SN 2020F AR AE R —F 8 (ERAMF) 42 Dec 31, 2020

TS SNREN
W R/ &

SFLBFMSE

hEN SR LEER SRR




2017 EHTER EEKRTEEIAEE

RERBRBIENERRE

T EFH

0 +

ILFEIE T3
0T o ok
IS0 -

J
Z 40
ﬁzo
e

S 48 ! o

A qp\’?) '],Q\% qp\’\

(PELOMERRESERIRS2019)

® >A0%ILIMEFRBEL T LERLNFE (LR
® [LRESEFRTFIE50%

5 4 TR Y

~REROERLORETER




Cell therapy: a promising option
for repair infarcted hearts

Heart
failure

*
I3 *
-------------------------------------------------------------------------------------------------

® Recover function I ® Replace the lost cells?
® Reduce CM death

L _ ® Stimulate endogenous repair
® Limit fibrosis

mechanisms?

-----------------------------------------------------------

-----------------------------------------------------------



What we are going to discuss...

Adult heart-derived cardiac progenitor
cells/cardiac stem cells

Differentiation of pluripotent stem cells
(PSCs) into cardiomyocytes

PSC-derived cardiovascular progenitor cells
Perspectives



What we are going to discuss...

® Adult heart-derived cardiac progenitor
cells/cardiac stem cells



Sca-1* Cardiac progenitor cells from adult myocardium

A

total heart total heart myocyte-depleted

$WoX

Scalt ratio:

«2.1% of total cardiac
cells
*14-17% of “myocyte- r
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" scat e
Prof Michael D. Schneider
Faculty of Medicine, National Heart &

- Lung Institute
Scal*cells location: Chair in Cardiology
» Adjacent to the basal lamina;

» Typically coexpressing CD31 and

in proximity with endothelial Sca-1-

CD31*cells

Sca-1 Laminin DAPI @

Sca-1 CD31 DAPI

Characteristics of Scal+ cells:

® Lack blood cell lineage markers

® Express most cardiogenic TFs but not cardiac structural genes
® Differentiate into cardiomyocytes in vitro

® Homing to injured myocardium, offering auspicious properties for
cardiac repair

Oh H, Bradfute SB, Gallardo TD, et al., PNAS 2003



New cardiomyocytes generated in human life span

A ISL1* progenitor cells in the B New cardiomyocytes
human fetal heart generated in adult human

® Turnover rate 1.5% per year <25 yr

® Turnover rate <1% per year >25 yr

® 50% of CMs are exchanged during a
normal life span

Lei Bu;...Kenneth R.Chien. Bergmann et al., Science 2009
Nature, 460(2009)113-118
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B Mesenchymal cells
B Endothelial cells
® Cardiomyocytes

14C dating

Cell turnover

Stereology

Cell numbers

(2 ]
o O

N
o

b

0 20 40 60 80 =

Cardiac cells (10°)

o

Annual birth rates (%)
D
o

0 20 40 60 80

Age (y) Age (y)
HER-75%, £550. 4% L H4H ﬂ@?ﬁﬁgﬁ:f

Bergmann et al.,2009, Science, 324, 98-102;
Bergmann et al., 2015, Cell, 161, 1566-1575.



c-Kit. cSca-1fHMHEBEER A S OALESE

MI: non-treated myocardial infarction SM: skeletal myoblasts

PM: Puramatrix™

BM/E,

NsSM/P

AMC/PM cSca-1/PM

AMC: adipose tissue-derived mesenchymalcells

BM: bone marrow mononuclear cells c¢Sca-1: clonal stem cell antigen-1 positive cardiac

progenitors

Table 1

Echocardiographic measurement of hearts 2 weeks after cell transplantation,
Parameter MI PM BM/PM SM/PM AMC/PM Sca-1/PM cSca-1
n 13 20 8 11 16 24 14
Age (week) 135+2.1 13.0+18 128+1.5 141+1.1 13.8+0.7 13.641.0 140423
BW (g) 248+22 251420 247+13 249420 250+1.6 254+14 265+24
HW (mg) 172446 172439 175425 181437 155426 168 +38 177 +32
HW/BW (mg/g) 704£19 6.8+14 71412 73415 6.2+1.0 66414 6.741.0
HR (min~") 697 +55 711+40 729 +50 712448 700 +60 689 +42 689 + 61
LVIDD (mm) 59+06 55107 58+06 53+10 50+1.0 48+09° 50411
LVISD (mm) 55406 49409 52408 47412 43413° 4141.1° 44413
%FS 6.5+2.3 11455 96+46 122482 165+ 11° 16.2+11° 148+94

* p<0.05 in comparison with ML,

M Tokunaga, Meilan Liu, et al. J Mol Cell Cardiol. , 2010




Retraction--- Human c-kit* Cardiac Stem Cells Iin
Patients with Ischemic Cardiomyopathy (SCIPIO):
Initial Results of a Randomised Phase 1 Trial
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Echocardiographic analysis of Infarct size and change in infarct size at

CSC-treated patients and controls 4 mon and 12 mon after baseline in
® 16 patients, 7 control patients administered cardiac stem cells

® LVEF increased from 30-3 % (SE1.9) to 38-5% (2.8),4 mon, n=14, p=0-001)
®Infarct size decreased from 32:6 g by 7-8 g (24%) at 4 mon (p=0-004)
9-8 g (30%) at 1 year (p=0-04) by MRI.
Roberto Bolli, et al. Lancet, 2011; 378: 1847-1857
(Retracted article)



ARTICLE Nature. 2014 May 15; 509(7500): 337-341.

doi:10.1038/nature13309

c-kit™ cells minimally contribute
cardiomyocytes to the heart

Jop H. van Berlo"?*, Onur Kanisicak'*, Majjorie Maillet', Ronald J. Vagnozzi', Jason Karch', Suh-Chin J. Lin', Ryan C. Middleton?,
Eduardo Marban® & Jeffery D. Molkentin"

