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Editorial

Cardiac development: from current understanding to new 
regenerative concepts

This special issue is devoted to the 3rd Munich Conference on Cardiac Development, “Cardiac Development—From Current 
Understanding to New Regenerative Concepts,” that was held on June 1–3, 2016, at the German Heart Center Munich, 
Munich, Germany.

In recent years, innovative and significant progress has been made in cardiac developmental biology, cardiovascular 
genetics, and stem cell research. The 3rd Munich Conference on Cardiac Development focused on our current understanding 
of the mechanisms that underlie heart development, cardiac disease, and cardiac ageing and ways to develop new regenerative 
concepts to foster future therapeutic regenerative treatment strategies.

The paradigm of an entirely postmitotic mammalian heart was recently challenged, offering perspectives for the 
development of new regenerative strategies. Adult mammalian hearts are able to regenerate, even if at a markedly lower rate 
than the hearts of zebrafish and newts (1,2). However, there is ongoing debate about the source of this homeostatic cardiac 
turnover in mammals. One possible source is cardiomyocytes that pass through a phase of dedifferentiation, in which they 
reenter the cell cycle and start to divide again (3). Cardiomyocyte proliferation is well described in the zebrafish heart as 
being fundamental to their tremendous heart regeneration capacity (4). Another possibility that is still under debate is that 
resident cardiac progenitor/stem cells are reactivated from their niches and then contribute to cardiomyocyte proliferation 
or even differentiate directly into cardiomyocytes (5). Few scientists have discussed the contribution of circulating cells to 
cardiomyocyte regeneration after injury (6).

Current regenerative approaches include the transplantation of various cell types [ideally combined with tissue engineering; 
e.g., (7)], the stimulation of endogenous repair mechanisms [e.g., the induction of cardiomyocyte proliferation (8-11)], and 
the direct reprogramming of fibrotic parts of the failing heart back to a functional myocardium [e.g., (12,13)]. 

For the development and improvements of such innovative therapies, a detailed understanding of cardiac development 
and the processes by which cardiac progenitor cell populations mature into cardiomyocytes is essential (14,15). However, the 
highly complex temporal and spatial interactions between transcription factors, growth factors, and non-coding RNAs that 
act in various progenitor cell populations during cardiac development are not completely understood. Alexanian et al. (16) 
review the knowledge about how long-non-coding (lnc)-RNAs contribute to mesoderm specification. New omics techniques, 
combined with single-cell analysis tools, will help shed light on above mentioned mechanisms and offer the possibility to 
expand our knowledge of the cardiac developmental network [reviewed by (17)].

Furthermore, the processes and factors that are involved in cardiac aging have become increasingly important because 
the world’s population is aging, and aging itself is a major cardiovascular risk factor (18). A thorough understanding of the 
underlying mechanisms may provide novel targets for regenerative strategies. In this issue, Cannatà et al. review the role of 
circulating humoral factors in cardiovascular aging (19). 

A true understanding of the cell types that are involved in cardiac injury, disease mechanisms, and cardiac remodeling 
[e.g., inflammatory cells (20) and cardiac fibroblasts (21)] and their mechanisms of action is mandatory. This may also foster 
new ideas and identify new options for improving current therapeutic strategies. Following tissue injury by myocardial 
infarction the immune system and its cellular protagonists (i.e., monocytes and macrophages) substantially contribute to the 
initial inflammatory response and subsequent regenerative response. The specific role of monocytes and macrophages during 
homeostasis and after cardiac ischemic injury is reviewed by Sager et al. (22). Cardiac fibroblasts were long an underestimated 
cell population. However, they have gained more attention in recent years (23). Following the inflammatory phase after 
myocardial infarction, cardiac fibroblasts proliferate and undergo myofibroblast transdifferentiation to maintain the structural 
integrity of the impaired ventricle. The role of transforming growth factor-β in this process is reviewed by Frangogiannis (24).  
Cardiac fibroblasts and their activated forms after injury also represent an interesting novel target population for direct 
reprogramming techniques (13).

Alternative targets after cardiac injury include non-coding RNAs, e.g., microRNAs and long-non-coding RNAs (25,26). 
Recent studies have provided additional insights into the roles of non-coding RNAs in heart development and disease [e.g., (27)].  
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Hoelscher et al. (28) review the role of microRNAs in congenital heart disease and further discuss potential therapeutic 
strategies for such patients based on microRNAs.

Clinical trials with various stem cell resources have recently been performed to treat patients who suffer from acquired 
heart disease. The results, however, have been highly variable and inconsistent (29). The general consensus is that positive 
results were mainly triggered by paracrine effects that were mediated by the transplanted cells. The primary positive effect 
that was observed after cell transplantation was a reduction of scar size after myocardial infarction, but the left ventricular 
ejection fraction barely improved, if at all (29). Remaining unknown is whether the transplantation of cells into hearts with 
impaired myocardial function is indeed a curative therapy for affected patients. More recently, clinical trials in children with 
congenital heart disease, especially with single ventricle morphology, have reported promising results [e.g., (30-32)]. The 
positive ejection fraction results that were reported after the initial feasibility Phase I trial were maintained in the larger, 
recently published Phase II trial (32). 

