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COMPOSITIONS AND METHODS

FOR EXPANSION OF EMBRYOMNIC HEMATOPOIETIC STEM CELLS

Priority Benefit

This application claims the benefit of U.S. provisional application No. 61/750,332,

filed on January 8, 2013, which 1s incorporated hercin by reference in its entirety.

Statement Reparding Federally Sponsored Research or Development

This invention was made with government support under Grant No. HL206320 and
Grant No. K12 CA076930 awarded by the National Institutes of Health, The Government

has certain rights in the invention.

1. FIELD OF THE INVENTION

The present invention relates to methods, kits and compositions for expansion of
erubryonic hematopoictic stem cells and providing hematopoictic function to human
patients in need thereof. In one aspect, it relates to kits and compositions comprising a
Notch agonist, one or more growth factors, and, optionally, an inhibitor of the TGFR
pathway. Also provided herein are methods for expanding embryonic hematopoictic stem
cells using kits and compositions comprising a Notch agonist, one or more growth factors,
and, optionally, an inhibitor of the TGF pathway. The erobryonic hematopoictic stem cells
cxpanded using the disclosed kits, compositions and methods inchude cells derived from an
cmbryo {¢.g., aorta-gonad-mesoncphros region of the embryo), crabryonic stem cells,
induced pluripotent stem cells, or reprogrammed cells of other types. The present invention
also relates to adnunistering the embryonic hematopoietic stem cells expanded using 2
combination of a Notch agonist, one or more growth factors, and, optionally, an inhibitor of

the TGFP pathway to a patient for short-term and/or long-term in vive repopulation benefits.
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2., BACKGROUND OF THE INVENTION

Hematopoictic stem cells (HSC) have therapeutic potential as a result of their
capacity to restore blood and immune celis in travnsplant recipients. Specifically, autologous
or allogeneic transplantation of HSC can be used for the treatment of patients with inherited
imrounodeficient and autoimmune diseases and diverse hematopoietic disorders to
reconstitute the hematopoictic cell hneages and immune system defense. Human bone
marrow transplantation methods are currently used as therapics for leukernia, lvmphoma,
and other life-threatening discases. For these procedures, a large number of stem cells must
be 1solated to ensure that there are enough HSC for engrattment. The mumber of HSC
available for treatment is a chinical lintation. See U.S. Patent Publication No.

2010/0183564.

Prolonged pancytopenia 18 conunon following intensive chemotherapy regimens,
myeloablative and reduced intensity regimens for hematopoietic cell transplantation (HCT},
and cxposure o acute ionizing radiation. Of particular concern is prolonged neutropenia,
which results 1o a significant risk of infection despite improved antimicrobial therapy and
increases morbidity and mortality. Thus, novel therapies that can abrogate prolonged
pancytopena/neutropenia following high dose chemotherapy and/or radiation, and

potentially factlitate more rapid hematopoietic recovery, are needed.

Novel therapies that can provide gene therapy and correct inherited disorders are
also necded. The novel therapies are needed to correct both genetic disecases of

hematopoictic organs and genetic diseases that involve non-hematopoictic organs.

2.1 HEMATOPOIETIC STEM CELLS

The hematopoictic stem cell 18 pluripotent and ultimately gives rise to all types of
terminally differentiated biood cells. The hematopotetic stem cell can self-renew, or it can
differentiate into more committed progenitor cells, which progenitor cells are irreversibly
determined to be ancestors of only a few types of blood cell. For instance, the
hematopoictic stem cell can differentiate into (1) myeloid progenitor cells, which myeloid
progenttor cells ultimately give rise to monocytes and macrophages, neuirophils, basophils,
cosinophils, erythrocytes, megakaryocytes/platelets, dendritic cells, or (i1} lymphoid

progenitor cells, which lymphoid progenttor cells ultimately give rise to T-cells, B-cells,

f]
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and lymphocyte-like cells called natural killer cells (NK-cells). Once the stem cell
differentiates into a myeloid progeuottor cell, its progeny cannot give rise to cells of the
fymphoid lineage, and, similarly, lymphoid progenitor cells cannot give rise to cells of the
mycloid lineage. For a general discussion of hematopoicsis and hematopoictic stem cell
differentiation, see Chapter 17, Differentiated Cells and the Maintenance of Tissues, Alberts
ef al., 1989, Molecular Biology of the Cell, Znd Ed., Garland Publishing, New York, NY;
Chapter 2 of Regenerative Medicine, Department of Health and Human Services, August
2006, and Chapter § of Hematopoietic Stem Cells, 2009, Stem Cell Information,

Departroent of Health and Human Services.

In vitro and in vivo assays have been developed to characterize hematopoietic stem
cells, for example, the spleen colony forming (CFU-S) assay and reconstitution assays in
imroune-deficient mice. Further, presence or absence of cell surface protein markers
defined by monoclonal antibody recognition have been used to recognize and isolate
hematopoeietic stem cells. Such markers 1nclude, but are not limited to, Lin, CD34, CD38,
CD43, CD43RO, CD43RA, CDS9, C190, CD109, CD117, CD133, CD166, and HLA DR,
and combinations thereot. See Chapter 2 of Regencrative Medicine, Department of Health

and Human Services, August 2006, and the references cited therein.

2.2 NOTCH PATHWAY

Members of the Notch family encode large transmembrane proteins that play central
roles in cell~cell mteractions and cell-fate decisions during carly development i a mumber
of invertcbrate systems (Simpson, 19935, Nature 375:736-7; Artavanis-Tsakonis ef af., 1995,
Science. 268:225-232; Sirapson, 1998, Semin, Cell Dev. Biol, 9:381-2; Go et al., 1998,
Development. 125:2031-2040; Artavanis-Tsakonas and Simpson, 1991, Trends Genet.
7:403-408). The Notch receptor 1s part of a highly conserved pathway that enables a variety
of cell types to choose between alternative differentiation pathways based on those taken by
immediately neighboring cells. This receptor appears to act through an undefined common
step that controls the progression of uncoramitted cells toward the differentiated state by
inhibiting their competence to adopt one of two alternative fates, thereby allowing the cell
either to delay ditferentiation, or in the presence of the appropriate developmental signal, to

commit to differentiate along the non-inhibited pathway.

()
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Genetic and molecular studies have led to the identification of a group of genes
which define distinct elements of the Noteh signaling pathway., While the identification of
these various elements has come exclusively from Drosophila using genetic tools as the
mitial guide, subsequent snalyses have lead to the identification of hornologous proteins n
vertebrate species including humans. The molecular relationships between the known
MNotch pathway clements as well as their subecllular localization are depicted in Artavanis-
Tsakonas ¢f af., 1993, Science 268:225-232; Artavanis-Tsakonas ef af., 1999, Science
284:770-776; and in Kopan et g/, 2009, Cell 137:216-233. Proteins of the Delta family and
proteins of the Serrate (including Jagged, the mammalian homolog of Serrate) family are
extraceliular ligands of Notch. The portion of Delta and Serrate responsible for binding t©
MNotch 1s called the DSL domain, which doroain is located in the extracellular dorsain of the
protein. Epidermal growth factor-like repeats (ELRs) 11 and 12 in the extracelhular domain
of Notch are responsible for binding to Delta, Serrate and Jagged. Sce Artavanis-Tsakonas

ef af., 1995, Science 268:225-232 and Kopan e af., 2009, Cell 137:216-233.

2.3 NOTCH PATHWAY IN HEMATOQPOIESIS

Evidence of Notch-1 mRNA expression in human CD34 precursors has led to
speculation for a role for Notch signaling in hematopoiesis (Milner e ¢/, 1994, Blood
3:2057-62). This is further supported by the demonstration that Notch-1 and -2 proteins are
present in hematopoictic precursors, and, in higher amounts, 1 T celis, B cells, and
monocyies, and by the demonstration of Jagged-1 protein in hematopoictic stroma {hishi
et al., 2000, Blood 95:2847-2854; Varnurn-Finney ef o/, 1998, Blood 91:4084-91; Lier al,,
1998, Immunity 8:43-55}.

The clearest evidence for a physiologic role of Notch signaling has come from
studies of T cell development which showed that activated Notch-1 mbubited B cell
maturation but permitted T cell maturation (Pui ef @f., 1999, Immunity 11:299-308). In
contrast, inactivation of Notch-1 or mhibition of Notch-mediated signaling by knocking out
HES-1 inhibited T cell developroent but permitted B cell maturation (Radtke ef al., 1999,
Immunity 10: 47-55; Tomita ef al., 1999, Genes Dev. 13:1203-10}. These opposing effects
of Notch-1 on B and T cell developracut raise the possibility that Notch-~1 regulates fate

decistons by a common lymphotd progenitor cell.
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Other studies in transgenic mice have shown that activated Notch-1 affects the
proportion of cells assuming a CD4 vs. CDR phenotype as well as an off vs. yo cell-fate
{Robey er af., 1996, Cell 87:483-92; Washburn ef af., 1997, Cell 88:833-43). Although this
may reflect an effect on fate decisions by a commeon precursor, maore recent studies have
suggested that these effects may result from an anti-apoptotic effect of Notch-1 that enables
the survival of differentiating T cells that would otherwise dic (Deftos er al., 1998,

Immunity 9:777-86; Jehn ef al., 1999, J lmmunol, 162:635-K).

Studies have also shown that the differentiation of isolated hematopoietic precursor
cells can be inhibited by ligand-induced Notch signaling. Co-culture of murine marrow
precursor cells (Lin ~Sca-1¢c-kit") with 3T3 cells expressing human Jagged-1 led toa 2 to 3
fold increasc in the formation of primitive precursor cell populations (Varnum-Finney ef ¢f.,
1998, Blood 91:4084-4991; Jones er af., 1998, Blood 92:1505-11). Incubation of sorted
precursors with beads coated with the purified extracellular domain of human Jagged-1 also
fed to enhanced generation of precursor cells (Vamum-Finney er af., 1998, Blood 91:4084-

91).

In a study of human CD34" cells, expression of the intracetular domain of Notch-|
or exposure to celis that overexpressed Jagged-2 also led to enhanced generation of
precursor cells and prolonged maintenance of CD34 expression (Carlesso ef ¢/, 1999,
Blood 93:838-48). In another study, the effects of Jagged-1-expressing cells on CD34 " cells
were influenced by the cytokines present in the cultures; in the absence of added growth
factors, the interaction with cell-bound Jagged-1 led to maintenance of CD34 cellsina
non-proliferating, undifferentiated state, whereas the addition of c-kit ligand led to a 2-fold
merease in erythroid colony-forming cells (Walker ef al., 1999, Stern Cells 17:162-71)

2.4 EXPANSION AND ENGRAFTMENT OF HEMATOPOINTIC
STEM/PROGENITOR CELLS

Past cfforts have attempted to expand hematopoictic stenyprogenttor cells (HSPC)
using soluble cytokine mediated methodologies; however, these atterapts have demounstrated
fimited clinical efficacy (sec Shpall et al., 2002, Biol Blood Marrow Transplant. 8(7): 368-
376, de Lima et al,, 2008, Blood. 112 Abstract 154; Jaroscak et al., 2003, Blood, 101(12):
5061-3067).
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Varnum-Finney ef o/, 1993, Blood 101:1784-1789 demonstrated that activation of
endogenous Notch receptors 1 mouse marrow precursor cells by an immobihized Notch
Higand revealed profound effects on the growth and differentiation of the precursor cells,
and that s multilog increase in the number of precursor celis with short-term lyraphoid and

myeloid repopulating ability was observed.

Delancy ef af., 2005, Blood 106:2693-2699 and Ohishi ef af., 2002, . Clin. Invest.
110:1165-1174 dersonstrated that incubation of human cord blood progenitors in the
presence of an immobilized Notch ligand generated an approximate 100-fold increase in the
number of CD34 " cells with cnhanced repopulating ability as determined in an

immunodeficient mouse model. See also 1.8, Patent No. 7,399,633 B2,

Delaney e af, 2010, Nature Med. 16(2): 232-236 demonstrated that a population of
CD34" cells obtained from a frozen cord blood sample, which population had been cultured
in the presence of a Notch Higand (resulting in a greater than 100 fold increase in the number
of (D34’ cells), repopulated immunodeficient mice with markedly enhanced kinetics and
magnitude, and provided more rapid myeloid engraftment in hurnans i a clinical phase 1

niyeloablative cord blood transplant trial.

Expansion technigues for cord blood stem cells have been deseribed. Sce, eg, U.S.
Patent No. 7,399,633 B2 to Bernstein ef ¢f., and Delaney ef af., 2010, Nature Med. 16(2}):
232-236. Declaney ef af. reported rapid engraftment after infusion of previously
cryopreserved cord blood stem cells which had been selected on the basis of HLA matching,

and which had been expanded ex vive,

International Patent Publication No. WO 2006/047569 A2 discloscs methods for
expanding myeloid progenitor cells that do not typically differentiate into celis of the
fymphotid lincage, and which can be MHC-mismatched with respect to the recipient of the
cells.

International Patent Publication No. WO 2007/095594 A2 discloses methods for
facilitating cugraftment of hematopoictic stem cells by administering mycloid progenitor
cells in conjunction with the hematopoietic stem cell graft, for example, where the
hematopoictic stem cell graft is suboptimal because it has more than one MHC mismatch

with respect to the cells of the recipient patient.
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U8, Patent 5,004,681 to Boyse ef af. discloses the use of human cord blood stem

cells for hematopoietic recoustitution.

U.S. Patent Publication No, 2010/0183564 to Boitano et ¢/, discloses methods and
compositions for expanding HSPC populations using an agent capable of down-regulating
the activity and/or expression of aryl hydrocarbou receptor and/or a downstream effector of

ary! hydrocarbon receptor pathway.

International Patent Publication No. WO 2011/127470 Al discloses methods and
compositions for providing hematopoietic function to a human patient, by selecting an
cxpanded human umbilical cord blood stemv/progenitor cell sample without taking into
account the HLA-type of the expanded human cord blood stem cell/progenitor sample or the
HILA-type of the patient, and administering the selected expanded human cord blood
stenVprogenitor cell sample to the patient; as well as methods for obtaining the expanded
human cord blood stem cell/progenitor cell samples: and banks of frozen expanded human

cord blood stem cell/progenttor cell samples, and methods for producing such banks,

International Patent Publication No. WO 2011/127472 Al discloses methods and
compositions for providing hematopoietic function to a human patient, by selecting a pool
of expanded human umbihical cord blood stern/progenitor cell saraples for administration to
a patient, wherein the samples in the pool collectively do not mismatch the patient at more
than 2 of the HLA antigens or alleles typed in the patient, and adminsstering the selected
pool of expanded hursan cord blood stew/progentior cell samples to the patient; as well as
nmethods for obtaining the pools of expanded human cord blood stem cell/progenitor cell
samples; and banks of frozen pools of expanded human umbilical cord blood stem

cell/progenitor cell samples, and methods for producing such banks.

There 18 a need for successful expansion of embryonic hematopoietic stem cells
{e¢HSC), such as hematopoietic stem cells from embryonic sources, erabryonic stem cells
(ESC), induced pluripotent stem cells (iPSC) or reprogramumed cells of other types (non-
pluripotent cells reprogrammed nto ¢HSC). Tu particular, there is a need for successtul
expansion of human embryonic hematopoictic stem cells. Specifically, there is a need for
successtul generation of expanded human embryonic hernatopoietic stern cells capable of

short and long-term multilineage engrafiment. Current methods for generation of engrafting

~3
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e¢HSC are inefficient, and unable to generate long-term engraftment in the absence of
overexpressing potentially deleterious transcription factors. The only reproducible method
to generate long-term multilineage engraftment from embryonic hematopoictic stem cells
known to date mvolves overcxpression of HOXBA4, a potentially oncogenic transcription

factor, in murine ESC/APSC (see Lengerke & Daley, 2016, Blood Rev. 24:27-37).

Citation or identification of any reference in Section 2 or any other section of this
application shall not be construed as an admission that such reference 1s available as prior

art to the present invention.

3 SUMMARY OF THE INVENTION

Diescribed herein are methods of expanding embryonic hematopeictic stem cells,
comprising culturing the embryonic hematopoietic stem cells ex vivo in the presence of a
composition comprising a Notch agonist and onc or more growth factors, thereby producing
an expanded embryonic heratopoietic stern cell sample. Also described herein are methods
of expanding embryonic hematopoietic stem cells, comprising culturing the embryonic
hematopoictic stem cells ex vivo in the preseoce of a composition comprising a Notch
agonist, one or more growth factors, and an inhibitor of the TGFP pathway, thereby
producing an expanded embryonic hernatopoietic stern cell sample. Further described
herein are methods of expanding embryonic hematopoietic stem cells, comprising culturing
the embryonic hematopoietic stern cclls ex vive in the presence of a composition comprising
a Notch agonist and one or more growth factors, wherein said cuituring is not in the
presence of an aryl hydrocarbon receptor antagonist, thereby producing an expanded
embryounic hermatopoietic stera cell sample. Also described herein are methods of
expanding embryonic hematopoictic stem cells, comprising culturing the embryonic
hematopoictic stem cells ex vivo in the preseoce of a composition comprising a Notch
agonist and one or more growth factors, wherein the embryonic hematopoictic stem cells
ar¢ derived from induced phuripotent stem cells ((PSC) or reprogramumed non-pluripotent
cells, thereby producing an expanded embryonic hematopoietic stem cell sample. In
addition, described herein are compositions and kits used in the methods described above,

such as those comprising a Notch agonist, one or more growth factors, and, optionaily, an

o)
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inhibitor of the TGFP pathway. Further described herein is treatment of hematopoietic
disorders and/or gene therapy for hernatopoietic disorders using the embryonic

hematopoictic stem cells expanded in accordance with the methods described herein.

4, DEFINITIONS

Although any mcthods and materials simailar or equivalent to those described herein
can be used in the practice or testing of the present invention, the preferred methods and
materials are described. For purposes of the present mvention, the following terms are

defined below.

As used herein, the terms “embryonic hematopoietic stem cells” or “eHSC” mean
definitive hematopoietic stem cclis that are capable of engrafting a recipient of any age
post-birth. Embryonic hematopoietic stem cells can be derived from: an embryo {e.g.,
aorta~-gonad-macsonephros region of an embryo), embryonic stem cells (ESC), mduced
pluripotent stem cells (IPSC), or reprogramumed cells of other types (nou-pluripotent cells of
any type reprogrammed into ¢eHSC). The eHSC of the invention are not fetal liver HSC,
adult peripheral blood HSC or umbilical cord blood HSC. The embryonic bematopeictic
stem celis can be enriched in populations of cells positive for VE-Cadherin, CD45, 0or a

combination thereof. The eHSC are preferably human.

As used herein, the term “Enriched eHSC” refers to a cell population enriched n

embryonic hematopoictic stem cells. The Enriched eHSC are preferably human.

As used herein, the term “Expanded cHSC” refers to a cell population containing
eHSC that have been expanded in cell number by use of a combination of a Notch agonist,
onc or more growth factors, and, optionally, an inhibitor of the TGFP pathway, according to
a method of the invention as disclosed herein. Expanded eHSC are referred to
interchangeably herein as “an expanded embryonic hematopoictic stem cell sample.” The
expansion of ¢HSC can be shown by av increase in the mumber of eHSC 1n an aliquot of the
sample thus expanded. Expansion of the eHSC can be shown by (i) the increased ability of
the expanded cell sample to provide hematopoictic engrafiment of a subject post-birth;

and/or (i1} an increased number of repopulating cells determined by himiting-dilution

Q
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analysis as shown by enhanced engrattment in NOD/SCID or other immunodeficient (e.g.,
lethally wrradiated) mice 1nfused with an aliquot of the sample thus expanded; relative to that
seen with an aliquot of the sample that is not subjected to the expansion method. Ina
specific embodiment, enhanced engraftment in NOD/SCID or other immunodcficient mice
can be detected by detecting an increased percentage of human CD45 " cells in the bone
marrow of muice infused with an aliguot of the expanded sample relative to mice infused
with an aliquot of the sample prior to expansion, at, e.g., 2 weeks, 3 weeks, 6 weeks, 14
weeks, or 16 weeks post-infusion {¢.g., see Delaney er af., 2010, Nature Med. 16(2): 232-
236). Expanded eHSC may include hematopoictic stem cells capable of short-term
repopulation, hematopoietic stemn cells capable of long-term repopulation (the eHSCs) and
hematopoictic progenttor cells. In a specific erabodiment, the cxpansion method results in
an at least 50-, 75, 100-, 150-, 200-, 250-, 300-, 350, 400-, 450-, or 500-fold increase in

the mumber of eHSC 1n an aliquot of the saraple expanded.

As used herein, the term “Delta” refers to any of the proteins or genes, as the case
may be, of the Drosophila Dielia family or its mammahian homolog Delta (also known as
“Delta-like”) fanuly. Proteins or genes of the Delta family, as the case roay be, include, but
are not limited to, Delta-1 (where mammalian Delta-1 is also known as Delta-like 1), Delta-
3 {where marmmalian Delta-3 18 also known as Delta-like 3), and Delta-4 (where

mammalian Delta-4 is also known as Delta-like 4).

Asused herein, the term “Serrate” refers to any of the proteins or genes, as the case

may be, of the Drosophila Servate family or its mammalian homolog, Jagged, family.

As used herein, the term “Jagged” refers to any of the proteins or genes, as the case

may be, of the Jagged family such as, but not limited to, Jagged-1 and Jagged-2.
Delts ext-Iglc L Ext-gls : A oy ey ] :
clta and Delta arc used interchangeably herein.
102G Ext-IeG . .
Deltal™ Y and Deltal ™% ure used interchangeably hercin.

As used herein, the term “an aryl hydrocarbon receptor antagonist” refers to any of
N

the aryl hydrocarbon receptor antagonists described in U8, Patent Publication No.

2010/0183564, the disclosure of which s incorporated by reference hercin.

10
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8. BRIEF BESCRIPTION OF THE DRAWINGS

Figure 1 shows the design of the study. The data for this study is presented in
Figuare 2. The results for surface phenotype by FACS assay are presented in Figare 2A.
The results for colony forming progenitor assays are presented in Figure 2B. The resulis for

transplantation futo mice assays are presented in Figures 2C and 2D,

Figure 2 shows expansion of embryonic hematopoietic stem cells on Notch higand,
Deltal ™Y The mouse AGM (aorta-gonad-mesonephros) was used as a source of
X o
embryouic progenitors, by dissection and FACS 1solation of VE-Cadherint/CDi45+ cells.

19725 with cytokines stem cell factor (SCF), Interleukin-6, 3,

Subsequent culture on Delta
and 11 (L6, IL3, 1L11), FLT3-ligand (FLT3L), throrbopoictin (TPO), and 10uM SB
431542 (TGFP inhibitor) resulted 1u expansion of hematopoietic sierv/progenitors by
surface phenotype (A}, and colony-forming progenitor potential in vitro (B), across a large

8 () and (D) show long-term, multilineage

concentration range of Deltal™”
hematopoietic reconstitution capacity of expanded cells transplanted into wrradiated adult
! pacity p Y

mice.

