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Abstract

host and graft-derived vascular cells.

Stem cell-based cardiac regenerative therapy is expected to be a promising strategy for the treatment of severe
heart diseases. Pluripotent stem cells enabled us to reconstruct regenerated myocardium in injured hearts as an
engineered tissue aiming for cardiac regeneration. To establish a long-term survival of transplanted three-
dimensional (3D) engineered heart tissues in vivo, it is indispensable to induce microcapillaries into the
engineered tissues after transplantation. Using temperature-responsive culture surface, we have developed
pluripotent stem cell-derived cardiac tissue sheets including multiple cardiac cell lineages. The application of
gelatin hydrogel microsphere between the cell sheet stacks enabled us to generate thick stacked cell sheets
with functional vascular network in vivo. Another technology to generate 3D engineered cardiac tissues using
cardiac cells and biomaterials also validated successful induction of vascular network originated from both
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Background

Stem cell-based cardiac regeneration is a rapidly expand-
ing paradigm to deliver therapeutic approaches for se-
vere cardiac disorders resistant to current therapies [1,
2]. The discovery of human induced pluripotent stem
cells (iPSCs) [3] opened the door toward in vitro formu-
lation of human myocardium aiming for cardiac regener-
ation. Engineered three-dimensional (3D) myocardial
tissue constructs generated from human iPSCs including
multiple cardiovascular lineage constructs are more likely
to replicate the dynamic organization and function of na-
tive myocardium and have emerged as a robust method-
ology to accomplish myocardial regeneration in animal
heart disease models [4-7]. In the context of cell
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transplantation to the heart, the 3D construct is reported
to be advantageous over single cell injection into the myo-
cardium because of the avoidance of mechanical loss re-
lated to the cell injection [8] and/or the higher survival
efficiency in vivo [9].

In addition with the biophysical advantages of 3D
structure in cell retainment after transplantation as de-
scribed above, the introduction of microcapillaries is an
important factor for long-term survival of the trans-
planted tissue. It is assumed that the transplanted tissue
survives only through the direct diffusion of oxygen and
nutrition at the initial stage of the transplantation, and
vascular formation perfusing the whole engineered tissue
would be indispensable for the long-term survival. It
means that the successful cardiac regenerative strategy re-
quires re-vascularization mechanisms to validate long-term
myocardial regeneration.

Cell sheet-based thick cardiac tissues
Cell sheet formulation is one of the principal methods to
generate 3D tissues from single cells [10]. Okano et al.
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reported a novel method to generate cell sheets using poly
(N-isopropylacrylamide) (PIPAAm), a temperature-re-
sponsive polymer which changes the property of culture
surface from hydrophobic to hydrophilic along with the
lowering of the temperature which enables us to collect
the confluent cell culture as a cell-sheet shape preserving
attachment molecule and extracellular proteins without
enzymatical digestion or physical damage [11]. Using this
method, we have reported a formulation of human iPS
cell-derived “cardiac tissue sheet (CTS)” including mul-
tiple cardiac cell lineages including cardiomyocytes and
vascular cells (vascular endothelial cells, and mural cells),
and a successful human myocardial regeneration and
functional recovery mainly mediated by paracrine mecha-
nisms such as angiogenesis in a rat myocardial infarction
model [6]. However, the extent of the engraftment was
not fully satisfactory requiring additional strategies to en-
hance the regenerative capacity.

It is also reported that the tissue thickening by the
simple layering of cell sheets is limited for less than four
layers because of the central necrosis due to the shortage
of oxygen and nutrition supply [12]. To overcome this
problem, we developed a cell-sheet stacking method to
insert gelatin hydrogel microsphere (GHM), which is a
biomaterial to work as a spacer between the cell sheets
securing oxygen and nutrition supply among the whole
cell sheet stacks. Using this method, we have reported a
successful myocardial regeneration using mouse embry-
onic stem cell-derived CTSs in a rat MI model [13]. The
engraftment efficiency of the stacked cell sheets with GHM
was > 10 times higher than those without GHM. We also
revealed that the transplantation of GHM-supported CTS
stacks was secured by microcapillary network between host
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and graft which was verified by the injection of fluorescent
dye-conjugated lectin via venous system of the host which
stained the capillaries inside the graft at 4 weeks after
transplantation (Fig. 1a). We stained the nuclei of cells con-
sisting CTSs with Hoechst 33342 before transplantation
and confirmed that the vasculature perfusing the engrafted
tissues were composed of graft-originated vascular cells. At
3 months after CTS-stack transplantation, the graft seems
to be similar with bona fide myocardium perfused with vas-
culature allocated in every 50 pum which is supposed to be
sufficient for the perfusion of the whole regenerated myo-
cardium (Fig. 1b).