Future regenerative approaches will seek to develop patient-specific treatments. The Nobel prize-winning technique that 
generates induced-pluripotent stem cells from autosomal cells (33,34), combined with elaborate cell purification techniques 
[e.g., as reported by Miki et al. using RNA-switches (35)], offers the unique possibility to treat individual patients with 
autologous cells. The broad accessibility of whole-genome approaches, such as genome and exome sequencing, also allows 
precise analyses of patients’ genetic backgrounds, thereby allowing the determination of individual drug responses, facilitating 
the design of personalized health plans, and developing patient-specific treatment options (36,37). This so-called “precision 
or personalized medicine” will become indispensable for future treatment. It is well recognized that oftentimes drugs and 
treatments are effect only for some patients.

Intensive innovative research will provide deeper insights into the mechanisms that underlie normal cardiac development, 
various cardiac diseases, and cardiac aging. The future will reveal which regenerative strategies are appropriate for treating 
various cardiac impairments that result from a failure of cardiac development, acquired cardiac disease, or the aging process. 

Acknowledgements

We thank the native English-speaking experts from BioMed Proofreading LLC for editing the manuscript.

References

1. Bergmann O, Bhardwaj RD, Bernard S, et al. Evidence for cardiomyocyte renewal in humans. Science 2009;324:98-102.
2. Bergmann O, Zdunek S, Felker A, et al. Dynamics of Cell Generation and Turnover in the Human Heart. Cell 2015;161:1566-75.
3. Senyo SE, Steinhauser ML, Pizzimenti CL, et al. Mammalian heart renewal by pre-existing cardiomyocytes. Nature 

2013;493:433-6.
4. Jopling C, Sleep E, Raya M, et al. Zebrafish heart regeneration occurs by cardiomyocyte dedifferentiation and proliferation. 

Nature 2010;464:606-9.
5. Malliaras K, Vakrou S, Kapelios CJ, et al. Innate heart regeneration: endogenous cellular sources and exogenous therapeutic 

amplification. Expert Opin Biol Ther 2016;16:1341-52.
6. Wu JM, Hsueh YC, Ch’ang HJ, et al. Circulating cells contribute to cardiomyocyte regeneration after injury. Circ Res 

2015;116:633-41.
7. Menasché P, Vanneaux V, Hagège A, et al. Human embryonic stem cell-derived cardiac progenitors for severe heart failure 

treatment: first clinical case report. Eur Heart J 2015;36:2011-7.
8. Eulalio A, Mano M, Dal Ferro M, et al. Functional screening identifies miRNAs inducing cardiac regeneration. Nature 

2012;492:376-81.
9. Wei K, Serpooshan V, Hurtado C, et al. Epicardial FSTL1 reconstitution regenerates the adult mammalian heart. Nature 

2015;525:479-85.
10. D’Uva G, Aharonov A, Lauriola M, et al. ERBB2 triggers mammalian heart regeneration by promoting cardiomyocyte 

dedifferentiation and proliferation. Nat Cell Biol 2015;17:627-38.



S3Journal of Thoracic Disease, Vol 9, Suppl 1 March 2017

© Journal of Thoracic Disease. All rights reserved. J Thorac Dis 2017;9(Suppl 1):S1-S4jtd.amegroups.com

11. Cheng YY, Yan YT, Lundy DJ, et al. Reprogramming-derived gene cocktail increases cardiomyocyte proliferation for heart 
regeneration. EMBO Mol Med 2017;9:251-64.

12. Ieda M, Fu JD, Delgado-Olguin P, et al. Direct reprogramming of fibroblasts into functional cardiomyocytes by defined factors. 
Cell 2010;142:375-86.

13. Lalit PA, Salick MR, Nelson DO, et al. Lineage Reprogramming of Fibroblasts into Proliferative Induced Cardiac Progenitor 
Cells by Defined Factors. Cell Stem Cell 2016;18:354-67.

14. Li G, Xu A, Sim S, et al. Transcriptomic Profiling Maps Anatomically Patterned Subpopulations among Single Embryonic 
Cardiac Cells. Dev Cell 2016;39:491-507.

15. Lescroart F, Chabab S, Lin X, et al. Early lineage restriction in temporally distinct populations of Mesp1 progenitors during 
mammalian heart development. Nat Cell Biol 2014;16:829-40.

