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Method, combination  and/or composition for inducing cardiomyocyte

differentation .

Field of the invention -

The present invention relates to stem cell technology, In particular, the present
invention relates to -inducing_differentiation of stem cells to cardiomyocytes.
These cardiomyocytes'have' potential for use in therapy. -

Background of the invention

Ischaemic heart disease is one of the most prevalent causes of death and may
present with chest pain, myocardial infarction and heart failure. There may be
substantial loss of functio'nal cardiomyoctyes with inadequate renewal. While

- the heart has the regenerative capacity to self-repair the damaged myocardium, .

this activity is limited an'd’cannobt restore complete cardiac function and thus has

to. be supported by pharmacblogigél interventions. HoweVer, these
pharmacological interventions currently utilized to manage patients do not
restore cardiac function completely. One resort for complete functional
restoratidn is throug.h‘ cardiac transplantation, although this has several
limitations such as unavailability of suitable donors, high ‘costs as well as
immune-compatibility. The emergehce of cell-based therapies and regenerative |
intervention is a nbvel approach for treatment of cardiac patients. While adult
stem cells (e.g. multipbtent cells derived from blood or bone marrow) have been
shown to provide some beneficial effects in clinical trials, there is still no

consensus on their clinical outcomes.

Human induced pluripotent stem cells (hiPSCs) made from humar somatic cells
have provided researchers a uniqué tool for scientific research in the
development of cell based regenérative therapeutics and patient disease-
modeling. Unlike human embryonic stem cells (hESCs), hiPSCs offefs a source

of immunocompatible replacement cells that could help in regenérating the
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scarred myocardiurh. Studies have also demonstrated that human iPSC, like
hESCs have the ability to self-renew and also differentiate into various cell .

types of the three germ layers (eetoderm, mesoderm and endoderm).

Reprogramming of patient fibroblasts, obtained from skin biopsies with defined
transcriptional factors like Oct-4, 'So'x-‘2, KIf-4 and c-myc to generate induced
pluripotent stem cells (iPSCs) has been demonstrafed utilising viral as well as
non-viral rhethods. Early methods used to generate iPSCs required the viral
integration 4of defined vectors in the host genome. Although virus-based
reprogramming technology is a robust technique, capable of generating hiPSC
with high transfection efficiency, it is also associated with major shortcomings,
such as genomic integration, mutation and tumourigenesis. This drawback
could impede the downstream applicatien for research and more importantly,
limit the possibility for therapeutic purposes. ‘Furthermore, major difficulties

include the delivery of reprogramming factors, effieiency and safety. Recent

advances have led to the e‘mployment of virus-free and vector-free techniques
such  as episomal vectors, mini-circle, piggyback, lincRNA, microRNA and

protein. Non-integrating reprograrﬁming methodologies focus on the generation

of safe and genetically unmodified iPSC which can be applied clinically.

In mammalian development, cardiomyocytes are generated from the lateral
mesoderm. Cardiomyogenesis could be 'regulated in vitro- from hiPSC by a

controlled differentiation process, which involves various signaling molecules

~and extracellular environment. While several approaches are available to

differentiate pluripotent stem cells towards cérdiomy_ocytes‘, high variability in
cardiomyogenesis exists with different hiPSC/hESC lines. In order to benefit
from the potential of hiPSC-derived cardiomyocytes (hiPSC-CMs) for molecular,

structural and functional research, a highly efficient, cost effective and clinically

- compliant method, which is easily reproducible, is desirable.
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Summary of the invention

The invention prdvides a method for. induéing cardiomyocyté differentiation
comprising the stebs of: v ' ' -
(i) providing at least one pluripotent stem cell;-
~ (i) contacting the pluripotent stem cell(s) with:
(a) at least one p38 mitogen-activated protein kinaSe‘, (p38-MAPK)
modulator; o '
(b) at least one immunomodulator; and

(c) at least one Wnt modulator.

Acéofding to one aspect, the method comprises the steps of:
(i) broviding at least one pluripotent stem cell; |
(ii) contacting the pluripotent stem cell(s) with: _ '
(a) at least one ‘p38 mitogen-activated protein kinase'_ | (p38-MAPK)
inhibitor; R B -
(b) at least one immuhosuppressant; and |
(c) at least one Wnt modulator. |

" The method may comprise additionally contacting the pluripotent stem cell(s) or

enbryoid body with at least one Reactive Oxygen Species (ROS) modulator.

The invention also provides a combination ahd/q,r{(‘ﬁ}(‘it comprising at least one
p38 ‘mitogen-activatéd protéin kinase (p38-MAPK) modulator; at least one |
ifnmunomodu|ator; and at least one Wnt modulator. In ‘particular, the
combination and/or kit may be for use in inducing cardiomyocyte differentiation.
The combination and/or kit rﬁay additionally comprise at least one ROS

. modulator.

According to a further aspect, the'invention‘prOVides a composition compriSing :

at least one p38 mitOgen-aCtivatéd- protein kinase (p38-MAPK) modulétdr; at

© +least one immunomodulator; and at least one Wnt modulator. In particular, the
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composition may be for use in indUcing cardiomyocyte differentiation. The

composition may further comprise at least one ROS modulator.

Brief description of the figures

Figure 1 iIIustrates the differentiation protocol used for. hESC and hiPSC in
Example 1. On.day 0, undifferentiated colonies were transferred into EB
suspension culture medium for Embryoid ‘Body (EB) formation. After EB
formation for 2 days, cells were treated with four agents,' alone or in
combinatiori with at least one other agent. Cells were plated on day 8, obser\)ed'
and characterised. Final evaluations of beating clusters were performed on day"
21. '

Figure 2 shows the morphology of (A) Embryoid Bodies (EBs) in suspension

‘and on plating; (B) Neural Rosette; (C) spontaneously beating EB clusters and
(D) Cystic EBs. - X | S |

Figure 3 shows the percentage of beating EBs for hESC (H9) and hiPSC (C2

- and C3) after treatment with (A) SB203580 at a final concentration of 5 uM in

the culture medium and (B) SBZO3580} and Cyclosporin-A at a final
concentration of 5 uM and 3 pg/ml of the culture medium, respectively (Example

1).

Figure 4 shows the percentage of beéting EBs for (A) hiPSC C2 cell line and (B)
hiPSC C3 cell line after treatment with SB203580 at a finali concentration of 5
uM; Cyclosporin-A at a final concentration of 3 ug/ml;  various final
concentrations WI(1): 1 uM; WI(2): 3 pM WI(3): 5 uM and WI(4): 7 uM; of Wnt
modulator IWP4; in the culture medium (Example 1).

Figure 5 shows the percéntage of beating EBs for (A) hiPSC C2 cell line and (B)
hiPSC C3 cell line after treatment with SB203580 at a final concentration of 5

uM; Cyclosporin-A at a final concentration of 3 pug/ml; various final
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concentrations of Wnt modulator IWP4 [see Figure 4 above] and ROS activator
(H20.) at a final concentration of 1 nM; in the culture medium (Example 1).

Figur_e 6 shows the percentage of beating EBs for (A) hiPSC C2 cell line and (B)
hiPSC C3 ceII line after treatment with 88203580 at a final concentration of 5

uM . Cyclosporin-A at a final concentratlon of 3 ug/ml; various final

'concentratnons of Wnt modulator IWP4 [see Figure 4 above] and ROS activator

(H20,) at a final concentratlon of 10 nM; in the culture medium (Example 1).

Figure 7 shows the comparison of temporal gene expression levels of early
markers of pluripotency, mesodermal and cardiac mesodermal markers of the
C2 and C3 cell lines during cardiomyogenic commttment and development
(Example 1). |

‘Figure 8 shows the comparison of temporal gene expression levels of

intermediate cardiac-associated transcription factors of the C2 and C3 cell lines,

dUring cardiomyogenic commitment and development (Example 1 )-

Figure 9 shows the comparison of temporal gene expressuon levels of cardiac-
associated structural genes of the C2 and C3 ceII lines during cardlomyogemc

commitment and development (Example 1).

- Figure 10 shows the comparison ofvtempo'ral gene expression levels of cardiac-

associated ion channel-enceding genes of the C2 and C3 cell lines during

cardiomyogenic commitment and devellopment (EXampIe 1).

Figure 11 shows standardization of cardiac differentiation (Exarrtple 2) with A
showing lmmunostammg of plunpotent markers, Oct-4, Nanog, SSEA4 Tra-1-
60 and Tra-1-81 in undlfferentlated hiPSC colonies. Scale bar: 200 um; B
showing relatlve gene expression level of various markers with and without
treatment with growth-factor cocktail (S1) during first 4 days of differentiation.
Note the signiﬂcent upregulation of T Mesp1 showing mesodermal

commitment; C showing relative gene expression levels of cardiac commitment
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markers along with Wnts from day 4 to 6 in the presence or absence of growth-

‘factor cocktail (SZ)Aand D shoWing Relative gene expression levels of Nkx2. 5 |

and Wnt 11 in the presence and absence of VEGF Bars represent mean *
SEM of three mdependent expenments

- Figure 12 shows the modulatioh of EBs during cardiac differentiation (Exarﬁple

2) with A showirlg a-schematic representation of the cardiac differentiation
protocel; B being representative images showing changes in EBe during
different days of differentiation; i, undifferentiated iPSC; ii-vi, EBs at d1, 2, 4, 6
and 8 of differentiation, respectively. Note the significant increase in the size of
EBs during the : differentiation Scale bar: 200 ym; C showing a grab‘h
representing the inerease in EB size during differentiation across multiple hPSC

lines. Data represented is a mean + SEM of three independent experiments and

- D showing the contracting efficiency post-day 14 following cardiac differentiation
‘across multiple hPSC lines. Bars represent mean + SEM of three independent

experiments.

Figure 13 shows the temporal. er(pression during cardiac commitment (Example
2) wrth A showrng a heatmap shows temporal expression of cardiac ontogeny
across 5 PSC lines, H3G C3, K, AT and BJ. Normalized Ct values were plotted
where Iower Ct values indicate hlgher expressron (green); B showing temporal
gene. expressron levels of early cardlac commitment markers (T and Mesp1) in
multiple cell lines. Note, significant up-regulation of these markers by day 4 in all
cell lines. Data represented is a mean + SEM of three in'dependent experiments

~and C showrng whole mount staining of day 4 EBs drsplaylng co- expressmn of

T and Mesp1 Scale bar: 50 um.

