forming cells are grown iﬁ serum-free
media throughout steps (a)-(d) of said method.
(oo015] In certain embodiments of the invention, the
embryo-derived cell is an embryonic stem cell.
.[0016] In certain embodiments of the methods for
generating and expanding human hemangio-colony forming
cells of this invention, the growth factor is a protein
that comprises a homeobox protein, or a functional
variant or an active fragment thereof. In certain
embodiments, the homeobox protein is a protein that
comprises HOXB4, or a functional variant or an active
fragment thereof. It is contemplated that the HOXB4
could be mammalian HOXB4, including mouse and human
HOXB4. The HOXB4 protein could be full length HOXB4
protein. In yet further embodiments, the HOXB4
comprises the amino acid sequence of SEQ ID NO: 1 or
SEQ ID NO: 4.
(00171 In certain embodiments of the methods for
generating and expanding human hemangio-colony forming
cells of this invention, the growth factor that
comprises HOXB4 is a fusion protein that comprises
HOXB4 and a protein transduction domain (PTD). In yet
further embodiments, the PTD and the HOXB4 are
conjugated via a linker. 1In yet further embodiments,
the PTD is TAT protein, a functional variant or an
active fragment thereof (including a TAT polypeptide).
In certain embodiments, the TAT protein comprises the
amino acid sequence of SEQ ID NO: 14. 1In yet further
embodiments, the PTD comprises one or more copies of a
TAT polypeptide with the amino acid sequence of SEQ ID
NO: 14. In certain embodiments, the PTD is SEQ ID NO:
15. ‘

|
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{0018} In certain embodiments of the methods for
generating and expanding human hemangio-colony forming
cells of this invention, the growth factor is selected
from the group consisting of vascular endothelial
growth factor (VEGF), bone morphogenic proteins (BMP),
stem cell factor (SCF), Flt-3L (FL) thrombopoietin
(TPO) and erythropoietin (EPO). In further
embodiments, vascular endothelial growth factor (VEGF)
or bone morphogenic protein (BMP), or both, are added
to culturing step (a) within 0 - 48 hours of culturing
the cell culture comprising the hES cells. In still
other further embodiments, the stem cell factor (SCF),
Flt-3L (FL) or thrombopoietin (TPO), or any combination
thereof, are added to the cell culture comprising hES
cells within 48 -~ 72 hours from the start of culturing
step (a).

[0019] In certain embodiments of the methods for
generating and expanding human hemangio-colony forming
cells of this invention, a growth factor that comprises
a HOXB4 protein, or a functional variant or active
fragment (or domain) thereof, is added to the step(s)
in which said protein is added multiple times, such as,
for example, once a day or once every other day.

{0020] In certain embodiments of the methods for
generating and expanding human hemangio-colony forming
cells of this invention, the growth factor comprising a
homeobox protein is added to step (b) within 48 - 72
hours from the start of step (a). In certain
embodiments of the methods of this invention, the HOXB4
protein, or functional variants or active fragments
thereof, is added to step (b) within 48 - 72 hours from
the start of step (a).
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[0021] In certain embodiments,~the methods for
generating and expanding human hemangio-colony forming
cells of this invention further comprise the step of
adding erythropoietin (EPO) to step (b). 1In certain
embodiments, the method of this invention described in
paragraph 0016 further comprises the step of adding
erythropoietin (EPO) to steps (b) and (d).

[0022) In certain embodiments, the methods for
generating and expanding human hemangio-colony forming
cells of this invention further comprise the step(s) of
purifying and/or isolating the human hemangio-colony
forming cells. The hemangio-colony forming cells may
be purified by using immunocaffinity column
chromatography with an anti-CD71 antibody. The
hemangio-colony forming cells may be isolated by size
and/oxr by morphology.

{00231 In certain embodiments of the methods for
generating and expanding human hemangio-colony forming
cells of this invention, the cell culture comprising
human embryo-derived stem cells are derived from a
library of human embryonic stem cells, wherein said
library of human embryonic stem cells comprises stem
cells, each of which is hemizygous oxr homozygous for at
least one MHC allele present in a human population,
wherein each member of said library of stem cells is
hemizygous or homozygous for a different set of MHC
alleles relative to the remaining members of the
library. In further embodiments, the library of human
embryonic stem cells comprises stem cells that are
hemizygous or homozygous for all MHC alleles present in
a human population. These methods generate a library
of human hemangio-colony forming cells, each of which

is hemizygous or homozygous for at least one MHC allele
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present in a human population, wherein each member of
said library of stem cells is hemizygous or homozygous
for a different set of MHC alleles relative to the
remaining members of the library. In further
embodiments, these methods generate a library of human
hemangio-colony forming cells that are hemizygous or
homozygous for all MHC alleles present in a human
population. Thus, this invention also.provides a
library of human hemangio-colony forming cells made by
such methods. This library could be used as follows.
[{0024] This invention provides a method to treat a
human patient in need of treatment involving
administering human hematopoietic stem cells or human
endothelial cells to said patient, comprising the steps
of:

(a) selecting said patient;

(b) identifying MHC proteins expressed on

the surface of said patient’s cells;

(c) providing a library of human hemangio-
colony forming cells described in the preceding
paragraph 0024;

(d) selecting the human hemangio-colony
forming cells from the library that match said
patient’s MHC proteins on said patients' cells;

(e) differentiating said human hemangio-
colony forming cells identified in step (d) into human
hematopoietic stem cells, endothelial cells or both,
depending on need; '

(f) administering said human hematopoietic
stem cells, endothelial cells or both from step (e) to
said patient. This method could be performed in a
regional center, such as a hospital or a medical ‘

center, or any other suitable facility.
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[0025] In certain embodiments, the methods for
generating and expanding human hemangio-colony forming
cells of this invention further comprise the step of
growing the human hemangio-colony forming cells under
conditions suitable to induce the differentiation of
said human hemangio-colony forming cells into human
hematopoietic stem cells.

[0026] In certain embodiments, the methods for
generating and expanding human hemangio-colony forming
cells of this invention further comprise the step of
growing said human hemangio-colony forming cells under
conditions suitable to induce the differentiation of
said human hemangio-colony forming cells into human
endothelial cells. In further embodiments, the
condition suitable to induce the differentiation of
said human hemangio-colony forming cells into huﬁan
endothelial cells comprises growing the human hemangio-
colony forming cells on fibronectin-coated culture
plates.

[0027] In certain embodiments of this invention, the
methods for generating and expanding human hemangio-
colony forming cells result in at least 10,000 human
hemangio-colony forming cells, at least 50,000 human
hemangio-colony forming cells, at least 100,000 human
hemangio-colony forming cells, at least 500,000 human
hemangio-colony forming cells, at least 1 X 10° human
hemangio-colony forming cells, at least 2 X 10° human
hemangio-colony forming cells, at least 3 X 10° human
hemangio-colony forming cells or at least 4 X 10° human
hemangio-colony forming cells. These methods result in
cell solutions that may comprise between 10,000 to 4

million human hemangio-colony forming cells.
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[0028]) Thus, this invention also provides a solution
of human hemangio-colony forming cells (which could be
grown in serum-free media) comprising at least 10,000
human hemangio-colony forming cells, at least 50,000
human hemangio-colony forming cells, at least 100,000
human hemangio-colony forming cells, at least 500,000
human hemangio-colony forming cells, at least 1 X 10°¢
human hemangio-colony forming cells, at least 2 X 10°
human hemangio-colony forming cells, at least 3 X 10°
human hemangio-colony forming cells or at least 4 X 10°
human hemangio-colony forming ceils. These solutions
could be injectable to a subject. These solutions
could be suitable for freezing. These solutions could
be serum-free. The human hemangio-colony forming cells
in these solutions are capable of differentiating into
at least hematopoietic and endothelial cells but have
greater developmental potential to differentiate into
other cell types. This invention also provides a use
of these solutions for the manufacture of a medicament
to treat a disease that could be treated by the
administration of hemangio-colony forming cells,
hematopoietic cells or endothelial cells.

[0029] This invention also provides a method of
producing a solution of human hemangio-colony forming
cells suitable for injection into a patient comprising
the steps of isolating the solution of cells described
in the preceding paragraph and placing the cells into a
solution suitable for injection into a patient. This
invention also provides a method of producing a
solution of human hemangio-colony forming cells
suitable for freezing comprising the steps of isolating

the solution of cells described in the preceding
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paragraph and placing the cells into a solution
suitable for freezing.

foo3o0] This invention also provides a method for
administering human hematopoietic stem cells to a
patient in need thereof, comprising the steps of:

(a) selecting a patient in need thereof;

(b) supplying human hemangio-colony forming
cells generated and expanded by a method of this
invention;

(c¢) differentiating said human hemangio-
colony forming cells into human hematopoietic stem
cells; and

(d) administering some of all of said human
hematopoietic stem cells to said patient.

(o031l This invention also provides a method for
administering human hematopoietic stem cells to a
patient in need thereof, comprising the steps of:

(a) selecting the patient in need thereof;

(b) supplying human hemangio-colony forming
cells in an amount of at least 10,000 cells;

(c) differentiating said human hemangio-
colony forming cells into human hematopoietic stem
cells; and

(d) administering some or all of said human
hematopoietic stem cells to said patient.

[0032] This invention also provides a method for
administering human endothelial cells into a patient in
need thereof, comprising the steps of:

(a) selecting a patient in need thereof;

(b) supplying human hemangio-colony forming
cells generated and expanded by a method of this

invention;
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(c) differentiating said human hemangio-

colony forming cells into human endothelial cells; and
(d) administering some or all of said

human endothelial cells to said patient.
[0033] This invention also provides a method for
administering human endothelial cells into a patient in
need thereof, comprising the steps of:

(a) selecting a patient in need thereof;

(b) supplying human hemangio-colony forming
cells in an amount of at least 10,000 cells;

(c) differentiating said human hemangio-
colony forming cells into human endothelial cells; and

(d) administering some or all of said

human endothelial cells to said patient.
[0034] In certain embodiments, the human hemangio-
colony forming cells are in an amount between 10,000 to
4 million cells.
[00351} This invention also provides a method for
treating an endothelial cell disorder in a patient in
need thereof, comprising the steps of: '

(a) selecting a patient in need thereof;

(b) supplying human hemangio-colony forming
cells generated and expanded by a method described
above;

(c) differentiating said huﬁan hemangio-
colony forming cells into human endothelial cells; and

(d) administering some or all of said human
endothelial cells to said patient.

[0036]) This invention also provides a method for
treating an endothelial cell disorder in a patient in
need thereof, comprising the steps of:

(a) selecting a patient in need thereof;




2013201444 07 Mar 2013

10

15

20

25

30

- 17 -

(b) supplying human hemangio-colony forming
cells in an amount of at least 10,000 cells;

(c) differentiaﬁing said human hemangio-
colony formihg cells into human endothelial cells; and

(d) administering some or all of said human
endothelial cells to said patient.

[0037]) In certain embodiments, the human hemangio-
colony forming cells are in an amount between 10,000 to
4 wmillion cells.

[0038] The endothelial cell disordexr to be treated
by these methods includes myocardium infarction,
stroke, atherosclerosis and ischemia. The ischemia
could occur in the brain, limbs, heart, lungs, skin and
eye.

[0039] This invention provides a method for
producing human hematopoietic stem cells in vitro,
comprising the steps of:

(a) supplying human hemangio-colony forming
cells generated and expanded by a method of this
invention; and

(b) growing said human hemangio-colony
forming cells under conditions suitable to induce the
differentiation of said human hemangio-colony forming
cells into human hematopoietic stem cells.

{0040] This invention also provides a method for
producing human endothelial cells in vitro, comprising
the steps of:

(a) supplying human hemangio-colony forming
cells generated and expanded by a method of this
invention; and

(b) growing said human hemangio-colony

forming cells under conditions suitable to induce the
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differentiation of said human hemangio-colony forming
cells into human endothelial cells.

[0041] This invention also provides a method for
expanding hemangio-colony forming cells comprising
growing mammalian hemangio-colony forming cells in
serum-free media in the presence of a protein that
comprises a homeobox protein (such as HOXB4) or a
functional equivalent or an active fragment thereof in
an amount sufficient to support the proliferation of
said hemangioblast cells. The hemangio-colony forming
cells to be expanded could be enriched, purified, or
isolated from cord blood, peripheral blood, or bone
marrow. The hemangio-colony forming cells could be
human hemangio-colony forming cells. This method could
result in solutions comprising hemangio-colony forming
cells of between 10,000 to 4 X 10° hemangio-colony
forming cells, or more. The HOXB4 protein used for
this method could be any that are suitable for use for
the methods for generating and expanding human
hemangio-colony forming cells of this invention.

[0042] The present invention also provides for
methods of inducing immunological tolerance using the
human hemangio-colony forming cells generated and

expanded or expanded according to the methods of this

_invention. The tolerizing human hemangio-coloﬁy

forming cells are chosen to share histocompatibility
markers with an allograft, and may be administered to a
human recipient before or concurrently with the
allograft or cell treatment that regenerates a cellular
function needed by the patient. The resulting immune
tolerance subsequently decreases the risk of acute or

chronic rejection of the allograft or cell treatment.
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'10043) The large numbers of hemangio-colony forming
cells generated by the methods disclosed herein enable
tolerance protocols in which toxic pre-conditioning
treatments may be eliminated. The donor human
hemangio-colony forming cells may be administered to a
human recipient prior to implantation of a graft or
implantation of an organ, tissue, or cells that are
matched with respect to the donor hemangio-colony
forming cells. The human hemangio-colony forﬁing cells
and graft may be obtained from the same donor. The
graft may be derived from differentiated donor human
hemangio-colony forming cells. The human hemangio-
colony forming cells and graft may alternatively be
obtained from different donors wherein the donors are
matched. The human hemangio-colony forming cells may
be administered to human recipients to induce tolerance
in recipients in need thereof.

[0044) In certain embodiments, the present invention
relates to a method of inducing tolerance in a human
recipient to a donor allograft, wherein the method
comprises the steps of (a) administering to the
recipient an agent that inhibits T cell co-stimulation
(b) introducing into the recipient human hemangio-
colony forming cells that are generated and expanded,
or expanded, according to the methods described herein,
and (c) implanting the allograft into the recipient.
The human hemangio-colony forming cells (donor cells)
promote acceptance of the allograft by the recipient.
In certain embodiments, an agent that inhibits T cell
costimulation is an agent that inhibits or blocks the
CD40 ligand-CD40 costimulatory interaction. The method
may further comprise administering an agent that

inhibits the CD28-B7 interaction. The method may or
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may not comprise thymic irradiation and/or T cell
depletion or inactivation. The aforementioned method

may also produce mixed chimerism in the absence of

hematopoietic space created by whole body irradiation.

[0045]) The invention also provides for a method of

promoting tolerance in a human recipient to a donor

allograft, wherein the method comprises the steps of

{a) creating thymic space in said recipient; (b)

depleting or inactivating donor-reactive T cells in

said recipient; (c) introducing donor human hemangio-

colony forming cells of said donor or that are matched

to said donor into said recipient; and (d) implanting

said allograft into said recipient, wherein the donor
hemangio-colony forming cells induce tolerance to the

allograft. In certain embodiments, the method does not

comprise hematopoietic space-creating irradiation. The ‘
method may comprise creating thymic space by
administering to the recipient at least one treatment
selected from among thymic irradiation (which can be
fractionated), steroids, corticosteroids, brequinar, or

an immune suppressant or drug.

[0046] The invention also provides methods for
generating cells suitable for use in blood transfusion.
For example, the invention provides methods for
generating red blood cells that can be used in
transfusion. As such, the present invention provides a
solution to help alleviate the chronic shortage of
blood available for donation.

[0047]) In certain embodiments, the present invention
provides a method for producing differentiated
hematopoietic cells from human hemangio-colony forming

cells in vitro, said method comprising the steps of:
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(a) providing human hemangio-colony forxming
cells; and

(b) differentiating said hemangio-colony
forming cells into differentiated hematopoietic cells.
[(0048] In certain embodiments, the present invention
provides a method for performing blood transfusions
using hematopoietic cells differentiated in vitro from
human hemangio-colony forming cells, said method
comprising the steps of: '

(a) providing human hemangio-colony forming
cells;

(b) differentiating said hemangio-colony
forming cells into differentiated hematopoietic cells;
and

(c) performing blood transfusions with said
differentiated hematopoietic cells.

[{0049] In certain embodiments, said hemangio-colony
forming cells are recovered from frozen cultures.

{00501} In certain embodiments, the present invention
provides a method for performing blood transfusions
using hematopoietic cells differentiated in vitro from
human hemangio-colony forming cells, said method
comprising the steps of:

(a) culturing a cell culture comprising human
embryo-derived cells in the presence of at least one
growth factor in an amount sufficient to induce the
differentiation of said embryo-derived cells into

embryoid bodies;

(b) adding at least one growth factor to said

culture comprising embryoid bodies, wherein said growth
factor is in an amount sufficient to expand human
hemangio-colony forming cells in said embryoid bodies

culture;
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(c) differentiating said hemangio-colony
forming cells into differentiated hematopoietic cells;
and

(d) performing blood transfusions with said
differentiated hematopoietic cells.

[0051] In certain embodiments, said embryo-derived
cells, embryoid bodies and hemangio-colony forming
cells are grown in serum-free media throughout step (a)
of said method.

[0052] In certain embodiments, the embryo-derived
cell is an embryonic stem cell.

[0053]) In certain embodiments, the present invention
provides a method for performing blood transfusions
using hematopoietic cells differentiated in vitro from
human hemangio-colony forming cells, said method
comprising the steps of:

(a) culturing a cell culture comprising human
embryo-derived cells in the presence of at least one
growth factor in an amount sufficient to induce the
differentiation of said embryo-derived cells into
embryoid bodies;

(b) adding at least one growth factor to said
culture comprising embryoid bodies, wherein said growth
factor is in an amount sufficient to expand human
hemangio-colony forming cells in said embryoid bodies
culture;

(c) differentiating said hemangio-colony
forming cells into differentiated hematopoietic cells;
and

(d) performing blood transfusions with said
differentiated hematopoietic cells.

[0054] In certain embodiments, said stem cells,

embryoid bodies and hemangio-colony forming cells are
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grown in serum-free media throughout steps (a) and (b)
of said method.

[0055]) In certain embodiments of the invention, the
embryo-derived cell is an embryonic stem cell.

[0056] In certain embodiments, said hemangio-colony
forming cells are recovered from frozen cultures.
[0057] In certain embodiments, the present invention
provides a method for performing blood transfusions
using hematopoietic cells differentiated in vitro from
human hemangio-colony forming cells, said method
comprising the steps of:

(a) culturing a cell culture comprising human
embryo-derived cells in the presence of at least one
growth factor in an amount sufficient to induce the
differentiation of said embryo-derived cells into
embryoid bodies;

(b) adding at least one growth factor to said
culture comprising embryoid bodies, wherein said growth
factor is in an amount sufficient to expand human
hemangio-colony forming cells in said embryoid bodies
culture;

(c) disaggregating said embryoid bodies into
single cells;

(d) adding at least one growth factor to said
culture comprising said single cells, wherein said
growth factor is in an amount suifficient to expand
human hemangio-colony -forming cells in said culture
comprising said single cells;

(e) differentiating said hemangio-colony
forming cells into differentiated hematopoietic cells;
and

(f) performing blood transfﬁsions with said

differentiated hematopoietic cells.’
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fOOSB] In certain embodiments, said stem cells,
embryoid bodies and hemangio-colony forming cells are
grown in serum-free media throughout steps (a)-(d) of
said method.

[0059] In certain embodiments of the invention, the
embryo-derived cell is an embryonic stem cell.

[oo060] In certain embodiments, the growth factor is
a protein that comprises a homeobox protein, or a
functional variant or an active fragment thereof. In
certain embodiments, the homeobox protein comprises a
HOXB4 protein, or a functional variant or an active
variant thereof.

[0061] In certain embodiments, the differentiated
hematopoietic cells are produced as a single cell type.
In certain embodiments, the single cell type is
selected from: red blood cells, platelets, or
phagocytes. 1In certain embodiments, the phagocyte is
selected from: granulocytes: neutrophils, basophils,
eosinophils, lymphocytes or monocytes. In certain
embodiments, wherein the red blood cells express
hemoglobin F. In certain embodiments, the single cell
types are mixed to approximately equal the proportion
of differentiated cell types that is found in blood,
wherein the proportion of differentiated cell types
that is found in blood is 96% red blood cells, 1 %
platelets, and 3% phagocytes.

[0062] In certain embodiments, multiple
differentiated hematopoietic cell types are produced in
the same step. In certain embodiments, the multiple
differentiated hematopoietic cell types are selected
from: red blood cells, platelets, or phagocytes. In
certain embodiments, the phagocyte is selected from:

granulocytes: neutrophils, basophils, eosinophils,
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lymphocytes or monocytes. In certain embodiments, the
red blood cells express hemoglobin F. In certain
embodiments, the multiple differentiated hematopoietic
cell types are produced in a proportion approximately
equal to the proportion of differentiated hematopoietic
cell types found in blood, wherein the proportion of
differentiated cell types that is found in blood is 96%
red blood cells, 1 % platelets, and 3% phagocytes.
[0063] = In certain embodiments, plasma is added to
the differentiated hematopoietic cells before
transfusion.

[0064] In certain embodiments, the hemangio-colony
forming cells are matched to a patient to ensure that
differentiated hematopoietic cells of the patient's own
blood type are produced. In certain embodiments, the
hemangio-colony forming cells are negative for
antigenic factors A, B, Rh, or any combination thereof.
In certain embodiments, the differentiated
hematopoietic cells are red blood cells, and wherein a
step of differentiating the red blood cells includes
erythropoietin (EPO).

[0065] The invention also provides a human hemangio-
colony forming cell, which cell can differentiate to
produce at least hematopoietic or endothelial cell
types, wherein the human hemangio-colony forming cell
is loosely adherent to other human hemangio-colony
forming cells.

[0066] In certain embodiments, the invention
provides a human hemangio-colony forming cell, which
éell can differentiate to produce at least
hematopoietic and endothelial cell types, wherein the
human hemangio-colony forming cell is loosely adherent

to other human hemangio-colony forming cells.
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[(0067] In certain embodiments, the invention
provides a human hemangio-colony forming cell, which
cell can differentiate to produce at least
hematopoietic and endothelial cell types, wherein the
human hemangio-colony forming cell is loosely adherent
to other human hemangio-colony forming cells, and
wherein the human hemangio-colony forming cell does not
express CD34 protein.

[0068) In certain embodiments, the invention
provides a human hemangio-colony forming cell, which
cell can differentiate to produce at least
hematopoietic and endothelial cell types, wherein the
human hemangio-colony forming cell does not express any
of the following proteins: CD34, CD31, KDR, and CD133.
[00691 In certain embodiments, the invention
provides a cell culture comprising human hemangio-
colony forming cells, which cells can differentiate to
produce at least hematopoietic or endothelial cell
types, wherein the hemangio-colony forming cells are
loosely adherent to each other.

[00701] In certain embodiments, the invention

provides a cell culture comprising human hemangio-
colony forming cells, which cells can differentiate to
produce at least hematopoietic and endothelial cell
types, wherein the hemangio-colony forming cells are
loosely adherent to each other.

[0071] In certain embodiments, the invention
provides a cell culture comprising a substantially
purified population of human hemangio-colony forming
cells, which cells can differentiate to produce at
least hematopoietic and endothelial cell types, wherein

the hemangio-colony forming cells are loosely adherent
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to each other, and wherein the hemangio-colony forming
cells do not express CD34 protein.

[0072] In certain embodiments, the invention
provides a cell culture comprising human hemangio-
colony forming cells differentiated from embryo-derived
cells, wherein the hemangio-colony forming cells are
loosely adherent to each other.

[{0073] In certain embodiments, the cell culture
comprises at least 1x10° human hemangio-colony forming
cells. In certain embodiments, the cell culture
comprises at least 5x10° human hemangio-colony forming
cells.

[0074) In certain embodiments, the embryo-derived
cell is an embryonic stem cell line. In certain
embodiments, the embryo-derived cell is selected from
an embryo, a blastomere, a blastocyst, or an inner cell
mass.

[0075] In certain embodiments, the invention
provides a pharmaceutical preparation comprising human
hemangio-colony forming cells, which cells can
differentiate to produce at least hematopoietic or
endothelial cell types, wherein the hemangio-colony
forming cells are loosely adherent to each other.
[0076]) In certain embodiments, the invention
provides a pharmaceutical preparation comprising human
hemangio-colony forming cells, which cellis can
differentiate to produce at least hematopoietic and
endothelial cell types, wherein the hemangio-colony
forming cells are loosely adherent to each other.
[0077] In certain embodiments, the invention
provides a pharmaceutical preparation comprising human
hemangio-colony forming cells, which cells can

differentiate to produce at least hematopoietic and
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endothelial cell types, wherein the hemangio-colony
forming cells do not express any of the following
proteins: CD34, CD31, KDR, and CD133.

'10078] In certain embodiments, the pharmaceutical
preparation comprises at least 1x10° human hemangio-
colony forming cells. 1In certain embodiments, the
preparation comprises at least 5x10° human hemangio-
colony forming cells.

.[0079] In certain embodiments, the pharmaceutical
preparation comprising hemangio-colony forming cells
are differentiated from embryo-derived cells. 1In
certain embodiments, the embryo-derived cell is an
embryonic stem cell. In certain embodiments, the
embryo-derived cell is selected from an embryo, a
blastomere, a blastocyst, Or an inner cell mass.
[(0080] In certain embodiments, the invention
provides a cryopreserved preparation of the hemangio-
colony forming cells described in any of the preceding
paragraphs.

[o081) In certain embodiments, the invention
provides a cryopreserved preparation of at least 1x10°
human hemangio-colony forming cells, wherein the
hemangio-colony forming cells do not express any of the
following proteins: CD34, CD31, KDR, and CD133.

[0082] In certain embodiments, the cryopreserved
preparation comprises at least 5x10° human hemangio-
colony forming cells.

(o083} In certain embodiments, the cryopreserved
preparation comprising human hemangio-colony forming
cells do not express CD34 protein. In certain
embodiments, the cryopreserved preparation comprising
human hemangio-colony forming cells do not express

CD34, CD31, CD133, and KDR proteins. In certain
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gmbodiments, the cryopreserved preparation comprising
human hemangio-colony forming cells express LMO2 and
GATA2 proteins.

[0084] In certain embodiments, the invention
provides a culture comprising a hematopoietic cell
differentiated from the hemangio-colony forming cells
as described above.

[0085]} In certain embodiments, the invention
provides a culture comprising an endothelial cell
differentiated from the hemangio-colony forming cells
as described above.

[0086] In certain embodiments, the invention
provides a culture comprising a smooth muscle cell
differentiated from the hemangio-colony forming cells
as described above.

[0087] In certain embodiments, the invention
provides a culture comprising a cardiomyocyte
differentiated from the hemangio-colony forming cells
as described above.

[0088) In certain embodiments, the invention
provides for the use of the human hemangio-colony
forming cells as described above in the manufacture of
a medicament to treat a condition in a patient in need
thereof.

[0089] In certain embodiments, the invention
provides the use of the cell culture as described above
in the manufacture of a medicament to treat a condition
in a patient in need thereof.

[0090) In certain embodiments, the invention
provides the use of the pharmaceutical preparation as
described above in the manufacture of a medicament to

treat a condition in a patient in need thereof.
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[(0091] The invention contemplates combinations of

any of the foregoing aspects and embodiments of the

invention.

Brief Description of the Drawings

[0092] Figure 1 illustrates the hematopoietic CFUs

derived from hemangioblasts generated from H1l-GFP ES

cells.

(0093] Figure 2 illustrates the cell morphology of
the erythroid colony forming units (CFU-E) cultured in
serum-free (Stemline) culture media.

[0094]) FPigure 3 illustrates the cell morphology of
the multipotent colony forming units (CFU-GEMM/Mix)
cultured in serum-free (Stemline) culture media.
[0095] Figure 4 illustrates the cell morphology of
the multipotent colony forming units (CFU-GEMM/Mix)
cultured in serum-free (Stemline) culture media.
[0096] Pigure 5 illustrates the cell morphology of
the granulocyte colony forming units (CFU-G) and
macrophage colony forming units (CFU-M) cultured in
serum-free (Stemline) culture media.

[0097] Figure 6 illustrates the cell morphology of
the granulocyte/macrophage colony forming units (CFU-
GM) and megakaryotcye macrophage colony forming units
(CFU-Mk) cultured in serum-free (Stemline) culture
media.

[0098]) Figure 7 illustrates formation of tube-cord
structures following the replating of hemangioblasts
derived from (a) H9 ES cells and (b) ACT30 ES cells on
Matrigel-based medium.

[(0099] Figure 8 illustrates the tube-cord structure
of hemangioblasts generated from H1-GFP ES cells that

were cultured on fibronectin-coated plates in EGM-2
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media and then on Matrigel, as described in Example 2.
Figure 8 also illustrates the uptake of Ac-LDL by the
cells when incubated with Alexa fluor labeled Ac-LDL,
as described in Example 2. The middle top and right
top panels show phase contrast pictures.

{0100] Figure 9 illustrates the expression of von
Willebrand factor (VWF) (light gray staining) in
hemangioblasts generated from H1-GFP ES cells that were
cultured on fibronectin-coated plates in EGM-2 media,
as described in Example 2.

{0101] Figure 10 illustrates the formation of
vegsels in cross-sections of haematoxylin -and eosin
(H&E) -stained Matrigel plugs that were injected into
SCID mice, as described in Example 4.

[0102) Pigure 11 illustrates that the vessels from
the cross-sections of Matrigel plugs are cells derived
from human hemangioblasts, as indicated by the positive
staining for human specific nuclei antibody (light gray
staining), as described in Example 4.

(0103] Figure 12 jillustrates the mRNA sequence of
human HOXB4 (Accession No. NM_024015.4; GI: 85376187)
(SEQ ID NO: 2).

(01041 Figure 13 illustrates the amino acid sequence
of human HOXB4 (Accession No. NP_076920.1; GI:
13273315) (SEQ ID NO: 1).

{0105] Figure 14 iliustrates the mRNA sequence of
human HOXB4 (Accession No. BC049204.1; GI:29351567)
(SEQ ID NO: 4).

[0106] Figure 15 illustrates the amino acid sequence
of human HOXB4 (Accession No. AAH49204.1; GI:29351568)
(SEQ ID NO: 3).

{0107] Figure 16 illustrates the phenotypic

characterization of hemangioblasts (BL-CFC) derived
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from human ES cells: (a) hemangioblast colony or blast
colony (BL-CFC or BC, x400); (b) Secondary EBs (x400);
(c) Blast cells (hES-BC cells) with Wright-Giemsa
staining (x1000); (d-f): GATA-1 staining; (d) blast
cells stained with GATA-1 (x600) and (e) GATA-1 and
DAPI; (£f) BM cells stained with GATA-1 and DAPI (x400).
(g-1) : LMO2 staining; (g) blast cells stained with LMO2
(x600) and (h) LMO2 and DAPI (x600); (i) K562 cells
stained with LMO2 and DAPI (x1000); (j-m): CD71
staining (bright or light gray); (j) blast cells
stained with CD71(x600) and (k) CD71 and DAPI (x600) ;
(m) BM cells stained with CD71 and DAPI (x1000); (n-p):
CXCR-4 staining (bright or light gray); (n) blast cells
stained with CXCR-4 (x600) and (o) CXCR- and DAPI
(x600) ; (p) BM cells stained with CXCR-4 and

DAPI (x600) ; (g-8) Epo-receptor staining (medium gray);
(q) blast cells stained with Epo-receptor (x600) and
(r) Epo-receptor and DAPI (x600); (8) BM cells stained
with Epo-receptor and DAPI (x600); (t-v) Tpo-receptor
staining (medium gray); (t) blast cells stained with
Tpo-receptor (x600) and (u) Tpo-receptor and DAPI
(x600); (v) BM cells stained with Tpo-receptor and DAPI
(x1000), as described in Examples 1 and 2. Note: hES- .
BC (hemangioblast) cells in panels (d) and (n) were

double stained with GATA-1 and CXCR-4 antibodies, but

" presented separately; hES-BC (hemangioblast) cells in

panels (q) and (t) were also double stained with Epo-
receptor and Tpo-receptor antibodies and presented
separately.

foi108] Figure 17 illustrates the functional

characterization of hemangioblasts (BL-CFC or blast

cells) derived from human ES cells in vitro: (a-d)

Hematopoietic CFUs derived from purified
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hemangioblasts: (a) CFU-erythroid (x100); (b) CFU-
granulocyte (x100); (c) CFU-macrophage; and (d) CFU-
multilineage (mix, x100); (e-h) Wright-Giemsa staining
of CFU-cells: (e) erythroid (X1000); (f) granulocyte
(X1000) ; (g) macrophage  (X400) and (h), mix (X1000).
(i-k) Immunostaining of CFU cells: (i) CFU-erythroid
cells stained with CD235a (arrows, X1000); (3) CFU-
granulocyte cells stained with CD13 (arrows, X1000) and
(k) CFU-mix cells stained with CD45 (arrows, X1000).
(m-p and v-y) FACS analysis of pooled CFU cells: (m)
mouse IgG isoytpe control; (n) CD45; (o) CD13 and (p)
CD235; (v) mouse IgG isotype controls; (w) CD45 and
CD235a; (x) CD13 and CD45; and (y) CD13 and CD23Sa.
(q-u and z-cc) Endothelial cells derived from purified
hemangioblasts, or blast cells or hES-BC cells: (q)
Capillary tube-like structures formed on Matrigel after
plating adherent cells derived from hemangioblasts
(x100); (r) Ac-LDL uptake (gray) by endothelial cells
derived from hemangioblasts (x200); (8) Expression of
vWF (arrows) in hemangioblast-derived endothelial
cells, nuclei were stained with DAPI (x600); (t)
Localization of PEC AMI (bright staining) in
hemangioblast-derived endothelial cells, nuclei (round
features in the figure) were stained with DAPI (x200);
(u) Localization of VE-cadherin (arrows) in
hemangioblast-derived endotlielial cells, anuclei {(round
features) were stained with DAPI (x200). (z) Ac-LDL
update (arrow heads) and VWF expression (arrows, X600);
(aa) uptake of Ac-LDL (arrow heads) and expression of
VE-candherin (arrows, X600); (bb) expression of VWF
(arrows) and CD31 (arrow heads, X600); (cc) expression
of VE-candherin (arrows) and CD31 (arrow heads, X600).