Molkentin Lab

Regulation of Cell Death Through the

Jeffery D. Molkentin, PhD Mitochondria

Professor | Howard Hughes Medical Institute Investigator

Professor, UC Department of Pediatrics Regulation of Cardiac Hypertrophy

Phone 513-636-3557 Regulation of Skeletal Muscle
Fax 513-636-5958 Development and Hypertrophy
Email jeff molkentin@cchmc.org

V Regulation of Fibroblast Activity
: s Z7 Spa Bk
| C—KIt-CI’e IE /%JEE;R Stem Cells in Cardiac Regeneration

Regulation of Transcription

Mechanisms of Duchenne and Miyashi

fate-mapping studies

Myapathy



Open Cell Research (2015) :1-12.
ORIGINAL ARTICLE W nalure comict

Genetic lineage tracing identifies in situ Kit-expressing
cardiomyocytes

Qiaozhen Liu"", Rui Yang" ", Xiuzhen Huang', Hui Zhang', Lingjuan He', Libo Zhang', Xueying Tian', Yu Nie’,
Shengshou Hu’, Yan Yan®, Li Zhang®, Zengyong Qiao’, Qing-Dong Wang®, Kathy O Lui’, Bin Zhou"*’

ATG

: ; Before operation After sham After Ml
Kit pA Joom— 250K = a1 250K 7
X 200K - 200K ' 200K E
Rosa26 STOP =| 150K - RFP+ I,“‘”‘ ' RFP+ :l 150K - RFP+
LoxP LoxP R 0.036% @& 0034% & | 0.035%
('S L 100K = b 100K =

Recombination

ke Tr e W F IR RE Ea e
RFP RFP RFP
Labeling strategy and analysis
Tam MI = = = =
il e Kit* cells contribute minimally to
’ ‘ ‘ ‘ ‘ i Analysis

P A AL S s cardiomyocytes during homeostasis
PR iR . 0 R B 17 (W) or after injury
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ARTICLE

Received 31 Jul 2015 | Accepted 22 Sep 2015 | Published 30 Oct 2015

Resident c-kit™ cells in the heart are not cardiac

stem cells Assoc Prof. Chenleng Cai
Nishat Sultana*, Lu Zhang"*, Jianyun Yan'*, Jigiu Chen?, Weibin Cai', Shegufta Razzaque', Dongtak Jeong?, Dept Of Developmental and
Wei Sheng3, Lei Bu?, Mingjiang Xu®, Guo-Ying Huang3, Roger J. Hajjarz, Bin Zhou®, Anne Moon’ Reg en erative BlOIOgy

& Chen-Leng Cai'
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c-kit HEE-tﬂTDrTIEtD;.-'
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Major findings

® Endothelial nature of cardiac
resident c-kit cells:

®c-kit is not an appropriate marker
of resident CSCs, including CSCs
destined for an endothelial fate;

® c-kit+ endothelial cells rarely de-
differentiate into CSCs to
contribute to myocardial repair.

Endothelial nature of cardiac
resident c-kit cells

- *
. PS4
-------------------------------------------------------------



Circulation
Research
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American

Heart
Associations

O

Circ Res. 2015;116:1216-1230

"Strlng Theory" of c-kitP?% Cardiac Cells: A New Paradigm Regarding the Nature of
These Cells That May Reconcile Apparently Discrepant Results
Matthew C.L. Keith and Roberto Bolli

Proposed origin of c-kit* cells in the adult heart

[ Adult Heart }
c-kitNes
CD105+
WT1+/Tbx18+
c-kit+ ngh
WTL/Tcts: co105+
Sema3D-/Scx-?
c-kitNes /
EMT Epicardial Epicardium
c-klt Progenitors Derived Cells

Epicardial
mesothelium

~Na— e —
s,m@w\@

c-kit+ High

CD105+

.
>

>

Adventitial
fibroblasts

Smooth muscle cells .

Adventitial
fibroblasts

Endothelial cells

EPDCs generate Adventitial Cells/Fibroblasts/cMSCs >> Smooth Muscle

> Endothelium but not Cardiomyocytes

S ® In the adult heart, c-kit* cells are ™

.
*

*
*

--------------------------------------------------------
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*

intermediates derived from c-
kithed epicardial progenitors that
undergo epithelial-to-
mesenchymal transition (EMT).
(EMT is known to be associated
with expression of c-kit)

These c-kit* intermediates have
a mesenchymal phenotype and
give rise to c-kit - epicardium-
derived cells (EPDCs) with
differentiation potential limited
to noncardiomyocytic lineages. .

‘
L] .
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Questions need to be answered
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What we are going to discuss...

® Differentiation of PSCs into cardiomyocytes
o



Stem Cells

Human Developmental Continuum —»

Single-cell 3-day 5-7 day 4-week 6-week
Embryo A Embryo Embryo Embryo Embryo Infant
. 1
$ Teratocarcinoma
K o ot Fetal Tissue (germ cell tumor)
o mElZomlcl o Stem cells "Adult" Stem cells
B’(‘%ﬁ ( .)ce ; Embryonic Germ Pluripotent Pluripotent
Totipotent or or
(EG) cells Multipotent ' Multipotent Embryonal
(primordial germ cells) Cod Hilsed & i Carcinoma
M ord Blood Stem cells
L3l ’I‘?z@*ﬁEsﬁﬁlﬂﬁ S Placental Stem cells ’SIEC.) .
Pluripotent or Multipotent .
\ >4 \ J

llIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII.

ES cells iPS cells :tissue stem cells
Self-renewal TR BSESETHE {R4A 4R

Differentiation w

potential

PSCs
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History: pluripotent stem cells

1954
1981
1981
1980
1989
1998
1998
2006
2007
2008

MEG cells
MES cells
MEC cells
hEC cells
hEC cells
hES cells
hEG cells
miPS cells
hiPS cells
rES cells

Chiquoine AD

Evans MJ & Kaufmann MH
Martin G

Andrews PW et al.