Figure 14 illustrating temporal expression in ce'rdiac progenitors (Example 2)
with A showing relative gene expression markers indicative of cardiac
progenitors. Note significant increase in the expression of these markers post-

day 6 of differentiation.  Data represented is a mean *+ SEM of three
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independent experiments; B showing whole mount staining of day 8 EBs
displaying co-expression of NKx2.5 and cardiac troponin T. Scale bar: 50 pm
and C, top panel: Flow cytometric analysis of day 8 EBs show cells expressing
Sirp a (left panel) and NKx2.5/cTnT (right panel) across multiple cell lines. More -

than 9}0% of the population exprese Sirpa and NKx2.5. Only BJ hiPSC cells

show significant expression of cTnT on day 8. Bottom panel: Surnmary of FACS
analysis across multiple cell lines at day 8 of differentiation. Data represented is
a mean + SEM of three independent experiments where 10,000 gated events

were analysed.

Figure 15 show temporal expression in cardiomyocytes (Exa'mple 2) with A
showing relative gene expression of markers indicative of cardiomyocyte

phenotype. Note the significant increase in the expressvion’ levels of these

- markers post day 8 of differentiation across multiple cell lines. Data represented
- is a mean + SEM of three independent experiments; B showing immunostaining

of various markers, NKx2.5, cTnT, Titin, MLC2a, a-actinin, MLC2v and
SERCAZ2a.confirming cardiac phenotype at day 20. Note the presence of |- and
A-bands in these cardiomyoytes and C, Top panel: Flow cytometric analysis of
day 18 myocytes s-hows dual expression of Nkx2.5 and cTnT positive
population across multiple cell lines. Bottom panel: Summary of FACS analysis
across m'ulti'ple cell lines at day 18 of differentiation. Data repreSented is a
mean * SEM of three independent experiments where 10,000 gated events

were analysed.

Figure 16 shows the Wnt profile during cardiac differentiation with A showing a

heatmap shows temporal expression of Wnts across 5 PSC lines, H3G, C3, K,
AT and BJ during cardiac differentiation. Normalized Ct values were plotted,

~ where lower Ct values indicate higher expression (green) and B showing

relative gene expression levels of Wnt 3, Wnt 3a and Wnt 11 during cardiac
differentiation. Note the significant increase in the Wnt 11 levels post day 6 of

differentiation across multiple cell lines.
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Definitions

An "embryoid body" refers to an aggregate of cells derived from pluripotent
cells, where cell aggregation can be initiated by any method that prevents the

cells from adhering to a surface to form typlcal colony growth

The term mduced plurlpotent stem cell’ refers to a plurlpotent stem cell derlved
from a non-pluripotent ceII (e.g: an adult somatic ceII) Induced plurlpotent stem

' v ceIIs are identical to embryonic stem cells in the ability to form any adult ceII but ,
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20

are not derived from an embryo

As used herein, "modulator" or -"modulate” and all their forms and tenses
(including, for example, modulation, modulating and modulated) refer to an
agent that acts (or the act itself) to alter, adjust, or keep in proper measure or

proportion a cellular event (including, for example, cell signalling and cell

function). For example, a modulator of an activity of a polypeptide .includes
altering, adjusting or keeping in proper measure the activity of the polypeptide.
Modulator includes both activators and inhibitors or suppressors. This definition

similarly applies to “modulator” in immunomodulator.

As used herein, the term "pluripotent" refers to the potential of a stem cell to

- make any differentivated cell of an orgenism. Pluripotent stem cells can give rise
- to any fetal or adult cell type. However, alone they cannot develop into a fetal or

adult organism because they lack the potentlal to contribute to extraembryonlc

t|ssue such as the placenta

Wnt modulator refers to a modulator of the Wnt signalling pathway which is an

“important pathway. regulating a diverse range of biological functions in an

organism.
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Detailed deScription of the invention

The invention provides a method for inducing cardiomyocyte differentiation
comprising the steps of:
(i) providing at least one pluripotent stem cell;
(if) contacting the pluripotent stem cell(s) with:
(a) at least one p38 mitogen-activated protein kinase - (p38-MAPK)
modulétor;
(b) at least one immunomodulator; and

(c) at least one Wnt modulator.

According to one aspect, the invention provides a method for inducing
cardiomyocyte differentiation comprising the éteps of: |
(i) providing at least one pluripotent stem cell;
(ii) contacting the pluripotent stem cell(s) with:
(a) at least one p38 mitogen-activated protein kinase (p38-MAPK)
inhibitor; '
(b) at least one immunosuppressant; and

(c) at least one Wnt modulator.

The method may comprise additionally contacting the pluripotent stem cell(s)
with at least one Reactive Oxygen Species (ROS) modulator. The ROS
modulator may comprise a ROS activator or a ROS inhibitor. In particular, the

- ROS modulator comprises a ROS activator.

The pluripotent stem cell(s) may be contacted with the p38-MAPK modulator,
immunomodulator; Wnt modulafor sequentially or concurrently. As an example,
the pluripotent stem cell(s) may be contacted with the p38-MAPK modulator,
immunomodulator; Wnt modulator sequentially, in any order. With the p38-
MAPK modulator, immunomodulator and Wnt modulator, there would be 3x2x1

= 6 combinations for the order of contacting. In particular, the pluripotent stem
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‘ cell(s) may bé contacted with the p38-MAPK modulator; immunomodulater; and

Wnt modulator, sequentially, in the order listed. -

The pluripotent stem cell(s) may also be cbntaéted with the p38-MAPK
modulator, immunomodulator; Wnt modulator and ROS modulator; sequentially
or concurrently. ‘With the four components, there would be 4x3x2x1 = 24
combinations for the order of confacting. In particular, the pluripotent stem
cell(s) may be .contacted with the p38-MAPK modulator; immuno.moduléto‘r, Wnt
modulator; and ROS modulator, sequentially, in the order listed.

~ Alternatively, the three (p38-MAPK. modulator; immunomodulator; and Wnt

modulator); or-four components (additionally including ROS modulator) may be
contacted with the pluripotent stem cell(s) concurrently. For example, the three

or four components may be- separate components but contacted with the

-pluripotent stem celi(s) at the same time. In another example, these

components may be mixed in a composition and contacted with the pluripotent

'stem cell(s) at the same time. The three or four components may be mixed just

before contacting the pluripotent stem cells.

Accordingly, the invention also provides a method for inducing cafdiomyocyte
differentiation comprising contacting the pluripotent_ stem . cell(s)‘ with a
com'position comprisihg at least one p38 mitogen-activated protein kinase (p38-
MAPK) modulator, at least one immunomodulator and at least one Wnt
modulator. For example, the method comprises contacting the pluripotent stem
celli(s) with a composition comprising at least one p38-MAPK’inhibitor, at least

one immunosuppressor; and at least one Wnt modulator.

‘According ‘to another example indluding at least one ROS .mbdulatb:r, the

method comprises contacting the pluripotent stem cell(s) with a composition
comprising at least one p38 mitogen-activated protein kinase (p38-MAPK) -
modulator, at least one immunomodulator; at least one Wnt modulator and at

least one ROS modulator. In particular, the method cdmprises cor_ita‘cting the
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~ pluripotent stem cell(s) with a composition comprising at least one p38-MAPK
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inhibitor, at least one immunosuppressor; at least one Wnt modulator and at

least-one ROS'activator.

The method according to any aspect of the im}entionmay be pérformed in vitro .
or in vivo. In particular, the method is performed_ in vitro. Accordingly, the

method is performed with isolated pluripotent stem cell(s). |

The pluripoteht stem cell(s) may be from any animal. "For example, the

pluripotent stem cells may be human. The pluripotent stem cell(s) may comprise'

induced pluripotent stem cell(s) or embryonic stem cell(s). In particular, the
pluripotent stem cells(s) cbmprise induced pluripotent stem cell(s). Any method
of preparing induced pluripotent stem cells is "applicable for ‘th'e invehtion.
Further, the pluripotent stem celi(s) may be part of an embryoid' body.

‘For example, the method comprises the steps of:

" (i) inducing pluripotent stem cells to form at least one embryoid body;

(ii) contacting the embryoid body with:
(a) at least one p38 mitogen- actlvated protem kinase (p38- MAPK)
modulator; -

~ (b) at least one immunomodulator; and

~ (c) at least one Wnt modulator. |

In particular, the method comp'rises the steps of:
(i) | inducing pluripofent stem cells to form at least one embryoid body;
| (ii) contactlng the embryoid body with:
| (a) at least one p38 mltogen -activated proteln kinase (p38- MAPK)
inhibitor;
(b) at least one immunosuppressant; and
(c) at least one Wnt modulator.



10

15

20

25

. WO 2014/025315 PCT/SG2013/000334

12

The pluripofent stem cell(s) or embryoid body may be contacted with the p38-
MAPK modulator, immunomodulator; Wnt modulator sequentially or

concurrently.

The pluripotent stem cell(s) may be contacted with the p38-MAPK modulator,
immunomodulator; Wnt modulatorr and ROS activator sequentially or

concurrently.

The pluripotent stem -cell(s) or embryoid body may be contacted with a
composition comprising the component(s). Alternatively, the component(s) as
applicable may be added to a composition contacting the pluripotent stem

cell(s) or embryoid body. This means of contacting is also applicable for the

immunosuppressant, the Wnt modulator or the ROS activator.

As another example, the method comprises (i) contacting the pluripotent stem
cell(s) or embryoid body with a first composition comprising a p38-MAPK
inhibitor, (ii) contacting the pluripotent stem cell(s) or embryoid body with a
second composition comprising a p38-MAPK inhibitor and an
immunosuppressant and (iii) contacting the pluripotent stem cell(s) or embryoid

body with a third composition comprising a Wnt inhibitor.

Aé yet another example, the method comprises (i) contacting the pluripotent
stem cell(s) or embryoid body with a composition B comprising a p38-MAPK
inhibitor, (ii) contacting the pluripotent stem celi(s) or embryo'id body with a
composition C comprising a p38-MAPK inhibitor, an immunosuppressant and a
Whnt inhibitor and (iii) contacting the pluripotent stem cell(s) or embryoid body
with a composiﬁon D comprising a p38-MAPK inhibitor, an immunosuppressant
and a Wnt inhibitor.

Composition B may additionally comprise ascorbic acid, bone morphogenic
protein 4 (BMP4), activin A, and fibroblast growth factor 2 (FGF2).
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Composition C may additionally comprise ascorbic acid, Noggin, a transforming
growth factor B (TGF-B) type | receptor activin receptor-like kinase 5 (ALK5)
kinase inhibitor and vascular endothelial growth factor (VEGF). For example,
the ALKS5 kinase inhibitor may be A83-01.

