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TREATING CARDIOVASCULAR TISSUE

BACKGROUND

1. Technical Field
This document relates to methods and materials involved in treating

cardiovascular tissue with, for example, stem cells.

2. Background Information

Myocardial injury leads to cardiomyocyte loss, ventricular remodeling and
consequent impairment of myocardial function. Unfortunately, the mitotic capacity of
cardiomyocytes is too limited to support adequate myocardial regeneration. In addition,
current therapeutic modalities attenuate disease progression without contributing
significantly to myocardial repair.

Pluripotent cells such as embryonic stem cells can proliferate indefinitely in vitro
and can differentiate, in vitro, into cells that recapitulate the cardiac phenotype by
expressing characteristic cardiac markers and demonstrating functional excitation-
contraction coupling. When transplanted into injured hearts, embryonic stem cells can
generate cardiomyocytes that repopulate regions of dysfunctional myocardium and
improve contractile performance. Pluripotent stem cells, however, can form tumor cells

once removed from the native hematopoietic environment.

SUMMARY

This document provides methods and materials related to treating cardiovascular
tissue (e.g., heart tissue or vascular tissue). For example, this document provides stem
cells, compositions containing stem cells, methods for obtaining stem cells, compositions
for generating stem cells expressing particular markers, and methods for repairing
cardiovascular tissue. The stem cells and compositions containing stem cells provided
herein can be used to repair cardiovascular tissue. Such stem cells can allow clinicians to
treat, for example, myocardial injury since the stem cells can have the ability to

differentiate into cardiomyocytes. In some cases, such stem cells and compositions
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containing stem cells can be used to repair cardiovascular tissue without producing
tumors within the tissue. The compositions provided herein for generating stem cells can
allow medical professionals to produce large amounts of stem cells that can express
particular markers and can be used to repair cardiovascular tissue.

In general, one aspect of this document features a method for treating heart or
vascular tissue. The method includes administering stem cells to the heart or vascular
tissue under conditions wherein the stem cells do not develop tumor cells in the heart or
vascular tissue. The stem cells can be injected into the heart of a mammal (e.g., a
human). The stem cells can be embryonic stem cells or stem cells expressing one or more
of the polypeptides listed in the third column of Table 1. The stem cells can be injected
in an amount less than about 1500 stem cells per mg of heart or vascular tissue. The heart
or vascular tissue can be tissue that was contacted with TNF-a, TGF-p, or y-interferon.
The method can include contacting the heart or vascular tissue with TNF-o, TGF-$, or y-
interferon. This contacting step can occur before, during, or after the stem cells are
administered.

Embryonic stem cells can be administered to heart tissue or vascular tissue such
that tumors do not develop. For example, less than 1000 embryonic stem cells per 1 mg
of tissue can be injected into a mammal (e.g., human, primate, horse, dog, cat, pig, cow,
or rodent). In some embodiments, about 50 to 1500 cells (e.g., 100 to 1500, 200 to 1500,
500 to 1500, 200 to 1000, or 500 to 1000 cells) per 1 mg of heart tissue can be
administered to a mammal without a risk of developing tumors. When injecting
embryonic stem cells into a mouse, whose heart weighs about 300 mg, 3 x 10° cells can
be administered. Injecting 3300 cells per 1 mg of heart tissue can result in a 15 percent
tumor risk, while injecting 10,000 cells per 1 mg of heart tissue can result in a 72 percent
tumor risk.

In another embodiment, this document features a stem cell that expresses (a) at
least one polypeptide selected from the group consisting of Oct4; DEK; BRCAT; Ect2;
and MYC; (b) at least one polypeptide selected from the group consisting of Fosb;
NRAP; MEF2A; Furin; TGFB1; fibronectin receptor a; discoidin domain receptor 1;
bag2; cystein rich protein; CUGBP2; NDRG4; CBP/p300 inhibitory protein 1; interferon

inducible protein 1; tropomyosin 1, alpha; Rho GTPase activating protein 1;
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carboxypeptidase D; profilin 2; transforming growth factor beta 1 induced transcript 1;
tropomyosin 1, alpha; growth hormone receptor; vinculin; adenylate cyclase 6; S100
calcium binding protein A1; tropomyosin 2, beta; retinol binding protein 1, cellular;
Moesin; matrix metalloproteinase 2; secreted acidic cysteine rich glycoprotein;
mannosidase 1, alpha; lectin, galactose binding, soluble 1; S100 calcium binding protein
A6 (calcyclin); epoxide hydrolase 1, microsomal; pleiomorphic adenoma gene-like 1;
insulin-like growth factor 2; tubby like protein 4; prion protein; FK506 binding protein
10; cyclin D2; reticulocalbin 3, EF-hand calcium binding domain; selenoprotein M;
cyclin-dependent kinase inhibitor 1A (P21); caldesmon 1; integrin beta 1 (fibronectin
receptor beta); transcobalamin 2; annexin A2; cyclin-dependent kinase inhibitor 1A
(P21); thrombospondin 1; monocyte to macrophage differentiation-associated; AXL
receptor tyrosine kinase; annexin AS; muscleblind-like 2; annexin Al; procollagen, type
IV, alpha 1; calpain 2; epithelial membrane protein 1; protease, serine, 11; tropomyosin 2,
beta; lectin, galactose binding, soluble 9; and annexin A3; and (c) at least one polypeptide
selected from the group consisting of integral membrane protein 2A; insulin-like growth
factor binding protein 4; thymus cell antigen 1, theta; selenoprotein P, plasma, 1;
glycoprotein 38; epidermal growth factor receptor pathway substrate 8; heat shock protein
1A; cellular retinoic acid binding protein I; and placenta-specific 8. The stem cell can
two, three, four, or more of the polypeptides listed in each group. The stem cell can
express the polypeptides listed in the third column of Table 1. In another embodiment,
this document features progeny of these stem cells.

In another aspect, the invention features stem cells, wherein the stem cells exhibit
nuclear translocation of cardiac transcription factors such as NKX2.5, Mes2C, and
GATAA4; and wherein the stem cells do not comprise sarcomeric proteins such as Annexin
A6, Connective Tissue Growth Factor, Smad6, Na+ channel, L-Type Ca®" channel, Ca?*
ATPase, MLC2V, MLC2a, a-MHC, o-actin, o-actinin, Troponin T2, or Titin.

In another embodiment, this document features a composition (i.e., a cardiogenic
cocktail) containing TGF-B1; TGF-B2; BMP-1; BMP-2; BMP-5; BMP-6; FGF-4; FGF-5;
FGF-12; FGF-13; FGF-15; FGF-20; leukemia inhibitory factor; VEGF-C; insulin growth
factor-1; and interleukin 6. The cardiogenic cocktail can contain caspase-4; chemokine

ligand 1; chemokine ligand 2; chemokine ligand 5; chemokine ligand 7; chemokine
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ligand 11; chemokine ligand 20; haptoglobin; colony stimulating factor-1; lectin;
cholesterol 25-hydroxylase; syntaxin-8; syntaxin-11; ceruloplasmin; complement
component 1; complement component 3; platelet derived growth factor; integrin alpha 6;
lysosomal acid lipase 1; B-2 microglobulin; ubiquitin; macrophage migration inhibitory
factor; retinoic acid; cofilin; cyclophillin A; FKBP12; NDPK; profilin 1; cystatin C;
calcyclin, or any combination thereof. The cardiogenic cocktail, upon exposure to
embryonic stem cells, can causes the embryonic stem cells to lose their tumorigenicity.
The cardiogenic cocktail, upon exposure to embryonic stem cells, can causes the
embryonic stem cells to commit to differentiating into cardiomyocytes.

In another embodiment, this document features a method of obtaining stem cells
(e.g., cardiopoietic stem cells). The method includes contacting embryonic stem cells
with a cardiogenic cocktail. The stem cells can express one or more of the polypeptides
listed in the third column of Table 1. The method can include isolating cardiopoietic stem
cells from embryonic stem cells or cardiomyocytes.

In another embodiment, this document features a method for determining whether
or not cells are stem cells. The method includes determining whether or not the cells
express (a) at least one polypeptide selected from the group consisting of Oct4; DEK;
BRCAI; Ect2; and MYC; (b) at least one polypeptide selected from the group consisting
of Fosb; NRAP; MEF2A; Furin; TGF1; fibronectin receptor o; discoidin domain
receptor 1; bag2; cystein rich protein; CUGBP2; NDRG4; CBP/p300 inhibitory protein 1;
interferon inducible protein 1; tropomyosin 1, alpha; Rho GTPase activating protein 1;
carboxypeptidase D; profilin 2; transforming growth factor beta 1 induced transcript 1;
tropomyosin 1, alpha; growth hormone receptor; vinculin; adenylate cyclase 6; S100
calcium binding protein A1l; tropomyosin 2, beta; retinol binding protein 1, cellular;
Moesin; matrix metalloproteinase 2; secreted acidic cysteine rich glycoprotein;
mannosidase 1, alpha; lectin, galactose binding, soluble 1; S100 calcium binding protein
A6 (calcyclin); epoxide hydrolase 1, microsomal; pleiomorphic adenoma gene-like 1;
insulin-like growth factor 2; tubby like protein 4; prion protein; FK506 binding protein
10; cyclin D2; reticulocalbin 3, EF-hand calcium binding domain; selenoprotein M;
cyclin-dependent kinase inhibitor 1A (P21); caldesmon 1; integrin beta 1 (fibronectin

receptor beta); transcobalamin 2; annexin A2; cyclin-dependent kinase inhibitor 1A
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(P21); thrombospondin 1; monocyte to macrophage differentiation-associated; AXL
receptor tyrosine kinase; annexin AS; muscleblind-like 2; annexin Al; procollagen, type
IV, alpha 1; calpain 2; epithelial membrane protein 1; protease, serine, 11; tropomyosin 2,
beta; lectin, galactose binding, soluble 9; and annexin A3; and (c) at least one polypeptide
selected from the group consisting of integral membrane protein 2A; insulin-like growth
factor binding protein 4; thymus cell antigen 1, theta; selenoprotein P, plasma, 1;
glycoprotein 38; epidermal growth factor receptor pathway substrate 8; heat shock protein
1A; cellular retinoic acid binding protein I; and placenta-specific 8.

In another embodiment, this document features a method of making a cardiogenic
cocktail. The method includes (a) obtaining ventral endodermal or ventral endodermal-
like cells; (b) culturing the cells in medium, thereby generating conditioned culture
medium; and (c) harvesting the conditioned culture medium, thereby obtaining a
cardiogenic cocktail. The method can include adding one or more of the following
components: IGF-1, IL-6, FGF-4, TGF-§, BMP, LIF, and ho-thrombin. The embryo
from which the ventral endodermal cells are obtained can be TNF-a-stimulated. The
ventral endodermal-like cells can be embryonal carcinoma cells.

In another embodiment, this document features a composition containing cells
where at least 5 percent (e.g., at least 10, 15, 20, 25, 30, 40, 50, 60, 70, 80, 90, 95, or 99
percent) of the cells of the composition are stem cells that express (a) at least one
polypeptide selected from the group consisting of Oct4; DEK; BRCA1; Ect2; and MYC;
(b) at least one polypeptide selected from the group consisting of Fosb; NRAP; MEF2A;
Furin; TGFB1; fibronectin receptor a; discoidin domain receptor 1; bag2; cystein rich
protein; CUGBP2; NDRG#4; CBP/p300 inhibitory protein 1; interferon inducible protein
1; tropomyosin 1, alpha; Rho GTPase activating protein 1; carboxypeptidase D; profilin
2; transforming growth factor beta 1 induced transcript 1; tropomyosin 1, alpha; growth
hormone receptor; vinculin; adenylate cyclase 6; S100 calcium binding protein Al;
tropomyosin 2, beta; retinol binding protein 1, cellular; Moesin; matrix metalloproteinase
2; secreted acidic cysteine rich glycoprotein; mannosidase 1, alpha; lectin, galactose
binding, soluble 1; S100 calcium binding protein A6 (calcyclin); epoxide hydrolase 1,
microsomal; pleiomorphic adenoma gene-like 1; insulin-like growth factor 2; tubby like

protein 4; prion protein; FK506 binding protein 10; cyclin D2; reticulocalbin 3, EF-hand
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calcium binding domain; selenoprotein M; cyclin-dependent kinase inhibitor 1A (P21);
caldesmon 1; integrin beta 1 (fibronectin receptor beta); transcobalamin 2; annexin A2;
cyclin-dependent kinase inhibitor 1A (P21); thrombospondin 1; monocyte to macrophage
differentiation-associated; AXL receptor tyrosine kinase; annexin AS5; muscleblind-like 2;
annexin Al; procollagen, type IV, alpha 1; calpain 2; epithelial membrane protein 1;
protease, serine, 11; tropomyosin 2, beta; lectin, galactose binding, soluble 9; and annexin
A3; and (c) at least one polypeptide selected from the group consisting of integral
membrane protein 2A; insulin-like growth factor binding protein 4; thymus cell antigen 1,
theta; selenoprotein P, plasma, 1; glycoprotein 38; epidermal growth factor receptor
pathway substrate 8; heat shock protein 1A, cellular retinoic acid binding protein I; and
placenta-specific 8.

Unless otherwise defined, all technical and scientific terms used herein have the
same meaning as commonly understood by one of ordinary skill in the art to which this
invention pertains. Although methods and materials similar or equivalent to those
described herein can be used in the practice or testing of the present invention, suitable
methods and materials are described below. All publications, patent applications, patents,
and other references mentioned herein are incorporated by reference in their entirety. In
case of conflict, the present specification, including definitions, will control. In addition,
the materials, methods, and examples are illustrative only and not intended to be limiting.