Figure 3 shows (A) phenotyping and (B) total cells or Sca-1"/c-kit /Gri/Mac1™”
cells generated from embryonic AGM-derived HSPC (hematopoictic sterm/progenitor cells)

19989 (5 yg/ml) or control 19G with media containing

expanded on Notch ligand Delta 2
cytokines (SCF, TPO, FLT3L, IL3, IL6, IL11) with or without TGF-p inhibitor {(SB432542)
at 10uM. 53K = Scal /e-kit'. (C) A representative experirnent showing cells and colony-

forming progenttors ({CFU) generated in experiments with SB4313542 or control (DMSO).

Figure 4 shows {A) AGM-derived HSPC expanded ou Notch Hgand Delta 1 7E¢
{using optimized ligand dose 2.5 png/m! with 6 cytokines and 8B431542 as described in
Figure 2) demonstrate enhanced, rapidly repopulating mycloid and B lymphoid capacity
compared to uncultured cells or cells coltured on control higG, when examined at 2 weeks
in peripheral blood of competitively transplanted mice. Data is compiled from 5
independent experiments, including 4 experniments with uncultured cells. (B} AGM-derived
HSPC expanded on Notch ligand Deltal ™8 maintain long-term multilineage repopulating
mycloid and B/T lymphotd capacity compared to cclis cultured on control higG, when

examined at 14-16 weeks 1u peripheral blood of corapetitively transplavted roice. Datais

i
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compiled from 3 independent experiments. % Donor in Mouse was assessed using CD45 as
a marker. % Donor Myeloid in Mouse was assessed using a combination of F4/80 and Gr-

i

6. DETAILED DESCRIPTION OF THE INVENTION

The present invention provides compositions, kits and mcthods for expanding
embryonic hematopoictic stem cells, and providing hematopoietic function and/or gene
therapy to a human paticnt of any age post-birth in need thercof by admunistering the
expanded embryonic hematopoietic stem cells to the patient. In particular, the present
invention relates to compositions and kits comprising a Notch agonist in combination with
one or more growth factors, methods for expanding embryounic hematopoietic stera cells
using such compositions and kits, and methods for providing hematopeictic function (such
as short-term and/or long-term roultilineage engraftment) and/or gene therapy to haman
patients in need thercof using such expanded embryonic hematopoietic stem cells.
Optionally, the compositions and kits of the invention comprising Notch agonist and one or
more growth factors, further comprise an inhibitor of the TGFR pathway (such as
SB431542). Accordingly, in some embodiments, the present invention relates to
compositions and kits comprising a Notch agonist in combination with one or more growth
factors and an inhibitor of the TGF pathway, methods for expanding embryonic
hematopoictic stem cells using such compositions and kits, and racthods for providing
hematopoictic function (such as short-term and/or long-term multilineage engraftment)
and/or gene therapy to human patients 1o need thereof using such expanded embryonic

bematopoictic stem cells.

The inventors of the present invention have unexpectedly found that a Notch agonist
{e.g., Deltal or Jaggedl), i the presence of one or more growth factors, is able to expand
embryonic hematopoictic stem cells (eHSC). The inventors have further found that,
surprisingly, combining a Notch agonist (such as Deltal™ %) and one or more growth
factors with an inhibitor of the TGV pathway (such as SB431542) results in an additive

and/or synergistic effect on expansion of the cHSC. Further, the inventors have discovered

ext-Igs

that a Notch agonist (such as Deltal '} in the presence of one or more growth factors
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and, optionally, in combination with an inhibitor of the TGFp pathway (such as SB431542),
promotes expansion of progenitors with erythromyeloid colony formung potential and T/B-
fymphoid potential iz vitro, with concurrent maturation of surface phenotype to that

resernbling fetal hver-stage HSC.

Furthermore, unexpectedly, the data obtained by the wnventors and presented herein
{(see Section 7, Example) show that use of a Notch agonist {e.g., Deltal or Jaggedl} for
expansion of ¢HSC mediates expansion of cells that demoustrate rapidly engrafting myeloid
and lymphoid capacity and capacity for long-term multilineage engrafiment when
administered to a paticnt of any age post-birth. In addition, the data obtained by the
tnventors and presented herein suggest that, surprisingly, combining a Notch agonist (such

i ext-1g(y

as Delta } and one or more growth factors with an inhibitor of the TGFp pathway
{such as SB431542) results in an additive and/or syuergistic effect on expansion of cells that
demonstrate rapidly engrafting myeloid and lymphoeid capacity and capacity for long-term

multilineage engraftment when administered to a patient of any age post-birth.

Tofusion of the Expanded eHSC of the tnvention can provide a therapeutic benefit
for patients with immunodcficient and autoimmune discases, diverse hematopoietic
disorders (including genetic hematopoietic disorders), non-hematopoietic genetic disorders
that can be corrected by transplantation of hematopoictic stem cells carrying a normal gene
{¢.g., carrying a geoe from a wild-type donor or a gene corrected by methods described
berein or known in the art), or those who bad undergone chemeotherapy. The use of
cherotherapeutic agents can be immunosuppressive and/or highly myelosuppressive,
jeading to prolonged neutropenia, often resulting in frequent infections in treated patients.
In some aspects of the mvention, the infusion of ¢HSC expanded in accordance with the
wmethods described herein abrogates or amelorates neutropenia 1o a paticut. In one aspect,
the Expanded ¢HSC of the invention abrogate or ameliorate neutropenia resulting from
cherootherapy, preventing infectious complications, and facilitating host hematopoietic
recovery post-chemotherapy. In other aspects, the Expanded eHSC of the invention can be
used 1 gene therapy for hematopoictic disorders or non-hematopoictic disorders. In
particalar, the eHSC expanded in accordance with the methods described herein can be
dertved frora ESC, 1PSC or reprogramumed cells of other types {reprogrammed mto ¢HSC)

obtained from a patient suffering from a hematopotietic disorder and genetically modified to

13
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correct the hematopoictic disorder by correcting a defective gene sequence in the ESC,
iPSC or reprogrammed cells, or eHSC dertved from any of the foregoing, ¢.g., prior to
expansion. Such gene-corrected and expanded eHSC can be administered to the patient
suffering from the hematopoietic disorder for therapeutic hematopoictic stern cell
transplantation and gene therapy. In yet another example, the eHSC expanded in
accordance with the methods described herein can be derived from ESC, iPSC or
reprogrammed celis of other types (reprograromed into eHSC) obtained from a patient
suffering from a non-hematopoictic disorder and genetically modified to correct the non-
hematopoietic disorder by correcting a defective gene sequence i the ESC, iPSC or
reprogrammed cells, or eHSC derived from any of the foregoing, e.g., prior to ¢xpansion.
In some cmbodiments, non-heraatopoietic disorders can be treated using such gene-
corrected and expanded eHSC when ¢eHSC can be delivered to the organ{s) affected by such
non-hematopoictic disorders, ¢.g., by access to such organs via the circulatory systern. In
some embodiments, a non-hematopotetic disorder can be corrected by administration of

such gene-corrected eHSC to the patient suffering from the non-hematopoietic disorder.

&1 NOTCH AGONISTS

The present invention contemplates use of a Notch agorust. Contemplated for use in
the present invention are any of the Notch agonists disclosed in U.S. Patent No. 7,399,633,
mneorporated by reference herein in its entirety, or any other Notch agonists known in the art
{also, the disclosure of Notch agonists in sec. 5.1 of U.S. Patent No. 7,399,633 is
specifically incorporated herein by reference in its entirety). The description of Notch

agonists provided herein is largely found in sec. 5.1 of U.S. Patent No. 7,399,633,

A Notch agonist is an agent that promotes, i.e., causes or increases, activation of
MNotch pathway function. As used herein, "Notch pathway function” shall mean & function
mediated by the Notch signaling (signal transduction) pathway, inchiding but not himited to
nuclear translocation of the mtraccllular domain of Notch, nuclear translocation of RBP-Jx
or its Drosophila homolog Sappressor of Hairless; activation of b(HLH genes of the
Enhancer of Split complex, e.g., Mastermind; activation of the HES-1 gene or the KBF2Z
{also called CBF1) gene; mbubition of Drosophila neuroblast segregation; and binding of

Notech to a Delta protein, a Jagged/Serrate protein, Fringe, Deltex or RBP-Ji/Suppressor of

14
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Hairless, or homologs or analogs thercof. See generally the review article by Kopan er af.,
2009, Cell 137:216-233 for a discussion of the Notch signal transduction pathway and its

effects upon activation; see also Jarriault ef ¢/, 1998, Mol. Cell. Biol. 18:7423-7431.

Notch activation is carried out by exposing a cell to a Notch agonist. The agonist of
Notch can be but 1s not himited to a soluble wolecule, a molecule that s recombinantly
expressed on a cell-surface, a molecule on a cell monolayer to which the ¢eHSC are exposed,
or a molecule immobilized on a solid phase. Excemplary Notch agounists are the extracellular
binding Higands Deilta and Serrate {e.g., Jagged) which bind to the extracellular domain of
Notch and activate Notch signal transduction, or a fragment {¢.g., the extracellular domain)
of Delta or Serrate (¢.g., Jagged) that binds to the extracellular domain of Notch and
activates Notch signal transduction. Nucleic acid and amino acid sequences of Delta family
merabers and Serrate family members {e.g., Jagged family roembers) have been isolated
from several species, including human, are known in the art, and arc disclosed in
International Patent Publication Nos, WO 93/12141, W0 96/27610, WO 97/81571, Gray er
al., 1999, Am. J. Path. 154:785-794. Jagged is a mammalian homologue of Serrate. As
used i this application, Serrate shall encompass Jagged unless the context indicates

otherwise.

In a specific embodiment, the Notch agonist is an extracellular domain of a Delta
proten or a Serrate {e.g., Jagged) protein, or a Notch-binding region thercof, fusedto a
different protein (a fusion partner). The Notch agonist is preferably immobilized on a solid
support. In certain erobodiraents, the Notch agonist is an immobilized fragrent of a Delta
or a Serrate {e.g., Jagged) protetn consisting of the extracellular domain of the protein fused

ext-myc

to a myc epitope tag (Delta™ ™° or Serrate , respectively) or an immobilized fragment

of a Delta or a Serrate {e.g., Jagged) protein cousisting of the extracellular domain of the

ext-IgG ext-IgG

protein fused to the Fe portion of IpG (Delta or Serrate , respectively). In
preferred embodiments, the Notch agonist is au immobilized fragment of a Deltaor a
Serrate {¢.g., Jagged) protein consisting of the extracelhular domain of the Delta or Serrate
fused to the Fe domain of human IgGl. In preferred embodiments, a Delta protein is a
buman or rodent Delta protein, and a Serrate or Jagged protein is a human or rodent Jagged

protein.
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Notch agonists of the present invention include but are not limited to Notch proteins
and analogs and derivatives (imcluding fragments) thereof] proteins that are other elements
of the Notch pathway and analogs and dertvatives (including fragments) thereof; activating
antibodies thereto and fragments or other derivatives of such antibodies containing the
binding region thereofl nucleic acids encoding the proteins and derivatives or analogs; as
well as proteins and derivatives and analogs thercot which bind to or otherwise interact with
Notch proteius or other proteins in the Notch pathway such that Notch pathway activity 1s
promoted. Such agonists include but are not limited to Notch proteins and derivatives
thereof coruprising the 1ntracelular doroain, Notch nucleic acids encoding the foregoing,
and proteins comprising the Notch-interacting domain of Notch ligands (e.g., the
extracelular domain of Delta or Serrate). Other agonists include but are not lirnited to
RBPh/Suppressor of Hatrless or Deltex. Fringe can be used to enhance Notch activity, for
example in conjunction with Delta protein. These proteins, fragments and derivatives
thercof can be recombinantly expressed and isolated or can be chemically synthesized. In
certain embodiments, an immobilized antibody to a Notch protein is used as an agonist of

Notch {see Wu et al., 2010, Nature 464:1052-57 for antibodies to Noich proteins).

In another specific embodiment, the Notch agonist is a cell which recombinantly
CXPTesses a protein or fragment or derivative thereof, which agonizes Notch, The cell
expresses the Notch agonist in such a manner that it is made available to eHSC in which
Motch signal transduction is to be activated, e.g., it is secreted, expressed on the cell surface,

et

In yet another specific embodiment, the agonist of Notch is a peptidomimetic or
peptide analog or organic molecule that binds to a member of the Notch signaling pathway.
Such an agonist can be identified by biuding assays selected from those known in the art,
for example the cell aggregation assays described in Rebay er af |, 1991, Cell 67:687-699
and 1o International Patent Publication No. W 92/19734.

In a preferred emboediment the agonist is a protein consisting of at least a fragment
of a proten encoded by a Notch-interacting gene which mediates binding to a Notch protein
or a fragroent of Noich, which fragmeunt of Notch contains the region of Noich responsible

for binding to the agonist protein, e.g., epidermal growth factor-like repeats 11 and 12 of
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MNotch. Notch interacting genes, as used herein, shall mean the genes Notch, Delta, Serrate,
Jagged, RBPJ, Suppressor of Hairless and Deltex, as well as other mewbers of the
Delta/Serrate family or Deltex family which may be identified by virtue of sequence
hormology or genetic interaction and more generally, members of the "Notch cascade™ or the
"Notch group” of genes, which are identified by molecular interactions (e.g., binding in
vitro, or genetic interactions (as depicted phenotypically, e.g., in Drosophila). Exemplary
fragments of Notch-binding proteins containing the region responsible for binding to Notch

are described in U.S. Pat. Nos. 5,648,464; 5,849,869; and 5,856,441,

The Notch agonists utiized by the methods of the invention can be obtamed

commercially, produced by recombinant expression, or chemically synthesized.

In a specific embodiment, the Noteh agonist is a dominant active mutant of a Noteh
protein (¢.g., a Notch receptor lacking the extraccliular, ligand binding domain). In another

embodiment, the Notch agonist is not a dominant active mutant of a Notch protein.

In some embodiments, the Notch agonist is recombinantly expressed from a nucleic
acid mtroduced mto the cHSC. Methods that can be used for recombinantly expressing a
Noich agonist are described in sec. 5.3 of U8, Patent No. 7,399,633, which is specifically
ineorporated by reference herein in its entirety. In particular erabodiraents, the Notch
agonist is a Notch protein (¢.g., human or murine Notch-1, Notch-2, Notch-3 or Notch-4)
consisting cssentially of the intraccllular domain of the Notch protein cxpressed
recombinantly in eHSC. In specific erabodiments, the recorabinantly expressed Notch
agonist is a chimeric Notch protein which comprises the intracellular domain of Notch
receptor and the extraceliular domain of avother higand-binding surface receptor {e.g., the
EGF receptor). In such embodiments, the Notch pathway can be activated by exposure to a
figand of such another ligand-binding surface receptor {e.g., EGF). The recorbinantly
expressed Notch agonist can be expressed by eHSC from an inducible promoter. In certain
erubodiments, the expression of the nucleic acid encoding the Notch agonist is under the
control of Cre/Lox system or FLP/FRT system. In one embodiment, the Notch agonist is

flanked by Cre sites.

In g specific embodiment, exposure of the cells to a Notch agonist is not done by
» CXF g

incubation with other cells recombinantly expressing a Notch ligand on the cell surface
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{although in other embodiments, this method can be used), but rather is by exposurc to a
cell-free Notch ligand, e.g., incubation with a cell-free ligand of Notch, which hgand 18
immobilized on the surface of a solid phase, e.g., immobilized on the surface of a tissue

culture dish.

o specific emmbodiments, Notch activity 1s promeoted by the binding of Notch higands
{e.g., Delta ligands, Serrate ligands) to the extracellular portion of the Notch receptor.
Motch signaling appears to be triggered by the physical imteraction between the extraceliular
domains of Notch and its ligands that are either membrane-bound on adjacent cells or
mmmobilized on a solid surface. Full length ligands arc agonists of Notch, as their
expression on one cell triggers the activation of the pathway in the neighboring cell which
expresses the Notch receptor. Soluble truncated Delta or Scrrate {¢. g., Jagged) molecules,
comprising the extracetiular domains of the proteins or Notch-binding portions thereof,
preferably fused to a different protein, that have been immobilized on a solid surface, such
as a tissue culture plate, ave particularly preferred Notch pathway agonists. Such soluble
proteins can be immobilized on a solid surface by an antibody or interacting protein, for
exarapic an antibody directed to an epitope tag with which a Delts or a4 Serrate 1s expressed
as a fusion protein {e.g., a myc epitope tag, which is recognized by the antibody 9E10) or a
protein which interacts with an optiope tag with which a Delta or a Serrate 18 expressed as a
fusion protein {e.g., an immunogiobulin epitope tag, which is bound by Protein A).

Immobilization can be by any method known in the art (see, ¢.g., Section 6.8).

In another specific erabodiment, and as described in U.S. Pat. No. 5,780,300 to
Artavanis-Tsakonas ef ¢/, Notch agonists include reagents that promote or activate cellular
processes that mediate the maturation or processing steps required for the activation of
Notch or a member of the Noich signaling pathway, such as the furin-like convertase
required for Notch processing, Kurbanian, the metalioprotease-disintegrin (ADAM) thought
to be required for the activation of the Noich pathway upstream or parallel to Notch
{Schiondortf and Blobel, 1999, J. Cell Sci. 112:3603-3617), or, more generally, cellular
trafficking and processing proteins such as the rab family of GTPascs required for
movement between cellular compartments (for a review on Rab (GTPases, see Olkkonen and
Stenmark, 1997, Int. Rev. Cytol 176:1-85). The agonist can be any molecule that increases

the activity of one of the above processes, such as a nucleic acid encoding a furin,
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Kuzbanian or rab protein, or a fragment or derivative or dominant active mutant thereof, or
a peptidomimetic or peptide analog or organic molecule that binds to and activates the

function of the above proteins.

U.S. Pat. No. 5,780,300 further discloses classes of Notch agonist molecules (and
methods of their identification) which can be used to activate the Notch pathway 1o the
practice of the present invention, for example molecules that trigger the dissociation of the
Notch ankyrin repeats with RBP-Jx, thereby promoting the translocation of RBP-Jx from

the cytoplasm to the nucleus.

6.2 GROWTH FACTORS/CYTORINES

The present invention contemplates use of a Notch agonist with one or more growth
factors or cytokines for expansion of eHSC., eHSC are expanded by culturing the celis in
the presence of an agonist of Notch function and one of more growth factors or cytokines
for a given period of time. In some embodiments, ¢HSC are coltured in the presence of two
or more growth factors. In yet another embodiment, eHSC are cultured in the presence of
three or more growth factors, four or more growth factors, or five or more growth factors.
When expansion of eHSC without differentiation is to be achieved, eHSC are cultured in the
presence of growth factors that support growth but not differentiation. The growth factor
can be any type of molecule, such as a protein or a chemical comapound that promotes

cellular proliferation and/or survival,

Exposing ¢eHSC to one or more growth factors can be done prior to, concurrently
with, or following exposure of the cells to a Notch agonist {and, optionally, an inhibitor of
the TGFP pathway). In somc embodiments, ¢cHSC are exposed to one or more growth
factors for at least a portion of the tiae or the rainimal culture time, most preferably the
majority or all of the time, that cHSC are exposed to a Notch agonist (and, optionally, an
inhibitor of the TGFP pathway). The munimal colture tivae 18 the aroount of timne at which
the cell would dic or stop proliferating in the absence of the Notch agonist and the growth
factors {e.g., 3 days, 4 days, 5 days, 6 days, | week, 2 weeks, 3 weeks, 4 weeks, S weeks, 6
weeks, 7 weeks, 8 weeks, 9 weeks, 10 weeks, 11 weeks, 12 weeks, 13 weeks, 14 weeks, 15

weeks, 16 weeks, 17 weeks, 18 weeks, 19 weeks, 20 weeks, 21 weeks, 22 weeks, 23 weeks,
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24 weeks, or 25 weeks). In specific embodiments, the minimal culture time is from 4 to 5

days.

In specitfic exemplary embodiments, the growth factors present in the expansion
medum inchude one or more of the following growth factors: stem cell factor (SCF), also
known as the ¢-kit ligand ot mast cell growth factor, Fli-3 higand (Flt-31), interlenkin-6 (L~
63, interlenkin-3 (IL-3), interleukin-7 (IL-7), interleukin-11 (IL-11)}, thrombopoictin (TPO)},
granulocyte-raacrophage colony stimulating factor {GM-CSF), gramulocyte colony
stimulating factor (G-CSF}, angiopoietin-like proteins (Angptis) (Angptl2, Angpti3,
Angptls, Angptl7, and Mfapd), insulin growth factor-2 (IFG-2), IGFBP2, Wnt3a, and
fibroblast growth factor-1 (FGF-1). In some embodiments, the growth factors present in the
expansion medium include one or more of the following growth factors: 1L-1, 1L-3, IL-6,

IL-11, G-CSF, GM-CSF, 3CF, FIT3-L, TPO, and erythropoictin,

In certain embodiments, the growth factors present in the expansion medium include
ong, two, three or more of the following growth factors: SCF, Fit-3L, IL-6, IL-3, TPO and
IL-11. Iu a preferred ermbodiment, SCF, Fit-3L and IL-6 are used 1o the expansion methods
provided herein. In another embodiment, SCF, Flt-3L, IL-6, 1L-3, TPO and, optionally, H-

11 are used in the expansion wethods provided herein.

H.-3 and TPO have been reported to play a role in embryonic HSC survival/self-
renewal {sce Robin ot al,, 2010, Int J Dev Biol 54:1189-1200; Pett-Cocault et al., 2007,
Developroent 134:3031-3040). In some embodiments, 1L-3 and/or TPO are used 1 the
expansion methods provided herein. In other embodiments, 11-3 and/or TPO are not used in

the expansion methods provided herein.

The amount of SCF, Flt-3L, 1L-6, or TPO can be i the range of 5-1000 ng/ml, about
10-250 ng/mi, about 20-100 ng/ml, or about 50-100 ng/ml. in certain specific
cmbodiments, the amount of SCF, FU-31L, IL-6, or TPO 15 10, 15, 20, 25, 30, 50, 100, 125,
150, 175, 200, 225, 250, 275, 300, 325, 350, 375, 400, 425 or 450 ng/ml. The amount of
IL-3, HL-11, G-CSF, or GM-CSF can be 1 the range of 2-100 ng/roi, about 5-50 ng/m,
about 7.5-25 ng/ml, about 5-15 ng/mi, or about 10-15 ng/ml. In certain specific
cmbodiments, the amount of 11-3, IL-11, G-CSF, or GM-CSF 15,6, 7,8, 9, 10, 12.5, or 15

ng/ml. In one embodiment, one or more growth factors are added to eHSC in serum free
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medium. In another embodiment, one or more growth factors are added to eHSC in a

mediurn comprising an amount of fetal bovine seram.