In yet another example, Composition C may also comprise an epidermal growth
factor receptor kinase inhibitor in addition to ascorbic acid, Noggin, a
transforming growth factor p (TGF-B) type | receptor activin reéeptor—liké kinase
5 (ALK5) kinase inhibitor and vascular endothelial growth factor (VEGF). For
example, the epidermal growth factor receptor kinase inhibitor may be AG1478.
The concentration of AG1478 may be 5 uM, for example.

Composition D may additionally comprise ascorbic acid and vascular
endothelial growth factor (VEGF). |

In yet another example, Composition D may also comprise an epidermal growth
factor receptor kinase inhibitor in addition to ascorbic acid and vascular
endothelial growth factor (VEGF). For example, the epidermal growth factor
receptor kinase inhibitor may be AG1478. The concentration of AG1478 may be

5 uM, for example.

The pluripotent stem cell(s) or embryoid body may be contacted with the
compositions for any suitable period from inducing the pluripotent stem cells to
form embryoid bodies. For exémple, composition B from day 1 to day 4 post-EB
induction; composition C from day 4 to day 6 post EB-induction and composition

D from day 6 to day 8 post-EB induction.

Contacting the pluripotent stem cell(s) or embryoid body with a subsequent
composition (e,g, a composition comprising a p38 MAPK inhibitor and an
immunosuppressant) includes replacing the existing composition (e,g, a

composition comprising p38-MAPK inhibitor) with the subsequent composition



10

15

20

25

WO 2014/025315 PCT/SG2013/000334
14

(e,9, a composition compﬁsing a p38 _MAPK inhibitor and an

immunosuppressant).

However, for any aspect of the invention, subsequent components may be
added to the eXisting compositi’on. For example, contacting the pluripotent stem
cell(s) or embryoid body with a subsequent composition comprising a first
component (e,g, a 38-MAP inhibitor) and a second component (e..g an
immunosuppressant) may include adding the second component (e,g an
immunosuppréssant) to the exiéting composition alre‘ady comprising the first
component (e.g. a p38 MAPK inhibitor) or édding (more of the) first component
(e.g a p38 MAP K “inhibitor) and the second component (e.g. an
immunosuppressant) to the exis.ting composition (already comprising the first
component). Applicable adjustments to the components are made as necessary

depending on the existing composition and the subsequent compositioh. ‘

Any suitable method for inducing embryoid body formation is applicable for the

invention.

According to a further aspect, the méthod additionally comprises contacting the
pluripotent stem celi(s) or embryoid body with at least one Reactive Oxygen
Species (ROS) modulator.

The pluripotent stem cell(s) or embryoid body may be contacted with the
components for any suitable‘ period from inducing the pluripotent stem cells to
form embryoid bodies. For example, the p38-MAPK modulator may be
contacted from day 2 through to day 8 following EB induction; the
imunomodulator may be contacted from day 4 through to day 8 following EB
induction; t‘h_e Wnt modulator may be contacted from day 4 through to day 8
following EB induction while the ROS modulator may be contacted on day 8
following EB induction. The embryoid body may also be contacted with the
three components (p38-MAPK modulator, the immunomodulator, and the Wnt

modulator) or four components (additionally including the ROS modulator)
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cohcurre'ntly on any single day from; any number of days selected from; or all of
the days from; déy 2 through to day 8 following EB induction.

T v

‘The invention also provides a combination and/or kit comprising at least one

p38 mitogen-activated protein kinase (p38-MAPK) modulafor; at least one
immunomodulator; and at least one Wnt modulator. The invention also provides
a combination and/or kit comprising at least two components from the grbup
consisting of the following component_s: a p38 mitogen-activated proteih kinase

(p38-MAPK) modulator; an immunomodulator; and a Wnt modulator. The |

combinatioh and/or kit may additiohally comprise at least one ROS modulator.

-Accordmgly, the invention provides a combination and/or kit comprising at least

. one p38 mitogen- -activated protein kinase (p38-MAPK) modulator; at least one

immunomodulator; at least one ‘Wnt modulator; and at Ieast one ROS

-modulator. In particular, the combination and/or kit according to any aspect of

the invention may be for use in inducing cardiomyocyte differentiation.

For example, the invention provides a combination and/or ‘kit comprising at least
one p38 mitogen-activated protein kinase (p38-MAPK) inhibitor; at least one
immunosuppressant; and at least one Wnt modulator. The combination and/or
kit may additionally comprise a ROS modulator. For example, the combination
and/or kit may addltlonally comprise at least one ROS activator. In particular,
the invention provides a combination and/or kit comprising at least one p38
mitogen-activated protein kinase (p38-MAPK) inhibitor; at least one
immunosuppressant, at™least one Wnt modulator; and at'least one ROS

activator.

As other examples, the combination and/or kit comprises at least one p38
mitogen-activated protein kinase (p38-MAPK) inhibitor and at least one
immunosuppressant; at least one mitogen-activated protein kinase (p38-MAPK)

inhibitor and at least one Wnt. modulator or at least one immunoéuppressant;
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and at least one Wnt modulator The combination and/or klt may addltlonally
compnse at least one ROS modulator.

According to a further aspect, the Ainve4ntion provid’es a composition comprising
at least one p38-MAPK modulator; at least one modulator; and at least one Wnt
modulator The invention also provides -a composmon comprlsmg at least two
components from the group consnstlng of the following components a p38
mitogen-activated protein kinase (p38-MAPK) modulator; an lmmunomodulator,
and a Wnt modulator. The composition may further comprise at least one ROS
modulator. In particular, the invention provides a composition comprising at
least one p38 mitogen-activated protein kinase (p38-MAPK) inhibitor; at least
one immunosuppressant; at least one Wnt modulator; for use in inducing
cardiomyocyte differentiation. TFhev composition may further cohprise a ROS

moduiator, for example a ROS activator. The composition ac;cordihg to any

‘aspect of the invention may be for use in inducing cardiomyocyte differentiation.

The invention also includes Composition B as described herein.
The invention also includes Composition C as described herein.
The invention also includes Composition D as described herein.

As other examples, the combination and/or kit ;:ompfises_ at least one p38
m'itogen-activated protein kinase (p38-MAPK) inhibitor and at least one
immunosuppressant; at least one mitogen-activated protein-kinase (p38-MAPK)
inhibitor and at least one Wnt modulator or at least one immunosuppressant'
and at least one Wnt modulator. The combination and/or kit may addmonally

comprise at least one ROS modulator

The inV_ention includes the use of at Ieaét one p38 mitogen-activated protein
kinase (p38-MAPK) modulator; at least one immunomodulator; and at least one

Wnt modulator for the preparation of a combination or composition for inducing

cardiomyocyte differentiation. For example, ,the invention includes the use of at
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least one p38 mitogen-activated protein kinase (p38-MAPK) inhibitor; at least
one immunosuppressant; and at least one Wnt modulator for the preparation of
a combination or composition for inducing cardiomyocyte differentiation.

The invention includes the use of at least two components selected from the
group consisting of the following components: a p38-MAPK inhibitor, an
immunosuppressant and a Wnt modulartor for the preparation of a combination

~or composition for inducing cardiomyocyte differentiation.

The invention also includes the use of at least one p38 mitogen-activated

protein kinase (p38-MAPK) modulator; at least one immunomodulator; at least
one Wnt modulator; and at least one ROS modulator; for the preparation of a

“combination or cOrhposition for inducing cardiomyocyte differentiation.

In particular, the invention includes the use of at least one p38 mitogen-

- activated protein kinase (p38-MAPK) inhibitor; at least one immunosuppressant;

at least one Wnt modulator and at least one ROS activator for the preparation of

"a combination or composition for inducing cardiomyocyte differentiation.

The combihation, kit or composition according to any aspect of the invention is
for use in inducing cardiomyocyte’differentiaton from at least one pluripotent

stem cell.

~ Any suitable amount or concentration of each of the components (p38-MAPK

modulator; immunomodulator;. Wnt modulator and/or ROS modulator) may be

- used for any aspect of the inV_ention.

For any aspect of the invention:

Any suitable p38-MAPK modulator may be used. The p38-MAPK quulatdr

‘may be an activator or an inhibitor. In particular, the p38-MAPK modulator

comprises a p38-MAPK inhibitor. For example, the p38-MAPK ‘modulator
includes but is not limited to SB 203580 (4-[4-(4-fluorophenyl)-2-(4-
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methylsulfinylphenyl)-1H-imidazol-5-yl]pyridine), BIRB 796 1-[5-tert-butyl-2-(4-
methylphenyl)pyrazol-3-yl]—3-[4-(2-morphoIin-4—ylethoxy)naphthaien-1 -ylurea),
SB 202190 (4-[4~(4-fluorophenyl)-5-pyridin-4-yl-1,3-dihydroimidazol-2-
ylidene]cyclohexa-2,5-dien-1-one, VX-702 6-(N-carbamoyl-2,6-difluoroanilino)-
2-(2,4edifIuorophenyl)pyridine-3-carb(_jxamide), LY2228820 (5-[2-tert-butyl-4-(4-
fluorophenyl)-1 H—imidazol-5-y|]-3-(2,2¥dimethylpropyl)imidazo[4,5-b]pyridin-2-
amine; methanesulfonic acid) and VX-745 (5-(2,6-dichlorophenyl)-2-(2,4-
d|fluorophenylth|o)-6H pyrimido[1,6-b]pyridazin-6-one) and PH-797804 (3- [3-
bromo—4—[(2 4-difluorophenyl)methoxy]-6-methyl-2-oxopyridin-1-yI]-N,4-
dimethylbenzamide).

Similarly:_

Any suitable immunomodulator (immunoactivator or immunosuppressant) may

‘be used. The immunomodulator may comprise an _immunoa_ctivator or an

immunosuppressant. In particular, the immunomodulator comprises an
immunosuppressant. For example, the immunomodulator includes but is not

limited to cyclosporin-A (CsA), tacrolimus and sirolimus.

Any suitable Wnt modulator may be used. The Wnt modulator modulates the
Whnt pathway, either activating or inhibiting the Wnt pathway. Accordingly, the
Wnt modulator may comprise an activator or an inhibitor. For example, the Wnt
modulator includes but is not limited to IWP4 (2-(3,4, 6 ,7-tetrahydro-3-(2-
methoxyphenyl)-4-oxothieno|[3,2-d]pyrimidin-2-ylthio)-N-(6-
methylbenzo[d]thiazol-2-yl)acetamide), IWP3V (2-(3-(4-fluorophenyl)-3,4,6,7-
tetrahydro-4-oxothieno[3,2-d]pyrimidin-2-ylthio)-N-(6-methyIbenzo[d]thiazo|-2-
yl)acetamide), IWP2 (N-(6-Methyl-2-benzothiazolyl)-2-[(3,4,6,7-tetrahydro-4-
oxo-3-phenylthieno[3,2-d]pyrimidin-2-yl)thio]-acetamide), pyrvinium (2-[(E)-2- ~ -
(2,5-dimethyl-1 —phenylpyrr6|—3—yl)e'thenyl]-N,N, 1-trimethylquinolin-1-ium-6-
amine, BIO- ((32)-6-bromo-3-[3-(hydroxyamino)indol-2-ylidene]-1H-indol-2-
one), CHIR99021 (6-[2-[[4-(2,4-dibhIorophenyl)-5-(5-methyl—1H-.imidazol-_2-
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yl)pyrimidin-2-ylJamino]ethylamino]pyridine-3-carbonitrile) and XAV939 (2-[4-
(trifluoromethyl)phenyl]-1,5,7,8-tetrahydrothiopyrano(4,3-d]pyrimidin-4-one).