Pera MF et al. (multipotent)
Thomson JA

Shamblott MJ, Gearheart JD
Takahashi K & Yamanaka S
Yamanaka S & George Q. Daley
Smith A & Ying QL



ESC lines of other species

Sheep ES cells. Handyside A, Hooper ML, Kaufman MH, Wilmut I.
Roux’s Arch Dev Biol 196:185-90, 1987

Rabbit ES cells. Graves KH, Moreadith RW. Mol Reprod Dev 36:424—
33, 1993

Swine ES cells. MB Wheeler. Reprod Fertil Dev 6:563-8, 1994

Bovine ES cells. Cherny RA, Stokes TM, Merei J, Lom L, Brandon
MR, Williams L. Reprod Fertil Dev 6:569-75, 1994

ES-like cells from early zebrafish embryos. Sun L, Bradford CS,
Ghosh C, Collidi P, Barnes DW. Mol Mar Biol Biotechnol 4:193-9,
1995

Primate ES cells. Thomson JA, Kalishman J, Golos TG, Durning M,
Harris CP, Becker RA, et al. Proc Natl Acad Sci USA 92:7844-8, 1995

Avian ES cells. Pain B, Clark ME, Shen M, Nakazawa H, Sakurai M,
Samarut J, et al. Development 122:2339-48, 1996



Mario R. Capecchi Sir Martin J. Evans

.

1937, Verona, Italy
University of Utah,
Howard HughesMedical
Institute

1941, United Kingdom
Cardiff University,
Cardiff, United Kingdom

Using Mouse ESCs for

Gene Targeting _
Gene Targeting & Gene Trap

Oliver Smithies

1925, Halifax,United Kingdom
University of North Carolina at
Chapel Hill, Chapel Hill, NC,
USA

Gene KO in mice

Prize motivation: “for their discoveries of principles for introducing
specific gene modifications in mice by the use of embryonic stem cells.”

The Nobel Prize in Physiology or Medicine 2007



John B. Gurdon
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1933, United Kingdom
Gurdon Institute, Cambridge,
United Kingdom
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Shinya Yamanaka

1962, Osaka, JapanKyoto
University, Kyoto, Japan &
Gladstone Institutes, San
Francisco, CA,USA

iIPSCs

Prize motivation: "for the discovery that mature cells can
be reprogrammed to become pluripotent

The Nobel Prize in Physiology or Medicine 2012
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Early mouse
embryogenesis @ U U

V|sceral endoderm
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parietal endoderm _
I gastrulation
early late | mesoderm
ES cell — erimitive — primitive endoderm
ectoderm ectoderm ectoderm
embryonic body andb;)(/j()Lthlc
~3d 3~4d
Icm/ES [] Visceral endoderm
O Primitive ectoderm [ Parietal endoderm
[l Mesoderm B Trophectoderm
B Primitive endoderm Extraembryonic

ectoderm
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Ectoderm U
e “>~~.___ T~~.__ Functional
4' Endoderm / SMC “>=~.l heart

ES cells Mesoderm
Oct4 Brachyury Flk-1
Nanog Nkx2.5
Isi1
c-kit
CVP,
. . E8.25
cardiovascular progenitors
EC, A
endothelial cells kv

SMC: smooth muscle cells
CP,
cardiomyocyte progenitors
MC,

mature cardiomyocytes

|

Wu & Mummery et al. Cell 2008,132,537

Cardiac
progenitor cells

Precardiac

Mesoderm Mesoderm

:

Origins of Cardiac Progenitor Cells
in the Developing Heart

“1Brachyury T E Fik-1 [ Mesp1 Nkx2.5 [ Isl-1 [ ® Lin"/c-Kitt @ Sca-1*
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Differentiation to tissue cells is a prerequisite for
the application of PSCs in clinic

Blastocyst hESC hESC-derived cardiac cells Transplantation

’Drug screen

Cell replacement

Derivation Culture Differentiation Delivery
* Reproducible isolation * (Epi)genetic stability * Reproducible cardiac * Intramuscular/

techniques differentiation systerp intracoronary/intravenous?
* Ethical considerations « Animal-free culture » Engineered scaffolds?

environment

Purification Integration

» Teratoma formation » Electromechanical coupling
¢ Paracrine function

From laboratory to bedside: Sl
myocardial differentiation! T —

« Non-specific cell death

Current Opinion in Biotechnology

Swijnenburg RJ, ... Wu JC. Curr Opin Biotechnol. 2007, 18:38-45



What are ideal cells for myocardial regeneration?

. ~
Myoblasts ~
MSCs

CVPCs/
CPCs

hPSCs Reducé lnydéanﬁm

. Adult :
(ESCs/iPSCs) scar area regeneration
Cao N. ... Yang HT* Cell Res 2012 Menasche et al., European Heart J 2015
Cao N. ... Yang HT* Cell Res 2013 Birket MJ, Mummery CL. Circ Res 2015

Cao N. ... Yang HT* Methods in Mol Bio 2015 YeL. ... Zhang J. Cell Stem Cell 2014



Q1: how to induce?

Strategies for in vitro differentiation of
murine ES cells to cardiomyocytes

e EFARN: 3D aggregates (EBs, embryoid
bodies; monolayer culture)

o FIM:
» Treatment with compounds/growth
factors,;

» Different inducers added at different
differentiation stages



Differentiation of human PSCs
Into cardiomyocytes



Strategies for in vitro differentiation of

hESCs to cardiomyocytes

DALARRE [R5 57 1L SRR Y & FR B 32 -

1.
2.

