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Editorial on the Research Topic
Bioengineering and Biotechnology Approaches in Cardiovascular Sciences

Medical science has often looked to the fields of bioengineering and biotechnology as tools that can facilitate the clinical translation of new therapeutic strategies. This Research Topic, Bioengineering and Biotechnology Approaches in Cardiovascular Sciences, focuses on cardiovascular bioengineering principles that seek to develop cells and tissues that fully recapitulate the functional properties of their native analogs. Early studies were frequently limited by a lack of cells, especially cardiomyocytes (CMs), but progress has accelerated since the development of techniques for reprogramming somatic cells into induced pluripotent stem cells (iPSCs) and then differentiating them into nearly any desired lineage. Here, we present a collection of 13 original research and review articles that provide the reader with a broad overview of recent discoveries and innovations that may expedite the use of bioengineered cells and tissues for therapeutic applications, disease modeling, and drug testing.
CARDIAC THERAPY
With pluripotent cells and their differentiated progeny beginning to be investigated in patients, Menasché has reviewed their use from a clinical perspective. The number of patients enrolled in these early-phase trials has been too low to conclusively evaluate the efficacy of treatment, but concerns regarding the potential for treatment-related oncogenesis are largely resolved, and no other safety issues have been observed. The author also notes that most of the improvements associated with cell transplantation can be replicated via administration of the products that the cells produce and secrete in culture, and that the practical benefits of secretome administration could be advantageous for clinical applications. Furthermore, some evidence suggests that much of the benefit of myocardial cell therapy may be attributable to an acute immune response; Elde et al. briefly discuss how this new insight intersects with recent innovations in molecular and cell biology, biomaterials, biomechanics, and tissue engineering.
Much of the work in regenerative myocardial therapy has focused on CMs—the fundamental contractile units of the heart—and on the vascular cells that support them. However, Chen et al. discuss how cardiac fibroblasts (CFs) may contribute to myocardial regeneration by inducing CM proliferation and modulating the stiffness of the extracellular matrix. Notably, iPSCs retain many of the epigenetic characteristics present in the cells from which they were reprogrammed. Thus, iPSCs generated from CFs may be more suitable for cardiac therapy than those produced from other cell lineages. Conventional methods for iPSC-CM differentiation have been conducted in culture plates with two-dimensional (2D) cell sheets, but Kahn-Krell et al. introduce a three-dimensional (3D) differentiation protocol that is more suitable for commercial production. Their approach yields up to 1.5 million cells/mL, with an efficiency of greater than 98% and lower between-batch variability than traditional 2D protocols.
CFs have also been reprogrammed directly into CMs without passing through an intermediate iPSC stage, which suggests that the endogenous pool of CFs could serve as a source of new CMs for remuscularizing damaged myocardium. Riching and Song provide an in-depth review of direct CF-to-CM reprogramming, including the endogenous signaling pathways and epigenetic markers that influence reprogramming efficiency, as well as less extensive discussions of therapeutic revascularization and the transient induction of CM proliferation. Both direct and indirect reprogramming are discussed by Chingale et al., who also review the use of viral and non-viral vectors, methods for targeting reprogramming vectors and therapeutics to the heart, and how cell-derived proteins, exosomes, and microRNAs have been used to overcome limitations in cell production. They also highlight recent advancements in the manufacturing of cardiac patches via 3D bioprinting.
Cardiac function can also be compromised by disruptions in heart rhythm, and although electronic pacemakers can be life-saving, they cannot adapt to somatic growth or respond to physiological changes in the autonomic nervous system. Thus, this collection of articles also includes a report by Naumova and Lop, who review strategies for applying the principles of bioengineering and biotechnology to the development of biological pacemakers.
TISSUE ENGINEERING
Many engineered tissues are produced by suspending cells within a biomaterial scaffold, but ensuring that the cells are homogenously distributed throughout the 3D scaffold can be challenging for constructs of clinically relevant sizes. Cunnane et al. have developed a semi-automated seeding device that can homogenously distribute up to 200 million cells along both the length and circumference of 10-cm long tissue-engineered vascular grafts (TEVGs). When transplanted into the carotid arteries of sheep, mechanical and histological assessments conducted 10 weeks later confirmed graft patency and indicated that the TEVG was being gradually remodeled with the native tissue.