In a particular example, the method comprises contacting the pluripotent stem
celi(s) or embryoid body with the p38-MAPK inhibitor 4-[4-(4-fluorophenyl)-2-(4-
methylsulfinylphenyl)-1H-imidazol-5-yl]pyridine (SB '203580); the
immunosuppressant cyclosporin-A (CSA); and the Wnt modulator IWP4 (2-
(3,4,6,7-tetrahydro-3-(2-methoxyphenyl)-4-oxothieno[3,2-d]pyrimidin-2-ylthio)-N-
(6-methy|benzo[d]thiazol-2-y|)acetamidé).

Any suitable ROS modulator may be used. The ROS modulator may comprise a
ROS activator or ROS inhibitor. In particular, the ROS modulator comprises a
ROS activator. For example, the ROS activator comprises hydrogen perbxide
(H205). |

Having now generally described the invention, the same will be more readily
understood through reference to the following examples which are provided by

way of illustration, and are not intended to be limiting of the present invention.
EXAMPLES

Standard molecular biology techniques known in the art and not specifically
described were generally followed as described in Molecular Cloning: A
Laboratory Manual, Cold Springs Harbor Laboratory, New York.

Example 1

Four agents (a p38-MAPK inhibitor; an immunosuppressant; a Wnt modulator;
and a ROS activator) were evaluated for their effects on cardiac differentiation.

Materials and methods

Human embryonic stem (ES) cells and induced pluripotent stem cell
(iPSC) cultures |
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Human ES cells (H9; Wicell, USA) and iPS cells (MSnviPSNF2 (C2) and
MSnviPSNFS (C3); both described in Mehta et al., 2011) were maintained on
1% matrigel (BD Biosciences, CA, USA) and grown in chemically defined
mTeSR1 medidm (Stem Cell Technologies, VA, Canada). Differehti‘ated areas
(<10%) were manually removed periodically with a scraper and prior-to
passaging. Pluripotent stem cells were subsequently washed with DMEM-F12
(Invitrogen, CA, USA) and inc‘ubated with 1 mg/ml dispase (Stem Cell
Technologies, VA, Canada) for 5-7 minutes. Subsequently, cells colonies were
washed using DMEM-F12 and carefully cut into small clumps of approximatély
50-70 um in size before being scrapped from the surface of the culture dishes.
Colonies were later re-plated onto new matrigel coated dishes. mTeSR medium
is changed daily for the newly plated cells and. passaged every 7 days.

Pluripotent stem cells were maintained in a 37°C environment under 5% CO; in

~air at 95% humidity.

Cardiac differentiation

Embryoid body (EB) generation is a robust method used in human embryonic
stem cells (hESCs) and human ‘induced pluripotent stem cells (hiPSCs)
differentiation. Generally, dissociated hiPSC/hESC aggregate together in a
suspension system to form EBs. These EBs mimic post-implantation embryos
and can be induced to differentiate into cells of the three embryonic germ

layers.

On day 0O, pIuripofent stem cell colonies (H9, C2 and C3) were dispersed into
small clumps using dispaée (1 rhg/mL) and placed in low-adhesion culture
dishes in embryoid body (EB) medium supplemented with 20% Fetal Bovine |
Serum as describéd previously (Mehta" et al., 2011) to prepare embryoid bodies. |
Other methods to preparé embryoid bodies, mavy also be used ' '

Subsequently, addition of different small molecules (components) were carried

out at various stages of differentiation, either alone or in combination with at
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least one other component (Figure 1): SB 203580 daily from day 2 through to
day 8 from EB induction; Wnt modulator IWP4 daily from day 4 through to day 8

- from EB induction, CSA daily from day 4 through to day 8 from EB induction,

and ROS activator H20z o, day 8 (15 min prior to plating). EBs were then plated
on 0.1% gelatin-coated dishes in EB fnedium without the molecules. Plated EBs
were periodically screened for contracting loci. - All EBs were evaluated
morphologically under the microscope at 4x magnification for 10-15 seconds.
EB with minimally one beating foci is considered as a beating cluster. Beating
areas were typically observed around days 10 to 16 after EB formation. Final

evaluations were performed on day 21.
Reverse Transcription PCR (RT-PCR)

Total RNA was extracted from samples using RNeasy Mini Kit (QIAGEN)

.according to the manufacturer's instruction. A total of one mi»crOgram of cDNA

was synthesized from isolated RNA and qPCR performed as described

_previously (Mehta et al., 2011). Gene expression of selected markers in the C2

and C3 cell lines was studied. Quantitative feél-time PCR data of the selected
markers was performed at éix time points (Day 0, 2, 4, 8, 14, 2‘1). The mean Ct
values of duplicate measurements were determined and normalized againsf
houéekeeping gene (GAPDH) for each sample in the same run. All relative
gene expression levels were calculated using the “AACt formula” for
differentiated markers with respect to day 2 samples, except for Oct4 which was |
calculated using day 0 samples. For both cell lines, the means of duplicate
samples from two independent experimelnts depicted in Figures 7-10 are means
+ SEM (n=2). The primers used for the quantitétive real-time PCR are shown in
Table 1.
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Table 1 Primers for quantitative real-time PCR -

PCT/SG2013/000334

Gene Forward Reverse
GAPDH 5 GTGGACCTGACCTGCCGTCT 3 5 GGAGGAGTGGGTGTCGCTGT 3
(SEQ ID NO: 1) , (SEQ ID NO: 2)
OCT-4 5 AGTTTGTGCCAGGGTTTTIG 3 5 ACTTCACCTTCCCTCCAACC 3
‘ (SEQID NO: 3) ' (SEQ ID NO: 4)
GATA-4 | 5 TCCAAACCAGAAAACGGAAG 3 | 5 AAGGCTCTCACTGCCTGAAG 3'
. | (sEQID NO: 5) (SEQ ID NO: 6) |
ISL-1 5 AAGGACAAGAAGAGAAGCAT 3 5 CATGGGAGTTCCTGICATCC 3
(SEQ ID NO: 7) (SEQ ID NO: 8)
Brachyury (T) | 5 TCGGGGCCCACTGGATGA 3 5 ATGCGCTGTGGACCCCCA 3
(SEQ ID NO: 9) ' (SEQ ID NO: 10)
HAND1 5 AAGCTTTCCCTGTGTTGGAA 3 5 GGCAGGATGAACAAACACCT 3
(SEQ ID NO: 11) (SEQ ID NO: 12) ’
MESP1 5 GGCAGAGGCAGAGCGCCA 3 5 AGCGGATAGCCAGGCGCAG 3
(SEQ ID NO: 13) (SEQ ID NO: 14)
MEF-2C 5 CCCAACCTATIGCCACTGGCT 3 | 5 ATACCCGTTCCCTGCACTGGT 3
(SEQIDNO:15) : (SEQ ID NO: 16)
NKX 2.5 5 CTAAACCTGGAACAGCAGCA 3 5 GTAGGCCTCTGGCTTGAAGG 3’
(SEQ ID NO: 17) ' | (SEQID NO: 18)
TBX5 5 TCTGTGACGGGCAAAGCTGAG 3 | 5 AATATGCCCAAATGGGTCCAGG]
(SEQ ID NO: 19) (SEQ ID NO: 20)’
TBX20 15 AGTGGCAGCAGCCCGTCCT 3 5 CATCTCGGTGCCCAGCTCATG 3]
(SEQ ID NO: 21) _ (SEQ ID NO: 22)
CACNATD | 5 GGGCAATGGGACCTCATAAATAA 3'| 5 TTACCTGGTTGCGAGTGCATTA 3
(SEQID NO: 23) (SEQ ID NO: 24)
RYR2 5 CAGGAAGTGAGGCAGCCCAA 3’ | 5 CAGACACAGCGCCACCTTCATA
(SEQID NO: 25) - (SEQ ID NO: 26)
HCNZ 5 CACCTGCTACGCCATGTTCA 3 5 CTGGCAGCTTGTGGAAGGA 3
(SEQIDNO:27) (SEQ ID NO: 28)
KCNH2 5 CTGATCGGGCTGCTGAAGAC 3' 5 AGCCAATGAGCATGACGCA 3’
[ (SEQID NO: 29) - (SEQ ID NO: 30)
5 CCAAAGTCATCTCCCTTATTTGCATT 5 GACCTTCAGGAATGGCTGCTACH

SERCA2

(SEQ ID NO: 31)

31
(SEQ ID NO: 32)
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Table 1 Cont'd

Gene Forward Reverse

MLC2V 5 CCTTGGGCGAGTGAACGT 3 5 GGGTCCGCTCCCTTAAGTTT 3
(SEQ ID NO: 33) (SEQ ID NO: 34)

MHY7 15 GGCAAGACAGTGACCGTGAAG 3 | 5 CGTAGCGATCCTTGAGGTTGTA |

‘ | (SEQID NO: 35) S (SEQ ID NO: 36)

CTal 5 CCAACTACCGCGCTTATGC 3 5 CTCGCTCCAGCTCTTGCTIT 3

(SEQ ID NO: 37) (SEQIDNO:38)

| ReSults

Treatment with p38-MAPK inhibitor alone is insufficient in directing
cardiogenesis in hiPSC cell lines (C2 and C3).