Other features and advantages of the invention will be apparent from the

following detailed description, and from the claims.

DESCRIPTION OF DRAWINGS

Fig. 1A and Fig. 1B are photographs using field emission scanning (A) and
transmission (B) electron microscopy of undifferentiated CGR8 embryonic stem cells in
culture. Fig. 1C is a photograph of DAPI-stained cardiomyocytes derived in vitro from
the CGRS stem cell colony. Fig. 1D (upper) is a graph showing that stem cell-derived
cardiomyocytes exhibit action potential activity under current-clamp mode, while Fig. 1D
(lower) is a graph showing that the current-voltage relationship was obtained under
voltage-clamp mode in response to a ramp stimulus (rate of 1.2 V/s). Fig. 1E shows

calcium transients probed by Fluo3-assisted laser confocal microscopy from a stem cell-
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derived cardiomyocyte (inset), and recorded at 35+2°C. Fig. 1F is a photograph showing
local retention of CGRS stem cells following intramyocardial delivery into mouse heart
(inset), and cryosection (at 40x magnification) of myocardium with an overlay of
fluorescing stem cells. Fig. 1G is a photograph showing the lack of stem cell dispersion
into non-cardiac tissues with absence of fluorescence or cell hyperproliferation in mouse
brain (left), kidney (center), liver (right) shown at low (upper) and at 40x magnification
(lower).

Fig. 2 shows infarction of rat hearts confirmed by the presence of anterior and
lateral Q-waves on 12-lead electrocardiogram (Fig. 2A) and by visual inspection
following thoracotomy (Fig. 2B). In Fig. 2A, arrowheads indicate the location of Q-
waves on electrocardiography. In Fig. 2B, arrowheads indicate sites of stem cell injection
at the base, mid-ventricle and apex in the peri-infarct zone. Inset in Fig. 2B shows
injection of stem cells into infarcted heart.

Fig. 3A is a graph showing that at 3 weeks post-injection, left ventricular ejection
fraction measured by M-mode echocardiography was significantly greater in stem cell-
treated (n=4) versus sham-treated (n=3) infarcted hearts (light grey bars; p<0.05).
Following stress induced by intraperitoneal injection of isoproterenol, the left ventricular
ejection fraction increased in the stem cell-treated group but not in the sham-treated group
(dark grey bars; p<0.05). A single asterisk represents a significant difference between
stem cell and sham groups, while a double asterisk represents a significant difference
between stem cell and sham groups as well as a significant difference in the stem cell
group with and without stress. Fig. 3B is a photograph showing a representative M-mode
image under stress in the sham-treated heart in contrast to the stem cell-treated heart.
Interrupted and continuous lines indicate diastolic and systolic left ventricular
dimensions, respectively. MI: myocardial infarction.

Fig. 4A are representative M-mode images at 12-weeks in sham-treated versus
stem cell-treated infarcted hearts. Interrupted and continuous lines indicate diastolic and
systolic left ventricular dimensions, respectively. Fig. 4B shows a graph of serial
echocardiographic assessments at 3, 6, 9 and 12 weeks post-therapy. Fig. 4C shows a
graph at 12-weeks compared to initial electrocardiograms in the stem cell-treated and

sham-treated group (p<0.05). In Fig. 4B-4C, asterisks indicate significant difference in
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comparisons between the stem cell-treated and sham-treated groups. Fig. 4D and 4E are
representative electrocardiograms from sham-treated (D) and stem cell-treated (E) rats at
12-weeks. Arrowheads indicate location of Q waves. MI: myocardial infarction.

Fig. 5 shows photographs of stem cell-derived cardiomyocytes. The presence of
cardiomyocytes derived from injected embryonic stem cells can be demonstrated through
expression of the enhanced cyanofluorescent protein under control of the a-actin
promoter. Fluorescence is not seen in untreated non-infarcted or sham-treated infarcted
hearts (Row 1), but is seen within the infarct zone of stem cell-treated hearts (Row 4; 10x
magnification). In comparison to non-infarcted hearts, gross specimens and hematoxylin-
eosin stained cross sections at the base of each heart within the sham-treated group
demonstrate dilated left ventricular cavities and prominent anterolateral scar with
aneurysms (Rows 2 and 3). In contrast, left ventricular cavity size and wall thickness are
largely preserved in the stem cell-treated hearts (Rows 5 and 6). MI: myocardial
infarction.

Fig. 6A shows representative hematoxylin-eosin stained myocardial sections in
control (upper) or stem cell-injected infarcted hearts (lower). Fig. 6B-C shows high
magnification fluorescence confocal microscopy of stem cell-treated hearts. Stem cell-
derived cardiomyocytes organize to form regular fibers (Fig. 6B) oriented along the same
axis as host cardiomyocytes (Fig. 6B, 6C), display typical sarcomeric striations and form ‘
junctions with non-fluorescent host cardiomyocytes (Fig. 6C). Fig. 6D-E show
representative transmission electron micrographic images of biopsies taken from the
infarct zone in sham-treated heart (Fig. 6D) compared to stem cell-treated heart (Fig. 6E).

Fig. 7A shows field emission scanning electron microscopy of murine embryonic
stem (ES) cells in culture. Fig. 7B shows laser confocal microscopy of an embryonic
stem cell (upper) and derived cardiomyocyte (lower). Fig. 7C-E shows the cardiac
phenotype recapitulated in embryonic stem cell-derived cardiomyocytes including
sarcomerogenesis (Fig. 7C), action potential activity (Fig. 7D), L-type calcium channel
expression (Fig. 7E), and sustained nuclear localization of the cardiac transcription factor
Nkx2.5 (inset). Bars correspond to 5, 4 and 15 pm in A, B and C, respectively. Bar in C
applicable also to E.



10

15

20

25

30

WO 2006/015127 PCT/US2005/026800

Fig. 8A-B shows that delivery of 10° naive embryonic stem (ES) cells/mg of host
heart tissue results in proper implantation and differentiation with generation of new
cardiomyocytes. Bars correspond to 2 mm and 12 pm in A and B, respectively. Fig. 8C
shows that excessive embryonic stem cell load harbors an increase for tumorigenesis.
Therapeutic load was established at 10° embryonic stem cells/mg of host heart tissue,
which results in safe implantation with no tumor formation, and sustained normal cardiac
structure and function (inset). Fig. 8D shows a photograph of a teratoma generated
following delivery of an embryonic stem cell overload (>10°/mg host heart tissue). Fig.
8E shows a schematic of how a host heart can guide embryonic stem cell differentiation.

Fig. 9A-D show a comparison of normal (Fig. 9A) versus infarcted hearts either
untreated (Fig. 9B) or treated following direct myocardial delivery (Fig. 9C) of stem cells
(Fig. 9D). Fig. 9E shows the presence of stem cell-derived cardiomyocytes. Inset depicts
large area of de novo cardiogenesis through low magnification confocal microscopy.

Fig. 10A-B shows an echocardiographic M-mode follow-up demonstrates that
stem cell treatment results in normal anterior wall motion and contractile function
sustained throughout the 5 month long observation period, without evidence for rejection
(Fig. 10C) or arthythmia (Fig. 10D). Dashed and solid lines indicate diastolic and
systolic left ventricular dimensions, respectively.

Fig. 11A is a graph showing that up-regulation of cardiac transcription factors
Nkx2.5, MEF2C and GATA4 preceded sarcomeric BMHC gene expression on Q-RT-
PCR. Fig. 11B-D shows a non-beating cell population with nuclear (DAPI co-localized)
translocation of cardiac transcription factors lacking sarcomeres (MEF2C(+), a-
actinin(-)), isolated at day seven of differentiation (D7), formed syncitia of beating
cardiomyocytes (MEF2C(+), a-actinin(+)) by D12. Inset in Fig. 11B shows the cell
contractility by line scan. Fig. 11E-F shows embryonic (ES), cardiopoietic (CP) and
cardiomyocyte (CM) phenotypes resolved with field emission scanning electron
microscopy (Fig. 11E) and atomic force microscopy (Fig. 11F). Fig. 11G shows a gene
array dendogram of ES, CP and CM. Fig. 11H shows distinct expression profiles of
markers for pluripotency (upregulated in ES), cardiopoiesis (upregulated in CP),
cardiogenesis (upregulated in CP and CM) and excitation-contraction coupling

(upregulated in CM). Minus: background expression; plus: definitive expression used as
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baseline; double plus: >2-fold increase in expression. Scale bars: 1 s (Fig. 11B inset); 5
pum (Fig. 11C, E, F for CP); 10 um (Fig. 11F for ES); and 2 um (Fig. 11F for CM).

Fig. 12A-D demonstrate that in embryoid bodies (EB), TNFo. amplified cardiac
transcription factors, promoting cardiogenesis and augmenting cardiac content visualized
by o-actinin immunofluorescence. Fig. 12E-F show that the peak TNFa cardiogenic
effect correlated with up-regulation of the endodermal secretome. Fig. 12G-J
demonstrates that guided cardiogenesis of embryonic stem cell monolayers was promoted
by TNFa-primed endodermal conditioned medium, efficiently recruiting cardiopoietic
stem cells (CP). Fig. 12K shows that recruited cardiopoietic cells yielded cardiomyocytes
(CP-derived CM) that recapitulated cardiac structure on confocal and transmission
electron microscopy. Fig. 12L-O shows that CP-derived CM demonstrated calcium
transients, inward ion currents on voltage-clamp and action potential activity on current-
clamp. Scale bars: 10 pm (Fig. 12G, K; confocal); 1 um (Fig. 12K, electron); and 3 s
(Fig. 12M).

Fig. 13A shows 2-D gels of the secretome from naive versus TNFo-primed
endoderm at multiple pH gradients. Coloured circles: TNFa-upregulated proteins; black
triangles: down-regulated or unchanged proteins. Inset: TNFo. molecule in the cytokine-
primed secretome. Fig. 13B shows the cocktail of up-regulated secretome proteins
identified by mass spectrometry (profilin/cofilin: involved in sarcomerogenesis; calcyclin:
a calcium signalling protein; NDPK: associated with cardiac gene reprogramming;
FKBP12/cystatin/ubiquitin: implicated in heart formation; and 2 microglobulin: a
marker of TNFo stimulation); minus (unprimed secretome); plus (TNFo-primed
secretome). Fig. 13C demonstrates TNFo reprogramming of endoderm shown on a gene
microarray. Fig. 13D shows the endoderm-derived secretome growth factor expression
pattern in response to TNFa-priming assessed by tandem genetic and proteomic probing.
Fig. 13E and F show transforming growth factor-beta (TGF-P) up-regulation in TNFa-
primed embryoid body (EB) or endodermal conditioned medium (ENDO) confirmed by
immune assay, associated with augmented TGF-B-dependent Smad3 signalling in

differentiating embryonic stem cells. Fig. 13G and H shows TGF-p addition, which

10
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emulates TNFo-priming, increased proliferation and cardiac differentiation of purified
cardiopoietic stem cells.

Fig. 14A-C shows that embryonic stem cells (ES <310°/heart) transplanted by
echocardiography-guided cell delivery resulted in cyan fluorescent ES-derived
cardiomyocytes embedded into actinin-positive host heart. Fig. 14D-F shows that ES
injected at >1 0%/heart increased the risk for uncontrolled growth, generating teratoma
consisting of osteoblasts (O), chondrocytes (C), adipocytes (adip), endothelial (en) or
epithelial (epi) cell types. Fig. 14G shows that ES-derived cardiopoietic stem cells (CP),
positive for cardiac transcription factors, were recruited using TNFa-primed endodermal
conditioned medium. Fig. 14H-J demonstrate that delivery of CP at 3 x'10%heart resulted
in synchronous cardiac rhythm and vigorous function monitored by multi-lead
electrocardiography, ultrasound (two-headed arrow, plane of M-mode probing; s, systole;
d, diastole) and micropressure ventricular catheterization (LVP, left ventricular pressure).
Fig. 14K and L show that CP treatment resulted in proper implantation and cardiac
differentiation within host heart. Fig. 14M and N show that in contrast to ES, delivery of
3 x'10° CP was not associated with tumour formation and led to enhanced engraftment.
Fig. 140 demonstrates that compared to naive wild-type (WT) hearts, transgenic
recapitulation of TNFa-priming, through cardiac-restricted overexpression (INFa.-TG),
reduced the risk for tumourigenesis associated with ES transplantation by augmenting
myocardial expression of TGF-p, determined by Western blot (inset). Disruption of
cardiopoietic signalling in ES cells, through deletion of the kinase domain of the TGF-f3
receptor (ATGFBRII) or overexpression of the BMP inhibitor noggin, increased tumour
risk. Scale bars: 2 mm (Fig. 14A); 70 pm (Fig. 14B, L); and 10 pm (Fig. 14B inset, Fig.
14C, 1 inset).

DETAILED DESCRIPTION
This document provides methods and materials related to treating cardiovascular
tissue (e.g., heart tissue or vascular tissue). For example, this document provides stem

cells, compositions containing stem cells, methods for obtaining stem cells, compositions

11
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for generating stem cells expressing particular markers, and methods for repairing
cardiovascular tissue.

The term “‘stem cell” as used herein refers to cells that are unspecialized, can
renew themselves, and can develop into more mature, specialized cells. In some cases, a
stem cell can be unspecialized while being committed to differentiate into a particular
type of specialized cell to the exclusion of other types of specialized cells. For example, a
stem cell can be committed to develop into cardiomyocytes and not neurons. Stem cells
can be obtained from various tissues. For example, stem cells such as embryonic stem
cells can be obtained from embryos, embryoid bodies, or fetal tissue, while stem cells
such as adult stem cells can be obtained from adult tissue.

