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Tissue engineering has paved the way for the development of artificial human cardiac muscle patches (hCMPs)
and cardiac tissue analogs, especially for treating Myocardial infarction (Ml), often by increasing its regenerative
abilities.

tissue engineering iPS-derived cardiac myocyte biodegradable scaffolds

| 1. Cell Types and Sources for Artificial h\CMP Fabrication

Originally, many investigations in myocardial regenerative medicine have focused on CMs, cells difficult to
proliferate and recover once damaged. CMs are responsible for generating a contractile force in the myocardium
[, In the heart, the newborn ratio for the number and volume ratio of CMs to non-CMs is 7:3. As the heart grows to
adult size. However, the volume ratio does not change, the ratio for the number of CMs to non-CMs becomes 3:7
with the non-CMs increasing in proportion 2. The cause of this ratio change has been hypothesized to be the
proliferation of non-CMs; from this, it is thought that the function of the heart is due to not only the CMs but also the

interaction of non-CMs and CMs.

CMs, endothelial cells (ECs), smooth muscle cells (SMCs), and cardiac fibroblasts (CFs) have been previously
used for hCMP production, in order to comprehensively reproduce the physical structures and signaling pathways
present in native heart tissue. ESCs and iPSCs are the most readily available sources of CM for human strains
because they can multiply indefinitely and differentiate into cells of different lineages. Both ESC-derived and iPSC-
derived CM are also more structurally similar to neonatal cells than adult CM, hindering applications of hCMPs
composed of immature iPSC-derived CM. However, clusters of other cell types (e.g., progenitor cells and
spheroids) have also been incorporated into the heart patch and evaluated in preclinical models of myocardial
injury Bl It is also important to note how Zhao et al. is working on differentiating muscle cells into specific
ventricular and atrial cells 21,

1.1. Skeletal Myoblasts (SMs)

SMs is the first discovered cell source for cell sheets and is now attracting many researchers for the treatment of
acute myocardial infarction (AMI). In basic research, SM has been applied following Ml in various animal models
such as rats, hamsters, dogs, pigs, etc. . SMs have an advantage as they can be autologously sourced, thereby

reducing concerns of eliciting an immune response and they possess ischemic resistance, the ability to
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differentiate into non-myocyte lines, and high proliferative potential. However, myoblasts do not express
myocardium-specific contractile proteins or connexin 43 when transplanted into the heart, causing them to be
electrically isolated and beat asynchronously with the recipient’s heart. SMs cannot form a gap junction with CMs,
which can cause arrhythmias. Myoblasts are generally known to compensate for damaged skeletal muscle by
proliferating and differentiating. When myoblasts are implanted as part of cardiac tissue engineering strategies,
part of their therapeutic benefit may be due to paracrine signaling due to their production and release of growth
factors and cytokines. Regarding the release of growth factors and cytokines, a study utilizing myoblast sheets
implanted in the heart tissue in a chronic MI rat model hypothesized that various cytokines such as hepatocyte
growth factor (HGF), vascular endothelial growth factor (VEGF), and stromal-derived factor-1 (SDF-1) were
released from transplanted cells [Bl. This hypothesis was largely due to the high expression of insulin growth factor
(IGF), improved cardiac function, and the increased expression of HGF and VEGF in the recipient myocardium [,
Furthermore, a high concentration of SDF-1, a chemokine for bone marrow-derived cells, as well as integration of
some stem cell-derived factors such as c-Kit and Sca-1 positive cells were reported. Uchiha et al. reported that
laminin a 2 secretory fibroblasts enhance the therapeutic effect of skeletal myoblast sheets by inhibiting the
detachment of transplanted myoblasts from transplanted myocardium . For this, it was suggested that myoblast
sheet transplantation may improve cardiac function self-repair by inducing stem cells with growth factors and
chemokines. On another note, previous non-clinical studies have shown that transplanted myoblasts cannot be
detected histologically six months after transplantation. When transplanted myoblast sheets fall off in the late
stages after transplantation, their function is maintained and the myoblasts express the hypoxia-inducible factor-1
(HIF-1) gene at a high rate . HIF-1 is responsible for angiogenesis at the transplant site as well as the induction
and recruitment of bone marrow mesenchymal stem cells (MSCs) E29, Although clinical trials utilizing cell sheets
of skeletal myoblast have demonstrated safety and feasibility before clinical use one should consider improving the
current SM-derived cell sheet by combining it with synchronous contraction devices to avoid the unknown effect of