To understand and determine the differentiation efficiency Qf. SB203580, one

-hESC (H9) cell line; and two hiPSC (C2 and C3) cell lines reprogrammed from

human foreskin fibroblasts were selected. Utilising the EB suspension system,
all cell lines were able to form EBs after 1 day in EB20 medium (Figure 2A).
Following addition of SB203580 to a final concentration of 5 uM in the culture
medium from day 2 through to day 8, spontaneous beating cAlusters (Figure 2C
and figure 3A) were observed in the hESC (H9) cell line as early as day 14 and
16.6% of total EBs”plated were found to be beating after 21 days. However,
derivatives of the ectoderm (neuroepithelial rosettes) (Figure 2B), mesoderm
(mesenchymal stem cell- Iike'cells) ahd endodefm like cells were identified for
iPsc (C2 and C3) cell lines after addition of SB203580 under the microscope.
Cystic EBs (Figure 2D) were- also observed with the SB203580 treated iPSC
(C2 and C3) cell lines. Consequently, no cardiac-inducing effect was observed
for both iPSC clones (C2 and C3) even after 21 days post-differentiation with

~ SB203580 treatment (Figure 3A).
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Tr'eatment‘ with p38-MAPK inhibitor end Immunosuppressant,

Cyclosporin-A (CSA) moderately induce cardiomyogenesis in hiPSC cell
line (C3). '

The effect 'of_ SB203580 ahd cycIAosporin-A treatment was investigated.
Treatment with 5 uM (final concentration in cdlture medium) of SB203580 daily
from day 2 through to dey'8; and 3 ug/mi of CSA (final concentration |n culture
medium daiiy from day 4 through to day 8 was insufficient to induce cardiac cell
formation in the hESC (H9) and hiPSC (C2) cell lines (Figure 3B). However, a
few spontaneously beating EBs were observed when the hiPSC C3 cell line
was S|m|larly treated (Figure BB) It appears that an additive effective of CSA in
cardlomyogene3|s could have been present but this was inadequate to
efficiently induce diiferentiation of cardlomyocytes in the hESC (H9) and hiPSC

- (C2) cell lines.

Trea.tment with p38-MAPK inhibition, CSA treatment and Wnt/b-catenin

pathway modulation significantly increase cardiomyogenesis

The effect of including a Whnt modulator IWP4 was investigated. EB generation
was repeated for the hESC (H9) and hiPSC (C2 and C3) cell lines as described
above. SB203580 was added to a final concentration of 5 pM in the culture
medium daily from day 2 through to day 8, CSA was added to a final
concentration of 3 ug_/ml in the culture medium daily from day 4 through to day
8. A titration study of foUr concentrations (final concentrations of WI(1):1 uM ;
WI(2): 3 uM; WI(3): 5 uM and WI(4): 7 uM of Wnt modulator IWP4 in the culture
medium; added daily frdm day 4 through to _déy 8, was performed. After the

~ addition of SB203580, CSA and Wnt modulator IWP4, EBs were subsequently

plated on day 8 for observation of contracting loci as described above. Beating .
clusters were observed as early as 14 days and 11 days post-differentiation for

the C2 and C3 cell lines respectively.
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On day 21,-the percentage of beating EBs for the C2 cell line was between
0.63 % énd 8.33% (Figure 4A) whereas the percentage for the C3 cell line was
between 12.71 % and 35.87 % (Figure 4B); depending o'n the concentration of
Wnt modulator used. This.study revealed that the enhancing abilify of Wnt
modulator IWP4 in inducing contracti:n_g loci peaked at WI(3): 5 uM for both the )
hiPSC cell Iines; C2.and C3. In contrast, EBs that were subjected to lower
concentrations of the Wnt modulator IWP4, WI(1): 1 uM and WI(2): 3'uM,

~ appeared to have differentiated into other cell lineages. Notably, the majority of

EBs from Wnt modulator IWP4 concentrations of WI(1): 1 uM and WI(2): 3 uM
formed neural rosettes, neurons, endothelial cells, tubular aggregates and

fibroblasts. This observation was higher in EBs from the C2 cell line.

Including ROS activator induces a higher number of cardiac beating

: clustefs in both hiPSC cell lines (C2 and C3).

The treatment with SB203580 A(final concentration of 5 uM in cultur'e'medium
daily from day 2 through to day 8), CSA (final concentration of 3 pug/ml in culture
med_ium daily from day 4 thrbugh to day 8) and different concentrations of Wnt
modulator IWP4 (daily from day 4 through to day 8) was as described above.
Subsequently, ROS activator, H,O, was added on day 8 at two different final
concentrations (1 nM and 10 nM) in the culture medium for 15 minutes prior to
plating. Both concentrations:of ROS activator could maintain or increase the

number of contracting clusters across all four concentrations of Wnt modulator

IWP4 with SB203580 and CSA.

Specifically, ROS activator at a final concentrétion of 1 nM in the culture
medium was able to induce an increase in the average beating clusters of the
C3 cell line by between 5.67% and 22.86% (Figure 5A). 1 nM of ROS acﬁvator:

“maintained the average beating cluster at between 11.76% and 26.67% with the

different concentrations of Wnt modulator IWP4 (Figure 5B).
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With the final concentration of 10 nM of ROS activator in the culture medium,
there was no significant effect on beating clusters in the C2 cell line also treated
with first two components (88203580 and CSA) and the Wnt modulator IWP4 at

- a concentratlon of WI(1) 1 uM in the culture medium (Figure 6A), However, an-

" increase |n the number of beatlng clusters was observed- in. the C2 cell line

treated wnth the flrst two. components and the other three concentrations of Wnt' '
modulator IWP4.

ROS .activator at a final concentration of 10 nM in the culture medium was also

observed to efihance the percentage of beating clusters in the C3 cell lines

treated with the first two components and the Wnt modulator IWP4 at final

concentrations of WI(2): -3 uM and WI(3): 5 uM in the respective colture medium

(Figure 7B). A drop in the percentage of beating clusters was observed with the

C3 cell line treated with the first two components, Wnt modulator IWP4 at a final

concentration of WI(4): 7 uM and ROS activator at a final concentration of 10

nM; in the culture medium (Figure 7B).

Based on this. study, the combination comprising SB203580 at a final
concentration of 5 uM; Cyclosporin-A at a concentration of 3 pg/ml Wnt
modulator IWP4 at a final concentration of WI(3):.5 uM and ROS activator at a
final concentration of 10 nM; in the culture medium was the most efficient in
inducing cardiomyogenesis |n both the C2 and C3 cell lines, with 38.33% and
75% of beating clusters for the C2 and C3 cell lines, respectively.

Temporal Gene Expression Patterns during cardiomyogenesis

Temporal gene expression wae investigated using time point collection and
quantitative PCR (qPCR). The time points wére selected with an understanding
to help in evaluating key time frames. during cardiomyogenesis, so that early,
intermediate as well as late stages of cardiomyogenesis could be studied.
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Th’e present differentiation protocol was used to characterize development
ontogeny of _hiPSC-derived cardiomyocytes through hiPSC cardiac gene
expression patterns and this could provide information for optimising the
efficiency of hiPSCs cardiac differentiation for clinical and pharmacological -
applications. By knowing which genes are up or down-regulated at different time
points of cardiomyogenesis could enable the targeting of more specific genes in
hiPSCs to direct them towards cardibmyogehic lineage. A panel of eighteen
markers were used in quantitative polymerase chain reaction (QPCR) studies to
evaluate the expression of pluripotent genes, mesodermal and cardiac
mesodermal genes, followed by cardiac-specific transcription factors and
structural genes, involved in the process of cardiomyogenesis in hiPSC cell
lines C2 and C3. | | ’

Gene expression in hiPSC C3 cell line

Expression level of pluripotent state-specific transcriptibn factor Oct-4
decreased immediately after growing the cells in EB suspension cultures,
especially With a significant drdp of 2.5 folds from day O to day 2 (dO vs d2:
1.00£0.00 vs 0.37+0.01, p<0.05, n=2) as illustrated on Figure 7. In contrast, the
other markers Brachyury, Mesp1 and ISL1 showed an increase in expression
levels from Day O to Day 2, indicating that the cells were shifting from
undifferentiated state towards differentiation process (Figure 7). |

A significant up regulation of 10-15 folds and 100 folds was observed for
Brachyury (d2 vs d4: 1.00 £0.00 vs 13.1912.26, p<0,05, n=2) and Mesp1 (d2 vs
d4: 1.00+£0.00 vs 120.95139.94, p<0.05, n=2), respectively on day 4 of
differentiation. Fuﬁhermore, the levels of both these markers dropped
significantly post-day 4 of differentiation and were not eXpressed on other days
of differentiation (Figure 7).

It was interesting to note that the decrease of Brachyury and Mesp1 was

associated with significant up regulation of cardiac progenitor markers and
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cardiac-associated transcription factors. For example, one of the cardiac
progenitor markers used here is ISL1, which is a marker of secondary heart
field. A substantial 90 fold increase in levels ISL1 by post day 4 (d2 vs d4:
1.00£0.00 vs 90.47+42.97, p<0.05, n=2), which decreased slightly and
maintained its expressién level till day 21 of differentiation process (Figuré 7). -

~ Cardiac-associated tranécription' factors, GATA-4, Nk2 ‘homebbox locus

5(Nkx2.5), myocyte enhancing factor (Mef2C), heart and neural crest
derivatives-expressed protein 1 (HAND1), T box factor (Tbx5, Tbx20) showed
varying but substantial increase in expression post day 4 of differentiation. RGE
of GATA-4 (d2 vs d4: 1.00&0.00 VS 7.64i3.29, p<0.05, n=2) and Nkx2.5 (d2 vs
d4: 1.00£0.00 vs 16.57+7.18, p<0.05, n=2) both increased constantly over 7
folds and 16 folds, respectively, during the course of differentiation process (Fig.
5). Tbx5 and Tbx20 also increased 850 folds and 750 folds, respectively, by day

4 and maintained their gene expression levels throughout the differentiation
" process. As for Mef2C and HAND1, they both showed approximately 100 fold

increase during differentiation process. HAND1 also demonstrated a downward

trend in expression over the period of 21 daysv(Figure 8).

The expression levels of cardiac specific structural genes including cardiac
troponin-l (cTnl), B-myosin heavy chain (MHY7) and myosin light chain 2V
(MLC2V) were also .investigated. Cardiac {roponin | expression increased after
day 8 (d8 vs d21: 2.430.33 vs 103.61+8.60, p<0.05, n=2), while MHY7 (d8 vs
d21: 2.57+0.54 vs 702.66+266.11, p<0.05, n=2) and MLC2V (d8 vs d21:
2.76+1 .68 vs 1285.511+84.53, ~p<0..0_5, n=2) demonstrated a gradual rise initially,

Which increased exponentially post day 2 onwards by more than 1000 folds

~(Figure 9).