Another method to induce vascular networks into the
cell sheet-based 3D structures is to generate “vascular-
ized cardiac cell sheets” using bioreactors [14, 15]. In
the study, the authors developed a bioreactor system
using a femoral muscle-based and a synthetic collagen
gel-based vascular beds which can provide fair perfu-
sion throughout the 12-layered cell sheets. This novel
system may also serve as a technology to induce vascu-
lar networks inside the engineered tissues.

Biomaterial-supported engineered cardiac tissue

Another format of 3D cardia tissue is biomaterials-sup-
ported engineered tissues which strongly support the
structural stiffness of the artificial tissue structure [4,
16-18]. Taking advantages of a 3D cardiac tissue for-
mation technology using rat [19] or chick [20] embry-
onic cardiac cells and a combination of biomaterials
(collagen I, Matrigel), we have developed self-pulsating
human iPS-derived engineered cardiac tissues (hiPS-
C-ECTs) with cylindrical [5] and mesh-like [7] shapes.

cTnT / Lectin / Hoechst

b 12 weeks after transplantation

cTnT / Lectin / Hoechst

Fig. 1 Vascular network formation after mouse embryonic stem cell-derived thick cardiac tissue sheets with gelatin hydrogel microsphere. cTnT
immunostaining for lectin (represents perfused vasculature)-perfused rat heart. Cardiomyocytes (cTnT, red), perfused vessels (lectin-stained, green),
and pre-stained graft nuclei (Hoechst, blue). a Four weeks after transplantation. Note that thick regenerated myocardium (double-headed arrow)
supported by dense perfused capillary networks (green) were formed. Capillaries (1) and larger vessels (Il) in the graft (green) were largely
Hoechst-positive. b Twelve weeks after transplantation. High magnification image of white box in the right panel. A compact myocardial tissue
with capillary vessels was formed. cTnT, cardiac troponin T. Scale bars 100 um in (b) (left), 50 um in (@) and (b) (right), 10 um in (@) (-I1). Referred
from reference no. 13 with modifications
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The incorporation of multiple cardiac cell lineages into
the hiPSC-ECTs enhanced the tissue function including
tissue stiffness evaluated by the measurement of Young’s
modulus, cardiomyocyte alignment, and sarcomeric ultra-
structural maturation shown by transmission electron
microscopy. The formulation of multiple lineages also val-
idated a better force-frequency relationship which is
known to be a parameter for tissue maturation [21].

The transplantation of hiPSC-ECTs onto a rat MI
model revealed an increase of capillaries around the
grafted tissue and a fair vascular network formation
throughout the regenerated myocardium at 4 weeks
after transplantation [5]. The injection of fluorescent
dye-conjugated lectin via venous system of the host
rat validated that the vascular network was functional
to perfuse the regenerated myocardium (Fig. 2a). The
immunohistochemical analyses for human nucleic
antigen, specific for human cells, and von Willebrand
factor, a specific marker for endothelial cells, showed
that the vasculature inside the regenerated myocar-
dium was composed of both host human and recipi-
ent rat cells (Fig. 2b). These results indicate that the
transplanted hiPSC-ECTs can survive through the
mechanism of vascular network formation between
host and graft.
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Mechanisms and significance of perfusion among
engineered 3D constructs in vivo