Engineered tissue transplants are frequently secured in place with sutures or bioglues, which may fail to provide adequate adhesion strength or induce secondary damage, cytotoxicity, and adverse immune reactions. Chen et al. explore the mechanisms that influence transplant adhesion and then highlight the development of scaffolds that are intrinsically adhesive [i.e., adhesive tissue engineered scaffolds (ATESs)]. They also discuss some of the key challenges associated with the use of ATES in specific tissue engineering applications and strategies for both qualitatively and quantitatively monitoring adhesion. Furthermore, the integrity and function of transplanted tissues are crucially dependent on adequate vascularization. Although skeletal muscle myoblasts (SMMs) have been extensively studied for treatment of cardiac injury with little evidence of myocardial regeneration, they appear to improve recovery and limit remodeling by secreting cytokines that promote angiogenesis. Skeletal muscle fibroblasts (SMFs) also secrete pro-angiogenic cytokines. Thummarati and Kino-Oka demonstrate that the formation of endothelial networks in multilayered sheets of human SMMs and SMFs was greatest when 30–40% of the cells were SMFs. Thus, combinations of human SMFs and SMMs may improve the vascularity and transplantation efficiency of engineered tissues.
PRECLINICAL AND IN VITRO MODELING
The clinical translation of new pharmaceutical and cell-based treatments is crucially dependent on the development of appropriate animal models. Shin et al., review the challenges associated with modeling the complexity of human ischemic cardiovascular disease in large animals, which include not only the anatomical and physiological differences between animals and humans, but also species-specific surgical modifications, limitations in sample size, and a lack of sufficient transparency in published reports. Large animal studies are also typically conducted in young, healthy animals and, consequently, fail to replicate the variations in age, comorbidity, and overall health observed in patients.
Because the clinical implications of observations in animals are limited by fundamental differences between humans and the model species, the results from animal studies are best interpreted in concert with those from experiments performed with engineered human tissue and organoid chips. These technologies are more physiologically relevant than conventional cell-culture models, because they are designed to replicate key properties of the native environment, including interactions among multiple cell types, mechanical stress, and other dynamic factors. Furthermore, since iPSCs can be differentiated from the somatic cells of each individual patient, chips constructed with iPSC-derived cells could be powerful tools for personalizing patient diagnosis and treatment. Chan and Huang review the design and construction of tissue chips and their application as models for studying the pathogenesis of cardiovascular disease and drug testing, while Zhao et al. discuss organoids and organoid chips, which mimic the even more complex structural and functional properties of entire organs. Organoid chips have already been used to model the lung, kidney, and blood-brain barrier, but the functional and structural integrity of organoid models may be compromised by deficiencies in vascularity; thus, the authors include a detailed discussion of techniques such as 3D and 4D (i.e., 3D plus time) bioprinting that can be used to generate more extensive and sophisticated vascular networks.
SUMMARY
The articles presented in this Research Topic provide a synopsis of many of the most recent advancements in cardiovascular cell and tissue bioengineering. The Editors are pleased to highlight this work and hope that it may help provide a foundation for future studies that could lead to the development of transformative new investigational tools and therapeutic approaches in the field of cardiovascular medicine.
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Skeletal muscle comprises a heterogeneous population of myoblasts and fibroblasts. Autologous skeletal muscle myoblasts are transplanted to patients with ischemia to promote cardiac regeneration. In damaged hearts, various cytokines secreted from the skeletal muscle myoblasts promote angiogenesis and consequently the recovery of cardiac functions. However, the effect of skeletal muscle fibroblasts co-cultured with skeletal muscle myoblasts on angiogenic cytokine production and angiogenesis has not been fully understood. To investigate these effects, production of vascular endothelial growth factor (VEGF) and hepatocyte growth factor (HGF) was measured using the culture medium of monolayers prepared from various cell densities (mono-culture) and proportions (co-culture) of human skeletal muscle myoblasts (HSMMs) and human skeletal muscle fibroblasts (HSMFs). HSMM and HSMF mono-cultures produced VEGF, whereas HSMF mono-culture produced HGF. The VEGF productivity observed in a monolayer comprising low proportion of HSMFs was two-fold greater than that of HSMM and HSMF mono-cultures. The production of VEGF in HSMMs but not in HSMFs was directly proportional to the cell density. VEGF productivity in non-confluent cells with low cell-to-cell contact was higher than that in confluent cells with high cell-to-cell contact. The dynamic migration of cells in a monolayer was examined to analyze the effect of HSMFs on myoblast-to-myoblast contact. The random and rapid migration of HSMFs affected the directional migration of surrounding HSMMs, which disrupted the myoblast alignment. The effect of heterogeneous populations of skeletal muscle cells on angiogenesis was evaluated using human umbilical vein endothelial cells (HUVECs) incubated with fabricated multilayer HSMM sheets comprising various proportions of HSMFs. Co-culturing HSMFs in HSMM sheet at suitable ratio (30 or 40%) enhances endothelial network formation. These findings indicate the role of HSMFs in maintaining cytokine balance and consequently promoting angiogenesis in the skeletal muscle cell sheets. This approach can be used to improve transplantation efficiency of engineered tissues.