See Example 2.
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[0109]) Figure 18 shows the clonogenicity of blast.
colonies derived from hES cells. (a-c): Clonogenicity
of blast colonies. (a) and (b), two blast colonies
developed in a mixture of WA01l-GFP and MAOl EBs, which
aemonstrated the clonal origin of the blast colonies;
(a) phase image (x100); (b) GFP image (x100); (c) blast
colony developed from a single cell (x400). (d) and
(e) : Expansion of single blast colony in liquid
culture, both hematopoietic and endothelial lineages
were observed (x200). (d), x200 (e), x400; (f-h):
Endothelial cells derived from a single BC: (f)
Capillary tube-like structures formed on Matrigel after
plating adherent cells derived from a single BC (x100);
(g) Ac-LDL uptake (arrows) by endothelial cells derived
from a single BC, nuclei were stained with DAPI (x400);
(h) Expressibn of VWF (arrows) in a single BC-derived
endothelial cells, nuclei were stained with DAPI
(x400) . (i-m): Hematopoietic CFUs derived from a single
BC: (i) CFU-erythroid (x100); (j) CFU-granulocyte
(x100) ; (k) CFU-macrophage (x100); and (m) CFU-

" multilineage (mix, x100). The gel shows the results of

a PCR analysis of GFP sequences in GFP+ and GFP- hES-
BCs (hemangioblast) derived from plating mixtures of
WAOl1l-GFP+ and MAOl1-GFP- cells. Lanes: WAOl-GFP+,
parental WAO01/GFP+ hES cells; MAO1l-GFP-, parental MAO1l
hES cells; H;0, water negative control; BC-GFP+, GFP
"positive BC picked up from cell-mixing plating; 1-10,
GFP negative BCs picked up from cell-mixing plating. A
myogenin gene was used for a PCR reaction control. See
Example 2.

[0o110] Figure 19 provides a characterization of a
tPTD-HOXB4 fusion protein. (A) 6xHis-fused tPTD-HOXB4

recombinant protein was expressed in E. coli and
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purified by nickel ProBand resins. Two batches
(designated as (1) and (2)) of desalted tPTD-HOXB4
protein was examined for its purity and concentration
by SDS-PAGE gel. (B) tPTD-HOXB4 protein is unstable in
medium with S% FBS but (C) retains its integrity in
serum frée medium with live ES cells (N = stemline II
medium only; h = hours). '

[0111) Figure 20 illustrates the robust repair of
ischemic retinal vasculature after systematic injection
with hES-derived hemangioblasts. Retinal ischemia was
induced by 2 h of hydrostatic pressure on the anterior
chamber of mouse eyes. Seven days later fluorescently
labeled (GFP+) hemangioblasts were injected either
intravitreally or intravenously. One day later the
animals were euthanized. Eyes were enucleated,
dissected, and the retinas were mounted flat and imaged
by laser scanning confocal microscopy or sectioned for
imaging. (a) a merge from a typical control (uninjured)
eye showing typical retinal vascular anatomy with no

background green fluorescence; separate GFP+ (bottom

. inset) and GFP- (top inset) channels are also shown;

!
(b) a merge from the treated eye of the same animal ;
showing fluorescently labeled (GFP+) hemangioblast- ;
derived cells (bright areas of the vasculature)

incorporated into the ischemic vasculature; separate

green (GFP+ hemangioblasts, bottom inset]) And unlabelied

cells (top inset) are also shown), as described in

Example S; (c¢) a merge from uninjured control (no GFP

(bright or light gray) fluorescence), (d) and (e) are

merges from the ischemic eyes 2 days (d) and 7 days (e)

after systemic hemangioblast administration (GFP+ cells

appear as bright or light gray). (£, X600, confocal),

fluorescent immunocytochemistry colocalizes |
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hemangioblast (hES-BC) cell-derived endothelial cells
to existing injured_vasculature in cross sections of
mouse eyes that underwent I/R injury; a high
magnification view of a vascular lumen in the ganglion
cell layer adjacent to the inner limiting membrane
shows the lumen surrounded by endothelial cells
(arrowhead, CD31) and also by mature endothelial-
éell(s) derived from hemangioblast (hES-BC) cells
(arrow, human nuclear antigen). Inset upper and middle
panels are the separate human nuclear antigen and CD31
channels that were used to make the composite image.
Lower panel is a lower magnification of the same
region, with the box showing the area depicted in all
panels. V = vitreous; IPL = inner plexiform layer; RPE
= retinal pigment epithelial cell layer; Ch = choroid.
See Example 5°¢

[0112] Figure 21 shows the incorporation of
hemangioblasts, or blast cells or hES-BC cells, into
the retinal vasculature of diabetic rats. (a) and (b)
shd; merged retinal vasculature images from diabetic
rats 2 days after intravitreal hemangioblast
administration, showing extensive hemangioblast
incorporation (bright or light gray areas) into both
large and small vessels; (c), a merge from a control
(non-diabetic) rat 2 days after hemangioblast
administration, showing that hemangioblasts (or
hemangioblast-derived cells) did not incorporate into
vasculature and formed a sheet that lay on top of the
retina (light gray layer). (d, X100), a section from a
non-diabetic control rat 2 days after intravitreal
blast cell injection, which is negative for human
nuclear antigen staining, but is clearly positive for

endothelium (CD31l, arrows). (e, X100) and (£, X600,
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confocal) are rat eye sections from diabetic rats 2
days after intravitreal hemangioblast injection, and
stained with CD31 and human nuclear antigen antibodies,
which clearly show colocalized staining with CD31 and
human nuclear antigen in cells lining vessel lumens in
the ganglion cell layer of the retina, immediately
posterior to the internal limiting membrane that
separates the neural retinal from the vitreous (arrows
pointing to bright areas). See Example 6.

[o113] Figure 22 shows endothelial differentiation
in ischemic hind limb muscle and infarcted heart after
injection of hemangioblasts. a, b, h and i:
Differentiation of hemangioblasts or hES-BC cells in
infarcted hearts. (a (200X)), infarcted myocardium
section from control mouse immunostained with human
specific vWF antibody, showing no stain of human VWF;
(b, 200X) and (i, X600 confocal), infracted myocardium
section 4 weeks after injection of hemangioblasts,
immunostained with human specific vWF antibody (light
gray or bright areas in (b) and (i)); (h) the survival
curves of mice treated with sham operation, medium
control, and hemangioblasts. c¢-g: Differentiation of
hemangioblasts in ishemic hind limb muscles. (e, 50x),
a hind limb muscle section from control mouse
immunostained with human specific vWF antibody, showing
no stain of human vWF; (d, 50x) and (e, 600X,
confocal), ischemic hind limb muscle sections 4 weeks
after injection of hemangioblasts, immunostained with
human specific VWF antibody (light gray); (f)
restoration of blood flow to surgically induced
ischemic limbs. Hind limb blood flow monitored serially
for 3-30 days after ligation in mouse receiving 6 x 10°

hemangioblasts and in mouse with medium only. Blood
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flow is calculated as the ratio of flow in the ischemic
limb to that in the non-ischemic limb; (g), laser
Doppler blood flow images. Images of controls (medium)
and ischemic animals injected with BC cells (n=6 for
each group). See Examples 7 and 8.

{01141 Pigure 23 shows immunostaining of GFP (the
lightest or brightest areas) and cTnI (medium gray) on
heart tissue sections from myocardial infarcted (MI)
mice (magnification 200x). See Example 8. The arrows
indicate double positive staining cells derived from
injected hemangioblast (hES-BC) cells.

[0115] Figure 24 illustrates differentiation of
hemangioblast (hES-BC) cells into smooth muscle cells.
Hemangioblasts express smooth muscle specific genes as
determined by PCR of RNA isolated from hemangioblasts
(hES-BCs). The hemangioblasts (hES-BCs) also
differentiate into smooth muscle cells in vitro.
Immumostaining for calponin and a-SMA shows that
differentiated cells express these two smooth muscle

cell markers.

Detailed Description of the Invention

{o116] In order that the invention herein described
ﬁay be fully understood, the following detailed
description is set forth.

(0117]) Unless defined otherwise, all technical and
scientific terms used herein have the same meaning as
those commonly understood by one of ordinary skill in
the art to which this invention belongs. Although
methods and materials similar or equivalent to those
described herein can be used in the invention or
testing of the present invention, suitable methods and

materials are described below. The materials, methods
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and examples are illustrative only, and are not
intended to be limiting. !
[0118]) All publications, patents, patent
publications and applications and other documents
mentioned herein are incorporated by reference in their
entirety.

[0119] Throughout this specification, the word
vcomprige" or variations such as "comprises" or
wcomprising" will be understood to imply the inclusion f
of a stated integer or groups of integers but not the
exclusion of any other integer or group of integers.
[0120] In order to further define the invention, the
following terms and definitions are provided herein.
{o121) The term "human embryonic stem cells" (hES
cells) is used herein as it is used in the art. This
term includes cells derived from the inner cell mass of
human blastocysts or morulae that may be serially
passaged as cell lines. The hES cells may be derived

from fertilization of an egg cell with spexrm or DNA,

nuclear transfer, parthenogenesis, or by means to

generate hES cells with homozygosity in the HLA region.

Human ES cells are also cells derived from a zygote,
blastomeres, or blastocyst-staged mammalian embryo
produced by the fusion of a sperm and egg cell, nuclear
transfer, parthenogenesis, or the reprogramming of
chromatin and subsequent incorporation of the
reprogrammed chromatin into a plasma membrane to
produce a cell. Human embryonic stem cells of the
present invention may include, but are not limited to,
ACT-4, No. 3, Hl, H7, H9, Hl4 and ACT30 embryonic stem
cells.

[0122] The term "protein transduction domain"

("PTD") refers to any amino acid sequence that
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translocates across a cell membrane into cells or
confers or increases the rate of, for example, another
molecule (such as, for example, a protein domain) to
which the PTD is attached, to translocate across a cell
membrane into cells. The protein transduction domain
may be a domain or sequence that occurs naturally as
part of a larger protein (e.g., a PTD of a viral
protein such as HIV TAT) or may be a synthetic or

artificial amino acid sequence.

Overview

{0123] This invention provides a method for
generating and expanding human hemangio-colony forming
cells from human embryo-derived cells, preparations and
compositions comprising human hemangio-colony forming
cells, methods of producing various cell types
partially or terminally differentiated from hemangio-
colony forming cells, methods of using hemangio-colony
forming cells therapeutically, énd methods of
therapeutically using various cell types partially or
terminally differentiated from hemangio-colony forming
cells.

{0124} The terms “hemangioblast” and "hemangio-
colony forming cells" will be used interchangeably
throughout this application. These cells can be
described based on numerous structural and functional
properties including, but not limited to, expression
(RNA or protein) or lack of expression (RNA or protein)
of one or more markers. Hemangio-colony forming cells
are capable of differentiating to give rise to at least
hematopoietic cell types or endothelial cell types.
Hemangio-colony forming cells are preferably bi-

potential and capable of differentiating to give rise




2013201444 07 Mar 2013

10

15

20

25

30

- 41 -

to at least hematopoietic cell types and endothelial
cell types. As such, hemangio-colony forming cells of
the present invention are at least uni-potential, and
preferably bi-potential. Additionally however,
hemangio-colony forming cells may have a greater degree
of developmental potential and can, in certain
embodiments, differentiate to give rise to cell types
of other lineages. In certain embodiments, the
hemangio—colony forming cells are capable of
differentiating to give rise to other mesodermal
derivatives such as cardiac cells (for example,
cardiomyocytes) and/or smooth muscle cells.

[0125] This invention also provides a method for
expanding mammalian hemangio-colony forming cells
obtained from any source, including ES cells,
blastocysts or blastomeres, cord blood from placenta or
umbilical tissue, peripheral blocod, bone marrow, or
other tissue or by any other means known in the art.
Human hemangio-colony forming cells can also be
generated from human embryo-derived cells. Human
embryo-derived cells may be a substantially homogeneous
population of cells, a heterogeneous populations of
cells, or all or a portion of an embryonic tissue. As
an example of embryo-derived cells that can be used in
the methods of the present invention, human hemangio-
colony forming cells can be generated from human
embryonic stem cells. Such embryonic stem cells
include embryonic stem cells derived from or using, for
example, blastocysts, plated ICMs, one or more
blastomeres, or other portions of a pre-implantation-
stage embryo or embryo-like structure, regardless of

whether produced by fertilization, somatic cell nuclear
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transfer (SCNT), parthenogenesis, androgenesis, or
other sexual or asexual means.

[0126] In certain embodiments, hemangioblasts can be
further differentiated to hematopoietic cells
including, but not limited to, platelets and red blood
cells. Such cells may be used in transfusions. The
ability to generate large numbers of cells for
transfusion will alleviate the chronic shortage of
blood experienced in blood banks and hospitals across
the country. In certain embodiments, the methods of
the invention allow for the production of universal
cells for transfusion. Specifically, red blood cells
tﬁat are type O and Rh- can be readily generated and
will serve as a universal blood source for transfusion.
[0127] The methods of this invention allow for the
in vitro expansion of hemangioblasts to large
quantities useful for a variety of commercial and
clinical applications. Expansion of hemangioblasts in
vitro refers to thé proliferation of hemangioblasts.
while the methods of the invention enable the expansion
of human hemangioblast cells to reach commercially
useful quantities, the present invention also relates
to large numbers of hemangioblast cells and to cell
preparations comprising large numbers of human
hemangioblast cells (for example, at least 10,000,
100,000, or 500,000 cells). In certain embodiments,
the cell preparations comprise at least 1 X 10° cells.
In other embodiments, the cell preparations comprise at
least 2 X 10° human hemangioblast cells and in further
embodiments at least 3 X 10° human hemangioblast cells.
In still other embodiments, the cell preparations

comprise at least 4 X 10° human hemangioblast cells.
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[0128] The present invention relates to a solution, a
preparation, and a composition comprising between
10,000 to 4 million or more mammalian (such as human)
hemangioblast cells. The number of hemangioblast cells
in such a solution, a preparation, and a composition
may be any number between the range of 10,000 to 4
million, or more. This number could be, for example,
20,000, 50,000, 100,000, 500,000, 1 million, etc.
(0129] Similarly, the invention relates to
preﬁarations of human hemangioblast progeny cells
(e.g., human hematopoietic cells including human
hematopoietic stem cells, and endothelial cells). The
invention further relates to methods of producing,
storing, and distributing hemangioblast cells and/or
hemangioblast lineage cells.

{0130] The invention also provides methods and
solutions suitable for transfusion into human or animal
patients. In particular embodiments, the invention
provides methods of making red blood cells and/or
platelets, and/or other hematopoietic cell types for
transfusion. In certain embodiments, the invention is
suitable for use in blood banks and hospitals to
provide blood for transfusion following trauma, or in
the treatment of a blood-related disease or disorder.
In certain embodiments, the invention provides red
blood cells that are unive:sal donor cellis. 1In certain
embodiments,'the red blood cells are functional and
express hemoglobin F prior to transfusion.

{0131] The invention also provides for human
hemangio-colony forming cells, cell cultures comprising
a substantially purified population of human hemangio-
colony forming cells, pharmaceutical preparations

comprising human hemangio-colony forming cells and
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cryopreserved preparations of the hemangio-colony
forming cells. In certain embodiments, the invention
provides for the use of the human hemangio-colony
forming cells in the manufacture of a medicament to
ﬁreat a condition in a patient in need thereof.
Alternatively, the invention provides the use of the
cell cultures in the manufacture of a medicament to
treat a condition in a patient in need thereof. The
invention also provides the use of the pharmaceutical
preparations in the manufacture of a medicament to
treat a condition in a patient in need thereof.

[0132) The hemangio-colony forming cells can be
identified and characterized based on their structural
properties. Specifically, and in certain embodiments,
these cells are unique in that they are only loosely
adherent to each other (loosely adherent to other
hemangio-colony forming cells). Because these cells
are only loosely adherent to each other, cultures or
colonies of hemangio-colony forming cells can be
dissociated to single cells using only mechanical
dissociation techniques and without the need for
enzymatic dissociation techniques. The cells are
sufficiently loosely adherent to each other that
mechanical dissociation alone, rather than enzymatic
dissociation or a combination of mechanical and
enzymatic dissociation, is sufficient to disaggregate
the cultures or colonies without substantially
impairing the viability of the cells. In other woxds,
mechanical dissociation does not require so much force
as to cause substantial cell injury or death when
compared to that observed subsequent to enzymatic

dissociation of cell aggregates.
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\[0133] Furthermore, hemangio-colony forming cells
can be identified or characterized based on the
expression or lack of expression (as assessed at the
level of the gene or the level of the protein) of one
or more markers. For example, in certain embodiments,
hemangio-colony forming cells can be identified or
characterized based on lack of expression of one or
more (e.g., the cells can be characterized based on
lack of expression of at least one, at least two, at
least three or at least four of the following markers)
of the following cell surface markers: CD34, KDR,
CD133, or CD31. Additionally or alternatively,
hemangio-colony forming cells can be identified or
characterized based on expression of GATA2 and/or LMO2.
Additionally or alternmatively, hemangio-colony forming
cells can be identified or characterized based on
expression or lack of expression (as assessed at the
level of the gene or the level of the protein) of one
or more markers analyzed in Table 2

[0134]) Hemangio-colony forming cells of the present
invention can be identified or characterized based on
one or any combination of these structural or
functional characteristics. Note that although these
cells can be derived from any of a number of sources,
for example, embryonic tissue, prenatal tissue, or
perinatal tissue, the term "hemangio-colony forming
cells" applies to cells, regardless of source, that are
capable of differentiating to give rise to at least
hematopoietic cell types and/or endothelial cell types
and that have one or more of the foregoing structural

or functional properties.




2013201444 07 Mar 2013

10

15

20

25

30

- 46 -

In vitro differentiation of human embryonic stem cells
to obtain embryold bodies and hemangioblasts

.[0135] The present invention provides a method for
generating and expanding human hemangioblasts derived
from human embryonic stem cells, or from human
blastocysts or blastomeres. The hemangioblasts so
produced may be purified and/or isolated.

(0136] Human hemangio-colony forming cells can also
be generated from human embryo-derived cells. Human
embryo-derived cells may be a substantially homogeneous
population of cells, a heterogeneous populations of
cells, or all or a portion of an embryonic tissue. As
an example of embryo-derived cells that can be used in
the methods of the present invention, human hemangio-
colony forming cells can be generated from human
embryonic stem cells. Such embryonic stem cells
include embryonic stem cells derived from or using, for
example, blastocysts, plated ICMs, one or more
blastomeres, or other portions of a pre-implantation-
stage embryo or embryo-like structure, regardless of
whether produced by fertilization, somatic cell nuclear
transfer (SCNT), parthenogenesis, androgenesis, or
other sexual or asexual means.

fo137] Additionally or alternatively, hemangio-
colony forming cells can be generated from other
embryo-derived cells. For example, hemangio-colony
forming cells can be generated (without necessarily
going through a step of embryonic stem cell derivation)
from or using plated embryos, ICMs, blastocysts,
trophoblast/trophectoderm cells, one or more
blastomeres, trophoblast stem cells, embryonic germ
cells, or other portions of a pre-implantation-stage

embryo or embryo-like structure, regardless of whether
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produced by fertilization, somatic cell nuclear
transfer (SCNT), parthenogenesis, androgenesis, or
other sexual or asexual means. Similarly, hemangio-
colony forming cells can be generated using cells or
cell lines partially differentiated from embryo-derived
cells. For example, if a human embryonic stem cell
line is used to produce cells that are more
developmentally primitive than hemangio-colony forming
cells, in terms of development potential and
plasticity, such embryo-derived cells could then be
used to generate hemangio-colony forming cells.

[0138] Additionally or alternatively, hemangio-
colony forming cells can be generated from other pre-
natal or peri-natal sources including, without
limitation, umbilical cord, umbilical cord blood,
amniotic £luid, amniotic stem cells, and placenta.
[0139] It is noted that when hemangio-colony forming
cells are generated from human embryonic tissue a step
of embryoid body formation may be needed. However,
given that embryoid body formation serves, at least in
part, to help recapitulate the three dimensional
interaction of the germ layers that occurs during early
development, such a step is not necessarily required
when the embryo-derived cells already have a structure
or organization that serves substantially the same
purpose as embryoid body formation. By way of example,
when hemangio-colony forming cells are generated from
plated blastocysts, a level of three dimensional
organization already exists amongst the cells in the
blastocyst. As such, a step of embryoid body formation
is not necessarily required to provide intercellular
signals, inductive cues, or three dimensional

architecture.
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[0140] The methods and uses of the present invention
can be used to generate hemangio-colony forming cells
from embryo-derived cells. In certain embodiments, the
embryo-derived cells are embryonic stem cells. 1In
certain other embodiments, the embryo-derived cells are
plated embryos, ICMs, blastocysts,
trophoblast/trophectoderm cells, one or more
blastomeres, trophoblast stem cells, or other portions
of an early pre-implantation embryo. For any of the
foregoing, the embryo-derived cells may be from embryos
produced by fertilization, somatic cell nuclear
transfer (SCNT), parthenogenesis, androgenesis, or
other sexual or asexual means.

[0141]) Throughout this application, when a method is
described by referring specifically to generating
hemangio-colony forming cells from embryonic stem
cells, the invention similarly contemplates generating
hemangio-colony forming cells from or using other
embryonic-derived cells, and using the generated cells
for any of the same therapeutic applications.

[0142] In certain aspects of the invention, the
human embryonic stem cells may be the starting material
of this method. The embryonic stem cells may be
cultured in any way known in the art, such as in the
presence or absence of feeder cells.

{0143] Embryonic stem cells may form embryoid bodies
("EB8") in suspenéion in medium containing serum (Wang
et al. 2005 J Exp Med (201) :1603-1614; Wang et al. 2004
Immunity (21): 31-41; Chadwick et al. 2003 Blood (102):
906 - 915). The addition of serum, however, presents
certain challenges, including variability in
experiments, cost, the potential for infectious agents,

and limited supply. Further, for clinical and certain
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commercial applications, use of serum necessitates
additional U.S. and international regulatory compliance
issues that govern biological products.
[0144] The present invention provides methods of
generating and expanding human hemangioblasts from
embryonic stem cells in which no serum is used. The
serum-free conditions are more conducive to scale-up
production under good manufacturing process (GMP)
guidelines than are conditions which require serum.
Furthermore, serum-free conditions extend the half-life
of certain factors added to the medium (for example,
the half-life of proteins including growth factors,
cytokines, and HOXB4 in media is increased when no
serum is present). In certain embodiments, serum-free
media is used throughout the method of this invention
for generating and expanding human hemangioblasts.
{0145] In the first step of this method for
generating and expanding human hemangioblast cells,
human stem cells are grown in serum-free media and are
induced to differentiate into embryoid bodies. To
induce embryoid body formation, embryonic stem cells
may be pelleted and resuspended in serum-free medium
(e.g., in Stemline I or II media (Sigma™)) supplemented
with one or more morphogenic factors and cytokines and
then plated on low attachment (e.g., ultra-low
attachment) culture dishes. #Morplicgenic factors and
cytokines may include, but are not limited to, bone
morphogenic proteins (e.g., BMP2, BMP-4, BMP-7, but not
BMP-3) and VEGF, SCF and FL. Bone morphogenic protéins
and VEGF may be used alone or in combination with other
factors. The morphogenic factors and cytokines may be
added to the media from 0-48 hours of cell culture.

Following incubation under these conditions, incubation
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in the presence of early hematopoietic expansion
cytokines, including, but not limited to,
thrombopoietin (TPO), Flt-3 ligand, and stem cell
factor (SCF), allows the plated ES cells to form EBs.
In addition to TPO, Flt-3 ligand, and SCF, VEGF, BMP-4,
and HoxB4 may also be added to the media. In one
embodiment, human ES cells are first grown in the
presence of BMP-4 and VEGF,ss (e.g., 25-100 ng/ml),
followed by growing in the presence of BMP-4, VEGF¢s,
SCF, TPO, and FLT3 ligand (e.g., 10-50 ng/ml) and HoxB4
(e.g-., 1.5-5 pg/ml of a triple protein transduction
domain-HoxB4 fusion protein as disclosed herein). The
additional factors may be added 48-72 hours after
plating.

{0146]) In this method of the present invention,
human hemangioblast cells are isolated from early
embryoid bodies ("EBs"). Isolating hemangioblast cells
from early EBs supports the expansion of the cells in
vitro. For human cells, hemangiocblast cells may be
obtained from EBs grown for less than 10 days. 1In
certain embodiments of the present invention,
hemangioblast cells arise in human EBs grown for 2-6
days. According to one embodiment, hemangioblast cells
are identified and may be isolated from human EBs grown
for 4-6 days. In other embodiments, human EBs are
grown for 2 - 5 days before hemangioblast cells are
isolated. 1In certain embodiments, human EBs are grown
for 3 - 4.5 days before hemangioblast cells are
isolated.

[0147] In certain embodiments, early EBs are washed
and dissociated (e.g., by Trypsin/EDTA or collagenase
B). A select number of cells (e.g., 2-5 X10° cells) are

then mixed with serum-free methylcellulose medium
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optimized for hemangioblast cell growth (e.g., BL-CFU
medium, for example Stem Cell Technologies Catalogue
H4436, or hemangioblast cell expansion medium (HGM), or
any medium containing 1.0% methylcellulose in MDM, 1-2%

Bovine serum albumin, 0.1 mM 2-mercaptoethanol, 10

pug/ml rh-Insulin, 200 pg/ml iron saturated human

- transferrin, 20 ng/ml rh-GM-CSF, 20 ng/ml rh-IL-3, 20

ng/ml rh-IL-6, 20 ng/ml rh-G-CSF) (“rh” stands for
“recombinant human”). This medium may be supplemented
with early stage cytokines (including, but not limited
to, EPO, TPO, SCF, FL, FLt-3, VEGF, BMPs such as BMP2,
BMP4 and BMP7, but not BMP3) and HOXB4 (or another
homeobox protein). In certain embodiments,
erythropoietin (EPO) is added to the media. In further
embodiments, EPO, SCF, VEGF, BMP-4 and HoxB4 are added
to the media. In additional embodiments, the cells are
grown in the presence of EPO, TPO and FL. In certain
embodiments where H9 is the starting human ES cell
line, EPO, TPO and FL are added to the media. 1In
addition to EPO, TPO and FL, media for cells derived
from H9 or other ES cells may furthexr comprise VEGF,
BMP-4, and HoxB4.

(0148) The cells so obtained by this method (the
cells may be in BL-CFU medium), which include
hemangioblast cells, are plated onto ultra-low
attachment culture dishes and incubated in a CO,
incubator to grow hemangioblast colonies. Some cells
may be able to form secondary EBs. Following
approximately 3-6 days, and in some instances 3 - 4.5
days, hemangioblast colonies are observed.
Hemangioblast colonies may be distinguished from other
cells such as secondary EBs by their distinctive grape-
like morphology and/or by their small size. 1In
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addition, hemangioblasts may be identified by the
expression of certain markers (e.g., the expression of
both early hematopoietic and endothelial cell markers)
as well as their ability to differentiate into at least
both hematopoietic and endothelial cells (see below,
Deriving hemangioblast lineage cells). For example,
while hemangioblasts lack certain features
characteristic of mature endothelial or hematopoietic
cells, these cells may be identified by the presence of
certain markers (such as, for example, CD71+) and the
absence of other markers (for example, CD34-).
Hemangioblasts may also express GATA-1 and GATA-2
proteins, CXCR-4, and TPO and EPO receptors. 1In
addition, hemangioblasts may be characterized by the
absence or low expression of other markers (e.g., CD31,
CD34, KDR, or other adhesion molecules). Further,
hemangioblasts may be characterized by the expression
of certain genes, e.g., genes associated with
hemangioblasts and early primitive erythroblast
development, such as, for example, SCL, LMO2, FLT-1,
embryonic fetal globin genes, NF-E2, GATA-1, EKLF,
ICAM-4, glycophoriuns, and EPO receptor).

[0149] Accordingly, hemangioblasts may be isolated
by size (being smaller than the other cells) or
purified with an anti-CD71+ antibody, such as by
immunoaffinity column chromatography.

[0150] The hemangioblast cells may be isolated by
size and/or morphology by the following procedure.
After 6 to 7 days of growth, the cell mixture contains
EBs, which are round and represent a clump of multiple
cells, and hemangioblasts, which are grape-like,
smaller than the EBs, and are single cells.

Accordingly, hemangioblasts may be isolated based on
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their morphology and size. The hemangioblast cells may
be manually picked, for example, when observing the
cell mixture under a microscope. The cells may
subsequently grow into colonies, each colony having
between 100 -150 cells.

[0151] Human hemangioblast colonies derived as
described above may be picked and replated onto
methylcellulose CFU-medium to form hematopoietic CFUs.
In certain embodiments, CFU-medium comprises StemCell
Technologies H4436. In further embodiments,
hemangioblasts are plated in Stemline II media
supplemented with cytokines and other factors. For
example, individual BL-CFC colonies may be handpicked
and transferred to a fibronectin-coated plate
containing Stemline II with recombinant human SCF (e.g,
20 ng/ml), TPO (e.g., 20ng/ml), FL (e.g., 20 ng/ml),
IL-3 (e.g., 20 ng/ml) VEGF (e.g., 20 ng/ml), G-CSF
(e.g., 20n ng/ml), BMP-4 (e.g., 15 ng/ml), IL-6 (e.g.,
10 ng/ml), IGF-1 (e.g, 10 ng/ml), endothelial cell
growth supplement (ECGS, e.g., 100 ng/ml), Epo (e.g., 3
U/ml). Following one week of growth in vitro, non-
adherent hematopoietic cells may be removed by gentle
pipetting and used directly for hematopoietic CFU
assay. Following removal of the non-adherent cells,
the adherent populations may be grown for one more week
in EGM-2 endothelial c¢elil wmedium (Cambrex™), and then

examined for the expression of VWF.

Expansion of hemangioblasts in vitro

[0152] Certain aspects of the invention relate to
the in vitro expansion of hemangioblasts. In certain
embodiments, hemangioblasts expanded by the methods of

the invention are obtained from early embryoid bodies
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derived from human embryonic stem cells as described
above.

[0153]) In addition to deriving hemangioblasts from
human embryonic stem cells (hES cells), hemangioblasts
to be expanded may also be isolated from other
mammalian sources, such as mammalian embryos (Ogawa et
al. 2001 Int Rev Immunol (20):21-44, US patent
publication no. 2004/0052771), cord blood from
placenta and umbilical tissues (Pelosi, et al. 2002
Blood (100): 3203-3208; Cogle et al. 2004 Blood

(103) :133-5), peripheral blood and bone marrow (Pelosi
et al. 2002 Hematopoiesis (100): 3203-3208). 1In
certain embodiments, non-human hemangioblasts to be
expanded may be generated from non-human (such as mouse
and non-human primates) embryonic stem cells. In
certain embodiments, hemangioblasts are obtained from
umbilical cord blood (UCB) or bone marrow by methods
such as, for example, magnetic bead positive selection
or purification techniques (e.g. MACS column). Cells
may be selected based on their CD71+ status and may be
confirmed as CD34-. Further, the isolated
hemangioblasts may be tested for their potential to
give rise to both hematopoietic and endothelial cell
lineages. In certain embodiments, hemangidblasts
isolated or purified and optionally enriched from
embryos, cord blocod, peripheral blood, bone marrow, or
other tissue, are more than 95% pure.

[0154] Bone marrow-derived cells may be obtained
from any stage of development of the donor individual,
including prenatal (e.g., embryonic or fetal), infant
(e.g., from birth to approximately three years of age
in humans), child (e.g., from about three years of age

to about 13 years of age in humans), adolescent (e.g.,
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from about 13 years of age to about 18 years of age in
humans), young adult (e.g., from about 18 years of age
to about 35 years of age in humans), adult (from about
35 years of age to about 55 years of age in humans) or
elderly (e.g. from about 55 years and beyond of age in
humans) .

[0155] Human bone marrow may be harvested by
scraping from the split sternum of a patient undergoing
surgery, for example. Bone marrow may then be
preserved in tissue clumps of 0.1 to 1 mm’ in volume and
then grown on a mouse embryonic feeder layer (e.g., a
mitomycin C-treated or irradiated feeder layer). The
bone marrow cells will attach to the plates and over a
period of 1-2 weeks of culture, hemangioblast cells may
be identified based on morphological features and/or
cell markers and isolated (see US patent publication
no. 2004/0052771). The cells may then be subsequently
grown and expanded in serum-free conditions according
to the methods disclosed herein.

fo1se6] In addition, bone marrow cells and cells from
blood or other tissue may be fractionated to obtain
hemangioblasts cells. Methods of fractionation are
well known in the art, and generally involve both
positive selection (i.e., retention of cells based on a
particular property) and negative selection (i.e.,
elimination of celis based on a particular property) .
Methods for fractionation and enrichment of bone
marrow-derived cells are best characterized for human
and mouse cells.

(01571 There are a variety of methods known in the
art for fractionating and enriching bone marrow-derived
or other cells. Positive selection methods such as

enriching for cells expressing CD71 may be used. And
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negative selection methods which remove or reduce cells
expressing CD3, cpD10, CD1l1lb, CDl14, CDl6, CD15, CD16,
CcD19, CD20, CD32, CD45, CD45R/B220 or Ly6G may also be
ﬁsed alone or in combination with positive selection
techniques. In the case of bone marrow cells, when the
donor bone marrow-derived cells are not autologous,
negative selection may be performed on the cell
preparation to reduce or eliminate differentiated T
cells.

[0158] Generally, methods used for
selection/enrichment of bone marrow-derived, blood, or
other cells will utilize immunocaffinity technology,
although density centrifugation methods are also
useful. Immunoaffinity technology may take a variety of
forms, as is well known in the art, but generally
utilizes an antibody or antibody derivative in
combination with some type of segregation technology.
The segregation technology generally results in
physical segregation of cells bound by the antibody and
cells not bound by the antibody, although in some
instances the segregation technology which kills the
cells bound by the antibody may be used for negative
selection.

[0159] Any suitable immunoaffinity technology may be
utilized for selection/enrichment of hemangioblasts
from bone marrow-derived, blood, or other cells,
including fluorescence-activated cell sorting (FACS),
panning, immunomagnetic separation, immunoaffinity
chromatography, antibody-mediated complement fixation,
immunotoxin, density gradient segregation, and the
like. After processing in the immunoaffinity process,
the desired cells (the cells bound by the

immunoaffinity reagent in the case of positive
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selection, and cells not bound by the immunoaffinity
reagent in the case of negative selection) are
collected and may be subjected to further rounds of
immunoaffinity selection/enrichment.