In specific embodiments, the amount of SCF can be in the range of 16-200 ng/ml
{c.g., about 100 ng/ml); the amount of Fit-3L can be in the range of 10-200 ng/ml {(e.g.,
about 100 ng/mli); the amount of 1L-6 can be in the range of 10-100 ng/ml (e.g., about 100
ng/nl); the amount of -3 can be in the range of §-100 ng/ml {c.g., about 100 ng/mi); the
arnount of TPO can be in the range of 0-100 ng/ml (¢.g., about 20 ng/ml); the amount of i~

11 can be in the range of 0-10 ng/mi {e.g., about 10 ng/mi}.

The amount or concentration of growth factors suitable for expanding eHSC of the
present invention will depend ou the activity of the growth factor preparation, and the
species correspondence between the growth factors and eHSC, ete. Generally, when the
growth factor(s) and cHSC are of the same species, the total amount of growth factor in the
culture medium ranges from 1 ng/ml to 5 pg/ml, more preferably from 5 ng/ml to 1 ug/ml,
and most preferably from about 5 ng/md to 250 ng/ml. In one embodiment, cHSC are
expanded by exposing eHSC to a Notch agonist and 50-100 ng/wol of SCF. In another
embodiment, cHSC are expanded by exposing the ¢HSC to a Notch agonist and 50-100
ng/mil of cach of SCF, Fit-3L, and 1L-6. Iu yet another embodiment, eHSC are expanded by
exposing the ¢HSC to a Notch agonist and 10-100 ng/m! of each of SCF, Fit-3L, 1L-6, {L-3
and TP, and, optionally, 5-10 ng/ral of 1L-11.

In some embodiments, the amount or concentration of growth factors suitable for
expanding cHSC of the present invention is the amount or concentration effective to

promote proliferation of eHSC but substantially no differentiation of ¢HSC.

In a preferred emboediment for expanding ¢HSC, the cells are cultured in a tissue
culture dish onto which an extraccHular matrix protein is bound. In a preferred mode of the
embodiment, the extracellular matrix protein is fibronectin (FN), or a fragment thereof.
Such a fragment can be but is not himited to CH-296 (Dao ez af., 199%, Blood 92(12):4612-
21 or RetroNectin® (a recombinant human fibronectin fragment) (Clontech Laboratories,
Inc., Madison, Wi}, In certain embodiments to the foregoing culture conditions, fibronectin
18 excluded from the tissue culture dishes or is replaced by another extraceltular matrix

protein.
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In a specific embodiment for expanding eHSC of the present invention, the cells are
cultured on a plastic tissue culture dish containing immobilized Delta igand, e.g., the
extracelhtiar domain of Delta, and fibronectin in the presence of about 10 ng/ml or about
200 ng/ml {or any range in between these values), and preferably about 530 ng/mi or 100
ng/mld, of cach of SCF, FIt-31. and {1-6. In some embodiments, the eHSC are cultured
further in the presence of about 5 or about 100 ng/mi of IL-3 {(or any range in between these
values), and preferably about 50 ng/mi or 100 ng/mi of IL-3. In some of these
cembodiments, the cHSC are cultured further in the presence of about § or about 100 ng/ml
of TPO {(or any range in between these values), and preferably about 20 ng/md or 50 ng/rul
of TPO. In some embodiments, the eHSC are cultured further in the presence of about 2 or
about 20 ng/mi of IL~11 (or any range i betwoeen these values), and preferably sbout 5
ng/ml or 10 ng/ml of IL-11. In some alternative embodiments, fibronectin is excluded from

the tissue culture dishes or 18 replaced by another extraceHular matrix protein.

Where differentiation of eHSC is desired, eHSC (e.g., enriched eHSC or expanded
eHSCY can be exposed to one or more growth factors that promote differentiation. The
growth factors and cel culture conditions that promote differentiation are known in the art
{see, e.g., U.S. Patent No. 7,399,633 at Section 5.2 and Section 3.5, the disclosures of which
ar¢ specifically incorporated by reference herein in their entiretics). For example, SCF can
be used in combination with GM-SCF or IL-7 to differentiate eHSC {e.g., expanded eHSC)
into myeloid stem/progenitor cells or lymphoid stem/progenitor cells, respectively. In
specific ernbodiments, eHSC can be differentiated into a lyraphoid stem/progenttor cell by
exposing ¢cHSC to about 100 ng/mi of cach of SCF and IL-7. in other embodiments, cHSC
can be differentiated into a myeloid sten/progenitor cell by exposing eHSC to about 100
ng/ml of each of SCF and GM-SCF. In some embodiments, a retinoic acid receptor (RAR)
agonist, or preferably all trans retinoic acid (ATRA) 15 used to proroote the differentiation of
eHSC (e.g., expanded eHSC). In certain embodiments, eHSC (e.g., expanded eHSC) are
differentiated before engraftment/in vivo repopulation (1.¢., before administration of

Expanded ¢HSC to the patient).

The growth factors utilized by the methods of the invention can be obtained
commercially, produced by recombinant expression, or chemically synthesized. For
example, Fit-3L (human), IGF-1 (human), [L-6 (human and mouse), IL-11 (human}, SCF

22
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{human}, TPO (human and nwrine) can be purchased from Sigma (St. Louis, Mo.}. IL-6
{(human and murine), IL~7 (human and murine), and SCF (human) can be purchased from

Life Technologies, Inc. (Rockville, Md.}.

In other embodiments, the growth factors are produced by recombinant expression
or by cherical peptide synthesis {e.g. by a peptide synthesizer). Methods that can be used
for recombinantly expressing the growth factors are described in, ¢.g., sec. 5.3 of U8,
Patent No. 7,399,633, which is specifically incorporated hereimn by reference in s entirety.
Growth factor nucleic acid and peptide sequences are generally avatlable from GenBank.

Preferably, but not necessarily, the growth factor(s) used to expand ¢HSC in the
presence of a Notch agonist by the methods of the invention 1s derived from the same

species as eHSC.

6.3 INHIBITORS OF THE TGEFB PATHWAY

In sorac emnbodiments, 1 addition fo the Notch agonist and one or more growth
factors, the present invention also contemplates use of an inhibitor of the TGFf pathway for
expansion of ¢HSC. Such inhibitor may include any compound capable of down-regulating

or juhibiting the activity of the TGFp pathway disclosed herein or known in the art.

Inhibitors of the TGFp pathway include small molecule inhibitors, monoclonal
antibodies, siIRNA, and antisense oligonucleotides. A review on of some of the inhibitors of
the TGFP pathway can be found 1 Lahn et al,, 2003, Expert Opin. luvestig. Drugs
14(6):629-643. Lahn et al. describes that TGFp pathway can be inhibited at the
translational level using antisense oligonucicotides, via inhibition of the ligand-receptor
mteraction using monoclonal antibodics, and via inhibition of the receptor-mediated

signaling cascade using inhibitors of TGF-BRI kinases (Lahn ct al., 2005).

o certain embodiments, the 1ohibitor of the TGFP pathway used in the methods
described herein is a small molecule inhibitor, 2 monoclonal antibody, an siRNA, or an
antisense ohgonucleotide, that causes inhibition of the TGFR pathway. In one erobodiment,
the inhibitor of the TGP pathway used in the methods deseribed herein is a small molecule

imhibitor. In a specific erabodirnent, the inhibitor of the TGFP pathway is SB431541.
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SB431542 is a small molecule inhibitor of the TGFP pathway developed by
GlaxoSmithKhine., Hs chemical naroe 18 4-[4-{1,3-benzodioxol-3-y1)-5-(Z-pyridinyl}- 1 H-
imidazol-2-yifbenzamide, and it has the following formula:

S0

¢
N |

-
Y
:
&

SB431542 is a potent and selective inhibtior of the transforming growth factor-§
(TGF-B} type 1 receptor activin receptor-like kinase ALKS (1Cs; = 94 nM), and its relatives
ALK4 and ALK7. SB431542 is knowun to suppress TGF-P-induced proliferation of human
osteosarcoma cells. It is also known to stimulate proliferation, differentiation and sheet
formation of ESC-dertved endothelial cells. SB431542 has been shown to enhance general
bematopoiesis, though not engrafting HSC, from human ESC (Wang C, et al. Cell Res.

2012 Janm;22(13:194-207).

In another ernbodiment, the inhibitor of the TGFP pathway used in the methods
deseribed herein is a monoclonal antibody. In vet another embodiment, the inhibitor of the
TGFP pathway used in the methods described herein is an siRNA, In yet another
embodiment, the inhibitor of the TGFP pathway used in the methods described herein s an

antisense oligonucleotide.

In specific embodiments, the mhibitor of the TGFP pathway is an antibody {(c.g.,
monoclonal antibody) to TGFB, an siRNA to a nucleic acid of TGFB, or a small molecule
inhibitor of TGFp.

o certain embodiments, exposing ¢HSC {o an inhubitor of the TGFP pathway can be
done prior to, concurrently with, or following exposure of the cells to a Notch agonist. In
onc embodiment, ¢HSC are exposed to both a Notch agonist and an inhibitor of the TGFB
pathway for the entire period of ex vivo expansion of eHSC. In some embodiments, eHSC
are exposed to both a Notch agonist and an inhibitor of the TGFp pathway for more than

80%, 85%, 90%, 95%, 9R%, or 99% of the period of ex vivo expansion of eHSC. In avnother
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embodiment, cHSC are exposed to a Notch agonist and/or an inhibitor of the TGFP pathway
for less thau the entire period of ex vivo expansion of eHSC. In yet another embodiment,
eHSC are exposed to a Notch agonist for the entire period of ex vive expansion of eHSC,
but are cxposed to an inhibitor of the TGF pathway for less than the entire period of ex
vivo expansion {¢.g., for less than 100%, 99%, 98%, 05%, 90%, 85%, 80%, 75%, T0%,

60%, or 50% of the ex vivo expansion period).

#.4 EMBRYONIC HEMATOPOIETIC STEMCEELS

Sources of eHSC melude hematopotetic stem cells derived from an embryo (e.g., the
aorta-gonad-mesonephros region of an embryo), embryonic stem cells (ESC), induced
pluripotent stem celis (1IPSC), and reprogrammed cells of other types (non-phuripotent cells

of any type reprogrammed into eHSC).

cHSC can be coliccted from any species, including without limitation, any
vertebrate, preferably any mammal (such as a human, a primoate, a mouse, a rat, arabbit, a
guinea pig, a dog, a cat, a horse, a cow, a pig, a sheep, a goat, etc.}). In a preferred
embodiment, cHSC are collected from one or more humans. In one embodiment, cHSC are
obtained from a tissue of a patient to whom they are to be administered after expansion

{and, optionally, differentiation).

Methods that can be used for derivation and/or collection of cHSC from any of the
sources can be any of the methods described herein or known in the art (see fvanovs et al,,
2011, J Exp Med 208:2417-2427; Lengerke & Daley, 20160, Blood Rev, 24:27-37;
McKinney-Freeman et al., 2012, Cell Stem Cell 11:781-714; Rafit et al, 2012, Blood; Peters
ct al,, 2010, Int J Dov Biol 54:965-990; Togarrati & Suknuntha, 2012, Int J Hematol
95:617-623; Amabile et al,, 2013, Blood 121 (BO610.1182/blood-2012-06-434447); Park
et al, 2013, Cytometry Part A 83A:114-126; and Yamanaka, 2012, Cell Stern Cell 10:678-
684).

Embryonic hematopoictic stem cells can be derived from an embryo (e.g., the aorta-
gonad-mesonephros region of an embryo) as described in Ivanovs et al,, 2011, J Exp Med
208:2417-2427; Lengerke & Daley, 20106, Blood Rev. 24:27-37; or McKinney-Freeman et
al.,, 2012, Cell Stem Cell 11:701-714.
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Embryonic hematopoictic stem cells can be derived from embryonic stem cells
{ESC) as described in Rafii et al, 2012, Blood; Peters et al,, 2010, Int J Dev Biol 54:965-
990; Lengerke & Daley, 2010, Blood Rev, 24:27-37; McKinney-Freeman et al., 2012, Cel
Stern Cell 11:701-714; or Togarrati & Suknuntha, 2012, Int J Hematol 93:617-623.

Embryonic hematopoietic ster cells can be derived from induced pluripotent stem
cells (IPSC) as described in Amabile ot al,, 2013, Blood 121 (D0O1:10.1182/blood-2012-06-
434407y, Park et al, 2013, Cytometry Part A 83A:114-126; Togarrati & Sukmuntha, 2012,
Int J Hematol 95:617-623; Lengerke & Daley, 2010, Blood Rev. 24:27-37; Yamanaka,
2012, Cell Stem Cell 10:678-684; or Peters et al., 2010, Int J Dev Biol 54:965-99¢0.

Embryonic hematopoietic stern cells can be derived from reprogrammed cells of
other types (non-pluripotent cells of any type reprogrammed into ¢HSC) as described in

Szabo et al,, 2010, Nature 468:521-526; or Lengerke & Daley, 2010, Blood Rev. 24:27-37.

In a preferred embodiment, eHSC vsed in the methods described herein have not
been gbtained by recombinant expression of one or more transcription factors. In a specific
embodiment, ¢HSC used n the methods described herein have not been obtained by

recombinant expression of Cdx4/HoxB4.

In one embodiment, one or more eHSC samples (such as samples from the same
erabryo or the sare paticnt) can be pooled prior to enriching for eHSC, prior to expansion
of eHSC, and/or prior to engraftment of the expanded eHSC. In another embodiment, one
or more ¢cHSC samples (such as samples from the sarae crabryo or the sarae patient) can be
pooled after enriching for eHSC, and/or after expansion of such eHSC. In another

embodiment, cHSC is not pooled.

In certain embodiments, the HLA type of ¢HSC sample or samples 18 assessed, and
eHSC sample or samples selected for administration to a patient do not mismatch the HLA
antigens or alleles typed in the paticnt (or do not mismatch the patient at roore than 1 or 2 of
the HLA antigens or alleles typed in the patient). In other embodiments, the eHSC sample
or samples are for administration to a patient without regard to the HLA type of the ¢HSC
or without HLA matching. In a specific erabodiraent, the Expanded eHSC are adromnistered

to a patient without regard to the HLA type of the ¢HSC or without HLA matching.
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In some embodiments, wherein ¢HSC are derived from ESC or iPSC, the ESC or
iPSC can be genetically engineered to alter HLA as veeded for specific applications {e.g. to
match HLA of the patient to whom the Expanded eHSC are to be administered). Since the
ESC and iPSC represent an cssentially limitless source of starting cells, cHSC can be
generated from a single starting cell line of ESC or (IPSC (which precludes the need to pool
samples from multiple cell lines). In some cmbodiments, saraples from a single ESCor a
stngle 1PSC are pooled before expansion {e.g., in order to obtain sufficient HSC switable for

cxpansion protocol}.

In certain embodiments, cHSC used in the methods described herein are capable of
generation of long-term repopulating cells when administered to a patient after expansion in

the presence of a Notch agonist and an inhibitor of the TGFp pathway {(such as SB4315423.

&.5 ENRICHMENT OF ¢HSC

Unee eHSC are 1solated or collected, the blood is processed to produce an enriched

embryonic hematopotetic stem cell population.

The eHSC can be positive for a specific marker expressed in increased levels on the
eHSC cells relative to other types of hematopoietic cells. For example, such markers can
be, but are not limited to, CD 45, VE-Cadherin, CB41, CD491, sca-1 (mouse), D34,
CD43, CD45RO, CD45RA, CDS9, CDSO, CD109, CD117, CDI33, CDi66, HLA DR, or a
combination thereof. The hematopoictic stem/progenitor cells also can be negative for a

specific marker relative to other types of hematopoietic cells.

eHSC can be found in the population of cells enriched in €435 and/or VE-Cadherin.
In particular, cHSC can be found in the population of cells enriched in CD45 and/or VE-
Cadherin i the AGM region of an embryo; such ccll population can be suitable for
expansion and use of eHSC as described herein even though eHSC may constitite a small
fraction of such ccll population. Preferably, eHSC are CD45 " cells and/or VE-Cadherin

In certain embodiments, prior to processing for enrichiment, the collected ¢HSC
sample {derived, e.g., an embryo such as the AGM region of the embryo, ESC, iPSC, or

reprograromed cells) is fresh and has not been proviously cryopreserved. In other
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embodiments, prior to processing for enrichment, the coliected ¢cHSC sample has been

cryopreserved and thawed.

Any techuique known i the art for cell separation/selection can be used to carry out
the enrichment for hematopoictic stemy/progenitor cells. For example, methods which rely
on differential expression of cell surface markers can be used. For example, cells
expressing the cell surface marker CD45 can be positively selected using a monoclonal
antibody to CD4S, such that cclis expressing CD45 are retained, and cells not expressing
(345 are not retained. Moreover, the separation technigues employed should maximize the
viability of the ccll to be selected. The particular technique eraployed will depend upon
efficiency of separation, cytotoxicity of the methodology, ease and speed of performance,

and necessity for sophisticated equipment and/or technical skill.

Procedures for scparation may inchude magnetic separation, using antibody-coated
magnetic beads; fluorescence activated cell sorting (FACUS); affinity chromatography;
cytotoxic agents joined to a monoclonal antibody or used in conjunction with a monoclonal
antibody, e.g., coraplement and cytotoxing; and "panning” with antibody attached to a solid
matrix, e.g., plate, or other convenient technique. Techniques providing accurate
separation/selection include Hluorescence activated cell sorters, which can have varying
degrees of sophistication, e.g., a phlarality of color channels, low angle and obtuse light

scattering detecting channels, mopedance channels, etc.

The antibodies may be conjugated with markers, such as magnetic beads, which
allow for direct separation, biotin, which can be removed with avidin or streptavidin bound
to a support, fluorochromes, which can be used with a fluorescence activated cell sorter, or
the like, to aliow for case of scparation of the particular cell type. Any technique may be

employed which 18 not unduly detrimental to the viability of the remaining cells.

fo one embodiment, the enrichment of ¢HSC is affected by contacting an ¢HSC
sample with a solid substrate {e.g., beads, flask, magnetic particles) to which antibodies are
bound, and by removing any vobound cells, wherein the Enriched eHSC can be found cither
in the cells bound to the solid substrate or in the unbound cells depending on the antibodies

used.
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In one embodiment of the present invention, an eHSC sample is processed to select
for, i.e., enrich for, CD45™ and/or VE-Cadherin' celis using anti-CD4S and/or anti-VE-
Cadherin’ antibodies directly or indirectly conjugated to magnetic particles in connection
with a maagnctic cel separator, for example, the CimiMACS® Cell Separation System
{Miltenyt Biotee, Bergisch Gladbach, Germany), which employs nano-sized super-
paramagnetic particles composed of iron oxide and dextran coupled to specific monoclonal
antibodies. The CHotMACS® Cell Separator is a closed sterile systern, outfitied with a
single-use disposable tubing sct. The disposable set can be used for and discarded after
processing a single sample of eHSC. Similarly, CD41 cells can be enriched using anti-
CD41 antibodies. In some embodiments, an eHSC sample is processed to select for or
enrich for any of the cell surface markers deseribed herein or known i the art using flow

cytometry.

The above-mentioned antibodies can be used alone or in combination with
procedures such as "panning” (Broxroeyer et al,, 1984, 1. Clin. Invest. 73:939-9533) or
fluorescence activated cell-sorting (FACS) {Williams et al., 1985, 1. Immunol. 135:1004;
Lu et al,, 1986, Blood 68(13:126-133) to isolate the cells containing surface deterrinants
recognized by these antibodies, as described in sec. 5.4.1.1 of U.S. Patent No. 7,399,633,
¢HSC can also be separated and/or enriched using selective agglutination using a lectin such

as soybean (Reisner et al., 1980, Proc. Natl. Acad. Sci. US.AL 77:1164).

6.6 METHODS OF eHSC EXPANSION

After eHSC have been isolated according to the enrichiment methods deseribed
above or other methods known in the art, the Enriched ¢HSC can be expanded in order to
inerease the number of eHSC. In less preferred erbodiments, the methods described herein
can be applied to ¢HSC without prior enrichroent, or prior to enrichrent.

In some embodiments, eHSC that are subjected to expansion using the methods
described herein are fresh, t.c., they have not been previously cryopreserved and thawed. In
other embodirents, cHSC that are subjected to expansion using the methods described
berein have been cryopreserved and thawed.

Described herein are methods for expansion of eHSC {e.g., the Enriched eHSC)

using a composition comprising a Notch agonist one or more growth factors. In a preferred

29
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embodiment of the present invention, eHSC are expanded by culturing the cells n the
presence of an agonist of Notch function and one or more growth factors or cyiokines and,
optionally, an inhibitor of the TGFP pathway, for a given pertod of time. In preferred
embodiments, described herein are methods for expansion wherein cHSC (such as the
Enriched eHSC) are cultured in the presence of a Notch agonist for 2-14 days {e.g., 2, 3. 4,
5,6,7,8,9,10, 11, 12, 13, or 14 days); and in a more preferred embodiment for 4-7 days
{e.g., 5,6, 0r 7 days). In sorue erubodiruents, described herein are rocthods for expansion
wherein eHSC {such as the Enriched ¢HSC) are cultured in the presence of a Notch agonist,
one or more growth factors, and, optionally an inhibitor of the TGF pathway, for 2-14 days
(e.g.,2,3,4,5,6,7,8,9, 10, 11, 12, 13, or 14 days); and in a more preferred embodiment

for 4-7 days {c.gz., 5, 6, or 7 days).

Calturing eHSC can take place under any suitable colture mediure/conditions
described herein or known in the art (see, e.g., Freshney Culture of Animal Cells, Wiley-
Liss, Inc., New York, NY (1994)). The time in culture is a time sufficient to produce an
Expanded eHSC population, as defined herein. For example, eHSC can be cultured in a
mediurg comprising fetal bovine serum (FBS), e.g., 20% FBS m Iscove’s Modified
Prulbeco’s Media (IMDM), 1n the presence of an agonist of Notch function, one or more
growth factors or cytokines and, optionally, an inhibitor of the TGFP pathway for 2, 3, 4, 3,
6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 32,
or 35 days; or, preferably, for at least 5 days. In another example, ¢HSC can be cultured in
a serumi-free medium in the presence of an agonist of Noteh function, one or more growth
factors or cytokines and, optionally, an inhibitor of the TGFJ pathway for 2, 3, 4, 5,6, 7, 8,
9,10, 11,12, 13, 14, 15,16, 17, 18,19, 20, 21, 22, 23, 24, 25, 26,27, 28, 29, 30, 32, or 35
days; or, preferably, for at least 5 days. Optionally, at any point during the culturing period,
the culture mediurn can be replaced with fresh medium or fresh mediurn can be added. In

one embodiment, the fresh culture medium s added every 2, 3 or 4 days.

In one embodiment, a Notch agonist as described herein is immobilized (e.g.,
mmmaobilized on a solid phase surface to which the cells are exposed during cell culturing),
while the one or more growth factors are present in the cell culture medium. In certain
embodiments, described hercin are methods for expansion of ¢HSC {c.g., the Enriched

eHSC} using a composttion comprising a Notch agonist, one or more growth factors, and an
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inhibitor of the TGFP pathway. In onc embodiment, a Notch agonist as described herein is
imroobilized {e.g., immobilized on a solid phase surface to which the cells are exposed
during cell culturing), while the one or more growth factors and the inhibitor of the TGFB

pathway are present in the cell culture medium.

o specific embodiments, the Notch agonist (e.g., an exiracellular domain of a Notch
ligand) is fused to a fusion partner before immobilization. The fusion partners can be, but
are not limited to, an Fo domain of IgG or tags that contain antigenic determinants such as g
myc tag. The fusion partner can be any protein or peptide preferably of at feast six amino

acids i length.