Keywords: skeletal muscle cell sheet, fibroblast co-culture, cytokine balance, myoblast alignment, angiogenesis, tissue engineering


INTRODUCTION

Transplantation of skeletal muscle myoblasts is a promising therapeutic strategy for myocardial infarction (Pagani et al., 2003). Easy availability and lack of immunologic barriers are the major advantages of using skeletal muscle myoblasts for transplantation (Dib et al., 2005b; Menasche, 2007). Furthermore, transplantation of autologous skeletal muscle myoblasts into the heart is reported to be safe and efficient in humans (Menasche et al., 2001; Durrani et al., 2010). Previous studies have revealed that various factors of skeletal muscle myoblasts induce angiogenesis and recruit the progenitors at the infarcted area, which result in the induction of cardiac tissue and recovery of heart function (Suzuki et al., 2001; Murtuza et al., 2004; Memon et al., 2005; Shirasaka et al., 2013). Additionally, the implantation of multilayered skeletal muscle myoblast sheets enhances angiogenesis both in vitro (Ngo et al., 2013) and in vivo (Sekiya et al., 2009; Miyagawa et al., 2017).

Similar to myoblasts, fibroblasts, which are the most common cell type in the connective tissues, can synthesize and secrete proangiogenic growth factors such as vascular endothelial growth factor (VEGF) and hepatocyte growth factor (HGF). In addition, fibroblasts synthesize extracellular matrix (ECM) components, such as collagen, fibronectin and proteoglycans that can promote angiogenesis in ischemia areas (Newman et al., 2011; Kendall and Feghali-Bostwick, 2014; Chapman et al., 2016). However, increased number of fibroblasts may result in excessive deposition of ECM and consequently fibrosis (Mann et al., 2011; Kendall and Feghali-Bostwick, 2014). Thus, co-transplantation of skeletal muscle myoblasts and a small proportion of fibroblasts can be a potential strategy for myocardial tissue regeneration. The proportion of fibroblasts and myoblasts in the skeletal tissue may vary depending on the tissue source, which may affect the therapeutic efficacy of transplantation. There is limited understanding of the effect of heterogeneous populations of skeletal muscle myoblasts and fibroblasts on cytokine production and angiogenesis.