101601 Immunoaffinity selection/enrichment is
typically carried out by incubating a preparation of
cells comprising bone marrow-derived cells with an
antibody or antibody-derived affinity reagent (e.g., an
antibody specific for a given surface marker), then
utilizing the bound affinity reagent to select either
for or against the cells to which the antibody is
bound. The selection process generally involves a
physical separation, such as can be accomplished by
directing droplets containing single cells into
different containers depending on the presence or
absence of bound affinity reagent (FACS), by utilizing
an antibody bound (directly or indirectly) to a solid
phase substrate (panning, immunoaffinity
chromatography), or by utilizing a magnetic field to
collect the cells which are bound to magnetic particles
via the affinity reagent (immunomagnetic separation).
Alternatively, undesirable cells may be eliminated from
the bone marrow-derived cell preparation using an
affinity reagent which directs a cytotoxic insult to
the cells bound by the affinity reagent. The cytotoxic
insult may be activated by the affinity reagent {e.g.,
complement fixation), or may be localized to the target
cells by the affinity reagent (e.g., immunotoxin, such
as ricin B chain).

[0161] Although the methods described above refer to
enrichment of cells from a preparation of bone marrow-
derived or blood cells, one skilled in the art will

recognize that similar positive and negative selection
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techniques may be applied to cell preparations from
other tissues. .

[0162) Certain aspects of the invention relate to
the in vitro expansion of hemangioblasts. In certain
embodiments, hemangioblasts expanded by the methods of
the invention are obtained from early embryoid bodies
derived from human embryonic stem cells as described
Above. In other embodiments, the hemangioblasts are
isolated or enriched from human tissue (e.g., placenta
or cord blood, peripheral blood, bone marrow, etc.)
[0163] In certain embodiments, the hemangioblasts
aré expanded in the presence of a homeodomain protein
(also referred to herein as a homeobox protein). 1In
further embodiments, the hemangioblasts are expanded in
the presence of HOXB4. In certain embodiments, HOXB4 is
added to the hemangioblast cells throughout the method
for expanding hemangioblast cells.

{0164]) HOXB4 is a homeodomain transcription factor
(also called HOX2F, HOX2, HOX-2.6, and in the rat
HOXAS) that is expressed in vivo in the stem cell
fraction of the bone marrow and that is subsequently
down-regulated during differentiation. Expression of
the HOXB4 gene is associated with the maintenance of
primitive stem cell phenotypes (Sauvageau et al. 1995
Genes Dev 9: 1753-1765; Buske et al. 2002 Blood 100:
862-868; Thorsteinsdottir et al. 1999 Blood 94: 2605-
2612; Antonchuk et al. 2001 Exp Hematol 29: 1125-1134).
[01651] HOXB4 used in the methods of the present
invention to generate and expand hemangioblasts,
includes, but is not limited to, full length HOXB4
(e.g., HOXB4 polypeptides specified by public accession
numbers GI:13273315, GI:29351568, as well as any

functional variants and active fragments therxreof. The
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wildtype HOXB4 protein may be encoded by the amino acid
sequence of SEQ ID NO: 1, SEQ ID NO: 3 or any other
alternative allelic forms of such protein. Such
sequences may be accessed via publicly available
databases, such as Genbank. Further, HOXB4 may be
ectopically expressed within the cell or may be
provided in the media. HOXB4 expressed ectopically may
be operably linked to an inducible promoter. HOXB4
provided in the media may be excreted by another cell
type (e.g, a feeder layer) or added directly to the
media.

[0166]) The present invention also relates to fusion
proteins comprising HOXB4 (including fusion proteins
comprising full length HOXB4, or HOXB4 functional
variants or active fragments of HOXB4). In addition to
HOXB4, this fusion protein may also comprise any
additional proteins, protein domains or peptides. 1In
certain embodiments, HOXB4 may be joined to a protein
transduction domain (PTD) to allow translocation of the
protein from the medium into the cells and subsequently
into nuclear compartments. Fusion proteins may or may
not comprise one or more linker sequences located in
between the protein domains.

[0167] Functional variants of HOXB4 include mutants
of HOXB4 and alleleic variants, and active fragments
thereof. Functional variants of HOXB4 include any
HOXB4 polypeptides and active fragments thereof, that
are capable of expanding hemangioblasts according to
the methods of the present invention. HOXB4 functional
variants also include HOXB4 polypeptides that exhibit
greater transcriptional activity compared to the native
HOXB4 protein. HOXB4 variants include proteins with

one or more amino acid substitution, addition, and/or
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deletion in relation to a wildtype HOXB4. HOXB4
variants also include, but are not limited to,
polypeptides that are at least 75% similar to the
sequence provided in SEQ ID NO: 1 or SEQ ID NO:3.
Accordingly, HOXB4 variants include polypeptides that
are 80%, 85%, 90%, 95%, and 99% similar to the amino
acid sequence provided in SEQ ID NO: 1 or SEQ ID NO:3.
fo168] HOXB4 variants also include polypeptides
encoded by nucleic acid sequences that are at least 80%
identical to a nucleic acid sequence encoding its
complement (e.g., the wildtype HOXB4 protein may be
encoded by nucleic acid sequences of SEQ ID NO: 2
(GI:85376187) or SEQ ID NO: 4 (GI:29351567)). Thus,
HOXB4 variants include HOXB4 polypeptides that are
encoded by nucleic acid sequences that are 85%, 90%,
95%, and 99% identical to the séquence provided in SEQ
ID NO: 2 or SEQ ID NO: 4 or complement thereto.

[0169] Nucleic acid sequences encoding HOXB4 also
include, but are not limited to, any nucleic acid
sequence that hybridizes under stringent conditions to
a nucleic acid sequence of SEQ ID NO: 2 or 4,
complement thereto, or fragment thereof. Similarly,
nucleic acids which differ from the nucleic acids as
set forth in SEQ ID NO: 2 or 4 due to degeneracy in the
genetic code are also within the scope of the
invention. HOXB4 variant polypeptides also include
splice variants or other naturally occurring HOXB4
proteins or nucleic acid sequences.

{0170] Active fragments of HOXB4 include, but are
not limited to, any fragment of full length HOXB4
polypeptide that is capable of maintaining
hemangioblasts according to the methods of the present

invention. Accordingly, in one embodiment, a HOXB4
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protein of the present invention is a HOXB4 protein
that lacks part of the N-terminus, such as, for
example, the N-terminal 31, 32, or 33 amino acids of
full length HOXB4.

[0171) Any of the HOXB4 proteins may be fused with
additional proteins or protein domains. For example,
HOXB4 may be joined to a protein transduction domain
(PTD) .

[(0172) Protein transduction domains, covalently or
non-covalently linked to HOXB4, allow the translocation
of HOXB4 across the cell membranes so the(protein may
ultimately reach the nuclear compartments of the cells.
[0173] PTDs that may be fused with a HOXB4 protein
include the PTD of the HIV transactivating protein
(TAT) (Tat 47-57) (Schwarze and Dowdy 2000 Trends
Pharmacol. Sci. 21: 45-48; Krosl et al. 2003 Nature
Medicine (9): 1428-1432). For the HIV TAT protein, the
amino acid sequence conferring membrane translocation
activity corresponds to residues 47-57 (YGRKKRRQRRR,
SEQ ID NO: 5) (Ho et al., 2001, Cancer Research 61:
473-477; Vives et al., 1997, J. Biol. Chem. 272: 16010-
16017). This sequence alone can confer protein
translocation activity. The TAT PTD may also be the
nine amino acids peptide sequence RKKRRQRRR (SEQ ID NO:
6) (Park et al. Mol Cells 2002 (30):202-8). The TAT PTD
sequences may be any of the peptide sequences disciosed
in Ho et al., 2001, Cancer Research 61: 473-477 (the
disclosure of which is hereby incorporated by reference
herein), including YARKARRQARR (SEQ ID NO: 7),
YARAAARQARA (SEQ ID NO: 8), YARAARRAARR (SEQ ID NO: 9)
and RARAARRAARA (SEQ ID NO: 10).

[{0174] Other proteins that contain PTDs that may be

fused to HOXB4 proteins of the present invention
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include the herpes simplex virus 1 (HSV-1) DNA-binding
protein VP22 and the Drosophila Antennapedia (Antp)
homeotic transcription factor (Schwarze et al. 2000
Trends Cell Biol. (10): 290-295). For Antp, amino
acids 43-58 (RQIKIWFQNRRMKWKK, SEQ ID NO: 11) represent
the protein transduction domain, and for HSV VP22 the
PTD is represented by the residues
DAATATRCRSAASRPTERPRAPARSASRPRRPVE (SEQ ID NO: 12).
Alternatively, HeptaARG (RRRRRRR, SEQ ID NO: 13) or
artificial peptides that confer transduction activity
may be used as a PTD of the present invention.

[(0175] In additional embodiments, the PTD may be a
PTD peptide that is duplicated or multimerized. 1In
certain embodiments, the PTD is one or more of the TAT
PTD peptide YARAAARQARA (SEQ ID NO: 14). In certain
embodiments, the PTD is a multimer consisting of three
of the TAT PTD peptide YARAAARQARA (SEQ ID NO: 15). A
HOXB4 protein that is fused or linked to a multimeric
PTD, such as, for example, a triplicated synthetic
protein transduction domain (tPTD), may exhibit reduced
lability and increased stability in cells. Such a
HOXB4 construct may also be stable in serum-free medium
and in the presence of hES cells.

[0176] Techniques for making fusion genes encoding
fusion proteins are well known in the art.

Essentially, the joining of various DNA fragments
coding for different polypeptide sequences is performed
in accordance with conventional techniques. 1In another
embodiment, the fusion gene can be synthesized by
conventional techniques including automated DNA
synthesizers. Alternatively, PCR amplification of gene
fragments can be carried out using anchor primers which

give rise to complementary overhangs between two
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consecutive gene fragments which can subsequently be
annealed to generate a chimeric gene sequence (see, for
example, Current Protocols in Molecular Biology, eds.
Ausubel et al., John Wiley & Sons: 1992).

{01771 In certain embodiments, a fusion gene coding
for a purification leader sequence, such as a poly-
(His) sequence, may be linked to the N-terminus of the
desired portion of the HOXB4 polypeptide or HOXB4-
fusion protein, allowing the fusion protein be purified
by affinity chromatography using a Ni?' metal resin.
The purification leader sequence can then be
subsequently removed by treatment with enterokinase to
provide the purified HOXB4 polypeptide (e.g., see
Hochuli et al., (1987) J. Chromatography 411:177; and
Janknecht et al., PNAS USA 88:8972).

[0178] In certain embodiments, a HOXB4 protein or
functional variant or active domain of - it, is linked to
the C-terminus or the N-terminus of a second protein or
protein domain (e.g., a PTD) with or without an
intervening linker sequence. The exact length and
sequence of the linker and its orientation relative to
the linked sequences may vary. The linker may
comprise, for example, 2, 10, 20, 30, or more amino
acids and may be selected based on desired properties
such as solubility, length, steric separation, etc. 1In
particular embodiments, the linker may comprise a
functional sequence useful for the purification,
detection, or modification, for example, of the fusion
protein. In certain embodiments, the linker comprises

a polypeptide of two or more glycines.

[0179] The protein domains and/or the linker by

which the domains are fused may be modified to alter




2013201444 07 Mar 2013

10

15

20

25

30

- 64 -

the effectiveness, stability and/or functional

characteristics of HOXB4.

{0180} In certain embodiments, HOXB4 is ectopically
expressed within the hemangioblast cell or is provided
in the media. HOXB4 expressed ectopically may be
operably linked to a regulatory sequence. Regulatory
sequences are art-recognized and are selected to direct

expression of the HOXB4 polypeptide.

[o1s1) HOXB4 provided in the media may be excreted
by another cell type. The other cell type may be a
feeder layer, such as a mouse stromal cell layer
transduced to express excretable HOXB4. For example,
HOXB4 may be fused to or engineered to comprise a
signal peptide, or a hydrophobic sequence that
facilitates export and secretion of the protein.
Alternatively, HOXB4, such as a fusion protein
covalently or non-covalently linked to a PTD, may be
added directly to the media,. Additionally, HOXB4 may
be borne on a viral vector, such as a retroviral vector
or an adenoviral vector. Such a vector could transduce
either the hemangioblasts or other cells in their
culture. |

(0182) Depending on the HOXB4 protein used, in
particular embodiments HOXB4 is added to the media at
selected times during the expansion of the
hemangioblasts. Because the hemangioblasts are
expanded in serum-free medium, HOXB4 is relatively
stable. Accordingly, in certain embodiments, a HOXB4
protein or fusion protein is added every day to the
human hemangioblasts. In other embodiments, a HOXB4
protein or fusion protein is added every other day, and

in still other embodiments, a HOXB4 protein or fusion
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protein is added every 2 days. In one embodiment, a
HOXB4 fusion protein, HOXB4-PTD, is added every 2 days
to the media.

[0183] In certain embodiments, the hemangioblasts
can be expanded in the presence of any other growth
factors or proteins that are present in an amount
sufficient to expand such cells.

[0184] Hemangioblasts obtained from any source,
including human or non-human ES cells, bone marrow,
placenta or umbilical cord blood, peripheral blood, or
other tissue may be expanded according to the methods
described above. Accordingly, in certain embodiments,
a gelect number of purified hemangioblasts or enriched
cells are mixed with serum-free methylcellulose medium
optimized for hemangioblast growth (e.g., BL-CFU
medium, see Example 1 and 2). This medium may be
supplemented with early stage cytokines (including, but
not limited to, EPO, TPO, FL, VGF, BMPs like BMP2, BMP4
and BMP7, but not BMP3) and HOXB4. In certain
embodiments, erythropoietin (EPO) is added to the
media. In certain embodiments, EPO, TPO and FL are
added to the media. The cells are then plated onto
ultra-low attachment culture dishes and grown in a CO,
incubator. As mentioned above, hemangioblast colonies
exhibit a distinctive grape-like morphology and are
comparatively smalier than other cells and may
consequently be distinguished from other cell types.
The hemangioblasts may also be tested for markers as
well as for their ability to differentiate further into
either hemaﬁopoietic or endothelial cell lineages. The
hemangioblasts are subsequently isolated and expanded
in vitro. Média that may be used for expansion

includes serum-free methylcellulose medium optimized
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for hemangioblasts growth (e.g., BL-CFU) supplemented
with early stage cytokines and HOXB4. Early stage
cytokines include, but are not limited to, EPO, TPO,
?L, VEGF, BMPs like BMP2, BMP4 and BMP7, but not BMP3.
In certain embodiments, erythropoietin (EPO) is added
to the medium. In further embodiments, EPO, TPO and FL
are added to the medium.

-[0185] Accordingly, a medium for expanding
hemangioblasts may comprise VEGF, SCF, EPO, BMP-4, and
HoxB4; in certain embodiments the medium may further
comprise TPO and FL. For example, single cells
prepared from EBs cultured for approximately 3.5 days,
were collected and dissociated by 0.05% trybsin-o.SB mM
EDTA (Invitrogen) for 2-5 min, and a single cell
suspension was prepared by passing through 22G needle
3-5 times. Cells were collected by centrifugation at
1,000 rpm for 5 min. Cell pellets were resuspended in
50-200 pl of Stemline I media. To expand
hemangioblasts, single cell suspension derived from
differentiation of 2 to S X 105 hES cells were mixed
with 2 ml hemangioblast expansion media (HGM)
containing 1.0% methylcellulose in Isocve’s MDM, 1-2%
Bovine serum albumin, 0.1 mM 2-mercaptoethanol, 10
pg/ml rh-Insulin, 200 pug/ml iron saturated human
transferrin, 20 ng/ml rh-GM-CSF, 20 ng/ml rh-IL-3, 20
ng/ml rh-IL-6, 20 ng/ml rh-G-CSF, 3 to 6 units/ml rh-
Epo, 50 ng/ml rh-SCF, 50ng/ml rh-VEGF and 50 ng/ml rh-
BMP-4, and 1.5 pg/ml of tPTD-HoxB4, with/without 50
ng/ml of Tpo and FL. The cell mixtures were plated on
ultra-low dishes and incubated at 37° C in 5% CO2 for
4-6 days.

[0o186] In certain situations it may be desirable to

obtain hemangioblasts from a patient or patient
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relative and expand said hemangioblasts in vitro. Such
gituations include, for example, a patient scheduled to
begin chemotherapy or radiation therapy, or other
situations wherein an autologous HSC transplantation
(using the patient's own stem cells) may be used.

Thus, the present invention provides methods of
treating patients in need of cell-based therapy (for
example, patients in need of hematopoietic
reconstitution or treatment, or blood vessel growth or
treatment of vascular injuries including ischemia, see
below) using the expanded hemangioblasts or
hemangioblast lineage cells of the invention, wheréin
the hemangioblasts are obtained from the bone marrow,
blood, or other tissue of the patient or a patient
relative. Accordingly, in certain embodiments, methods
of treating a patient in need of hemangioblasts (or
hemangioblast lineage cells) may comprise a step of
isolating hemangioblasts from the patient or a patient
relative. Hemangioblasts isolated from the patient or
patient relative may be expanded in vitro according to
the methods of the present invention and subsequently
administered to the patient. Alternatively the
expanded hemangioblasts may be grown further to give
rise to hematopoietic cells or endothelial cells before
patient treatment.

3 it is also possible to obtain human ES cells
from such a patient by any method known in the art,
such as somatic cell nuclear transfer. Hemangioblasts
of that patient may then be generated and expanded from
his own ES cells using a method of this invention.
Those hemangioblasts or lineage derivatives thereof may

be administered to that patient or to his relatives.




2013201444 07 Mar 2013

10

15

20

25

30

- 68 -

[o168] Using the methods of the present invention,
human hemangioblasts are expanded to reach commercially
large quantities which can be subsequently used in
various therapeutic and clinical applications.
Furthermore, the hem&ngioblasts obtained by the methods
disclosed herein may be differentiated further to give
rise to either hematopoietic or endothelial cell
lineages for use in clinical applications.

{0189) The hemangioblasts obtained from the method
of this invention for generating and expanding human
hemangioblasts from human ES cells have the potential
to differentiate into at least endothelial cells or
hematopoietic cells (i.e., they are at least bi-
potential). Other hemangioblasts may be bi-potential
as well. Yet other hemangioblasts may be able to
differentiate into cells other than hematopoietic and
endothelial cells, i.e., they are multi- or pluri-

potential) .

Bngineering MHC genes in human embryonic stem cells to
obtain reduced-complexity hemangioblasts

{0190} The human embryonic stem cells used as the
starting point for the method of generating and
expanding human hemangioblast cells of this invention
may also be derived from a library of human embryonic
stem cells, each of which is hemizygous or homozygous
for at least one MHC allele present in a human
population. In certain embodiments, each member of
said library of stem cells is hemizygous or homozygous
for a different set of MHC alleles relative to the
remaining members of the library. In certain
embodiments, the library of stem cells is hemizygous or

homozygous for all MHC alleles that are present in a
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human population. In the context of this invention,
stem cells that are homozygous for one or more
histocompatibility antigen genes include cells that are
nullizygous for one or more (and in some embodiments,
éll) such genes. Nullizygous for a genetic locus means
that the gene is null at that locus, i.e., both alleles
of that gene are deleted or inactivated. Stem cells
that are nullizygous for all MHC genes may be produced
by standard methods known in the art, such as, for
example, gene targeting and/or loss of heterozygocity
(LOH) . See, for example, United States patent
publications US 20040091936, US 20030217374 and

US 20030232430, and US provisional application number
60/729,173, the disclosures of all of which are hereby
incorporated by reference herein.

[0191] Accordingly, the present invention relates to
methods of obtaining hemangioblasts, including a
library of hemangioblasts, with reduced MHC complexity.
Hemangioblasts and hemangioblast lineage cells with
reduced MHC complexity will increase the supply of
available cells for therapeutic applications as it will
eliminate the difficulties associated with patient
matching. Such cells may be derived from stem cells
that are engineered to be hemizygous or homozygous for
genes of the MHC complex.

180152) A human ES cell may comprise modifications to
one of the alleles of sister chromosomes in the cell's
MHC complex. A variety of methods for generating gene
modifications, such as gene targeting, may be used to
modify the genes in the MHC complex. Further, the
modified alleles of the MHC complex in the cells may be
subsequently engineered to be homozygous so that

identical alleles are present on sister chromosomes.
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Methods such as loss of heterozygosity (LOH) may be
utilized to engineer cells to have homozygous alleles
in the MHC complex. For example, one or more genes in
a set of MHC genes from a parental allele can be
targeted to generate hemizygous cells. The other set
of MHC genes can be removed by gene targeting or LOH to
make a null line. This null line can be used further
as the embryonic cell line in which to drop arrays of
the HLA genes, or individual genes, to make a
hemizygous or homozygous bank with an otherwise uniform
genetic background.

[0193] In one aspect, a library of ES cell lines,
wherein each member of the library is homozygous for at
least one HLA gene, is used to derive hemangioblasts
according to the methods of the present invention. 1In
another aspect,  the invention provides a library of
hemangioblasts (and/or hemangioblast lineage cells),
wherein several lines of ES cells are selected and
differentiated into hemangioblasts. These
hemangioblasts and/or hemangioblast lineage cells may
be used for a patient in need of a cell-based therapy.
[0194] Accordingly, certain embodiments of this
invention pertain to a method of administering human
hemangioblasts, hematopoietic stem cells, or human
endothelial cells that have been derived from reduced-
complexity embryonic stem cells to a patient in need
thereof. In certain embodiments, this method comprises
the steps of: (a) identifying a patient that needs
treatment involving administering human hemangioblasts,
hematopoietic stem cells, or human endothelial cells to
him or her; (b) identifying MHC proteins expressed on
the surface of the patient's cells; (c) providing a

library of human hemangioblasts of reduced MHC
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complexity made by the method for generating and
expanding human hemangioblast cells in vitro of the
present invention; (d) selecting the human
hemangioblast cells from the library that match this
patient's MHC proteins on his or her cells; (e)
optionally differentiating the human hemangioblast
cells identified in step (d) into human hematopoietic
stem cells, endothelial cells or both, or cells that
are further differentiated in either or both of these
two lineages, depending on need; (f) administering any
of the cells from step (d) and/or (e) to said patient.
This method may be performed in a regional center, such
as, for example, a hospital, a clinic, a physician's
office, and other health care facilities. Further, the
hemangioblasts selected as a match for the patient, if
stored in small cell numbers, may be expanded prior to

patient treatment.

Human hemangio-colony forming cells/hemangioblasts

(0195] In certain aspects, the present invention
provides human hemangio-colony forming cells. These
cells are a unique, primitive cell type with a variety
of therapeutic and other uses. Furthexrmore, this cell
type provides an important tool for studying
development of at least the hematopoietic and/or
endothelial limeages. As such, the iovention
contemplates various preparations (including
pharmaceutical preparations) and compositions
comprising human hemangio-colony forming cells, as well
as preparations (including pharmaceutical preparations)
and compositions comprising one or more cell types
partially or terminally differentiated from hemangio-

colony forming cells.
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(o196l The terms "hemangioblast" and "hemangio-
colony forming cells" will be used interchangeably
throughouf this application. These cells can be
described based on numerous structural and functional
properties including, but not limited to, expression
(RNA or protein) or lack of expression (RNA or protein)
of one or more markers. Hemangio-colony forming cells
are capable of differentiating to give rise to at least
hematopoietic cell types or endothelial cell types.

Hemangio-colony forming cells are preferably bi-

potential and capable of differentiating to give rise

to at least hematopoietic cell types and endothelial
cell types. As such, hemangio-colony forming cells of
the present invention are at least uni-potential, and
preferably bi-potential. Additionally however,
hemangio-colony forming cells may have a greater degree
of developmental potential and can, in certain
embodiments, differentiate to give rise to cell types
of other lineages. In certain embodiments, the
hemangio-colony forming cells are capable of
differentiating to give rise to other mesodermal
derivatives such as cardiac cells (for example,
cardiomyocytes) and/or smooth muscle cells.

[0197] Furthermore, hemangio-colony forming cells
can be identified and characterized based on their

structural properties. Specifically, and in certain

- embodiments, these cells are unique in that they are

only loosely adherent to each other (loosely adherent
to other hemangio-colony forming cells). Because these
cells are only loosely adherent to each other, cultures
or colonies of hemangio-colony forming cells can be
dissociated to single cells using only mechanical

dissociation techniques and without the need for
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enzymatic dissociation techniques. The cells are
sufficiently loosely adherent to each other that
mechanical dissociation alone, rather than enzymatic
disgociation or a combination of mechanical and
enzymatic dissociation, is sufficient to disaggregate
the cultures or colonies without substantially
impairing the viability of the cells. In other words,
mechanical dissociation does not require so much force
as to cause substantial cell injury or death when
compared to that observed subsequent to enzymatic
dissociation of cell aggregates.

foi198] Furthermore, hemangio-colony forming cells
can be identified or characterized based on the
expression or lack of expression (as assessed at the
level of the gene or the level of the protein) of one
or more markers. For example, in certain embodiments,
hemangio-colony forming cells can be identified or
characterized based on lack of expression of one or
more (e.g., the cells can be characterized based on
lack of expression of at least one, at least two, at
least three or at least four of the following markers)
of the following cell surface markers: CD34, KDR,
CD133, or CD31. Additionally or alternatively,
hemangio-colony forming cells can be identified orx

characterized based on expression of GATA2 and/or LMO2.

2l Ve
Add;u*o“a...*y

or alternatively, hemangio-colony forming
cells can be identified or characterized based on
expression or lack of expression (as assessed at the
level of the gene or the level of the protein) of one
or more markers analyzed in Table 2.

[0199]) Hemangio-colony forming cells of the present
invention can be identified or characterized based cn

one or any combination of these structural or
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functional characteristics. Note that although these
cells can be derived from any of a number of sources,
for example, embryonic tissue, prenatal tissue, or
perinatal tissue, the term "hemangio-colony forming
cells" applies to cells, regardless of source, that
are capable of differentiating to give rise to at least
hematopoietic cell types and/or endothelial cell types
and that have one or more of the foregoing structural
or functional properties.

(0200] To illustrate, human hemangio-colony forming
cells of the present invention have at least one of the
following structural characteristics: (a) can

differentiate to give rise to at least hematopoietic

‘cell types or endothelial cell types; (b) can

differentiate to give rise to at least hematopoietic
cell types and endothelial cell types; (c) are loosely
adherent to each other (to other human hemangio-colony
forming cells; (d) do not express CD34 protein; (e) do
not express CD31 protein; (f) do not express KDR
protein; (g) do not express CD133 protein; (h) express
GATA2 protein; (i) express LMO2 protein. In certain
embodiments, human hemangio-colony forming cells have
at least two, at least three, at least four, at least
five, at least six, at least seven, at least eight, or
at least nine of the structural or functional
characteristics detailed herein.

[0201] The invention provides for human hemangio-
colony forming cells. Such cells can differentiate to
produce at least hematopoietic and/or endothelial cell
types. In certain embodiments, the cells are
characterized as being loosely adherent to other human
hemangio-colony forming cells. Alternatively or

additionally, these cells may also be described based
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on expression or lack of expression of certain markers.
for example, these cells may also be described based on
lack of expression of at least one of the following
proteins: CD34, KDR, CD133, and CD31l.

(02021 As detailed above, one of the interesting
properties of human hemangio-colony forming cells is
that they are loosely adherent to each other. Because
these cells are only loosely adherent to each other,
cultures or colonies of hemangio-colony forming cells
can be dissociated to single cells using only
mechanical dissociation techniques and without the need
for enzymatic dissociation techniques. The cells are
sufficiently loosely adherent to each other that
mechanical dissociation alone, rather than enzymatic
dissociation or a combination thereof, is sufficient to
disaggregate the cultures or colonies without
substantially impairing the viability of the cells. 1In
other words, mechanical dissociation does not require
so much force as to cause substantial cell injury or
death.

(02031} This property is not only useful in
describing the cells and distinguishing them
phenotypically from other cell types, but it also has
significant therapeutic implications. For example,
relatively large numbers (greater than 1x10° or even
greater than 1x10’ or even greater than 1ix1i0%) of the
hemangio-colony forming cells can be injected into
humans or other animals with substantially less risk of
causing clots or emboli, or otherwise lodging in the
lung. This is a significant advance in cellular
therapy. The ability to safely administer relatively

large numbers of cells makes cellular therapy practical
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and possible for the effective treatment of an
increasing number of diseases and conditions.

[0204]) The term "loosely adherent" is described
qualitatively above and refers to behavior of the human
hemangio-colony forming cells with respect to each
other. Cultures or colonies of hemangio-colony forming
cells can be dissociated to single cells using only
mechanical dissociation techniques and without the need
for enzymatic dissociation techniques. The cells are
sufficiently loosely adherent to each other that
mechanical dissociation alone, rather than enzymatic
dissociation or a combination thereof, is sufficient to
disaggregate the cultures or colonies without
substantially impairing the viability of the cells. 1In
other words, mechanical dissociation does not require
so much force as to cause substantial cell injury or
death.

[0205] The term can also be described more
quantitatively. For example and in certain
embodiments, the term "loosely adherent" is used to
refer to cultures or colonies of hemangio-colony
forming cells wherein at least 50% of the cells in the
culture can be dissociated to single cells using only
mechanical dissociation techniques and without the need
for enzymatic dissociation techniques. In other
embodiments, the term refers to cultures in which at
least 60%, 65%, 70%, or 75% of the cells in the culture
can be dissociated to single cells using only
mechanical dissociation techniques and without the need
for enzymatic dissociation techniques. 1In still other
embodiments, the term refers to cultures in which at
least 80%, 85%, 90%, 95%, 96%, 97%, 98%, 99%, or even

100% of the cells in the culture can be dissociated to
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single cells using only mechanical dissociation
techniques and without the need for enzymatic
dissociation techniques.

[0206] The ability to dissociate the hemangio-colony
forming cells using only mechanical dissociation
techniques and without the need for enzymatic
dissociation techniques can be further quantitated
based on the health and viability of the cells
following mechanical dissociation. In other words, if
dissociation without enzymatic techniques requires so
much mechanical force that a significant number of the
cells are damaged or killed, the cells are not loosely
adherent, as defined herein. For example and in
certain embodiments, the term "loosely adherent" refers
to cultures of cells that can be dissociated to single
cells using only mechanical dissociation techniques and

without the need for enzymatic dissociation techniques,

‘without substantially impairing the health or viability

or the cells in comparison to that observed when the
same cells are dissociated using enzymatic dissociation
techniques. For example, the health or viability of
the cells is decreased by less than 15%, 10%, 9%, 8%,
7%, 6%, 5%, 4%, 3%, 2%, or even less than 1% in
comparison to that observed when a culture of the same
cells are dissociated using enzymatic dissociation
tecnniques. ’
(02071 Exemplary enzymatic dissociation techniques
include, but are not limited to, treatment with
trypsin, collagenase, or other enzymes that disrupt
cell-cell or cell-matrix interactions. Exemplary
mechanical dissociation techniques include, but are not

limited to, one or more passages through a pipette.
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[0208) Human hemangio-colony forming cells according
to the present invention are defined structurally and
functionally. Such cells can be generated from any of
a number of sources including from embryonic tissue,
prenatal tissue, perinatal tissue, and even from adult
tissue. By way of example, human hemangio-colony
forming cells can be generated from human embryonic
stem cells, other embryo-derived cells (blastocysts,
blastomeres, ICMs, embryos, trophoblasts/trophectoderm
cells, trophoblast stem cells, primordial germ cells,
embryonic germ cells, etc.), amniotic fluid, amniotic
stem cells, placenta, placental stem cells, and
umbilical cord.
(02091 The invention provides human hemangio-colony
forming cells, compositions comprising human hemangio-
colony forming cells, and preparations (including
pharmaceutical preparations) comprising human hemangio-
colony forming cells. Certain features of these '
aspects of the invention are described in detail below.
The invention contemplates combinations of any of the
following aspects and embodiments of the invention.
[o210] In one aspect, the invention provides a human
hemangio-colony forming cell. The cell can
differentiate to produce at least hematopoietic and/or
endothelial cell types. In certain embodiments, the
cell is loosely adherent to other human hemangio-colony
forming cells. In certain embodiments, the cell does
not express CD34 protein. In certain other
embodiments, the cell does not express one or more of
(e.g., the cell does not express at least one, at least
two, at least three, or at least four of the following
proteins) the following proteins: CD34, CD31, CD133,

KDR. In certain other embodiments, the cell does




2013201444 07 Mar 2013

10

15

20

25

30

- 79 -

express GATA2 and/or LMO2 protein. In certain other
embodiments, the cell expresses or does not express one
or more (e.g., at least one, two, three, four, five,
six, seven, eight, nine, ten, etc.) of the markers
provided in Table 2. In certain other embodiments, the
cell has an expression profile as depicted in Table 2.
{0211] In another aspect, the invention provides a
human hemangio-colony forming cell. The cell, which
cell can differentiate to produce at least
hematopoietic and/oxr endothelial cell types, and the
cell does not express any of the following protéins:
CD34, CD31, KDR, and CD133. 1In certain embodiments,
the cell is loosely adherent to other human hemangio-
colony forming cells. In other embodiments, the cell
does express GATA2 and/or LMO2 protein. In certain
other embodiments, the cell expresses or does not
express one OX more (e.g., at least one, two, three,
four, five, six, seven, eight, nine, ten, etc) of the
markers provided in Table 2. In certain other
embodiments, the cell has an expression profile as
depicted in Table 2.

{0212] In another aspect, the invention provides a
cell culture comprising a substantially purified
population of human hemangio-colony forming cells. The
cells can differentiate to produce at least
hematopoietic and endothelial cell types, and the celis
are loosely adherent to each other. In certain
embodiments, the cell does not express CD34 protein.