myoblast sheets on advanced heart failure and the potential for fibrosis.

1.2. MSCs

MSCs’ immunomodulatory abilities and growth factor secretion capabilities show promise in the field of tissue
engineering, leading to many clinical trials for their use in the extensive treatment of ischemic heart disease L1, A
few studies have already suspended bone marrow MSCs on 3D hydrogels to test Ml in rat models. After 8 weeks,
the autologous MSCs significantly improved LV function, promoted angiogenesis at the periphery of the infarction,
and reduced infarction volume as well as suppressed apoptosis of host cardiomyocytes 4 weeks after
transplantation 12, Transplanted MSC sheets using cells obtained from bone tissue, adipose tissue, and menstrual
blood also showed some myocardial formation and dramatic paracrine effects that contribute to angiogenesis,
cardioprotection, improved LV function, and myocardial repair (Figure 1). MSCs can be applied not only in heart
sheets but also in regenerative blood vessels, for the cells contribute to the relaxation of the immune response of
tissue-engineered vascular grafts (TEVGs) 13l These applications confirm the safety of MSC and its partial

mechanism of action.
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Figure 1. MSCs and CMs can be used to regenerate the myocardium &,

1.3. Cardiomyocytes (CMs) (Fetal Myocardium and iPSCs)

The myocardium is similar to a skeletal muscle but is instead made up of many CMs, where each CM is electrically
connected to adjacent CMs by gap junctions allowing for synchronization of contraction and relaxation. CMs, like
skeletal muscle, are difficult to differentiate and mass-culture because CMs in healthy adults are rarely available.
Several research teams have reported that cell sheets derived from fetal or neonatal CMs can be used to treat Ml
in animals. Pioneering studies, using fetal CMs from 15-day-old mouse embryos have demonstrated that donor
cells survive after transplantation and administration to the heart 2. While this approach holds promise, the use of

fetal or neonatal CMs in humans would present a complex ethical dilemma.

In 1981, the discovery of pluripotent stem cells (PSCs) using mouse ESCs led to the creation of myocardium using
PSCs with the characteristics of infinite proliferation and highly efficient CM differentiation 14, ESCs and PSCs are
both created by extracting the internal cell mass of an early embryo, and the products have the versatility to
differentiate into all cells in the living body; a quality very advantageous as cell sources for the cell sheets 221, A cell
sheet using ESC-derived CMs was developed, where a new cardiovascular cell differentiation system can be
established from mouse ESCs, to collect CMs and vascular cells in vitro 18, However, the engraftment efficiency of
the ESC-derived (CTS) was considerably lower 4 weeks after transplantation, requiring further studies to
investigate another cell source for better cell survival and myocardial regeneration. Compared to the ESCs, iPSCs
that Yamanaka et al. developed can be generated from a patient's somatic cells without ethical issues, and

therefore have been studied for the treatment of M| 7],

It is also worth noting how electrical stimulation or excitation-contraction coupling can affect the amount and

duration of action potentials in CMs, thus increasing the number of synchronous contractions. Ruan-Circ et al.