Considering that the expression of ion ,channel-'sA is one of the most 'important .
aspects of cardiac phyéiology, the expression of a ‘panel of ion-channel
encoding genes such as L-type calcium channel Ca,<1.3 (CACNA1D),
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potassium-gated channel (KCNH2) and nucleotide-gated channel (HCN2),
sarcoplasmic reticulum calcmm ATPase (SERCA). On post day -8 of
differentiation, CACNA1D exhibited 10-fo|d lnorease in expressron levels, while
KCNH2 and HCN2- demonstrated 15-fold and 8-fo|d mcrease in expressnon'

_levels respectlvely These genes demonstrated maxrmal expression on day 21

of differentiation. Cardlac RYR2 expressmn level onIy increased S|gn|f|cantly on
day 14 of differentiation, which ‘makes RYR2 a relatively late marker of
cardiomyogenesis (d8 vs d14: 0.49+0.14 vs 7.17+2.35, p<0.05, n=2) Lastly, -
SERCA expression was prominently observed only post day 8 of differentiation.
The expreesion level of this marker too was maximally expressed in day 21

samplesv(Figure 10).

Discussion .

‘Overall, the use of p38-MAPK inhibitor (SB203580), (immunosuppressant

(CSA) and Wnt modulator (IWP4) resulted in differentiation of hiPSC into
cardiomyocyte. In particular, a high concentration of Wnt modulator IWP4 at

WI(3): 5uM drasrically increases cardiomyocyte induction.

It was also observed that the addition of p38-MAPK inhibitor (SB203580),
immunosuppressant (CSA), Wnt modulator (IWP4) and ROS activator (H20,) -

could enhance cardlomyogenesrs in hiPSC.

A few significant variations were observed between. the C2 and C3 cell lines.
Beating clusters were detected earlier in plated EBs from the C3 cell line (day
10-12) than plated EBs from the C2 cell line (days 14-15). Thus, the expression

- of mesodermal markers, cardiac-specific mesodermal markers and transcription

- factors, as well as mature structural markers should increase faster in C3 than

in C2. The‘expression of Oct-4 upon induction should also drop faster in C3
than in C2 (Figure 7). Interestingly, it was observed that a more pronounced

" down regulation of Oct-4 (C2d2 vs C3d2: 0.17+0.00 vs 0.37+0.01, p<0.05, n=2)
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in C2 ,thén in C3, which' may indicate that undifferentiated C2 cells have higher

| tendency to lose the state of pluripotency upon EB formation.

Ho.wevef, the expressions of other markers were consistent  with early'
obsewatidns of beating clusters ih C3. Lower fold expression was observed for
intermediate markers in C2 than in C3 post day 4 of differentiation (Figure 7).
From day 2 to day 4, cardiac mesodermal marker Mesp1 demonstrated a ,1 0-
fold increase in C2, while 100 folds increase Was observed in C3 from day 2
(C2d2 vs C3d2: 1.00£0.00 vs 1.00+£0.00, p<0.05, n=2) to day 4 (C2d4 vs C3d4:
9.1243.62 vs 120.95+39.94, p€0.05, n=2) (Figure 7). Expression of cardiac
progenitor marker ISL1 in C2 had also reached maximum expreséion levels
only on day 8 of differentiation (C2d4 vs C3d4: 41.49£11.22 vs 90.47+42.97,
p>0.5, n=2) (C2d8 vs C3d8: 92.15+39.44 vs 7.63+5.10, p<0.5, h=2), while C3

* reached its maximum expression levels on day 4 of differentiation (Fig. 4). Both
'transcription factors Tbx5 and Tbx20 increased 10 folds in C2, while the

expressions doubled by 100 folds in C3 (Figure 8). Heart and neural crest
protein HAND1 (C2d2 vs C3d2: 1.00+0.00 vs 1.00i0.00, p<0.05, n=2) (C2d4 vs
C3d4: 16.03+1.00 vs 250.90+37.12, p<0.05, n=2) also exhibited similar RGE
levels as Mesp1, Tbx5 and Tbx20.

The same trend was observed in the expressions of cardiac troponin | (cTnI)I
(Figure 9) and ion channels, such as HCN2, RYR2 and CACNA1D (Figure 10).
These genes demonstrated a higher increase in fold expressions in C3 than in

- C2.cTnl RGE levels increased 10-fold in'C3. differentiating cells by day 14, but

in C2 the expression levels inbreased more.gradually. However, by day 21 both
cell lines attained similar gene expression levels (C2d21 vs C3d21:
90.71+£23.06 vs 103.611+8.60, p<0.05, n=2). The most significant difference

‘between C2 and C3 is the RGE levels of CACNA1D. A 10 fold increase in
- CACNA1D expression levels for C3 (C3d8 vs C3d14: 5.71+£2.13 vs 50.88+10.10

p<0.05, n=2), while C2 only exhibited a 4 fold increase instead (C2d8 vs C3d14: |
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.4.27i0.38 vs 16.4418.49, p<0.05, n=2). However, cardiac-associated markers

(MefZC, GATA-4 and Nkx2.5) (Figure 8) and cardiac specific structural genes
(MHY7 and MLC2V) (Figure 9) gene expressions_ were surprisingly higher for

- C2than in C3 differentiating cells from day 2 to day 21.

Differentiation efficiency being cell line dependentv has been documented in the
literature for hESC (Moore et al., 2008). Similarly, the two hiPSC cell Iir‘lgwsm‘(CZ_
and C3) demonstrated disparate cardiomyocyte differentiation efficienéy |n the
presence of SB203580. However, both responded to the induction protocol with
SB203580, Cyclosporin-A, Wnt modulator IWP4 and/or ROS activator H,0,.
Moreover, the current protocol with four agents SB203580, CSA, Wnt modulator
IWP4 and ROS activator H,O, has further been tested on an additional 6

different lines of hiPSC in the laboratory, with the percentage of beating EBs
ranging from 20 to 45%. ' '

Example 2-

The media compositioh and timeline of differentiation was refined to further
enhances the efficiency and purity of cardiomyocytes produced and shows that

‘a regimental transitibnal steering of signaling pathways in WNTs and BMPs

induce efficient cardiac differentiation across various pluripotent stem cell lines

that obviates tailored calibration of cytokines for individual PSCs.
Material and Methods

Cell lines and maintenance

. Atotalof 9 d‘if‘ferent‘pluripotent stem pell lines (1 hESC and 8 hiPSC) were used

in this study. Eight hiPSC lines were geneiated in-house or obtained from
different laboratories that were derived. from' fibroblast from different sources of

normal or diseased patients and reprogramed by various methods. Human ES

line, H3-Nkx2.5-GFP, H3G, obtained from Dr David Elliot, Monash Universtity,
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AUstraIia, dermal fibroblast-derived virally reprogramed hiPSC lines, 10" and 8",
obtained from Dr Allan: Colman, IMCB, Singapore. All other lines were

‘generated in-house by episomal’ ‘based systems as previously reported

(Mehta et al., 2011), and these include, neonatal fibroblast-hiPSC line, C3 Long
QT syndrome 2-hiPSC lines, K1.3 and K1.4, atrial fibroblast-hiPSC, AT and
normal patient adult fibroblast-hiPSC line, 14 and BJ fibroblast-derived-mRNA
reprogramed hiPSC line, BJ. '

Human ES cells and iPS cells were maintained on 1% matrigel (BD
Biosciences, CA, USA) and grown in chemically defined mTeSR1 medium
(Stem Cell Technologies, VA, Canada) as described previously. Pluripotent
stem cells were washed with DMEM-F12 (Invitrogen, CA, USA) and incubated
with 1 mg/ml dispase (Stem Cell Technologies, VA, Canada).fof 5-7 minutes,
washed and colohies were scrapped. Controlled tituration of the colonies was

‘performed to get small clumps of approximately 50-70 uym in size for replating

on new matrigel coated dishes (1:6 split ratio). Cells were fed daily with fresh

- mTeSR1 medium and passaged every 5-6 days and were maintained at-37°C_

under 5% CO2 in air at 95% humidity.

Cardiac differentiation

A schematic representation of the protocol with growth factors has been shown
in Figure 12A. Briefly, hiPSC/hESC lines were pre-treated with 10 uM Y27632
(Stem Cell Technologies, VA, Canada) for 4 h before dissociating them to single
cells with Accutase (Stem Cell Technologies, VA, Canéda). Cells were
aggregated in spin EBs of '5000 cells/EB in AggreWellTM 800 (Stem Cell
Technologies, VA, 'Canada) in media A (mTesR1: DMEM-F12-B27 (1:1) with

4mg/mL PVA) with Ascorbic acid (284 yM) and BMP4 (770 pM) and

centrifuged at 300g for 5 min and incubated overnight. Next day (day 1), EBs
were harvested and collected in low attachment dishes (Corning, USA) in
medium B (mTesR1: DMEM-F12-B27 (1:4) with 4mg/mL PVA) with Ascorbic
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acid (284 uM), BMP4 (1.5 nM), Activin A (1.5 nM), SB203580 (5 uM) and FGF2
(3.1 nM) till day 4. Media was replaced with medium C (DMEM-F12-B27 with
4mg/mL PVA) along AsCor_bic acid (28_4 puM), SBZO3580.(5 uM), Noggin (4.3

" nM), A83-01 (1 uM), VEGF (1.5 nM), Cyclosporin A (2.5 uM) and IWP4 (10 uM)

till day 6. For the last two days, EBs: were cultured in medium D with Ascorbic
acid (284 uM), 88203580 (5 uM), VEGF (521 pM), Cyclosporin A (2.5 uM) and
IWP4 (10 uM). EBs were plated on day 8 in EB2 medium (DMEM-F12 with 2%
FBS) oh 0.1% geiatin coated dishes. Beating areas were clearly observed
between day 10-14 depending on different cell lines. :: Beating areas were
manually dissected out after day 14 of differentiation and utilized for all

experiments.