In certain other embodiments, the cell does not express
one or more of (e.g., the cell does not express at
least one, at least two, at least three, or at least
four of the following proteins) the following proteins:

CD34, CD31, CD133, KDR. In certain other embodiments,
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the cell does express GATA2 and/or LMO2 protein. In
certain other embodiments, the cell expresses or does
not express one or more (one, two, three, four, five,
six, seven, eight, nine, ten, etc) of the markers
provided in Table 2. In certain other embodiments, the
cell has an expression profile as depicted in Table 2.
'[0213] In another aspect, the invention provides a
cell culture comprising human hemangio-colony forming
cells differentiated from embryonic tissue. In certain
embodiments, the hemangio-colony forming cells are
loosely adherent to each other. 1In certain
embodiments, the cells can differentiate to produce at
least hematopoietic and/or endothelial cell types, and
the cells are loosely adherent to each other. 1In
certain embodiments, the cell does not express CD34
protein. In certain other embodiments, the cell does
not express one or more of (e.g., the cell does not
express at least one, at least two, at least three, or
at least four of the following proteins) the following
proteins: CD34, CD31, CD133, KDR. In certain other
embodiments, the cell does express GATA2 and/or LMO2
protein. In certain other embodiments, the cell
expresses or does not express one or more (one, two,
three, four, five, six, seven, eight, nine, ten, etc)
of the markers provided in Table 2. In certain other
embodiments, the cell has an expression profile as
depicted in Table 2.

(0214] In another aspect, the invention provides a
cell culture comprising human hemangio-colony forming
cells, which cells can differentiate to produce at
least hematopoietic and/or endothelial cell types. In
certain embodiments, the cells are loosely adherent to

each other. In certain embodiments, the cell does not
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express CD34 protein. In certain other embodiments,
the cell does not express one or more of (e.g., the
cell does not express at least one, at least two, at
least three, or at least four of the following
proteins) the following proteins: CD34, CD31, CD133,
KDR. In certain other embodiments, the cell does
express GATA2 and/or LMO2 protein. In certain other
embodiments, the cell expresses or does not express one
or more (one, two, three, four, five, six, seven,
eight, nine, ten, etc) of the markers provided in Table
2. In certain other embodiments, the cell has an
expression profile as depicted in Table 2.

{0215] In another aspect, the invention provides a
pharmaceutical preparation comprising human hemangio-
colony forming cells, which cells can differentiate to
produce at least hematopoietic and/or endothelial cell
types. In certain embodiments, the hemangio-colony
forming cells are loosely adherent to each other. 1In
certain embodiments, the cell does not express CD34
protein. In certain other embodiments, the cell does
not express one or more of (e.g., the cell does not
express at least one, at least two, at least three, or
at least four of the following proteins) the following

proteins: CD34, CD31, CD133, KDR. In certain other

embodiments, the cell does express GATA2 and/or LMO2

protein. In certain other embodiments, the cell
expresses or does not express one or more (one, two,
three, four, five, six, seven, eight, nine, ten, etc)
of the markers provided in Table 2. In certain other
embodiments, the cell has an expression profile as
depicted in Table 2. The pharmaceutical preparation

can be preparing using any pharmaceutically acceptable

carrier or excipient.
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(0216] In another aspect, the invention provides a
pharmaceutical preparation comprising human hemangio-
colony forming cells, wherein the hemangio-colony
forming cells do not express any of the following
proteins: CD34, CD31, KDR, and CD133. In certain
embodiments, the hemangio-colony forming cells can
differentiate to produce at least hematopoietic and/or
endothelial cell types. In certain embodiments, the
hemangio-colony forming cells are loosely adherent to
each other. In certain other embodiments, the cell
does express GATA2 and/or LMO2 protein. In certain
other embodiments, the cell expresses or does not
express one or more (one, two, three, four, five, six,
seven, eight, nine, ten, etc) of the markers provided
in Table 2. In certain other embodiments, the cell has
an expression profile as depicted in Table 2. The
pharmaceutical preparation can be preparing using any
pharmaceutically acceptable carrier or excipient.

[{0217] In certain embodiments of any of the
foregoing, the composition or pharmaceutical
preparation comprises at least 1x10° human hemangio-
éolony forming cells. In certain other embodiment, of
any of the foregoing, the composition or pharmaceutical
preparation comprises at least 1x10°, at least 5x10°, at
least 1x10’, or greater than 1x10’ human hemangio-colony
forming cells.

‘10218] Additional cells, compositions, and
preparations include cells partially or terminally
differentiated from human hemangio-colony forming
cells. For example, the invention contemplates
compositions and preparations comprising one or more
hematopoietic and/or endothelial cell type

differentiated from a hemangio-colony forming cell.
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Exemplary hematopoietic cell types include ’
hematopoietic stem cells, platelets, RBCs, lymphocytes,
megakaryocytes, and the like. By way of further
examples, the invention contemplates compositions and
preparations comprising one or more other cell type,
such as one oOr more partially or terminally
differentiated mesodermal cell type, differentiated
from hemangio-colony forming cells.

f0219] In certain embodiments of any of the
foregoing, the invention provides a cryopreserved
preparation of human hemangio-colony cells or cells
partially or terminally differentiated therefrom.
f0220] In certain embodiments of any of the
foregoing, the invention provides for the therapeutic
use of human hemangio-colony forming cells, or
compositions. or preparations of human hemangio-colony
forming cells. Such cells and preparations can be used
in the treatment of any of the conditions or diseases
detailed throughout the specification, as well as in
the blood banking industry. Furthermore, cells
differentiated from human hemangio-colony forming
cells, or compositions or preparations of human
hemangio-colony forming cells, can be used
therapeutically in the treatment of any of the
conditions or diseases detailed throughout the
specification, as well as in the blood banking
industry.

[0221) The human hemangio-colony forming cells of
the invention are can be used therapeutically.
Additionally or alternatively, human hemangio-colony
forming cells can be used to study development of
endothelial and hematopoietic lineages or in screening

assays to identify factors that can be used, for
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example, to (i) maintain human hemangio-colony forming
cells or (ii) to promote differentiation of humah
hemangio-colony forming cells to one or more partially
or terminally differentiated cell types. Furthermore,
human hemangio-colony forming cells can be used to
generate one or more partially or terminally
differentiated cell types for in vitro or in vivo use.
[0222] The human hemangio-colony forming cells of
the invention can be used in any of the methods or
application described in the present application
including, but not limited to, in the treatment of any

of the diseases or conditions described herein.

Cell preparations comprising hemangioblasts expanded in
vitro

[0223] In certain embodiments of the present
invention, mammalian (including human) hemangioblasts
are expanded to reach commercial quantities and are
used in various therapeutic and clinical applications.
In particular embodiments, hemangioblasts are expanded
to reach cell numbers on the order of 10,000 to 4
million (or more). These cell numbers may be reached
within 3 -4 days of starting the initial preparations.
Accordingly, the present invention relates to
preparations éomprising large numbers of
hemangioblasts, said preparations comprising at least
10,000, 50,000, 100,000, 500,000, a million, 2 million,
3 million or 4 million cells.

[0224] This invention also provides for a solution,
a composition, and a preparation comprising large
numbers of hemangioblasts, said solution, said
composition, and said preparation comprising at least

10,000, 50,000, 100,000, 500,000, a million, 2 million,
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3 million or 4 million cells. The hemangioblasts could
be human.

[0225] Other aspects of the present invention
relate to differentiating the hemangioblasts obtained
by the methods disclosed herein into either
hematopoietic or endothelial cell lineages, or both,
that are subsequently used in clinical applications.
Thus, the present invention also relates to cell
preparations comprising large numbers of hematopoietic
or endothelial cells. The invention also relates to
differentiating the hemangioblasts obtained by the
methods disclosed herein into other cell lineages,
other than hematopoietic and endothelial cells. Thus,
the present invention also relates to cell preparations
comprising large numbers of other hemangioblast-derived
cells.

(02261 Compositions and preparations comprising
large numbers (e.g, thousands or millions) of
hemangioblasts may be obtained by expanding
hemangioblasts that are obtained as described above.
Accordingly, the invention pertains to compositions and
preparations comprising large numbers of hemangioblasts
achieved by expanding ES cells (such as human ES cells)
or hemangioblasts obtained from cord blood, peripheral
blood or bone marrow. Further, as the methods of
expansion may be applied tc hemangicklasts of mouge,
rat, bovine, or non-human primate origin, for example,
the present invention also relates to compositions and
preparations comprising large numbers of hemangioblasts
of other species in addition to human. The
hemangioblasts to be expanded by the methods of this
invention may be bi-potential, i.e., can differentiate

into either endothelial cells or hematopoietic stem
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cells. In certain embodiments, the human
hemangioblasts generated and expanded from human ES
cells are bi-potential. Hemangio-colony forming cells
are capable of differentiating to give rise to at least
hematopoietic cell types or endothelial cell types.
Hemangio-colony forming cells are preferably bi-
potential and capable of differentiating to give rise
to at least hematopoietic cell types and endothelial
cell types. As such, hemangio-colony forming cells of
the present invention are at least uni-potential, and
preferably bi-potential. Additionally however,
hemangio-colony forming cells may have .a greater degree
of developmental potential and can, in certain
embodiments, differentiate to give rise to cell types
of other lineages. In certain embodiments, the
hemangio-colony forming cells are capable of
differentiating to give rise to other mesodermal
derivatives such as cardiac cells (for example,

cardiomyocytes) and/or smooth muscle cells.

Mammalian hemangioblast cell markers

[0227] As described above, the hemangio-colony
forming cells lack certain features characteristic of
mature endothelial or hematopoietic cells. These
hemangio-colony forming cells or hemangioblasts,
however, may be identified by various markers such as,
for example, CD71+, GATA-1 and GATA-2 proteins, CXCR-4,
and TPO and EPO receptors. In additional embodiments,
the hemangioblasts express LMO-2. Hemangioblasts may
additionally be characterized by the absence or low
expression of other markers. Accordingly,

hemangioblasts may be CD34- CD31l-, and KDR-. In
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further embodiments, the hemangioblasts may be CD34-,
CD31-, KDR-, and CD133-.

[0228] Accordihgly, in certain embodiments, the
hemangioblasts generated and expanded by the methods of
present invention are characterized by the presence or
absence of any one or more of the markers listed in
Table 2. For example, the hemangioblasts may test
negative for expression of any one or more of the
markers listed in Table 2 that is denoted as “-" under
“BL-CFC”. Accordingly, in some embodiments, the
hemangioblasts may be negative for CD34 expression.

The cells may additionally or alternatively be negative
for CD31, CD133, and/or KDR expression. In further
embodiments, the hemangioblasts may express any of the
markers denoted in Table 2 with “+”. For example, the
cells may express one or more of the markers: LMO-2 and
GATA-2. Expression of a marker may be assessed by any
method, such as, for example, immunohistochemistry or
immunoblotting to test for protein expression, or mRNA

analysis to test for expression at the RNA level.

Deriving hemangioblast lineage cells

{0229]) The methods and cell preparations of the
present invention also relate to hemangioblast
derivative cells. Human hemangioblasts generated and
expanded by thig invention and mammalian hemangioblasts
gxpanded-by the methods of the invention may be
differentiated in vitro to obtain hematopoietic cells
(including hematopoietic stem cells (HSCs)) or
endothelial cells, as well as cells that are further
differentiated in these two lineages. These cells may
subsequently be used in the therapeutic and commercial

applications described below.
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[0230] In certain embodimencs, hematopoietic cells
are derived by growing the hemangioblasts in serum-free
BL-CFU for 3-10 days. In other embodiments, single-
cell suspensions of hES-derived BL-CFC cells are grown
for 10-14 days. Maintaining serum-free conditions is
optimal insofar as serum-free conditions facilitate
scale-up production and compliance with regulatory
guidelines as well as reduce cost. Hemangioblasts of
the present invention may also be grown in serum-free
Hem-culture (Bhatia et al. 1997 J Exp Med (186): 619-
624), which sustains human hematopoietic stem cells and
comprises BSA (e.g, 1% BSA), insulin (e.g., 5 pg/ml
human insulin), transferrin media or transferrin (e.g.,
200 pg/ml human transferrin), L-glutamine, beta-
mercaptoethanol (e.g., 10™* M), and growth factors. The
growth factors may comprise SCF (e.g., 300 ng/ml),
granulocytic-colony-stimulating factor (G-CSF) (e.g.,
50 ng/ml), Flt-3 (e.g., 300 ng/ml), IL-3 (e.g., 10
ng/ml), and IL-6 (e.g., 10 ng/ml). Other factors
useful for obtaining hematopoietic cells from
hemangioblasts include thrombopoietin (TPO) and VEGF
(see, for example, Wang et al. 2005 Ann NY Acad Sci
(1044): 29-40) and BMP-4. The hemangioblasts may also
be grown in serum-free methylcellulose medium
supplemented with a multilineage hematopoietic growth
factor cocktail. Thus, the hemangioblasts may be grown
in methylcellulose in Iscove modified Dulbecco medium
(IMDM) comprising BSA, saturated human transferrin,
human LDL, supplemented with early acting growth
factors (e.g, c-kit ligand, £1t3 ligand), multilineage
growth factors (e.g., IL-3, granulocyte macrophage-CSF
(GM-CSF)), and unilineage growth factors (e.g., G-CSF,
M-CSF, EPO, TPO)), VEGF, and bFGF. Alternatively, the
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hemangioblasts may be grown in medium coﬁprising
unilineage growth factors to support the growth of one
type of hematopoietic cell (e.g, red blood cells,
macrophages, or granulocytes).

[0231] In one embodiment, hemangioblast colonies are
resuspended in Stemline I media. Cells are then mixed
with 1 ml of serum-free hematopoietic CFU media (H4436,
Stem Cell Technologies™) plus 1.5 ug/ml of tPTD-HoxB4
and 0.5% EX-CYTE (Serologicals Proteins Inc.™). The
cell mixtures are then plated on cell culture untreated
plates and incubated at 37° C for 10-14 days.
Hematopoietic CFUs arising following 10-14 days after
initial plating may be characterized morphologically,
such as by staining with Wright-Giemsa dye.

[0232] Hematopoietic cells may also be derived from
the hemangioblast using other conditions known in the
art (e.g., in media comprising IMDM, 30% fetal calf
serum (FCS), 1% bovine serum albumin (BSA), 10™* M beta-
mercaptoethanol, and 2 mM L-glutamine). Further, in
other embodiments basic fibroblast growth factor may be
used to promote both BL-CFC frequency within EBs and
promote hematopoietic differentiation (Faloon et al.
2000 Development (127): 1931-1941). In yet other
embodiments, the growth factor hemangiopoietin (HAPO)
is used to promote growth and hematopoietic
differentiation of the hemangicblasts [Liu et 21, 2004
Blood (103): 4449-4456). The differentiation into
hematopoietic cells may be assessed by CD45 status
(Cp45+) and the CFU assay, for example.

[0233) To form hematopoietic cells, human
hemangioblasts may be grown for 3-10 days, or
optionally for longer periods of time (e.g., 10-14

days) in CFU-medium. Human hemangioblasts of the
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present invention are able to form CFUsS comprising
granulocytes, erythrocytes, macrophages, and
megakaryocytes (CFU-GEMM/mix) as well as colony forming
units containing only one of the latter cell types
(e.g., CFU-G, CFU-E, CFU-M, and CFU-GM). In certain
embodiments, single-cell suspensions of hES-derived BL-
CFC cells are grown for 10-14 days to derive
hematopoietic cells such as, for example, erythroid,
myeloid, macrophage, and multilineage hematopoietic
cells.

[0234) "Other aspects of the invention relate to
endothelial cells derived from the human hemangioblasts
obtained and expanded or mammalian hemangioblasts
expanded by the methods described herein. The
hemangioblasts may be grown in conditions favorable to
endothelial maturation.

[0235] In certain embodiments of the present
invention, to obtain endothelial cells, hemangioblasts
are first plated onto a fibronectin-coated surface and
following 3-5 days (or in other embodiments 3-7 days),
are replated onto a thick layer of Matrigel to support
differentiation into endothelial cells. These
conditions maintain the serum-free conditions
established during hemangioblast development.
Alternatively, hemangioblasts may be grown in media
known to support differentiation into endothelial
cells. Such conditions include, for example, Endo-
culture comprising 20% fetal bovine serum (FBS), 50
ng/ml endothelial cell growth supplement (i.e.,
pituitary extracts), 10 IU/ml heparin, and 5 ng/ml
human VEGF-Aj¢s (Terramani et al. 2000 In Vitro Cell Dev
Biol Anim (36): 125-132). Other conditions known in
the art include medium supplemented with 25% Fcé/horse
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serum, and in some embodiments heparin (e.g., 10 U/ml),
insulin like growth factor (IGFl) (e.g, 2 ng), and EC
growth supplement (ECGS, e.g., 100 pg). The growth
factors VEGF and EGF may also be used in combination
with HAPO to support endothelial differentiation (Liu
et al. 2004). The hemangioblasts may also be seeded
onto dishes coated with collagen and fibronectin, for
example, to promote differentiation into endothelial
cells. Cells may be analyzed for von Willebrand factor
(vWF) and endothelial nitric oxide synthase (eNOS) and
the ability to form an endothelial network in vitro.
(0236] Accordingly, to form endothelial cells,
hemangioblast colonies derived by the methods described
above are picked and replated onto fibronectin-coated
culture plates optimized for the first step towards
endothelial differentiation. The cells may be plated in
EGM-2 or EGM-2MV complete media (Cambrex™). Following 3
to 5 days, and in alternative embodiments 3 to 7 days,
the cells are re-plated on a surface that supports
endothelial differentiation, such as on a layer of
Matrigel. Following 16-24 hours of incubation, the
formation of branched tube-cords (see Figure 8, for
example) suggests typical endothelial cell behavior.
Endothelial-specific assays such as LDLFuptake may also
be used to confirm that these cells are of endothelial
nature.

[(0237] In other aspects of the invention, human
hemangioblasts generated and expanded by this invention
and mammalian hemangioblasts expanded by the methods of
the invention may be differentiated in vitro to obtain
other cells, as well as cells that are further
differentiated from these cell lineages.. Such

additional cell lineages may be derived from the
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hemangioblasts generated and expanded by this invention
and mammalian hemangioblasts expanded by the methods of
the invention because the hemangioblast cells may have
an even greater degree of developmental potential
beyond differentiating into hematopoietic and

endothelial cells.

Clinical and commercial embodiments of human
hemangioblasts and hemangioblast lineage cells

Cell-based therapies

[0238] While human hemangioblast cells have the
potential to differentiate in vivo into either
hematopoietic or endothelial cells, they can be used in
cell-based treatments in which either of these two cell
types are needed or would improve treatment. Further,
a patient may be treated with any therapy or treatment
comprising hemangioblast lineage cells (i.e.,
hematopoietic cells and/or endothelial cells). The
following section describes methods of using the human
hemangioblasts of this invention generated and expanded
by the methods of this invention, or expanded by the
methods of this invention.

{0239] In certain embodiments of the present
invention, treatments to increase or treat
‘hematopoietic cells and treatments for increasing blood
vessel growth and/or facilitating blood vessel repair
are contemplated. Accordingly, in certain aspects, the
present invention relates to methods and compositions
for treating a patient in need of hematopoietic cells
or blood vessel growth or repair. The hemangioblasts
may be injected into the blood vessel of a subject or

be administered to the blood vessel of a subject




2013201444 07 Mar 2013

10

15

20

25

30

- 93 -

through operation. The patient or the subject may be
human.

‘(02401 In certain embodiments of the present
invention, human hemangioblast cells are used in
transplantation, where HSC transplantation would
otherwise be used. Such transplantation may be used,
for example, in hematopoietic reconstitution for the

treatment of patients with acute or chronic leukemia,

‘aplastic anemia and various immunodeficiency syndromes,

as well as various non-hematological malignancies and
auto-immune disorders, and to rescue patients from
treatment-induced aplasia following high-dose
chemotherapy and/or radiotherapy. Such transplantation
may be achieved in vivo or ex vivo (such as in bone
marrow transplant).

[(0241] In other embodiments of the invention, human
hemangioblast cells are used to treat patients in need
of hematopoietic reconstitution or hematopoietic
treatment. Such patients in include, for example,
patients with thalassemias, sickle cell anemia,
aplastic anemia (also called hypoplastic anemia),
cytopenia, marrow hypoplasia, platelet deficiency,
hematopoietic malignancies such as leukemias,
paroxysmal nocturnal hemoglobinuria (PNH), and ADA
(e.g., deaminase (ADA)-deficient severe combined
immunodeficiency (SCIiD)) .

(0242] Particular embodiments of the present
invention therefore relate to methods of treating a
patient in need of hematopoietic reconstitution or
hematopoietic treatment using the hemangioblasts of the
invention. Accordingly, the invention relates to
methods of treating a patient in need of hematopoetic

reconstitution or treatment comprising selecting a
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patient in need thereof, generating and expanding or
expanding human hemangioblasts according to the methods
of the present invention, and administering the human
hemanéioblasts into the patient. Alternatively, the
method may comprise differentiating the generated and
expanded or expanded human hemangioblasts into human
hematopoietic cells and subsequently administering the
hematopoietic cells to the patient.

(0243] Alternative embodiments include methods in
which human hemangioblasts are produced on a large
scale and stored prior to the selection of a patient in
need thereof. Thus, other embodiments of the invention
relate to methods of treating a patient in need of
hematopoietic reconstitution or treatment comprising
selecting a patient in need thereof, placing an order
for human hemangioblasts already isolated and expanded
according to the methods described above, and
administering said human hemangioblasts to the patient.
Likewise, the method may comprise differentiating said
human hemangioblasts into human hematopoietic cells and
administering said hematopoietic cells to the patient.
In additional embodiments, hemangioblasts hemizygous or
homozygous for at least one MHC allele are grown,
optionally grown to commercial quantities, and
optionally stored by a business entity. When a patient
presents a need for such cells or hemangioblast lineage
cells, a clinician or hospital will place an order with
the business for such cells.

[(0244] Because the human hemangioblast cells of the
invention will proliferate and differentiate into
endothelial cells under an angiogenic microenvironment,
the human hemangioblast cells may be used in a

therapeutic manner to provide new blood vessels or to
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induce repair of damaged blood vessels at a site of
injury in a patient. Thus in certain aspects, the
present invention relates to methods of promoting new
blood vessel growth or repairing injured vasculature.
The human hemangioblasts of the present invention may
be used to treat endothelial injury, such as myocardium
infarction, stroke and ischemic brain, ischemic limbs
and skin wounds including ischemic limbs and wounds
that occur in diabetic animals or patients, and
ischemic reperfusion injury in the retina. Other
ischemic conditions that may be treated with the
hemangioblasts of the present invention include renal
ischemia, pulmonary ischemia, and ischemic
cardiomyopathy. Hemangioblasts may also be used to
help repair injured blood vessels following balloon
angioplasty or deployment of an endovascular stent.
Hemangioblasts may additionally be used in tissue
grafting, surgery and following radiation injury.
Further, the hemangioblasts may be used to treat and/or
prevent progression of atherosclerosis as well as to
repair endothelial cell damage that occurs in systemic
sclexosis and Raynaud's phenomenon (RP) (Blann et al.
1993 J Rheumatol. (20) :1325-30).

[0245] Accordingly, the invention provides various
methods involved in providing blood vessel growth or
repair to a patient in need thexecf., 1In cne
embodiment, the invention provides for a method for
inducing formation of new blood vessels in an ischemic
tissue in a patient in need thereof, comprising

administering to said patient an effective amount of
the purified preparation of human hemangioblast cells

described above to induce new blood vessel formation in

said ischemic tissue. Thus certain aspects of the
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present invention provide a method of enhancing blood
vessel formation in a patient in need thereof,
comprising selecting the patient in need thereof,
isolating human hemangioblast cells as described above,
and administering the hemangioblast cells to the
patient. In yet another aspect, the present invention
provides a method for treating an injured blood vessel
in a patient in need thereof, comprising selecting the
patient in need thereof, expanding or generating and
expanding human hemangioblast cells as described above,
and administering the hemangioblast cells to the
patient. In addition to the aforementioned
embodiments, the hemangioblasts may be produced on a
large scale and stored prior to the selection of
patient in need of hemangioblasts. In further
embodiments, hemangioblasts hemizygous or homozygous
for at least one MHC allele are grown, optionally grown
to commercial quantities, and optionally stored before
a patient is selected for hemangioblast treatment. Any
of the aformentioned hemangioblasts or hemangioblast
cell preparations may be administered directly into the
circulation (intravenously). In certain embodiments
(e.g., where vascular repair is necessary in the eye,
such as in the treatment of ischemia/reperfusion injury
to the retina), the hemangioblast cells or

hemangioblast cell preparations may be administered by

intra-vitreous injection.

[0246) - Administration of the solutions or
preparations of hemangioblasts or derivative cells
thereof may be accomplished by any route and may be
determined on a case by case basis. Also, an effective
amount to be administered of these solutions or

preparations of hemangioblasts or derivative cells
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thereof is an amount that is therapeutically effective
and may be determined on a case by case basis.

{0247] In further aspects, hemangioblast lineage
cells are used in therapeutic applications, including
in the treatment of the indications described above,
for example. Accordingly, hemangioblasts generated and
expanded or expanded by the methods described herein
are differentiated in vitro first to obtain
hematopoetic and/or endothelial cells, and then to
obtain cells that are further differentiated in these
two lineages. These cells may be subsequently
administered to a subject or patient to treat
hematopoetic conditions or for hematopoietic
reconstitution, or for the treatment of ischemia or
vascular injury, for example.

{0248) HSCs derived from the human hemangioblasts
obtained by the methods disclosed herein are grown
further to expand the HSCs and/or to derive other
hematopoietic lineage cell types. Certain aspects of
the present invention relate to the use of HSCs derived
from the hemangioblasts in transplantation. In
additional embodiments, differentiated hematopoietic
cells (such as, for example, granulocytes,
erythrocytes, myeloid cells, megakaryocytes, platelets,
macrophages, mast cells and neutrophils (Wiles and

-

Keller 1991 Development {1il): 255)) arxe used in

various treatments such as transfusion therapy or for
the treatment of infections. Accordingly, other
embodiments of the present invention relate to methods
of treating a patient in need of hematopoetic
reconstitution or treatment using the HSCs or
hematopoetic lineage cells derived from hemangioblasts

of the invention.
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{0249]) In certain aspects, therefore, the present
invention relates to methods of treating a patient in
need of hematopoetic cells or treatment comprising
selecting a patient in need thereof, expanding or
isolating and expanding human hemangioblasts according
to the methods of the present invention,
differentiating said hemangioblast cells into
hematopoetic stem cells and/or mature hematopoetic
cells, and administering the hematopoietic cells to the
patient.

[0250] In other aspects oﬁ the invention, the
hemangioblasts are grown to give rise to endothelial
cells according to the methods disclosed herein. The
endothelial may subsequently be used to provide new
blood vessels or to induce repair of damaged blood
vessels at a site of injury in a patient. Thus in
certain aspects, the present invention relates to
methods of promoting new blood vessel growth or
repairing injured vasculature in which endothelial
cells derived from hemangioblasts are used as a
therapy. The endothelial cells may be used to treat
endothelial injury, such as myocardium infarction and
pulmonary ischemia, stroke and ischemic brain, ischemic
limbs and skin wounds including ischemic limbs and
wounds that occur in diabetic animals or patients,
ischemic reperfusion injury in the retina, renal
ischemia. The endothelial cells may also be used to
help reéair injured blood vessels following balloon
angioplasty or deployment of an endovascular stent as
well as in grafting, surgery and following radiation
injury. Further, the endothelial cells may be used to

treat and/or prevent progression of atherosclerosis as
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well as to repair endothelial cell damage that occurs
in systemic sclerosis and Raynaud's phenomenon.

fo251] The endothelial cell may be further
differentiated and those cells, as appropriate, may be
used in treating one or more of the "endothelial cell"
disease or conditions, such as those listed in the
preceding paragraph.

[0252] Accordingly, certain aspects of the invention
relate to methods of treating a patient with
endothelial or vascular injury or in need of blood
vessel growth or repair comprising selecting a patient
in need thereof, expanding or isolating and expanding
human hemangioblasts according to the methods of the
present invention, differentiating said hemangioblast
cells into endothelial cells, and administering the
endothelial cells to the patient.

Blood Banking

[0253] Another aspect of the present invention
provides methods of producing hematopoietic cells
suitable for transfusion. Although such cells and
methods have numerous uses, a particularly important
use would be in improving the availability of blood for
transfusions. 1In certaip preferred embodiments, the
invention provides red blood cells differentiated from
hemangicklasts/hemangio-colony forming units. Such
differentiated red blood cells could be used for
transfusions.

[0254] Further aspects of the invention relate to
methods pf generating differentiated hematopoietic
cells from hemangioblasts/hemangio-colony forming units
for use in blood transfusions for those in need

thereof. In certain embodiments, differentiated




2013201444 07 Mar 2013

10

15

20

25

30

- 100 -

hematopoietic cells are transfused to treat trauma,
blood loss during surgery, blood diseases such as
anemia, Sickle cell anemia, or hemolytic diseases, or
malignant disease. In certain embodiments, red blood
cells are transfused to treat trauma, blood loss during
surgery, or blood diseases such as anemia, Sickle cell
anemia, or hemolytic disease. In certain embodiments,
platelets are transfused to treat congenital platelet
disorders or malignant disease. In certain
embodiments, a mixed population of red blood cells and
platelets are transfused.
[0255] It should be noted that many differentiated
hematopoietic cell types, particularly red blood cells,
typically exist in vivo as a mixed population.
Specifically, circulating red blood cells of varying
levels of age and differentiation are found in vivo.
Additionally, red blood cells mature over time so as to
express less fetal hemoglobulin and more adult
hemoglobin. The present invention contemplates
transfusion of either purified populations of red blood
cells or of a mixed population of red blood cells
having varying levels of age and levels of
differentiation. In particular embodiments, the
invention contemplates transfusion of red blood cells
expressing fetal hemoglobin (hemoglobin F).
(02561 This invention provides a method for
producing differentiated hematopoietic cells from human
hemangio-colony forming cells in vitro, said method
comprising the steps of:

(a) providing human hemangio-colony forming
cells; and

b) differentiating said hemangio-colony

forming cells into differentiated hematopoietic cells.
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[0257] This invention also provides a method for
performing blood transfusions using hematopoietic cells
that were differentiated in vitro from human hemangio-
colony forming cells, said method comprising the steps
of:

(a) providing human hemangio-colony forming
cells;

(b) differentiating said hemangio-colony
forming cells into differentiated hematopoietic cells;
and

(c) performing blood transfusions with said
differentiated hematopoietic cells.
{0258] This invention also provides a method for
performing blood transfusions using hematopoietic cells
that had been differentiated in vitro from human
hemangio-colony forming cells, said method comprising
the steps of:

(a) culturing a cell culture comprising human
embryonic stem cells in serum-free media in the
presence of at least one growth factor in an amount
sufficient to induce the differentiation of said
embryonic stem cells into embryoid bodies;

(b) adding at least one growth factor to said
culture comprising embryoid bodies and continuing to
culture said culture in serum-free media, wherein said
growth factor is in an amount sufficient to expand
human hemangio-colony forming cells in said embryoid
bodies culture;

(c) differentiating-said hemangio-colony
forming cells into differentiated hematopoietic cells;
and

(d) performing blood transfusions with said

differentiated hematopoietic cells.
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[0259) In certain embodiments, said stem cells,
embryoid bodies and hemangio-colony forming are grown
in serum-free media throughout steps (a) and (b) of
said method.

[0260] This invention also provides a method for
performing blood transfusions using hematopoietic cells
that had been differentiated in vitro from human
hemangio-colony forming cells, said method comprising
the steps of:

(a) culturing a cell culture comprising human
embryo-derived cells in serum-free media in the
presence of at least one growth factor in an amount
sufficient to induce the differentiation of said
embryo-derived cells into embryoid bodies;

(b) adding at least one growth factor to said
culture comprising embryoid bodies and continuing to
culture said culture in serum-free media, wherein said
growth factor is in an amount sufficient to expand
human hemangio-colony forming cells in said embryoid
bodies culture;

(c) disaggregating said embryoid bodies into
single cells;

(d) adding at least one growth factor to said
culture comprising said single cells and continuing to
culture said culture in serum-free media, wherein said
growth factor is in an amount sufficient to expand
human hemangio-colony forming cells in said culture
comprising said single cells;

(e) differentiating said hemangio-colony
forming cells into differentiated hematopoietic cells;
and

(f) performing blood transfusions with said

differentiated hematopoietic cells.
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[0261] In certain embodiments, said embryo-derived
cells, embryoid bodies, hemangio-colony forming cells
and single cells are grown in serum-free media
throughout steps (a)-(d) of said method.

[0262) In certain embodiments, the embryo-derived
cell is an embryonic stem cell.

[0263) In certain embodiments; the growth factor is
a protein that comprises a homeobox protein, or a
functional variant or an active fragment thereof. In
certain embodiments, the homeobox protein comprises a
HOXB4 protein, or a functional variant or an active
fragment thereof.

[0264)] In certain embodiments, the differentiated
hematopoietic cells are produced as a single cell type
such as red blood cells, platelets, and phagocytes.
Note, however, that when a single cell type is
produced, the cell type may be heterogeneous in terms
of the level of maturity or differentiation of the
particular cell type. By way of example,
differentiated red blood cells may be heterogeneous in
terms of level of maturity and cellular age. Without
being bound by theory, such heterogeneity of
erythrocytic cells may be beneficial because it mimics
the way in which red blood cells are found in vivo.
(02651 In certain embodiments, the single cell types
are mixed to equal the proportion of differentiated
cell types that is found in blood. In certain
embodiments, multiple differentiated hematopoietic cell
types are produced in the same step. In certain
embodiments, the phagocyte is selected from:
granulocytes: neutrophils, basophils, eosinophils,
lymphocytes or monocytes. In certain embodiments, the

hematopoietic cell types are produced in a proportion
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approximately equal to the proportion of differentiated
hematopoietic cell types found in blood, 96% red blood
cells, 1% platelets, and 3% phagocytes. 1In certain
embodiments, plasma is added to the differentiated
hematopoietic cells before transfusion. In certain
embodiments, packed cells, for example packed red blood
cells, are transfused in the absence or substantial
absence of plasma.