16. Alexanian M, Pedrazzini T, Ounzain S. New Lncs to mesendoderm specification. J Thorac Dis 2017;9:S5-S8.
17. Li G, Dzilic E, Flores N, et al. Strategies for the acquisition of transcriptional and epigenetic information in single cells. J 

Thorac Dis 2017;9:S9-S16.
18. Cannatà A, Camparini L, Sinagra G, et al. Pathways for salvage and protection of the heart under stress: novel routes for cardiac 

rejuvenation. Cardiovasc Res 2016;111:142-53.
19. Cannatà A, Marcon G, Cimmino G, et al. Role of circulating factors in cardiac aging. J Thorac Dis 2017;9:S17-S29.
20. Sager HB, Hulsmans M, Lavine KJ, et al. Proliferation and Recruitment Contribute to Myocardial Macrophage Expansion in 

Chronic Heart Failure. Circ Res 2016;119:853-64.
21. Prabhu SD, Frangogiannis NG. The Biological Basis for Cardiac Repair After Myocardial Infarction: From Inflammation to 

Fibrosis. Circ Res 2016;119:91-112.
22. Sager HB, Kessler T, Schunkert H. Monocytes and macrophages in cardiac injury and repair. J Thorac Dis 2017;9:S30-S35.
23. Doppler SA, Carvalho C, Lahm H, et al. Cardiac fibroblasts: more than mechanical support. J Thorac Dis 2017;9:S36-S51.
24. Frangogiannis NG. The role of transforming growth factor (TGF)-β in the infarcted myocardium. J Thorac Dis 

2017;9:S52-S63.
25. Kumarswamy R, Bauters C, Volkmann I, et al. Circulating long noncoding RNA, LIPCAR, predicts survival in patients with 

heart failure. Circ Res 2014;114:1569-75.
26. Ounzain S, Micheletti R, Beckmann T, et al. Genome-wide profiling of the cardiac transcriptome after myocardial infarction 

identifies novel heart-specific long non-coding RNAs. Eur Heart J 2015;36:353-68a.
27. Uchida S, Dimmeler S. Long noncoding RNAs in cardiovascular diseases. Circ Res 2015;116:737-50.
28. Hoelscher SC, Doppler SA, Dreβen M, et al. MicroRNAs: pleiotropic players in congenital heart disease and regeneration. J 

Thorac Dis 2017;9:S64-S81.
29. Doppler SA, Deutsch MA, Lange R, et al. Cardiac regeneration: current therapies-future concepts. J Thorac Dis 2013;5:683-97.
30. Ishigami S, Ohtsuki S, Tarui S, et al. Intracoronary autologous cardiac progenitor cell transfer in patients with hypoplastic left 

heart syndrome: the TICAP prospective phase 1 controlled trial. Circ Res 2015;116:653-64.
31. Tarui S, Ishigami S, Ousaka D, et al. Transcoronary infusion of cardiac progenitor cells in hypoplastic left heart syndrome: 

Three-year follow-up of the Transcoronary Infusion of Cardiac Progenitor Cells in Patients With Single-Ventricle Physiology 
(TICAP) trial. J Thorac Cardiovasc Surg 2015;150:1198-1207, 1208.e1-2.

32. Ishigami S, Ohtsuki S, Eitoku T, et al. Intracoronary Cardiac Progenitor Cells in Single Ventricle Physiology: The PERSEUS 
Randomized Phase 2 Trial. Circ Res 2017. [Epub ahead of print].

33. Takahashi K, Yamanaka S. Induction of pluripotent stem cells from mouse embryonic and adult fibroblast cultures by defined 
factors. Cell 2006;126:663-76.

34. Takahashi K, Tanabe K, Ohnuki M, et al. Induction of pluripotent stem cells from adult human fibroblasts by defined factors. 
Cell 2007;131:861-72.

35. Miki K, Endo K, Takahashi S, et al. Efficient Detection and Purification of Cell Populations Using Synthetic MicroRNA 
Switches. Cell Stem Cell 2015;16:699-711.

36. Delaney SK, Hultner ML, Jacob HJ, et al. Toward clinical genomics in everyday medicine: perspectives and recommendations. 
Expert Rev Mol Diagn 2016;16:521-32.



S4 Doppler et al. From development to regenerative concepts

© Journal of Thoracic Disease. All rights reserved. J Thorac Dis 2017;9(Suppl 1):S1-S4jtd.amegroups.com

37. Hamazaki T, El Rouby N, Fredette NC, et al. Concise Review: Induced Pluripotent Stem Cell Research in the Era of Precision 
Medicine. Stem Cells 2017;35:545-50.

Cite this article as: Doppler SA, Lange R, Laugwitz KL, 
Krane M. Cardiac development: from current understanding to 
new regenerative concepts. J Thorac Dis 2017;9(Suppl 1):S1-S4. 
doi: 10.21037/jtd.2017.03.131

Stefanie A. Doppler1

(Email: doppler@dhm.mhn.de)

Rüdiger Lange1,2

(Email: lange@dhm.mhn.de)

Karl-Ludwig Laugwitz2,3

(Email: laugwitz@mytum.de)

Markus Krane1,2

(Email: krane@dhm.mhn.de)
1Department of Cardiovascular Surgery, Division of Experimental Surgery, German Heart Center Munich, Technische Universität München, Munich, Germany;  

2DZHK (German Center for Cardiovascular Research), partner site Munich Heart Alliance, Munich, Germany;  
3I. Department of Medicine (Cardiology), Klinikum rechts der Isar der Technischen Universität München, Munich, Germany.

doi: 10.21037/jtd.2017.03.131
Conflicts of Interest: The authors have no conflicts of interest to declare.

View this article at: http://dx.doi.org/10.21037/jtd.2017.03.131

Markus Krane Karl-Ludwig Laugwitz Rüdiger Lange Stefanie A. Doppler