The stem cells provided herein can have the ability to differentiate into
cardiomyocytes. Such stem cells can be used to replace diseased or damaged heart tissue
(e.g., myocardium). In some cases, the stem cells provided herein can result in the
production of cardiomyocytes without producing tumor cells for a period of time
following, for example, implantation. Such a time period can be one, two, three, four,
five, six, seven, eight, nine, ten, or more months. In some cases, the time period can be
one, two, three, four, five, six, or more years. For example, the stem cells provided herein
can result in the production of cardiomyocytes without producing tumor cells for at least
one, two, three, or more years following implantation within a human.

The stem cells provided herein can express any combination of polypeptides. For
example, the stem cells provided herein can express one or more polypeptides (e.g., one,
two, three, four, or five polypeptides) that are also expressed by embryonic stem cells but
not cardiomyocytes. Such polypeptides include, without limitation, Oct4; DEK; BRCA1;
Ect2; and MYC polypeptides. The stem cells provided herein can contain all of these
polypeptides or any combination thereof (e.g., Oct4, BRCA1, Ect2, and MYC
polypeptides; or Oct4, DEK, BRCA1, and MYC polypeptides; or Oct4, DEK, BRCA1,
and Ect2 polypeptides).

In some cases, the stem cells provided herein can express one or more
polypeptides (e.g., one, two, three, four, five, six, seven, eight, nine, ten, or more
polypeptides) that are also expressed by cardiomyocytes but not embryonic stem cells.

Such polypeptides include, without limitation, Fosb; NRAP; MEF2A; Furin; TGFB1;
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fibronectin receptor «; discoidin domain receptor 1; bag2; cystein rich protein; CUGBP2;
NDRG4; CBP/p300 inhibitory protein 1; interferon inducible protein 1; tropomyosin 1,
alpha; Rho GTPase activating protein 1; carboxypeptidase D; profilin 2; transforming
growth factor beta 1 induced transcript 1; tropomyosin 1, alpha; growth hormone
receptor; vinculin; adenylate cyclase 6; S100 calcium binding protein Al; tropomyosin 2,
beta; retinol binding protein 1, cellular; Moesin; matrix metalloproteinase 2; secreted
acidic cysteine rich glycoprotein; mannosidase 1, alpha; lectin, galactose binding, soluble
1; S100 calcium binding protein A6 (calcyclin); epoxide hydrolase 1, microsomal,
pleiomorphic adenoma gene-like 1; insulin-like growth factor 2; tubby like protein 4;
prion protein; FK506 binding protein 10; cyclin D2; reticulocalbin 3, EF-hand calcium
binding domain; selenoprotein M; cyclin-dependent kinase inhibitor 1A (P21); caldesmon
1; integrin beta 1 (fibronectin receptor beta); transcobalamin 2; annexin A2; cyclin-
dependent kinase inhibitor 1A (P21); thrombospondin 1; monocyte to macrophage
differentiation-associated; AXL receptor tyrosine kinase; annexin A5; muscleblind-like 2;
annexin Al; procollagen, type IV, alpha 1; calpain 2; epithelial membrane protein 1;
protease, serine, 11; tropomyosin 2, beta; lectin, galactose binding, soluble 9; and annexin
A3 polypeptides. The stem cells provided herein can contain all of these polypeptides or
any combination thereof (e.g., vinculin, annexin A5, CUGBP2, NDRG4, and profilin 2
polypeptides; or NRAP, MEF2A, Furin, TGFB1, and fibronectin receptor o polypeptides;
or Fosb, Rho GTPase activating protein 1, FK506 binding protein 10, annexin A3, and
NDRG4 polypeptides).

In some cases, the stem cells provided herein can express one or more
polypeptides (e.g., one, two, three, four, five, six, seven, eight, or more polypeptides) that
are not expressed by cardiomyocytes nor embryonic stem cells. Such polypeptides
include, without limitation, integral membrane protein 2A; insulin-like growth factor
binding protein 4; thymus cell antigen 1, theta; selenoprotein P, plasma, 1; glycoprotein
38; epidermal growth factor receptor pathway substrate 8; heat shock protein 1A; cellular
retinoic acid binding protein I; and placenta-specific 8 polypeptides. The stem cells
provided herein can contain all of these polypeptides or any combination thereof (e.g.,
insulin-like growth factor binding protein 4, heat shock protein 1A, and integral

membrane protein 2A polypeptides; or integral membrane protein 2A, cellular retinoic
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acid binding protein I, and placenta-specific 8 polypeptides; or glycoprotein 38,
epidermal growth factor receptor pathway substrate 8, cellular retinoic acid binding
protein I, and placenta-specific 8 polypeptides).

The stem cells provided herein can express any number of different polypeptides
and can express polypeptides at any level as compared to the levels observed in other
cells. For example, a stem cell having the ability to differentiate into cardiomyocytes can
express Oct4, DEK, BRCA1, Ect2, and MYC polypeptides at a level less than the levels
observed in embryonic stem cells. In some cases, a stem cell having the ability to
differentiate into cardiomyocytes can express matrix metalloproteinase 2; secreted acidic
cysteine rich glycoprotein; mannosidase 1, alpha; lectin, galactose binding, soluble 1;
S100 calcium binding protein A6 (calcyclin); epoxide hydrolase 1, microsomal;
pleiomorphic adenoma gene-like 1; insulin-like growth factor 2; tubby like protein 4; and
prion protein polypeptides at a level less than the levels observed in cardiomyocytes. The
level of other polypeptides with respect to the levels observed in other cells (e.g.,
embryonic stem cells or cardiomyocytes) are provided in Table 1.

Any method can be used to obtain stem cells. For example, stem cells having the
ability to produce cardiomyocytes without resulting in the production of tumor cells as
well as stem cells expressing one or more of the polypeptides listed as present in the third
column of Table 1 can be obtained by contacting stem cells such as embryonic stem cells
with a cardiogenic cocktail. Stem cells such as embryonic stem cells can be contacted
with a cardiogenic cocktail for one, two, three, four, five, or more hours (e.g., one, two,
three, four, five, or more days) under culture conditions.

A cardiogenic cocktail can be a solution that contains, without limitation, one or
more of the following polypeptides: TGF-f1; TGF-2; BMP-1; BMP-2; BMP-5; BMP-6;
FGF-4; FGF-5; FGF-12; FGF-13; FGF-15; FGF-20; leukemia inhibitory factor (LIF);
VEGF-C; interleukin 6; caspase-4; chemokine ligand 1; chemokine ligand 2; chemokine
ligand 5; chemokine ligand 7; chemokine ligand 11; chemokine ligand 20; haptoglobin;
colony stimulating factor-1; lectin; cholesterol 25-hydroxylase; syntaxin-8; syntaxin-11;
ceruloplasmin; complement component 1; complement component 3; platelet derived
growth factor; integrin alpha 6; lysosomal acid lipase 1; interleukin 6; -2 microglobulin;

ubiquitin; macrophage migration inhibitory factor; retinoic acid; BMP-4; cofilin;
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cyclophillin A; FKBP12; NDPK; profilin 1; cystatin C; and calcyclin. For example, a
cardiogenic cocktail can contain TGF-B1; TGF-B2; BMP-1; BMP-2; BMP-5; BMP-6;
FGF-4; FGF-5; FGF-12; FGF-13; FGF-15; FGF-20; leukemia inhibitory factor (LIF);
VEGF-C; and interleukin 6.

Any method can be used to make a cardiogenic cocktail. For example, culture
media can be supplemented with commercially-available polypeptide preparations such
as commercially-available TGF-B1 or IL-6 polypeptides. In some cases, a cardiogenic
cocktail can be obtained by culturing ventral endodermal cells or ventral endodermal-like
cells and collecting the resulting conditioned medium, which can contain a cocktail of
polypeptides that has the ability to cause, for example, embryonic stem cells to lose their
tumorigenicity and to commit to differentiating into cardiomyocytes. Ventral endodermal
cells can be obtained from an embryo such as a mouse, rat, human, bovine, or porcine
embryo. The endoderm can be cardiotrophically primed by treatment of the embryo with
a cardiotrophic-enhancing agent (e.g., a TNF-o, polypeptide) to induce an increased
expression of cardiogenic cocktail components. Representative ventral endodermal-like
cells include, without limitation, embryonal carcinoma cells. In some cases, exogenous
IGF-1, IL-6, FGF-4, TGF-B, BMP, LIF, and ho-thrombin polypeptides (or any
combination thereof) can be added to the conditioned medium. For example, conditioned
medium to which about 50 ng/mL IGF-1, about 100 ng/mL IL-6, about 10 ng/mL FGF-4,
about 25 ng/mL TGFB, about 5 ng/mL BMP, about 100 U/mL LIF, and about 40 nM ha-
thrombin has been added can be used as a cardiogenic cocktail to drive cardiogenesis of
stem cells (e.g., embryonic stem cells).

After contacting stem cells (e.g., embryonic stem cells) with a cardiogenic
cocktail, the stem cells can differentiate into stem cells having the ability to produce
cardiomyocytes and not another cell type (e.g., a tumor cell). Such cells can be referred
to as cardiopoietic stem cells. Cardiopoietic stem cells can exhibit nuclear translocation
of cardiac transcription factors (e.g., Nkx2.5, MEF2C, and GATAA4), demonstrative of
definitive commitment to the cardiac fate. Cardiopoietic stem cells also can lack cellular
plasticity, which can be demonstrated, in part, by down-regulated expression of markers
of both pluripotency and oncogenesis. Cardiopoietic stem cells can exhibit contact

inhibition in culture, a phenomenon not observed with pluripotent embryonic stem cells.
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Cardiopoietic stem cells can represent a transitional state during cardiogenic
metamorphosis from a phenotype of high nucleus to cytosol ratio, typical of embryonic
stem cells, towards acquisition of a striated cardiomyocyte structure. Distinct from their
pluripotent source or cardiomyocyte progeny, cardiopoietic stem cells can exhibit features
of definitive commitment to the cardiac program including upregulation of cardiac
transcription factors in the absence of excitation-contraction components. Cardiopoietic
stem cells can be highly proliferative, likely because they are not impeded by the mitotic
burden of sarcomeric organization.

Any method can be used to obtain a stem cell that expresses a particular
combination of polypeptides. For example, a cardiopoietic stem cell can be obtained by
culturing embryonic stem cells with a cardiogenic cocktail. Once obtained, the
cardiopoietic stem cell can be treated with antisense oligonucleotides, rybozymes, RNA
interference constructs, or a combination thereof to reduce the expression of one or more
particular polypeptides. In some cases, standard gene knock-out technology can be used
to make cells, embryos, or mammals lacking expression of one or more particular
polypeptides. Such cells, embryos, and mammals then can be used as a source for
embryonic stem cells that can be treated with a cardiogenic cocktail to obtain, for
example, cardiopoietic stem cells lacking expression of one or more particular
polypeptides.

Any method can be used to determine whether or not a sample (e.g., biological
sample such as an embryoid body) contains a stem cell having one or more of the
characteristics described herein. For example, cells can be examined using RT-PCR or
immunocytochemistry to determine whether or not the cells express one or more of the
polypeptides listed in the third column of Table 1. In vitro or in vivo experiments similar
to those described herein can be used to identify stem cells capable of differentiating into
cardiomyocytes without producing tumor cells.

The stem cells provided herein can be used to make a composition containing
stem cells. Such a composition can contain an enriched population of the stem cells
provided herein. For example, a composition can contain cells such that at least 3, 5, 10,
20, 25, 30, 35, 40, 50, 60, 70, 80, 90, 95, 99, or 100 percent of the cells of the

composition are the stem cells provided herein. Any method can be used to make an
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enriched population of stem cells. For example, culturing techniques can be used to
expand a stem cell population as opposed to other cells within the culture. In some cases,
separation techniques (e.g., Percoll gradients) can be used to separate cardiopoietic stem
cells from other cells such as embryonic stem cells and cardiomyocytes. A composition
containing an enriched population of the stem cells provided herein can contain additional
components such as a cardiogenic cocktail or culture media designed to maintain the
differentiation state of the stem cells.

The stem cells provided herein can be used to treat cardiovascular tissue. For
example, the stem cells provided herein can be administered to injured cardiovascular
tissue (e.g., cardiac tissue) within a mammal such as a human, monkey, horse, sheep,
cow, pig, dog, cat, or rodent. Such injured tissue can be tissue damaged by ischemia
and/or infarction. In some cases, the injured tissue can be tissue damaged congenitally.
In these cases, the stem cells provided herein can be administered immediately after birth
or prenatally.

While not being limited to any particular mode of action, the administered stem
cells can differentiate into cardiomyocytes that incorporate into injured cardiac or
vascular tissue, thereby repairing the injury. In some embodiments, the stem cells can
express the polypeptides listed in the third column of Table 1. Any method can be used
to administer the stem cells to cardiovascular tissue. For example, a catheter can be used
to deliver the stem cells to an injured region of cardiac or vascular tissue. In some cases,
the stem cells can be directly injected into the injured tissue or can be placed directly onto
or into the heart if the recipient is, for example, already undergoing an open chest
procedure.

This document also provides methods for treating cardiovascular tissue with
embryonic stem cells under conditions wherein tumors do not develop for a period of
time after implantation. Such a time period can be one, two, three, four, five, six, seven,
eight, nine, ten, or more months. In some cases, the time period can be one, two, three,
four, five, six, or more years. Typically, embryonic stem cells can be administered to a
recipient using a relatively small number of embryonic stem cells so that the administered
embryonic stem cells result in the production of cells (e.g., cardiomyocytes) without

producing tumor cells. For example, embryonic stem cells can be administered in an
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amount less than about 1500 embryonic stem cells per mg of cardiovascular tissue (e.g.,
less than about 1400, 1200, 1000, 800, 500, or 300 embryonic stem cells per mg of
cardiovascular tissue).