[0266] In certain embodiments, the differentiated
‘hematopoietic cells produced from the methods of the
application are functional. 1In certain embodiments,
the platelets produced from the methods of the
application are functional. In certain embodiments,
the phagocytes produced from the methods of the
application are functional. In certain embodiments,
the red blood cells produced from the methods of the
application are functional. In certain embodiments,
the red blood cells express hemoglobin F prior to
transfusion. In certain embodiments, the red blood
cells carry oxygen. In certain embodiments, the red
blood cells have a lifespan equal to naturally derived
red blood cells. 1In certain embodiments, the red blood
cells have a lifespan that is 75% of that of naturally
derived red blood cells. In certain embodiments, the
red blood cells have a lifespan that is 50% of that of
naturally derived red blood cells. 1In certain
embodiments, the red blood cells have a lifespan that
is 25% of that of naturally derived red blood cells.
[0267] In certain embodiments, the methods of the
application produce 1 x 10° cells per 100 mm dish. In
certain embodiments, 2 x 10° cells are produced per 100
mm dish. In certain embodiments, 3 x 10° cells are

produced per 100 mm dish. In certain embodiments, 4 x
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10° cells are produced per 100 mm dish. In certain
embodiments, 5 x 10° cells are produced per 100 mm dish.
In certain embodiments, 6 x 10° cells are produced per
100 mm dish. In certain embodiments, 7 x 10° cells are
produced per 100 mm dish. In certain embodiments, 8 x
10° cells are produced per 100 mm dish. In certain
embodiments, 9 x 10° cells are produced per 100 mm dish.
In certain embodiments, 1 x 10’ cells are produced per
100 mm dish. In certain embodiments, 5 x 10’ cells are
produced per 100 mm dish. In certain embodiments, 1 x
10° cells are produced per 100 mm dish.

[0268]). In certain embodiments, the differentiation
step is performed using conditions known to one of
skill in the art as discussed above. In certain
embodiments, the differentiation step is performed
using methods specific to differentiate cells into red
blood cells (see W02005/118780, herein incorporated by
reference). In certain embodiments, the
differentiation step is performed using methods
specific to differentiate cells into platelets. 1In
certain embodiments, the differentiation step is
performed using methods specific to differentiate cells
into leukocytes. '

[0269] Differentiation agents which can be used
according to the present invention include cytokines
such as interferon-alpha A, interfercn-alpgha A/D,
interferon-.beta., interferon-gamma, interferon-gamma-
inducible protein-10, interleukin-1, interleukin-2,
interleukin-3, interleukin-4, interleukin-S,
interleukin-6, interleukin-7, interleukin-8,
interleukin-9, interleukin-10, interleukin-1,
interleukin-12, interleukin-13, interleukin-15,

interleukin-17, keratinocyte growth factor, leptin,
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leukemia inhibitory factor, macrophage colony-
stimulating factor, and macrophage inflammatory
protein-1 alpha.

(0270] Differentiation agents according to the
invention also include growth factors such as 6Ckine
(recombinant), activin A, AlphaA-interferon, alpha-
interferon, amphirequlin, angiogenin, B-endothelial
cell growth factor, beta cellulin, B-interferon, brain
derived neurotrophic factor, Cl0 (recombinant),
cardiotrophin-1, ciliary neurotrophic factor, cytokine-
induced neutrophil chemoattractant-1, endothelial cell
growth supplement, eotaxin, epidermal growth factor,
epithelial neutrophil activating peptide-78,
erythropoiétin, estrogen receptor-alpha, estrogen
receptor-B, fibroblast growth factor (acidic/basic,
heparin stabilized, recombinant), FLT-3/FLK-2 ligand
(FLT-3 ligand), gamma-interferon, glial cell line-
derived neurotrophic factor, Gly-His-Lys, granulocyte
colony-stimulating factor, granulocyte macrophage
colony-stimulating factor, GRO-alpha/MGSA, GRO-B, GRO-
gamma, HCC-1, heparin-binding epidermal growth factor
like growth factor, hepatocyte growth factor,
heregulin-alpha (EGF domain), insulin growth factor
binding protein-1, insulin-like growth factor binding
protein-1/IGF-1 complex, insulin-like growth factor,
insulin-like growth factor II, 2.5S nerve growth factor
(NGF), 7S-NGF, macrophage inflammatory protein-1B,
macrophage inflammatory protein-2, macrophage
inflammatory protein-3 alpha, macrophage inflammatory
protein-3B, monocyte chemotactic protein-1, monocyte
chemotactic protein-2, monocyte chemotactic protein-3,
neurotrophin-3, neurotrophin-4, NGF-B (human or rat

recombinant), oncostatin M (human or mouse
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recombinant), pituitary extract, placenta growth
factor, platelet-derived endothelial cell growth
factor, platelet-derived growth factor, pleiotrophin,
rantes, stem cell factor, stromal cell-derived factor
1B/pre-B cell growth stimulating factor, thrombopoetin,
transforming growth factor alpha, transforming growth
factor-Bl, transforming growth factor-B2, transforming
growth factor-B3, transforming growth-factor-BS, tumor
necrosis factor (alpha and B), and vascular endothelial
growth factor.

[0271] Differentiation agents according to the
invention also include hormones and hormone
antagonists, such as 17B-estradiol, adrenocorticotropic
hormone, adrenomedullin, alpha-melanocyte stimulating
hormone, chorionic gonadotropin, corticosteroid-binding
globulin, corticosterone, dexamethasone, estriol,
follicle stimulating hormone, gastrin 1, glucagon,
gonadotropin, hydrocortisone, insulin, insulin-like
growth factor binding protein, L-3,3',5'-
triiodothyronine, L-3,3',5-triiodothyronine, leptin,
leutinizing hormone, L-thyroxine, melatonin, Mz-4,
oxytocin, parathyroid hormone, PEC-60, pituitary growth
hormone, progesterone, prolactin, secretin, sex hormone
binding globulin, thyroid stimulating hormone,
thyrotropin releasing factor, thyroxine-binding
globulin, and vasopressin.

(0272] In addition, differentiation agents according
to the invention include extracellular matrix
components such as fibronectin, proteolytic fragments
of fibronectin, laminin, thrombospondin, aggrecan, and
syndezan.

{0273] Differentiation agents according to the

invention also include antibodies to various factors,
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such as anti-low density lipoprotein receptor antibody,
anti-progesterone receptor, internal antibody, anti-
alpha interferon receptor chain 2 antibody, anti-c-c
chemokine receptor 1 antibody, anti-CD 118 antibody,
anti-CD 119 antibody, anti-colony stimulating factor-1
antibody, anti-CSF-1 receptor/c-fins antibody, anti-
epidermal growth factor (AB-3) antibody, anti-epidermal
growth factor receptor antibody, anti-epidermal'growth
factor receptor, phospho-specific antibody, anti-
epidernal growth factor (AB-1) antibody, anti-
erythropoietin receptor antibody, anti-estrogen
receptor antibody, anti-estrogen receptor, C-terminal
antibody, anti-estrogen receptor-B antibody, anti-
fibroblast growth factor receptor antibody, anti-
fibroblast growth factor, basic antibody, anti-gamma-
interferon receptor chain antibody, anti-gamma-
interferon human recombinant antibody, anti-GFR alpha-1
C-terminal antibody, anti-GFR alpha-2 C-terminal
antibody, anti-granulocyte colony-stimulating factor
(AB-1) antibody, anti-granulocyte colony-stimulating
factor receptor antibody, anti-insulin receptor
antibody, anti-insulin-like growth factor-1 receptor
antibody, anti-interleukin-6 human recombinant
antibody, anti-interleukin-1 human recombinant
antibody, anti-interleukin-2 human recombinant
antibody, anti-leptin mouse recombinant antibody, anti-
nerve growth factor receptor antibody, anti-pé60,
chicken antibody, anti-parathyroid hormone-like protein
antibody, anti-platelet-derived growth factor receptor
antibody, anti-platelet-derived growth factor receptor-
B antibody, anti-platelet-derived growth factor-alpha
antibody, anti-progresterone receptor antibody, anti-

retinoic acid receptor-alpha antibody, anti-thyroid
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hormone nuclear receptor antibody, anti-thyroid hormone
nuclear receptor-alpha 1/Bi antibody, anti-transferrin
receptor/CD71 antibody, anti-transforming growth
féctor-alpha antibody, anti-transforming growth factor-
B3 antibody, anti-tumor necrosis factor-alpha antibody,
and anti-vascular endothelial growth factor antibody.
{02741 This invention also provides a library of
differentiated hematopoietic cells that can provide
matched cells to potential patient recipients as
described above. In certain embodiments, the cells are
stored frozen. Accordingly, in one embodiment, the
invention provides a method of conducting a
pharmaceutical business, comprising the step of
providing differentiated hematopoietic cell
preparations that are homozygous for at least one
histocompatibility antigen, wherein cells are chosen
from a bank of such cells comprising a library of human
hemangio-colony forming cells that can be expanded by
the methods disclosed herein, wherein each hemangio-
colony forming cell preparation is hemizygous or
homozygous for at least one MHC allele present in the
human population, and wherein said bank of hemangio-
colony forming cells comprises cells that are each
hemizygous or homozygous for a different set of MHC
alleles relative to the other members in the bank of
cells. As mentioned above, gene targeting or loss of
heterozygosity may be used to generate the hemizygous
or homozygous MHC allele stem cells used to derive the
hemangio-colony forming cells. In certain embodiments,
hemangio-colony forming cells of all blood types are
included in the bank. In certain embodiments,
hemangio-colony forming cells are matched to a patient

to ensure that differentiated hematopoietic cells of
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the patient's own blood type are produced. In certain
embodiments, hemangio-colony forming cells are negative
for antigenic féctors A, B, Rh, or any combination
thereof. 1In certain embodiments, the differentiated
hematopoietic cells are universal donor cells. By way
of example, hematopoietic cells that are type O and Rh
negative can be universally used for blood transfusion.
In certain embodiments, the invention provides methods
for producing type O, Rh negative red blood cells for
universal transfusion.

[0275]) In certain embodiments, red blood cells
differentiated from hemangio-colony forming cells
express fetal hemoglobin. Transfusion of red blood
cells that express fetal hemoglobin may be especially
useful in the treatment of Sickle cell anemia. As
such, the present invention provides improved methods
for treating Sickle cell anemia.

[0276] In one embodiment, after a particular
hemangio-colony forming cell preparation is chosen to
be suitable for a patient, it is thereafter expanded to
reach appropriate quantities for patient treatment and
differentiated to obtain differentiated hematopoietic
cells prior to administering cells to the recipient.
Methods of conducting a pharmaceutical business may
also comprise establishing a distribution system for
distributing the preparation for sale or may include
establishing a sales group for marketing the
pharmaceutical preparation.

[0277]) In any of the foregoing, hemangio-colony
forming cells can be directly differentiated or
hemangio-colony forming cells can be frozen for later
use. In certain embodiments, the invention provides a

frozen culture of hemangio-colony forming cells
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suitable for later thawing and expansion, and also
suitable for differentiation to hematopoietic or
endothelial lineages.

[0278) Human hemangio-colony forming cells can be
used to generate substantial numbers. of hematopoietic
cell types that can be used in blood transfusions. For
examples, substantial numbers of homogeneous or
heterogeneous populations RBCs and/or platelets can be
generated from human hemangio-colony forming cells.
Hemangio-colony forming cells and hematopoietic cell
types differentiated therefrom can be banked, as is
currently done with donated blood products, and used in
transfusions and other treatments. Banking of these
products will help alleviate the critical shortage of
donated blood products. Additionally, hemangio-colony
forming cells and derivative products can be
genetically manipulated in vitro to provide universal
donor blood products. |
[0279] As such, in certain aspects the invention
provides a method of conducting a blood banking
business. The subject banking business involves the
derivation and storage (long or short term) of
hemangio-colony forming cells and/or hematopoietic cell
types (e.g., RBCs, platelets, lymphocytes, etc.)
generated therefrom. Cells can be cryopreserved for
long term storage, or maintained in culture for
relatively short term storage. Cells can be typed and
cross-matched in much the same way the currently
available blood products are typed, and the cells can
be stored based on type. Additionally and in certain
embodiments, cells can be modified to specifically
generate cells that are A negative and/or B negative

and/or Rh negative to produce cells that are
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universally or nearly universally suitable for
transfusion into any patient.

[0280] Note that hemangio-colony forming cells
and/or differentiated hematopoietic cell types can be
generated using any of the methods of the invention
detailed through the specification.

[0281]) In certain embodiments of a method of
conducting a blood banking business, the cells
(hemangio-colony forming cells and/or differentiated
hematopoietic cell types) are generated and stored at
one or more central facilities. Cells can then be
transferred to, for example, hospitals or treatment
facilities for use in patient care. In certain other
embodiments, cells are maintained in a cryopreserved
state and specifically thawed and prepared for
transfusion based on orders from hospitals or other
treatment facilities. Such orders may be a standing
order (e.g., generate and provide a certain quantity of
cells of a certain number of units

[0282] In certain embodiments, the method includes a
system for billing hospitals or insurance companies for
the costs associated with the banked products.

[0283) In certain embodiments of any of the
foregoing, the cells can be allocated based on cell
number, volume, or any unit that permits the user to
quantify the dose being administered to patients and/or
to compare these doses to that administered during a
standard blood transfusion.

[0284] In certain embodiménts, the cells are
generated, stored, and administered as a mixed
population of cells. For example, the preparation may
include cells of varying developmental stages, as well

as distinct cell types. In other embodiments, the
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cells are generated, stored, and/or administered as a

substantially purified preparation of a single cell

type.

(02851 In certain embodiments, the preparations of

cells are screened for one or more infectious diseases.
Screening may occur prior to or subsequent to
generation or storage. For example, the preparations
of cells may be screened to identify hepatitis, HIV, or
other blood-borne infectious disease that could be

transmitted to recipients of these products.

Induction of tolerance in graft recipients

[(0286] The human hemangioblast cells generated and
expanded by the methods of this invention, or expanded
by the methods of this invention, may be used to induce
immunological tolerance. Immunological tolerance
refers to the inhibition of a graft recipient's immune
response which would otherwise occur, e.g., in response
to the introduction of a nonself MHC antigen (e.g., an
antigen shared with the graft and the tolerizing
hemangioblasts) into the recipient. Thus, tolerance
refers to inhibition of the immune response induced by
a specific donor antigen as opposed to the broad
spectrum immune inhibition that may be elicited using
immunosuppressants. Tolerance may involve humoral,
cellular, cor beth humeoral and cellular responses.
Tolerance may include the elimination and/or
inactivation of preexisting mature donor-reactive T
cells as well as long-term (e.g. lifelong) elimination
and/or inactivation of newly developing donor-reactive
T cells.

(0287]) The methods described in the present

invention of generating and expanding human
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hemangioblasts offer several advantages for inducing
tolerance. The methods of the present invention result
in the generation of large, previously unobtainable
numbers of human hemangioblasts. Large numbers of
human hemangioblasts allow induction of tolerance in
graft recipients with less toxic preconditioning
protocols. Furthermore, the methods of the present
invention provide for the generation of a library of
human hemangioblasts, each of which is hemizygous or
homozygous for at least one MHC allele present in the
human population, wherein each member of said library
of hemangioblast cells is hemizygous or homozygous for
a different set of MHC alleles relative to the other
members in the iibrary. Such a library of human
hemangioblasts can be used in the selection of
tolerizing human hemangioblast cells such that cells
can be selected to match any available donor graft.
[(0288] Bone marrow transplantation and subsequent
establishment of hematopoietic or mixed chimerism have
previously been shown to induce specific tolerance to
new tissue types derived from hematopoietic stem cells
in both murine and human models. Hematopoietic or
mixed chimerism refers to the production in a recipient
of hematopoietic cells derived from both donor and
recipient stem cells. Hence, if a recipient achieves
hematopoietic chimerism, the recipient will be tolerant
to donor-specific antigens. In many protocols for
inducing tolerance, the tolerizing donor cells that are
administered to the recipient engraft into the bone
marrow of the recipient. To create hematopoietic space
in the recipient bone marrow for the donor cells, some
protocols require a step of creating hematopietic space

(e.g., by whole body irradiation), and such a step is
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typically toxic or harmful to the recipient. However,
if very large numbers of donor tolerizing cells are
évailable, there is evidence from rodent models that
irradiation can be completely eliminated, thereby
achieving hematopoietic or mixed chimerism with the
advantage of less toxic pre-conditioning regimens.
Thus, mixed chimerism can be achieved, for example,
with specific, non-myeloablative recipient
conditioning.

[0289] Accordingly, as the novel methods described
herein enable the production of large numbers of human
hemangioblast cells, the present invention offers the
advantage of inducing immune tolerance with less
rigorous or less toxic conditioning protocols. For
example, the hematopoietic space-creating step may be
eliminated if a sufficient number of tolerizing donor
cells are used. ‘

[0290] Accordingly, in certain embodiments of the
present invention, human hemangioblast cells generated
and expanded or expanded by the methods described
herein may be used to induce immunological tolerance.
While not wishing to be bound by any theory on the
mechanism, the human hemangioblast cells may induce
immunological tolerance by homing to the recipient's
bone marrow and engrafting into the recipient's bone.
marrow in order to produce mixed chimerism
[0291] In certain embodiments, donor human
hemangioblast cells are administered to a recipient
patient (e.g., by intravenous injection) prior to
implanting a graft or transplanting an organ, tissue,
or cells from the donor into the recipient patient. 1In
certain embodiments, human hemangioblasts are

administered to induce tolerance in patients in need
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thereof {(e.g., graft or transplant recipients).
Accordingly, in certain embodiments the method of
inducing tolerance in a human recipient patient
comprises the steps of: (a) selecting a patient in need
of a transplant or cellular therapy; (b) administering
to said patient human hemangioblast cells derived from
a donor or that are matched to the donor, wherein said
hemangioblast cells are generated and expanded or
expanded according to the methods of this invention,
and (c¢) implanting a donor organ, tissue, or cell graft
into the recipient patient, wherein said hemangioblast
cells induce tolerance to donor antigens. In certain
embodiments, the patient will receive an organ, tissue,
or cell therapy, wherein the organ, tissue, or cells
are obtained from the donor or a donor cell source. For
example, hemangioblast cells from a donor can be (1)
expanded according to the methods described herein to
generate a large number of donor tolerizing cells, and
(2) expanded and differentiated in vitro to obtain
hematopoietic or endothelial cells or tissues, which
can be subsequently implanted into the recipient
patient. In other embodiments, the organ, tissue, or
cell therapy is not derived from donor hemangioblast
cells but is matched to the donor hemangioblasts.

[0292) As used herein, the term “matched” relates to
how similar the HLA typing is between the donor and the
recipient (e.g., graft). In one embodiment, the term
'matched" with respect to donor hemangioblast cells and
graft refers to a degree of match t the MHC class I
and/or at the MHC class II alleles such that rejection
does not occur. In another embodiment, the term
“matched” with respect to donor hemangioblasts and

graft refers to a degree of match at the MHC class I
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and/or at the MHC class II alleles such that the donor
graft is tolerized by its matching donor hemangioblast
cells. In another embodiment, the term "matched" with
respect to donor hemangioblast and graft refers to a
degree of match at the MHC class I and/or at the MHC
class II alleles such that immunosuppression is not
fequired.

[0293] The methods described herein for inducing
tolerance to an allogeneic antigen or allogeneic graft
may be used where, as between the donor and recipient,
there is degree of mismatch at MHC loci or other loci,
such that graft rejection results. Accordingly, for
example, in certain embodiments, there may be a
mismatch at least one MHC locus or at least one other
locus that mediates recognition and rejection, e.g., a
minor antigen locus. In some embodiments, for example,
the HLA alleles of the recipient and donor are
mismatched and result in one or more mismatched
antigens. With respect to class I and class II MHC
loci, the donor and recipient may be, for example:
matched at class I and mismatched at class II; |
mismatched at class I and matched at class II;
mismatched at class I and mismatched at class II;
matched at class I, matched at class II. In any of
these combinations other loci which control recognition
and rejection, e.g., minor antigen loci, may be matched
or mismatched. Mismatched at MHC class I means
mismatched for one or more MHC class I loci, e.q.,
mismatched at one or more of HLA-A, HLA-B, or HLA-C.
Mismatched at MHC class II means mismatched at one or
more MHC class II loci, e.g., mismatched at one or more
of a DPA, a DPB, a DQA, a DQB, a DRA, or a DRB. For
example, the hemangioblasts and the graft may be
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matched at class II HLA-DRB1 and DOB1l alleles. The
hemangioblasts and graft may further be matched at two
or more class I HLA-A, B, or C, alleles (in addition to
having matched DRB1l and DQBl alleles).

(0294] In other embodiments, the tolerizing donor
cells are cells derived from the hemangioblasts
generated and expanded or expanded by the methods
described herein. According to this embodiment, donor
human hemangioblasts are differentiated in vitro to
give rise to donor hematopoietic stem cells, and the
donor hematopoietic stem cells are then administered to
the recipient patient to induce tolerance. In any of
the above methods, the donor hemangioblasts or
hematopoietic stem cells derived therefrom and
administered to said recipient prepare the recipient
patient for the matched (with respect to the donor
tolerizing cells) transplant or graft by inducing
tolerance in said recipient.

[0295] In other embodiments, the method of inducing
tolerance further comprises the step(s) of creating
hematopoietic space (to promote engraftment of
hemangioblasts or hematopoietic stem cells derived
therefrom). In another embodiment, the method of
inducing tolerance further comprises the step(s) of
temporarily inhibiting rejection of donor hemangioblast
cells or hematopoetic stem cells derived therxrefrom by,
for example, eliminating and/or inactivating
preexisting donor-reactive T cells. In order to create
hematopoietic space, the method may include irradiation
(e.g., whole body, lymphoid, or selective thymic
irradiation). To prevent rejection of donor cells, the
method may further comprise the administration of drugs

or antibodies (e.g., inhibitors of cell proliferation,
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anti-metabolites, or anti-T cell or anti-CD8 or anti-
CD4 antibodies), and/or other treatments that promote
survival and engraftment of the donor cells and the
formation of mixed chimerism (e.g., the administration
of stromal cells or growth factors, cytokines, etc. to
said recipient, or other agents that deplete or
inactive the recipient’s natural antibodies). 1In
certain embodiments, the irradiation, antibodies,
drugs, and/or other agents administered to create
hematopoietic space and/or promote survival of donor
cells in the recipient, is sufficient to inactivate
thymocytes and/or T cells in the recipient. Such a
step of creating hematopoietic space and/or temporarily
inhibiting rejection of donor cells may be performed,
for example, before the introduction of the donor
hemangioblast cells to said recipient. Alternatively,
the patient may receive an agent or method for
blocking, eliminating, or inactivating T cells
concurrently with the administration of the donor
tolerizing cells.

[0296] In certain embodiments, a combination of
hematopoietic space-creating and immunosuppressive
methods are used. For example, a recipient may receive
an anti-T cell antibody in combination with low dose
whole body irradiation and/or thymic irradiation. In
one embodiment, the recipient may receive anti-CD4 and
anti-CD8 antibodies, followed by a mild, -
nonmyeloablative dose of whole body irradiation (e.gq.,
a dose that eliminates a fraction of the recipient’s
bone marrow without rendering the bone marrow
unrecoverable) and selective thymic irradiation or
alternatively, an additional dose of T cell-

inactivating antibodies or costimulatory blocking
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reagents (e.g., CTLA4-Ig and/or anti-CD40L antibody).
Following the irradiation, donor hemangioblast cells,
or hematopoietic stem cells derived-therefrom, may be
admiﬁistered to the recipient (e.g., by intravenous
injection). In this embodiment, whole body irradiation
to promote engraftment of donor cells may be replaced
by administering a large number of donor human
hemangioblasts or hematopoietic stem cells derived
therefrom. Obtaining such large numbexrs of donor human
cells can be achieved according to the methods
described herein.

[0297] In another embodiment, treatments to deplete
or inactivate recipient T cells may help to prevent
inhibition of engraftment or promote survival of the
administered donor tolerizing human hemangioblast
cells. In another embodiment, the method may include
clonal deletion of donor-reactive cells in the
recipient patient. For example, a patient may receive
a mild dose of whole body irradiation, followed by
administration of donor human hemangioblasts and T cell
costimulatory blockade. Alternatively, a patient may
receive T cell costimulatory blockade and
administration of large numbers of donor human
hemangioblast cells without receiving irradiation.
[0298] In another embodiment, tolerance may be
achieved without myeloablative conditioning of the
recipient. In one embodiment, a recipient may receive
donor human hemangioblasts in combination with anti-
CD40L to facilitate engraftment of donor
hemangioblasts. For example, a recipient may receive
large numbers of donor hemangioblasts, along with anti-
CD40L monoclonal antibody, followed within a few days
by a dose of CTLA4-Ig. Such a protocol may delete
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donor-reactive T cells and block the CD40-CD40L
interaction. The novel methods described herein for -
generating and expanding human hemangioblasts in vitro
render such a mild tolerance protocol feasible.

[0299] Following recipient conditioning and/or
depletion or blocking of donor-reactive T cells,'donor
tolerizing human hemangioblasts generated by the
methods of the present invention are administered to
the recipient. Donor human hemangioblasts may be
derived from hemangioblasts obtained from a tissue or
cell source from the donor. Alternatively, donor human
hemangioblasts may be obtained from a different non-
donor source that is matched to the donor.

[0300] In certain embodiments, tolerance is induced
in a recipient patient by administering donor human
hemangioblasts in multiple administrations (e.g., by
two, three, four, or more administrations of the donor
cells). Accordingly, tolerance may be induced by a
method comprising multiple administrations of donor
tolerizing cells, wherein the multiple administrations
are given to the recipient within a timeframe of a week
or less.

[0301) In certain embodiments, the ability of the
human hemangioblast cells of this invention to induce
immunological tolerance may be evaluated using
different experimental model systems. For example, the
ability to establish a human immune system in a SCID
mouse has been used to study the human immune response
in an experimental model. It has been previously shown
that human fetal liver and thymus tissue may be used to
reconstitute a functional human immune system in an
immuno-incompetent mouse recipient. Similarly, the

functional capacity of the human hemangioblast cells of
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this invention can be assessed using a similar
experimental model system. For example, the ability of
human hemangioblasts to replace human fetal liver in
establishing a functional human immune system in the
mouse can be evaluated using the above-described
experimental model. Further, in a mouse with a
functional human immune system (e.g., where a human
fetal liver and thymus tissue is used to establish a
human immune system in a SCID mouse to produce a hu-
SCID mouse), human “donor” hemangioblasts (mismatched
with respect to the fetal liver and thymic tissue used
to establish the hu-SCID mouse) may be administered to
the hu-SCID mouse, according to any of the methods
described above, in order to achieve mixed chimerism.
Tolerance to donor antigen can be subsequently tested
upon implantation of an allograft matched with respect
to the donor hemangioblasts into these animals.

[0302] In certain embodiments, the present invention
relates to cell combinations. Effective cell
combinations comprise two components: a first cell type
to induce immunological tolerance, and a second cell
type that regenerates the needed function. Both cell
types may be produced by the methods of the present
invention and obtained from the same donor. For
example, human hemangioblast cells from a donor may be
used as the tolerizing donor cells. Cells from the
donor (e.g., embryonic stem cells, pluripotent stem
cells or early progenitor cells, or hemangioblasts) may
also be used to generate, for example, hematopoietic
cells or endothelial cells (as described herein),
neural cells such as oligodendrocytes, hepatocytes,
cardiomyocytes or cardiomyocyte precursors, Or

osteoblasts and their progenitors. Accordingly, the
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donor human hemangioblasts may be used to induce
tolerance in a recipient such that the recipient is
tolerant to cells or tissues derived from said donor
hemangioblast cells or from said donor embryonic or
pluripotent stem cells.

(03031 In another embodiment, the two cell
components of the cell combinations of the present
invention may be obtained from different sources or
donors, wherein the two sources or donors are matched.
For example, hemangioblasts may be generated from an

embryonic stem cell source, whereas the graft cells or

_ tissues may be obtained from a source that is different

from the embryonic stem cell source used to generate
the human hemangioblasts. In such embodiments, the two
sources are matched.

[(0304] For any of the therapeutic purposes described
herein, human hemangioblast or hematopoietic cells
derived therefrom for immunotolerance may be supplied
in the form of a pharmaceutical compocsition, comprising
an isotonic excipient prepared under sufficiently

sterile conditions for human administration.

Hemangioblasts in gene therapy

{03051 Other aspects of the invention relate to the
use of hemangioblast cells, or hematopoietic or
endothelial cells differentiated therefrom. or in turn
cells further differentiated from these cells, in gene
therapy. The preparation of mammalian hemangioblast
cells of the invention may be used to deliver a
therapeutic gene to a patient that has a condition that
is amenable to treatment by the gene product of the
therapeutic gene. The hemangioblasts are particularly

useful to deliver therapeutic genes that are involved
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in or influence angiogenesis (e.g VEGF to induce
formation of collaterals in ischemic tissue),
hematopoiesis (e.g. erythropoietin to induce red cell
production), blood vessel function (e.g. growth factors
to induce proliferation of vascular smooth muscles to
repair aneurysm) or blood cell function (e.g. clotting
factors to reduce bleeding) or code for secreted
proteins e.g. growth hormone. Methods for gene therapy
are known in the art. See for example, U.S. Pat. No.
5,399,346 by Anderson et al. A biocompatible capsule
for delivering genetic material is described in PCT
Publication WO 95/05452 by Baetge et al. Methods of
gene transfer into bone-marrow derived cells have also
previously been reported (see U.S. Pat. No. 6,410,015
by Gordon et al.). The therapeutic gene can be any gene
having clinical usefulness, such as a gene encoding a
gene product or protein that is involved in disease
prevention or treatment, or a gene having a cell
regulatory effect that is involved in disease
prevention or treatment. The gene products may
substitute a defective or missing gene product,
protein, or cell regulatory effect in the patient,
thereby enabling prevention or treatment of a disease
of condition in the patient.

(03061 Accordingly, the invention further provides a
method of delivering a therapeutic gene to a patient
having a condition amenable to gene therapy comprising,
selecting the patient in need thereof, modifying the
preparation of hemangioblasts so that the cells carry a
therapeutic gene, and administering the modified
preparation to the patient. The preparation may be
modified by techniques that are generally known in the

art. The modification may involve inserting a DNA or
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RNA segment encoding a gene product into the mammalian
hemangioblast cells, where the gene enhances the
therapeutic effects of the hemangioblast cells. The
genes are inserted in such a manner that the modified
hemangioblast cell will produce the therapeutic gene
product or have the desired therapeutic effect in the
patient's body. In one embodiment, the hemangioblasts
are prepared from a cell source originally acquired
from the patient, such as bone marrow. The gene may be
inserted into the hemangioblast cells using any gene
transfer procedure, for example, naked DNA
incorporation, direct injection of DNA, receptor-
mediated DNA uptake, retroviral-mediated transfection,
viral-mediated transfection, non-viral transfection,
lipid-mediated transfection, electrotransfer,
electroporation, calcium phosphate-mediated
transfection, microinjection or proteoliposomes, all of
which may involve the use of gene therapy vectors.
Other vectors can be used besides retroviral vectors,
including those derived from DNA viruses and other RNA
viruses. As should be apparent when using an RNA
virus, such virus includes RNA that encodes the desired
agent so that the hemangioblast cells that are
transfected with such RNA virus are therefore provided
with DNA encoding a therapeutic gene product. Methods
for accomplishing introduction of genes into ceils are

well known in the art (see, for example, Ausubel, id.).

[0307] In accordance with another aspect of the
invention, a purified preparation of human
hemangioblast cells, in which the cells have been
modified to carry a therapeutic gene, may be provided
in containers or commercial packages that further

comprise instructions for use of the preparation in
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gene therapy to prevent and/or treat a disease by
delivery of the therapeutic gene. Accordingly, the
invention further provides a commercial package (i.e.,
a kit) comprising a preparation of mammalian
hemangioblast cells of the invention, wherein the
preparation has been modified so that the cells of the
preparation carry a therapeutic gene, and instructions
for treating a patient having a condition amenable to

treatment with gene therapy.

other commercial applications and methods

[(o308) Certain aspects of the present invention
pertain to the expansion of human hemangioblasts to
reach commercial quantities. 1In particular
embodiments, human hemangioblasts are produced on a
large scale, stored if necessary, and supplied to
hospitals, clinicians or other healthcare facilities.
Once a patient presents with an indication such as, for
example, ischemia or vascular injury, or is in need of
hematopoietic reconstitution, human hemangioblasts can
be ordered and provided in a timely manner.
Accordingly, the present invention relates to methods
of generating and expanding human hemangioblasts to
attain cells on a commercial scale, cell preparations
comprising human hemangioblasts derived from said
methods, as well as methods of providing (i.e.,
producing, optionally storing, and selling) human
hemangioblasts to hospitals and clinicians. Further,
hemangioblést lineage cells may be produced in vitro
and optionally stored and sold to hospitals and
clinicians.

[0309] Accordingly certain aspects of the present

invention relate to methods of production, storage, and




2013201444 07 Mar 2013

10

15

20

25

30

- 127 -

distribution of hemangioblasts expanded by the methods
disclosed herein. Following human hemangioblast
generation and expansion in vitro, human hemangioblasts
may be harvested, purified and optionally stored prior
to a patient's treatment. Alternatively, in situations
in which hemangioblast lineage cells are desired, human
hemangioblasts may be differentiated further in vitro
prior to a patient's treatment. Thus in particular
embodiments, the present invention provides methods of
supplying hemangioblasts to hospitals, healthcare
centers, and clinicians, whereby hemangioblasts or
hemangioblast lineage cells produced by the methods
disclosed herein are stored, ordered on demand by a
hospital, healthcare center, or clinician, and
administered to a patient in need of hemangioblast or
hemangioblast lineage therapy. 1In alternative
embodiments, a hospital, healthcare center, orxr
clinician orders human hemangioblasts based on patient
specific data, human hemangioblasts are produced
according to the patient's specifications and
subsequently supplied to the hospital or clinician
placing the order.

[0310] Further aspects of the invention relate to a
library of hemangioblasts and/oxr hehangioblast lineage
cells that can provide matched cells to potential
patient recipients. Accordingly, in one embodiment,
the invention provides a method of conducting a
pharmaceutical business, comprising the step of
providing hemangioblast preparations that are
homozygous for at least one histocompatibility antigen,
wherein cells are chosen from a bank of such cells
comprising a library of human hemangioblasts that can

be expanded by the methods disclosed herein, wherein
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each hemangioblast preparation is hemizygous or
homozygous for at least one MHC allele present in the
human population, and wherein said bank of
hemangioblast cells comprises cells that are each
hemizygous or homozygous for a different set of MHC
alleles relative to the other members in the bank of
cells. As mentioned above, gene targeting or loss of
heterozygosity may be used to generate the hemizygous
or homozygous MHC allele stem cells used to derive the
hemangioblasts. In one embodiment, after a particular
hemangioblast cell preparation is chosen to be suitable
for a patient, it is thereafter expanded to reach
appropriate quantities for patient treatment. Such
methods may further comprise the step of
differentiating the hemangioblasts to obtain
hematopoietic and/or endothelial cells prior to
administering cells to the recipient. Methods of
conducting a pharmaceutical business may also comprise
establishing a distribution system for distributing the
preparation for sale or may include establishing a
sales group for marketing the pharmaceutical
preparation. R

[0311] Other aspects of the invention relate to the
use of the human hemangioblasts of the present
invention as a research tool in settings such as a
pharmaceutical, chemical, or biotechnolbgy company, a
hospital, or an academic or research institution. For
example, human hemangioblasts and hemangioblast
derivative cells (e.g., endothelial cells) may be used
to screen and evaluate angiogenic and anti-angiogenic
factors or may be used in tissue engineering. 1In
addition, because the heﬁangioblasts obtained and

expanded by the methods disclosed herein have dual
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potential to differentiate into hematopoietic and
endothelial cells, they may be used for the cellular
and molecular biology of hematopoiesis and
vasculogenesis. Further, the human hemangioblasts may
be used for the discovery of novel markers of these
cells, genes, growth factors, and differentiation
factors that play a role in hematopoiesis and
vasculogenesis, or for drug discovery and the
development of screening assays for potentially toxic
or protective agents.