Human EBs (I Kehat et al. J. Clin. Invest. 2001; 108:407-414)

Supplementation with 5-aza-dC (DNABRE#BEgHIFIFI, 70%
EBs with contracting areas, C hunhui Xu et al. Circ Res.

2002;91:501-508)

Co-culture with visceral endoderm-like cells (END-2, 35+10%
beating areas, Christine Mummery et al. Circ.
2002;107:2733-2740)

Serum free + co-culture with END-2 (Robert P. et al. Stem
Cells 2005;23:772-780)

Stage specific optimization (Gordon M. Keller, Sean M. Wu et
al.)

Induction with small molecules and growth factors



Embryoid bodies with
contracting areas (%)
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2. Supplementation with 5-aza-2-
deoxycytidine

Undiff hES cells form EBs  cardiomyocytes 5-aza-dC treatment
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Ctrl 1aM 10pM 1pM 10:M 1uM 10uM ES
Day 1-4 Day 4-6 Day 6-8

(H1, H7, H9, H9.1, and H9.2)

Percentage of bealing EBs
Levels of cardiac a-MHC

T T U U B
6 8 10 12 14 16 0 123 456 7 8 11214 16 18 25 32

Days of differentiation Days of differentiation XU, C et al_ CirC Res 2002’ 91,501-508




3. Co-culture with a visceral endoderm-
like cells line (END-2)

A. Undifferentiated hES cell
colony
B. Nuclear oct-4 staining
C. hES cells after 11 days of
co-culture with beating
aggregate(arrow).
D. Morphologies of beating
muscle aggregates
E. Phase-contrast image of
beating area
in hES/END-2 coculture.
F. Phase-contrast image of a
nonbeating area
with cardiomyocyte
morphology.
G. Dissociated hES
aggregate
H. Cystic structures stained
with -fetoprotein

Christine Mummery et al. Mummery, C. et al. Circulation. 2003 Jun 3;107(21):2733-40
Circulation. 2002 107:2733-2740 Passier R., ... Mummery, C. Stem Cells 2005; 23:772-780



Differentiation of hESCs to cardiomyocytes: role of
coculture with visceral endoderm-like cells

_ _ Junctional communication in
Calcium transients and L-type hES-derived and human fetal
calcium channels cardiomyocytes

Christine Mummery et al. Circulation. 2002 107:2733-2740



4. Increased cardiomyocyte differentiation from

=y o
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number of beating areas
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fold induction

Effects of serum on the number of beating

Robert P. et al. Stem Cells 2005 23:772-780

hESCs In serum-free cultures
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5. Stage-Specific Optimization of Activin/Nodal and
BMP Signaling Promotes Cardiac Differentiation
of Mouse and Human Pluripotent Stem Cell Lines

Steven J. Kattman,! Alec D. Witty,'? Mark Gagliardi,! Nicole C. Dubois,' Maryam Niapour,! Akitsu Hotta,® James Ellis,3*
and Gordon Keller':

Cardiac
Progenitor

| .-) . .\h. - i . .._'_.F:
e A
“'f '\_'.f' ) (s ;.# 5 o

ESCs EBs Cardiac

Flk-1

~ PdgfR-u: cTnT
I . | | . |
DO D2 D3 D7 Gordon Keller, PhD
Activin A FACS Senior Scientist, Canada
-[+ Ontario Cancer Institute

Stage 1, with various concentrations of Activin A and BMP4;

Stage 2, whole unsorted or FACS-sorted cells are cultured in
“cardiac conditions” (+VEGF, DKK1, bFGF, FGF10),
analyzed with FACS at d7.

Steven J. Kattman, et al; Cell Stem Cell. Feb., 8:228-240; 2011



6. Activin and BMP4 Induce KDR*PDGFR-a*
Cardiogenic Mesoderm in hESC and hiPSC

Cultures
human ESCs human IPSCs
A Activin (ng/ml) B
0 3 6 10
Ao 0 9 0 0 tivin (ng/ml) 0 0 5
0 0 activin (ng/m

001 OO OO OO ‘ 1 BMP4 (ngfmlj 2 10 10

# - * # |

% 21 (?g;l 63 g}) 43 23’ 6 = o 45 1
o . ._ . o § g )

3 - _
5?29 ?35 %ﬁ 37 48 % = — PDGFR-u
PDGFR- - -

Steven J. Kattman et al; Cell Stem Cell. 8: 228-240; 2011



0. Induction with small molecules

and growth factors

a Stage 1 Stage 2 Stage 3
| | | ' hESCs
Day -2 Day O Day 1 Day 4 Day & Day 14
L | I [ | [ ] [ |
Feeder BMP4 EMP4 VWEGF VEGF
depletion bFGF +DKEA +DKEKA
Activin A bFGF
c
50 — [ WNT3A DO D2 D4 D6 D8 D10 D12 D14 D18
b _ I B DKK1 —
¥ €0 = 40 —- - —
E 0 T e e
g 4 g 80 | WNTIA | o s o o —
+|_ 20 r'_ 20 I DKK1 - D w— e e
Z E T KDR | s s v ot o aun s s s
o D@* T © 5 P 2 10 ISL1 - . el
d MOASEAS & S 0 NKX2.5 - -
S Control D4 D6 D& D10 TBX5 ——a
a .o [ TBX20 Lo -
E 30 3? 1I:I MLCZA Foas . e — e
L 20 87 . ' CTNT e o e o
5 10 l %?g a ACTE |wms sun sun oo avn wus won swn oo
M A EER NN 5 2 I .
(ng mI~ ‘] ool B B BN
Esbrlgﬂgg 1Dn 0 n 150 ‘IUD 0 150 15D 10 (ng mi-"
ActvinA O 0 2 0 3 3 3 10 a0 VEGF 0 0 5 10 25 50

DKK 0 150 150 150 150 180

CTNT: cardiac troponin T
T: brachyury

Lei Yang, ... Gordon M. Keller.
Nature. 2008 May 22; 453(7194):524-8.