Any of the methods provided herein for treating cardiovascular tissue can include
additional treatments. For example, growth factors or cytokines such as TNFa. or y-
interferon, or any combination thereof can be administered to the cardiovascular tissue
being treated. The growth factors or cytokines can be administered to cardiovascular
tissue before or after stem cells (e.g., the stem cells provided herein, embryonic stem
cells, or a combination thereof) are administered. In some cases, the growth factors or
cytokines can be administered with the stem cells (e.g., the stem cells provided herein,
embryonic stem cells, or a combination thereof). While not being limited to any
particular mode of action, growth factors and cytokines such as TNFa or y-interferon can
cause cardiovascular tissue (e.g., heart tissue) to produce polypeptides that create an
environment favorable for the differentiation of stem cells into cardiomyocytes without
producing tumor cells.

The invention will be further described in the following examples, which do not

limit the scope of the invention described in the claims.

EXAMPLES
Example 1—Materials and Methods for Embryonic Stem

Cell Therapy in Myocardial Infarction

Embryonic stem cells. The CGR8 murine embryonic stem cell line was
propagated in BHK21 or Glasgow MEM medium supplemented with pyruvate, non-
essential amino acids, mercaptoethanol, 7.5% fetal calf serum, and the leukemia
inhibitory factor (Meyer et al., 2000, FEBS Lett., 478:151-158; Perez-Terzic et al., 2003,
Circ. Res., 92:444-452). A CGRS cell clone was engineered to express the yellow
fluorescent protein (YFP) or the enhanced cyan fluorescent protein (ECFP) under the
control of the cardiac-specific a-actin promoter subcloned upstream of ECFP using X%ol
and HindIII restriction sites of the promoterless pECFP vector (Clontech). This a-actin
promoter construct was linearized using X%ol, and electroporated into CGRS stem cells as

described (Behfar et al., 2002, FASEB J., 16:1558-1566; Meyer et al., 2000, FEBS Lett.,
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478:151-158). To image stem cells by field-emission scanning electron microscopy, cells
were fixed in phosphate-buffered saline containing 1% glutaraldehyde and 4%
formaldehyde (pH 7.2), dehydrated with ethanol and dried in a critical point dryer. Cells,
coated with platinum using an Ion Tech indirect argon ion-beam sputtering system (VCR
Group), operating at accelerating voltages of 9.5 kV and 4.2 mA, were then examined on
a Hitachi 4700 field-emission scanning microscope (Perez-Terzic et al., 2001, J. Biol.
Chem., 276:20566-20571). For transmitted scanning electron microscopy, stem cells
were post-fixed in phosphate-buffered 1% OsO,, stained en bloc with 2% uranyl acetate,
dehydrated in ethanol and propylene oxide, and embedded in low viscosity epoxy resin.
Thin (90-nm) sections were stained with lead citrate, and micrographs taken on a JEOL
1200 EXII electron microscope (Hodgson et al., 2003, EMBO J., 22:1732-1742).

Stem cell-derived cardiomyocytes. CGR8 embryonic stem cells were
differentiated ir vitro using the previously established hanging-drop method to generate
embryoid bodies (Behfar et al., 2002, FASEB J., 16:1558-1566; Maltsev et al., 1994,
Circ. Res., 75:233-244). Following enzyme dissociation of embryoid bodies, Percoll
gradient was used to isolate a highly enriched population of stem cell-derived
cardiomyocytes as described (Perez-Terzic et al., 2003, Circ. Res., 92:444-452). The
presence of cardiac markers in purified cells was probed by laser confocal microscopy
(Zeiss LSM 510 Axiovert) using anti-MEF2C (Cell Signaling Technology) and anti-a.
actinin (Sigma) antibodies. Membrane electrical activity was determined by patch clamp
recording in the whole cell configuration using the current- or voltage-clamp mode
(Axopatch 1C, Axon Instruments). Action potential profiles and voltage/current
relationship were acquired and analyzed with the Bioquest software from cells superfused
with Tyrode solution (in mM: NaCl 137, KCl1 5.4, CaCl, 2, MgCl, 1, HEPES 10, glucose
10; pH 7.4 with NaOH) using patch pipettes (5-10 MW) containing (in mM) KC1 140,
MgCl, 1, HEPES 10, EGTA 5, and supplemented with 5 mM ATP (pH 7.2 adjusted with
KOH). Electrophysiological measurements were performed at 31+1°C using a
temperature controller (HCC-100A, Dagan Corp.) equipped with a Peltier thermocouple
(Zingman et al., 2002, J. Biol. Chem., 277:14206-14210). To assess intracellular Ca*
dynamics, cells were loaded with the Ca**-fluorescent probe Fluo3-AM (Molecular

Probes), line-scanned with a Zeiss laser confocal microscopy, and analyzed using an
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imaging software (Zeiss LSM Image Browser) as described (Perez-Terzic et al., 2003,
Circ. Res., 92:444-452; Zingman et al., 2002, Proc. Natl. Acad. Sci. USA, 99:13278-
13283).

Myocardial infarction model. Myocardial infarction was induced at 6-weeks of
age by ligation of the left anterior descending coronary artery in male Sprague Dawley
rats resulting in an established model with an approximately 30% infarcted left ventricle
(Charles River). Consequently, left ventricular ejection fraction was depressed from
75+2% at baseline to 47+3% post-infarct. Infarcted animals were randomized into sham-
and embryonic stem cell-treatment groups. Eight weeks after infarct, animals were
anesthetized with isoflurane (3% induction, 1.5% maintenance), 12-lead
electrocardiography was performed, and the heart exposed by thoracotomy. Medium (20
uL Glasgow MEM) without cells (sham) or CGR8 embryonic stem cells (3x10° in 20 pL
medium), engineered to express enhanced cyan fluorescent protein (ECFP) under control
of the cardiac specific actin promoter, were injected through a 28-gauge needle at three
sites (at the left ventricular base just below the left atrium, in the mid anterior region, and
at the apex) along the border of the left ventricular infarcted areas.

Electrocardiography. Twelve-lead electrocardiography was performed under
isoflurane anesthesia using subcutaneous needle electrodes (Grass Instruments) and a
differential electrocardiographic amplifier (Model RPS312, Grass Instruments). Standard
and augmented limb leads (I, IL, III, aVR, aVL, aVF) as well as precordial leads (V1 —
V6) were recorded prior to sham/stem cell injection and serially thereafter.

Echocardiography. Under isoflurane-anesthesia, two-dimensional M-mode
echocardiographic images were obtained from the parasternal short-axis view with a 5
MHz probe at the ventricular base (Vingmed System FiVe, GE Medical Systems). Using
the leading-edge convention of the American Society of Echocardiography, ejection
fraction (EF) was calculated as EF = 100 (D*-S?)/D? where D is the end-diastolic cavity
diameter and S is the end-systolic cavity diameter (Behfar et al., 2002, FASEB J.,
16:1558-1566; Hodgson et al., 2003, EMBO J., 22:1732-1742).

Histopathology. On autopsy, gross pathological examination was performed on
4% formalin-fixed transverse-cut hearts, followed by light microscopy of 0.5-pm thick

paraffin sections stained with hematoxylin-eosin (Zingman et al., 2002, Proc. Natl. Acad.

20



10

15

20

25

30

WO 2006/015127 PCT/US2005/026800

Sci. USA, 99:13278-13283). The fraction of chamber circumference with residual post-
infarction left ventricular scar was determined in standardized sections through the left
ventricular base at the mid-level of infarct. Fluorescent microscopy (Zeiss) was
performed on unstained paraffin sections. For transmitted electron microscopy,
myocardial specimens were post-fixed in phosphate-buffered 1% OsOs, stained en bloc
with 2% uranyl acetate, dehydrated in ethanol and propylene oxide, and embedded in low
viscosity epoxy resin. Thin (90-nm) sections were cut on an ultramicrotome (Reichert
Ultracut E), placed on 200-pm mesh copper grids, and stained with lead citrate.
Micrographs were taken on a JEOL 1200 EXII electron microscope operating at 60 kV
(Hodgson et al., 2003, EMBO J., 22:1732-1742).

Statistics. Values are expressed as mean+standard error. Embryonic stem cell-
treated versus sham-treated groups were compared using the Student’s # test with a p
value <0.05 considered significant. The Wilcoxon log-rank test was used for

nonparametric evaluation of randomization.

Example 2—Embryonic Stem Cell Therapy in Myocardial Infarction

Cardiogenic potential of embryonic stem cells and delivery into infarcted heart.
The CGRS8 embryonic stem cell colony, used herein (Fig. 1A), demonstrated typical
features of undifferentiated cells including a high nucleus to cytosol ratio, prominent
nucleoli and mitochondria with few cristae (Fig. 1 B). The cardiogenic capacity of this
embryonic stem cell line was probed by in vitro differentiation, with cells readily derived
that express the cardiac transcription factor MEF2C (Lin et al., 1997, Science, 276:1404-
1407), the cardiac contractile protein a-actinin and sarcomeric striations (Fig. 1C).
Consistent with proper differentiation towards cardiac lineage, stem cell-derived
cardiomyocytes demonstrated action potential activity associated with prominent inward
Na' and Ca®" currents (Fig. 1D), critical for excitation-contraction coupling manifested as
rhythmic intracellular Ca®* transients (Fig. 1E). Injection of CGRS cells ‘into myocardium
resulted in local retention of these embryonic stem cells (Fig. 1F) without detectable
dispersal into non-cardiac tissues (Fig. 1G). To determine the outcome of stem cell
therapy for cardiac repair in myocardial infarction, rats were randomly assigned to stem

cell or sham treatment groups. Eight weeks following left anterior descending coronary
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artery ligation, infarction was confirmed by electrocardiographic evidence of myocardial
necrosis (Fig. 2A), as well as by direct visual inspection of the myocardium following
thoracotomy (Fig. 2B). Embryonic CGRS stem cells from the pre-tested colony or
acellular preparations (sham controls) were then injected into the peri-infarct zone (Fig.
2B), for assessment of functional and structural impact over time.

Sustained functional benefit of stem cell- versus sham-treated infarcted hearts.
Cardiac contractile function, assessed by echocardiography at 3 weeks post-injection, was
superior in embryonic stem cell- compared to sham-treated infarcted hearts (Fig. 3A). On
average, left ventricular ejection fraction was 0.80+0.05 versus 0.52+0.05 in the stem-cell
versus the sham group, respectively (p<0.05). Moreover, while sham-treated infarcted
hearts failed to augment function under inotropic challenge, stem cell-treated infarcted
hearts demonstrated a significant positive inotropic response. Pharmacologic-stress
testing by injection of the B-adrenergic agonist isoproterenol (3 pg/kg), produced a 12%
increase in the ejection fraction of stem cell-treated infarcted hearts versus no significant
response observed in the sham-treated group (Fig. 3A). M-mode imaging under stress
further demonstrated that in contrast to the hypokinetic or akinetic anterior left ventricular
walls in sham-treated infarcted hearts, stem cell-injected infarcted hearts exhibit dynamic
anterior wall motion with vigorous ventricular function (Fig. 3B). Long-term follow-up
found no decay in the contractile advantage of stem cell therapy (Fig. 4). Indeed, the
contractile performance benefit of stem cell- versus sham-treated infarcted hearts was
maintained at 3, 6, 9 and 12 weeks post-injection, such that at 3 months following cell
delivery left ejection fraction was 83+4% and 62+4%, respectively (p<0.05; Fig. 4A and
4B). On M-mode images 3 months post-therapy, the left ventricular dilation and the
anterior regional wall motion abnormalities persisted in the sham group but were not seen
in the stem cell-treated group (Fig. 4A). Further, electrocardiography performed at 3
months post-therapy revealed in the stem cell-treated group a 33% decrease in the total
number of anterior and lateral leads with Q-waves, reflecting net reduction in myocardial
necrosis (P<0.05), not seen in the sham group (Fig. 4C-4E). Throughout the follow-up
period, serial electrocardiograms did not document ventricular ectopy and no animal
experienced sudden cardiac death. Thus, delivery of embryonic stem cells into infarcted

hearts was associated with a functional benefit at baseline and with stress, and was
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sustained on follow-up without evidence of proarrhythmia in this model.

Stem cell engraftment associated with de novo cardiogenesis and normalized
myocardial architecture. On pathological examination, the entire group of infarcted
hearts treated with stem cells (n=4) demonstrated a population of cyanofluorescent
myocytes dispersed within the non-fluorescent host myocardium (Fig. 5, Rows [ and 4).
This fluorescent population, absent from the sham-injected group (n=3), indicates the
embryonic stem cell origin through expression of the cyan fluorescent protein under
control of the cardiac actin promoter (Behfar et al., 2002, FASEB J., 16:1558-1566). In
contrast to sham-treated infarcted hearts that demonstrated markedly altered ventricular
architecture with thinned free walls and fibrotic scar or aneurysmal areas comprising
34+11% of the ventricle, the presence of stem cell-derived cardiomyocytes was
associated with residual adverse remodeling in only 6+4% of the ventricle (p<0.05) and a
myocardial appearance more comparable to control non-infarcted heart (Fig. 5, Rows 2-3
and 5-6). Stem cell injected hearts did not demonstrate inflammatory infiltrates that
would otherwise suggest an immune response towards the engrafted cells (Fig. 6A). On
high magnification, the fluorescent pattern of stem cell-derived cardiomyocytes revealed
distinct sarcomeric striations indicating development of the contractile apparatus (Fig. 6B
and 6C). Sarcomeres in the infarct area of stem cell-treated hearts showed normal cardiac
ultrastucture on electron microscopy, in contrast to acellular infarct areas of sham-treated
hearts (Fig. 6D and 6E). Thus, embryonic stem cells were able to incorporate within host
infarct territory, demonstrate cardiogenic differentiation, and contribute to myocardial
repair.