In 3D cardiac tissue formats introduced above, the
microcapillary network formation throughout the tissue
contributed to the long-term survival of the tissues. It is
possible that the mechanism of vascular network forma-
tion in vivo includes two different biological processes:
(1) Angiogenesis mediated by paracrine factors from trans-
planted engineered tissues, and (2) physical contribution of
transplanted vascular cells which can be incorporated into
newly formed vasculatures inside the regenerated myocar-
dium. The sufficient vascular formation by the collabor-
ation of these processes might be advantageous for
long-term 3D graft survival and a successful cardiac regen-
erative therapy. On the other hand, the required extent of
in vitro vascular formulation prior to in vivo transplant-
ation is still controversial. It may depend on the balance of
the in vitro conditions such as cellular composition/matur-
ation or culture microenvironment, and in vivo conditions
of transplanted site such as oxygen concentration or vascu-
lar supply which depends on disease conditions of the re-
cipient heart (Fig. 3). It requires further investigations to
optimize the suitable formulation for an efficient vascular
network formation in vivo and functional integration be-
tween host and graft.
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Fig. 2 Vascular network formation after human iPS cell-derived engineered cardiac tissues (hiPSC-ECTs) transplantation onto a rat
myocardial infarction model. a cTnT immunostaining for lectin (represents perfused vasculature)-perfused rat heart 4 weeks after
implantation of hiPSC-ECTs. (i) Lower magnification image. (i) and (iii) Higher magnification images. Perfused vasculature among (i) and
at central area (jii) of regenerated myocardium (arrows). b VWF (endothelial cell marker) and HNA double immunostaining. (i) Lower
magnification image. White arrows indicate promoted capillary formation around grafted tissue. Orange arrows indicate penetrating
vasculature. White dotted line indicates vasculature in the center of grafted tissue. (ii) and (i) Higher magnification images. (ii) Prominent
host-derived (HNA™) vascular formation around regenerated myocardium. (i) chimeric vasculature composed of both host (HNA™; orange
arrow) and graft (HNA*; white arrows) vascular cells. cTnT, cardiac troponin-T; DAPI, 4, 6 diamidino-2-phenylindole; LV, left ventricle; vWF,
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Fig. 3 Schematic summary of the mechanism of capillary formation in 3D cardiac tissue. Biological interaction between host and graft results in
capillary formation throughout the graft securing long-term graft survival

Conclusion

In the present review, we introduced various strategies
to induce microcapillaries for 3D engineered cardiac
tissues aiming to promote the effectiveness of stem
cell-based cardiac regenerative therapy. Further inves-
tigations for the post-transplantation vascularization
are anticipated.

Authors’ contributions
HM and JKY wrote the manuscript. Both authors read and approved the final
manuscript.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.

Author details

'Clinical Translational Research Program, RIKEN Center for Biosystems
Dynamics Research, 2-2-3 Minatojima-minamimachi, Chuo-ku, Kobe, Hyogo
650-0047, Japan. 2Clinical Translational Research Program, RIKEN Center for
Developmental Biology, Kobe, Japan. *Department of Cell Growth and
Differentiation, Center for iPS Cell Research and Application (CiRA), Kyoto
University, 53 Shogoin Kawahara-cho, Sakyo-ku, Kyoto 606-8507, Japan.
“Department of Cardiovascular Surgery, Kyoto University Graduate School of
Medicine, Kyoto, Japan.

Received: 17 June 2018 Accepted: 7 August 2018
Published online: 10 October 2018

References

1. Menasche P. Cell therapy trials for heart regeneration - lessons learned
and future directions. Nat Rev Cardiol. 2018; In press

2. Wu R, Hu X, Wang J. Concise review: optimized strategies for stem cell-
based therapy in myocardial repair: clinical translatability and potential
limitation. Stem Cells. 2018;36:482-500.

3. 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.

Zimmermann WH, Melnychenko |, Wasmeier G, et al. Engineered heart
tissue grafts improve systolic and diastolic function in infarcted rat hearts.
Nat Med. 2006;12:452-8.

Masumoto H, Nakane T, Tinney JP, et al. The myocardial regenerative potential
of three-dimensional engineered cardiac tissues composed of multiple human
iPS cell-derived cardiovascular cell lineages. Sci Rep. 2016,6:29933.