The solid phase surface on which a Notch agonist is inmobilized can be any surface
known in the art, ¢.g., the inside surface of a cell culture dish, flask, or container, or the
surface of a bead, cte. The nmobilization of 2 Notch agonist on the sohid surface can be by
any method known in the art, and can be covalent or noncovalent, by adsorption or ¢cross-
finking, cte. In a specific embodiment, an antibody to the fusion partaer of an extracellular
doraain of a Notch higand (e.g., a Delta or a Serrate protein, or a Notch-binding portion
thercof) can be bound (c.g., covalently) to the solid phase surface, and then
imarounospecifically bound to the fusion partner. In one erabodimcnt, the solid phase
surface {e.g., an inside surface of a cell culture dish, flask, or container, or the surface of a
bead) is pre-coated with an antibody to a fusion pariner protein {e.g., an anti-myc where the
fusion partner is a myc tag, or an anti-IgG Fc domain antibody where the fusion partner is
an Fe domain of an IgG) before addition of an extracellular domain of a Notch ligand fused

to the fusion partner.

Preferably, the Notch agonist {e.g., an extraceliular domamn of a Notch ligand) is
mmmobilized on the inside surface of a cell culture dish, flask or another container. In
specific embodiments, Delta™ 8 (e.g., Deltal “ %) or Delta®™ ™" (c.g., Deltal“ ™ ig
immobilized on the inside surface of a cell culture dish, flask or another container. In some
embodiments, to present Delta™ " (e.g., Deltal“ ™%} or Delta™™* (e.g., Delta ™™ in

ext-1g(y

immobilized form, Delta or Delta™ ™" is attached to the surface of the cell culture dish
by binding to an anti-thyc tag antibody (¢.g.. 9E10), or anti-human IgG Fe domaio antibody,

respectively, that had previcusly been adsorbed to the surface of the cell culture dish. In
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1 ext-Igls dext—myc

< T : ext-1gG ; . X
other specific embodiments, Jageed™ ¥ (e.g., Jageed } or Jagge {e.g.,

Jagged 19™%Y is immeobilized on the inside surface of a cell culture dish, flask or another

ext-IgG ( ext-igG

y or Jagged™"

container. In some embodiments, to present Jagged e.g., Jaggedl )

myc exXi-myc ,yiext»-lg(} ,iext»myc
{ {

{c.g., Jagged! }in imynobilized form, Jagge or Jagge is attached to the
surface of the cell culture dish by binding to an anti-myc tag antibody (e.g., 9E10}, or anti-
human IgG Fe domain antibody, respectively, that had previously been adsorbed to the

surface of the cell colture dish.

In a specific embodiment, a Notch agonist {¢.g., an extracellular domain of a Netch
figand} is immobilized on beads (¢.g., Sepharose beads, agarose beads, or another type of
bead known in the art). A Notch agonist can be attached to the beads utilizing any
methodology known in the art including, but not limited to, cross-linking, binding via
antibody, or sticking. For example, an exiracethular domain of a Noich ligand can be fused
to a myc tag and bound to Sepharose beads crosslinked to an anti-myc tag antibody {¢c.g.,
9E10) (see, .
4091).

., methodology descubed 1o Varmum Fioney ef al., 1998, Blood 91(11:4084-

Bes

In certain embodiments, a Notch agonist is any one of the compounds described in
Section 6.2 above. o some ermabodivaents, a Notch agorust is a Noich-interacting domaim of
a Dielta {e.g., Delta-1, Delta-3 or Delta-4}, a Jagged (c.g., Jagged-1 or Jagged-2), ora
Serrate protein. In some embodiments, a Notch agonist comprises an extraceitular domain
of a Delta protetn or a Serrate {e.g., Jagged) protein. In preferred embodiments, a Notch
agonist coraprises a human or rodent Delta protein or 4 human or rodent Jagged protein
{c.g., an extracellular domain of a human Delta protein or a human Jagged protein). Any
figand mmmobilization technique known in the art can be used in the methods of the
invention to immobilize the Notch agonist. In specific emnbodiments, a Notch agonist {e.g.,
an cxtracellular domain of a Notch ligand) is fused to a fusion partner protein. Any fusion
partner protein known in the art can be used in the methods, kits and coropositions of the
mvention. For example, a tag (with an antigenic determinant) or an intraceliular domain of
a receptor can be used as the fusion partner protein. Fusion pariner proteins melude, but are
not Himited to, an Fe domain of an Ig(G, a myc tag, and a bis tag. In one embodiment, the
MNotch agonist 1s the extracclular domain of a Delta protein or a Serrate (¢.g., Jagged)

protein fused to the Fe domain of human 1gG (e.g., Deltal™ 8%y 1n another embodiment,

s
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the Notch agonist is the extracellular domain of a Delta protein or a Serrate {e.g., Jagged)
protein fused to a myc epitope tag (e.g., Deltal™ ™%}, Preferably, a Notch agonist (e.g.,
Delta 189 is immobilized on the surface of the tissue culture dish during eHSC

. . . . . , xt-1o(5
cxpansion. In specific embodiments, a Notch agonist {e.g., Deltal ¢

18 immobilized on
beads {e.g., Sepharose beads, agarose beads, or other types of beads known in the art). Ip
somc ernbodiments, a Notch agonist 1s an immobilized antibody to a Notch protein (that
activates the Notch pathway). In such embodiments, an antibody to a Notch protein can be
mmobilized using any method described herein or known in the art {¢.g., on a solid surface
or on beads). Anti-Notch antibodies are described in Wu et al., 2018, Nature 4641052~
1057.

In preferred embodiments, the one or more growth factors used in the methods of
eHSC expansion provided herein is any one of the growth factors described in Section 6.2
above. In certain embodiments, the one or more growth factors can be selected from the
following buroan growth factors: stem cell factor (SCF), Fit-3-hgand (Fit-3L), interleulan-6
(1L-6}, thrombopotetin TPO, interleukin-3 (J1-3), interleukin~-11 {(1L-11}, Angiopoietin-like
3, Angiopoictin-like 5, IGFBP2, Wnt3a. In some embodiments, ¢cHSC (e¢.g., the Enriched
eHSC} are expanded in the presence of two, three, four or more growth factors {such as any
combination of two, three, four or more growth factors listed above). In one embodiment,
the following three human growth factors are present during eHSC expansion: SCF, Fit-3L
and {L-6. In one embodiment, the following five humman growth factors are present during
eHSC expansion: SCF, Fit-3L, 1L-6, 1L-3 and TPO. In one embodiment, the following six
human growth factors arc present during eHSC expansion: SCF, Flt-3L, {L-6, IL-3, TPO
and HL.-~11.

o preferred embodiments, an fuhibitor of the TGFp pathway is any one of the
inhibitors described in Section 6.3 above. In one embodiment, an inhibitor of the TGFB
pathway is SB431542.

In specific embodiments, described herein are methods for expansion of eHSC {e.g.,
the Enriched eHSC) using a composition comprising a Notch agonist, one or more growth

factors, au inhibitor of the TGFR pathway (such as SB431542) and an immobilized
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fibronectin or a fragment thereof. In onc embodiment, an immobilized fibronectin or a

fragment thereof 1s CH-296 or RetroNectin® (a recorubivant human fibrovectin fragment).

Preferably, eHSC (e.g., the Enriched eHSC) are cultured under cell growth
conditions {e.g., promoting mitosis) such that the ¢eHSC grow and divide (proliferate) to
obtain a population of Expanded eHSC. In preferred embodiments, eH3C (e.g., the
Enriched eHSC} used for ex vive expansion are derived from a single patient or a single
erubrye {e.g., human). In some embodiments, samples of cHSC or samples of the Expanded
eHSC (such as eHSC derived from a single patient or a single embryo) are pooled prior or
after the expansion racthods described herein. In another embodiment, the sample that is

expanded is not a pool of eHSC samples.

Preferably, the technique used for expansion is one that has been shown to result in
an mcrease in the number of cHSC in the expanded sample relative to the unexpanded
eHSC sample. For example, it can be shown to result in an increased number of SCID
repopulating cells in the expanded sample deterrmined by hmuting-dilution analysis as
shown by enhanced engraftment in NOD/SCID roice infused with the expanded sample,
relative to that seen with the unexpanded sample, where the unexpanded sample and
expanded sample are from different aliquots of the same sarple, wherein the expanded

sample but not the unexpanded sample is subjected to the expansion technique.

In certain embodiments, the tochnique results in {or roore than) a 50-, 75-, 100-, 150-
, 200-, 250-, 300-, 350-, 400-~, 458-, 300-, 1000-, 2000-, 3000-, 4000-, 5000-fold increase in
the number of eHSC in the expanded sample, relative to the unexpanded sample. The
Expanded ¢HSC can be positive for one or more of CD34, CD43, CD45R0, CD45RA,
CDS59, CDO0, CD109, CDI117, CDI133, CD166, and HLA DR, In a specific embodiment,
the enhanced engraftroent can be detected by detecting an increased percentage of human
CD45" cells in the bone marrow of mice infused with an aliguot of the expanded sample
relative to mice mtused with an aliquot of the unexpanded sample at, e.g., 10 days, 2 weeks,
3 weeks, 6 weeks, ¢ weeks, 14 weeks or 16 weeks post-infusion (see Delaney er ¢/, 2010,

Nature Med. 16(2): 232-236).

In one embodiment of the invention, eHSC (¢.g., the Enriched eHSC) are cultured

with a Notch agonist, one or more growth factors, and, optionally, an inhibitor of the TGFB
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pathway, are exposed to cell growth conditions (e.g., promoting mitosis} such that the eHSC
proliferate to obtain an Expanded eHSC population according to the present invention. In
certain embodiments of the invention, eHSC (e.g., the Enriched eHSC) are cultured with an
amount of an agonist of Noich function, an amount of one or more growth factors, and,
optionally, an amount of an inhibitor of the TGFJ pathway, where the amounts of these
agents together are effective to expand eHSC. In one embodiment of the invention, cHSC
{¢.g., the Entiched ¢HSC) are cultured with an amount of an agonist of Noich function
cffective to inhibit differentiation, an amount of one or more growth factors, and, optionally,
an arsount of an inhibiior of the TGFP pathway, and are exposed to cell growth conditions
{e.g., promoting mitosis) such that the ¢HSC proliferate to obtain an Expanded eHSC
population according to the present invention. The Expanded ¢HSC population so obtained
can be frozen and stored for later use, for example, to provide hematopotetic function o an
immunodeficient human patient. Optionally, the Notch pathway agonist and/or an inhibitor
of the TGFB pathway is/are imactivated, removed or washed away from the Expanded eHSC

population prior to transplantation into the patient.

In specific embodiments, cHSC {¢.g., the Enriched ¢HSC) are cultured tor 2, 3, 4, S,
6,7,8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, or 30 days or more;
or, preferably, the eHSC are cultured for at least 4 days (in the presence of the combination
ot a Notch agonist, one or more growth factors, and, optionaily an inhibitor of the TGFB
pathhway). In other embodiments, ¢HSC (c.g., the Enriched eHSC) are cultured for 2 to 14
days or 4 to 7 days, e.g., 4, 5, 6, or 7 days (i the presence of the combination of a Noich
agonist, one or more growth factors, and, optionally an inhibitor of the TGFJ pathway). In
yet other embodiments, eHSC (e.g., the Enriched eHSC) are cultured for less than 14 days
{in the presence of the combination of a Notch agonist, one or more growth factors, and,
optionally an inhibitor of the TGFP pathway). In yet other embodiments, eHSC {e.g., the
Enriched eHSC) are cultured for more than 2, 3, 4 or 5 days {in the presence of the
combination of a Notch agonist, one or more growth factors, and, optionally an inhibitor of
the TGFP pathway).

Exemplary culture conditions for expanding eHSC (e.g., the Hnriched eHS()
comprise, a5 set forth in Section 7 infra, culturing the eHSC for about 5 days or about 4-7

days in the presence of fibronectin fragments and the extracellular domain of a Delta protein
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fused to the Fc domain of human 1gG (c.g., Deltat™ %) in cither an FBS-containing
mediurn {such as IMDM/20% FBS) or a serurn free medium supplemented with the
following four human growth factors: stern cell factor, Flt-3L, and interleukin-6, or in the
presence of the following five human growth factors: stern cell factor, Fit-3L,
thrombopoietin, interleukin-6 and interleukin-3, or in the presence of SCF, TP, Fle-31, 1L-
6, IL-3 and 1L-11. In some embodiments, the cell culture dishes are coated overnight at 4°
C (or for a minimum of 2 hours at 37° C) with 0.3 to 20 pg/mi Deltal™ ™% (e g 0.3, 0.5, 1,
1.25,1.5,2,2.5,3,3.5,4,4.5,5,6,7,7.5, 8,9, 10, 12, 14, 16, 18 or 20 pg/ml Deltal™e%
or with T to 5 pg/ml Delial ™% (g, 1, 1.25, 1.5, 1.75,2,2.25,2.5,2.75, 3, 3.25, 3.5,
3.75,4,4.25,4.5,4.75 or 5 pg/ml Delial Y and 5 ng/mi RetroNectin® (a recombinant
human fibronectin fragracnt) in phosphate butfered saline, betore adding ¢HSC {e.g., the
Enriched eHSC), one or more growth factors, and, optionally, an inhibitor of the TGF

pathway.

o certain embodiments, eHSC (e.g., the Enriched ¢HSC) are expanded 1o the
presence of a Notch agonist, preferably an immobilized Notch agonist, and in particular
Delta™ ¢ (o.g., Deltal™ €9}, at a concentration that is in the range of 0.3 to 20 pg/ml, 1 to
5ug/mi, 1.5 t0 3.5 ug/ml, 2 to 3 ug/mi, or 2.25 10 2.75 ug/ml, e.g., in a fhud applied to a
solid phase surface. In some embodiments, eHSC (c¢.g., the Enriched ¢HSC) are expanded
in the presence of a Notch agonist, preferably an immobilized Notch agonist, and in
particular Delta™ % (o g, Delta1™8¢

2.250r 2.5 ug/mi, or below 20, 15,12, 10, 9,8, 7.5,7,6, 5, 4, 3, or 2.5 ug/ml, e.g., v a flud

}, at a concentration that 18 above 0.5, 1, 1.25, 1.5, 2,

applied to a solid phase surface. In yet other embodiments, ¢HSC {e.g., the Enriched ¢HSC)
are expanded in the presence of a Notch agonist, preferably av imrnobilized Notch agonist,

and in particular Delta] =8¢

, at a concentration between (.5 and 10 pg/ml, between 1 and
10 pug/mld, between 1.25 and 10 pg/mi, between 1.5 and 10 pg/ml, between 1 and 7.5 pg/mi,
between 1.25 and 7.5 pug/ml, between 1.5 and 7.5 pg/ml, between T and 5 pg/ml, between
1.25 and S pg/mal, between 1.5 and 5 ug/ml, between 1.5 and 3.5 png/mld, between 1.5 and 3
ug/mal, between 2 and 3 pg/mi, between 2 and 3 pg/mi, between 1 and 6 pg/ul, between 2
and 6 pug/ml, or between 2.25 and 2.75 ng/ml, ¢.g., in a fluid applied to a solid phase
surface. In a specific embodiraent, a Notch agonist, preferably an immobilized Noich

agonist, and in particular Delta™ ¢ (e g, Delta 1™y, is used for eHSC expansion at a
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conceniration of 0.5, 1, 1.25, 1.5, 2,2.25,2.5,2.75,3,3.25,3.5, 4,45, 50r 7.5 ng/mi, eq.,
L 3 3 3 Ky ) ) 5 ~s 5 5 8 L E*':; s e

in a fluid applied to a solid phase surface. In one embodument, a Notch agonist, preferably

ext-fgG ] axt-lg

an immobilized Notch agonist, and in particular Delia {e.g., Delta 9, is used for
cHSC expansion at s concentration of about 2.5 ug/ml, c.g., 1n a fluid applied to a sohd

phase surface.

In certain embodiments, the foregoing growth factors are present in the culture
condition for expanding cHSC {c.g., the Enriched ¢cHSC) at the following concentrations:
10-300 ng/mi or 10-200 ng/ml stem cell factor, 10-300 ng/mi or 10-200 ng/mi Flt-3 receptor
figand, 10-100 ng/ml thrombopoicting 10-100 ng/ral intericukin-6, 10-100 ng/ml mterleukin-
3, and 1-180 ng/mi 1L-11. In more specific embodiments, about 50, 100 or 200 ng/ml stem
cell factor, about 50, 100 or 200 ng/mi of Flit-3 receptor ligand, about 20, 50 or 100 ng/ml
thrombopoietin, about 30 or 100 ng/ml mterleukin-6, about 10, 50 or 100 ng/vol interleukin-

3, and/or about 5 or 10 ng/ml IL-11 are used.

In certain cmbodiments, an indubitor of the TGFP pathway (such as SB431542) 18
added to the voedium 1o which eHSC (e.g., the Enriched eHSC) are cultured. In some
embodiments, an inhibitor of the TGFP pathway is added to the mediun in which ¢eHSC
{¢.g., the Entiched ¢HSC) are cultured during all of the feedings of the cells. In these
cembodiments, an inhibitor of the TGFP pathway s present in the eHSC cell culture at all
times during the ¢HSC expansion. In yet other embodiments, an inhibitor of the TGFp
pathiway is not present in the eHSC cell culture at all times during the eHSC expansion. In
certain embodiment, SB431542 is added to the medium in which ¢HSC {(c.g., the Enriched
eHSC} are cultured so as to be present at a concentration in the range of about 8.5 pM and
20 uM, 1 uM and 20 pM, 1 uM and 1S pM, 1 pM and 10 M, 1.5 uM and 1S uM, 1.5 pM
and 10 pM, 2 pMand 15 pM, 2 pM and 10 M, 3 pMand 15 uM, 3 uMand 10 uM, 5 uM
and 15 M, 5 pM and 10 pM, 7.5 uM and 12.5 pM, or 8 uM and 12 uM. In certain
erabodiments, SB431542 15 added to the culture medium so as to be preseunt ata
concentration of 0.5 uM, T uM, 2 uM, 3 gM, 4 uM, 5 uM, 6 uM, 7 pM, 8 pM, 9 uM, 10
uM, 11 uM, 12 aM, 13 uM, 14 pMor 15 uM. In some cmbodiments, SB431542 1s added
to the culture medium so as to be present at a concentration of no more than 20 uM. In

sorc ernbodiments, an inhibitor of the TGFR pathway (such as SB431542) 1s formulated in
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DMSO or another suitable carrier {¢.g.,can be contained as 10mM solation in DMSQ) for

use in the expansion technigue provided herein.

In specific embodiments, eHSC {e.g., the Enriched ¢HSC) are expanded in a basal
medmum, which can be supplemented with one or more growth factors described herein. A
basal mediur can comprise amino acids, carbon sources, vitarmns, seram proteins {e.g.
albumin), inorganic salts, divalent cations, buffers or any other clement suitable for use in
expansion of ¢HSC. Examples of such basal medium appropriate mclude, without
Hmitation, StemSpan. RTM. SFEM--Serum-Free Expansion Medium {StemCell
Technologies, Vancouver, Canada), StemSpan. RTM. H3000--Defined Mediurn (StemCell
Technologics, Vancouver, Canada), CellGro RTM. SCGM (CellGenix, Freiburg Germany,
and StermPro RTM.-34 SFM (Invitrogen). In some embodiments, eHSC (c.g., the Enriched
eHSC) are expanded n serum-free medium. In other crobodiments, eHSC {e.g., the
Enriched eHSC) are expanded in medium containing fetal bovine serum (FBS), such as 5-
30%, e.g., 20% of FBS. In a particular embodiment, eHSC {e.g., the Enriched eHSC) are

expanded in Iscove’s Modified Dulbeco’s Media (IMDM) (Gibeo) containing 20% FBS.

In particular embodiments, eHSC {(c.g., the Enriched eHSC} are expanded in the
presence of a Noich agouist, one or more growth factors, in the abscuce of an inhibitor of

the TGFP pathway (SB431542), in a serum-free medium.

I another particular erabodiracnt, ¢HSC {(e.g., the Enriched ¢HSC) are expanded
the presence of a Notch agonist, one or roore growth factors, and an inhibitor of the TGFp

pathhway (8B431542}, in 2 medium comprising FBS {¢.g., 5-30%, such as 20%, FBS).

In some embodiments of the mvention, afier expansion of the eHSC, eHSC are
enriched in c-kit” cells, Sca-1" cells {mouse), C 0347 cells, CD49F cells, and/or
CD34°CD90" cells. In addition, the total number of c-kit cells, Sca-1" cells, CD34 " cells,
CD49F" cells, and/or CD34'CDY0” cells can be determined by multi-parameter flow
cytometry, as well as the percentage of such cells in the sample. Prior to cryopreservation
or after thawing, an aliquot of the Expanded eHSC sample can be taken for determunation of
total mucleated cells and percentage of viable c-kit' cells, viable Sca-1" cells, viable CD34"
cells, viable CD49f" celis, and/or viable CD34 CDY0' celis in order to caleulate the total

viable c-kit’ cells, Sca-1" cells, CD347, CD49f celis, and/or CD34CDY0" cell number in
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the Expanded ¢HSC sample. In some embodiments, the Expanded ¢HSC contain more than
40%, more than 50%, more than 60%, more than 70%, or more than R0, or in the range of
50% to 100% or 60% to 90% of c-kit" cells, Sca-1" cells (mouse), CD34 cells, CD40f"
cells, and/or CD34'CD90 cells. In some embodiments, the Expanded ¢HSC are negative
for or are depleted of Grl and/or F4/80. Presence or absence of Grl and F4/80 in the
Expanded ¢HSC can also be determined by flow eytometry.

Numerous clinical studics have shown that the total nucleated cell dose and the
(D347 cell dose in stem cell grafts are highly correlated with neutrophil and platelet
engraftment as well as the incidence of graft failure and carly transplant-related
complications {primarily lethal infections) following stem cell transplantation. Further,
CD34'CD90 cells have been shown to represent a subpopulation of CD334 " cells capable of
generating long-term engraftment. For example, at day 5-16 post culture inthation during

cxpansion, a sample can be taken for determination of the total viable nucleated cell count.