The results provided herein demonstrate a stable favorable impact of embryonic
stem cell therapy. This manifested as a sustained benefit on cardiac contractile
performance and ventricular remodeling associated with documented cardiogenesis in the
infarct zone from injected stem cells. These findings indicate that the advantage of
embryonic stem cell delivery occurs early, as first evidenced in the current design at 3-
weeks post-therapy, and is not compromised by spontaneous failure of stem cell-derived
cardiomyocytes and/or by rejection of this allogenic transplant by the host. The lack of
diminishing effect over time suggests the potential for therapeutic use of embryonic stem

cells in the chronic management of myocardial injury.
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While not being limited to any particular mode of action, several potential
mechanisms may account for the demonstrated benefit of embryonic stem cell therapy.
Embryonic stem cell-derived cardiomyocytes, through electrical and mechanical coupling
with native myocardium, could contribute to a net increase in contractile tissue. Stem
cell-derived cardiomyocytes aligned with and integrated within host myocardial fibers. In
fact, the host myocardium has been shown to secrete cardiogenic growth factors that
interact in a paracrine fashion with receptors on stem cells supporting cardiac
differentiation with expression of cardiac contractile and gap junction proteins (Behfar et
al., 2002, FASEB J., 16:1558-1566; Mery et al., 2003, J. Muscle Res. Cell. Motil., 24:269-
274). The present failure to observe ectopy is further consistent with electrical integration
of stem cell-derived cardiomyocytes and host tissue. The stem cell-derived
cardiomyocyte effect on active myocardial properties is moreover evidenced here by
improved inotropic response to -adrenergic challenge. A synergistic potential
mechanism for functional improvement by stem cell-derived cardiomyocytes is through
alteration of myocardial passive mechanical properties (Askari et al., 2003, Lancet,
362:697-703), as shown herein by the limited appearance of scar and less dilation of the
left ventricle compared to sham treated infarcted hearts. This may occur through direct
repopulation of scar by stem cell-derived cardiomyocytes, as well as limitation of adverse
remodeling (Britten et al., 2003, Circulation, 108:2212-2218; Mangi et al., 2003, Nat.
Med., 9:1195-201). Moreover, cell fusion after grafting in vivo has been recently
documented with adult stem cells in non-cardiac tissue, as well as with cardiac progenitor
cells in the heart itself (Oh et al., 2003, Proc. Natl. Acad. Sci. US4, 100:12313-12318;
Vassilopoulos et al., 2003, Nature, 422:901-904; Wang et al., 2003, Nature, 422:897—
901). While direct evidence for the propensity of embryonic stem cells to fuse with
resident myocardium is lacking, such possibility could in principle further contribute to
cardiac repair by lending proliferative capacity to host heart muscle. In this way, cell
fusion would complement de novo cardiogenesis occurring with cardiac differentiation of
stem cells. As an additional potential mechanism, other cardiovascular cellular types
could arise directly from injected stem cells or through in situ recruitment leading to
neovascularization and thus augmented metabolic support of the host myocardium

(Aicher et al., 2003, Nat. Med., 9:1370-1376; Levenberg et al., 2002, Proc. Natl. Acad. Sci.
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US4, 99:4391-4396; Yang et al., 2002, J. Appl. Physiol., 93:1140-1151). While the
mechanism of stem cell-based cardiac repair is thus likely multifactorial, the results
provided herein indicate that rather than a transient reorganization that is short-lived due
to rejection or failure of the transplant, the initial reparative benefit of stem cell therapy is
stable. In fact, no evidence of rejection of the transplanted cells was found despite
xenotransplantation of murine embryonic stem cells into rat heart. This lack of host
versus graft reaction may be graft- and/or host-dependent due to low expression of
immunogenic antigens by stem cells, generation of mixed chimerism, downregulation of
host immune response and/or induction of improved tolerance (Drukker et al., 2002, Proc.
Natl. Acad. Sci. USA, 99:9864-9869; Frandrich et al., 2002, Nat. Med., 8:171-178; Lila et
al., 2002, Circulation, 105:1949-1954). Finally, disorganized differentiation leading to
tumor formation was not observe, although pluripotent stem cells carry this risk (Behfar et
al., 2002, FASEB J., 16:1558-1566; Thomson et al., 1998, Science, 282:1145-1147) when
interacting with the host (Erdo et al., 2003, J. Cereb. Blood Flow Metab., 23:780-785). As
previously shown, protection from tumorigenesis is conferred by maintenance of proper
host signaling that drives cardiac-specific differentiation of stem cells thus preventing
uncontrolled growth (Behfar et al., 2002, FASEB J., 16:1558-1566; Mery et al., 2003, J.
Muscle Res. Cell. Motil., 24:269-274).

Thus, the stable benefit of embryonic stem cell therapy on myocardial structure
and function in this experimental model supports the potential for stem cell-based
reparative treatment of myocardial infarction. By regenerating diseased myocardium and
promoting cardiac repair, embryonic stem cells provide a unique therapeutic modality that

has the potential to reduce the morbidity and mortality of this prevalent heart disease.

Example 3—Materials and Methods for Allogenic Stem Cells

Dosed to Secure Cardiogenesis

Embryonic stem cells and derived cardiomyocytes. Field-emission scanning
electron microscopy was used to visualize murine embryonic stem cells in culture (Perez-
Terzic et al., 2003, Circ. Res., 92:444-452; Hodgson et al., 2004, Am. J. Physiol.,
287:H471-H479). Differentiation in vitro was achieved using the hanging-drop method

to generate embryoid bodies from which, following enzymatic dissociation, a highly
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enriched population of cardiomyocytes was isolated with a density gradient protocol
(Behfar et al., 2002, FASEB J., 16:1558-1566; Perez-Terzic et al., 2003, Circ. Res.,
92:444-452). Expression of cardiac markers was probed by laser confocal microscopy,
with action potential activity captured by the patch-clamp method in the current clamp
mode (Hodgson et al., 2004, Am. J. Physiol., 287:HA71-HA479).

Stem cell transplantation into host heart. To track transplanted cells in vivo,
embryonic stem cells were engineered to express the enhanced cyan fluorescent protein
(ECFP) under control of the cardiac-specific o-actin promoter (Behfar et al., 2002,
FASEB J., 16:1558-1566; Meyer et al., 2000, FEBS Lett., 478:151-158). Using a 28-
gauge needle, engineered stem cells were delivered directly into healthy or infarcted left
ventricular walls of isoflurane-anesthetized mice or rats, respectively (Hodgson et al.,
2004, Am. J. Physiol., 287:H471-H479). Functional outcome was monitored by short
axis 2D and M-mode echocardiography or by ventricular pressure recordings using a
micropressure catheter (Behfar et al., 2002, FASEB J., 16:1558-1566; Hodgson et al.,
2004, Am. J. Physiol., 287:H471-H479; O'Cochlain et al., 2004, Hum. Mol. Genet.,
13:2505-2518). Fourto sixteen weeks post-injection, hearts were excised and examined
by light and epifluorescent wide-field microscopy for structural assessment and presence
of stem cell-derived cardiomyocytes, as well as for myocardial electrical activity using
the 12-lead electrocardiographic technique (Hodgson et al., 2004, Am. J. Physiol.,
287:H471-HA479).

Statistics. Values are expressed as meantstandard error. Embryonic stem cell-
treated versus sham-treated groups were compared using the Student’s t-test with a p
value <0.05 considered significant. The Wilcoxon log-rank test was used for

nonparametric evaluation of randomization.

Example 4—Allogenic Stem Cells Dosed to Secure Cardiogenesis

Cardiogenic potential of embryonic stem cells in vitro. Once established in
culture, embryonic stem cells have the capacity to differentiate from a pluripotent to a
cardiac phenotype (Fig. 7A-B). This is demonstrated herein as derived cells recapitulated
typical cardiomyocyte features including nuclear translocation of cardiac transcription

factors, the Myocyte Enhancer Factor 2C (MEF2C) and the homeodomain transcription
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factor (Nkx2.5) leading to sarcomerogenesis (Fig. 7B-C) and action potential formation
associated with L-type Ca®* channel expression (Fig. 7C-E). Thus, embryonic stem cells
serve as a reliable cell-based source for de novo cardiogenesis.

Titrated stem cell delivery secures cardiogenesis in vivo. Delivery of embryonic
stem cells, engineered for in vivo fluorescence tracking, resulted in incorporation into host
heart of new cyan fluorescing cardiac cells within the area of stem cell transplantation
(Fig. 8A-B). Engraftment of stem cell-derived cardiomyocytes was associated with
normal heart morphology (Fig. 8A) and function (Fig. 8C, inset). A threshold in the
capacity of the host heart to accept stem cell implantation was established, above which
excessive stem cell load compromised cardiogenesis post-transplantation due to
uncontrolled differentiation resulting in tumorigenesis (Fig. 8C-D). Thus, the host heart
has a finite capacity for driving cardiogenesis in support of differentiation and
engraftment of stem cells in vivo (Fig. 8E).

Infarct repair with stem cell transplantation yields stable outcome. A myocardial
infarct model was generated by coronary ligation, resulting in an aneurysmal and scarred
anterior wall with significant compromise in contractile performance (Fig. 9A-B). To test
the efficacy of embryonic stem cell-based regeneration of diseased myocardium,
embryonic stem cells engineered to fluoresce upon cardiogenesis were delivered by direct
myocardial transplantation into peri-infarct area (Fig. 9C). Histopathological
examination showed benefit in stem cell-treated infarcted hearts with areas of repair
populated by fluorescent cardiac cells indicating stem cell-based de novo cardiogenesis
(Fig. 9D-E). In contrast to poorly contracting myocardium in untreated infarcted hearts,
stem cell-treated hearts demonstrated synchronous functionally recovered heart muscle on
the echocardiographic follow-up (Fig. 10A). Structural repair translated into
improvement in the overall ejection fraction in the stem cell-treated group, a benefit
maintained over the five month observation period, with no evidence for inflammatory

infiltrates (Fig. 10B-C) or arthythmogenesis (Fig. 10D).

Example 5—Materials and Methods for Procuring Cardioprogenitors

Embryoid body-dependent cardiac differentiation. Murine embryonic stem cells

were differentiated into embryoid bodies, with cardiogenesis monitored by
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epifluorescence using o-actinin antibody (1:1,000) and live microscopy (Behfar et al.,
2002, FASEB J., 16:1558-1566; Perez-Terzic et al., 2003, Circ. Res., 92:444-452). RNA
was processed by real time Q-RT-PCR, using the Light Cycler (Roche) and QuantiTect
SYBR Green kit (Qiagen), to quantify Nkx2.5 (forward, reverse primers: 5-TGC AGA
AGG CAG TGG AGC TGG ACA AGC C-3' (SEQ ID NO:1), 5-TTG CAC TTG TAG
CGA CGG TTC TGG AAC CA-3' (SEQ ID NO:2)), MEF2C (5'-AGA TAC CCA CAA
CAC ACC ACG CGC C-3' (SEQID NO:3), 5'-ATC CTT CAG AGA CTC GCA TGC
GCT T-3' (SEQ ID NO:4)), GATA4 (5’-GGA ATT CAA GAT GAA CGG CAT CAA C-
3’ (SEQ ID NO:5), 5°’-TGA ATT CTC AAC CTG CTG GCG TCT TAG A-3’ (SEQ ID
NO:6)) and pMHC (5’-GCC AAA ACA CCA ACC TGT CCA AGT TC-3' (SEQID
NO:7), 5'-CTG CTG GAG AGG TTA TTC CTC G-3' (SEQ ID NO:8)) mRNA
expression, normalized to B-tubulin (Behfar et al., 2002, FASEB J., 16:1558-1566).

Embryoid body-free cardiac differentiation. A visceral endoderm-like population
(Mummery et al., 2003, Circulation, 107:2733-2740) was derived from F9 cells (ATCC)
with retinoic acid (1 uM), dbcAMP (0.5 mM) and theophylline (0.5 mM). Conditioned
medium was obtained after 24 h of culture to stimulate cardiogenesis of embryonic stem
cells (cultured at 100 cells/cm?) monitored by confocal microscopy.

Cardiopoietic stem cell isolation. From day 7 embryoid bodies, cardiopoietic
stem cells were isolated by Percoll purification and visualized through laser confocal
examination using MEF2C (1:400, Cell Signaling Technologies), Nkx2.5 (1:300),
GATAA4 (1:300, Santa Cruz Biotech), a-actinin (1:1,000, Sigma) and phospho-Smad3
(1:2,000) antibodies. Alternatively, when recruited from a monolayer of embryonic stem
cells the cardiopoietic population was enriched using a dual interface Percoll gradient to
separate sarcomere-rich high-density cardiomyocytes (Perez-Terzic et al., 2003, Cire.
Res., 92:444-452) from the lower-density sarcomere-poor cardiopoietic phenotype.
Cardiopoietic stem cell proliferation and purity was assessed by ArrayScan high-
throughput multichannel fluorescence automated microscopy (Cellomics) using MEF2C
and a-actinin antibodies, along with DAPI staining. Action potential profiles and
voltage-current relationships were acquired by patch-clamp electrophysiology (Hodgson
et al., 2004, Am. J. Physiol., 287:H471-H479). Calcium dynamics were tracked, in Fluo
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4-AM loaded cells, using laser confocal line scanning (Perez-Terzic et al., 2003, Circ.
Res., 92:444-452; Hodgson et al., 2004, Am. J. Physiol., 287:HA71-H479).