'[0312] In other embodiments of the present
invention, hemangioblast lineage cells (such as blood
cells) are also used commercially. Hematopoietic cells
may be used to generate blood products, such as
hemoglobin and growth factors, that may be used for
clinical and research applications.

[0313] The present invention also includes methods
of obtaining human ES cells from a patient and then
generating and expanding human hemangioblasts derived-
from the ES cells. These hemangioblasts may be stored.
In addition, these hemangioblasts may be used to treat
ﬁhe patient from which the ES were obtained or a
relative of that patient.

[0314) As the methods and applications described
above relate to treatments, pharmaceutical
preparations, and the storing of hemangioblasts, the
present invention also rel#tes to solutions of
hemangioblasts that are suitable for such applications.
The present invention accordingly relates to solutions
of hemangioblasts that are suitable for injection into
a patient. Such solutions may comprise cells
formulated in a physiologically acceptable licuid

(e.g., normal saline, buffered saline, or a balanced
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salt solution). A solution may optionally comprise
factors that facilitate cell differentiation in vivo.

A solution may be administered to a patient by vascular
administration (e.g., intravenous infusion), in
accordance with art accepted methods utilized for bone
marrow transplantation. In some embodiments, the cell

solution is administered into a peripheral vein, a

. superficial peripheral vein, or alternatively, by

central venous administration (e.g., through a central
venous catheter). The number of cells in the solution
may be at least about 10? and less than about 10° cells.
In other embodiments, the number of cells in the
solution may range from about 10!, 10?, sx10?%, 103,
5x10°, 10%, 10%, 10°, 107, or 10°® to about 5x10%, 10?,
sx103, 10%, 10°, 10%, 107, 10%, or 10°, where the upper
and lower limits are selected independently, except
that the lower limit is always less than the upper
limit. Further, the cells may be administered in a
single or in multiple administrations.

{0315] The present invention will now be more fully
described with reference to the following examples,
which are illustrative only and should not be

considered as limiting the invention described above.

Example 1: Hemangioblasts derived from human BS cells
exhibit both hematopoietic and endothelial potential

[(0316] The human embryonic stem cell lines H1l and H9

are cultured in ES cell media with mouse embryonic
fibroblasts (MEFs). Cultured human ES cells are
detached, pelleted by centrifugation at 200g, and
resuspended in embryoid body (EB) formation medium. EB
formation medium comprises serum-free Stemline media

(sigma®) supplemented with BMP-4 and VEGF. Cells are




2013201444 07 Mar 2013

10

15

20

25

30

~ 131 -

then plated on ultra-low attachment culture dishes and
cultured in a CO; incubator. After 24-48 hours, early
hematopoietic cytokines (TPO, Flt-3 ligand, and SCF).
are added and the cells incubated for another 24-48
hours to form EBs.

[0317] Embryoid bodies (EB) are cultured for 2-6
days or optionally 2-5 days and then collected, washed
with PBS and disaggregated into single cell suspensions
using Trypsin/EDTA. The numbers of EBs are determined
and approximately 5-10 X 10° cells/mL are cultured in
serum-free methylcellulose medium that is optimized for

hemangioblast growth comprising BL-CFU medium (Stem

Cell Technology™) and that is supplemented with
cytokines and a PTD-HOXB4 fusion protein. The cells
are then replated onto a new ultra-low attachment
culture dish to allow the growth of hemangioblast
colonies.

[0318) The EBs are monitored daily for the formation
of hemangioblast colonies. At approximately 3'days,
the formation of hemangioblast colonies are observed.
The hemangioblasts are characterized by a very
distinctive grape-like cell morphology.

[0319) Some of the cells should be able to form EBs
again (secondary EBs). The secondary EBs do not have
grape-like morphology, as shown in Figure 16b. The
hemangioblasts are also smaller than the secondary EBs.
[0320] These hemangioblast colonies are then
selected, picked and replated into methylcellulose CFU-
medium to test for their capacity to further
differentiate and form hematopoietic colony-forming
units (CFUs). Similarly, these hemangioblast colonies

are selected, picked and replated onto fibronectin-
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coated culture plates optimized for the first step
ﬁowards endothelial differentiation.

[0321] To test for the generation of hematopoietic
progenitor cells from these selected hemangioblast
colonies, the growth of colony-forming units (CFU) for
granulocytes, erythrocytes, macrophages and
megakaryocytes are measured during the next 3-10 days
of growth.

[0322] To test for the generation of endothelial
cells from these isolated hemangioblast colonies, the
ability of the hemangioblasts to form branched tube-
cords when they are replated into thick layers of
Matrigel is examined.

[{0323] The ability of the isolated hemangioblast
colonies to differentiate into endothelial cells could
also be confirmed using other endothelial-specific
assays, such as LDL uptake or the presence of

endothelial éell surface markers.

Example 2: Additional characterization of hESC-derived
BC cells or hemangioblasts

[(0324] Human ES cell culture. The hES cell lines

used in this study were previously described HI, H7,
and H9 (NIH-registered as WAOl, WAO7, and WAO9) cell
lines and four lines (MAOl1, MAO3, MA40, and MA09)
derived at Advanced Cell Technology. Undifferentiated
human ES cells were cultured on inactivated (mitomycin
Cc-treated) mouse embryonic fibroblast (MEF) cells in
complete hES media until they reached 80% confluence
(Klimanskaya & McMahon; Approaches of derivation and
maintenance of human ES cells:°Detailed procedures and
alternatives, in Handbook of Stem Cells. Volume 1:

Embryonic Stem Cells, ed. Lanza, R. et.al.
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(Elsevier/Academic Press, San Diego, 2004). Then the
undifferentiated hES cells were dissociated by 0.0S%
trypsin-0.53 mM EDTA (Invitrogen™) for 2-5 min and
collected by centrifugation at 1,000 rpm for S minutes.

{0325] EB formation. To induce hemangioblast

precursor (mesoderm) formation, hES cells (2 to 5 X 10°
cells/ml) were plated on ultra-low attachment dishes
(Corning™) in serum-free Stemline media (for e.g.,
Stemline I or II, Sigma™) with the addition of BMP-4
and VEGF,¢s (50 ng/ml, R&D Systems™) and cultured in 5%
CO,. Approximately 48 hours later, the EB medium was
replenished and supplemented with a cocktail of early
hematopoietic/endothelial growth factors. For example,
half the media were removed 48 hours later and fresh
media were added with the same final concentrations of
BMP-4 and VEGF, plus SCF, TPO and FLT3 ligand (20
ng/ml, R&D Systems). The triple protein transduction
domain (tPTD)-HoxB4 fusion protein (1.5 pg/ml) was
added to the culture media between 48-72 hr to expand
the hemangioblasts and their precursors.

-(0326] Hemangioblast or blast cell expansion. After

3.5-5 days, EBs were collected and dissociated by 0.05%
trypsin-0.53 mM EDTA (Invitrogen™) for 2-5 min, and a
single cell suspension was prepared by passing through
22G needle 3-S5 times and a 40uM strainer. Cells were
collected by centrifugation at 1,000 rpm for 5 minutes
and counted. Cell pellets were resuspended in 50-200
pl of serum-free Stemline media. To expand
hemangioblasts, single cell suspensions from EBs
derived from differentiation of 2 to 5 X 10° hES cells
were mixed with 2 ml BL-CFC/hemangioblast expansion

media (BGM) containing 1.0% methylcellulose in Iscove’s
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MDM, 1-2% Bovine serum albumin, 0.1 mM 2-

mercaptoethanol and a cocktail of growth factors. For

example, 10 pg/ml rh-Insulin, 200 pg/ml iron saturated
human transferrin, 20 ng/ml rh-GM-CSF, 20 ng/ml rh-IL-
3, 20 ng/ml rh-IL-6, 20 ng/ml rh-G-CSF, 3 to 6 units/ml
rh-EPO, 50 ng/ml rh-SCF, S50 ng/ml rh-FLt3 ligand,
song/ml rh-VEGF and 50 ng/ml rh-BMP-4) (“rh” stands for
wrecombinant human”) and 1.5 pg/ml of tPTD-HoxB4 fusion
protein, with/without 50 ng/ml of TPO and FL, was
added. The cell mixtures were plated on ultra-low
attachment dishes (e.g., 2-5 X 10° cells/2ml in one well
of a six-well plate) and incubated at 37°C in 5% CO, for
4-7 days. After 4-6 days, grape-like hemanéioblast
blast colonies (referred to as BL-CFCs or BCs) were
visible by microscopy, as shown in Figure 16a. [0327]

Approximately 0.35 + 0.01% and 0.52 + 0.06% of

individual cells from WAO1 hES cells and MAOl1l hES cells
developed into grape-like blast colonies (BCs),
respectively. The BCs contained <10 cells at the
beginning of day 3, rapidly expanding from days 4 to 6
to >100 cells (Fig. 16a). The colonies were generally
less compact and more morphologically homogenous than
secondary EBs (Fig. 16b). Cytospin preparation and
Wright-Giemsa staining of the hES-derived blast
colonies confirmed morphologic features of immature
blast cells (Figure l6c). To extend these results to
other hES cell lines (WA07 ([H7], WAO9 [H9], MAOl, MAOQ03,
MAO9, and MA40), supplements of FL (50 ng/ml) and Tpé
(50 ng/ml) were necessary for sustained growth of the
BC colonies (without FL and Tpo, small (10-20 cell)
hES-BCs wexre obtained which died after 4-8 days). The
discrepancy observed between different hESC lines may

be due to the instrinsic properties of these cell lines
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as previously observed by Bowles et al. (2006 Stem
Cells 24: 1359-1369). Epo (3-6 units/ml of human

recombinant Epo) was also essential for BC formation
and growth in all hES cell lines tested.

[0328] A time course was examined (from 2 days to 6
days) of human BL-CFC formation in EBs, and a narrow
time period was found during which human ESC-derived
EBs generated the greatest numbers of BL-CFCs (or hES-
BCs). Day 2 EBs generated hES-BCs at a low frequency
(7.3 + 7.4 BCs/1 x 10° EB cells for WAO1l hES cells,
mean + SE, n=3; 395 + 10.4 BCs/1 x 10° EB cells for MAOl
hES cells, n=3), and by day 6 only gave rise to
hematopoietic (erythroid) progenitors. However, day
3.5 EBs generated large numbers of hemangioblasts or
hES-BCs (347.4 + 11.1 BCs/1 x 10° EB cells for WAOl hES
cells, n=3; 523.3 + 60.1

BCs/1 x 10° EB cells for MAO1l hES cells, n=3) in all
hESC lines tested, including hESC lines derived from
both blastocysts (WAO1 and WAO9) and single blastomeres
(MAO1 and MAO9). Although efficiencies depended on the
hESC line and growth conditions (see Table 1), one 6-
well plate of WA01l-GFP and MAO1l hES cells (12-13 X 10°¢
cells) generated approximately 22.18 + 3.51 X 10°
(expanded for 6-8 days, mean + SE, n=17), and 49.73 1
7.23 X 10° (expanded for 6-8 days, n=9) and 396.4 %+
91.63 x

10° (expanded for 10-13 days, n=6) hemangioblast or hES-
BC cells, respectively. Accordingly, the cells could
be readily expanded under the well-defined and

reproducible conditions described above.
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Table 1
Efficiency of hES-BC cells derived from different hES
cell lines

hES cell hES-BC cells (10°)*/1 x 10° hES cells
lines

WAO1 (H1) 11.7; 26.7; 8.4; 20.0; 22.8; 31.9; 27.5;
8.4; 10.0; 16.7; 8.8; 14.2; 9.4, 7.5; 10.0;
52.5; and 28.0 (17 experiments)*

wA07 (H7) | 6.5 and 17.0 (2 experiments)*

WA09 (H9) |1.8; 2.0; and 2.2 (3 experiments)*

MAO1l 22.5; 25.0; 45.0; 42.5; 32.5; 42.8; 27.1;
80.0; and 55.5 (9 experiments) *

156.7; 220.8; 437.5; 192.0; 325.0; and 650.0
(6 experiment)s '

MAO09 . 16.5 and 11.3 (2 experiments) *

MA40 2.2; 2.5; and 3.0 (3 experiments)*

~hES-BC cells were collected and purified after culturing in BGM
for 6-8 days, then the number of cells was counted using a
hemocytometer. The efficiency was calculated based on 2 x 10°
cells/well of hES cells in a standard 6-well plate. #BCs were
expanded for 10-13 days.

[0329] Cryopreservation of hemangioblasts.

Hemangioblasts (or blast cells or hES-BC cells) can be
cryopreserved with serum-free media. For ‘
cryopreservation of hemangioblast cells, purified cells
were divided into two identical portions: half of these
cells were directly plated for both hematopoietic CFU
assay and endothelial cell development, the other half
was resuspended in 8% DMSO with Stemline medium and
stored in liquid nitrogen. Then cells were thawed and
examined for hematopoietic and endothelial development
potentials. After thawing, the hemangioblast cells
were plated for both hematopoietic and endothelial
lineage development as described herein and compared
with fresh, purified cells. For endothelial cell
lineage, 78 t 2% (mean % SE, n=3) of cells were
recovered after the freezing process, while 61 + 7%

(n=3) of total hematopoetic CFUs and 46 t 4% (n=3) of
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CFU-erythroid were retained as compared to fresh hES-BC
cells. No loss of more primitive multipotential
progenitors for CFU-mix was observed after recovering
hES-BC cells from l1iquid nitrogen storage.

[0330] Characterization of hemangioblasts. For BL-

CFC immunocytochemical analysis, purified BL-CFCs were
cytospun onto polylysine treated glass slides and fixed
in 4% paraformaldehyde. For examining the expression
of most genes, primary antibodies were incubated at 4°
C overnight, followed by fluorescent dye labeled
secondary antibodies, and finally examined under
fluorescent microscope. Normal human BM cells, K562
cells and HUVEC were used as controls..

{0331] Immunocytochemical analysis revealed that the
hES cell-derived BL-CFCs or BCs expressed several
hemangioblast related proteins but no CD31, CD34 and
KDR, or other adhesion molecules. The hES-BCs
expressed GATA-1 (Fig. 16d and 16e) and GATA-2
proteins. GATA-1 is a zinc finger transcription factor
essential for both primitive (embryonic) and definitive
(adult) erythropoiesis and is expressed in murine
hemangioblastic cells (Ferreira et al. 2005 Mol Cell
Biol 25: 1215-1227 and Yokomizo et al. 2007 EMBO J 26:
184-196) . GATA-2 is a zinc finger transcription factor
that functions at multiple steps in hemangioblast
development and differentiation {Lugus et al. 2007
Development 134: 393-405)). The hES cell-derived BL-
CFCs or BCs also expressed LMO2 (a LIM-domain protein
critical for hemangioblast development (Gering et al.
2003 Development 130: 6187-6199) (Fig. 16g and 16h) and
CXCR-4 (Fig. 16n and 160). CXCR-4 is the receptor for
chemokine SDF-1, which is expressed on the surface of

endothelial cells derived from hESCs, hematopoietic




2013201444 07 Mar 2013

10

15

20

25

30

- 138 -

stem cells, and mouse hemangiocytes. CXCR-4 plays an
important role in the migration, retention, and
development of hematopoietic progenitors in the bone
marrow. The cells additionally expressed TPO and EPO
receptors (Fig. 16t and 16u, and 16q and 16r, and Table
1), and readily reacted with antibody specific for
CcD71, the transferrin receptor (Fig. 16j and 16k) (see
Table 2 and Fig. 16d-v). The cells expressed little or
no CD31, CD34 and KDR, or other adhesion molecules
(Table 2). The absence of CD34, CD31, and KDR
expression, and the absence of CD133 expression, is a
unique profile of surface marker expression.

(0332] For gene profiling analysis, total RNA was
isolated from purified BL-CFCs/hES-BC cells, 3.5 day-
EBs and undifferentiated ES cells'using the RNAeasy kit
(Qiagen) . Fragmented antisense CRNA was used for
hybridizing with human U133.2 arrays (Affymetrix®, Inc)
at the Core Genomic Facility of University of
Massachusetts (Worcester, MA). For expression
profiling of the PB-cluster globin genes, individual CFU
colonies were picked up, RNA was isolated and
amplified, and B-, y- and €-globin gene expression was
analyzed as described previously (Lu et al. 2004 Blood
(103): 4134-4141).

(0333) Molecular profiling by Affymetrix™ Arrays
indicated a significant increase in genes associated
with hemangioblast and early primitive erythroblast
development as compared to early-stage EBs (Table 2).
sCL and LMO2, two genes critical for hemangioblast
development (D’Souza et al. 2005 Blood (105): 3862-
3870; Park et al. 2004 Development (131): 2749-2762;
Gering et al. 2003 Development (130): 6187-6199)), as
well as FLT-1 (a receptor for VEGF) were readily
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detectable in the BL-CFCs/blast colonies. Embryonic
(e-globin, 549-fold) and fetal

(y-globin, 817-fold)

globin gene expression was dramatically increased in
the BL-CFCs/hES-BCs; NF-E2 (12- fold), GATA-1 (6-fold),
EKLF (7-fold), ICAM-4 (4-fold), glycophorins (14-fold)

and Epo receptor (4-fold) message levels were also

moderately ‘increased.

Table 2
Characterization of BL-CFC (hES-BCs) by Affymetrix Arrays and
Immunocytochemistry
Affymetrix Arrays Immunocytochemistry
Genes EBs BL-CFC Antibodies BL-
CFC
Hemangioblasts GATA-1
+
GATA-2
+
TAL1/SCL - + B-catenin
-+
LMO2 + +1 CXCR-4
+
GATA-2 + + Tpo-receptor
+
FLTI - + Epo-receptor
+
EGR-1
+
HSC and Erythrioblast CD71 (transferrin receptor)
+
Neurokinin Bl
+
Epo-receptor + +1 KDR -
c-Kit + - PECAM-1 (CD31) -
CXCR-4 + + VE-cadherin -
GATA-1 - + CD34 -
NF-E2 - + OCT+4 -
EKLF - + Nanog -
ICAM4 (CD242) - + TRA-I-88 -
Band3 (CD233) - + SSEA-4 -
Band7.2 + - CD41 -
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Glycophorins

Arkrin-1
+
c-Myc
+
e-Globin
y-Globin
PF-4

PDGF-R2 (CD140A)

Pim-1

Endorhelial Cell

Tie-2

VE-cadherin
MADCAMI1

DOC1
EZFIT

Integrin B3 (CD61)
Selectin-P (CD62)

VEGF

Undifferentiated ES Cell

OCT-4
TRA-1
WntSa
FGF-R
FGF-R2
FGF-R3

Mesoderm

BMP-4
BMP-2
BMP-7
BMP-R1A
AVC-R2B
MEST
Brunchy T

Adhesion molecules

E-cadhenn
P-cadherin
N-cadherin
Integrin BS
Integrin B1

Connexin 43

+

+ 4+ + + +

+ +

++ 4+

+ 4+ + + + +
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+ CD43
Integrin a4

+

+1 Integrin 1

+ '+ + +

Pttt
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For immunochemistry: +, moderate to strong staining; —, negative staining; £, very weak staining.
For Affymetrix Arrays: +, expression level above background; —, expression level below
background; +1, expression level in BL-CFC is higher than expression level in EBs; +|, expression
level in. BL-CFC is lower than expression level in EBs.

[0334] Functional characterization of

hemangioblasts. The grape-like hemangioblast colonies

were picked and isolated manually under dissection
microscope and resuspended in serum-free Stemline
(Stemline I) media. The cells were then tested for
lineage potential by the methods described below.
[0335] Clonality of hES-blast cells. To determine

whether hES-blast colonies were clonal and originated
from a common bipotential progenitor cell, cell mixing
experiments were performed as previously described in
mouse studies (Choi et al. 1998 Development (125): 725-
732; Kennedy et al. 1997 Nature (386): 488-493). Cells
from EBs of WAOl1-GFP and MAOl1l hES cells were mixed and
plated in BGM. hES-blast colonies were examined 4-6
hours later by phase and fluorescence microscopy. 1In a
series of three experiments, 100% k77 out of 77) of the
blast colonies were found to be either GFP positive or
GFP negative (no mixed BCs were observed, Figures 18a
and 18b) .

[0336] To rule out the possibility that the GFP
negative coclonies contained cells with an inactive GFP
gene, GFP positive and GFP negative colonies were
examined for the presence of GFP sequence. Twelve
individual GFP positive and twelve individual GFP
negative colonies from the mixing experiments were
handpicked under phase and fluorescence microscopy.
Gencmic DNA was isolated by a MicroDNA kit (Qiagen™),

and GFP gpecific PCR reactions were performed. As an
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internal control for the PCR reactions, myogenin
primers were included in all PCR reactions, which
generate a fragment of 245 bp. PCR products were
separated on a 2% agarose gel and visualized by
ethidium bromide staining. The polymerase chain
reaction (PCR) analysis confirmed the absence of the
GFP gene sequence in all negative célonies (Fig. 18,
PCR analysis)).

[0337] Dilution studies further confirmed the
clonogenicity of both primary and secondary BCs (Table
3, Figure 18c). Limited dilution studies were carried
out using different numbers of cells (from 1.5 X 10° to
1.5 X 10°) from differentiated EBs. After diluting
single EB-cell suspensions with 150 ml BGM (100
cells/ml), they were plated in 15 ultra-low 96-well
plates and incubated at 37° C for BC development. To
confirm the clonal origin of blast colonies, the plates
were checked under masked conditions by two associates
4 hours after plating. Wells with double or triple
cell clumps were excluded from further investigation.
fo33s] " As reported by Kennedy et al. (1997 Nature
386: 488-493) in mouse ES cell studies, human blast
colony (hES-BC or BC) development was also ceil density
dependent with poor development at low cell number.
Seven BCs developed from fifteen 96-well plates (Figqg.
18c). Additional limiting dilution studies were
performed to determine whether the BCs contained cells
that have the potential to generate secondary BCs.
[0339]) For secondary BC growth, primary blast
colonies were handpicked and dissociated into single
cells. The single cells were then mixed (200, 300, and
1000 cells, respectively) with 20 ml BGM to make serial

dilutions and plated in six ultra-low 96-well plates
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(0.1 ml/well). Wells with double or triple cell clumps
were excluded from the study. A total of 29 secondary
BCs with identical morphological characteristics as
primary BCs developed from five 96-well plates. These
experiments confirmed the clonogenicity of both primary
and secondary hES-BCs (Table 3).

[0340] Bipotential capacity of hES-blast colonies.

Two strategies were used to demonstrate the bipotential
capacity of clonally-derived blast cells. In the first
method, for single BC expansion, individual hES-BC
colonies were handpicked and transferred to a
fibronectin-coated 48-well plate containing Stemline II
with growth factors supporting the growth of
hematopoietic and endothelial lineages. The growth
factors in the liquid cultures included recombinant
human SCF (20 ng/ml), Tpo (20ng/ml), FL (20 ng/ml), IL-
3 (20 ng/ml) VEGF (20 ng/ml), G-CSF (20n ng/ml), BMP-4
(15 ng/ml), IL-6 (10 ng/ml), IGF-1 (10 ng/ml),
endothelial cell growth supplement (ECGS, 100 pg/ml)
and Epo (3 U/ml). Following one week in culture, non-
adherent hematopoietic cells were removed by gentle
pipetting and used directly for hematopoietic CFU
assay. Following removal of the non-adherent cells,
the adherent populations were cultured for one more
week in EGM-2 endothelial cell medium (Cambrex™), and
then examined for the expression of VWFE
(0341) When individual BL-CFCs were transferred to
liquid cultures containing growth factors supporting
the growth of both hematopoietic and endothelial
lineages, both non-adherent and adherent cells
developed in more than 60% (15 of 24) BL-CFCs (Figure
184 and 18e, Table 2); 65% (16 of 24) of them formed

hematopoietic colonies including erythroid (Figure
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18i), myeloid (Figure 18j and 18k) and multilineage
(Figure 18m) after replating in semi-solid medium
supplemented with a spectrum of hematopoietic
cytokines. Over 95% (23 of 24) of the individuai BCs
generated adherent, stromal-like cells, which formed
capillary-vascular structures on Matrigel (Figure 18f)
that took up Ac-LDL (Figure 18g) and expressed VWF
(Figure 18h) .

[0342] In the second method, individual BCs from
both pfimary and secondary blast cell colonies were
picked and split into two groups; one group was tested
for hematopoietic CFU and the other group was tested
for endothelial progenitor formation. For primary BCs,
over 90% (22 of 24) gave rise to both hematopoetic and
endothelial lineages; 100% and 92% developed
hematopoetic and endothelial cells, respectively (Table
3). Similarly, seven individual BCs from limiting
dilution experiments were also examined for their
potential to differentiate into hematopoietic and
endothelial lineages. Five BCs generated both
hematopoietic and endothelial progeny (Table 3),
showing a lower efficiency than as compared with BCs
from regular experiments (71% vs. 92%), possibly due to
the non-optimal conditions of development. For the 29
secondary BCs, over half (15 of 29) gave rise to both
hematopoetic and endothelial lineages, whereas 6 (21%)
and 3 (10%) generated only hematopoetic or endothelial
cells, respectively (Table 3). Although the primary
BCs contained heterogeneous populations, including
precursors of hematopoietic and endothelial cells, the
secondary limiting dilution experiments clearly
demonstrate the existence of hemangioblasts in primary

BCs.
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Table 3
Hematopoietic and endothelial lineage development
from clonally-derived blast colonies

“.-. No. |, Henatopoietic :|:- Eridotheliali{ ~Hematepoietic. and-

Primary BCs * - 35
.: L Gt 23(96)
Primary BCs ** T R

' 24 [ 24(@100) " | 22(92) | 22(92)
Primary BCs L A B B
from limited - 7 1. 6@) . | 686 | - -5(7)
dilutionr . e |- R T TS L
SecondaryBCs | 29 | " 2172 | 20(69) 15(52)

*Individual BCs were transferred to liquid cultures containing both hematopoietic and endothelial
cytokines on fibronectin coated plastic wells. After | week of cuiture, the non-adherent and
adherent cells were removed and examined for hematopoietic CFU and endothelial cell
development.

*+I1ndividual BCs were transferred to EGM-2 media; half of the cells were cultured on fibronectin

coated wells for endothelial lineage development, and the other half plated directly for
hematopoictic CFU assay.

{0343) Hematopoietic progenitor assay. For the

hematopoietic progenitor assay, half of the cells were
mixed with 1 ml of serum-free hematopoietic colony-
forming—unit (CFU) media (H4436, Stem Cell
Technologies™) plus 1.5 pug/ml of tETD-HoxB4 and ©.5%
EX-CYTE (Serologicals Proteins Inc.™). Cells may also
be mixed with serum-free hematopoetic colony-forming
cell assay media containing 1.0% methylcellulose in
Iscove’'s MDM, 1-2% Bovine serum albumin, 0.1 mM 2-
mercaptoethanol, 10 pg/ml rh-Insulin, 200 pg/ml iron
saturated human transferrin, 20 ng/ml rh-GM-CSF, 20
ng/ml rh-IL-3, 20 ng/ml rh-IL-6, 20 ng/ml rh-G-CSF, 3
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units/ml rh-Epo, 50 ng/ml rh-SCF) and 1.5 to 5 ug/ml of
PTD-HoxB4 fusion protein. The cell mixtures were plated
on untreated 12-well cell culture plates, and incubated
at 37°C for 10-14 days.

[(0344] Hematopoietic CFUs were examined under the
microscope 10-14 days after initial plating. For
morphological characterization, single hematopoietic
CFU were picked and washed twice with PBS, cytospun on
to a glass slide, stained with Wright-Giemsa dye, and
cell morphology was examined under a microscope.

[(0345]) As an illustration of the hematopoietic
potential of hemangioblasts, hematopoietic CFUs were
observed from hemangioblasts that were generated from
H1-GFP ES cells, as shown in Figure 1.

(0346] The morphologies of other hematopoietic CFUs
that were observed are illustrated in Figures 2 - 6.
The CFUs for erythrocytes (CFU-E) were characterized by
the morphology displayed in Figure 2. The multipotent
CFUs (CFU-GEMM/Mix) were characterized by the
morphology displayed in Figures 3 and 4. The CFUs for
granulocytes (CFU-G) and macrophage (CFU-M) were
characterized by the morphology displayed in Figure 5.
The CFUs for granulocyte/macrophage (CFU-GM) and
megakaryocyte macrophage (CFU-Mk) were characterized by
the morphology displayed in Figure 6.

[0347) As another illustration of the hematopoietic
potential of hemangioblasts, colonies of erythroid
(Fig. 17a), granulocyte (Fig. 17b), macrophage (Fig.
17¢) and multilineage (Fig. 17d) hematopoietic cells
were also observed when single-cell suspensions were
plated in serum-free methylcellulose media containing
the spectrum of cytokines discussed above for 10 to 14

days. Wright-Giemsa staining (Fig. 17e-g),
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immunostaining (Fig. 17i-k) and FACS analysis (Fig.
17v-y) using antibodies against CD235a (erythocytes),
cD13 (myeloid) and CD45 (leukocytes) confirmed the
identity of their hematopoietic lineages.

Most CFUs (>50%) were multilineage with an erythroid
core and formed within a few days after plating (see
Fig. 1 for example).

[0348] Erythroid colonies resembled that of
primitive erythroid with brilliant red color, Wright-
Giemsa staining showed all erythroids were nucleated
(Fig. 17e-g). To further distinguish the deQelopmental
stage of the erythroids, CFU colonies were analyzed for
the expression patterns of the B-cluster globin genes
(Lu et al. 2004 Blood (103): 4134-4141). All the
erythroid and multilineage colonies expressed mainly
the embryonic £-globin gene; no B-globin gene message
was detected (data not shown), suggesting a primitive
yolk-sac-like status. '

[0349] For immunological characterization, CFU-E,
CFU-G, and CFU-Mix cells cytospun onto glass slides
were stained with anti-human CD235a, CD13, and CD45
antibodies. For the FACS analysis presented in Fiqures
17 m-p, CFU cells collected from one well were stained
with mouse IgGl isotype control, CD235a, CD13, and CD45S
and analyzed by a Coulter flow cytometer. The Wright-
Giemsa staining, immunostaining, and FACS analysi
confirmed the identity of their hematopoietic lineages
(Figures 17e-p) . .
[0350] For the FACS analysis presented in Figures
17v-y, three-coloxr cytometric analysis was performed
using standard procedures on a LSRII flow cytometer (BD
Biosciences™). Celle wexe collected from a2 well with

multiple types of hematopoietic CFUs and isolated by




2013201444 07 Mar 2013

10

15

20

25

30

- 148 -

diluting methylcellulose with 5 volumes of IMDM medium.
The single cell suspension was aliguoted and stained
with either isotype controls or antigen-specific
antibodies. The antibody combinations used were CD235a
conjugated to fluorescein-isothiocyanate (FITC), CD45
conjugated to R-Phycoerythrin (R-PE), and CD13
conjugated to—allophycocyanin (APC). An aliquot of
cells was also-stained with mouse IgG conjugated to
FITC, PE, and APC as isotype controls (BD Bioscience™).
Samples were run on a LSRII flow cytometer and analyzed
with FlowJo™ version 6.3.2 software.

[{0351] Endothelial progenitor assay. For the

endothelial progenitor assay, the other half of cells

was plated on a fibronectin coated plate (BD
Bioscience™) in EGM-2 or EGM-2MV complete media

(Cambrex™) for 3-7 days. The ability of the isolated
hemangioblast colonies to differentiate into
endothelial cells was also confirmed using tube
formation on Matrigel, LDL uptake and
immunohistochemistry to detect the presence of
endothelial cell surface markers.

[0352] Tube formation on Matrigel. Matrigel (BD
Bioscience™) was added to each well of a 4-well tissue
culture plate (0.2 ml) or a 96-well pate (0.05 ml) and
allowed to solidify at 37°C for 45 to 90 min. After
gelation, 0.2-0.3 ml (e.g., 0.1 ml for a 96-well plate)
of cell suspension in EGM-2 or EGM-2MV media containing
0.5 to 1.5 X 10° cells derived from the above culture
was placed on top of the Matrigel, and incubated at
37°C, 5% CO;. Formation of capillary-like (tube)
structures was checked after 16-24 hr incubation.

Figure 7 depicts a representative photograph of tube-
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éord formation of hemangioblasts derived from H9 (a)
and ACT30 (b) cells; following replating on Matrigel
based medium, the hemangioblasts gave rise to adherent
cells that formed capillary-vascular like structures
and that also took up Ac-LDL. Figure 8(a) also depicts
a representative photograph of tube-cord structure of
hemangioblasts with endothelial potential that were
derived from H1-GFP cells. Figure 17q also depicts the
capillary tube-like structures formed on Matrigel after
replating the adherent cells derived from
hemangioblasts. Such cells were also able to take up
AC-LDL (data not shown).

[0353) AC-LDL uptake. Hemangioblasts grown for 3-7
days on fibronectin coated wells were added with 10
pg/ml of Alexa Fluor 647-labeled AC-LDL (Invitrogen™)
and incubated for 4-6 hr. The cells were then washed 3
times with 1 X PBS and fixed with 4% paraformaldehyde
for 30 min. The uptake of AC-LDL was visualized under
a fluorescent microscope. For example, Figure 8b
illustrates the uptake of AC-LDL of hemangioblasts
derived from H1-GFP cells. ' Figure 17z and 17aa also
illustrate that incubation with AlexaFluor 594 labeled
AC-LDL revealed a punctuate staining pattern
characteristic of endothelial cells.