Tn specific embodiments, total viable CD34 7, CD34°CDY0 celis {(or other antigen-
positive)} cell nurbers can be considered the potency assay for release of the final product
for therapeutic use. Viability can be determined by any method known in the art, for
exaruple, by trypan blue exclusion or 7-AAD exclusion. Preferably, the total nucleated cell
count {TNC) and other data are used to calculate the potency of the product. The
percentage of viable CD34" cells and/or viable CD34 CD90 " cells can be assessed by flow
cytometry and use of a stain that is excluded by viable cells. The percentage of viable
CD34" celis = the number of CD34 " cells that exclude 7-AAD (or other appropriate stain) in
an aliquot of the sarple divided by the TNC (both viable and non-viable) of the aliquot.
Viable CD34" cells in the sample can be calculated as follows: Viable CD34 cells = TNC
of sarople x % viable CD34" cells in the sarople. The proportional increase during
enrichment or expansion in viable CD34" cells can be calculated as follows: Total Viable
CD34" cells Post-culture/Total Viable CD34 " cells Pre-culture. As will be apparent,

antigens other than or in addition to CD34 can be used.

The Expanded eHSC can contain both hematopoietic stem cells and hematopoietic

progenitor cells.
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The Expanded eHSC can be used without further purification or selection, or can be
subject o further purification or selection. Once the Expanded eHSC are obtained, the
Expanded eHSC may then be washed to remove the inhibitor of the TGFB pathway such as
SB431542 (and, optionally, one or more other agents used during the expansion procedure).
In particular, the Expanded eHSC can be washed with PBS/2% FBS prior to administration
to the patient. Upon washing, the Expanded ¢HSC can be resuspended in an appropriate
cell suspension roedium for short term use or in a long-term storage raedium, for example, a

medium suitable for cryopreservation,

I certain embodiments, the Expanded ¢HSC are differentiated into specific types of
bicod cells {e.g., red blood cells, platelets, neutrophils, megakaryocytes, eic.} ex vive before
administration to a patient. The Expanded eHSC can be differentiated into specific types of
blood cells using any wethods described heretn or known in the art. For example, any of
the growth factors known to promote cell differentiation into specific type of hematopoietic
cells described heretn or known in the art can be used. In particular, the following
references describe methods for differentiation of eHSC that can be used for differentiation
of the Expanded ¢HSC: Zeuner et al, 2012, Stem Cells 30:1587-96; Ebihara et al., 2012, Int
J Hematol 95:610-6; Takayama & Eto, 2012, Cell Mol Life Sci 69:3419-28; Takayama &
Eto, 2012, Mcthods Mol Biol 78R8:205-17; and Kimbrel & Lu, 2011, Stem Cells Int., Mar §;
doi:10.4061/2011/273076. In one embodiment, the Expanded eHSC are differentiated into
red blood celis; such red bloed cells can be administered to a patient. In one embodiment,
the Hxpanded eHSC are differentiated 1oto neutrophils; and such neuatrophils can be
administered to a patient. In one embodiment, the Expanded eHSC are differentiated into
platelets; and such platelets can be administered to a patient. In certain erobodivoents, ¢HSC
dertved from cells obtained from a patient are expanded in accordance with the methods
described herein {optionally, gene-corrected), differentiated mto specific types of
hematopoictic cells {e.g., red blood cells, neutrophils or platelets), and the differentiated
cells produced from the Expanded ¢HSC are administered to the patient. In certain
embodiments, cHSC derived from cells obtaived from a patient are expanded n accordance
with the methods described herein (optionally, gene-corrected), differentiated into specific

types of hematopoietic cells (e.g., red blood cells, neutrophuls or platelets), and the

460
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differentiated cells produced from the Expanded ¢HSC are stored (e.g., cryopreserved) for

later adroinistration to the patient.

As will be apparent, moethods and products as described hercin with respect to the
Expanded eHSC will also apply to the differentiated cells produced from the Expanded

eHSC, unless the context would indicate otherwise to one skilled 1o the art.

In some embodiments, the Expanded eHSC are obtained from embryonic
hematopoictic stem cells derived from a patient to whom the Expanded ¢HSC are to be
administered. In such ewbodiments, the embryonic hematopoietic stem cells can be derived
from ESC, iPSC or reprogrammed non-pluripotent cells derived from the patient to whom
the Expanded eHSC are o be adminmstered. In a specific erobodiveent, adult cells can be
obtained from a patient, such cells can be reprogrammed to IPSC and then eHSC, and then
the eHSC arc expanded in accordance with the methods described hercin. In another
specific embodiment, adult cells can be obtained from a patient, such non-pharipotent cells
can be directly reprogramuned to ¢cHSC, and then the eHSC are expanded in accordance

with the methods described herein.

In specific embodiments, eHSC {(e.g., Enriched eHSC) are derived from cells of a
patient with a genctic disorder associated with a gene having a sequence defect, and such
eHSC are genetically engineered to correct the sequence defect before administration to the
patient (before or atter expansion of the cHSC in accordance with the methods deseribed
herein). In one embodiment, cHSC {e.g., Entiched ¢HSC) are derived from cells of a
patient with a genetic disorder associated with a gene having a sequence defect, and such
eHSC are genetically engineered to correct the sequence defect prior to expansion,
expanded in accordance with the methods described herein, and the genetically enginecred
and Expanded ¢HSC are adminisiered to the patient. In an alternative embodiment,
differentiated cells are produced from the genetically engineered Expanded eHSC, and such

differentiated cells can be admunistered to the patient,

41
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6.7 CRYOPRESERVATION AND THAWING

6.7.1 Cryopreservation

Once the isolated ¢HSC, the Enriched eHSC, the Expanded eHSC, or cells
differentiated therefrom are obtained, such isolated eHSC, Enriched eHSC, Expanded
cHSC, or celis differentiated therefrom can be cryopreserved in accordance with the

methods described below or known in the art,

In one embodiment, an Expanded eHSC population can be divided and frozen in one
or more bags {(or units). In another embodiment, two or more Expanded eHSC populations
can be pooled, divided into separate aliquots, and each aliquot is frozen. o a preferred
cembodiment, 2 maximum of approximately 4 billion nucleated cells is frozen in a single
bag. In a preforred erobodiment, the Expanded eHSC are fresh, e, they have not been
previously frozen prior to expansion or cryopreservation. The terms ““frozen/freezing” and
“eryopreserved/eryopreserving” arc used interchangeably in the present application.
Cryopreservation can be by any method in known in the art that freezes cells in viable form.
The freczing of cells is ordinarily destructive. On cooling, water within the ccll freezes.
Injury then occurs by osmotic effects on the cell membrane, cell debydration, solute
concentration, and ice crystal formation. As ice forms ocutside the cell, available water is
removed from solution and withdrawn from the cell, causing osmotic dehydration and
raised solute concentration which eventually destroys the cell. For a discussion, see Mazur,

P., 1977, Cryobiology 14:251-272.

These injurious effects can be circumvented by (a) use of a cryoprotective agent, (b)
control of the freezing rate, and (¢} storage at a temperature sufficiently low to minimize

degradative reactions.

Cryoprotective agents which can be used inchude but are not limited to dimethyl
sulfoxide (DMSQO) (Lovelock and Bishop, 1959, Nature 183:1394-1395; Ashwood-Smith,
1961, Nature 190:1204-1205), glycerol, polyvinylpyrrolidine (Rinfret, 1960, Ann. N.Y.
Acad. Sci. 85:576), polyethylene glycol (Sloviter and Ravdin, 1962, Nature 196:548),
albumin, dextran, sucrose, ethylene glyeol, i-erythritol, D-ribitol, D-mannitol (Rowe ef af,,
1962, Fed. Proc. 21:157), D-sorbitel, i-inositol, D-lactose, choline chloride (Bender ef /.,

1960, J. Appl. Physiol. 15:520), amino acids (Phan The Tran and Bender, 1960, Exp. Cell
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Res, 20:651), methanol, acetamide, glycerol monoacetate (Lovelock, 1954, Biochem. [
56:265), and inorganic salts {Phau The Tran and Beoder, 1960, Proc. Soc. Exp. Biol. Med.
104:388; Phan The Tran and Bender, 1961, in Radiobiology, Proceedings of the Third
Australian Conference on Radiobiology, Hbery ed., Butterworth, London, p. 593, Ina
preferred embodiment, BMSQO is used, a liquid which is nontoxic to cells in low
concentration. Being a small molecule, DMSO frecly permestes the cell and protects
intracellular organelles by combiuing with water to modify is freczability and prevent
damage from ice formation. Addition of plasma (e.g., to a concentration of 20-25%) can
augroent the protective effect of DMSO. After addition of DMSQ, cells should be kept at 0°
C until freezing, since BMSO concentrations of about 1% are toxic at temperatures above
4°C.

A controlied slow cooling rate can be critical. Dntferent cryoprotective agents
{Rapatz er af., 1968, Cryobiology 5(1):18-25) and different cell types have different optimal
cooling rates (sec e.g., Rowe and Rinfret, 1962, Blood 20:636; Rowe, 1966, Cryobiology
3(112-18; Lewis, e af., 1967, Transfusion 7(1):17-32; and Mazur, 1970, Science 168:939-
949 for effects of cooling veloeity on survival of marrow-stern cells and on thewr
transplantation potential). The heat of fusion phase where water turns to ice should be
minimal. The cooling procedure can be carnied out by use of, e.g., a programmable freezing

device or a methanol bath procedure.

Programmable freezing apparatuses allow determination of optimal cooling rates
and facilitate standard reproducible cooling. Programmable controlled-rate freezers such as
Cryomed or Planar permit tuning of the freezing regimen to the desired cooling rate curve.
For example, for marrow cclls in 10% DMSQO and 20% plasioa, the optimal rate s 1° to 3°
Clminate frova 0° C to -80° C. In a preferred embodiment, this cooling rate can be used for
CB cells. The container holding the cells nwst be stable at cryogenic temperatures and
allow for rapid heat travsfer for effective control of both freezing and thawing. Sealed
plastic vials {e.g., Nunc, Wheaton cryules) or glass ampules can be used for multipie small
amounts {1-2 ml}, while larger volurnes (160-200 mi) can be frozen in polyoletin bags {(e.g.,
Delmed) held between metal plates for better heat transfer during cooling. Bags of bone
marrow cells have been successtully frozen by placing thern in -80° C freczers which,

fortuitously, gives a cooling rate of approximately 3° C/minute).
49 5 o g
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In an alternative embodiment, the methano! bath method of cooling can be used.
The methanol bath method 15 well-suited to routine cryopreservation of multiple small tteros
on a large scale. The method does not require manual control of the freezing rate nor a
recorder to mounttor the rate. In a preferred cmbodiment, DMSO-treated cells are pre-cooled
on ice and transferred to a tray containing chilled methanol which s placed, in tum, in a
mechanical refrigerator {e.g., Harris or Reveo) at -80° €. Thermocouple measurements of
the methanol bath and the samples indicate the desived cooling rate of 1° to 3° C/minute.
After at least two hours, the specimens have reached a temperature of -80° C and can be

placed directly into liquid nitrogen (-196° C) for permanent storage.

After thorough freezing, the Expanded eHSC can be rapidly transferred to a long-
termm cryogenic storage vessel. In a preferred embodiment, samples can be cryogenically
stored i liquid nitrogen (-196° C) or its vapor (-165° C). Such storage s greatly facilitated
by the availability of highly cfficient liquid nitrogen refrigerators, which resemble large
Thermos containers with an extremely low vacuum and internal super msulation, such that

beat leakage and nitrogen losses are kept to an absolute minimum.

Suitable racking systemns arce cormmercially available and can be used for

cataloguing, storage, and retrieval of individual specimens.

Considerations and procedures for the manipulation, cryopreservation, and long-
term storage of the hematopoictic stem cells, particularly from bone marrow or peripheral
blood (¢.g., mobilized peripheral blood), which are also largely applicable to the Expanded
eHSC can be found, for example, in the following references, incorporated by reference
heretn: Gorin, 1986, Clinics In Hacmatology 15(1):19-48; Bone-Marrow Conservation,
Culture and Transplantation, Proceedings of a Pancl, Moscow, July 22-26, 1968,

Intcrnational Atomic Encrgy Agency, Vienna, pp. 107-186.

Other methods of cryopreservation of viable cells, or modifications thercof, are
available and envisioned for use {e.g., cold metal-mirror techniques; Livesey and Linner,
1987, Nature 327:255; Linner ef af., 1986, 1. Histochem. Cytochem. 34(9):1123-1135; see
also U.S. Pat. No. 4,199,022 by Senkan ef ¢/, U.S. Pat. No. 3,753,357 by Schwartz, U.S.

Pat. No. 4,559,298 by Fahy).

L
@
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In other embodiments, isolated ¢HSC, the Enriched eHSC or the Expanded eHSC

are preserved by freeze-deying {see Stmione, 1992, J. Parenter. Sci. Techuool. 46(6):226-32).
6.7.2 Thawing

Following cryopreservation, frozen isolated eHSC, frozen Enriched eHSC or frozen
Expanded cHSC can be thawed in accordance with the methods described below or known

in the art.

Frozen cells are preferably thawed quickly {e.g., in a water bath maintained at 37°-
41° C) and chilled imamediately upon thawing. In a specific cmbodiment, the vial
containing the frozen cells can be immersed up to its neck in a warm water bath; gentle
rotation will ensure mixing of the cell suspension as it thaws and increase heat transfer from
the warra water to the internal ice wass. As soon as the ice bas completely melted, the vial

can be immediately placed in ice.

In an embodiment of the invention, the Expanded ¢HSC sample as thawed, or a
portion thereof, can be 1nfused for providing hematopoictic function 1o a burnan patient in
need thereof. Several procedures, relating to processing of the thawed cells are available,

and can be employed if deeroed desirable.

It may be desirable to treat the cells in order to prevent celiular clumping upon
thawing. To prevent clumping, various procedures can be used, including but not limited
to, the addition before and/or after freezing of DNase (Spitzer ef al., 1980, Cancer 45:3075-
30835}, low molecular weight dextran and citrate, hydroxyethyl starch (Stiff er o/, 1983,

Cryobiology 20:17-24), etc.

The cryoprotective agent, if toxic in humans, should be removed prior to therapeutic
use of the thawed Expanded eHSC. In an embodiment employing BMSO as the
cryopreservative, it is preferable to omit this step in order to avoid cell loss, since DMSO
has no serious toxicity. However, where removal of the cryoprotective agent is desired, the

removal is preferably accomplished upon thawing.

One way 1o which to remove the cryoprotective agent is by dilution o an
msignificant concentration. This can be accomplished by addition of mediurm, followed by,

tf necessary, ove or roore cycles of centrifugation to pellet cells, removal of the supernatant,
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and resuspension of the cells. For example, intracellular DMSO in the thawed cells can be
reduced to a level (Jess than 19 that will not adversely affect the recovered cells, This s
preferably done slowly to minimize potentially damaging osmotic gradients that occur

during DMSQO removal.

After removal of the eryoprotective agent, cell count {e.g., by use of a
hemocytometer) and viability testing {e.g., by trypan blue exclusion; Kuchler, 1977,
Biochemical Methods in Cell Culture and Virology, Dowden, Hutchinson & Ross,
Stroudsburg, Pa., pp. 18-19; 1964, Methods in Medical Research, Eisen ef of | eds., Vol. 16,
Year Book Medical Publishers, Inc., Chicago, pp. 39-47) can be done to confirm ccll
survival. The percentage of viable antigen (e.g., CD34) positive cells in a sample can be
determined by calculating the number of antigen positive cells that exclude 7-AAD {or other
suttable dye excladed by viable cells) in an aliguot of the saraple, divided by the total
number of nucleated cells (TNC) {(both viable and non-viable) in the aliquot of the sample.
The namber of viable antigen positive cells n the sample can be then determuined by

multiplying the percentage of viable auntigen positive cells by TNC of the sample.

Optionally, the Expanded eHSC sample can underge HLA typing cither prior to
cryopreservation and/or after eryopreservation and thawing, HLA typing can be performed
using serclogical methods with antibodics specific for identified HLA antigens, or using
DNA-based methods for detecting polymophistos in the HLA antigen-encoding genes for
typing HLA alleles. in a specific embodiment, HLA typing can be performed at
itermediate resolution using a sequence specific oligonucicotide probe method for HLA-A
and HLA-B or at high resolution using a sequence based typing method (allele typing) for

HLA-DRBI.

6.8 GEMNETICALLY ENGINEERED eHSC

In certain embodiments, the Expanded ¢HSC administered to the patient are non-
recombinant.

In other embodiments, the isolated ¢HSC, the Enriched eHSC prior to expansion or
the Expanded eHSC can be genetically engineered to correct a genetic defect 1u a subject.
In certain embodiments, the isolated cHSC, the Enriched eHSC prior to expansion or the

Expanded ¢HSC can be genetically engineered to correct a defective genetic sequence
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responsible for a genetic disorder in a patient using any gene editing techniques known in
the art or described herein. For example, geues in the 1solated eHSC, the Enriched eHSC
prior to expansion or the Expanded eHSC can be corrected using nucleases, TALENs or
adeno-associated virus vectors for gencrating genctically modified pigs (sec Perez-Pinera ot
al., 2012, Curr Opin Chem Biol 16:268-77; Hatez & Hausner, 2012, Genome 55:553-69;
Bedell et al., 2012, Nature 491:114-8; Durai of al,, 2005, Nucleic Acids Res 33:53978-90;
and Luo et al,, 2012, J Genet Genomics 39:263-74). Using the technigques described n
these references or other techniques known in the art the genome of the isolated cHSC, the
Euriched ¢HSC prior to expansion or the Expanded ¢HSC can be modified in a targete
fashion, ¢.g., by directed mutagenesis/gene-editing of a specific DNA sequence of a gene,

gene knockout or gene replacement.

In some embodiments, the tsolated eHSC, the Enniched ¢HSC prior to expansion or
the Expanded eHSC can be made to recombinantly express a gene product missing or
defective in a subject, or recombinantly express an inhibitor of a gene product
overexpressed or otherwise gveractive or deleterious to a subject, prior to administration of

such genetically engincered cells to the subject,

In another evabodiment, the isolated eHSC, the Euriched eHSC prior to expansion or
the Expanded eHSC can be genctically engineered to produce gene products that are
beoeficial upon transplantation of the genetically engineered cells to a subject. Such gene
products include but are not limited to anti-inflammatory factors, e.g., anti-TNF, anti-IL-1,
anti-IL-2, cte. In some embodiments, eHSC can be genetically engineered to “knock out”
expression of MHC. The eHSC can be genetically engineered for use in gene therapy to
adjust the level of gene activity in a subjoct to assist or improve the results of
transplantation or fo treat a discase caused by, for exaraple, a deficiency in the recombinant
gene. The eHSC are made recombinant by the introduction of a recombinant nucleic acid
into the 1solated eHSC, the Enriched eHSC or into the Expanded eHSC.

In its broadest sense, gene therapy refers to therapy performed by the administration
of a nucleic acid to a subject. The nucieic acid, either directly or indirectly via its encoded
proten, mediates a therapeutic effect 1o the subject. The present wnveuntion provides

methods of gene therapy wherein a nucleic acid encoding a protein of therapeutic value
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{(preferably to humans) is introduced into the cHSC, before or after expansion, such that the
nucleic acid 18 expressible by the eHSC and/or their progeny, followed by admirustration of
the recombinant Expanded eHSC to a subject. In other, preferred, embodiments, the present
mvention provides methods of gene therapy wherein a gene is corrected in the ¢HSC, before
or after expansion as described above {see Perez-Pinera et al., 2012, Curr Opin Chem Biol
16:268-77; Hafez & Hausner, 2012, Genome 55:553-69; BedeH et al., 2012, Nature
491:114-8; Durar ¢t al,, 2005, Nucleic Acids Res 33:5978-90; and Luo et al., 2012, J Genet
Genomics 39:269-74), such that the gene is corrected in the eHSC and its progeny, followed

by administration of the recombinant Expanded ¢HSC to a subject.

In specific embodiments, eHSC are derived from 1PSC or reprogrammed non-
pluripotent cells obtained from a subject with an inherited disorder, such eHSC are (i)
genetically enginecred to correct a gene having a sequence defect associated with the
inherited disorder using any of the methodology described herein or known in the art, (i)
expanded in accordance with the methods described herein, wherein the ¢eHSC can be
expanded either before or after gene-~correction, and {1t} the gene-corrected expanded eHSC
are administered to the subject in order to treat the inherited disorder. In one ermbodiment,
eHSC are derived from iPSC obtained from a subject with an inherited disorder, such eHSC
are {1} genetically engineered to correct a gene having a sequence defect associated with the
inherited disorder using any of the methodology described herein or known in the art, (i1)
expanded in accordance with the methods described herein, wherein the eHSC can be
expanded cither before or after gene-correction, and (1) the gene-corrected expanded eHSC
are administered to the subject in order to treat the inherited disorder. In some
embodiments, the inherited disorder treated as described above 15 a hematopoietic disorder.
In other embodiments, the inherited disorder treated as described above is a non-
hematopoictic disorder, wherein the administration of the gene-corrected expanded eHSC
results in delivery of eHSC to an organ or organs affected by such disorder (and, wherein,
the gene-corrected expanded ¢HSC can be effective to treat such disorder).

The recombinant cHSC of the present invention can be used in any of the methods
for gene therapy available in the art. Thus, the nucleic acid introduced into the cells may
encode any desired protein, e.g., a protein nussing or dystunctional 1n a discase or disorder.

The descriptions below are meaut to be illustrative of such methods. It will be readily
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understood by those of skill in the art that the methods illustrated represent only a sample of

all avatlable methods of gene therapy.

For general reviews of the methods of gene therapy, see Gardhik et o/, 2005, Med.
Sci. Monit, 11:RA110-121; Lundstrom, 1999, J. Recept. Signal Transduct. Res. 19:673-686;
Robbins and Ghivizzani, 1998, Pharmacol. Ther 80:35-47; Pelegrin ef ¢f., 1998, Hom. Gene
Ther. 9:2165-2175; Harvey and Caskey, 1998, Curr. Opin. Chem. Biol. 2:512-518; Guntaka
and Swamynathan, 1998, Indian J. Exp. Biol. 36:539-5335; Desnick and Schuchman, 1998,
Acta Pacdiatr, Jpn. 40:191-203; Vos, 1998, Curr. Opin. Genet. Dev, 8:351-339; Tarahovsky
and Ivanitsky, 1998, Biochemustry (Mosc) 63:607-618; Morishita et af., 1998, Circ. Res.
2:1023-1028; Vile er /., 1998, Mol. Med. Today 4:84-92; Branch and Klotman, 1998, Exp.
Mephrol, 6:78-83; Ascenzioni ef ¢/, 1997, Cancer Lett. 118:135-142; Chan and Glazer,
1997, 1. Mol. Med. 75:267-282. Methods commonly known in the art of recorabinant DNA
technology which can be used are described in Ausubel ef af. (eds.}, 1993, Current
Protocols 1o Molecular Biology, John Wiley & Sons, NY; and Kriegler, 1990, Gene

Transfer and Expression, A Laboratory Manual, Stockton Press, NY.
y Y , ,

In an embodiment in which recombinant eHSC are used in gene therapy, a gene
whose expression is desived in a subject is itroduced into the ¢HSC such that it is
expressible by the cells and/or their progeny, and the recombinant cells are then

administered in vivo for therapeutic effect.

