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Cardiac regeneration

http://mediworldrkr.blogspot.com/2010/08/regenerating-heart-tissue.html



Islet-1

Stem cells for cardiac repair

iPS

fibroblasts

Dimmeler 2005



Cardiac cell therapy



Bone marrow: source of somatic stem cells



Abdel-Latif A. et al;
Arch Intern Med 2007

3.7% (1.9-5.4) increase in mean LVEF



Mechanisms of actions to repair the heart

Dimmeler 2005



Improvements cell therapy

• Cell type

• Delivery method

• Number of cells

• Timing of delivery

• Survival / differentiation



Van der Spoel Cardiovasc Res. 2011

meta-analysis of large animal models of 
ischemic heart disease
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Cardiac turnover (cardiomyocytes)

• Integration of carbon-
14, (nuclear bomb tests, 
Cold War)

• Annually turnover; 
– Age 25: 1%
– Age 75: 0.45%
– non-CM: 18%

• Fewer than 50% of 
cardiomyocytes are 
exchanged during a 
normal life span. 

Bergmann,  Science 2009



Cardiac turnover

Annual myocye turnover
2- 60 -100 years old:

F: 10 -14 – 40 %
M: 7 – 12 – 32% 

Kajstura Circ Res 2010



Stem cells in the adult heart

c-kit MDR-1 Sca-1 like

c-kit/GATA-4 c-kit/Tel c-kit/MCM5

Urbanek, 2003



c-kit+

Blue: nuclei
Green: EGFP labeled CSC

Red: Cardiac myosin Magenta: a-SM actin Yellow: Von Willibrand factor

Beltrami et al, Cell 2003

Dawn et al, PNAS 2005

Bearzi et al, PNAS 2007

CSC can differentiate into cardiomyocytes, SMC and EC



Cardiac-derived stem cells?

• Cells reside in the heart

• Have the potential to differentiate

• Inherently programmed to reconstitute 
cardiac tissue  

• Heightened predisposition to adopt 
cardiac muscle fate



Beltrami A, et al. 
Adult cardiac stem cells are multipotent 

and support myocardial regeneration.

Cell (2003)

c-Kit+; CD45-; CD34-

Oh H, et al.
Cardiac progenitor cells from adult 

myocardium: homing, differentiation, and 

fusion after infarction.

Proc Natl Acad Sci (2003)

Sca-1+; SPsub; c-Kit-; CD45-; CD34- ; CD31+ ; 
FLK-1- ; SSEA-1-; Oct-4-

2003 2007

Messina E, et al.
Isolation and expansion of adult 

cardiac stem cells from human and 

murine heart. Circ Res (2004)

[c-Kit+; CD105+; CD90+; Sca-1sub;
CD34sub; CD31sub; FLK-1+]

2004

Laugwitz KL, et al. 
Postnatal isl1+ cardioblasts

enter fully differentiated 

cardiomyocyte lineages.

Nature (2005)

Isl-1+; c-Kit-; Sca-1-

2005

Ott  HC, et al.
The adult human heart as a source for stem 

cells: repair strategies with embryonic-like 

progenitor cells. Nat Clin Pract Cardiovasc    

Med. (2007)

[SSEA-1+; Oct-4+; Isl-1+→; Sca-1+→; MDR1+→; 
Abcg2+→; VEGFR2+→; CD45-; CD31- ]

Martin CM, et al.
Persistent expression of the ATP-binding 

cassette transporter, Abcg2, identifies cardiac 

SP cells in the developing and adult heart. Dev 

Biol (2004)

SPphen; c-Kitlow; Sca1high; Abcg2+;
CD34low; CD45low; CD31-

19982002

Hierlihy AM, et al.
The post-natal heart contains a 

myocardial stem cell population.

FEBS Lett (2002)

SPphen.; c-Kitlow; Sca-1low; 
CD34low;CD90low; FLK-2low

Chen-Leng CaiA et al.
Myocardial lineage derives 

from Tbx18 epicardial cells. 

Nature (2008)

Tbx18

2008

MJ Goumans et al. TGF-beta1 induces 

efficient differentiation of human 

cardiomyocyte progenitor cells into 

functional cardiomyocytes in vitro. 