Various potent growth factors are reported to function as angiogenic simulators in ischemic areas. VEGF, HGF, and basic fibroblast growth factor (bFGF or FGF2), which are direct proangiogenic markers that promote angiogenesis (Fallah et al., 2019; Laddha and Kulkarni, 2019), are experimentally demonstrated to improve cardiac functions. Combined delivery of HGF and VEGF to infarcted myocardium showed an increase of left ventricle (LV) wall thickness and capillary density, reduce myocardial infarction size and improve dilatation index (Makarevich et al., 2018). Clinical trials have demonstrated enhancing myocardial perfusion leading to a better cardiac function and well-tolerated following therapy with VEGF, HGF, and FGF2 (Atluri and Woo, 2008). VEGF exerts its physiological functions by binding to two homologous VEGF receptors, which are expressed on vascular endothelial cells (Carmeliet, 2005; Fallah et al., 2019). VEGF directly acts on the endothelial cells to enhance migration, increase permeability, and enhance survival during vascularization and angiogenesis (Zachary and Gliki, 2001). Injection of skeletal myoblasts with genetic modifications to upregulate the expression of VEGF was reported to effectively treat acute myocardial infarction through vasodilatory and angiogenic effects (Suzuki et al., 2001; Haider et al., 2004). However, this therapeutic strategy of gene transfer involves viral vectors, which are associated with adverse effects and ethical concerns (Kim et al., 2001). HGF, a potent mitogen for various cell types, including endothelial cells, promotes endothelial cell motility, interaction, branching morphogenesis, and/or tubular morphogenesis during angiogenesis and vascularization (Morimoto et al., 1991; Rosen et al., 1997). Furthermore, previous studies have demonstrated the therapeutic effects of HGF on myocardial infarction in vivo (Nakamura et al., 2000; Ueda et al., 2001; Jin et al., 2003; Liu et al., 2016). The HGF-engineered skeletal myoblasts promote angiogenesis, reduce myocardial fibrosis, and decrease apoptosis of cardiomyocytes (Yuan et al., 2008; Madonna et al., 2015). FGF2 is also reported to exert therapeutic effects in ischemia by regulating angiogenesis through regulation of various cell-cell interactions (Murakami and Simons, 2008) and other growth factors or chemokines, including VEGF (Masaki et al., 2002; Kanda et al., 2004) and HGF (Onimaru et al., 2002).

This study aimed to investigate the effect of co-coculturing human skeletal muscle fibroblasts (HSMFs) with human skeletal muscle myoblast (HSMM) sheets on cytokine balance and angiogenesis in vitro. Angiogenic cytokine productivity was measured in the monolayers prepared from various seeding densities (mono-culture) and proportions (co-culture) of HSMFs and HSMMs. The dynamic behavior of cells in the monolayer was analyzed to understand the mechanism underlying cytokine production in the skeletal muscle cells. The effect of co-culturing HSMFs in five-layered HSMM sheet on angiogenesis was evaluated using an in vitro angiogenesis model mimicking the transplantation area.



MATERIALS AND METHODS


Cell Culture and Preparation

In this study, human skeletal muscle cells (Lot. No. 6F4296; Lonza, Walkersville, Inc., Walkersville, MD, United States) that contain HSMMs and HSMFs were used for the experiments. The skeletal muscle cells were sub-cultured at 37°C and 5% CO2 in skeletal cell growth medium-2 (SkGM-2; Lonza, Walkersville, MD, United States), which was formulated by combining SkBM-2 Basal Medium (Cat. No. CC-3246) and SkGM-2 SingleQuots Supplements and Growth Factors (Cat. No. CC-3244). The desmin-positive and desmin-negative cells were identified as HSMMs and HSMFs, respectively (Kino-oka et al., 2013). The proportion of HSMMs and HSMFs in the original human skeletal muscle cells or “pre-sorted cells” was 68.1 and 31.9%, respectively (Supplementary Figure 1).