https://encyclopedia.pub/entry/37187 3/9



Human Cardiac Muscle Patches in Cardiac Tissue Engineering | Encyclopedia.pub

conducted a study with collagen-based, bioengineered tissue created with CMs derived from hiPSCs; electrical
pacing combined with static stress conditioning led to a ~1.34 mN/mm? increase in force production, suggesting
maturation 181, Electrical stimulation can trigger several transcription factors such as NRF-1, GATA4, NFAT3, and
cytochrome c, leading to increased growth and maturation in CMs 12, However, electrical stimulation could lead to
arrhythmias due to the changes in electrical coupling 22. Moreover, most biomaterials used in 3D constructs are

still not synchronized, requiring new materials such as graphene to be added [211221(23],

1.4. Supporting Cells: Vascular Endothelial Cells, Fibroblasts, and SMCs

Blood vessels have a major role in the heart, transporting nutrients and oxygen using the flow of blood. Blood flow
is essential in regenerative medicine due to the large size of myocardial tissue, which requires a functional vascular
network within. Stevens et al. and others have shown that a cohesive heart patch composed of CMs, ECs, and
fibroblasts derived from human ESCs develops vascular structures that are essential for successful transplantation
in vivo. Arai et al. also used a combination of iCell, ECs, and fibroblasts to form a cardiac spheroid of interest.
Based on this idea, Arai et al. hope that blood flow can be ensured by mixing human umbilical vascular ECs when
creating structures based on iPSC-derived CMs [24 Recently, cardiac fibroblasts have been successfully
distinguished from human pluripotent stem cells(hPSCs); cells similar to natural cardiac fibroblasts in morphology,
gene expression, and proliferation. hPSC-derived cardiac fibroblast cocultured with hPSC-CM would increase the
rate of the action potential propagation compared to coculture with skin fibroblasts [(23l23  Optimal
combinations/ratios of cell types for reproducing complex 3D environments of native heart tissue continue to be an
active area of research. There is no doubt that both fibroblasts play an important role in scaffolds to create a large
structure such as that of myocardial tissue. SMCs secrete several angiogenic factors, including basic fibroblast
growth factors (bFGF), VEGFs, and HGFs 28 and a paracrine angiogenic effect is expected. SMC cells can also

induce differentiation from iPSC, and various methods have been reported 22,

| 2. How to Create Sheets

Advances in stem cell biology have made it possible to use various cells such as adult stem cells and iPSCs, and
advances in bio-3D printing have made it possible to create large tissue structures for transplantation. An approach
utilizing scaffolds, a method of seeding a vesicle into a three-dimensional and porous scaffold using a
biodegradable polymer material involves mixing and pouring cells and gel-like scaffolds (e.g., collagen) into a mold,
then arranging the cells using a 3D printer and a small amount of gel. Another method, bioprinting, has been
pursued as well where fiber-like cell-containing gels are bundled together. Spheroids and organoids-clumps of cells
have also attracted attention. By seeding these cell masses in metal needles or metal devices, organizing then

extracting them, one can create a three-dimensional structure that does not contain scaffolds (Figure 2a).

2.1. Cell Sheet Approach to Producing hCMP

Most clinical studies use sheets for their approach; for example, the cell sheet method developed by Professor

Okano of Tokyo Women’s Medical University consists of synthesizing myocardial tissues with a pulsating ability,
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without utilizing cell supports [28. The cell sheets are created using a special culture dish coated with poly N-
isopropyl acrylamide. To create sheets with sheet-like cells, one must generate and transplant tissues by stacking
each monolayer. Furthermore, a culture dish, with the ability to control cell desorption by changing the
hydrophilicity according to surface temperature, would be used for the recovery of the cell sheet. At a normal
culture temperature of 37 °C., it becomes a hydrophobic surface, and in this state, cell adhesion factors such as
fibronectin adhere to the surface of the normal culture dish. When the temperature drop treatment (32 °C or lower)
is performed, the surface of the instrument becomes hydrophilic, and the cells desorb from the surface of the

culture dish together with membrane proteins.