Immunofiuorescence

.Colonies of iPSC and single cells generated from beating clusters were seeded

on matrigel-and gelatin-coated glass slides respectively, while whole. EB

staining were performed in suspension. All cell types were fixed with 4%

~ paraformaldehyde, permeabilized with 1% Triton X-100 (Sigma-Alrich, MO,

USA) and blocked with 5% bovine serum albumin (Sigma-Alrich, MO, USA).
Human iPS colonies were stained for 1 hour with primary antibodies targeting
pluripotency markers, Oct-4, SSEA4, Tra-1-60 and Tra-1-80 (all Millipore, MA,
USA), whereas cardiomyocytes (CMs) wefe stained with primary antibodies, o-
actinin (Sigma-Alrich, MO, US_A), cardiac troponin T (USBiologicals, MA, USA),
titin (DHSB, lowa, USA), SERCA (Sigma-Alrich, MO, USA), MLC2v (Synaptic
Systems, Germany), MLCZa-(Synaptic'Systems, Gérmany), Nkx2.5 (Abcam,
MA, USA) and whole EBs with T, Mesp1 (Abcam, MA, USA) and CTnT and
NKx2.5. Sémples were washed and incubated with respective secondary
antibodies (Invitrogén, 'CA, USA) for 1 hour and subse_d'uently counterstained -
with DAPI. Slides were examined under Zeiss LSM710 NLO multi-photon
confocal microscbpe (Carl Zeiss Inc, USA). |
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Flow cytometry

Human,iPS-derivedCMs or day 8 EBs‘were collected and trypsinized with

| TrypLE (Invitrogen CA, USA) for 5-7 min to obtain 'single cell suspension. Cells

were washed with PBS and fixed usmg fix and perm cell permeablllzatlon

- reagent (lnwtrogen CA, USA), except for Slrpa staining and incubated with

. either one of the ,antlbodles, Sirpa conjugated-PE (BD _Blosc1ences), Nkx2.5
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(NoVus) and cardiac trOponin T (USBiologicals, MA USA) for 1 h followed by
incubation with appropriate Alexa flour 488 or 350 conjugated secondary
antibody (Invitrogen, CA, USA). Samples were then acquired on FACS Aria Il
(BD Biosciences, CA, USA) and the data were analyzed utilising FIowJovver 6.4
software. A total of 10,000 gated events were counted for each marker in three
independent experiments. |

-Real-time PCR

For real-time reverse-transcription- polymerase chain reaction%(:dRT-PCR")
anaIyS|s RNA was isolated with the RNeasy kit (Qiagen GmbH, Hilden,

Germany) One ug of total RNA was converted to complementary DNA by -

Superscript |l first- strand synthesis system (Inwtrogen CA USA). cDNA
template (5 ng) was used from each sample and SYBR green real-time PCR
studies were performed using Quantifast kit (Qiagen GmbH,_ Hilden, Germany)
and primer (Supplementar.y‘table 1) as per the kit instructions. Samples were
cycled with RotorGene Q (Qiagen GmbH, Hilden,' Germany) as follows: 5
minutes at 95°C, followed by 40 cycles of 10 seconds at Q5°C and 30 second
extension at 60°C All experiments were performed in trlpllcates Relatlve
quantlﬂcatlon was calculated according to the AACt method for quantrtatlve
real-time PCR (using an endogenous control gene, GAPDH). For each gene,
the expression at a specific day was then normalized by its baseline values.

Heatmaps were generated from Ct values using Genesis software.
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Statistical analysis

Results were reported as mean standard error of mean (SEM). Comparison
between groups was performed using One-way ANOVA> followed by Tukey's
post-hoc tests. p<0.05 was considered statistically sighificant.

' Resuits_

Standardization of multiple components

All pluripotent stem cell lines (hPSC) were maintained as feeder-free cultures.

Colony morphology of these iIPSCs was similar to hESC colonies in size and in
nucleus/cytoplasmic ratio. Immunofluorescence staining showed strong nuclear

staining for Oct-4 (Fig 11A) and various surface embryonic antigens (Nanog,

.SSEA4, Tra-1-60 and Tra-1 -81) (Fig 11A), confirming their pluripotency.

To m‘aintain consistency in differentiation efficiency, Aan‘."EB based protocol'wa‘s :
utilised to recapitulate early cardiac "deve'lopmerit that hinges on Stage-specific
aCtiyatioh and inhibition of Whnt/B-catenin along with BMP modulation. All initial
experiments were performed usi'ng‘ H37ka2.5-GFP line to standardize the
protocol. Spin EBs of different sizes (1,000, 2,500, 5,000, 7,500 and 10,000
cells/EB) were made and it was observed that EBs of 2,500 fo 7,500 cells gave
contracting cardiomyocytes by day 14-15 usin'g only 10uM SB203580 (Figure
11B; Non-treated), with highest efficiencies with 5,000 cell EBs. Next. BMP4
a‘nd Activin A (Figure 11B; Treated S1) were i.rimcorporated to commit EBs
towards mesoderm and cardiac fate. Gene expression studies during the initial
stage of differentiation showed that this combination was sufficient to induce
Brachyury at day 2 followed by Mespﬁ‘ up-regulatioh by day 4 (Figure 11B). It
was also observed that combination of BMP/Activin A, increased 'expression of
pluripotency markers Oct4 along with Wnt 3, Wnt 3a and CTNVNB1 following
treatment (Figure 11B). | S -
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Next, specific inhibitors, Noggin (BMP blocker), A83-01 (Activin/Nodal blocker)‘
and IWP4 (antagonist of the Wnt/B-catenin pathway) weré used for the next 2
days (Treated S1+S2). Gene expressionvanalys_is following addition of these
blockers, demonstrated a significant down-regulation of Wnt3 and Wnt 3a, but
maintained beta-catenin/CTNNBA1, followed by an up-regulation of Wnt11 and
sl expression with corresponding 'd'ec':'rea's‘ed Mesp1 expression levels (Figure
11C). We_next added VEGF (Figure 11D; Treated S1+S2+VEGF) to promote
proliferation of cardiac prb‘genitors and addition of VEGF substantially increased
gene expression levels of Wnt11 and activation .of cardiac specific
transcriptional factors like Nkx2.5 (Figure 11D). It was observed that there was
noticeable cell death during the first 4 days of differentiation, 'hen'ce ascorbic

acid was incorporated in the medium throughout to p>romote cell survival.

| Cardiac differentiation across multiple lines and EB morphology

Upon standardisation, m‘ultipl'e pluripotent stem cell linés (hPSC) were
subjected to cardiac differentiation via EB formation as shown in the
schematically in Figure 12A. Du’ring_'the_c;o_urse of differ,eritiation,'all cell lines
showed a ‘significant increase in EB sizé from day 0 (fange 0.02-0.04 pm?,
n=100) to day 8 (range 0.12-0.17 um?, n=50) (Figure 128-C)'. While the hESC
line (H3G) showed the best proliferation rates (d1 vs d8: 0.04+0.002 mm? vs
0.18+ 0.008 mm?), hiPSC line vAT'andA BJ had the least (d1 vs d8: AT,
0.02£0.002 mm2vs 0.13+ 0.008 mm?2 BJ, 0.03£0.002 mm?vs 0.12+ 0.007 mm?)

‘(Figure 2C). Nevertheless, "all EBs generated -from various cell lines

demonstrated more than 80% contraction efficiency on day 15 of differentiation,
with H3G, AT and BJ at 90% '(Figu_re 12D, n=5). These observations clearly

~ indicated that this cardiac differentiation protocol efficiently differentiated all 8

hPSC lines towardscardiac_: lineage.



10

15

20

25

WO 2014/025315 PCT/SG2013/000334

37

Temporal expression during cardiac cb"ﬁv’hitment

Next, a time dependent (d0, 1, 2, 4, 6, 8, 14, 18) real-time gene expression

- profile of 35 established genes was performed to evaluate the cardiogenic
trends during differentiation from 5 PSC lines (1 hESC and 4 hiPSC). A

cumulative heatmap of these markers Clearly_ showed that all lines followed a.
similar trend during cardiac differentiation to generate myocytes efficiently
(Figure 13A). Consistent with prior optimization results, this extended real-time
PCR analysis demonstrated a gradual, but s’ignificant decrease of pluripotency
markers (Oct4, Sox2 and Nanog), which was accompanied with a spike up-
regulation of T, mesodermal commitment (Figure 13B). Interestingly, this up-
regulation was prominent in some lines on day 2 of differentiation (H3G,' and
C3), but on day 4 fof others (BJ, K1 and AT) though their relative expression
levels were varied (Figuré 13B). Intéréstingly, all cell lines showe'd high levels of
Mesp1, a cardiac commitment marker, on day 4 of differentiation (Figure 13B).

Whole-mount immunostaining of day 4 EBs showed significant expression of T

~and Mesp1 throughout the EBs (Figure 1 3C). These results confirm that this

differentiation strategy robustly differentiated multiple hiPSC toWards cardiac

commitment.
Temporal expression during progenitor commitment

Significant increase of Meép1 by day 4, was followed with expression of
dardiac—associated transcriptional factors, NKx2.5 and Irx4 by day 8 (Figufe
14A). Immunostaining of day 8 EBs showed high expression of Nkx2.5 (red)
throughout with weak localized c¢TnT (<10%; green) staining (Figure 14B).
Moreover, flow cytometric analysis was performed on day 8 EBs showed that

>90% of the across all cell Iines,w'ere positive for SIRPA as well as NKx2.5

(Figure 14C) with low levels of cTnT" cells (>7%), except BJ cells (33.4 + 4.74
%, Figure 14C). These results show that this differentiation cocktail significantly

‘promoted cardiac commitment over a period of 8 days in human‘embryonic
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stem cells (hESC H3G), induced pluripotent stem cells of different origins and
clinical status (healthy neonate [C3], healthy adult [AT], cardiac ischemia patient

[14], LQTS2 patien{ [K1.3/K1.4], heélthy neonate [BJ; reprogrammed by mRNA

technique] and adult [8*/10" ; reprogrammed by viral technique)).
Tempbral expression in cardiomyocytes

Day 8 EBs were plated and COntr_act‘ing area were visible across all the cell "Iin‘es
by day 13. Interestingly, in cell lines like H3G and BJ, contractions were evidént
as early as day 9-10. Concomitant with the expression of early cardiac
transcriptional factors, there was a significant up regulation in the expression
patterns of cardiac-specific structural and sarcomeric proteins (myosin light
chain 2v, MLC2yv; cardiac troponin T, ¢cTnT; cardiac pacemaker' channel, HCN4)
till day 18 of differentiation (Figure 1.5A). In order to validate'our gPCR data,

immunostaining and flow cytometric analysis was performed. Dual staining on

day 14 cardiomyocytes showed that majority of cells were positive for NKx2.5

(red, No. of nuclei, Nkx2.5*/DAPI*: 652/670) and a significant increase in cTnT*

(green, No of cTnT*/DAPI*: 358/670). Moreover, human iPSC-CMs on day 20

also stained positive for the sarcomeric proteins, cardiac actinin; titin, myosin

light chain 2v and - 2a and SERCA2a (Figure 5B). Positively stained
cardiomyocytes demonstrated an immature sfriated pattern indicating towards
early stages of myocyte development. waever, Z-bands and A-bands were
clearly visible' in these cardiomyocytes. Flow cytometric analysis on day 18
dissociated cells demonstrated varying extent of cTnT" cells, ranging from 55-
95% (Figure 15C). It was intéresting to note that while H3G, BJ and AT gave

‘the highest percentage of cTnT'Nkx2.5" (>90%), C3 lines showed relatively

lower efficiency (55.7£4.5 %, n=7) in comparison with the other lines (Figure

15C). These results confirm that our protocol effectively differentiated multiple

- pluripotent stem cells to cardiomyocytes with high consistency.
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Role of WNTs in cardiac differentiation '

Next, a total of 15 WNT me'mbe|;§ was evaluated to understand their role during
cardiac differentiation. These gene expression results indicated that Wnt 2/2b, |
3/3a, 5a/5b and Wnt 11, played critical roles in regulating bardiogenesis during

_ varioué stage of differentiation (Figure ,6;A)} Wnt :3/3a,~ a- member of the

canonical pathway, was significantly up regulated in all 5 cell lines (H3G; C3,
K1, AT and BJ) over a period ofA'day 1-4 (Figure 16B) and their expression was
significantly reduced post-day 4, except for cell line C3 where it reappeared on

' day 8, On the other hand, Wnt 11, a non-canonical regulator, was significantly

up-regulated post day 6 to 8 in all the cell lines and was the highest on day 18
of differentiation (Figure 16B). These results clearly indicate that the medium

components regulated the Wnt signaling cascade by firét activating the

-canonical pathway for early cardiac commitment and then non-canonical

pathway for cardiac specification.