Stem Cell Res. 2007 

[Sca-1+; c-Kit (sub), CD31+; CD45-; CD34- ; 
CD133-; CD14-]

Smith RR and Barile et al.
Regenerative potential of cardiosphere-

derived cells expanded from percutaneous 

endomyocardial biopsy specimens. 

Circulation (2007)

[c-Kit+; CD105+; CD90+; CD34sub; CD31sub; 
CD45-; Sca-1-; MDR1-; Abcg2-; CD133-]

Major discoveries in 2002-2008



Cardiac derived progenitor / stem cells

• Cardiac stem cell (CSC)

• Cardiac progenitor cell (CPC)

• Cardiomyocyte progenitor cell  (CMPC)

• Cardiac side population cells (SP)

• Cardiospheres

• Etc…..



Chamuleau et al, Neth H J , 2009



Cardiomyocyte progenitor cells (CMPCs)

Goumans, stem cell research 2008

Sca-1 +



CMPCs

Smits, 
Nat Prot 2009 



CMPC proliferation

1.E+03

1.E+04

1.E+05

1.E+06

1.E+07

1 3 5 10 15

ce
ll 

nu
m

be
r

Goumans, stem cell research 2008
MSC



CMPC Differentiation  - Cardiomyocytes
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Goumans, stem cell research 2008, van Vliet NHJ 2008, Smits Nat Prot 2009 



CMPC Differentiation

Goumans, stem cell research 2008

nucleus
endothelium
SMC



Myocardial infarction - mouse

Smits Card Res, 2009
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CMPC injection into porcine heart      
2 weeks post MI 
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CMPC Cell therapy – SCID mice
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Optimizations

• Cell type

• Delivery method

• Number of cells

• Timing of delivery

• Survival / differentiation



Delivery



Infusion

Clinically mainly used !!



Catheter based intra-myocardial injection



Cell delivery



Optimizations

• Cell type

• Delivery method

• Number of cells

• Timing of delivery

• Survival / differentiation



MicroRNA biogenesis



Differential miRNA expression
in proliferating / differentiated CMPCs

µParaFlo™ microfluidic chip technology (LCSciences Houston)

Sluijter, van Mil, ATVB 2010



Validation by qRT-PCR

0 nM 100 nM

miRNAs may inhibit 
or enhance CMPC:

Proliferation
Differentiation
Survival
Migration
Integration

Sluijter, van Mil, ATVB 2010



miR-499 is localized in cardiomyocytes

Sluijter, van Mil, ATVB 2010



CMPC differentiation – miR-1 and miR-499

Sluijter, van Mil, ATVB 2010

6 days differentiation 



Predicted miR-499 target – sox6

Sluijter, van Mil, ATVB 2010



CMPC

Smooth muscle cells Cardiomyocytes

miR-1

SOX6

Regulation of muscle differentiation

HDAC4
miR-499



miR-499 and CPC differentiation



miR-499 induced more mature myocytes

Hosoda Circ 2011



CMPC survival – miR-155

Liu, van Mil, JCMM 2010



Pre-miR-155 increased cell survival and 
reduced cell death

Liu, van Mil, JCMM 2010



miRNA-155 – RIP1



BLI imaging to monitor cell survival



miR-155 improves CMPC survival



Possible Mechanisms

Kang, CMAJ 2004; 171: 442 - 443

Myocyte regeneration

Neovascularization

Decreased apoptosis

Decreased fibrosis



Endogenous activation by paracrine effects
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Paracrine effects - exosomal activation

NO EXOSOMES WITH EXOSOMES

•100 nm

flotillin-1

Vrijsen JCMM 2010



Exosomal signaling - EMMPRIN
CMPC& MSC exosomes 
are enriched for MMP & EMMPRIN
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Vrijsen JCMM 2010



3D BioPlotter

Gaetani submitted



15 x 106 cells/ml gel printed in 10% (w/v) alginate in medium

Printed Alginate Matrix and cells

Gaetani submitted



Viability
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Gaetani submitted



Conclusions

• Several cell types tested, but ESC and CSC most 
promising for cardiac regeneration

• Intra-myocardial injection most optimal delivery, but still 
very inefficient

• Tissue engineering: feasible but time consuming and 
expensive approach

• Cell number (2x10E9 loss, injected 1x10E7-10E8)
• Timing of injection, immediately/later

Several items need optimization for future steps into 
clinic…….
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