[0354] Immunocytochemistry. Hemangioblasts grown
for 3-7 days on fibronectin coated welils were washed 3
times with 1 X PBS and fixed with 4% paraformaldehyde
for 30 min. For the expression of von Willebrand
factor (vWF), PECAM-1 (CD31), VE-cadherin, KDR and
CD34, cells were permeabilized and then incubated with

primary anti-human vWF (Dako™ or Chemicon™), PECAM-1

and KDR (Cell Signaling Technologies™), VE-cadherin
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(R&D Systems™), and CD34 (Dako) antibodies respectively
overnight at 4°C, then incubated with corresponding

secondary antibodies labeled with Rhodamine or FITC

(Jackson Laboratory™) for 30-60 min. The expression of
the VWF protein was also detected by incubating with a
goat anti-mouse IgG-Alexa Fluor 647 secondary antibody
(Jackson Laboratory™) for 30-60 min. After final wash,
cells were checked under a fluorescent microscope.
Figure 9 illustrates the expression of VWF in
hemangioblasts that were derived from H1-GFP ES cells.
Figure 17s also illustrates the expression of VWF
(arrows) in hemangioblasts-derived endothelial cells.
Adherent cells in blood vessel-like structures were
positive for PECAM-1 (CD31), KDR and VE-cadherin
(Figure 17t, 17u, and 17z-17cc).

[03551] Neo-vessel formation was also observed when
adherent cells or handpicked BL-CFCs were mixed with
Matrigel and implanted in vivo for 4-5 weeks.
Histological examination of the Matrigel plugs
confirmed the presence of microvessels that were
immunoreactive with human specific nuclei and VvWF

antibodies. See Figures 10 and 11l.

Example 3: Method of producing and purifying an
exemplary HOXB4 protein

[0356) An exemplary HOXB4 protein is made and
purified. This is a TAT-HA-HOXB4 fusion protein.
[0357] A pTAT-HA-HoxB4 expression vector was
generated by cloning a PCR fragment (sense primer 5’-
TAC CTA CCC ATG GAC CAC TCG CCC-3’ (SEQ ID NO: 16) and
antisense primer 5’'-TCG TGG CTC CCG AAT TCG GGG GCA-3'
(SEQ ID NO: 17) encompassing the HoxB4 open reading

frame with and without N-terminal 32 amino acids into
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the Ncol and EcoRI sites of pTAT-HA expression vector
(a gift from Dr. SF. Dowdy, University of California
San Diego, La Jolla, CA), which contains an N-terminal
TAT PTD. The generated pTAT-HA-HoxB4 plasmid was
confirmed by sequence analysis and transformed into
BL21 (DE3) pLysS bacteria (Invitrogene™).

[0358] Bacterial cells growing at log phase were
induced with 1mM IPTG at 30 C for 4 hours and collected
by centrifugation. Since the 6xHis-fused recombinant
TAT-HoxB4 protein was found to be sequestered into
inclusion bodies by the host bacteria, the cells were
disrupted by sonication in denaturation solution (6 M
guanidinium, 20 mM NaPO,, and 0.5 M NaCl, pH 7.8) and
the 6xHis-fused TAT-HoxB4 recombinant proteins were
then bound to nickel resins (ProBond resin,
Invitrogen™). [0359] After several washings, the
TAT-HoxB4 fusion proteins were eluted in 20 mM NaPO,, pH
4.0, 0.5 M NaCl, 8 M urea plus 10 mM imidazole. The
TAT-HoxB4 fusion proteins were then desalted on a
Sephadex G-25 column into IMDM medium, aliquoted and
stored at -80° C immediately.

[0360] The purity and concentration of the TAT-HoxB4
fusion proteins were determined by SDS-PAGE gel
electrophoresis and visualized with Coomassie blue
staining. The purified TAT-HA-HoxB4 recombinant protein
runs as a ~37 KD protein. The concentration of the
purified TAT-HA-HoxB4 protein was estimated by
comparison with a BSA protein standard in the same gel.
[0361] Based on computer modeling, Ho et al. (2001
Cancer Res 61: 474-477) demonstrated that a modified
PTD
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possesses significantly enhanced protein transduction
potential compared with the native TAT PTD, both in
vitro and in vivo. To produce the modified PTD-HA-
HoxB4 fusion

protein, sense 5’'- CGA TGG GGA TCC GGC TAC GCA CGC GCA
GCT GCG CGC CAG GCT CGC GCC GGT GGA TCC ACC ATG-3’ (SEQ
ID NO: 18) and antisense 5’- CAT GGT GGA TCC ACC GGC
GCG AGC CTG GCG CGC AGC TGC GCG TGC GTA GCC GGA TCC CCA
TCG-3’ (SEQ ID NO: 19) oligos were digested with BamHI

and purified using a kit (Qiagen™). Then TAT fragment
in pTAT-HA-HOxB4 plasmid was replaced with the modified
PTD fragment, and triplicated PTD inserts were selected
based on restriction fragment size and confirmed by DNA
sequence analysis. This plasmid is referred to as
ptPTD-HA-HoxB4. pTAT-HA-HoxB4 and ptPTD-HA-HoxB4
plasmids were transformed into BL21 (DE3)pLysS bacteria

(Invitrogen™), and HoxB4 fusion protein expression was
induced by the addition of 1mM IPTG at 30° C for 4 h.
The 6xHis-fused recombinant TAT-HoxB4 and tPTD-HoxB4
proteins were sequestered into inclusion bodies by the
host bacteria, so the cells were disrupted by
sonication in denaturation solution (6 M guanidinium,
20 mM NaPO;, and 0.5 M NaCl, pH 7.8) and the 6xHis-fused
TAT-HoxB4 and tPTD-HoxB4 recombinant proteins were then
bound to nickel resins (ProBond resin, Invitrogen™).
After several washings, the TAT-HoxB4 and tPTD-HoxB4
fusion proteins were eluted in 20 mM NaPO4, pH 4.0, 0.5
M Nacl, 8 M urea plus 10 mM imidazole. The TAT-HoxB4
and tPTD-HoxB4 fusion proteins were then desalted in
Sephadex G-25 columns into IMDM medium, and aliquoted
and stored at -80° C immediately. The purity and
concentration of the TAT-HoxB4 and tPTD-HoxB4 fusion
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proteins were determined by SDS-PAGE gel
electrophoresis and visualized with Coomassie blue
staining. The purified TAT-HoxB4 and tPTD-HoxB4
recombinant proteins ran as =38 KD proteins. The
concentrations of the purified TAT-HoxB4 and tPTD-HoxB4
proteins were estimated by comparison with a BSA
protein standard in the same gel. For stability
assays, TAT-HoxB4 and tPTDHoxB4 proteins were added to
IMDM medium with 5% FBS or Stemline II medium with live
hESCs in Ultra low 24-well plates and incubated at 37°
C. Aliquots of the medium were removed at different
times and subjected for SDS-PAGE gel electrophoresis,
and visualized with Coomassie blue staining.

[0362] Beslu et al. (2002 Blood 100: 22a) have
feported that the first 31 amino acids of the N-
terminus of HoxB4 are dispensable for its function, and
that the removal of the N-terminal 33 amino acids
generates a more stable protein. ‘The results confirmed
that the full length TAT-HoxB4 protein was unstable,
forming a ~30 KD protein after several thawing cycles,
whereas the N-terminus-deleted TAT-HoxB4 and tPTD-HoxB4
proteins retained their integrity after repeated
thawing and overnight incubation at 37° C (Figure 19C).
As shown in Figure 192, tPTD-HoxB4 and TATHoxB4 were
relatively pure proteins after multiple column
chromatography under denaturing conditions and
desalting. The purified tPTD-HoxB4 protein ran as a
single =38 KD band under native SDS-PAGE, with a
maximum solubility in PBS or IMDM medium of 250 to 300
png/ml

as estimated by comparison with BSA protein standards.
Similar resulte were obtained from the TAT-HoxB4 fusion

protein.
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[0363]) Krosl et al. (2003 Nat Medicine 9: 1428-1432)
have observed that TAT-HoxB4 protein is very unstable
in environments containing FBS and it has to be
refreshed every second hour in order to retain
biological function. The results presented here
confirmed that tPTD-HoxB4 was labile in medium
containing 5% FBS, with a half life less than one hour
(Figure 19B); pretreatment of FBS at 70° C for 30
minutes eliminated most of the enzymatic activity. To
further examine its stability, tPTD-HoxB4 protein was
added to serum free Stemline medium and cultured with
hESCs at 37° C. As shown in Figure 19C, a substantial
fraction of tPTD-HoxB4 protein could be detected, even
after 48 h of culture with hESCs.

BExample 4: Matrigel plugs transplanted into SCID mice
give rise to endothelial cells.

[0364] Hemangioblast-derived endothelial cells or
pure hemangibblasts (1 x 10° cells) derived from H1-GFP

human ES cells were purified and resuspended in 700 pl

of Matrigel (BD Biosciences™). These cells were
injected subcutaneously in the dorsal region of 4-week-
old SCID mice (Jackson Laboratory™). Five weeks after
injection, the Matrigel plugs were removed from the
animals and frozen sections were prepared from the
plugs. Cross sections of the Matrigel plugs were fixed,
and stained by standard hematoxylin and eosin (H&E)
staining, as well as immunohistochemistry using an
anti-human specific nuclei antibody (MAB1281,
Chemicon™) and human specific anti-vWF antibody,
followed by fluorescent dye labeled corresponding

secondary antibodies (goat anti-mouse IgG-Texas Red
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secondary antibody for MAB1281). Figure 10
demonstrates vessels in cross sections of Matrigel
plugs with H&E staining; and Figure 11 demonstrates
that the vessels in cross sections of Matrigel plugs
are cells derived from human hemangioblasts, which are

positive for human specific nuclei antibody.

Example 5: In vivo ischemia/reperfusion studies of the
eye

[0365]) Two techniques, intravitreal injection and

adoptive transfer, were used to directly examine the

contribution of the hES-derived hemangioblasts to the

in vivo repair process. Ischemia/reperfusion (I/R)

injury was induced by elevation of the intraocular

pressure. This model of I/R injury results in damage

to the retinal endothelium including vaso-obliteration

and generation of acellular capillaries. Seven days

following retinal I/R injury, the mice were injected

either systemically via the retro-orbital sinus (n=13) '
or intraviterally (n=4) with fluorescently labeled

hemangioblast (also referred to as "hES-BC") cells

collected from day 6 hES-BCs. !
(03661 One day following injection, the mice were
euthanized and the retinas removed and labeled with
rhodamine-conjugated Ricinus communis agglutinin I.
This agglutinin binds to glycoproteins expressed
specifically by endothelial cells and thus is used to
fluorescently label the exterior surfaces of blood
vessels.

[0367] Confocal microscopy demonstrated green
fluorescent labeling for hemangioblast (hES-BC) derived
endothelial cells, which represented 33.5 + 10 % of the

retinal vasculature in the injured eye. No green
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fluorescence was observed in the control eye (Fig. 20a
and 20b, respectively), demonstrating that the
hemangioblast (hES-BC) cells homed to acellular regions
where they assimilated into injured regions only,
resulting in reendothelialization of non-perfused
acellular capillaries within the injured retina (Figs.
21a and 21b). This repair process was observed in all
(n=17) animals in a uniform manner.

[0368) A second set of animals with I/R injury (n=6)
were handled as described above, and were then, prior
to sacrifice, perfusion-fixed with 3-5 ml of TRITC-
conjugated dextran in order to visualize vascular
lumens of vessels and to conclusively demonstrate that
vessels repaired by these cells were patent and thus
functional. Red staining depicted patent vessels,
green staining demonstrated the hemangioblast (hES-BC)
derived endothelial cells, and yellow staining showed
where hemangioblast (hES-BC) cells have generated a
pateht vasculature. Figure 21d shows a large vessel
with yellow (red and green, appearing as light gray)
fluorescence two days after hES-BC cell injection,
indicating that the cells had incorporated into the
Qascular wall and that the vessel was perfused.
pParticularly striking in these animals was the large
number of microvessels that were observed to be only
green, which appeared to represent new collateral
compensatory neovasculature that had not yet matured
enough to develop patent lumens, and therefore remained
nonperfused with TRITC-dextran. Figure 20c shows the
uninjured control eye of the same animal and clearly
demonstrates that BC cells were not in any way
asgsociated with vasculature that has had no injury. 1In

retinal flatmounts from mice sacrificed 7 days
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following hES-BC cell injection, the number of green
tubes (non-lumenized, non-perfused vessels) was less
compared to mice sacrificed on day 2. There were more
yellow vessels (appearing as light gray or white)
representing hES-BC cell derived vessels (green)
perfﬁsed with TRITC-dextran (red). These represented
fully functional vessels and demonstrated that
ﬁemangioblast (hES-BC) cells had incorporated into
vessels of injured eyes which resulted in more areas
with perfused microvessels (Fig. 20e).

(0369] Fluorescent immunocytochemistry colocalizes
hemangioblast (hES-BC) cell-derived endothelial cells
to existing injured vasculature in cross sections of
mouse eyes that underwent I/R injury, and a
representative cross section of a vessel in the
ganglion cell layer in a retina from an injured eye is
shown (Fig. 20f). Colocalization of human nuclear
antigen staining with anti- CD31 staining of the vessel
suggests that some endothelial cells in the vasculature
were derived from hemangioblast (hES-BC) cells. Figure
20f shows a high magnification view of a vascular lumen
in the ganglion cell layer adjacent to the inner
limiting membrane. The lumen is surrounded by
endothelial cells (Fig. 20f, arrowhead, CD31) and also
by mature endothelial cell(s) derived from
hemangioblast (hES-BC) cells (Fig. 20f, arrow, human
nuclear antigen).

[0370] Methods. For the in vivo
ischemia/reperfusion studies, C57BL6/J mice (Jackson
Laboratory) were age 7 to 10 weeks of age at the
beginning of the study. The ischemia/reperfusion
injury was induced by elevaticn cf the intraocular

pressure (IOP). Mice were kept under inhalation
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anesthesia (Isoflurane vapor) during induction of
ischemia. The anterior chamber of the eye was
cannulated with a 30-gauge needle attached to an
infusion line of saline and the eye was subjected 2 h
of hydrostatic pressure (80-90 mmHg measured by Tono
Pen; Medtronic Solan, Jacksonville, Fla) on the
anterior chamber. This resulted in retinal ischemia as
confirmed by whitening of the iris and loss of the red
reflux. After 120 minutes the needle was withdrawn and
the IOP was normalized, resulting in reperfusion
injury. The contralateral eye served as a control.
[0371] Seven days following retinal ischemia
reperfusion injury, the mice were injected either
systemically via retro-orbital sinus (n=13) or injected
intravitreally'(n=4) with fluorescently labeled
hemangioblasts collected from day 6 hES-BCs.
Fluorescent vital labeling of hemangioblasts was
accomplished using the dye PKH-67 (Sigma-Aldrich™)
according to manufacturer’s guidelines. For systemic
injection each mouse received 4 X 10° labeled
hemangioblasts in 100 pl, while for intravitreal
injection each mouse received 5 X 10° hemangioblasts in
2 pl. The contralateral control eye of the
intravitreous injection group was injected with an
equivalent volume of sterile isotonic saline. One day
later the mice were euthanized and the eyes removed and
fixed in 4% paraformaldehyde for 1 h. After washing,
the eyes were dissected by a circumferential limbic
incision to remove the cornea and lens, followed by the
vitreous humor. The intact neural retina was next
removed by gently detaching it from the underlying
éhoroid. The intact retina was placed in

permeabilization buffer. The retinas were isolated and
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incubated overnight at 4°C in 1:1000 Rhodamine-
conjugated R. communis agglutinin I (Vector
Laboratories) in 10 mM HEPES, 150 mM NaCl and 0.1%
Tween 20 (pH 7.5). After 24 h, the retinas were washed
in 10 mM HEPES and 150 mM NaCl at for 24 h at 4°C and
then mounted’an coverslips for imaging using an MRC-
1024 Confocal lLaser Scanning Microscope (BioRad) at the
Optical Microscopy Facility at the University of
Florida (Gainesville). Altermatively, a Zeiss laser
scanning confocal microscope was used to image the
retinas.

[0372] For microscopy using the Zeiss laser scanning
microscope, the retinas were placed on glass coverslips
and their curvature was flattened by 4 or 5 radial
incisions extending from the ciliary margin to within
1mm of the optic disc. Simultaneous red and green
fluorescence digital image captures of the mounted
retinas were then made with a Zeiss laser scanning
confocal microscope using either a 10X or 20X '
objective. The z-section depth was kept constant at 2
pym, and the entire retinal vasculature through the
thickness of the neural retina (which includes the
superficial, mid, and deep vascular plexi) was scanned,
resulting in typically 25-35 z-section images per
fluorescent channel. Image captures were made from
random locations in the mid-periphery of the retinas as
these areas are where the most vascular damage is
typically observed in these models. The 3- dimensional
z-stacks were then flattened using ImageJ software
(ImagedJ 1.37c, Wayne Rasband, National Institutes of
Health, USA, http://rsb.info.nih.gov/ij/index.html) so

that the three vascular plexi are visible in a single

2- dimensional plane.
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[0373) A second set of mice (n=6) that were also
subjected to I/R injury in the right eye received
approximately 2 X 10° PKH-67-labeled hES-BCs or
hemangioblasts in 100 pl administered by left retro-
orbital sinus injection. Mice were euthanized at 2 days
and 7 days (n=3 each) post injury and perfused with 3-5
ml TRITC-conjugated dextran (Sigma-Aldrich®, St. Louis,
MO, 5 mg/ml) in 4% buffered paraformaldehyde via left
ventricular puncture. Eyes were then removed,
dissected, and the retinas mounted flat for digital
image capture by confocal microscopy as described
earlier. The contralateral (uninjured) eye served as
the control. This perfusion fixation method allows the
visualization of patent vessels, as only functional

vessels can be perfused.

Example 6: In vivo repair in a diabetes model

[0374] In vivo repair was also studied in
spontaneously diabetic obese BBZDR/Wor rats with Type
II diabetes of greater than 3 months. These rats
develop many characteristics of pre-proliferative
diabetic retinopathy including acellular capillaries
and endothelial dysfunction, pericyte loss, and blood
retinal barrier breakdown (Shi et al. 1998 Blood (92):
362-367; Asahara et al. 1997 Science (275): 964-967;
Kalka et al. 2000 Circ. Res. (86): 1198-1202; Murohara
et al. 2000 J. Clin. Invest. (105): 1527-1536; Urbich
et al. 2004 Trends Cardiovasc. Med. (14): 318-322).
{03751 Male obese type 2 diabetic BB2ZDR/Wor rats
(Biomedical Research Models, Worcester, MA) with
duration of diabetes of at least 3 months, along with
lean age- and sex-matched controls, were used to

examine the ability of BCs to participate in
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reendothelialization of damaged capillaries. Rats were
immune suppressed by intramuscular injection of )
cyclosporine (2 mg/Kg/day) beginning one day prior to
administering the cells, and continuing for the
duration of the study. hES-EBc were pelleted by
éentrifugation and resuspended in sterile saline at a
concentration of 3 X 10°/pl; 5 pl of that suspension was
injected into each eye of each of six diabetic and
control rats. The animals were euthanized 2 days (n=3
diabetic, n=3 control) and 7 days (n=3 diabetic, n=3
control) after administering the hES-BCs. Four of the
six eyes from each treatment group were processed and
retinal flatmounts were prepared as described for the
mouse I/R study using rhodamine-conjugated R. communis
to visualize vessels. The rat retinas were additionally
reacted with monoclonal anti-GFP (Chemicon™, Temecula,
CA; 1:250 in PBS) followed by FITCfconjugated goat
anti-mouse IgG (Abcam™, Cambridge, MA; 1:200 in PBS) to
visualize the GFP-expressing BCs. Digital image
captures were performed by confocal microscopy as
described for the mouse I/R study.

{03761 The remaining two eyes from each treatment
group were fixed, dehydrated in 2.5M sucrose, and then
embedded in OCT medium for cryosectioning. At least 50
sections (10 pm thickness, every 10th section kept)
were collected and reacted (with appropriate washes
between incubations) with monoclonal rat anti-CD31
(Abcam™, 1:100 in PBS), rabbit antihuman VvWF (Sigma-
Aldrich™, 1:200 in PBS), and 1:50 biotinylated anti-
human nuclear antigen, followed by FITC-conjugated
anti-rat IgG (Sigma-Aldrich®, 1:320 in PBS) and AMCA-

conjugated goat anti-rabbit IgG (Vector Laboratories™,
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Burlingame, VT, 1:75 in PBS), and finally Texas red-
éonjugated streptavidin (Vector Laboratories, 1:500 in
PBS). The sections were then mounted with Vectashield
antifade medium (Vector Laboratories™) and digital
image captures were made with a Zeiss Axioplan 2
epifluorescence microscope coupled to a Spot CCD
camera.

[0377] As in the I/R mouse model, intravitreally
administered hES-BC cells (hemangioblasts) incorporated
extensively into areas with both larger and smaller
(Fig. 2l1a and 21b) vasculature. Figure 20b also
reveals a large vessel that is nearly all green and
narrows very rapidly (light gray vessel on the top
right of Fig. 21b). These “pinched-off” vessels are
characteristic of pre-proliferative diabetic
retinopathy, where microthrombi result in vessel
degeneration and downstream ischemia. Small vessels
that continue from and branch extensively from this
pinched larger vessel show a high degree of
incorporation of green BC cells (shown as light gray in
Figure 21). By contrast, no green hES-BC cells
colocalized with resident vessels in eyes from the non-
diabetic control animal. Eyes from the non-diabetic
control animal confirm that the BC cells do not
incorporate into the uninjured vasculature but rather
remain as sheets atop the retina after intravitreal
administration of hES-BC cells (Fig. 21c¢, light gray
area) .

[0378] Immunohistochemical analysis showed
colocalized staining with CD31 and human nuclear
antigen in cells lining vessel lumens in the ganglion
cell layer of the diabetic rat retinas (Fig. 2le and

21f), immediately posterior to the internal limiting
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membrane that separates the neural retina from the
vitreous. This anatomical location is the site of the
superficial retinal vascular plexus and is the typical
location of vascular pathology in diabetes. This
precise localization and robust incorporation clearly
demonstrates that hemangioblasts participate in repair
of vessels that are involved in diabetic retinopathy.
Most sections showed vessels with clearly visible
lumens whose peripheries were lined with cells staining
for both endothelial (CD31) and human nuclear antigen
markers (Fig. 21e and 21f, arrows), whereas there was
no evidence of hemangioblast (hES-BC) cell
incorporation in the non-diabetic control rat eyes that

were also injected with BC cells (Fig. 21d, arrows).

Example 7: In vivo repair in a murine hind limb
ischemic model

[0379] The ability of BC cells to generate vascular
endothelial cells was also examined in a murine hind
limb ischemic model. The experiments were performed on
8- to 12-week-o0ld (20~30 g) NOD-SCID B2 mice (Jackson
Laboratory). Ischemia of the right hind limb was
induced by femoral artery ligation surgery, and
hemangioblast (hES-BC) cells (6 X 10° hES-BC cells) or
cell free medium were injected into the area of peri-
ischemic muscle immediately following the surgery.
{0380] To demonstrate physiological functions of
injected hemangioblast (hES-BC) cells, right ischemic
hind limb blood flow was monitored for 4 weeks and
compared with blood flow of the left normal hind limb.

An immunofluorescent technique was used to detect human

specific VWF (R and D System™, MN) and to identify
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blood vgssel endothelial cells from engrafted
hemangioblast (hES-BC). A secondary antibody
conjugated with Alexa Fluor 594 was used. For blood
flow analysis, laser Doppler blood-flow imaging was
used to asses the blood flow in mice before (day 0) and
after (day 3 to 30) femoral artery ligation, and blood
flow rate is calculated as the ratio of flow in the
ischemic limb to that in the non-ischemic limb.

(0381} As shown in Fig. 22f and 22g, hemangioblast
(hES-BC) cells significantly enhanced the restoration
of blood flow rate in ischemic limbs as compared to
medium control (p < 0.0001). Improvement persisted for
four weeks until near normal flow rates were achieved.
(0382} Four weeks after injection of hES-blast
colony cells into the peri-ischemic muscle, the animals
were sacrificed and immunostained for human specific
vWF. Intra-muscular areas were identified containing
positive staining of human specific vWF cells showing
vascular organization (Fig. 22 d-e). Control tissue
from infarcted muscle injected with cell free medium

showed no human vWF staining (Fig. 22c).

Example 8: In vivo repair in a murine myocardial
infarct model

[0383] In a series of experiments in the murine
myocardial infarct (MI) model, myocardial infarction
was induced in 8 to 12 week old (~20-30 gram) NOD/SICD
B2 mice (Jackson Laboratory™) by ligation of the left
coronary artery as described previously (Yang et al.
2002 J. Appl Physiol (93): 1140-1151). Fifteen minutes
after MI induction, 3 X 10° GFP- hemangioblast (hES-BC)
cells derived from H1-GFP hES cells or cell free medium

were transplanted into the ischemic and peri-ischemic
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myocardium. The experimental protocol was approved by
the Animal Care Committee of Memorial Sloan-Kettering
Cancer Center. Thirty days post hem&ngioblast (hES-BC)
cell injection, 71% (12/17) of the animals injected
with hemangioblast (hES-BC) cells survived as compared
to 42% (8/19) animals injected with medium control
(Fig. 22h, P <0.002 ).

[0384] Animals were sacrificed four weeks after
injection of hemangioblast (hES-BC) cells into ischemic
and peri-ischemic myocardium and the hearts were
quickly removed and washed in PBS. The hearts were
embedded in tissue freezing medium (Fisher Scientific™,
NJ). Frozen tissue was sectioned to 10-um slides.
{0o385] Infarcted tissue recovered for immunostaining
demonstrated that areas of regenerating tissue
contained considerable numbers of endothelial cells
staining specifically for human vWF. Confocal
microscopy confirmed the incorporation of human
specific VWF- positive endothelial cells into the lumen
of microvessels in the infarcted tissue (Fig. 22i).
These cells were closely associated but had not yet
formed highly organized vascular tissue (Fig. 22b). No
human VWF positive cells were detectable in infarcted
heart tissue from control mice (Fig. 22a).

[0386) The transplanted hemangioblast (hES-BC) cells
also gave rise to cardial myocytes. To identify
regenerated myocytes from engrafted hemangioblast (hEs-
BC) cells, a double immunofluorescent staining
technique was used to detect GFP that expressed only in
human cells derived from H1-GFP hES cells (Santa Cruz

Biotechnology Inc.™, CA) and cTnI, a cardiomyocyte

marker (Santa Cruz Biotechnology Inc.™, CA). A
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secondary antibody conjugated with Alexa Fluor 488 for
GFP or Alexa Fluor 594 for TnI was used. Iméges were
taken under fluorescent microscopy. N=3. Figure 23
shows immunostaining of GFP (brightest or lightest
stained areas) and cTnI (mediuﬁ gray areas) on MI mice;
cells stained positive for both GFP and cTnI are
cardiomyocytes derived from injected hES=BC cells
(Figure 23, magnification 200x). The arrows indicate
double positive staining cells derived from injected
hES-BC cells. -

{03871} The results from Examples 7 and 8 demonstrate
that hemangioblast cells reduce mortality after
myocardial infarction and restore blood flow to near

normal level in ischemic hind limbs.

Example 9: Hemangioblasts or hES-BC cells can give rise
to smooth muscle cells in vitro

[0388]) The hemangioblasts, or hES-BC cells, of the
present invention can also differentiate into smooth
muscle cells, and thus, in certain embodiments, may be
pluripotent.

[03891 To examine gene expression in the
hemangioblast (hES-BC) cells, cells were handpicked
under dissection microscope at day 6 and total RNA was
isolated. Using an RNAeasy Micro Kit (Qiagen™), the
RNA was subjected to first strand CcDNA synthesis with
SMART II and CDS primers (Clontech™), using Superscript
III reverse transcriptase (Invitrogen™), and cDNA pools
were constructed using the SMART cDNA synthesis kit
(Clontech™). Smooth muscle gene expression pattern was
analyzed using primers specific for smooth muscle
calponin (CNN1), SM22, smooth muscle actin (a-SMA) and
GAPDH (quality control) by PCR. Total RNA from human
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aorta smooth muscle cells (AoSM) was used as a positive
control, and mouse fibroblast 3T3 total RNA was used as
a negative control. PCR products were separated on a 1%
agarose gel and exposed by ethidium bromide
fluorescence.

[0390] Figure 24 shows that hemangioblast (hES-BC)
cells express smooth muscle specific genes CNN1l, o-SMA
and SM22.

[0391] To derive smooth muscle cells from the
hemangioblasts of the present invention, purified

hemangioblast (hES-BC) cells were plated on
fibronectin-coated culture slides (BD Bioscience™) in

Smooth Muscle Medium (Lonza™) and differentiation was
induced for 2-9 days. Cells were then fixed with 4%
paraformaldehyde for 15 min, washed with 1X PBS and
permeabilized with 0.4% Triton X100. For detecting the
expression of smooth muscle proteins, the permeabilized
cells were incubated with primary antibodies against
calponin (CNN1) and «-SMA (Dako) at 4°C overnight;-then
followed by Rhodamine labeled secondary antibodies and
examined under fluorescenf microscope.

[0392] The results presented in Figure 24 clearly
demonstrate that some hemangioblast (hES-BC) cells give
rise to CNN1l and a-SMA positive smooth muscle cells
after in vitro differentiation under the above

conditions.

Example 10: Induction of immunological tolerance in
transplant recipients in a mouse model system

[{0393) Human hemangioblast cells generated and
expanded according to the methods of the present
invention may be used to induce donor-specific

tolerance in transplant recipients. Hemangioblasts or
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derivative hematopoietic stem cells can engraft in
unconditioned recipients when the cells are given in
large numbers. The ability of hemangioblasts to
engraft and produce chimerism may be tested in the
immunocompromised NOD/SCID-Tg mouse model system in
which mice have been reconstituted with human immune
cells. Immunodeficient NOD/SCID-Tg mice can be treated
with whole body irradiation and injected with human
donor hemangioblasts on the same day. Human fetal
thymus and fetal liver fragments are implanted under
the kidney capsule of mice to achieve human
lymphopoiesis and reconstitution of the human immune
system. The implanted human thymus and liver fragments
are mismatched with respect to the human donor
hemangioblasts. The mice can then be tested for
tolerance to grafts matched to the human hemangioblasts
as compared to tolerance to third party, non-matched
grafts.

[{0394] In order to optimize engraftment, thymic
space may be induced by the administration of thymic
irradiation. In the mouse model, recipient mice can
receive anti-T cell mAbs such as anti-CD4 and anti-CD8
mAbs, 7 Gy thymic irradiation on day 0, and human
hemangioblasts on days 0 through 4.

[{0395]) To evaluate tolerance, mixed lympyhocyte
reactions and cell mediated lympholysis studies may be
{0396] Additionally, human hemangioblasts can be
substituted for the human fetal liver fragments in the
method described above in order to test the ability of
the hemangioblasts to induce chimerism in the hu-SCID

mouse or similar model system.
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Example 11: Induction of immunological tolerance in

transplant recipients

{03971 In humans, tolerance may be achieved using
the large numbers of human hemangioblasts generated and
expanded or expanded by the methods of the present
invention.

‘[0398] Peripheral chimerism may be achieved through
the large numbers of hemangioblasts without the need
for whole body irradiation. However, to achieve
central deletional tolerance, it may be optimal to
create space in the thymus in order to allow high
levels of intrathymic chimerism to develop. Space in
the thymus can be achieved by specific irradiation or
by the use of multiple administrations of anti-T cell
antibodies or with drugs that deplete the thymus.
[{0399] The following procedure is designed to
lengthen the time an implanted organ, tissue, or cell
éurvives in a patient (graft survival) and to decrease
the level of immunosuppression required in
transplantation procedures. The organ can be any
organ, e.g., a liver, a kidney, a pancreas, or a heart.
Tigssue can be any type of tissue, such as skin, bone,
corneas, tendons, ligaments, heart valves, etc. Cells
or cell therapies include, but are not limited to,
hematopoietic cells (such as, for example, mesenchymal
stem cells as a treatwment for ischemia or other cells
for the treatment of hematologic disorders), pancreatic
cells such as insulin-secreting pancreatic beta-cells
for the treatment of diabetes mellitus, retinal pigment
epithelium cells for the treatment of macular
degeneration, and cell-based therapies for the
treatment of neurological disorders. (0400] The

method may include one or more of the following steps:
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inactivation of recipient T cells or costimulatory
blockade; inactivation of recipient NK cells;
transplantation of tolerance-inducing cells, e.g.,
human hemangioblasts; optionally, the implantation of
donor stromal tissue or administration of human
cytokines; and the administration of thymic
irradiation. The combination of a sufficiently large
number of donor human hemangioblasts in combination
with thymic irradiation and/or T cell costimulatory
blockade significantly reduces or eliminates the need
for whole body irradiation. The method may include any
or all of these steps, and the steps may be carried out
in the following sequence.

[0401] First, a preparation of horse anti-human
thymocyte globulin (ATG) or other depleting anti T cell
depleting agent is intravenously injected into the
recipient. The antibody preparation eliminates mature
T cells. If not eliminated, mature T cells could
promote rejection of both the human hemangioblast cells
or hematopoietic stem cells derived therefrom, and,
after sensitization, the graft itself. The ATG
preparation also eliminates natural killexr (NK) cells.
NK cells probably have no effect on the implanted
organ, but may act immediately to reject the newly
introduced human hemangioblast cells.

[0402) The presence of donor antigen in the
recipient thymus during the time when recipient T cells
are regenerating post-transplant is critical for
tolerizing recipient T cells. If donor human
hemangioblasts are not able to become established in
the recipient thymus and induce tolerance before
recipient T cells regenerate, repeated doses of anti-

recipient T cell antibodies may be necessary throughout
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the non-myeloablative regimen. Continuous depletion of
recipient T cells may be required for several weeks.
[0403] The second step in the non-myeloablative
procedure may be to supply specific growth factors or
cytokines, to promote engraftment of donor human
hemangioblast or stem cells.

[0404] Human hemangioblast cells of the donor (or
that are matched to the donor) may then be injected
into the recipient. Donor cells home to appropriate
sites of the recipient and grow contiguously with
remaining recipient’s cells and proliferate, forming a
chimeric lymphohematopoietic population. By this
process, newly forming B cells (and the antibodies they
produce) are exposed to donor antigens, so that the
transplant will be recognized as self.