Masumoto H, lkuno T, Takeda M, et al. Human iPS cell-engineered cardiac
tissue sheets with cardiomyocytes and vascular cells for cardiac
regeneration. Sci Rep. 2014;4:6716.

Nakane T, Masumoto H, Tinney JP, et al. Impact of cell composition and
geometry on human induced pluripotent stem cells-derived engineered
cardiac tissue. Sci Rep. 2017,7:45641.

Teng CJ, Luo J, Chiu RCJ, et al. Massive mechanical loss of microspheres
with direct intramyocardial injection in the beating heart: implications for
cellular cardiomyoplasty. J Thorac Cardiovasc Surg. 2006;132:628-32.

Sekine H, Shimizu T, Dobashi |, et al. Cardiac cell sheet transplantation
improves damaged heart function via superior cell survival in comparison
with dissociated cell injection. Tissue Eng Part A. 2011;17:2973-80.
Masumoto H, Yamashita JK. Strategies in cell therapy for cardiac
regeneration. Inflamm Regen. 2013;33:114-20.

Okano T, Yamada N, Sakai H, et al. A novel recovery-system for
cultured-cells using plasma-treated polystyrene dishes grafted with

poly (N-Isopropylacrylamide). J Biomed Mater Res. 1993;27:1243-51.
Shimizu T, Sekine H, Yang J, et al. Polysurgery of cell sheet grafts overcomes
diffusion limits to produce thick, vascularized myocardial tissues. FASEB J.
2006;20:708-10.

Matsuo T, Masumoto H, Tajima S, et al. Efficient long-term survival of cell
grafts after myocardial infarction with thick viable cardiac tissue entirely
from pluripotent stem cells. Sci Rep. 2015;5:16842.

Sakaguchi K, Shimizu T, Okano T. Construction of three-dimensional
vascularized cardiac tissue with cell sheet engineering. J Control Release.
2015;205:83-8.

Sekine H, Shimizu T, Okano T. Cell sheet tissue engineering for heart failure.
In: Nakanishi T, Markwald RR, Baldwin HS, et al, editors. Etiology and
Morphogenesis of Congenital Heart Disease: From Gene Function and
Cellular Interaction to Morphology. Tokyo: Springer; 2016. p. 19-24. https://
www springer.com/la/book/9784431546276.

Eschenhagen T, Zimmermann WH. Engineering myocardial tissue. Circ Res.
2005;97:1220-31.

Tulloch NL, Muskheli V, Razumova MV, et al. Growth of engineered human
myocardium with mechanical loading and vascular coculture. Circ Res.
2011;109:47-59.

Ruan JL, Tulloch NL, Razumova MYV, et al. Mechanical stress conditioning
and electrical stimulation promote contractility and force maturation of
induced pluripotent stem cell-derived human cardiac tissue. Circulation.
2016;134:1557-67.

Fujimoto KL, Clause KC, Liu LJ, et al. Engineered fetal cardiac graft preserves
its cardiomyocyte proliferation within postinfarcted myocardium and
sustains cardiac function. Tissue Eng A. 2011;17:585-96.


https://www.springer.com/la/book/9784431546276
https://www.springer.com/la/book/9784431546276

Masumoto and Yamashita Inflammation and Regeneration (2018) 38:26

20. Tobita K Liu LJ, Janczewski AM, et al. Engineered early embryonic

21.

cardiac tissue retains proliferative and contractile properties of
developing embryonic myocardium. Am J Physiol Heart Circ Physiol.
2006;291:H1829-37.

Ronaldson-Bouchard K, Ma SP, Yeager K, et al. Advanced maturation of
human cardiac tissue grown from pluripotent stem cells. Nature. 2018;556:
239-43.

Page 5 of 5

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions k BMC




	Abstract
	Background
	Cell sheet-based thick cardiac tissues
	Biomaterial-supported engineered cardiac tissue
	Mechanisms and significance of perfusion among engineered 3D constructs in vivo

	Conclusion
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