Robust cardiomyocyte differentiation from
hPSCs via temporal modulation of canonical
Wnt signaling

d-5 do0 d1 d3 d5 d30
Single cell CH Basal WP Basal Functional
seeding medium medium| d7 Contracting cells analysis

mTeSR1/Synthemax RPMI with B27 minus insulin RPMI with B27

Sean P. Palecek
Associate Professor
WiCell Research Institute,

100
80

s 60

Madison, WI
15 CMs /input hPSC M Cmr} pyLczy eTNT eTNT! Bmicza et ettt
>50% cTnT*MLC2v™ cells 90 .
= B0 4
a:“TD-
® Simple, highly efficient and reproducible, %’gg;
® Fully defined, growth factor-free conditions 8 301
® Low variability between cell lines o]
__mim
° d20 d40 o [5]0]

CH, IR99021, GSK3p inhibitor

IWP: Wnt signaling inhibitor Lian Xiaojun, ..., Palecek Sean P. PNAS, 2012; E1848-E1857



Robust cardiomyocyte differentiation from
human pluripotent stem cells

ARTICLES |

Chemically defined generation of human cardiomyocytes

Paul W Burridge' -3, Elena Matsa!-3, Praveen Shukla'-3, Ziliang C Lin?, Jared M Churko!~3, Antje D Ebert!-3,
Feng Lan!-3, Sebastian Diecke!~3, Bruno Huber!-3, Nicholas M Mordwinkin!-3, Jordan R Plews!-3,
Oscar ] Abilez!-3, Bianxiao Cui®, Joseph D Gold! & Joseph C Wu!-3

{ |
B

Paul Burridge, PhD Joseph C Wu, MD, PhD

NATURE METHODS, Jun 15t, 2014, Epub ahead of print

Instructor Professor a E8 medium CDM3
. . EDTA (1:12), 2IuM TZV, 6 uM CHIR99021] 2 uM Wnt-C59 Medium Medium
Stanford Cardiovascular Institute | VINpeptide ! e change change
Day: 4 0 1 2 3 4 5 6 7
b TNNT2 SMA C TZV: Thiazovivin, ROCK inhibitor
CHIR99021: GSK3 inhibitor
100+ T Wnt-C59: Wnt inhibitor
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Schematic of current knowledge on the factors
Involved in hPSC cardiac differentiation

Mesoderm Cardiac
Differentiation Specification Electricaimaturation
e
FGF2  BMP4 2 Activin A+ DKK1— WNT F—IWR-1, IWP-2, -4
TGFB1 .
NODALF—SB431542 Prolonged culture
TR NOGGIN — BMP —Dorsomorphin Triiodothyronine
CHIR99021— GSK38 — P38 MAPK +—58203580
Embryoid body
FGF2 : L-asco
TGFB1 Matrigel overlay | Insulin
Hypoxia
@ Q l — @

POUSF1 NCAM1* T MYH6 Mature electro-
NANOG MIXL1 NKX2-5 TNNT2 physiology and
SOX2 ROR2* GATA4 TNNI3 calcium handling,
LINZ8 CD13* TBXS MLC2V myofibril organiza+
REX1 TBX20 EMILINZ* tion and sarco-
SSEAS* SIRPA* meric stirations
CD90* VECAM*
hPSC Mesoderm Cardiac Cardiac Immature Mature

progenitor mesoderm progenitor cardio- cardiomyocyle

cell myocyte

epithelial to

mesoderm

mesoderm
mesenchymal differentiation speciation specification differentiation
transition

cardiac

CM

electrical
maturation

Paul W. Burridge, Gordon Keller, Joseph D. Gold, and Joseph € Wu Cell Stem Cell 2012 Jan



Cardiac differentiation of IPSC



IPSCs

Induction of pluripotent stem cells from mouse
and human embryonic and adult fibroblast
cultures by defined factors

%R AE]

RRFN AR (R R AT 4 RBR P N FF E &P

N

EzatR

4HBA (OCT4, SOX2, KLF4, c-MYC)

Kazutoshi Takahashi, Shinya Yamanaka
Cell. 2006 Aug 25; 126(4):663-76

Cell 131, 1-12, November 30, 2007

Dept of Stem Cell Biology
Institute for Frontier Medical Sciences
Kyoto University



Induction of Pluripotent Stem Cells from
Adult Human Fibroblasts by Defined Factors

Retroviral Reseeding Colony

transduction on feeder Picking up
—_10%FBS | | ES medium + bFGF OCT4, SOX2, KLF4, c-MYC
do dé d30

(A) Time schedule of iPS cell generation.
(B) Morphology of HDF.

(D) Typical image of hES cell-like colony.
(E) Morphology of established iPS cell line
at passage number 6 (clone 201B7).

(I-N) Immunocytochemistry for SSEA-3 (1),
SSEA-4 (J), TRA-1-60 (K), TRA-1-81 (L),
TRA-2-49/6E (M), and Nanog (N). Nuclei
were stained with Hoechst 33342 (blue).
Bars = 200 mm (B-E), and 100 mm (I-N).

TRA-1-60 TRA-1-81

Teratoma Formation from Human iPS Cells
Bt theli = PE e TR _

TRA-2-49/6E

Kazutoshi Takahashi, Shinya Yamanaka
Cell 131, 1-12, November 30, 2007



IPSCs can differentiate into cardiomyocytes

A 25 35 Beating colony # /well
> 20
15
- ; o 10
o }‘; b, cTnT 5
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Action petensal (mV)

e
Merge

Mauritz C &Martin U et al. Circulation. 2008 118(5):507-517

00 [ R 02 03 04 0s
Time (sec)

Big variation in differentiation!
Narazaki, et al.
Circulation 2008:118;498-506



Reprogramming of mouse fibroblasts into
cardiomyocytes using a direct strategy

Copy number variation and selection A high-resolution single nucleotide
during reprogramming to pluripotency polymorphism array showed that a
Samer M. Husscin e, Niar . Btads',Sanna Vupristo, Rengan ¥, Ching' Refo At s i iemon significantly more CNVs are present in
Oliver Briistle’, David P. Bazett-Jones®*, Kari Alitalo®, Riitta Lahesmaa®, Andras Nagy"® & Timo Otonkoski>'® .

early-passage human iPS cells than

fibroblasts or human ES cells.