Because the cell sheet lacks exogenous/synthetic scaffolding, there are no concerns about the potential
immunogenicity of the scaffold material. A major advantage of creating tissues this way is that they maintain
adhesion proteins on the surface of the cell tissue body, so when transplanted into living organs, they have an
admirable integration function with the transplanted organ. Furthermore, cells in adjacent layers can form
connections between the layers that facilitate communication, including gap connections necessary for electrical

bonding.

2.2. 3D Printing; Spheroids, Contractile Forces, and Tubular EHTs

Early research used tissue printing techniques, where the printed constructs worked well with the cardiac system
and demonstrated high survival rates after 7 days of culture 22, However, these scaffolding-based tissue
engineering approaches also have some drawbacks; collagen and other biological molecules deteriorate the
scaffolds rapidly, showing that further research is needed for appropriate tissue engineering and/or cell delivery
techniques. 3D printing stacks up the previously mentioned spheroids, a method that leads to a higher function
expression compared to two-dimensional cultures. Spheroids also promote the differentiation of the myocardium,
promoting maturation 2%, Some of these spheroids use CMs, due to the advancement in IPS CM purification
methods that can create cells with 99% purity B1. In one study, transplanted spheroids composed of CPCs,
expressing ISL1-LIM-homeodomain transcription factors differentiated into CM and EC, contribute to the formation
of new blood vessels in the heart of infarcted mice B2, On a new note, bioprinting techniques are gaining traction
because they use CAD modeling to create large organs with controllable, native-like substances such as living
cells and other biological materials 23], Bioprinted hCMP without scaffolding is produced by loading spheroids one
by one into an array of needles, fusing them, then removing the hCMP and culturing it until the holes in the needle

are filled with the surrounding tissue.

Breckwoldt et al. developed hCMPs by differentiating human ESCs into hiPSC-CMs, a design that allows one to

analyze human heart diseases by checking the EHT force strength (241,

A system for evaluating the 3D contractile force of the heart’s structure is important for new drug development.
Although some research groups have already reported scaffold-based heart constructs, these scaffolding-based
heart structures cannot accurately predict the heart’s drug response in vivo due to the interaction between the drug

and scaffolding material 24, Heart structures without scaffolding, such as patches and spheroids, have been
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manufactured but have not been reported to accurately assess the contractile force of the 3D heart structure.
Although several studies have reported that contractile forces could be measured with the use of myocardial
structures such as organoids, the contraction evaluation of said studies cannot be accepted because the shrinkage
of the structure is very small and the reproducibility is poor [23l. Therefore, after creating a scaffolded three-
dimensional (3D) tubular heart structure with a bio-3D printer, Arai et al. established an analysis system that can

measure changes in needle tip movement as an index of the contractile forces.

Another study without the use of a scaffold consists of a tubular EHT (T-EHT), created using bio-3D printers with
hiPSC-CO and needle arrays, which produced beating conduits for patients suffering from monoventricular
disease. Researchers created a hiPSC-derived cardiac organoid composed of hiPSC-derived CMs, human cord
vein endothelial cells, and human fibroblasts (8. A bio-3D-printed T-EHT has been implanted around the
abdominal aorta as well as the inferior vena cava (IVC) of NOG mice. (Figure 2b) Muscle stripes were observed
with MLC2a, MLC2v, and a-actinin staining of tissue, all of which are indicators of maturation of myocardial tissue.
After the T-EHT, which had been in vivo for 4 weeks, was removed and cultured, researchers observed it to have a
spontaneous beat. Although the cultured T-EHT demonstrated an increased beating rate when researchers applied
a bipolar electrical pulse, abundant evidence had not been provided to prove whether the T-EHT supported blood
flow. Although a few of such non-scaffold myocardial structures have been reported, further advances in research
are awaited 7],
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Figure 2. (a) A combination of HIPSC-CMs, HIPSC-ECs and fibroblasts can be utilized to create cardiac spheroids

(28] (b) Figure of transplantation procedure of T-EHT, as well as the transplantation procedure, where the aorta and

IVC of mice are exposed 71,
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