Recombinant Expanded ¢eHSC can be used in any appropriate method of gene
therapy, as would be recognized by those in the art upon considering this disclosure. The
resulting action of recombinant cell populations administered to a subject can, for example,
icad to the activation or inhibition of a pre-sclected gene in the subject, thus leading to

mmprovement of the discased condition afflicting the subject.

o this embodiment, the desired gene is mtroduced into the eHSC or its progeny
prior to administration iz vivo of the resulting recombinant cell. Such introduction can be
carried out by any method known in the art, including but not limited to transfection,
electroporation, microinjection, lipofection, calcium phosphate mediated transfection,
mfection with a viral or bacteriophage vector containing the gene sequences, ccll fusion,

chromosome-mediated gene transfer, microcell-mediated gene transfer, spheroplast fusion,
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etc. Numerous techniques are known in the art for the introduction of foreign genes into
cells {see e.g., Loeftier and Behr, 1993, Meth. Evzymol. 217:599-618; Cohen ef ¢/, 1993,
Meth. Enzymel. 217:618-644; Chine, 1985, Pharmac. Ther, 29:69-92) and may be used in
accordance with the present fnveuntion, provided that the necessary developmental and
physiological functions of the recipient cells are not disrupted. The technique should
provide for the stable transfer of the gene to the cell, so that the gene 1s expressible by the
cell and preferably herttable and expressible by its cell progeny. Usually, the method of
transfer includes the transfer of a selectable marker to the cells. The cells are then placed
under selection to 1solate those cells that have taken up and are expressing the transferred

gene. Those cells are then delivered to a subject.

Retroviral vectors (see Miller et al., 1993, Meth. Enzymel. 217:581-599), and
specifically lentivival, can be used 1n gene therapy. In such embodiments, the gene to be
used in gene therapy is cloned into the retroviral vector for its delivery into ¢HSC. In
particular embodiments, a retroviral vector for use in gene therapy contains all of the cis-
acting sequences necessary for the packaging and integration of the viral genome, 1.e,{a) a
long terminal repeat {LTR), or portions thereof, at cach end of the vector; (b) primer binding
sttes for negative and positive strand DNA synthesis; and (¢} a packaging signal, necessary

for the incorporation of genornic RNA into virions.

More detail about retroviral vectors can be found i Boesen et ¢/, 1994, Biotherapy
6:291-302, Clowes ef af., 1994, 1. Clin. Invest. 93:644-651; Kiem ¢f ¢f., 1994, Blood
83:1467-1473; Salmous and Gunzberg, 1993, Human Gene Therapy 4:129-141; and

Grossman and Wilson, 1993, Curr. Opin. in Genetics and Devel. 3:110-114,

Adenoviruses are also of use in gene therapy. See Kozarsky and Wilson, 1993,
Current Opinion in Genetics and Development 3:499-503, Rosenteld er af., 1991, Science
252:431-434; Rosenfeld er o/, 1992, Cell 68:143-155; and Mastrangeli es af., 1993, J. Clin,

Invest, 91:225-234,

It has been proposed that adeno-associated virus {(AAV) be used 1o gene therapy
{Walsh ez a/., 1993, Proc. Soc. Exp. Biol. Med. 204:289-300). It has also been proposed
that alphaviruses be used in gene therapy (Lundstrom, 1999, J. Recept. Signal Transduct.

Res. 19:673-686).
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Other methods of gene delivery in gene therapy include the use of mammalian
artificial chromosomes (Vos, 1998, Curr. Op. Geunet. Dev. 8:351-359); liposomes
{Tarabovsky and Ivanitsky, 1998, Biochemistry (Mosc) 63:607-618); ribozymes (Branch
and Klotman, 1998, Exp. Nephrol., 6:78-83); and triplex DNA (Chan and Glazer, 1997, 1.
Mol. Med. 75:267-282).

A desired gene can be introduced intracellularly and incorporated within eHSC
DINA for expression, by homologous recombination (Koler and Smithics, 1989, Proc. Natl,

Acad. Sct. USA 86:8932-8935; Zijistra ef af., 1989, Nature 342:435-438).

In a specific embodiment, isolated eHSC or the Enriched eHSC or the Expanded
¢HSC are genetically engineered to express a gene that 1s deficient 1o the paticnt to whom
such eHSC are to be administered. In another specific embodiment, isolated eHSC or the
Enriched eHSC or the Expanded eHSC are genetically engineered to express an inhibitor of
a gene that is overexpressed or overactive in the patient to whom such eHSC are to be

administered.

In a specific embodiment, the desired gene recorabinantly expressed in the cHSC or
their progeny after expansion to be introduced for purposes of gene therapy comprises an
inducible promoter operably hinked to the coding region, such that expression of the
recombinant gene is controliable by controlling the presence or absence of the appropriate

mducer of transcription.

The mcthods described herein and/or known in the art to make genctically
engineered ¢HSCs can alternatively be applied to genetically engineer cells from which
such eHSC can be derived, such embryonic stem cells, induced pluripotent stemn cells
{iPSC}, or non-~pluripotent cells that are reprogrammed to produce eHSC. In some
embodiments, ESC, iPSC or non-pluripotent cells that are reprogramimed to produce eHSC
are genetically engineered to correct a genetic defect prior to obtaining eHSC from such

cells,

6.8 FTHERAPEUTIC METHODS

The 1deal therapeutic product for treatment of chermotherapy or radiation induced

pancytopenia is one that, when infused, would give rise to rapid hematopotetic
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reconstitution, especially of gramulocytes, and also facilitate antologous recovery of

hematopoicsis.

The Expanded ¢HSC, whether recombinantly expressing a desired gene, having
been corrected for a defective gene, or not, can be administered into @ hurman patient in need
thereof for hematopoietic function for the treatment of disease or injury or for geone therapy
by any method known in the art which is appropriate for the Expanded ¢HSC and the
transplant site. Preferably, the Expanded ¢HSC are transplanted (infused) intravenously. In
one embodiment, the Expanded eHSC differentiate into cells of the myeloid lineage in the
patient. In another embodiment, the Expanded cHSC differentiate into cells of the

fvmphoid Hineage in the patient.

fn one embodiment, the transplantation of the Expanded eHSC is autologous. In
such embodiments, before expansion, celis are 1solated from tissues of a subject to whom
the Hxpanded eHSC are to be administered, reprogrammed to 1PSC and then eHSC, or
directly reprogrammed to ¢HSC and, optionally, gene-corrected as deseribed above. In
other erobodivaents, the trausplantation of the Expanded eHSC is nov-autologous. In some
of these embodiments, the transplantation of the Expanded ¢HSC is allogeneic. For non-
autologous transplantation, the recipient can be given an immunosuppressive drug to reduce
the risk of rejection of the transplanted cells. In some embodiments, the transplantation of

the Expanded eHSC 15 syngeneic.

Iu specific embodiments, eHSC are 1solated from a sabject for expansion prior to the
subject’s exposure to chemotherapy, and the Expanded eHSC obtained using the methods
described herein from the 1solated eHSC of the subject are adwinistered to the subject

following cxposure to chemotherapy.

In specific embodiments, eHSC are isolated from a subject with a hematopoietic
disorder, the isolated eHSC are expanded in accordance with the methods described herein,
the isolated eHSC are also genctically engincered in order to improve or correct the
hematopoictic disorder as described in Section 6.8 betore or after the expansion, and such

genetically-engineered and Expanded eHSC are administered to the subject.

In specific embodiments, the Expanded eHSC are not administered to the patient

within 12 hours of administration of a myelowd progenttor cell population as defined in
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International Patent Publication Nos. WO 2006/047569 A2 and/or WO 2007/095594 A2, In
other specific embodiments, the Expanded eHSC are not administered to the patient within
18 or 24 or 36 or 48 or 72 or 96 hours or within 7, 10, 14, 21, 30 days of administration of

such a mycloid progenitor cell population to the patient.

o a preferred exabodivaent, the Expanded eHSC sarple that 18 administered to the

patient is derived from one individual.

In some embodiments, the Expanded eHSC sample that is administered to the
patient has been cryopreserved and thawed prior to administration. In other embodiments,
the Expanded eHSC sample that is administered to the patient is fresh, i.c., it has not been

cryopreserved prior to adunistration.

o certain embodiments, the Expanded eHSC are intended to provide short-term
engraftment. Short-term engraftment usually refers to engraftment that lasts for up to a fow
days to fow weeks, preferably 4 weceks, post-transplantation of the Expanded ¢HSC. I
some embodiments, the Expanded eHSC are effective to provide engrafiment 1, 2, 3, 4, 5, 6,
7, 8,9, 10 days; or 1, 2, 3, 4 weeks afier adnunistration of the Expanded ¢HSC o a patient
{¢.g., a human patient}. In other embodiments, the Expanded eHSC are intended to provide
long-term engrafiment. Long-term engraftment usually refers to engraftroent that i present
months to years post-transplantation of the Expanded eHSC. In some embodiments, the
Expanded eHSC are effective to provide engraftment when assayed at 8, 9, 10 weeks; 2, 3,
4,5,6,7,8,9,10, 11, 12 months (or more than 2, 3,4, 5,6, 7, 8,9, 14, 11, 12 roonths); or
1,2, 3,4, 5 years {or more than 1, 2, 3, 4, 5 years) after administration of the Expanded
eHSC to a patient. In some embodiments, the Expanded ¢HSC are intended to provide both
short-term and long-term engraftment. In certain embodiments, the Expanded eHSC

provide short-term and/or long-term engraftment in a patient, preferably, g hurnan,

o soroe embodiments, the Expanded eHIC are effective to provide engrattment
when assayed at 1,2,3,4,5,6,7,8,9, 10days{ormorethan 1,2, 3,4, 5,6, 7, %, 9, 10
days), 1,2,3,4,5,6,7,8,9, 10 weeks formore than 1,2, 3,4, 5, 6,7, 8, 9, 10 weeks); 1, 2,
3,4,5,6,7,8,9,10, 11, 12 months {or more than 1,2, 3,4, 5,6, 7. 8, 9, 14, 11, 12 months);
or |, 2,3, 4, 5 years {or more than 1, 2, 3, 4, 5 years) after administration of the Expanded

e¢HSC to a patient (e.g., a human patient). [n other embodiments, the Expanded eHSC are
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effective to provide engraftment when assayed within 1,2, 3,4, 5,6, 7, 8, 9, 10 days (or less
than 1,2,3,4,5,6,7,8,9, 10 days); 1,2,3,4,5,6,7, 8,9, 10 weeks (or less than 1, 2, 3, 4,
5,6,7,8,9, 10 weeks), or 1;2,3,4,5,6,7,8,9, 10, 11, 12 months (or less than 1, 2, 3, 4,
5,6,7,8,9, 10, 11, 12 months) after administration of the Expanded ¢HSC 1o a patient
{¢.g., a human patient}. Iun specific embodiments, the Expanded eHSC are effective to
provide engraftment when assayed within 10 days, 2 wecks, 3 weeks, 4 weeks, 6 wecks, 6
weeks, or 13 weeks after administration of the Expanded ¢HSC 1o a patient (e.g., a human

patient).

Suitable methods of administration of the Expanded ¢HSC are encompassed by the
present invention. The Expanded eHSC populations can be administered by any convenient
route, for example by infusion or bolus injection, and may be administered together with

other biologically active agents. Adrnistration can be systemic or local.

The titer of the Expanded eHSC administered which will be effective in the
treatracnt of a particular disorder or condition will depend on the nature of the disorder or
condition, and can be determined by standard clinical techniques. In addition, in virro and
in vivo assays may optionally be employed to help identify optimal dosage ranges. The
precise dose to be employed n the formulation will also depend on the route of
administration, and the seriousncss of the disease or disorder, and should be decided
according to the judgment of the practitioner and cach subject's circurstances. o specific
embodiments, suitable dosages of the Expanded eHSC for administration are generally
about at teast 5 x 10°,107, 5 x 107, 75 x 10%, 107, 5x 107, 10%, 5x 10°, I x 107, 5x 107, 1 x
10", 5% 10", 1% 10", 5 x 10" or 10" CD34” cells per kilogram patient weight, and most
preferably about 107 to about 107 CD34” cells per kilogram patient weight, and can be
administered to a patient once, twice, three or more times with intervals as often as needed.
In a specific embodiment, a single Expanded ¢eHSC sample provides one or more doses for
a single patient. In one specific ermbodivaent, a single Expanded ¢HSC sample provides

four doses for a single patient.

In certain embodiments, the patient is a human patient, preferably a human patient

with a hematopoietic disorder or an itomunodehicient human patient.
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In a specific embodiment, the Expanded eHSC population administered to a human

patient 1o need thereof can be a pool of two or more saraples derived froro a single human,

6.10 PHARMACEUTICAL COMPOSITIONS

The invention provides methods of treatment by administration to a patient of a
pharmaccutical (therapeutic) composition cornprising a therapeutically effective amount of
recorabinant or von-recornbinant Expanded eHSC produced by the maethods of the present

mvention as described herein above.

The present invention provides pharmaceutical compositions. Such compositions
comprise a therapeutically effective amount of the Expanded eHSC, and a pharmaceutically
acceptable carrier or excipient. Such a carrier can be but is not limited to saline, buffered
saline, dextrose, water, glycerol, ethanol, and combinations thereof. The carrier and
composition preferably are sterile. Suitable pharmaceutical carriers are described in
Remington: The Science and Practice of Pharmacy, 21st Edition, David B. Troy, ed.,
Lippicott Williams & Wilkeins {2005}, which is incorporated by reference herein in its
entircty, and specifically for the material related to pharmaccutical carricrs and
compositions. The pharmaceutical compositions described herein can be formulated in any

manner known in the art,

The formulation should suit the mode of admimstration. Expanded eHSC can be
resuspended in a pharmaceutically acceptable medium suitable for administration to a
maramalian host. In preferred embodiments, the pharmaceutical composition is aceeptable
for therapeutic use in humans. The composttion, if desired, can also contain pH buffering

agents.

The pharmaceutical compositions described herein can be administered via any
route known to one skilled in the art to be effective. In a preferred embodiment, the
composttion 18 formulated in accordance with routine procedures as a pharmaceutical
composition adapted for intravenous administration to a patient {¢.g., a human}. Typically,
compositions for intravenous administration are sohitions in sterile isotonic aqueous buffer.
Where necessary, the composition may also include a solubilizing agent and a local

anesthetic such as lidocaine to ease pain at the site of the injection.
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In specific embodiments, the compositions described herein are formulated for

administration to a patient with one or more additional therapeutic active ingredients.

6.11 THERAPEUTIC USES OF THE EXPANDED elISC

The Expanded eHSC of the present invention can be used to provide hematopoietic
function to & paticnt in need thereof, preferably a human patient. In other embodiments, the

patient 18 a cow, a pig, a horse, a dog, a cat, or any other animal, preferably a mammal.

The patient to whom the Expanded ¢HSC are administered is a patient of any age
post-birth, ¢.g., a newborn, an infant, a child or an adult (¢.g., a human newborn, a human

infant, a human child or a human adult).

fn one embodiment, administration of Expanded eHSC of the tnvention is for the
treatment of fromunodeficiency. In a preferred embodiment, administration of Expanded
eHSC of the invention is for the treatment of pancytopenia or for the freatment of
neutropenia. The imrunodeficiency in the patient, for example, pancytopenia or
neutropenia, can be the result of an ntensive chemotherapy regitoen, myeloablative regimen
for hematopoicetic cell transplantation (HCT), or exposure to acute ionizing radiation.
Exerplary cherootherapeutics that can cause prolonged pancytopewia or prolonge
neutropenia inchude, but are not limited to alkylating agents such as cisplatin, carboplatin,
and oxaliplatin, mechlorcthamine, cyclophosphamide, chlorambucil, and tHfostamide. Other
chemotherapeutic agents that can cause prolonged pancytopenta or prolonged neutropenia
inelude azathioprine, mercaptopurine, vinca alkaloids, e.g., vincristine, vinblasting,
vinorelbine, vindesine, and taxanes. In particular, a chemotherapy regimen that can cause
prolonged pancytopenia or prolonged neutropenia is the admimistration of clofarabine and

Ara-C.
In one embodiment, the patient is in an acquired or induced aplastic state.

The immunodeficiency in the patient also can be caused by exposure to acute
fonizing radiation following a nuclear attack, e.g., detonation of a “dirty” bomb m a densely
populated area, or by exposure to ionizing radiation due to radiation leakage at a nuclear

power plant, or exposure to a source of 1onizing radiation, raw uranium ore.
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Transplantation of Expanded eHSC of the invention can be used in the treatment or
prevention of hematopoietic disorders and diseases. v one embodiment, the Expanded
eHSC are administered to a paticut with a hematopoietic deficiency. In one erbodiment,
the Expanded ¢HSC arc used to treat or prevent a hematopoietic disorder or discase
characterized by a failure or dysfunction of normal blood cell production and cell
maturation. In another erobodirnent, the Expanded ¢HSC are used to treat or prevent a
hematopoictic disorder or disease resulting from a heratopoietic malignancy. In yet
another embodiment, the Expanded eHSC are used to treat or prevent a hematopoictic
disorder or disease resulting frovo imrounosuppression, particularly immmunosuppression o
subjects with malignant, solid tumors. In yet another embodiment, the Expanded eHSC are
used to treat or prevent an autotmmune disease affecting the hematopoictic systern. In yet
another embodiment, the Expanded eHSC are used to treat or prevent a genetic or

congenital hematopoictic disorder or discase.

Examples of particular hematopoietic discases and disorders which can be treated by
the Expanded eHSC of the invention include but are not limited to those listed in Table 2,

infra.

TABLE 2:

DISEASES OR DISORDERS WHICH CAN BE TREATED BY ADMINISTERING
EXPANDED eHSC OF THE INVENTION

I Discases Resulting from a Fatlure or Dysfunction
of Normal Blood Cell Production and Maturation

hyperproliferative stem cell disorders

aplastic anemia

pancytopenia

agranulocytosis

throrabocytopenia

red cell aplasia

Blackfan-Diaroond syndrome due to drugs, radiation, or infection
Idiopathic

11 Hematopoistic malienancies

acute lymphoblastic (lymphocytic) leukerma
chronic lymphocytic leukemia
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DISEASES OR DISORDERS WHICH CAN BE TREATED BY ADMINISTERING
EXPANDED eHSC OF THE INVENTION

acuie myelogenous leukerma
chronic myeclogenous leukemia
acute malignant myelosclerosis
multiple myeloma

polycythemia vera

agnogenic myelometaplasia
Waldenstrom's macrogiobulinemia
Hodglkin's lymphoroa
non-Hodgkin's lymphoma

T Immunosuppression in patients with malisnant, solid fumors

malignant welanoma
carcinoma of the stomach
ovarian carcinoma

breast carcinoma

small cell lung carcinoma
retinoblastoma

testicular carcinoma
glioblastoma
rhabdomyosarcoma
ncuroblastorna

Ewing's sarcoma
tymphoma

v Autoimmune discases

rheumatoid arthritis

diabetes type 1

chronic hepatitis

nultiple sclerosis

systemic lupus erytheratosus

V. {enetic {congenitaly disorders

ancmiias

famihial aplastic

Fanconi's syndrome (Fancont anenia)
Blooro's syndrorae

pure red cell aplasia (PRCA)

dyskeratosis congenttal

Blackfan-Diamond syndrome

congenital dyserythropoietic syndromes 1.1V
Chwachmann-Diamond syndrome
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DISEASES OR DISORDERS WHICH CAN BE TREATED BY ADMINISTERING
EXPANDED eHSC OF THE INVENTION

dibydrofolate reductase deficiencies

formaming transferase deficiency

Lesch-Nyhan syndrome

congenital spherocytosis

congenital eliptocviosis

congenital stomatocytosis

congenital Rh null disease

paroxysmal nocturnal bemoglobinuria

G6PD {glucose-6-phosphate dehydrogenase) variants 1, 2, 3
pyruvate kinase deficiency

congenital erythropoietin sensitivity deficiency
sickle cell discase and trait (Sickle ceH anerma)
thalassermia alpha, beta, gamroa
met-hemoglobinemia

congenital disorders of immunity

severe combined inmunmunodeficiency disease (SCID)
bare lymphocyte syndrome

tonophore-responsive combined immunodeficiency
combined immunodeficiency with a capping abnormality
nucleoside phosphorylase deficiency

granulocyte actin deficiency

mtantile agranulocytosis

Gaucher's discase

adenosine deaminase deficiency

Kostmann's syndrome

reticular dysgenesis

congenital leukocyte dysfunction syndroroes

V1. Others

Osteopetrosis

wyclosclerosis

acquired hemolytic anemias

acquired immmunodeficiencics

infectious disorders causing primary or secondary
mmmunodeficiencios

bacterial infections {e.g., Brucellosis, Listerosis, tuberculosis, leprosy)
parasitic infections {e.g., malaria, Leishmaniasis)

fungal infections

disorders invelving disproportions in lymphoid cell sets and impaired tmmune functions
due to aging

phagocyte disorders

Kostmann's agranulocytosis

chronic granulomatous discase
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DISEASES OR DISORDERS WHICH CAN BE TREATED BY ADMINISTERING
EXPANDED eHSC OF THE INVENTION

Chediak-Higacht syondrome

neutrophil actin deficiency

neutrophil membrane GP-180 deficiency

metabolic storage discases

mucopolysaccharidoses

mucolipidoses

niscellaneous disorders involving tmmune mechanisms
Wiskott-Aldrich Syndrome

ol-antitrypsin deficiency

In one embodiment, the Expanded eHSC are administered to a patient with a
hematopoietic deficiency. Hematopoietic deficiencies whose treatroent with the Expanded
eHSC of the invention is encompassed by the methods of the invention include but are not
himited to decreased levels of either myeloid, erythroid, Iymphotd, or megakaryocyte cclis
of the hematopoietic system or combinations thereof, including those listed in Table 2. In
one embodiment, the Expanded ¢cHSC arc administered prenatally to a fotus diagnosed with

a heratopotetic deficiency.

Among conditions susceptible to treatment with the Expanded eHSC of the present
mnvention is leukopenia, a reduction in the number of circulating leukocytes (white cellsy in
the peripheral blood. Leukopenia may be induced by exposure to certain viruses or to
radiation. It is often a side effect of various forms of cancer therapy, e.2., exposure to

chemotherapeutic drugs, radiation and of 1nfection or hemeorrhage.

Expanded ¢HSC also can be used in the treatment or prevention of neutropenia and,
for exaraple, in the treatment of such conditions as aplastic ancmia, cyclic neutropenia,
idiopathic neutropenia, Chediak-Higashi syndrome, systemic lupus erythematosus {(SLE),
fcukemia, myclodysplastic syndrome, myelofibrosis, thrombocytopenia. Severe
throrabocytopenia may result from genetic defects such as Fanconi's Ancroia, Wiscott-
Aldrich, or May-Hegglin syndromes and from chemotherapy and/or radiation therapy or
cancer, Acquired thrombocytopenia may result from auto- or allo-antibodics as in Irmmune
Thrombocytopenia Purpura, Systemic Lupus Erythromatosis, hemolytic anemia, or fetal
maternal incompatibility. In addition, splenoracgaly, disserninated intravascular

coagulation, thrombotic thrombocytopenic purpura, infection or prosthetic heart valves may
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result in thrombocytopenia. Thrombocytopenia may also result from marrow invasion by

carctnoma, lymphoma, leukemia or fibrosis.