The HSMMs and HSMFs were sorted using fluorescence-activated cell sorting (FACS). The pre-sorted cells were stained with Alexa Fluor 488-conjugated anti-CD56 (NCAM) antibody (Cat. No. 2191555, Sony, Sony Biotechnology, Inc., San Jose, CA, United States) at 5 μl to 1 × 106 cells, following the manufacturer’s instructions. The cells were then sorted using a cell sorter (JZAN JR; Bay Bioscience, Co., Ltd., Japan) based on cell size and CD56-Alexa Fluor 488 fluorescence intensity (Supplementary Figure 1D). The sorted CD56+ and CD56– cells (post-sorted cells) were cultured at 37°C and 5% CO2 in SkGM-2 medium. The purity of pre-sorted cells and post-sorted cells was determined by culturing the cells in SkGM-2 medium for 24 h. Next, the cells were fixed with 4% formaldehyde (Wako Pure Chemical Industries, Tokyo, Japan) for 15 min and permeabilized with 0.5% Triton X-100 for 20 min. The cells were blocked with 1% bovine serum albumin (BSA) for 90 min and incubated with a mixture of anti-desmin antibody (Y66) (Cat. No. ab32362, Abcam, United States) at 1:250 dilution, and anti-fibroblast antibody (clone TE-7) (Cat. No. CBL271, Millipore, United States) at 1:100 dilution prepared in 1% (w/v) BSA at 4°C overnight. The cells were washed and immunolabeled with a mixture of Alexa Fluor 594 goat anti-rabbit IgG (Cat. No. A11001, Molecular Probes, Life Technologies, United States) at 1:250 dilution and Alexa Fluor 488 goat anti-mouse IgG (Cat. No. A11012, Molecular Probes, Life Technologies, United States) at 1:250 dilution prepared in 1% (w/v) BSA for 1 h at room temperature, followed by counterstaining with 4′-6-diamidino-2-phenylindole (DAPI) (Cat. No. D1306, Molecular Probes, Life Technologies, United States).



Culturing HSMMs and HSMFs at Various Initial Cell Densities

The sorted HSMMs or HSMFs were cultured in SkGM-2 medium at various initial seeding densities (X0) (0.1 × 105, 0.8 × 105, and 3.5 × 105 cells/cm2) inside a Teflon ring (area: 0.95 cm2) placed in 24 well plates. The Teflon rings were removed after incubation at 37°C and 5% CO2 for 24 h. The cultured medium was replaced every 24 h and collected at 72 h for measuring the levels of cytokines.



Preparation of Monolayer With Various HSMM:HSMF Ratios

The sorted HSMMs were mixed with HSMFs in various proportions from 0 (no HSMF) to 100% HSMF (HSMF:HSMM ratios from 0:20 to 20:0) and seeded inside a Teflon ring (area: 0.95 cm2) placed in 24 well plates at X0 of 3.5 × 105 cells/cm2. The cells were incubated for 24 h at 37°C and 5% CO2 to form the monolayer. After 24 h, the Teflon rings were removed, and the culture medium was replaced with fresh medium. The cultured medium was collected at 72 h for cytokine measurement.

To prepare a monolayer for cell alignment analysis, the sorted HSMFs were stained with CellTracker Green CMFDA (Cat. No. C7025, Invitrogen, Thermo Fisher Scientific, United States). Next, the stained HSMFs were mixed with HSMMs and seeded (X0 of 3.5 × 105 cells/cm2) inside a Teflon ring (area: 0.95 cm2) placed in 24 well plates. After 24 h, the Teflon rings were removed, and the culture medium was replaced with fresh medium. At 48 h, the attached cells were stained with NucBlue Live ReadyProbe Reagent (Hoechst 33342) (Cat. No. R37605, Molecular Probe, Life Technologies, United States), following the manufacturer’s instructions.