Genomics. Comparative gene expression profiles of embryonic versus
cardiopoietic stem cells or cardiomyocytes, as well as unprimed versus TNFa-primed
endoderm were attained by labelled cRNA hybridization to the mouse genome 430 2.0
array using standard protocols (Affymetrix). Data was acquired with a GeneChip
Scanner 3000 (Affymetrix), and analyzed with the GeneSpring software (Silicon
Genetics). Data population sets were normalized to the undifferentiated or unprimed
phenotype, and quality filtered to eliminate background noise prior to hierarchical
clustering.

Proteomics. Endodermal cells were cultured with serum-free GMEM. Derived
conditioned medium was centrifuged, filtered, quantified (Bradford assay), concentrated
(Amicon Ultra 5 kDa cut-off), and re-quantified for volumetric normalization. The
protein equivalent of 5 ml conditioned medium was resuspended in isoelectric focusing
(IEF) buffer containing urea (7 M), thiourea (2 M), CHAPS (2% w/v) and DeStreak (15
mg/ml, Amersham). Proteins were resolved in the first dimension using immobilized pH
gradient IEF strips (BioRad) at pH 3-10, 4-7 and 6-11, and in the second dimension by
7.5% and 15% SDS-PAGE. Proteins, visualized by silver staining, were isolated,
destained and trypsin digested (Arrell et al.,, 2001, Circ. Res., 89:480-487) with extracted
peptides subjected to high performance liquid chromatography-electrospray ionization
tandem mass spectrometry (ThermoFinnigan L TQ). Proteins were identified using
SEQUEST and Mascot search algorithms for in silico mining of the SwissProt database.
Identified proteins were further quantified with enzyme-linked immunosorbent assay.

Stem cell transplantation. Under isoflurane anaesthesia, mouse echocardiography
with a 15-MHz probe (Acuson) was used to guide myocardial delivery of embryonic or
cardiopoietic stem cells engineered for in situ tracking (Behfar et al., 2002, FASEB J.,
16:1558-1566). Cardiac perfomance was monitored by ultrasound imaging in the
parasternal short axis with 2-D M-mode probing in the long axis, Doppler pulse wave
analysis and by twelve-lead electrocardiography (Hodgson et al., 2004, 4m. J.

Physiol., 287:H471-H479), and invasively with intraventricular microcatheterization

(Millar). For histopathology, harvested heart tissue was fixed for 1 hin 3%
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paraformaldehyde, paraffin sectioned, and subjected to antigen retrieval followed by
confocal examination using CFP antibody for cell tracking (1:500, Molecular Probes) in
combination with a-actinin for sarcomere visualization and DAPI nuclear stain.
Transgenic cardiac-restricted overexpression of the cytokine TNFo was achieved using
the o-myosin heavy chain promoter linked to the TNFo. transgene (Sivasubramanian et
al., 2001, Circulation, 104:826-831). Disrupting the kinase domain of the TGF-f
receptor (ATGFBRIL) or overexpression of the BMP inhibitor noggin was used to ablate
the capacity of embryonic stem cells to respond to cardiogenic cues (Behfar et al., 2002,
FASEB J., 16:1558-1566).

Statistical analysis. Comparison between groups was performed using a standard

t-test of variables with 95% confidence intervals.

Example 6— Procuring Cardioprogenitors and Their Use in Stem Cell Therapy

Despite their proclivity for cardiogenesis, the hazard of neoplastic escape from
cardiogenic signals has made therapy with embryonic stem (ES) cells controversial,
necessitating discovery of a safe alternative (Chien et al., 2004, Science, 306:239-240;
Menasche, 2004, Nat. Biotechnol., 22:1237-1238; Foley & Mercola, 2004, Trends
Cardiovasc. Med., 14:121-125; Kehat et al., 2004, Nat. Biotechnol., 22:1282-1289;
Behfar et al., 2002, FASEB J., 16:1558-1566). Within the continuum of embryonic stem
cell differentiation, up-regulation of cardiac transcription factors (e.g., Nkx2.5, MEF2C
and GATAA4) (Srivastava & Olson, 2000, Nature, 407:221-226) preceded sarcomeric gene
expression (e.g., PMHC) distinguishing the process of cardiac pre-determination in the
early embryoid body (Fig. 11A). Dissection of the embryoid body during this
cardiopoietic window uncovered a precursor cell population that demonstrated nuclear
import of transcription factors driving cardiac differentiation upon isolation from their
embryonic stem cell-derived mesodermal origin (Fig. 11B-C). The captured cardiopoietic
stem cells were en route to maturation, undergoing myofibrillogenesis to form contracting
cardiomyocytes (CM; Fig. 11D). Ultrastructural dissection with nanoscale deconvolution
underscored the transitional state of cardiopoietic stem cells during cardiogenic
metamorphosis from a phenotype of high nucleus to cytosol ratio, typical of embryonic

stem cells, towards acquisition of a striated cardiac structure (Fig. 11e-f). With a
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gene/protein profile distinct from the pluripotent source or cardiomyocyte progeny (see,
for example, Table 1), the molecular fingerprint of cardiopoietic stem cells indicated
definitive commitment to the cardiac program (Fig. 11G-H). Down-regulation of
pluripotent markers (e.g., Oct4) (Nichols et al., 1998, Cell, 95:379-391) and oncogenes
(e.g., BRCA1, MYC) (Shachaf et al., 2004, Nature, 431:1112-1117) along with activation
of cardiogenic pathways, preceding the expression of the excitation-contraction
machinery, secured the conversion from a tumourigenic undifferentiated stage to

engagement into the cardiac-specific cell lineage (Fig. 11H).

Table 1. Markers present in embryonic stem cells, cardiopoietic stem cells, and
cardiomyocytes.

. ESC CSC CM
Gene/Protein Name . . .
Expression | Expression | Expression

Oct4 ++ + -
DEK ++ + -
BRCA1l ++ + -
Ect2 ++ + -
MYC ++ + -
Fosb - + ++
NRAP - + ++
MEF2A - + ++
Furin - + ++
TGFB1 - + ++
fibronectin receptor o - + ++
discoidin domain receptor 1 - + ++
bag2 - + ++
cystein rich protein - + ++
CUGBP2 - + ++
NDRG4 - + ++
CBP/p300 inhibitory protein 1 - + +
interferon inducible protein 1 - + ++
tropomyosin 1, alpha - + ++
Rho GTPase activating protein 1 - + ++
carboxypeptidase D - + ++
profilin 2 - + ++
transforming growth factor beta 1 induced

: - + ++
transcript 1
tropomyosin 1, alpha - + ++
growth hormone receptor - + ++
vinculin - + ++
adenylate cyclase 6 - + ++
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Gene/Protein Name ESC. CSC. M .
Expression | Expression | Expression

S100 calcium binding protein Al - + ++
tropomyosin 2, beta - + A+
retinol binding protein 1, cellular - + ++
Moesin - + ++-
Annexin A6 - - ++
Connective Tissue Growth Factor - - ++
Smad6 - - +
Na' channel - - ++
L-Type Ca”* channel - - —+
Ca”" ATPase - - ++
MLC2V - - ++
MLC2a - - ++
a-MHC - - ++
o-actin - - ++
o-actinin - - ++
Troponin T2 - - ++
Titin - - ++
integral membrane protein 2A - 4+ -
insulin-like growth factor binding protein 4 - ++ -
thymus cell antigen 1, theta - ++ -
selenoprotein P, plasma, 1 - ++ -
glycoprotein 38 - ++ -
epidermal growth factor receptor pathway

- ++ -
substrate 8
heat shock protein 1A - ++ -
cellular retinoic acid binding protein I - ++ -
placenta-specific 8 - ++ -
matrix metalloproteinase 2 - ++ +
secreted acidic cysteine rich glycoprotein - ++ +
mannosidase 1, alpha - ++ +
lectin, galactose binding, soluble 1 - ++ +
S100 calcium binding protein A6 (calcyclin) - ++ +
epoxide hydrolase 1, microsomal - ++ +
pleiomorphic adenoma gene-like 1 - ++ +
insulin-like growth factor 2 - ++ +
tubby like protein 4 - ++ +
prion protein - ++ +
FK506 binding protein 10 - ++ ++
cyclin D2 - ++ A+
retlcullocalbm 3, EF-hand calcium binding i - ++
domain
selenoprotein M - ++ ++
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Gene/Protein Name ESC. CSC. CM .
Expression | Expression | Expression

cyclin-dependent kinase inhibitor 1A (P21) - ++ -+
caldesmon 1 - ++ T+
integrin beta 1 (fibronectin receptor beta) - ++ ++
transcobalamin 2 - ++ T+
annexin A2 - ++ T+
cyclin-dependent kinase inhibitor 1A (P21) - ++ ++
thrombospondin 1 - 1 T+
monqcyte to macrophage differentiation- i Ty T
associated

AXL receptor tyrosine kinase - ++ T
annexin A5 - ++ T+
muscleblind-like 2 - ++ s
annexin Al . - ++ ++
procollagen, type IV, alpha 1 - ++ ++
calpain 2 - ++ I+
epithelial membrane protein 1 - 4 T+
protease, serine, 11 - ++ T+
tropomyosin 2, beta - ++ T+
lectin, galactose binding, soluble 9 - ++ ++
annexin A3 - +F —+

In the embryo, cardiac transformation of the mesoderm requires endodermal
signalling (Foley & Mercola, 2004, Trends Cardiovasc. Med., 14:121-125; Srivastava &
Olson, 2000, Nature, 407:221-226). Cardiopoiesis was fostered in embryoid bodies by
the reprogramming cytokine tumour necrosis factor alpha (TNFa) (Locksley et al., 2001,
Cell, 104:487-501), as demonstrated through the up-regulated expression of transcription
factors, acceleration of cardiogenesis and increased cardiac content (Fig. 12A-D).
Maximal between day 2 and day 5 of embryoid body differentiation (Fig. 12E), the TNFa
effect on cardiogenesis manifested as a doubling of the protein concentration within the
endodermal secretome (Fig. 12F). Application of the conditioned medium derived from
the TNFa-primed endoderm guided vigorous differentiation of pluripotent embryonic
stem cells directly into cardiopoietic stem cells, eliminating the need for transit through
an embryoid body (Fig. 12G-J). Cardiopoietic stem cells derived extra-embryo
maintained mitotic activity, clonal expansion and resilience to hypoxic stress (5% O,),
remnants of their embryonic source, yet acquired contact inhibition and could

reproducibly generate sarcomeres to complete the cardiac program (Fig. 12K). In this

33



10

15

20

25

30

WO 2006/015127 PCT/US2005/026800

way, recruited cardiopoietic stem cells provided a renewable source that yielded
functional cardiomyocytes with calcium transients, ion currents and action potential
activity, demonstrative of the cardiac phenotype with no evidence for dedifferentiation
(Fig. 12L-0).

TNFo amplification of cardiopoiesis (Fig. 12F-J) was due to a re-distribution of
the endodermal secreted protein content (Fig. 13A-D). In particular, a cocktail of over
twenty proteins within the endodermal secretome were found up-regulated, ranging from
factors involved in sarcomerogenesis (profilin, cofilin) (Obinata et al., 1997, Cell Struct.
Funct., 22:181-189; Mohri et al., 2000, J. Muscle Res. Cell. Motil., 21:49-57), calcium
signaling (calcyclin) (Edgeworth et al., 1989, Nature, 342:189-192), myocardial
reprogramming (NDPK) (Lutz et al., 2004, Methods Enzymol., 390:403-418) and heart
formation (FKBP12, cystatin, ubiquitin) (Xin et al., 2002, Nature, 416:334-338; Smart et
al., 2002, Gene Expr. Patterns, 2:61-67; Kwon et al., 2002, Science, 297:96-99) to potent
cardiogenic growth factors including TGF-$ and FGF superfamily members (Behfar et
al., 2002, FASEB J., 16:1558-1566; Mummery et al., 2003, Circulation, 107:2733-2740),
catalogued by proteomic and/or genomic probing (Fig. 13A-D). Quantification of
endoderm secreted proteins confirmed the generated profile of the TNFo-primed cocktail,
exemplified by the enzyme-linked immunosorbent assay of TGF- whose levels were
further corroborated by activation of intracellular P-Smad3 signaling (Daniels et al., 2004,
J. Clin. Invest., 114:1308-1316) in stem cells undergoing cardiopoiesis (Fig. 13E-F).
Supplementation of the endoderm-derived unprimed conditioned medium with TGF-f3,
titrated to match TNFa-induced up-regulation, stimulated purified cardiopoietic stem
cells to proliferate and differentiate (Fig. 13G-H). Identification of components within
the endodermal secretome thus facilitated manipulation of cardiopoiesis, streamlining the
switch from pluripotency to cardiogenic transformation for macroscale production of
cardiopoietic stem cells ex vivo.