Many drugs may cause bone martow suppression or heratopoietic deficiencies.
Examples of such drugs are AZT, DD, alkylating agents and anti-metabolites used in
chemotherapy, antibiotics such as chloramphenicol, penicillin, gancyclovir, daunomycin
and suifa drugs, phenothiazones, tranquilizers such as meprobamate, analgesics such as
arninopyrine and dipyrone, snticonvulsants such as phenytoin or carbamazepine,
antithyroids such as propylthiouraci] and methimazole and diuretics. Transplantation of the
Expanded eHSC can be used in preventing or freating the bone marrow suppression or

hematopeietic deficiencies which often occur in subjects treated with these drugs.

Hematopoietic deficiencies may also occur as a result of viral, microbial or parasitic
infections and as a result of treatment for renal discase or renal failure, e.g., dialysis,
Transplantation of the Expanded eHSC populations may be useful in treating such

hematopoictic deficiency.

Various immunodeficiencies, e.g., in T and/or B lymphocytes, or immune disorders,
e.g., theumatoid arthritis, may also be beneficially atfected by treatment with the Expanded
eHSC. Imrunodeficiencics may be the result of viral infoctions (including but not Hmited
to HIVI, HIVI, HTLVIL HTLVIE HTL VI, severe exposure to radiation, cancer therapy

or the result of other medical treatment.

n specific embodiments, the Expanded ¢HSC are used for the treatroent of multiple
myeloma, non-Hodgkin’s lymphoma, Hodgkin’s disease, neuroblastoma, germ cell tumors,
autoimmune disorder {e.g., Systernic lupus erythematosus (SLE) or systemic sclerosis),
amyloidosis, acute myeloid leukemia, acute lymphoblastic leukemia, chronic myeloid
feukemia, chronic lymphocytic icukemia, myeloproliferative disorder, myelodysplastic
syndrorne, aplastic anerma, pure red cell aplasia, paroxysmal nocturnal hemoglobinuria,
Fanconi anemia, Thalassemia major, Sickle cell anemia, Severe combined
imrounodeficiency (SCHD), Wiskott-Aldrich syndrome, Heroophagoceytic
fymphohistiocytosis (HLH), or inborn errors of metabolism {(e.g., mucopolysaccharidosis,

Gaucher discase, metachroratic leukodystrophics or adrenoleukodystrophics). In some
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embodiments, the Expanded eHSC are used for the treatment of an inherited

fmrounodeficient disease, an autoimmune disease and/or a4 hematopoietic disorder.

In one embodiment, the Expanded eHSC are for replenishment of hematopietic cells
in a patient who has undergone chemotherapy or radiation treatment. In a specific
embodiment, the Expanded ¢HSC are administered to a patient that bas undergone
chemotherapy or radiation treatment. In a specific embodiment, the Expanded eHSC are
admuinistered to a patient whe has HIV {e.g., for replenishment of hematopietic cells in a

patient who has HIV).

In certain embodiments, the Expanded ¢HSC arc administered into the appropriate

region of a patient’s body, for exarnple, by injection tnio the patient’s bone marrow.
}’ 2 v

o soroe embodiments, the patient to whorn the Expanded ¢HSC are administered s
a bone marrow donor, at risk of depleted bone marrow, or at risk for depleted or limited
blood cell levels. In one ermbodiment, the patient to whom the Expanded ¢HSC i3
administered s a bone marrow donor prior to harvesting of the bone marrow. In one
cmbodiment, the paticnt to whom the Expanded ¢HSC 18 administered 15 a bone marrow
donor after harvesting of the bone marrow. In one embodiment, the patient to whom the
Expanded cHSC s administered 1s a recipient of @ bone marrow transplant. In one
embodiment, the patient to whom the Expanded eHSC is administered is elderly, has been
exposed or 1s to be exposed to an iramunce depleting or mycloablative treatraent {e.g.,
chemotherapy, radiation), has a decreased blood cell level, or is at risk of developing a
decreased blood cell level as compared to a control blood cell level. In one embodiment,
the paticot has ancmia ov is at risk for developing anerma. In one embodiment, the patient
has blood loss due to, e.g., trauma, or i at risk for blood loss. The Expanded eHSC can be
administered to a patient, ¢.g., before, at the same tirne, or afier chemotherapy, radiation
therapy or a bone marrow transplant. In specific embodiments, the patient has depleted
bone marrow related to, ¢.g., congenttal, genctic or acquired syndrome characterized by
bone marrow loss or depleted bone marrow. In one embodiment, the patient is in need of
hematopoicsis. In one embodiment, eHSC are derived from a patient (¢.g., from iPSC or
reprogrammed non-pluripotent cells of the paticnt) that will undergo an immune depleting

procedure {¢.g., chemotherapy, radiation, or bone marrow extraction from donor}, the eHSC
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are expanded as described herein, and after the treatiment the Expanded ¢HSC are
administered to the patient. In one embodiment, eHSC are derived from a patient {(e.g.,
from 1PSC or reprogrammed non-pluripotent cells of the patient) that has a hematopoietic
disorder, the ¢HSC are expanded as described herein and genetically engincered to correct
or improve the hematopetetic disorder, and the genetically engineered and Expanded eHSC

are administered to the patient.
612 KITS

The wveuntion also provides a pharmacentical pack or kit coraprising one or more
containers. In a preferred embeodiment, a kit of the invention comprises, in one or more
containers, a Notch agonist (such as purificd Notch agonist) and an inhibitor of the TGFB

pathway. In a specific embodiment, the Notch agonist is Delta] ™8¢

, and the inhibitor of
the TGFP pathway is SB431542. In one embodiment, a Notch agonist and an inhibitor of
the TGFP pathway are stored in two separate containers of the kit In certain embodiments,
cach of the ingredients of the kit listed herein is provided in a scparate container. In other
erabodiments, two or more of the mgredicuts of the kit listed berein are provided in a same

container.

The kit may additionally comprise one or more purified growth factors, for cxanple,
one or more growth factors that promote proliferation but not differentiation of cHSC. Such
onc or more growth factors may be stored in a container separate from the container
comprising a Notch agonist and/or in a container separate from the container comprising an
inhibitor of the TGFP pathway. 1n some cmbodiments, the kit may further comprise, in a
separate coutainer, one or more purified growth factors that promote the differentiation of
eHSC. In a specific embodiment, the one or more purified growth factors are SCF, Fit-3L
and 1L-3.

In certain embodiments, cell culture woedivm s also provided 1o the kit. In other

E Fxt-] gG

cembodiments, the solid phase on which Delta’ can be coated is also provided in the kit

(for example, such a kit may contain one or more tissue culture dishes coated with Deltal™"
ol L. - - . - > . age

B9 In certain embodiments, the kit also comprises fibronectin (e.g., an immobilized
fibronectin} or a fragment thereof (c.g., CH-296). In certain ermbodiments, fibronectin or a

fragment thereof are provided in a separate container. In some embodiments, fibronectin or
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a fragment thereof is provided in the same container as a Notch agonist. In a particular
erabodiment, fibronectin or a fragment thereof 1s provided n the same container as a Notch
agonist, wherein both fibronectin or a fragment thereof and the Notch agonist are coated on

a solid phase.

The kit may further comprise one or more containers filled with 1solated ¢HSC or
the Enriched eHSC. The Notch agonist and the one or more growth factors provided in the
described kit {(and, optionally, the mhibttor of the TGFP pathway) are together cffective to
expand the Enriched eHSC exposed to these ingredients of the kit in culture. In certain
embodiment, a kit comprises one or more containers filled with the Enriched eHSC or with
the Expanded eHSC produced by the methods of the invention and/or reagents to prepare

said cells, or with reagents for the genetic manipulation of the cells.

The kit may additionally comprise a solution or a buffer (in a separate container, or

in the same container as inhibitor of the TGFp pathway and/or the Notch agounist).

In some embodiments, the kit comprises a container with one or more antibodics
{c.g., anti-CD34, anti-CD45, anti-VE-Cadherim, anti-CD41, anti-c-kit antibodies, or any

other antibodies to markers/antigens described herein or known in the art).

Optionally associated with such container(s) can be a notice in the form prescribed
by a governmental agency regulating the wanufacture, use or sale of pharroaceuticals or
biological products, which notice reflects approval by the agency of manufacture, use or

sale for human administration.

7. EXAMPLE

The data presented herein show that embryonic hematopoietic ster cells {(eHSC) can
be expanded using a combination of a Notch agonist, one or more growth factors, and,
optionally, an inhibitor of the TGFJ pathway. In particular, the data presented herein show
that eHSC from an embryonic source, in particular, from the aorta-gonad-mesonephros
region of an embryo, can be expanded using a combination of an imumobilized Notch ligand,
Delta 189 hematopoietic cytokines, and a small molecule inhibitor of the TGFB pathway

{SB431542). Further, the data demonstrate that culturing of eHSC in the presence of a
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combination of immeobilized Notch ligand, Deltal®*'¢¢

, hematopoictic cytokines, and a
small roolecule inhibitor of the TGFP pathoway (SB431542) promotes expausion of
progenitors with erythromyeloid colony forming potential and T/B-lymphotd potential in
vitre, with concurrent maturation of surface phenotype resembling fetal liver-stage HSC.
Furthermore, the data presented herein suggest that cxpansion of ¢HSC using a combination
of a Notch agonist, cytokines, and, optionally, a small molecule inhibitor of the TGFS
pathiway, leads to generation of cells with rapidly engrafting myeloid and lymphoid capacity
when transplanted into a patient. In addition, the results presented herein establish the
optimal concentration of Delta 1™ to be used for expansion of eHSC in order to achieve
fong-term, multilineage hematopoictic reconstitution in a patient. In particular, the
wventors found that long-term, multilineage hematopoictic reconstitution capacity of

expanded cells transplanted into irradiated adult mice appears to be optimal when Deltal™"

6 i3 used at the concentration of about 2.5 ug/ml.

Materials and Methods

Wild type C57BI6/F7 (Ly5.2) and Ly6a-eGFP mice (B6.Cg-Tg{Lyoa-
EGFPYG5D2K/T), hemizygous for the Ly6a~-GFP transgene, were from Jackson
Laboratories. Congenic CS7BL/6.SHL-Ly5.1-Pep3b (L.y5.1} mice were bred at the Fred
Hutchinson Cancer Research Center. CS7BIO/I7 LyS.2 male and female mice or Ly6a-
eGFP hemizygous males crossed to wild type CS7BI6/17 female were used for timed
matings and the rmorming that plug was detected was considered 0.5 days post coitum {dpc).
Al animal studies were conducted n accordance with the NIH guidelines for humane
treatment of animals and were approved by the Institutional Animal Care and Use

Committee.

Embrvo dissections and cell sorting:

Embryos were harvested from pregnant females at 9.5 to 11.5 dpe, dissected free of
maternal tissuc and washed extensively in PBS containing 10% fetal bovine serum (FBS).
Embryo age was precisely time by counting somite numbers. Yolks sac was dissected free
from the erabryo. For AGM dissections, 30 gauge needles were used to remove the caudal

and rostral portions of the embryo above the forelimbs and below the hindlimbs, and
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subsequently dissect off the dorsal somite tissue and ventral abdominal contents. The
erabryo was theu splayed open fying on #ts dorsal surface and remaining tissues surrounding
the urogenital ridges were further dissected, leaving the intact AGM containing the dorsal
aorta centrally, For embryos prior to AGM stage (E9.5 or less), the P-Sp region was
dissected by removing the rostral and caudal portions of the embryo. Dissected yolk sac or
AGM/P-8p tissucs were pooled and treated with 0.25% coliagenase {(Stem Cell
Technologics, Vancouver, Canada) for 25-30 minutes at 37°C, pipetted to single cell
suspension, and washed with PBS containing 10% FBS. For Ly6a-eGFP transgenic
embryos, dissected embryos were processed separately and pooled for sorting, if indicated,
following confirmation of GFP expression. Cells were incubated with anti-mouse
CD16/CD32 (FeyRIT block) and stained with the following wouocional antibodies: APC-
conjugated CD45 (clone 30-F11) or APC-conjugated CD41 {clone MWReg30, cBioscience)
and unconjugated VE-Cadherin/CD144 {clone 11D4.1}, or corresponding isotype controls.
Following incubation with primary antibodics, cells were washed twice with PBS/FBS and
secondary staining was performed with PE-conjugated mouse anti Rat IgG2a (clone
RG7/1.30). All antibodies were from BD Biosciences unless otherwise indicated. DAPI
stamning was used to gate out dead cells. All reagents for cell staining were diluted in
PBS/FBS and staining was carried out on ice or at 4°C. Cells were sorted on a Vantage

Aria.
Cell culture:

Jagged 1™ and Deltal™ %" were generated as previously described {Varnum-
Finney B, Wu L, Yu M, et al. J Cell Sci. 20060;113 Pt 23:4313-4318). Non-tissue culture

1 ext-1gc

treated plates (Falcon, BID} were incubated with Delta at {(dose range from 0.3 pg/mi

§

exi-lgG . . .
<0 a1 20 ug/ml (a dose previously demonstrated to achieve a

to 5 ug/mil}, Jaggedl
concentration equivalent to Deltal ™78 by FLISA), or human 1gGl (Sigma-Aldrich)
diluted in PBS together with 5 pg/ml RetroNectin {r-fibronectin CH-296, Takara Bio),
mcubated overnight at 4°C. Wells were washed extensively with PBS prior to adding
media. Media consisted of etther Iscove’s Modified Dulbeco’s Media (IMDM) (Gibeo)
containing 20% fetal bovine serum (FBS) (Hyclone), Penicillin/Streptomiyein (Sigra),

small molecule inhibitor of TGP pathway (10uM SB431541, added 1:1000 from stock
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10mM solution in BDMSQ, Tocris Biochemicals), and hematopoietic cytokines: recombinant
murine Stem Cell Factor (SCF), recorabinant bursan FLT3 hgand (FLT3L), recombinant
human interleukin-6 (1L-6}, and recombinant interleukin-3 {(1L.-3}, each at 100 ng/ml,
recombinant hurman thrombopoietin (TPO) at 20 ng/ml, and recombinant human
interfeukin-11 (1L-11} at 10 ng/mi. Freshly sorted cells from dissected embryos were re-
suspended in media with cytokines and added to coated wells, Cells were passaged to
larger wells prepared as above once cells were nearly confluent, when necessary. For most
experiments, cells were harvested for phenotypic analysis, CFU or transplantation assays at

day 3 of culture, unless otherwise indicated.

Limit dilution analvsis:

Freshly sorted AGM cells were cultured in two-fold serial dilutions in 5 replicate
samples per dilution on 96 wells incubated with Deltal™ 89 containing media with
cytokines as described above. Following seven days in culture, wells containing colonies of
expanded cells were enumerated and individual wells harvested for cell surface analysis by
statning with antibodies to c-kit and sca-1 as described below. Wells containing colonies of
cells that stained for both c-kit and sca-1 were considered positive and L-Cale software
{Stem Cell Technologies) was used to determine frequency of cells generating Sca-1+/¢-

kit+ colonies.

Cell surface analvsis:

Cells were harvested from freshly isolated P-Sp/AGM or yolk sac as described
above or gently pipetted from tissue cultures wells and washed with PBS with 2% FBS.
Cclis were pre-incubated with anti-raouse CD16/CD32 (FoyRIT block) and then stained with
vartous combinations of the following monoclonal antibodies for cell surface analysis:
APC-conjugated CD45 (clone 30-F11), APC-conjugated CD41 {clone MWReg3(,
eBioscience}, purified VE-Cadherin/CD 144 (clone 1104.1), FITC-conjugated anti-Sca-1
{anti-Ly-6A/E)}, APC or APCeFhuor780-conjugated anti—c-kit {clone 2BE, cBioscience),
PECy7-conjugated anti-Thyl.2 {clone 53-2.1), Alexafluor780-conjugated anti-
CD1iv/Macl, APC-Cy7 or APC anti-CD19 {clone 1D3), Per(CP-counjugated GR-1 (anti—
Ly6-G, clone RB6-RCS), Per(CP or FITC-conjugated anti-B220/CD45R (clone RA3-6B2),
PE-conjugated anti-CD2S (clone PC61), FITC-conjugated AA4.1 {clonc AA4. 1), PE-
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conjugated anti-VE-Cadherin (clone 16B1, eBioscience), PE-conjugated anti-CD34 (clone
RAM34), APC-conjugated anti-CID135 {clone AZF10.1), PE or PE-CyS-conjugated TER-
119 (L.y76, clone TER-119, eBioscience), FITC-conjugated anti-NK 1.1 (clone PK136,
cBioscience) or corresponding isotype control antibodies. For analysis involving VE-
Cadherin antibody {clone 11D24.1), following incubation with primary antibodies, cells were
washed twice with PBS/2 %FBS and sccondary staining was performed with PE-conjugated
mouse antt Rat [gG2a (clone RG7/1.30). DAPI was used fo exclude dead cells. Flow
cytometry was performed on a Becton Dickinson Canto 2 and data analyzed using Flowlo

7.6 Software.

Colony-forming unit ({CFU) analvsis:

Freshly sorted AGM/PsP or yolk sac cells or cultured cells gently pipetted from
wells were washed and counted, re-suspended in IMDM, then added to M3434
methylceliulose semi-solid media containing hematopoictic cytokines {Stem Cell
Technologies). Each sample was plated in triplicates. After 7 days of culture, individual
colonies were counted and scored by morphology as myeloid (CFU-GM,
granulocyte/monocyte; or CFU-Mac, macrophage), erythroid {CFU-E, erythroid; or burst-
forming unit, BFU-E, erythroid), or roixed hneage (CFU-GEMM,
granulocyte/erythrocyte/monocyte/megakaryocyte). For most analysis, numbers of cach

CFU type are enumerated per one AGM equivalent of starting cells prior to culture.

Transplantation assavs:

Freshly sorted Ly5.2 AGM cells or cultured cells harvested by gentle pipetting oft of
wells were washed with PBS with 2% FBS and re-suspended m 100 ul PBS/2% FBS at
approximately one AGM cquivalent of starting cells per transplanted mouse. Freshly
harvested Ly5.1 bone marrow cells were added at 3X10" cells in 100 ul PBS/FBS per
mouse to provide short term rescue. Cells were co-injected into lethally irradiated (900
1,000 ¢Gy using a Cesiurn source) LyS3.1 adult recipicnts via the tail vein. FACS analysis
of peripheral blood obtained by retroorbital bleeds was perforroed at approximately 3 week
intervals. Cells staining for donor Ly5.2 cells with APC-eFluor 780 conjugated CD45.2
{clone 104, e¢Bioscience) was distinguished from host/rescue Ly5.1 cells stained with PE-

Cy7 conjugated CD45.1 {clone A20, eBioscience) and myeloid and T/B lymphoid hineage
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determinate was obtained by co-staining with the monoclonal antibodies: FITC-conjugated
anti-CD3 (clone 17A2), PE-conjugated F4/80 {clove BMBE, eBioscience), APC-conjugated
anti~CD19 {clone 103}, and Per(CP-conjugated GR-~1 {anti-Ly6-G, clone RB6-KTS).

Statistical analvsis:

For statistical analysis, two-tailed paired Student’s t-test or two-tailed Student’s t-
test was used to analyze for significance where indicated, with P value less than 0.05

considered significant.

References for methods:

Varnum-Fioney B, Halasz LM, Sun M, Gridley T, Radtke F, Bernstein ID. Notch?
governs the rate of generation of mouse long- and short-term repopulating stem cells. J Chin
Invest, 2011;121:1207-1216.

Varnum-Finney B, Wu L, Ya M, et al. Immobilization of Notch ligand, Delta-1,1s
required for induction of notch signaling. ¥ Cell Sci. 2000113 Pt 23:4313-4318.

Varnum-Finney B, Brashem-Stein C, Bernsiein ID. Combined effects of Notch
stgnaling and cytokines 1nduce a multiple log increase in precursors with lyrphoid and
mycloid reconstituting ability. Blood. 2003;101:1784-1789.

Resuits, Discussion and Conlcusions

Axcimportant goal 1o the application of pluripotent stem cells (PSC) for therapeutic
purposes is the derivation of hematopoietic stem and progenitor cells (HSPC) capable of
efficient engrattment /n vivo. Fundamental to achicving this goal is greater understanding
of the key signal pathways required to establish, maintain and expand HSPCs from
cmbryonic sources. £x vivo activation of Notch signaling in mouse bone marrow and
buman cord blood-derived HSC can facilitate expansion of rapidly engrafting multilincage
progenitors, which has recently been translated for therapeutic purposcs. In contrast, similar
expansion of engrafting cells has not been successful with erabryonic stem cell (ESC)-

derived hematopoietic precursors.

The study presented in this example evaluated whether embryonic-derived HSPC
have capacity o respond to ligand-induced Noich signaling ex vive, and whether Notch

activation could promote expansion of engrafting cells from these embryonic sources. In

69



10

2

]

(¥ 41

O

N

WO 2014/110020 PCT/US2014/010463

particular, the study presented herein examined the effects of ex vivo activation of Notch by
imroobilized, exogenous Notch ligands on highly enriched populations of embryounic HSC
and HSC precursors (pre-HSC) at various developmental stages. Figure 1 shows the

general design of the study.

Using a combination of immobilized Notch ligand, Deltal ™% and heratopoietic
cytokines with a small molecule inhibitor of the TGFJ pathway, we have developed a
method that enables expansion of hematopoictic stem and progenitor cells from embryonic
sources. The mouse AGM (aorta~gonad-mesounephros) was used as a source of erubryonic
progenitors, by dissection and FACS isolation of VE-Cadherint+/CP45+ cells (see Figure
1). Subsequent culture of cells on Deltal™ 9 with cytokines (stem cell factor (SCF),
Interleukin-6, 3, and 11 {116, IL3, IL11), FLT3-ligand (FLT3L), thrombopoietin {TPO))
and 10pM SB431542 (TGF inhibitor) resulted in cxpansion of hematopoictic
sterVprogenitors by surface phenotype (Figure 2A), and colony-forming progenitor
potential in virro (Figure 2B), across 4 large concentration range of Delta 199, Key
findings of the data arc that (i) such expanded cells are capable of long-term, mulitilineage
hematopoietic reconstitution when transplanted 1oto irradiated adult roice, and (31) such
long-term, multilineage hematopoictic reconstitution capacity of expanded progenitors
transplanted into irradiated adult mice appears to be sensitive to the dose of Deltal™¢

{Figures 2C and 2D},

Figure 3 presents results of sample experiments showing phenotyping and total cells
. e [ oW ., ~ . . .
or Sca-1"/c-kit /Gr1/Mac1™" progenitor cells generated from embryonic AGM-derived

1 extigG

HSPC expanded on Notch higand Delta {which was used at 5 pg/mi in this
experirment) or control fgG with media (IMDM/FBS) containing cytokines (SCF, TPQ,
FLT3E, 113, 116, 1L11), with or without TGF-[ inhibitor (SB432542) at 10 uM (Figures
3A and 3B). Figure 3C presents the results of another representative experirent showing
cells and colony-forming progenitors (CFU) generated in experiments with Deltal®™™# (at 5
ig/ml}y or control IgG, and SB431542 or control (DMSQO), in IMDM/FBS or serum-free

media (Stemspan).