Somatic coding mutations in human

induced pluripotent stem cells Found that each hiPSC line contained an
Athurva Gore'*, Zhe_Li'*, Ho-Lim Funp,", Jessica E. YoLLugi, Suneet Ap,‘arwal", Jessica Antosie\,viczfBumget“’, Isabel Cantol,

average of five protein-coding point
Alessandra Giorgetti’, Mason A. Israel”, Evangelos Kiskinis®, Je-Hyuk Lee7, Yuin-Han Lc)h’, Philip D. Manos *, Nuria Momserrat'-’, . . .
Athanasia D. Panopoulos®, Sergio Ruiz®, Melissa L. Wilbert?, Junying Yu*, Ewen F. Kirkness®, Juan Carlos Izpisua Belmonte™*, I I | u tatl O n S e n r I C h ed I n g e n eS I I I u tat ed O r

Derrick J. R()ssim, James A. Thomson*, Kevin Egg".m“, George Q. Daleyg, Lawrence S. B. Goldstein” & Kun Zhang'
having causative effects in cancers b
Gore A, et. al. Nature. 2011 Mar 3;471(7336):63-7 g . y
exomes sequencing.

Hotspots of aberrant epigenomic Reported the first whole-genome profiles

reprogramming in human induced of DNA methylation at single-base
pluripotent stem cells resolution and discovered a significant

Ryan Lister'#, Mattia Pelizzola'*, Yasuyuki S. Kida?, R. David Hawkins®, Joseph R. Nery', Gary Hon®, rep ro g ram m I n g Var I ab I I I ty, I n C I u d I n g
Jessica Alglt[osiewicz—Bou.rget"' “,41{0711311 O’Malley', R()saZCastanon', Sarit Kllugman“, Michael Downes®, Ruth Yu®, Ron Stewart™®,
Bing Ren™®, James A. Tt son””"%, Ronald M. Evans~ & Joseph R. Eck 1 d b

ing Ren ames homson onal vans oseph cker S 0 m atl C m e m O ry an a er r an t

Lister R, et. al. Nature. 2011 Mar 3;471(7336):68-73 reprogramming of DNA methylation in
human iPS cells.



IHS/LMC
Screening of suitable cardiomyocyte inducers

IP20D-3 iPS 11.1

Control

LIF (5 ng/mL
VEGF (10 ng/mL
IGFBP4 (1 mg/mL
Activin A 4 ng/mL
Frz8 (200 ng/mL
DKK1 (500 ng/mL
Wnt3a (100 ng/mL
FGFZél ng/mL
Noggin (150 ng/mL
BMP4 (10 ng/mL
BMP2 3 ng/mL
MA (5 mmol/L
VPA (5 mmol/L
DM (2 mmol/L

BIO (1 mmol/L

AA (50 mg/mL

0O 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
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Ascorbic acid (AA), _
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Control
LIF (5 ng/mL
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IGFBP4 (1 mg/mL
Activin A 4 ng/mL
Frz8 (200 ng/mL
DKK1 (500 ng/mL
Wnt3a lOO ng/mL
FG 1 ng/mL
Noggin (1 0 ng/mL e
BMP4 (10 ng/mL :**
BMPZéS ng/mL
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VPA (5 mmol/L
DM (2 mmol/L |

BIO (1 mmol/L
AA (50 mg/mL) | * — i i
0O 20 40 60 80 1000 20 40 60 80 100 0 20 40 60 80 100
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Ascorbic acid (AA)

Szent-Gyorgyi

1932 Nobel Prize
for purification of
AA

® A highly effective antioxidant
® An important enzyme cofactor

® Promote the synthesis of collagen

® Alleviate cell senescence



AA Robustly Enhances the Cardiac Differentiation
of iPSCs

[1 Control
B AA

Contracting EBs (%)
(@)]
o

7 8 9 10 11 13 1517 19 21
Differentiation time (days)

Control AA
15.7+0.7% 141.8+11.5%

- S

-

SSC Height >




Cardiomyocyte-Promoting Effect of AAIs
Independent of Its Antioxidative Property

8 Antioxidative Property

IPS-3F IPS-4F
~ 120 120 ;
> sk sk sk
= 100 - 100 |
D g0 80
2 60" 60 -
‘g 40 | 40 |
c 20 20 -
(@]
O 0 0 -
AA (ug/mL) 050 0 0 0 0 0 O 050 00000 O
Vbl (ug/mL) 0 01050 0 0 0 O 0 01050 0 0 O O
GMEE (ug/mL) 0 0 0 0 525 0 0 000 0 525 0 0
NAC (mmol/L) 0 0 0 0 0 0 1 5 000 0OOT 1S5

Alternative antioxidants:
Vb1, vitamin B1; GMEE, reduced gluthatione; NAC, N-acetyl-L-cysteine

*P<0.05, **P<0.01 vs. control.



AA Promotes the Expression of Collagen
during Cardiac Differentiation

Is collagen involved in the AA-enhanced cardiac differentiation?

10 |

Collal
iPS-3F iPS-4F
60 N
S 50
o 40 | []Control * xx ¥ 15 |
o
10 |
S 20|
T
J)
nd

0O 3 5 915 0O 3 5 915
Differentiation time (days)

Col4al
iPS-3F iPS-4F

kk
[ 1 Control ¢
H AA

%k
kk
%k %k

0 35915 0 35 915
Differentiation time (days)

Collal and Col4al, transcripts of type | and IV collagen. *P<0.05, **P<0.01 vs. control.