Quantitative Analysis of HSMM and HSMF Migration and Cell Alignment

Figure 1 shows the analysis of cell migration and alignment data from cell tracking and time-lapse observation. Images of stained nuclei and HSMFs in the monolayer were captured every 1 for 24 h using the IN Cell Analyzer 2000 (GE Healthcare) under a 20X objective lens. The original images (1.5 mm × 1.5 mm) of stained cells were captured in an 8-bit gray scale with a resolution of 0.74 μm/pixel. The images were captured from three random areas from duplicate samples in the 24 well plates. For quantitative analysis, 100 nucleus-stained cells from the local density in three regions of interest (ROI; 0.8 mm × 0.8 mm) from duplicated samples were used. The cells from sequence images were measured at position (X,Y) using Image J software (Manual tracking plugin), and the data were visualized in a trajectory plot. The migration velocity ([image: image], μm/h) and directional angle [θ and θ′, degree (°)] were quantified as shown in Figures 1B,C, respectively. The frequency of migration angle of cells during 48–72 h of incubation was plotted in a histogram. The cell alignment index (CAI) was defined as the amount of variation (standard deviation, σ) of the migration angle of cells. A high σ value indicates a high degree of cell alignment disruption.


[image: image]

FIGURE 1. Quantifying cell migration in monolayer using time-lapse image data analysis. (A) Diagram showing experimental procedure and data analysis of time-lapse images. The cells in the monolayer prepared using skeletal muscle cells with various proportion of human skeletal muscle fibroblast (HSMF) and human skeletal muscle myoblast (HSMM) were stained with Hoechst 33342. The images were captured every 1 h during 48–72 h of incubation. The positions (X,Y) of the nucleus were measured using Image J with Manual tracking plugin to evaluate the migration velocity ([image: image], μm/h), direction angle (θ′), and cell alignment index (CAI) for cell alignment analysis. (B) Cell positions at each hour were measured to calculate the distance between track point and average migration velocity. (C) The positions of the cell at origin (t = 0.00 h) and at the end point (t = 24.00 h) were measured to evaluate the anti-clockwise angle (θ′) of cell migration.




Measurement of Cytokine Productivity

Cytokine levels were measured in the cultured medium collected from triplicate samples at 72 h. The levels of VEGF, HGF, and FGF2 were measured using the human VEGF Quantikine enzyme-linked immunosorbent assay (ELISA) assay (Cat. No. DVE00, R&D Systems, Inc., United States), human HGF ELISA Kit (Cat. No. KAC2211, Invitrogen, Thermo Fisher Scientific, United States), and human FGF Quantikine ELISA (Cat. No. DFB50, R&D Systems, Inc., United States), respectively, following the manufacturer’s instructions. The Sf 21-expressed recombinant human VEGF165, E. coli-expressed recombinant human basic FGF and recombinant human HGF provided from the ELISA kits were used to establish the standard curve. The baseline levels of these cytokines in cultured media without cells were measured. At 72 h, the cells in monolayer were fixed with 4% paraformaldehyde and the nuclei were stained with DAPI (Cat. No. D1360, Invitrogen, Thermo Fisher Science, United States) to determine the total cell number in the monolayer. Cytokine productivity refers to the amount of cytokine (pg) produced per cell per hour (pg/cell × h) or per sheet (pg/sheet × day).



Incubation of Five-Layered HSMM Sheets With Green Fluorescent Protein-Tagged Human Umbilical Vascular Endothelial Cells (GFP-HUVECs)

A five-layered HSMM sheet containing different proportions of HSMFs was fabricated according to a previous method (Nagamori et al., 2013). Briefly, the HSMMs and HSMFs were sub-cultured and mixed at various proportions of 0 (no HSMF), 10, 30, and 40% HSMF (HSMF:HSMM ratios of 0:20, 2:18, 6:14, and 8:12). The cells were seeded at X0 of 3.5 × 105 cells/cm2 inside Teflon rings (0.95 cm2) placed in the 24 well UpCell plates (CellSeed, Tokyo, Japan) with a temperature-responsive surface. The cells were incubated for 24 h at 37°C and 5% CO2 to allow the formation of a monolayer sheet. To harvest the monolayer sheet, a gelatin stamp was overlaid onto the monolayer sheet in a well at 37°C. The temperature was decreased to 20°C, and the stamp was removed with the monolayer sheet from the bottom surface of the well. These steps were then repeated to sequentially harvest the monolayer sheets to form a multilayered construct. The multilayered sheet was transferred to the center of a 35 mm culture dish (ibidi GmbH, DE), which was seeded with GFP-HUVECs (Lot. No. 20100201001; Angio-Proteomie, MA, United States) (X0 of 0.1 × 105 cells/cm2) in endothelial cell growth media-2 (EGM-2) at 37°C and 5% CO2 for 24 h. At the sampling time (t), triplicate samples were harvested for quantitative analysis. During the incubation period, the medium was changed every day.