Figure 4A presents data showing that AGM-derived HSPC expanded on Notch

. Gt IeG o . . 5 Bxt-12G - , . .
ligand Deltal ™ (ysing optimized dose of Deltal ™8 (2.5 pg/ml) with 6 cytokines,

~3
=
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SB431542, in IMDM/FBS media as described in relation to Figures 1 and 2) demonstrate
enhanced, rapidly repopulating myeloid and B lymphoid capacity compared to uncaltured
cells or cells cultured on control hig(, when examined at 2 weeks in peripheral blood of
competitively transplanted mice. Data shown in Figure 4A are compiled from §
independent experiments, inchuding 4 experiments with uncultured cells. Figure 48 shows
that AGM-derived HSPC expanded on Notch ligand Delta ™5 (2.5 5 pg/ml) (with 6
cytokines, SB431542, in IMDM/FBS redia as described in relation to Figures 1 and 2)
maintain long-term multilineage repopulating myeloid and B/T lymphoid capacity
compared to cells cultured on control higG, when examined at 14-16 weeks in peripheral
blood of competitively transplavted roice. Data shown in Figure 4B are compiled from 3

independent experiments.

Previous studics have successfully manipulated the Notch signaling pathway to
expand cord blood derived hematopotetic stera/progenitor cells. The data presented herein
unexpectedly demonstrate that this methodology is able to expand the first HSC(s) that
develop in the embryo, which form in the AGM region. In particular, the data show that
activation of Notch by the ligand Deltal within HSC/pre-HSC isolated from embryonic
aorta~-gonad-macsonephros (AGM) proruotes expansion of cells with crythrorayeloid colony
forming potential and T/B-lymphoid potential in vitro, with concuarrent maturation of
surface phenotype to that reserabling fetal hver-stage HSC. Furthermore, the data suggest
that Notch activation in embryonic HSPC also mediates expansion of cells with rapidly
engrafting myeloid and lymphoid capacity in irradiated mouse models, and that precise
activation of Noich signaling by immobilized Notch higand and cytokines cau also support
fong-term multilineage engraftment from embryonic HSPC expanded in visro. The results
presented o Figures 2-4 demonstrate that embryonic stage HSPC have capacity to expand

in response to Notch activation.

The data suggest that this methodology will have application for expansion of long-
term engrafting eHSC frovo sources such as human embryonic stem cells (ESC), induced
pluripotent sten celis (1PSC) or reprogrammed HSC for therapeutic hematopoictic stem cell

transplantation into paticnts and gene therapy of hematopoictic disorders.

~3
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This methodology to expand eHSC from ESC, iPSC-derived or reprogrammed HSC would

have great umpact for expanding such cells for therapeutic and scientific purposes.

The present invention is not to be hnuted in scope by the specific embodiments
described herein. Indeed, various modifications of the invention in addition to those
described hercin will become apparent to those skilled in the art from the foregoing
description and accompanying figures. Such medifications are intended to fall within the
scope of the appended claims.

Various references such as patents, patent applications, and publications are cited
berein, the disclosures of which are hereby incorporated by reference herein in their

entireties.
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WHAT IS CLAIMED:

1. A method of expanding embryonic hematopoietic stem cells, comprising
culturing the embryonic hematopoictic stem cells ex vive in the presence of a composition
comprising a Notch agonist and one or more growth factors, thereby producing an expanded

embryonic hematopoietic stem cell sample.

2. A method of expanding embryontc hematopoietic stem cells, comprising
culturing the embryonic hematopoictic stem cells ex vive in the presence of a composition
comprising a Noich agonst, one or more growth factors, and an inhibitor of the TGFp

pathway, thereby producing an expanded embryonic hematopoictic stem cell sample.

3. A method of expanding embryonic hematopoietic stem cells, comprising
culturing the embryonic hematopoictic stem cells ex vive in the presence of a composition
comprising a Notch agonist and one or more growth factors, wherein said culturing 1s not
the presence of an aryl hydrocarbon receptor antagonist, thereby producing an expanded

embryonic hematopoietic stern cell sample.

4, The method of any one of claims 1-3, wherein the embryonic hematopoietic

stern cells are derived frovo an embryo.

5. The method of claim 4, wherein the embryonic hematopoictic stem cells are

dertved from aorta~-gonad-mesonephros {AGM) region of the embryo.

6. The method of any one of claims 1-3, wherein the embryonic hematopoietic
stem cells are derived from embryonic stem cells (ESC).
7 The method of any one of claims 1-3, wherein the embryonic hematopoietic

stem cells are derived from induced phuripotent stem cells (iPSC).

8. The method of any one of claims 1-3, wherein the embryonic hematopoietic

sten celis are derived from reprogrammed non-pluripotent cells.

~
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9. A method of expanding embryonic hematopoietic stem cells, comprising
culturing the embryonic hematopoietic stern cells ex vive in the presence of a composition
comprising a Notch agonist and one or more growth factors, wherein the embryonic
hematopoictic stem cells are derived frorn induced pluripotent stom cells (iIPSC) or
reprogramamed non-pluripotent cells, thereby producing an expanded embryonic

hematopoictic stem cell sample.

10.  The method of any one of claims 1 or 3-9, wherein the composition further

comprises an inhibitor of the TGFB pathway.

11, The method of claim 2 or 10, wherein the inhibitor of the TGF pathway is
SB431542.
12.  The method of any one of claims 1-11, wherein the embryonic hematopoietic

stem cells are human.

13, The method of any one of claims 1-12, wherein the one or more growth
factors are selected from stem cell factor (SCF), Fit-3 ligand (Fit-3), Interleukin-6 (I1L-6),

Interleukin-3 (IL-3), Interleukin-11 (IL-11), and thrombopoictin (TPO).

14, The method of any one of claims 1-12, wherein the one or more growth

factors are SCF, Flt-3 and IL-6.

I5. The method of any one of claims 1-14, wherein in said culturing step, the
embryonic hematopoietic stern cells are in contact with a solid phase on which the Notch

agonist is immobtlized.

16.  The method of any one of claims 1-14, wherein wn said culiuring step, the
embryonic hematopoictic stem cells are cultured on a solid phase coated with the Notch

agonist.

~3
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17.  The method of any one of claims 1-16, wherein the Notch agonist is an
extracellular domain of a Delta protein or a Jagged protein, or a Notch-binding portion of

any of the foregoing.

IR, The method of claim 17, wherein the Delta protein is a human Delta protein,

and wherein the Jagged protein is a human Jagged protein.

19, The method of claim 17 or 1¥, wherein the extracellular domain or the

portion is fused to a fusion pariner.

20.  The method of claim 19, wherein the fusion partner is an Fe region of an
1gG.
21 The method of claim 17, wherein the Notch agonist is Delta®™ %",

Lext-ipG

22, Themethod of claim 15 or 16, wherein the Notch agonist is Delta , and
wherein Delta™ 2" has been applied to the solid phase at a concentration between about |
and 5 pug/ml.

exi»IgGa' and

23.  The method of claim 15 or 16, wherein the Notch agonist is Delta
wherein Delta™ "9 has been applied to the solid phase at a concentration between about 1.5

and 3.5 pg/ml.

24, The method of claim 15 or 16, wherein the Notch agonist is Delta™ Y and

ext-

wherein Delta®™""*" has been applied to the solid phase at a concentration of about 2.5

pg/ml,

25, The method of any one of claims 21-24, wherein the Delta™ ™9 is Delta 1™
IgG

26, The method of any one of claims 1-25, wherein the composition further

comprises an inhibitor of the TGFP pathway, and wherein in said culturing step, the

~3
i
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inhibitor of the TGFP pathway is in a fluid medium contacting the embryonic hematopoietic

stem cells.

27.  The method of claim 26, wherein the inhibitor of the TGF pathway is
SB4315472, and wherein SB431542 15 1n the fluid wedium coutacting the embryouic

hematopoictic stem cells at a concentration between about 2 and 12 uM.

28, The method of claim 27, wherein SB431542 15 in the fhyid medium

contacting the embryonic hematopoietic stem cells at a concentration of about 10 uM.

29, The method of any one of claims 1-28, wherein in said culturing step, the
one or more growth factors are in a thuid medium contacting the embryonic hematopoietic

stern cells.

30. The method of claim 29, wherein the one or more growth factors are SCF,
Fit-3 and HL.-6, wherein SCF and FI-3 are cach in the thnd medium contacting the
erubryonic hematopoictic stem cells at a concentration between about 10 and 200 ng/ml,
and wherein [L-6 is in the fluid medium contacting the embryonic hematopotetic stem cells

at a concentration between about 10 and 100 ng/ml.

31, The method of claim 29, wherein the one or more growth factors are SCF,
Flt-3 and IL-6, wherein SCF, Fii-3 and 1L-6 arc cach in the fluid medium contacting the

embryonic hematopotetic stem cells at a concentration of about 100 ng/ml.

32, The method of any one of ¢laims 1-31, wherein the corposition further

comprises fibronectin or a fragment thereof.

(a2

3. The method of claim 32, wherein the composition comprises a fragment of

fibronectin, wherein the fragment of fibronectin is CH-296,

~
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34, The method of claim any one of claims 15, 16 and 22-24, wherein the
composition further comprises CH-296, and wherein n said culturing step, CH-296 1s

immgobilized on the solid phase.

35. The method of any one of claims 1-34, wherein the cells coltured n said
culturing step are a population of cells enriched for CD45 and/or VE-Cadherin, in which

said embryonic hematopoietic stem cells are present.

36.  The method of any one of claims 1-35, wherein the embryonic hematopoictic

stern cells are derived from a single human.

37. A method of expanding human embryonic hernatopoietic sterm cells,
comprising culturing the human embryonic hematopoietic stem cells ex vivo on a solid
phase coated with Deltal™ " and CH-296, and in the presence of a fluid medium
comprising SB431542 and SCF, Fit-3 and IL-6; thereby producing an expanded embryouic
hematopoictic stem cell sample.

ext-1gG

38 The method of claim 37, wherein the Deltal comprises a buman Deltal
fragment and a human IgG fragment, the CH-296 is a human fibronectin fragment, and the
SCF, Flt-3 and 1L-6 are all human, and wherein the Delta1®™"8 1296, SCF, Fit-3 and

1L-6 are all purified.

39, The method of any one of claims 26-31, 37 or 38, wherein the fluid medium

comprises fetal bovine serurn (FBS).

40.  The method of any one of claims 26-31, 37 or 38, wherein the fluid medium

is serum-{ree.

41.  The method of any one of claims 1-40, whercin the embryonic hematopoietic
stem celis cultured in said culturing step are derived from cells of a patient with a genetic

disorder associated with a gene having a sequence defect, and wherein the embryonic

~
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hematopoictic stem cells cultured in said culturing step have been genetically engineered to

correct the sequence defect.

42.  The method of any one of claims 1-40, whercin the embryonic hematopoietic
stem celis cultured in said culturing step are derived from cells of a patient with a genetic
disorder associated with a gene having a sequence defect, and wherein the expanded
embryounic hematopotetic stera sample 1s genetically engineered to correct the sequence

defect.

43, An embryonic hematopoietic stem cell saraple expanded using the wethod of

any one of claims 1-42.

44, A method for providing hematopoietic function to a patient in need thereof,
comprising administering o a patient the expanded embryonic hematopoeictic stem cell

sample obtained using the method of any one of claims 1-42.

45. A mcthod for providing hermaatopictic function to a patient in need thercof,
comprising carrying out the method of any one of claims 1-42, and admunistering to a

patient the expanded embryonic hematopoietic stem cell sample thereby obtained.

46. A method for treating a genetic disorder in a patient in need thereof,
comprising adnunistering to the patient the expanded embryonic hematopoictic stem cell

sample obtained using the method of claim 41 or 42.
47. A method for treating a genetic disorder in a patient in need thereof,
comprising carrying out the method of claim 41 or 42, and administering to the patient the

expanded embryonic hematopoictic stem cell sample thereby obtained.

48.  The method of any one of claims 44-47, wherein the patient is human.

~
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49, The method of any one of claims 44-48, wherein the expanded embryonic
hematopoictic stem cell sample is obtained from embryonic hematopoietic stem celis

derived from a single human.

50.  The method of any one of claims 44-48, wherein the expanded erabryonic
hematopoictic stem cell sample is obtained from embryonic hematopoietic stem celis
derived from the patient to whow the expanded erwobryonic hematopoictic stem cell sample

1s administered.

51, The method of any one of claims 44-50, wherein the expanded embryonic
hematopoictic stem cell sample is frozen prior to said administering step, and wherein the

method further comprises a step of thawing sawd sample prior to said admimstering.

52.  The method of any onc of claims 44-50, whercin the expanded embryonic

hematopoictic stem cell sample has not been frozen prior to said administering step.

53.  The method of any onc of claims 44-52, wherein the patient has

pancytopenia or neutropenia.

S4.  The method of claim 53, wherein the pancytopenia or neutropenia is caused
by an intensive chemotherapy regimen, a myeloablative regimen for hematopoietic cell

transplantation, or cxposure to acute ionizing radiation.

55. A kit comprising, in One Of MOre containers:

{a) a Notch agonist, and

(by  an ivhibitor of the TGFP pathway.

56.  The kit of claim S5, wherein the Notch agonist and the inhibitor of the TGFP

patlnway are in separate containers.

57.  Thelat of claim S5 or 56, whereimn the inhibitor of the TGFp pathway s
5B431542.
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58.  The kit of any one of claims 55-57, further comprising one or more growth

factors.

59.  The kit of claim 58, wherein the one or more growth factors are selected
from steru cell factor (SCF), Fit-3 Hgand (Flt-3), Interleukin-6 (IL-6), Interleukin-3 (1L.-3),

Interleukin-11 (IL-11}, and thrombopoictin (TPO).

60. The kit of claim 38, wherein the one or more growth factors are SCF, Fit-3
and 1L-6.
61, The kit of any one of claims 55-60, wherein the Notch agonist is an

extracellular domain of a Delta protein or a Jagged protein, or a Notch-binding portion of

any of the foregoing.

62.  The kit of claim 61, wherein the Delta protein 18 2 hurnan Delta protein, and

wherein the Jagged protein is a human Jagged protein.

63.  The kit of claim 61 or 62, wherein the domain or portion is fused to a fusion
partnet.

64.  The kit of claim 63, whercin the fusion pariner is an Fe region of an IgG.

65.  The kit of claim 61, wherein the Notch agonist is Delta™ ¢,

66.  The kit of any one of claims 55-65, wherein the kit comprises a solid phase

on which the Notch agonist 1s immaobilized.

67. The kit of claim 66, wherein the solid phase 1s a cell culture container, and

wherein the Notch agonist is immobilized on av inside surface of the cell culture container.
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ext-Ig(s

H8. The kit of claim 66 or 67, wherein the Notch agonist 18 Delta , and

ext-IgG

wherein Delta has been applied to the solid phase at a concentration between about |

and S ug/mi.

69.  The kit of claim 66 or 67, wherein the Notch agonist is Delta™ "¢ and
wherein Delta™"#" has been applied to the solid phase at a concentration between about 1.5
and 3.5 pg/mi.

ext-igGG
&

70.  The kit of claim 66 or 67, wherein the Notch agonist is Delta and

wherein Delta™ 9 has been applied to the solid phase at a concentration of about 2.5

pg/ml.

71, The kit of any one of claims 635 and 68-70, wherein Delta™ % {s Delta ™"
064

72.  The kit of any one of claims 53-71, further comprising a fibronectin or a

fragment thereof.

73.  The kit of claim 72, wherein the kit comprises a fragment of fibronectin,

wherein the fragment of fibronectin 1s CH-296.

74.  The kit of any onc of claims 66-70, further comprising CH-296 immobilized

on the solid phase.

75. A solid phase comprising a surface on which a Notch agonist is frnmobilized,
said solid phase being in contact with embryonic hematopoietic stem cells, said cells being

in contact with a fluid medium comprising one or more growth factors.

76. A solid phase comprising a surface on which a Notch agouist is immebilized,
said sohid phasc being in contact with ermbryonic hematopoictic stem cells, said cells being
in contact with a fluid medivm comprising one or more growth factors and an inhibitor of

the TGEFP pathway.

& o]
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77 A solid phase comprising a surface on which a Notch agonist is immobilized,
said solid phase being 1o contact with embryonic hematopoietic stem cells, said cells being
in contact with a fluid medium comprising one or more growth factors, and wherein the
fluid medium does not comprise an aryl hydrocarbon receptor antagonist.

~3
i
/

78.  The solid phase of any one of claims 75-77, wherein the embryonic

hematopoietic stern cells are derived from an embryo.

79, The solid phase of claim 78, wherein the embryonic hematopoictic stem cells

are derived from aorta~gonad-rocsonephros (AGM) region of the erabryo.

§0.  The solid phasc of any one of clairms 75-77, wherein the ermbryonic

hematopoietic stem cells are derived from embryonic stem cells (ESC).

§1.  The solid phasc of any one of clairs 75-77, whercin the ermbryonic

hematopoietic stem cells are derived from induced pluripotent stem cells GPSCH.

82.  The solid phase of any one of claivos 75-77, wheren the erabryonic

hematopoictic stem cells are derived from reprogrammed non-pluripotent cells.

83. A sold phase comaprising a surface on which a Notch agonist is immobilized,
said solid phase being in contact with embryonic hematopoietic stem cells, said cells being
in contact with a fluid wediom comprising one or wmore growth factors, wherein the
embryonic hematopoictic stem cells are derived from induced pluripotent stem cells (IPSC)

or reprogrammed non-plaripotent cells.

84.  The solid phasc of any onc of claims 75 or 77-83, wherein the fluid medium

further comprises an inhibitor of the TGFP pathway.

§5.  The solid phasc of claim 76 or 84, wherein the inhibitor of the TGFp

~

pathway is SB431542.
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86.  The solid phase of claim &5, wherein SB431542 is in the fluid medium at a

concentration between about 2 and 12 pM.

87.  The solid phase of claim &5, wherein SB431542 is in the fluid medium at a

concentration of about 10 pM.

88.  The solid phase of any one of claims 75-87, wherein the embryonic

hematopoictic stem cells are human.

83.  The solid phase of any one of claims 75-88 which is a cell culture container
comprising {a} the Notch agonist immobilized on an inside surface of the container; and (b}
the erabryonic hematopoictic stem cells cultured on said nside surface, said cells contacting

a fluid medium comprising one or more growth factors.

90.  The solid phase of any one of claims 75-89, wherein the once or more growth
factors are selected from stem cell factor (SCF}, Fit-3 ligand (Fit-3), Interleukin-6 (JL-6},

Interleukin-3 (IL-3), Interleukin-11 (IL-11), and thrombopoictin (TPO).

91.  The solid phase of any one of claims 75-89, wherein the one or more growth

factors arc SCF, Fit-3 and IL-6.

92.  The solid phase of claim 91, wherein SCF and Flt-3 are each in the fluid
mediurn at a conceniration between about 10 and 200 ng/mi, and wherein 1L-6 18 1 the fluid

medum at a concentration between about 10 and 100 ng/mi.

~

Q3. The method of claim 91, wherein SCF, FIt-3 and 11.-6 are ecach in the fluid

medum at a concentration of about 100 ng/ml.

94, The solid phase of any one of claims 75-93, wherein the Notch agonist
comprises an extracellular domain of a Delta protein or a Jagged protein, or a Notch-binding

portion of any of the foregoing.
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95.  The solid phase of claim 94, wherein the Delta protein is a human Delta

protein, and wherein the Jagged protein is a human Jagged proteim.

96.  The solid phase of claim 94 or 95, wherein the domain or portion is fused to

a fusion partner.

97.  The solid phase of claim 96, wherein the fusion partner 15 an Fe region of an
Ig(s.
98.  The solid phase of claim 96 or 97, wherein the surface 18 coated with an

antibody to the fusion partner.

ext-IgG

93, The solid phase of claim 94, wherein the Notch agonist is Delta

ext-IgG i

100,  The solid phase of claim 99, whercin Delta as been applied fo the

surface at a concentration between about 1and § pg/mi.

ext-IgG i

101, The solid phase of claim 99, whercin Delta as been applied fo the

surface at a concentration between about 1.5 and 3.5 pg/ml.

. ~ . . ext-Tal3 .

102, The solid phase of claim 99, wherein Delta™ " has been applied to the
surface at a concentration of about 2.5 pug/ml.

103, The solid phase of any one of claims 100-102, wherein Delta™ 8% ig

ext-IgG
Drelta |8y,

104.  The solid phase of any one of claims 75-103, further comprising a

fibronectin or a fragrent thercof imumobilized on the surface of the solid phase.

105.  The solid phase of claim 104, wherein the fragment of fibronectin is
mmmobilized on the surface of the solid phase, and wherein the fragment of fibronectin is

CH-296.
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106.  The solid phase of any one of claims 75-105, wherein the solid phase is in
contact with a population of cells enriched for CD45 and/or VE-Cadherin, in which said

embryonic hematopoictic stem cells are present.

107, The solid phase of any one of claims 75-106, wherein the embryonic

hematopoictic stem cells are derived from a single human.

108, The solid phase of any one of claims 75-107, wherein the fluid medium

comprises fetal bovine serum (FBS).

109.  The solid phase of any one of claims 75-107, wherein the fluid medivm is

serum-free.
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This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. I:' Claims Nos.:
because they relate to subject matter not required to be searched by this Authority, namely:

2. I:' Claims Nos.:
because they relate to parts of the international application that do not comply with the prescribed requirements to such
an extent that no meaningful international search can be carried out, specifically:

3. |:| Claims Nos.:
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. lll Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

see additional sheet

-

As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. I:' As all searchable claims could be searched without effort justifying an additional fees, this Authority did not invite payment of
additional fees.

3. As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

1-14, 37-54(completely); 15-36(partially)

Remark on Protest The additional search fees were accompanied by the applicant's protest and, where applicable, the
payment of a protest fee.

The additional search fees were accompanied by the applicant's protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

I:' No protest accompanied the payment of additional search fees.
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FURTHER INFORMATION CONTINUED FROM PCT/ISA/ 210

This International Searching Authority found multiple (groups of)
inventions in this international application, as follows:

1. claims: 1-14, 37-54(completely); 15-36(partially)

A method for expanding embryonic HSCs by culturing said
cells ex vivo in the presence of a Notch agonist and one or
more growth factors, cells obtained by said method and their
use in the treatment of diseases.

2. claims: 55-65(completely); 66-74(partially)

A kit comprising a Notch agonist and an inhibitor of the
TGFbeta pathway.

3. claims: 75-109(completely); 15-36, 66-74(partially)

A solid phase comprising a surface on which a Notch agonist
is immobilized, said solid phase being in contact with
embryonic HSCs, said cells being in contact with a fluid
medium comprising one or more growth factors.
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