Discussion

Cardiogenesis is a weII—organized process that is tightly regulatéd by signaling
factors and extracellular microenvironment. Although cardiomyocytes have
been successfully generated from mouse as well as human PSC, in vitro, intra-
and inter-line efficiency of hPSCs have béen highly variable.

This study demonstrated that by systematically optimising the ind~uctive
pathway, it was possible to recapitulate early mammalian cardiac development
that significantly improved card-iomyogeneis‘ across multiple PSC lines without.
extensive titration of cytokines involved. One of the key features during EB
differentiatioh is regulaﬁng the size of the EB, it was observed that size of EBs
(5,000 cells EBs) is highly critiCaI in efficient cérdiac differentiation across -
multiple Iihés. Furthermore,'using high fhroughput microwell could significantly
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enhance the large-scale production of EBs during each differentiation (n= 2,400
EBs per plate). - ’

Differentiation “from pluripotent stem cells towards cardiomyocytes could be
divided into 4 stages; mesodermal induction, ‘patterning towards cardiac

~ mesoderm, formation of cardiac mesoderm and early cardiomyocytes. BMP4 is -

a potent mesodermal inducer, however it alone is insufficient to regulate the
developmental process. .Mesodermal commitment is highly depen.dent‘ on
interactive actions of BMP/Nodal/Wnt signaling pathWays. ,-Simultaneous
addition of Activin A (an inducer for endoderm) with BMP4 not only enhanced
CTNNB1/B-catenin levels in hPSC differentiation, but also increased expression ‘
of canonical Wnts (Wnt3 and 3a) along with brachyury. Immunostaining of day 4
EBs post BMP4/Activin A treatment showed significantfexpression of T and
Mesp1 confirming successful mesodermal comﬁitment and patterning towards

cardiac mesoderm.

Mesp1 is a master regulator of cardiovascular development and has been
suggested. to initiating- cardiac transcription factor cascade for cardiac

development. Our results showed a marked enhancement in cardiac gene

.expressidh'IeVeIs post-Mesp1 up regulation. However, this up-regljlétion

coincided with significant down-regulation of Canonicél Whnts. This is consistent
with the requirement of Wnt/CTNNB1 signalling restriction during specification

of cardiac precursor cells.

In this sfudy, it was observed that the examined cell lines showed marked
differences in the canonical Wnt levels durihg first four days of differentiation. It
is hypothesized that post-mesodermal commitment, down-regulation of

canonical Wnts may be critical for converting mesodermal cells towards cardiac

- fate. This could explain the great variability and inconsistenby observed in

current available cardiac differentiation protocols in the literature. To confirm
this hypothesis, on post-day 4 of differentiation (after mesodermal commitment),
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added Wnt inhibitor, IWP4 and Act'n/in/NodaI inhibitor_A83-0_1 and BMP inhibitor,
Noggin was added. This significantly reduced levels of canonical Whts, therebyv
pushing Mesp1+ cells towards cardiac commitment. Interestingly, this
combination not only, reduced eanonicel Wnt levels, but also significantly

increased non- canonical Wnts (Wnt' 11 and 5a). Consistently, loss-of-function

- and overexpressnon experiments have stiown that wnt 11 is critical for normal‘

heart development and promotes cardiac activity.

The flow eytomertic analysis show that all cell lines demonstrate more than 75%

of troponin'positive cells, except C3 (56%). From the present detailed pretocol,

for every 1.5 million initiating pluripotent stem cells, an average of 2 to 2.5
million cardiomyocytes could be efficiently generated across multiple cell lines.

In summary, the pres'ent' protocolvyields cardiomyocytes with high consistency

-and purity from a wide variety of normal or patient derived hiPSC lines created

through viral, episomal or mRNA based techniques. Moreimportantly, it was
demonstrated that the differentiation strategy recapitulates cardiac development
by timely regulating the Wnt signalling pathway resulting in efficient generation
of large quantities of cardlomyocytes The present protocol enables a universal
cardlac platform for h|gh throughput drug screenlng, safety pharmacology
evaluation and regenerative therapy that d_emand consistent cost-effectiveness
in cardiomyocyte production. | '

References

Mehta et al, (2011) Pharmacological response ef human cardiomyocytes
derived from virus-free induced pluripotent stem cells. Cardiovascular research
91(4):577-86. |

Moore et al., (2008) Distinct cardiogenic preferences of two human embryonic
stem cell (hESC) lines are imprinted in their proteomes in the pluripotent state.
Biochemical and biophysical research communications 372(4): 553-8. .



42 A
MCSLLF

Claims

1. A method for inducing cardiomyocyte differentiation comprising the steps
of:
(i) providing at least one pluripotent stem cell;
(ii) contacting the pluripotent stem cell(s) with:
(a) SB 203580 (4-[4-(4-fluorophenyl)-2-(4-methylsulfinylphenyl)-1H-
imidazol-5-yl]pyridine);
(b) cyclosporin-A (CSA); and
(c) IWP4 (2-(3,4,6,7-tetrahydro-3-(2-methoxyphenyl)-4-oxothieno[3,2-
d]pyrimidin-2-ylthio)-N-(6-methylbenzo[d]thiazol-2-yl)acetamide); in the
order listed.

2. The method according to claim 1, wherein the pluripotent stem cell(s)
comprises isolated pluripotent stem celi(s).

3. The method according to claim 1 or 2, wherein the pluripotent stem
cell(s) comprises induced pluripotent stem cell(s) or embryonic stem

cell(s).

4, The method according to any one of the preceding claims, wherein the
pluripotent stem cell(s) is part of an embryoid body.

5. The method according to claim 4, comprising the steps of:
(i) inducing pluripotent stem cells to form at least one embryoid
body;

(i) contacting the embryoid body with:
(a) SB 203580 (4-[4-(4-fluorophenyl)-2-(4-methylsulfinylphenyl)-
1H-imidazol-5-yl]pyridine);
(b) cyclosporin-A (CSA) and
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(c) IWP4  (2-(3,4,6,7-tetrahydro-3-(2-methoxyphenyl)-4-
oxothieno[3,2-d]pyrimidin-2-ylthio)-N-(6-methylbenzo[d]thiazol-2-
yl)acetamide); in the order listed.

A method for inducing cardiomyocyte differentiation, comprising (i)
contacting pluripotent stem cell(s) or a embryoid body with a first
composition comprising SB 203580 (4-[4-(4-fluorophenyl)-2-(4-
methylsulfinylphenyl)-1H-imidazol-5-yl]pyridine), (i) contacting the
pluripotent stem cell(s) or embryoid body with a second composition
comprising SB 203580 (4-[4-(4-fluorophenyl)-2-(4-methylsulfinylphenyl)-
1H-imidazol-5-yl]pyridine), and cyclosporin-A (CSA) and (iii) contacting
the pluripotent stem celi(s) or embryoid body with a third composition
comprising IWP4 (2-(3,4,6,7-tetrahydro-3-(2-methoxyphenyl)-4-
oxothieno[3,2-d]pyrimidin-2-ylthio)-N-(6-methylbenzo[d]thiazol-2-
yl)acetamide); in the order listed.

A method for inducing cardiomyocyte differentiation, comprising (i)
contacting pluripotent stem cell(s) or a embryoid body with a composition
B comprising SB 203580 (4-[4-(4-fluorophenyl)-2-(4-
methylsulfinylphenyl)-1H-imidazol-5-yl]pyridine), (i) contacting the
pluripotent stem cell(s) or embryoid body with a composition C
comprising a SB 203580 (4-[4-(4-fluorophenyl)-2-(4-
methylsulfinylphenyl)-1H-imidazol-5-yl]pyridine),  cyclosporin-A (CSA)
and IWP4 (2-(3,4,6,7-tetrahydro-3-(2-methoxyphenyl)-4-oxothieno[3,2-
d]pyrimidin-2-ylthio)-N-(6-methylbenzo[d]thiazol-2-yl)acetamide) and (iii)
contacting th’.e pluripotent stem cell(s) or embryoid body with a
composition D comprising SB 203580 (4-[4-(4-fluorophenyl)-2-(4-
methylsulfinylphenyl)-1H-imidazol-5-yl]pyridine),  cyclosporin-A (CSA)
and a Wnt inhibitor IWP4 (2-(3,4,6,7-tetrahydro-3-(2-methoxyphenyl)-4-
oxothieno[3,2-d]pyrimidin-2-ylthio)-N-(6-methylbenzo[d]thiazol-2-
yl)acetamide); in the order listed.

oy
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The method according to claim 7, wherein the composition B additionally
comprises ascorbic acid, bone morphogenetic protein (BMP), activin A
and/or fibroblast growth factor (FBF).

The method according to claim 7 or 8, wherein the composition C
additionally comprises ascorbic acid, Noggin, a transforming growth
factor B (TGF-B) type | receptor activin receptor-like kinase 5 (ALKS5)
kinase inhibitor and vascular endothelial growth factor (VEGF).

The method according to claim 9, wherein the composition C additionally

comprises an epidermal growth factor receptor kinase inhibitor.

The method according to any one of claims 7 to 10, wherein the
composition D additionally comprises ascorbic acid and vascular
endothelial growth factor (VEGF).

The method according to claim 11, wherein the composition D
additionally comprises an epidermal growth factor receptor kinase
inhibitor.

The method according to any one of the preceding claims; comprising
additionally contacting the pluripotent stem cell(s) or embryoid body with
at least one Reactive Oxygen Species (ROS) activator.

The method according to claim 13; wherein the ROS activator comprises
hydrogen peroxide (H202)