AA Promotes the Expression of Collagen
during Cardiac Differentiation

iPS-3F iPS-4F

Col IV
Control '

AzC and CIS, two collagen synthesis inhibitor. Col IV, type IV collagen

AA+
AzC

AA+
CIS




AA-promoted cardiogenesis is abolished by
the inhibition of collagen synthesis

E————
iIPS-3F " IPS-4F "
* sk * |* 1
= |*—| 'T' ™x 1 My |
S 100 * 1 % . 1007 % T
n 801 80 -
L
o 601 60 -
£
o 401 40
S < 20
= 20
S O 0-
AA - - -+ 4+ + + + + - - - 4+ + + + + +
AzC - + - - + - - + - -+ - -+ - -+ -
cs - - + - - 4+ - - + - - 4+ - - 4+ - - 4+
Collv - - - - - - 4+ + + - - - - - - + + + *P<0.01
Control AA+AzC Control AA+AzC
AA+CIS AA+AzC+Col IV AA+CIS+Col IV AA+CIS AA+AzC+Col IV AA+CIS+Col IV

AzC and CIS, collagen synthesis inhibitors. Col IV, type IV collagen; cTnT, cardiomyocyte marker




Col I and Col IV are Required for the AA-
Promoted Cardiogenesis
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Stage for Cardiac Progenitor Cell
Specification Is Critical for AA to Take Effect

oo = o == J m=mp &

Pluripotent Mesoderm Cardiac Progenitors Cardiomyocytes
(CPCs)

AA treatment protocols iPS-3F iPS-4F

Control ===

2 ——
3 ——

~N o olh

0O 2 4 6 8 10 0O 20 40 60 80 100 0O 20 40 60 80 100
Differentiation time (days) Contracting EBs (%) Contracting EBs (%)

*%P<0.01 vs. control.



AA Increases the Expression of CPC-
Specific but not Mesodermal Genes

Relative expression
O N DM O ©

Relative expression
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AA Enhances Cardiac Differentiation
through Promoting the Proliferation of CPCs
In a collagen synthesis-dependent
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AA promotes the proliferation of iPSC-derived
cardiac progenitors via the MEK-ERK1/2 pathway
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Regulation of microenvironment for
cardiac progenitor cells critically
promotes cardiac differentiation

Collagen : :
synthesis - < Ascorbic acid

l, Cardiac lithrati
differentiafiof' Tpration |
- : Maturation
MEK/ERK iy ®

pathway
IPSCs Cardiac progenitors Cardiomyocytes

Cao et al., Cell Res 2012 Jan
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The expression of PGC-1a is upregulated
during cardiomyocyte differentiation of hESCs
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ZLLNOO5 improved cardiac structural and
functional maturation

A
Seeding cells CHIR99021 IWR1 Medium change ZLNOOS
i I : : . ' ; | Biological
Day -4 0 2 4 6 8 10 12 30 8ssays
mTeSR1 Basal Medium B27

-0 15ms = 17ms
o © ¢ Q
Q
< g e Q q -
h e ' 5
C d )
[} I (P k‘v I
(o) - . o - © R )
00:00:01.578850 Oiiis 00:00:18.495450 Oiis

B Control ZLNOOS D control _ ZLNOO5

— Control
— ZLNO0O5

Mitochondrial biogenesis
enhanced by ZLNOO5

Liu et al. Aging-USA. 20202020 Apr
28;12(8):7411-7430.doi: 3088
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Strategies

------------------------------------------------------------------------------------------------------
*

] CM differentiation system CM specific reporter cell ;
construction line
Systems : | |
construction Y
: CM differentiation
Cell surface capture Antibody
: technology screening
Candidates .
screening LC-MS/MS analysis !
: . Cell surface marker
candidates for CM
] Novel biomarkers
\ J
|
Functional Positive population 1. Ability for cell sorting
. . : 2. Impact on differentiation
confirmation FACS process?
Negative population 3. Functional Difference?

------------------------------------------------------------------------------------------------------



CD36 transcripts significantly increase during both
mouse and human cardiac development of PSC

A 804
( D15 D30 D60 D90
]
) % 604
5 CD36 S -
(B) & a0
Day 15 30 45 60 DO D15 D30 D45 D60, 8
M A il
2 A:‘; ﬂ "E IE \ F'i \ <': 204
CD36 -.’J 3 [| CD36+ M CD36+ / CD36+ /|| CD36+ f\ CD36+ =
2 ( | — K f (
R A ! H, (1 f| ~.‘ [ 0l r
, EL /| A A 7 S 8 N L ®
TUBUIN | e e e | 22 L Lﬁ e NP F P
(©)
Term PValue
Gene Symbol P-value
G0:0005743~mitochondrial inner membrane 2.46E-17
PPIF 9.13E-06
G0:0005739~mitochondrion 3.20E-15
COX5A 1.51E-05
G0:0006123~mitochondrial electron transport, cytochrome c to oxygen 8.11E-11 UQCRFS1 1.80E-05
G0:1902600~hydrogen ion transmembrane transport 1.20E-06 UQCRC1 1.12E-04
G0:0007062~sister chromatid cohesion 8.04E-06
CYCS 1.86E-04
G0:0042776~mitochondrial ATP synthesis coupled proton transport 1.42E-04 NDUFAS 5.64E-04
G0:0019915~lipid storage 2.44E-04 SDHA 6.14E-04
G0:0007059~chromosome segregation 2.56E-04
NDUFB9 6.75E-04
G0:0000070~mitotic sister chromatid segregation 2.87E-04
NDUFV1 6.91E-04
G0:0006120~mitochondrial electron transport, NADH to ubiquinone 4.31E-04

CD36, a fatty acid translocase



CD36 identifies a sub-population of
mitochondria-rich cardiomyocytes
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Poon, et al., Cell Res. 2020 Jul;30(7):6265,
2 0 2R TH 97 SR LA 629. doi: 10.1038/s41422-020-0292-y.