The therapeutic value of cardiopoietic stem cell use was assessed in vivo upon
echocardiography-guided transplantation. Loads of <3-x 10° pluripotent cells per heart
led to incorporation of embryonic stem cell-derived cardiomyocytes into recipient heart
muscle (Fig. 14a-c), but increases in cell dose precipitated neoplastic invasion (Fig. 14D-

F) demonstrating the low therapeutic index of embryonic stem cell-based treatment. In
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contrast, delivery of >3 x-10° cardiopoietic stem cells, recruited in vitro from a monolayer
of embryonic stem cells using the here identified cardiogenic cocktail (Fig. 14G), resulted
in electricomechanical coupling in the recipient heart with robust contractile performance
reflective of successful alignment of transplanted cells within the myocardium (Fig. 14H-
J). Indeed, transplanted cardiopoietic stem cells reproducibly underwent cardiac
differentiation and extensive engraftment within the host myocardium, with no evidence
for tumour formation on histopathologic examination (Fig. 14K-M). In fact, cardiopoietic
stem cell use surpassed the maximum therapeutic outcome achievable with embryonic
stem cell delivery (Fig. 14N). Impeding cardiopoiesis through genetic ablation of the
stem cell capacity to recognize cocktail components (e.g., TGF/BMP), exaggerated the
risk for tumourigenesis (Fig. 140). Conversely, cardiac-restricted transgenic TNFa
overexpression (TNFa-TG) augmented the host heart cardiogenic capacity (Fig. 140
inset) and reduced the risk for carcinogenesis upon embryonic stem cell transplantation
(Fig. 140), demonstrating that mimicry of cardiopoiesis can be achieved in situ.

The promise of embryonic stem cells in this era of regenerative medicine has
remained unfulfilled, limited by the propensity for carcinogenic transformation inherent
to pluripotency. This impasse, preventing therapeutic application, was here solved by
lineage-specific recruitment of an embryonic stem cell-derived intermediate to serve as a
safe and efficacious alternative. The paradigm of honing cellular plasticity to nullify
malignant risk thus provides a means by which to bypass the shortcomings of embryonic

stem cell therapy.

Example 7—Components of a Cardiogenic Cocktail

Based on the above-described experiments, the following components were
determined to be endoderm derived: caspase-4; chemokine ligand 1; chemokine ligand 2;
chemokine ligand 5; chemokine ligand 7; chemokine ligand 11; chemokine ligand 20;
hptoglobin; colony stimulating factor 1; lectin; cholesterol 25-hydroxylase; syntaxin 8;
syntaxin 11; ceruloplasmin; complement component 1; complement component 3;
platelet derived growth factor; integrin alpha 6; lysosomal acid lipase 1; leukemia
inhibitory factor; insulin growth factor-1; interleukin 6; beta-2 microglobulin®*;

ubiquitin; macrophage migration inhibitory factor; retinoic acid; TGF-B1; TGF-p2;
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BMP1; BMP2; BMP4; BMP5; BMP6; FGF4; FGF5; FGF12; FGF13; FGF15; FGF20;
VEGEF C; cofilin; cyclophillin A; FKBP12; NDPK; profilin 1; cystatin C; calcyclin; and
ubiquitin.

A cardiogenic cocktail was generated containing the indicated amount of each
component: TGF-B1 (2.5 ng/ml); TGF-B2 (2.5 ng/ml); BMP-1 (5 ng/ml); BMP-2 (5
ng/ml); BMP-5 (5 ng/ml); BMP-6 (5 ng/ml); FGF-4 (10 ng/ml); FGF-5 (10 ng/ml); FGF-
12 (10 ng/ml); FGF-13 (10 ng/ml); FGF-15 (10 ng/ml); FGF-20 (10 ng/ml); leukemia
inhibitory factor (1000 U/ml); VEGF-C (15 ng/ml); and interleukin 6 (100 ng/ml).

The following components were exogenously added to the above-described
endoderm-derived. IGF-1 (50 ng/ml); IL-6 (100 ng/ml); FGF-4 (10 ng/ml); TGF (25
ng/ml); BMP (5 ng/ml); LIF (100 U/ml); and ho-thrombin (40 nM).

In summary, the cardiogenic cocktail described herein contains 54 components;

47 components that are endoderm derived and 7 components that are exogenously added.

Example 8—Additional Materials and Methods

Embryonic stem cell culture and embryoid body differentiation. The pluripotent
murine embryonic stem cell lines (i.e., CGR8, D3, 129 and R29) were propagated in
GMEM medium with pyruvate, non-essential amino acids, mercaptoethanol, 7.5% fetal
calf serum (FCS) and leukemia inhibitory factor (LIF, ESGRO), as described (Terzic et
al., 2003, Circ Res., 92:444-452; Behfar et al., 2002, FASEB J., 16:1558-1566). Cells
were split every two days to maintain undifferentiated status or differentiated using the
“hanging drop” method (Terzic et al., 2003, Circ Res., 92:444-452; Behfar et al., 2002,
FASEB J., 16:1558-1566). Drops of differentiation medium (GMEM with selenium,
pyruvate, non-essential amino acids, mercaptoethanol, 20% FCS, without LIF),
containing 500 embryonic stem cells, were placed for two days on a plate-lid to allow
embryoid body organization. Embryoid bodies, suspended for three days, were plated on
gelatin-coated dishes for seven days. Formation of contracting areas in the mesoderm
was monitored with microscopy, with cardiac content assessed using the monoclonal
cardiac sarcomeric o-actinin antibody (Behfar et al., 2002, FASEB J., 16:1558-1566).

Embryoid dissociation and characterization. Embryoid bodies, at different stages

of differentiation, were detached from dishes with 0.05% trypsin, and dissociated using 1
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mg/ml collagenase (CLSII, Worthington) and 0.25 mg/ml pancreatin in (in mmol/L) NaCl
117, HEPES 20, NaH,PO, 1.2, KCl1 5.4, MgSO, 1 and glucose 5 (pH 7.35) (Terzic et al.,
2003, Circ Res., 92:444-452). Embryoid body cell suspensions were characterized for
progenitor content by confocal immunofluorescent probing in addition to video
microscopy. Purification of cardiopoietic stem cells and cardiomyocytes was
accomplished through use of a discontinuous 2-layer percoll density gradient based on
their mass-to-volume properties (cardiomyocytes — D=1.07/1.09; cardiopoietic —
D=1.07/1.09 first, then D=1.05/1.09). The same approach can be applied to purify
cardiopoietic stem cells and cardiomyocytes following guided differentiation of
embryonic stem cells monolayers. To monitor cell division, purified cells were cultured
in a temperature- and gas-controlled chamber (37°C, 5% CO,), set on a stage of a CCD
camera-coupled microscope, with phase contrast images acquired serially.

Immunocytochemistry and immunofluorescence. Embryonic stem cells,
cardiopoietic stem cells and derived cardiomyocytes, grown on coverslips, were rinsed
with phosphate buffered saline (PBS), fixed in 3% paraformaldehyde (PFA) and
permeabilized with 0.1% TritonX-100. To prevent non-specific staining, coverslips were
incubated with a blocking buffer (Superblock™, Pierce Biotech) following fixation.
Blocking buffer was removed, and antibodies were added (Nkx2.5 1:400; MEF2C 1:5 00;
GATA4 1:300; o-Actinin 1:1000; L-type Ca®" channel 1:400; Cx43 1:500; Kir6.2 1:500;
GFP 1:400) overnight at 4°C. The following day, primary antibodies were rinsed-off
using wash buffer, and ALEXA-conjugated secondary antibodies (1:500) was applied.
Secondary antibody was rinsed off using wash buffer, and the DN A-stain DAPI was
incubated prior to mounting. Fluorescent excitation of stained cellular components were
accomplished by concurrent use of the UV (350-370 nm), Arg/Kry (488 nm), and HeNe
(568, 633 nm) laser lines for multi-color Meta-based confocal microscopy (Zeiss).
Acquired images were analyzed using Axioplan software (Zeiss). Additionally,
cardiopoietic stem cell proliferation and purity was assessed by ArrayScan high-
throughput multichannel fluorescence automated microscopy (Cellomics) using MEF2C
and o-actinin antibodies, along with DAPI staining.

RNA isolation and genomic profiling. Total RNA was isolated from embryoid

bodies, as well as from embryonic stem cells and when derived from cardiopoietic stem
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cells and cardiac cell progeny using the Micro-to-Midi isolation kit (Tnvitro gen). Total
RNA was also be attained from TNFo-primed and unprimed endodermal cells. RNA
samples was analyzed using Affymetrix microarrays where comparative gene expression
profiles of embryoid bodies, as well as embryonic versus cardiopoietic stem cells or
cardiomyocytes, and in separate studies unprimed versus TNFa-primed endoderm was
attained by labelled cRNA hybridization to the mouse genome 430 2.0 array using
standard protocols (Affymetrix). Data was acquired with a GeneChip Scanner 3000
(Affymetrix), and analyzed with the GeneSpring software (Silicon Genetics). Data
population sets were normalized to the undifferentiated or unprimed phenotype, and
quality filtered to eliminate background noise prior to hierarchical clustering. Data was
confirmed by subjecting sample total RNA to real time Q-RT-PCR, using primers
specifying each gene identity (Behfar et al., 2002, FASEB J., 16:1558-1566).
Two-dimensional gel electrophoresis. To resolve the proteomic phenotype of
cardiopoietic stem cells versus their source and progeny, cellular proteins was solubilized
in isoelectric focusing (IEF) buffer (7 M urea, 2 M thiourea, 2% CHAPS, with protein
concentrations determined by protein assay. Two-dimensional gel electrophoresis (2-DE)
was carried out in the first dimension (IEF) using a Protean® IEF cell (Bio-Rad). Protein
samples will be added to 300 pul of IEF buffer, supplemented with DTT (dithiothreitol)
and ampholytes (Bio-Rad), and then taken up by active rehydration into immobilized pH
gradient (IPG) Ready Strips™ (170 mm linear gradient strips, pH 3-10 or 4-7, Bio-Rad)
at 50 volts (V) for 10 h. IEF then followed, using a series of rapid ramping voltage steps
for 15 min each at 100, 500, and 1000 V, followed by 10000 V for 60 kiloV-h. A
variation of this process using passive rehydration was used for IEF of basic proteins (pH
6-11). Prior to second dimension sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), focused IPG strips were equilibrated in a two-step process
to ensure protein solubility, first by incubation in equilibration buffer (50 mM Tris-HCl,
pH 8.8, 6 M urea, 30% v/v glycerol, 2% w/v SDS) supplemented with 10 mg/ml DTT,
followed by incubation in equilibration buffer supplemented with 25 mg/m]
iodoacetamide. Strips were then rinsed with SDS-PAGE buffer (25 mM Tris, 192 mM
glycine, pH 8.3, 0.1% w/v SDS), and the proteins resolved by 12.5% SDS-PAGE using a
Protean® IT Xi system (Bio-Rad). Following SDS-PAGE, 2-D gels were silver-stained for
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compatibility with subsequent analysis of protein by mass spectrometry (Shevchenko et
al., 1996, Anal. Chem., 68:850-858). Using PDQuest 2-D gel analysis software (Bio-
Rad), silver-stained gels were scanned, with protein spots detected, quantified, matched to
spots on other gels, normalized, and statistically analyzed to determine the presence and
extent of changes in the protein expression profiles at different stages of cardiac
differentiation. Protein spots of interest were isolated and destained (Gharahdaghi et al.,
1999, Electrophoresis, 20:601-605) to ensure removal of silver, then digested with
trypsin, extracted, dried under vacuum, and stored at -20°C until mass spectrometric
analysis.

Tandem mass spectrometry. Tryptic peptides isolated from individual 2-D gel
spots was reconstituted and resolved by high performance liquid chromatography (HPLC)
on a C18 reversed phase (RP) column. Peptides were eluted from the RP-HPLC column
with an increasing acetonitrile gradient, and electrosprayed into a Finnigan LCQ Deca ion
trap mass spectrometer (Thermo Finnigan). Spectra of eluting peptides were acquired in
a data-dependent fashion by first acquiring a full MS scan from m/z (mass/charge ratio)
150 to 2000 followed by MS/MS scans up to m/z 2000 to determine amino acid sequence
following collision-induced dissociation of peptides that provide the most intense ions of
the previous full MS scan. MS/MS spectra were searched against the SwissProt or NCBI
non-redundant databases using both the SEQUEST and Mascot search algorithms to
search both the 2+ and 3+ charge states of fragmented peptides. Results from each
algorithm was cross referenced, providing more robust analysis than would either
algorithm alone (Sadygov et al., 2004, Nature Meth., 1:195-202).

Western blotting. Individual protein expression was probed after cellular harvest
using 100 pl of RIPA buffer (50 mM Tris, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA,
1% Triton X-10, 0.5% sodium deoxycholate, 0.1% SDS, pH 8.0) containing protease
inhibitors. Samples were assayed for protein concentration and a working stock solution
containing 4 mg/ml was created by diluting the sample in 2x Laemmli buffer. Samples
were heated at 95°C and 40-60 pg of total protein was loaded onto a 10% SDS-PAGE gel
and electrophoresed. Proteins were transferred onto nitrocellulose membranes using
either semi-dry or wet transfer conditions. Following transfer, membranes were

incubated with 10 ml of blocking buffer (1x TBS, 0.1% Tween-20, 5% (w/v) skim milk
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powder, pH 7.5) at room temperature and then incubated with a primary antibody
(1:1,000) diluted in primary solution (1x TBS, 0.1% Tween-20, 1% (w/v) skim milk
powder, pH 7.5). Secondary antibody (1:10,000) made up in primary solution was added
the following day after rinsing the primary off with wash buffer (1x TBS, 0.1% Tween-
20, pH 7.5). Western blots were developed using the Pierce chemiluminescence kit and
visualized using a UVP Bioimager.