{0405] Tolerance to the donor is also observed at
the T cell level in recipients in which human
hemangioblast or derived hematopoietic stem cells
engraftment has been achieved. When a matched organ
graft is placed in such a recipient several months
after hematopoietic or bone marrow chimerism has been
induced, the graft should be accepted by both the
humoral and the cellular arms of the immune system.
This approach has the added advantage of permitting
organ transplantation to be performed sufficiently long
after transplant of donor human hemangioblast cells
such that the normal health and immunocompetence of the
recipient patient will have been restored at the time
of organ transplantation.

[0406] Many of the methods to create hematopoietic
space utilize whole body irradiation, thereby promoting
engraftment. The need for irradiation may be

substantially reduced or eliminated by the
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administration of large numbers of donor hemangioblast
cells. Administration of donor human hemangioblasts
may be combined with a treatment, e.g., thymic
irradiation, which induces thymic space, or T cell
costimulatory blockade.

[0407] Finally, T cells, particularly, thymic or
lymph node T cells, may be further suppressed by
administering to the recipient a short course of an
immunosuppressive agent, e.g., cyclosporine or similar
agent

[0408]) To evaluate tolerance, mixed lympyhocyte
reactions and cell mediated lympholysis studies may be
performed in recipients.

[0409]) While any of these procedures may aid the
survival of an implanted organ, tissue, or cell, best
results may be achieved when some or all of the steps

are used in combination.

Example 12: Human RBC Transfusion

(0410] In order to confirm the viability and
functionality of red blood cells (RBCs) produced by the
methods of the invention, transfusions using human RBCs
will be performed in NOD-scid mice. Mice will be
splenectomized under Nembutal anesthesia one week prior
to transfusion. Recipients will be bled immediately
prior to transfusion to drop the hematocrit to 25%.
Within one hour after bleeding, recipients will be
transfused via i.v. injection with 6 x 10’ human RBVS in
0.5 mL PBS. Cells from the initial transfusion will be
labeled with carboxyfluorescein diacetate (CFSE) for
fluorescent monitoring purposes. Transfusions will be
repeated on day two and every four days thereafter. On

day 1 post-transfusion and every four days thereafter
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for up to 4 weeks, recipient mice will be monitored by
collecting 20 pL of blood from a tail nick with a
heparinized capillary tube. The percentage of RBC and
human RBC will be determined by microscopy and flow
éytometry with FITC-anti-Fy6 antibody. The half-life
of transplanted cells will be calculated. Expression
of hemoglobin F will be determined to verify oxygen
transport capacity of RBCs. It is expected that the
RBCs will express hemoglobin F and have a half-life
comparable to noxrmally derived RBCs. It is theiefore

expected that the RBCs will be functional.

[0411) The present disclosure demonstrates that
hemangioblasts, or human ES-BC cells, can be reliably
derived and expanded under well-defined and
reproducible conditions—representing an inexhaustible
source of cells for patients with compromised
vasculature. The concentration of these cells would
not be limited by availability, but rather could be
titrated to the precise clinical requirement of the
individual. Repeated infusion of the identical cell
population over the lifetime of the patient would also
be possible if deemed necessary by the physician.
Furthermore, the ability to create banks of matching or
reduced-complexity HLA hES lines could potentially
reduce or eliminate the need for immunosuppressive
drugs and/or immunomodulatory protocols altogether.
[0412] This disclosure also demonstrates for the
first time that hemangioblasts derived from embryonic
stem cells can be used to achieve vascular repair in
four different animal models. The formation of new
blcod vessels was rapid and robust, thus indicating

that hES-derived hemangioblasts have robust reparative
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potential in vivo. These results also indicate that
hemangioblasts may be used to restore vascularization
and function in patients with vascular disease.
Adoptive transfer of endothelial precursor cells such
as hemangioblasts may therefore be useful in restoring
blood flow and increasing capillary density, decreasing
1imb loss and facilitating recovery from myocardial
injury.

[(0413] This disclosure further provides methods for
generating differentiated cell types for use in
transfusion. For example, this disclosure provides
methods for_génerating red blood celis for use in
transfusion. In certain embodiments, the red blood
cells express hemoglobin F.

[0414] All experiments were performed in accordance
with the protocol approved by the Animal Care and Use
Committee of The University of Florida and the tenets
of the ARVO Statement for the Use of Animals in

Ophthalmic and Vision Research.
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:

1. An isolated human hemangio-colony forming cell, which cell
can differentiate to produce at 1least hematopoietic and
endothelial cell types, wherein the human hemangio-colony
forming cell is loosely adherent to other human hemangio-colony

forming cells.

2. The isolated human hemangio-colony forming cell of claim 1
wherein the human hemangio-colony forming cell does not express

CD34 protein.

3. The isolated human hemangio-colony forming cell of claim 1
or claim 2 wherein the human hemangio-colony forming cell does
not express one or more of the following proteins: CD31, KDR,

and CD133.

4. The isolated hemangio-colony forming cell according to any
one of claims 1 to 3 wherein the cell expresses LMO2 and GATA

proteins.

5. A cell culture comprising human hemangio-colony forming
cells, which cells can differentiate to produce at 1least
hematopoietic and endothelial cell types, wherein the hemangio-
colony forming cells are loosely adherent to other hemangio-

colony forming cells.

6. The cell culture of claim 5 wherein the human hemangio-

colony forming cells do not express CD34 protein.

7. The cell culture of claim 5 or claim 6 wherein the human
hemangio-colony forming cells do not express one or more of the

following proteins: CD31, KDR, and CD133.

8. The cell culture according to any one of claims 5 to 7

wherein the cells express LMO2 and GATA proteins.

9. A pharmaceutical preparation comprising human hemangio-

colony forming cells which cells can differentiate to produce at
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least hematopoietic and endothelial cell types, wherein the
hemangio-colony forming cells are loosely adherent to other
hemangio-colony forming cells and wherein the human hemangio-

colony forming cells do not express CD34 protein.

10. The pharmaceutical preparation according to claim 9 wherein
the human hemangio-colony forming cells do not express one or

more of the following proteins: CD31, KDR and CD133.

11. The pharmaceutical preparation according to claim 9 or
claim 10 wherein the human hemangio-colony forming cells express

LMO2 and GATA2 proteins.

12. Use of human hemangio-colony forming cells, which cells can
differentiate to produce at least hematopoietic and endothelial
cell types, wherein the human hemangio-colony forming cell is
loosely adherent to other human hemangio-colony forming cells,
in the manufacture of a medicament for the treatment of a

hematopoietic or endothelial cell disorder.

13. A method of treating a hematopoietic or endothelial cell
disorder comprising administering to a patient in need thereof
human hemangio-colony forming cells which cells can
differentiate to produce at least hematopoietic and endothelial
cell types, wherein the hemagio-colony forming cells are loosely

adherent to other hemangio-colony forming cells.

14. Use of the cell culture of any one of claims 5 to 8 in the
manufacture of a medicament for the treatment of a hematopoietic

or endothelial cell disorder.

15. Use of the pharmaceutical preparation of any one of claims
9 to 11 in the manufacture of a medicament for the treatment of

a hematopoietic or endothelial cell disorder.

16. The isolated human hemangio-colony forming cell of claim 1

substantially as hereinbefore described.



12 Dec 2014

2013201444

1000855723_1.D0C
181

17. The cell culture of claim 5, substantially as hereinbefore

described.

18. The pharmaceutical preparation of claim 9,

hereinbefore described.

substantially as
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Figure 1: Hematopoietic colony forming units

Hematopoletic CFUs derlved from hemangloblast replating
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Figure 2: Erythrocyte colony forming units
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Figure 3: Multipotent colony forming units
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Figure 5: Granulocyte colony forming units (CFU-G) and macrophage colony forming
units (CFU-M)
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Figure 6: Granulocyte/macrophage colony forming uqits (CFU-GM) and
megakaryacyte macrophage colony forming units (CFU-Mk)
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Figure 7: Replating hemangioblasts on Matrige! based medium gives rise to
adherent cells and the formation of capillary/vascular-like structures

a) Tube-cord formation of hemangioblasts (derived from H9 ES cells) replated on Matrigel.

Matrigel.

7/27
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Figure 8: Tube-cord formation of following replating of hemangioblasts derived from
H1-GFP ES cells

Cord formation Phase and GFP AC-LDL uptake

Endothelial cells derlved from hemangloblast replating
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Figure 9: Expression of von Willebrand factor (vWF) in replated hemangioblasts
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Figure 11: Vessels in Matrigel plugs stain positive for human specific nuclei antibody
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Figure 12: Homo sapiens homeobox B4 (HOXB4), mRNA (SEQ ID NO: 2)
NM_024015.4 GI:85376187

1 GGAAAACGAG

61
121
181
241
301
361
421
481
S41
601
661
721
781
841
901
961

1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801
1861
1921
1981
2041

TAATGGCTAT
GCGAGGAATA
GCGGCCAGAG
GCACCGTGCA
CCCCGCCGCeC
GGGCCCTCCT
CTCCCTGCGC
TCGTCTACCC
GGGAGCCCAA
AATTTCACTA
GCCTCTCCGA
ACCACAAGTT
CCCCTGGCCG
GAACCTCGGG
CCCTGGGGCC
AACGCAGAAG
AGGCCCCCCC
ARAAGCAAGA
CCTCGTTTTC
GGCCCATCTG

‘"TCGACACCCG

CTGGAAGACA
CCTCTGACTG
TCTTTCGTGC
GGGGGTGGGC
GTGAGCAGGA
TCTGAAAGGC
TGGGCACTAC
GAATGTGAAA
CCCTCTCCCA
ACTATTTTTT
GGCCCCTTCC
TGTGCTGTAC
AA

TCAGGGGTCG GAATAAATTT TAGTATATTT

GAGTTCTTTT
TTCACAGAGC
GCGAGAGAGC
GCGCTACGCG
CCCGCCACCG
CCCGGAGCCC
CCAGARCCCC
CTGGATGCGC
GCGCTCTCGG
CAACCGCTAC
GCGCCAGATC
GCCCAACACC
GCCCAATGGA
GTGGGGGTGG
TGGGCCCCGG
AGGGGGAGGG
AGAAGCAAGA
AGARAGGAAGA
AGCTTTGGCG
TCTTGTTTCC
CTAACARATG
‘GCCTGGATTT
CCAGATAGTG
CCATTCACTG
AACAGAGGAG
AAATTGAGTC
CAAGCCAAGC
TCTGCCAGTC
CTAGGARATA
TAGTTTATTA
TGTGTCATGT
TACCTCTGGG
AGAGTGACAA

TTGATCAACT
GATTACCTAC
AGCTTCCAGC
GCCTGCCGGG
CCCGGTCTGT
GGCCAGCGCT
CTGCACCCCA
AAAGTTCACG
ACCGCCTACA
CTGACACGGC
AAGATCTGGT
AAGATCCGCT
GGCCCCCGCG
GCAGTGAGTG
AAAAATCTAT
GAAGCTTTAT
TTCAAATCTC
AAGAAAAAGA
ARGATGGATC
TCTGCCGAGG
AGGCCCGGCT
CCTTTCTTTG
CAGTGTTTTG
AGGGCCAGAA
GGGAGCAAGT
CARGGAAAAR
CATGCTTGGC
CAGAGTTGTA
AAATGTGCCC
TGTTGCATCG
GAGTCCTCTC
GCTGCTTGAG
TAGAAATAAA

12/27

CAAACTATGT
CCAGCGACCA
CGGAGGCGGG
ACCCTGGGCC
CCCCTCGGGC
GCGAGGCGGT
GCCCGTCCCA
TGAGCACGGT
CGCGCCAGCA
GCCGGAGGGT
TCCAGAACCG
CGGGTGGTGC
CGCTCTAGTG
CAGGGGATGG
CTGCCCTCCC
TTATAGAAAT
TTGCTTTCTT
CAGAAAGAGA
CACGTTTCAT
AGAAGACGGG
CGGCCGCCTC
TCCCCCACTC
GTCACGGTAAR
TGACTGCTCA
AGGGAAGGGG
GAGAGACTCA
AGGGTGAGGG
CAGCAGAAGC
CTCCCAGTCT
TTTATTATTA
TCCTTTTICTC
TCTAGAACCC
TGTTTGGTTT

TGTGGGCAAT
CGACCCCARG
CTCGCCCGGG
CTTCGGGCGG
CCCGCCGCCT
TCCTGCGCCG
CAGCAGCAGC
CTCCGCGTGC
RARAACCCCART
GGTCTTGGAG
GGAGATCGCC
GCGCATGAAG
GGCAGGCTCA
CCCCCGCACG
GGTGGGGGGA
CCACACTTTA
GACAATAGAG
TCTTARARRAR
AATAGGAGGA
CTTTAATCAC
CCTCGGTGGC
CGCCTCTGCT
CCGATACCCA
CACACACACA
CCCACTTCCA
GTGGCCTTGA
GAGACCCGGG
GCCRGTTGAG
CTCTCTCCTA
GGGAGGAGGA
TTATTGATAA
TTTCTGACAT
TTCGTATGTG
CTTGTGACCA

TCCCAGAAAT
TTCCCTCCAT
TACTACGCCG
CGCGCGGCGT
CCGCCACCAC
CCACCCGCCG
CCCCCGCCGC
ARAGAGCCCG
TACGCCGGCG
CTGGAGAAGG
CACGCGCTCT
TGGAAAAAAG
GCCGGAGGGC
CGGGAGCCAC
CAGGAGGGGG
TATACGAATA
GGCCACGGGG
ARGAARRAGA
GGCTGCAGCT
GCCAGGTCCA
GACCATTACC
ACTGCCGCTG
GCGAARGCAC
CTCTCCCTCA
CCGTGGGGTT
CAACTCAGGA
AGGGCCTTCC
TTCTGGGAGC
GACTGAAAAT
TGTTGCAGAG
TATTATTATT
TCCAAAACCA
TGAATATCTG
GCAARARARR



2013201444 07 Mar 2013

Figure 13: Amino acid sequence of human HOXB4 (SEQ ID NO: 1)
NP_076920.1 GI:13273315

1 mamssflins nyvdpkfppc eeysqsdylp sdhspgyyag gqrressfqp eagfgrraac
61 tvqryaacrd pgpPPPPPPPP PPPPPPPgls prapapppag allpepgqrc eavssspppp
121 pcaqnplhps pshsackepv vypwmrkvhv stvnpnyagg epkrsrtayt rggvleleke
181 fhynryltrr rrveiahalc lserqikiwf gnrrmkwkkd hklpntkirs ggaagsaggp
241 pgrpnggpra 1

163-221 = HOMEODOMAIN

13/27
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Figure 14: Homo sapiens homeobox B4 (HOXB4), mRNA (SEQ ID NO: 4)
BC049204.1 Gl: 28351567

1 GGAAAACGAG TCAGGGGTCG GAATAAATTT

61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961
1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801
1861
1921
1981

TAATGGCTAT
GCGAGGAATA
GCGGCCAGAG
GCACCGTGCA
CCCCGCCGCC
GGGCCCTCCT
CTCCCTGCGC
TCGTCTACCC
GGGAGCCCAA
ARATTTCACTA
GCCTCTCCGA
ACCACAAGTT
CCCCTGGCCG
GARCCTCGGG
CCCTGGGGCC
ARCGCAGAAG
AGGCCCCCCC
ARRAAGCAAGA

GAGTTCTTTT
TTCACAGAGC
GCGAGAGAGC
GCGCTACGCG
CCCGCCACCG
CCCGGBAGCCC
CCAGAACCCC
CTGGATGCGC
GCGCTCTCGG
CAACCGCTAC
GCGCCAGATC
GCCCAACACC
GCCCAATGGA
GTGGGGGTGG
TGGGCCCCGG
AGGGGGAGGG
AGAAGCAAGA
AGAAGGAAGA

CCICGITL1C
GGCCCATCTG
TCGACACCCG
CTGGAAGACA
CCTCTGACTG
TCTTTCGTGC
GGGGGTGGGC
GTGAGCAGGG
TCTGAAAGGC
TGGGCACTAC
GAATGTGAAA
CCCTCTCCCA
ACTATTTTTT
GGCCCCTTCC
TGTGCTGTAC

AGCTTTGGCG
TCTTGTTTCC
CTAACAAATG
GCCTGGATTT
CCAGATAGTG
CCATTCACTG
ARCAGAGGAG
ARATTGARGTC
CAAGCCAAGC
TCTGCCAGTC
CTAGGAAATA
TAGTTTATTA
TGTGTCATGT
TACCTCTGGG
AGAGTGACAR

TTGATCAACT
GATTACCTAC
AGCTTCCAGC
GCCTGCCGGG
CCCGGTCTGT
GGCCAGCGCT
CTGCACCCCA
AAAGTTCACG
ACCGCCTACA
CTGACACGGC
AAGATCTGGT
AAGATCCGCT
GGCCCCCGCG
GCAGTGAGTG
AARAATCTAT
GAAGCTTTAT
TTCAAATCTC
AAGAAAAAGA
ARGATGGATC
TCTGCCGAGG
AGGCCCGGCT
CCTTTCTTTG
CAGTGTTTTG
AGGGCCAGAA
GGGAGCAAGT
CAARGGAAARA
CATGCTTGGC
CAGAGTTGTA
AAATGTGCCC
TGTTGCATCG
GAGTCCTCTC
GCTGCTTGAG
TAGAAATAAA

14/27

TAGTATATTT TGTGGGCAAT

CAAACTATGT
CCAGCGACCA
CGGAGGCGGG
ACCCTGGGCC
CCCCTCGGGC
GCGAGGCGGT
GCCCGTCCCA
TGAGCACGGT
CGCGCCAGCA
GCCGGAGGGT
TCCAGAACCG
CGGGTGGTGC
CGCTCTAGTG
CAGGGGATGG
CTGCCCTCCC
TTATAGARAT
TTGCTTTCTT
CAGAAAGAGA
CACGTTTCAT
AGAAGACGGG
CGGCCGCCTC
TCCCCCACTC
GTCACGGTARA
TGACTGCTCA
AGGGAAGGGG
GAGAGACTCA
AGGGTGAGGG
CAGCAGAAGC
CTCCCAGTCT
TTTATTATTA
TCCTTTTCTC
TCTAGAACCC
TGTTTGGTTT

CGACCCCAAG
CTCGCCCGGG
CTTCGGGCGG
CCCGCCGCCT
TCCTGCGCCG
CAGCAGCAGC
CTCCGCGTGC
AARACCCCAAT
GGTCTTGGAG
GGAGATCGCC
GCGCATGAAG
GGCAGGCTCA
CCCCCGCACG
GGTGGGGGGA
CCACACTTTA
GACAATAGAG
TCTTAAAAAA
AATAGGAGGA
CTTTAATCAC
CCTCGGTGGC
CGCCTCTGCT
CCGATACCCRA
CARCRACACACR
CCCACTTCCA
GTGGCCTTGA
GAGARCCCGGG
GCCAGTTGAG
CTCTCTCCTA
GGGAGGAGGA
TTATTGATAA
TTTCTGACAT
TTCGTATGTG
CTTGTGAAAA

TCCCAGAAAT
TTCCCTCCAT
TACTACGCCG
CGCGCGGCGT
CCGCCACCAC
CCACCCGCCG
CCCCCGCCGC
AARGAGCCCG
TACGCCGGCG
CTGGAGAAGG
CACGCGCTCT
TGGAARARAG
GCCGGAGGGC
CGGGAGCCAC
CAGGAGGGGG
TATACGAATA
GGCCACGGGG
AAGARAAAGA
GGCTGCAGCT
GCCAGGTCCA
GACCATTACC
ACTGCCGCTG

GCGARAGCAC"

CTCTCCCTCA
CCGTGGGGTT
CAACTCAGGA
AGGGCCTTCC
TTCTGGGAGC
GACTGAAAAT
TGTTGCAGAG
TATTATTATT
TCCAAAACCA
TGAATATCTG
AAAAAAARAR




Figure 15: Amino acid sequence of human HOXB4 (SEQ ID NO: 3)
AAH49204.1 GI:29351568

1 mamssflins nyvdpkfppc eeysqsdylp sdhspgyyag gqrressfqp eagfgrraac
61 tvqryaacrd pgpppPPPPPP PPPPPPPYls prapapppag allpepgqrc eavssspppp
121 pcagnplhps pshsackepv vypwmrkvhv stvnpnyagg epkrsrtayt rqgvleleke
181 fhynryltrr rrveiahalc lserqikiwf gnrrmkwkkd hklpntkirs ggaagsaggp

241 pgrpnggpra 1
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Figure 16: Phenotypic characterization of hemangioblasts (BL-CFC) derived from
human ES cells
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Figure 17a-u: Functional characterization of cells derived from hemangioblasfs (BL-
CFC) in vitro
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Figure 17v-cc: Functional characterization of cells derived from hemangioblasts (BL-
CFC) in vitro
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Figure 18: Clonogenicity of blast colonies derived from hES cells
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Figure 19: Production and characterization of functional recombinant HOXB4
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Figure 20a-b: Robust repair of ischemic retinal vasculature after injection of hES-
derived hemangioblasts
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Figure 20c-e: Robust repair of ischemic retinal vasculature after injection of hES-
derived hemangioblasts
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Figure 20f: Robust repair of ischemic retinal vasculature after injection of hES-
derived hemangioblasts
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Figure 21: Incorporation of hemangioblasts (blast cells) into the retinal vasculature of
diabetic rats.
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Figure 22: Endothelial differentiation in ischemic hind limb muscle and infarcted heart
after injection of hemangioblasts (hES-BC cells)
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Figure 23: Transplanted hES-BC cells give rise to cardiomyocytes following
myocardial infarction
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Figure 24: Smooth muscle cells derived from hemangioblasts or hES-BC cells in
vitro
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SEQUENCE LISTING

SEQ ID NO: 1 (Human HOXB4 amino acid sequence - Genbank

Accession No: GI:13273315)

1 mamssflinsnyvdpkfppceeysqsdylpsdhspgyyaggqrressfqgpeagfgrraac
61 tvqryaacrdpgpppPPPPPPPPPPPPPglsprapapppagallpepgqrceavssspppp
121 pcagnplhpspshsackepvvypwmrkvhvstvnpnyaggepkrsrtaytrqqvleleke
181 fhynryltrrrrveiahalclserqgikiwfqnrrmkwkkdhklpntkirsggaagsaggp
241 pgrpnggpral

SE

Q ID NO: 2 (Human HOXB4 DNA sequence -Genbank Accession
No: GI:85376187)

1

61
121
181
241
3ol
361
421
481
541
601
661
721
781
841
901
961
1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801
1861
1921
1981
2041

GGARAACGAGTCAGGGGTCGGAATAAATTTTAGTATATTTTGTGGGCAATTCCCAGAAAT
TAATGGCTATGAGTTCTTTTTTGATCAACTCAAACTATGTCGACCCCAAGTTCCCTCCAT
GCGAGGAATATTCACAGAGCGATTACCTACCCAGCGACCACTCGCCCGGGTACTACGCCG
GCGGCCAGAGGCGAGAGAGCAGCTTCCAGCCGGAGGCGGGCTTCGGGCGGCGCGCGGCGT
GCACCGTGCAGCGCTACGCGGCCTGCCGGGACCCTGGGCCCCCGCCGCCTCCGCCACCAC
CCCCGCCGCCCCCGCCACCGCCCGGTCTGTCCCCTCGGGCTCCTGCGCCGCCACCCGCCG
GGGCCCTCCTCCCGGAGCCCGGCCAGCGCTGCGAGGCGGTCAGCAGCAGCCCCCCGCCGL
CTCCCTGCGCCCAGARCCCCCTGCACCCCAGCCCGTCCCACTCCGCGTGCARAGAGCCCG
TCGTCTACCCCTGGATGCGCAAAGTTCACGTGAGCACGGTAAACCCCAATTACGCCGGCG
GGGAGCCCAAGCGCTCTCGGACCGCCTACACGCGCCAGCAGGTCTTGGAGCTGGAGAAGG
AATTTCACTACAACCGCTACCTGACACGGCGCCGGAGGGTGGAGATCGCCCACGCGCTCT
GCCTCTCCGAGCGCCAGATCAAGATCTGGTTCCAGAACCGGCGCATGAAGTGGAAAAAAG
ACCACAAGTTGCCCARCACCARGATCCGCTCGGGTGGTGCGGCAGGCTCAGCCGGAGGGLE
CCCCTGGCCGGCCCAATGGAGGCCCCCGCGCGCTCTAGTGCCCCCGCACGCGGGAGCCAC
GAACCTCGGGGTGGGGGTGGGCAGTGAGTGCAGGGGATGGGGTGGGGGGACAGGAGGGGG
CCCTGGGGCCTGGGCCCCGGARAAAATCTATCTGCCCTCCCCCACACTTTATATACGAATA
AACGCAGAAGAGGGGGAGGGGAAGCTTTATTTATAGAAATGACAATAGAGGGCCACGGGG
AGGCCCCCCCAGAAGCAAGATTCAAATCTCTTGCTTTCTTTCTTAAAAAAAAGAAAAAGA
AAAAGCAAGAAGAAGGAAGAAAGAAAAAGACAGAAAGAGAAATAGGAGGAGGCTGCAGCT
CCTCGTTTTCAGCTTTGGCGAAGATGGATCCACGTTTCATCTTTAATCACGCCAGGTCCA
GGCCCATCTGTCTTGTTTCCTCTGCCGAGGAGAAGACGGGCCTCGGTGGCGACCATTACC
TCGACACCCGCTARCAAATGAGGCCCGGCTCGGCCGCCTCCGCCTCTGCTACTGCCGCTG
CTGGAAGACAGCCTGGATTTCCTTTCTTTGTCCCCCACTCCCGATACCCAGCGAAAGCAC
CCTCTGACTGCCAGATAGTGCAGTGTTTTGGTCACGGTAACACACACACACTCTCCCTCA
TCTTTCGTGCCCATTCACTGAGGGCCAGAATGACTGCTCACCCACTTCCACCGTGGGGTT
GGGGGTGGGCAACAGAGGAGGGGAGCAAGTAGGGAAGGGGGTGGCCTTGACAACTCAGGA
GTGAGCAGGAAAATTGAGTCCAAGGAAAAAGAGAGACTCAGAGACCCGGGAGGGCCTTCC
TCTGAAAGGCCAAGCCAAGCCATGCTTGGCAGGGTGAGGGGCCAGTTGAGTTCTGGGAGC
TGGGCACTACTCTGCCAGTCCAGAGTTGTACAGCAGAAGCCTCTCTCCTAGACTGAAAAT
GAATGTGAAACTAGGAAATAAAATGTGCCCCTCCCAGTCTGGGAGGAGGATGTTGCAGAG
CCCTCTCCCATAGTTTATTATGTTGCATCGTTTATTATTATTATTGATAATATTATTATT
ACTATTTTTTTGTGTCATGTGAGTCCTCTCTCCTTTTCTCTTTCTGACATTCCAAAACCA
GGCCCCTTCCTACCTCTGGGGCTGCTTGAGTCTAGAACCCTTCGTATGTGTGAATATCTG
TGTGCTGTACAGAGTGACAATAGAAATARATGTTTGGTTTCTTGTGACCAGCAAAAAAAR
AR
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SEQ ID NO: 3 (Human HOXB4 amino acid sequence - Genbank
Accession No: GI:29351568)

1
61
121
181
241

mamssflinsnyvdpkfppceeysqgsdylpsdhspgyyaggqgrressfgpeagfgrraac
tvgryaacrdpgpPpPPPPPPPPPPPPPPYlsprapapppagallpepgqrceavssspppp
pcagnplhpspshsackepvvypwmrkvhvstvnpnyaggepkrsrtaytrqgqgvleleke
fhynryltrrrrveiahalclserqikiwfgnrrmkwkkdhklpntkirsggaagsaggp
pgrpnggpral

SEQ ID NO: 4 (Human HOXB4 DNA sequence - Genbank Accession
No: G1:29351567) :

1
61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961

GGAAAACGAGTCAGGGGTCGGAATAAATTTTAGTATATTTTGTGGGCAATTCCCAGAAAT
TAATGGCTATGAGTTCTTTTTTGATCAACTCAAACTATGTCGACCCCAAGTTCCCTCCAT
GCGAGGAARTATTCACAGAGCGATTACCTACCCAGCGACCACTCGCCCGGGTACTACGCCG
GCGGCCAGAGGCGAGAGAGCAGCTTCCAGCCGGAGGCGGGCTTCGGGCGGCGCGCGGCGT
GCACCGTGCAGCGCTACGCGGCCTGCCGGGACCCTGGGCCCCCGCCGCCTCCGCCACCAC
CCCCGCCGCCCCCGCCACCGCCCGBTCTGTCCCCTCGGGCTCCTGCGCCGCCACCCGCCG
GGGCCCTCCTCCCGGAGCCCGGCCAGCGCTGCGAGGCGGTCAGCAGCAGCCCCCCGCCGC
CTCCCTGCGCCCAGARCCCCCTGCACCCCAGCCCGTCCCACTCCGCGTGCARARGAGCCCG
TCGTCTACCCCTGGATGCGCAAAGTTCACGTGAGCACGGTAAACCCCAATTACGCCGGCG
GGGAGCCCAAGCGCTCTCGGACCGCCTACACGCGCCAGCAGGTCTTGGAGCTGGAGAAGG
AATTTCACTACAACCGCTACCTGACACGGCGCCGGAGGGTGGAGATCGCCCACGCGCTCT
GCCTCTCCGAGCGCCAGATCAAGATCTGGTTCCAGAACCGGCGCATGAAGTGGARAAARG
ACCACAAGTTGCCCAACACCAARGATCCGCTCGGGTGGTGCGGCAGGCTCAGCCGGAGGGC
CCCCTGGCCGGCCCAATGGAGGCCCCCGCGCGCTCTAGTGCCCCCGCACGCGGGAGCCAC
GAACCTCGGGGTGGGGGTGGGCAGTGAGTGCAGGGGATGGGGTGCGGGGACAGGAGGGGG
CCCTGGGGCCTGGGCCCCGGAARAATCTATCTGCCCTCCCCCACACTTTATATACGAATA
ARCGCAGAAGAGGGGGAGGGGAAGCTTTATTTATAGAAATGACAATAGAGGGCCACGGGG

1021 AGGCCCCCCCAGAAGCAAGATTCARAATCTCTTGCTTTCTTTCTTAAAAAAAAGAARAAGA
1081 AAAAGCAAGAAGAAGGAAGAAAGAAAAAGACAGAAAGAGAAATAGGAGGAGGCTGCAGCT
1141 CCTCGTITTCAGCTTTGGCGAAGATGGATCCACGTTTCATCTTTAATCACGCCAGGTCCA
1201 GGCCCATCTGTCTTGTTITCCTCTGCCGAGGAGAAGACGGGCCTCGGTGGCGACCATTACC
1261 TCGACACCCGCTAACAARATGAGGCCCGGCTCGGCCGCCTCCGCCTCTGCTACTGCCGCTG
1321 CTGGAAGACAGCCTGGATTTCCTTTCTTTGTCCCCCACTCCCGATACCCAGCGAAAGCAC
1381 CCTCTGACTGCCAGATAGTGCAGTGTTTTGGTCACGGTAACACACACACACTCTCCCTCA
1441 TCTTTCGTGCCCATTCACTGAGGGCCAGAATGACTGCTCACCCACTTCCACCGTGGGGTT
1501 GGGGGTGGGCAACAGAGGAGGGGAGCAAGTAGGGAAGGGGGTGGCCTTGACARCTCAGGA
1561 GTGAGCAGGGAAATTGAGTCCAAGGAAAAAGAGAGACTCAGAGACCCGGGRGGGCCTTCC
1621 TCTGAAAGGCCAAGCCAAGCCATGCTTGGCAGGGTGAGGGGCCAGTTGAGTTCTGGGAGC
1681 TGGGCACTACTCTGCCAGTCCAGAGTTGTACAGCAGAAGCCTCTCTCCTAGACTGAAAAT
1741 GAATGTGAAACTAGGAAATAAAATGTGCCCCTCCCAGTCTGGGAGGAGGATGTTGCAGAG
1801 CCCTCTCCCATAGTTTATTATGTIGCATCGTTTATTATTATTATTGATAATATTATTATT
1861 ACTATTTTTTTGTGTCATGTGAGTCCTCTCTCCTTTTCTCTTITCTGACATTCCAAAACCA
1921 GGCCCCTTCCTACCTCTGGGGCTGCTTGAGTCTAGAACCCTTCGTATGTGTGAATATCTG
1981 TGTGCTGTACAGAGTGACAATAGAAATAAATGTTTGGTTTCTTGTGAAAAAAARAAAARAA

SEQ ID NO: 5 ( HIV TAT protein residues 47-57 conferring membrane
translocation activity)

YGRKKRRQRRR

SEQ ID NO: 6 (TAT PTD)
RKKRRQRRR
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SEQ ID NO: 7 (TAT PTD)
YARKARRQARR

SEQ ID NO: 8 (TAT PTD)
YARAAARQARA

SEQ ID NO: 8 (TAT PTD)
YARAARRAARR

SEQ ID NO: 10 (TAT PTD)

RARAARRAARA
SEQ ID NO: 11 (Antp PTD)

RQIKIWFQNRRMKWKK
SEQ ID NO: 12 (HSV VP22 PTD)
DAATATRGRSAASRPTERPRAPARSASRPRRPVE

SEQ ID NO: 13 (HeptaARG PTD)
RRRRRRR

SEQ ID NO: 14 (TAT PTD)
YARAAARQARA

SEQ ID NO: 15 (TAT PTD -~ multimer of three)
YARAAARQARAYARAAARQARAYARAAARQARA

SEQ ID NO: 16 (sense primer for pTAT-HA-HoxB4)

TAC CTA CCC ATG GAC CAC TCG CCC

SEQ ID NO: 17 (antisense primer for pTAT-HA-HoxB4)

TCG TGG CTC CCG AAT TCG GGG GCA
SEQ ID NO: 18 (sense primer for modified pTAT-HA-HoxB4)

CGA TGG GCA TCC GGC TAC GCA CGC GCA GCT GCG CGC CAG
GCT CGC GCC GGT GGA TCC ACC ATG
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SEQ ID NO: 19 (antisense primer for modified pTAT-HA-HoxB4)

CAT GGT GGA TCC ACC GGC GCG AGC CTG GCG CGC AGC TGC
GCG TGC GTA GCC GGATCC CCATCG