CD36" hPSC-CMs are much more sensitive to
oxidative stress
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What we are going to discuss...

® PSC-derived cardiovascular progenitor cells
o



CVPCs-Derived from hPSCs Holds Great Promise for the
Basic Research and Application

s A — R . Yang L et al, Nature. 2008; 453(7194):524-8
® Multiple growth factors with stage switch % /'Sy et al. Cell 2008: 132:537-43

: (BMP, FGF, Activin/Nodal, VEGF, Wnts) ! Bu L etal, Nature 2009; 460:113-118.
: ® Efficiency at 10%-60% :  Mauritz C et al., Eur Heart J 2011; 32:2634-41

: @ Co-culture
: ® Difficulty in expansion

s .
---------------------------------------------------------------------------
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} > Scaled up
: > Reproducible : : Drug
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Capturing critical signaling pathways involved
In the generation of cardiovascular progenitor
cells (CVPCs) from hPSCs

BMP, FGF, Activin/Nodal, VEGF, :
Wnts (CHIR99021), AA :

hPSCs do d1 : d fﬁ(%i;
(ESCs & iPSCs) — > (e
monolayer CVPCs/CPCs
feeder-free
serum-free
Y27632 (Y) :
: Rho kinase inhibitor : : AA, ascorbic acid
Cell survival CHIR99021, GSK3 inhibitor;

(Watanabe K et al., Nat Biotechnol 2007; 25:681-6) CIM, CVPC Induction medium



BMP signaling combining with GSK inhibition and
AA Is sufficient for the efficient conversion of
hPSCs into SSEA1* cells

e
A (BMP4, CHIR99021, AA) B g100, *
CIM+Y CIM %
- A ly 2
0 1 3 )
(0))]

Differentiation time (days)

leferentlatlon time (days)

CII\/I

o ---

Basal CIM, without BMP4, CHIR99021, AA Scale Bars = 25 pm
CIM: CVPC induction media: BMP4, bone morphogenetic protein

CHIR: CHIR99021, GSK3 inhibitor; AA: ascorbic acid
*P<0.01 vs. Basal CIM; #P<0.01 vs. CIM



BMP signaling com
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Global changes in gene expression
occurring after CVPC induction
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Do hPSC-derived CVPCs have multi-cardiovascular
lineage differentiation potential in vitro?

o Cardiomyocytes

@ 2 Smooth muscle cells
2

Endothelial cells

BMP4+IWR1 in CDM1 CDM2
Cardiomyocytes - —_

PDGF-BB+TGFf1 in Basal CIM
Smooth muscles

VEGF+FGF2 in Basal CIM
0 . .3 1;.
Differentiation time (days)

CDM1: cardiac differ media 1 (RPMI1640, 1x B27 supplement, 1% L-glutamine,
and 1% penicillin/streptomycin, BMP4 and Wnt antagonist IWR-1);

CDM2, CDM without BMP4 + IWR-1
IWR-1: Wnt antagonist; TGFB1: transforming growth factor 31;
PDGF-BB, platelet-derived growth factor-BB



hPSC-derived CVPCs have multi-cardiovascular
lineage differentiation potential in vitro
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Efficient generation of hCVPCs from hPSCs
CHIR+DOR+A83-01

v 1 1

BMP4+CHIR+AA

svp wnts.  Self-renewal 6‘“?0‘* Cardiomyocytes
MEK-ERK1/2
CVPCs
@ é SSEA1* MESP1*+ISL1*

Smooth muscle cells
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{ E {\,6 e | 2
Endothelial cells

Cao et al., Cell Res (2013) 23:1119-1132; d0i:10.1038/cr. 2013.102




Can PSC-derived
cardiovascular progenitors
repair infarcted hearts?



hCVPCs improve heart function after
transplanted into acute infarcted mice hearts
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hCVPCs: hESC-CVPCs;

hcFbs: human cardiac fibroblasts:

PM: puramatrix.
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hCVPCs benefit infarcted hearts of
non-humane primates

Circulation
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Working model |
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hPSCs hCVPCs
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Wang et al., Antioxid Redox Signal.
2019;31:369-386 (Cover)
Rusinkevich V. APS. 2019; 40:1168—1%(5)33



hCVPC-extracellular vesicles (EVSs)
promote healing of the infarcted hearts
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Wu et al. Cell Death & Disease. 2020;11:354.
https://www.nature.com/articles/s41419-020-2508-y



B e 2 Bl U B 44 400 Rl i e R i

European Heart Journal Advance Access published May 19, 2015 JOURNAL OF THE AMERICAN COLLEGE OF CARDIOLOGY VOL. 71, NO. 4, 2018
© 2018 BY THE AMERICAN COLLEGE OF CARDIOLOGY FOUNDATION
@ Europen Heart Joumal EHJ BRIEF COMMUNICATION PUBLISHED BY ELSEVIER
doe10. 309 eurhearyiehviBs Heart ﬁ]ﬂumfcﬂrdbm}.lopgthy
) ) . Transplantation of Human Embryonic ™
Human embryonic stem cell-derived cardiac : :
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first clinical case report
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From bench to bed for hPSCs

Understanding precise regulatory mechanisms;
Improving stability and scalability;

Reducing cost (eliminating growth factors );

Better strategies for full development of maturation
(E-C coupling machinery);

Classifying the subtype of cardiomyocytes;

Produce homogenous populations of the CVPCs and
CPCs;

Which cell type (s) is better for cardiac repair?

Assessing safety and efficiency in human-size hearts
(Pigs);



What we are going to discuss...

® Perspectives



Multiple approaches for regenerative therapies
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