Patch-clamp. Membrane electrical activity was determined by patch-clamp
recording in the whole cell configuration using the current- or voltage-clamp mode
(Axopatch 1C, Axon Instruments). Action potential profiles and voltage-current
relationship was acquired and analyzed with the Bioquest software from cells, at different
stages of cardiac differentiation and maturation, superfused with Tyrode solution (in mM:
NaCl 137, KCl 5.4, CaCl, 2, MgCl, 1, HEPES 10, glucose 10; pH 7.4 with NaOH) using
patch pipettes (5-10 MQ) containing (in mM) KCl1 140, MgCl, 1, HEPES 10, EGTA 5,
and supplemented with 5 mM ATP (pH 7.2 adjusted with KOH). Electrophysiological
measurements were performed at 31+1°C using a temperature controller (HCC-100A,
Dagan Corp.) equipped with a Peltier thermocouple (1,10).

Calcium imaging. Two-dimensional confocal images (Zeiss LSM 510 Axiovert)
of stem cells undergoing cardiac transformation and maturation, and loaded with the
Ca**-fluorescent probe Fluo3-AM (Molecular Probes), was acquired by laser confocal
microscopy with the 488-nm line of an argon/krypton laser. Images were deconvoluted
and analyzed using Metamorph software (Visitron Universal Imaging) (Terzic et al.,
2003, Circ Res., 92:444-452; Hodgson et al., 2004, Am. J. Physiol., 287:H471-H479).

Transmitted/field-emission scanning electron and atomic force microscopy. Cells
at different stages of cardiac differentiation were fixed in PBS with 1% glutaraldehyde
and 4% formaldehyde (pH 7.2). For transmitted electron microscopy (TEM), cells were
processed in phosphate-buffered 1% OsOy, stained with 2% uranyl acetate, dehydrated in
ethanol and propylene oxide, and embedded in epoxy resin. Thin (90-nm) sections were
placed on copper grids, stained with lead citrate, and micrographs were taken with a
JEOL electron microscope (Behfar et al., 2002, FASEB J., 16:1558-1566). For field-
emission scanning electron (FESEM) microscopy, plasma membrane was stripped using a

hypotonic solution and 1% Triton X-100. Membrane-stripped cells or whole embryoid
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bodies were fixed with 1% glutaraldehyde and 4% formaldehyde in PBS. Specimens
were rinsed in PBS with 1% osmium, dehydrated with ethanol and dried in a critical point
dryer (Ted Pella). On coating with platinum, samples were examined on a Hitachi
scanning microscope. Contact-mode atomic force microscopy (AFM) was performed
with silicon nitride NP-S tips (spring constant: 0.58 N/m) using a Nanoscope III
controller (Digital Instruments) (Behfar et al., 2002, FASEB J., 16:1558-1566). Plasma
membrane-stripped cells were fixed in situ and rinsed with nanopure water and air-dried.
An E-type scanner, with linear scanning frequencies (5-15 Hz), will be used to build
512x512 pixel AFM images. Data was analyzed with the Nanoscope Illa software, and
three-dimensional images generated from topographical height information.

Cell tracking in vivo. Embryonic stem cell clones were engineered to express
either the green fluorescent protein (GFP), the enhanced cyan fluorescent protein (ECFP)
or the cytosolic (or nuclear) lacZ under the control of the cardiac-specific a-actin or oi-
myosin promoter subcloned upstream of the reporter gene (Clontech). For tracking cell
fate, reporter genes were subcloned downstream of 5°LTR promoter of the modified
murine stem cell virus (MSCV) or the murine phosphoglycerate kinase (PGK) promoter,
for stable and robust post-transplantational expression. Constructs were linearized, and
introduced into embryonic stem cells by lipofectamine (Invitrogen) transfection (Terzic et
al., 2003, Circ Res., 92:444-452; Behfar et al., 2002, FASEB J., 16:1558-1566).
Alternatively, the reporter gene was packaged into an MMLYV retroviral system for high-
yield embryonic stem cell incorporation.

Myocardial infarction model. Infarction was generated by ligation of the left
coronary artery (LCA) following endotracheal intubation, ventilation and thoracotomy in
C57BL/6 mice. Coronary occlusion was confirmed by acute inspection of color change
of the left ventricle wall, and ST elevation on the electrocardiogram before chest closure.
Sham-operated mice underwent the same surgical procedure without LCA ligation. Our
experience reveals a <10% surgery-related mortality. Infarcted mice will receive various
stem cell regimens, and followed from 1 to 12 months. In a separate set of experiments,
mice deficient in Kx1p channels, generated by targeted disruption of the Kir6.2 gene and
backcrossed for five generations to a C57BL/6 background, will be compared to age- and

sex-matched control mice (Seino & Miki, 2003, Prog. Biophys. Mol. Biol., 81:133-176).
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All mice receive standard chow, with a 12-hour day/night cycle and observed daily until
termination of studies.

Cardiac function. Left ventricular ejection fraction and fractional shortening was
quantified by echocardiography in the awake animal (Acuson c256) (Kane et al., 2004,
Diabetes, 53:5169-175). Left ventricular pressure recordings in vivo will be measured
invasively by a 1.4-F micropressure catheter (SPR-671, Millar Instruments) following
carotid arterial cannulation and advancement across the aortic valve.

Cardiac remodeling. Left ventricular chamber dimensions and wall thickness was
quantified in vivo by trans-thoracic echocardiography in awake mouse with a 15-MHz
linear transducer (Acuson c256) (Kane et al., 2004, Diabetes, 53:5169-175). Total heart
weight, and left ventricle including septum (LV) was weighed ex vivo and normalized to
body weight. The LV was then be either: i) fixed in 10% formalin, paraffin-embedded,
and stained with hematoxylin/eosin and Masson’s trichrome for light microscopy.
Myocyte cross-sectional area, interstitial and perivascular fibrosis was quantified using
MetaMorph software; ii) myocyte ultrastructure was examined by transmitted/scanning
electron microscopy; iii) myocytes were stained for terminal deoxynucletidyl transferase-
mediated dUTP nick end-labeling (TUNEL) and caspase-3, and undergo a DNA
laddering assay to assess for apoptosis; iv) myocardial collagen content was measured by
hydroxyproline assay.

Electrocardiography. Electrocardiograms were recorded telemetrically in
conscious, untethered mice from surgically implanted transmitters (Data Sciences
International) (Terzic et al., 2003, Circ Res., 92:444-452; 10). In addition 12-lead surface
electrocardiograms were recorded in lightly isoflurane-anethetized mice.

Statistical analysis. Comparison of parameters among normally distributed
groups was performed using Student’s t test or analysis of variance. Kruskal-Wallis test
was used to compare non-parametric data. The Duncan’s multiple range procedure was
used to adjust multiple comparisons. Kaplan-Meier analysis with log-rank testing was

employed for survival analysis. A difference at p<0.05 will be considered significant.
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OTHER EMBODIMENTS
It is to be understood that while the invention has been described in conjunction
with the detailed description thereof, the foregoing description is intended to illustrate and
not limit the scope of the invention, which is defined by the scope of the appended claims.
Other aspects, advantages, and modifications are within the scope of the following

claims.
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WHAT IS CLAIMED IS:

1. A method for treating cardiovascular tissue, comprising:
administering stem cells to said cardiovascular tissue under conditions

5  wherein the stem cells do not develop tumor cells in said cardiovascular tissue.

2. The method of claim 1, wherein said stem cells are administed by
injection.
10 3. The method of claim 1, wherein said cardiovascular tissue is heart tissue.
4, The method of claim 1, wherein the cardiovascular tissue is in a mammal.
5. The method of claim 1, wherein said mammal is a human.
15
6. The method of claim 1, wherein said stem cells are administered in an

amount less than about 1500 stem cells per mg of said cardiovascular tissue.

7. The method of claim 1, wherein said cardiovascular tissue is TNF-q-

20  treated cardiovascular tissue or y-interferon-treated cardiovascular tissue.

8. The method of claim 1, further comprising:

contacting the cardiovascular tissue with TNF-a or y-interferon.

25 9. The method of claim 8, wherein said contacting step is before said

administering step.
10. A method for treating heart tissue, said method comprising injecting 1000

embryonic stem cells per mg of heart tissue into said heart tissue under conditions

30  wherein said embryonic stem cells do not develop tumor cells in said heart tissue.
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11. A stem cell, wherein said stem cell expresses:
(a) at least one polypeptide selected from the group consisting of Oct4;
DEK; BRCAI; Ect2; and MYC;
(b) at least one polypeptide selected from the group consisting of Fosb;
NRAP; MEF2A; Furin; and TGFB1; and
©) at least one polypeptide selected from the group consisting of
integral membrane protein 2A; insulin-like growth factor binding protein 4; thymus cell

antigen 1, theta; selenoprotein P, plasma, 1; and glycoprotein 38.

12. A stem cell, wherein said stem cell expresses:
(a) at least one polypeptide selected from the group consisting of Oct4;
DEK; BRCA1; Ect2; and MYC; and
(b) at least one polypeptide selected from the group consisting of Fosb;
NRAP; MEF2A; Furin; and TGFp1.

13. A stem cell, wherein said stem cell expresses:
(a) at least one polypeptide selected from the group consisting of Fosb;
NRAP; MEF2A,; Furin; and TGFB1; and
(b) at least one polypeptide selected from the group consisting of
integral membrane protein 2A; insulin-like growth factor binding protein 4; thymus cell

antigen 1, theta; selenoprotein P, plasma, 1; and glycoprotein 38.
14. A stem cell, wherein said stem cell expresses:
(a) at least one polypeptide selected from the group consisting of
integral membrane protein 2A; insulin-like growth factor binding protein 4; thymus cell

antigen 1, theta; selenoprotein P, plasma, 1; and glycoprotein 38.

15.  Progeny of said stem cell of claim 11.
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16. A stem cell, wherein said stem cell exhibits nuclear translocation of
cardiac transcription factors, wherein cardiac transcription factors are NKX2.5, Mes2C,

and GATA4; and wherein said stem cell does not comprise sarcomeric proteins.

17. A composition comprising TGF-B1; TGF-f2; BMP-1; BMP-2; BMP-5;
BMP-6; FGF-4; FGF-5; FGF-12; FGF-13; FGF-15; FGF-20; leukemia inhibitory factor;
VEGF-C; insulin growth factor-1; and interleukin 6.

18.  The composition of claim 17, further comprising caspase-4; chemokine
ligand 1; chemokine ligand 2; chemokine ligand 5; chemokine ligand 7; chemokine
ligand 11; chemokine ligand 20; haptoglobin; colony stimulating factor-1; lectin;
cholesterol 25-hydroxylase; syntaxin-8; syntaxin-11; cernloplasmin; complement
component 1; complement component 3; platelet derived growth factor; integrin alpha 6;
lysosomal acid lipase 1; B-2 microglobulin; ubiquitin; macrophage migration inhibitory
factor; retinoic acid; cofilin; cyclophillin A; FKBP12; NDPK; profilin 1; cystatin C;

calcyclin, or any combination thereof.

19. The composition of claim 17, wherein said composition, upon exposure to

embryonic stem cells, causes said embryonic stem cells to lose their tumorigenicity.

20.  The composition of claim 17, wherein said composition, upon exposure to
embryonic stem cells, causes said embryonic stem cells to commit to differentiating into

cardiomyocytes.

21. A method of making the stem cells of claim 11, comprising:
contacting a culture of embryonic stem cells with a composition under
conditions wherein said stem cells are formed in said culture, said composition
comprising TGF-B1; TGF-p2; BMP-1; BMP-2; BMP-5; BMP-6; FGF-4; FGF-5; FGF-12;
FGF-13; FGF-15; FGF-20; leukemia inhibitory factor; VEGF-C; insulin growth factor-1;
and interleukin 6.
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22.  The method of claim 21, further comprising:
separating said stem cells from said embryonic stem cells or from

cardiomyocytes.

23. A method for determining whether or not cells are the stem cells of claim
11, comprising:
determining whether or not the cells express

(a) at least one polypeptide selected from the group consisting of
Oct4; DEK; BRCA1; Ect2; and MYC;

(b) at least one polypeptide selected from the group consisting of
Fosb; NRAP; MEF2A; Furin; and TGFB1; and

(c) at least one polypeptide selected from the group consisting of
integral membrane protein 2A; insulin-like growth factor binding protein 4; thymus cell

antigen 1, theta; selenoprotein P, plasma, 1; and glycoprotein 38.

24. A method of making a cardiogenic cocktail, comprising:
(a) obtaining ventral endodermal cells or ventral endodermal-like cells;
(b) culturing said cells in medium, thereby generating conditioned culture
medium; and |
(c) harvesting the conditioned culture medium, thereby obtaining a

cardiogenic cocktail.

25.  The method of claim 24, further comprising:
adding one or more components to said cardiogenic cocktail, wherein said
one or more components are selected from the group consisting of IGF-1, IL-6, FGF-4,

TGF-3, BMP, LIF, and ho-thrombin.

26. The method of claim 24, wherein said ventral endodermal cells are

obtained from an embryo treated with TNF-q.
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27. The method of claim 24, wherein said ventral endodermal-like cells are

embryonal carcinoma cells.

28. A composition comprising cells, wherein at least 5 percent of the cells in
5  the composition are stem cells that express
(a) at least one polypeptide selected from the group consisting of Oct4;
DEK; BRCAL1; Ect2; and MYC,;
(b) at least one polypeptide selected from the group consisting of Fosb;
NRAP; MEF2A; Furin; and TGFB1; and
10 (c) at least one polypeptide selected from the group consisting of integral
membrane protein 2A; insulin-like growth factor binding protein 4; thymus cell antigen 1,

theta; selenoprotein P, plasma, 1; and glycoprotein 38.

29, The method of claim 1, wherein said stem cells are the cells of claim 11.
15
30.  The method of claim 1, further comprising:

contacting said stem cells with the composition of claim 17.

31. The method of claim 30, wherein said contacting step is before said

20  administering step.
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