Evaluation of GFP-HUVEC Network Formed Inside Multilayered HSMM Sheet

The images of eight positions in each sample were captured using a 10X objective lens of a confocal laser scanning microscope (FV-10i, Olympus, Tokyo, Japan). All images were converted to 8-bit gray scale with a size of 256 × 256 pixels covering an area of 1.27 mm × 1.27 mm. The images were processed (Image-Pro Plus; Media Cybernetics, Inc., Bethesda, MD, United States) using a low-pass filter for primary noise removal and binarization with a fixed intensity threshold. The threshold intensity was set as the average of the mode intensity and automatic threshold intensity. The binary images were subjected to skeletonization and secondary noise removal with a size threshold to remove items with a size of less than 16 pixels. The small branches were pruned in the objects. The total length of the network per image area (L; cm–1) and the number of total tips of the network (NT; tip/cm2) were measured to estimate the degree of HUVEC network formation (L/N; cm/tip). The tips at the edge of the image were not counted.



Statistical Analysis

All experimental data are expressed as mean ± standard deviation. Each experiment was performed on three independent sample (n = 3) for quantitative analysis. The differences among multiple groups were evaluated using one-way analysis of variance (ANOVA), followed by Bonferroni or least-significant different (LSD) post hoc test (SPSS 26.0). The differences were considered statistically significant when the P-value was less than 0.01.



RESULTS


Effect of HSMF on Cytokine Productivity in HSMM Monolayer

Cytokine production in the monolayers prepared from skeletal muscle cells with various proportions of HSMF from no HSMF to 100% HSMF (HSMF:HSMM ratios from 0:20 to 20:0) was investigated after 72 h of culturing. The culture media of different groups were collected at 72 h to measure the levels of VEGF, HGF, and FGF2 (Figure 2A). VEGF productivity in monolayers derived from mono-cultures of HSMMs and HSMFs were 4.19 ± 0.10 × 10–5 and 4.18 ± 0.38 × 10–5 pg/cell × h, respectively. The VEGF productivity in the monolayer prepared from skeletal muscle cells with 15% (HSMF:HSMM ratio of 3:17) HSMF was approximately twofold higher (8.93 ± 0.45 × 10–5 pg/cell × h) than that in the monolayer prepared from mono-cultures of HSMF or HSMM (P < 0.01). The VEGF productivity decreased when the percentage of HSMF was higher than 15% (Figure 2B). In contrast to VEGF productivity, HGF productivity in the monolayer derived from HSMM mono-culture was low (0.33 ± 0.33 × 10–5 pg/cell × h). HGF productivity in the monolayer derived from HSMF mono-culture was 27.4 ± 2.27 × 10–5 pg/cell × h (Figure 2C). The baseline levels of VEGF and HGF in culture media without cells used in this experiment were 0.11 ± 0.19 and 0.05 ± 0.09 pg/ml, respectively. The levels of FGF2 were almost undetectable under all conditions (data not shown). These results indicate that varying the proportions of HSMM and HSMF in the skeletal cell monolayer differentially affected the production of cytokines. HGF was secreted only by HSMFs. The production of VEGF in the HSMM monolayers can be upregulated by introducing a small proportion of HSMFs.
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FIGURE 2. Cytokine productivity in monolayers of skeletal muscle cells. (A) A schematic drawing shows the experimental design. The monolayers were prepared with various proportions of HSMFs and HSMMs (I) or using various initial seeding densities (X0) of HSMFs or HSMMs (II). The culture medium of monolayers was collected at 72 h to measure the cytokine levels using enzyme-linked immunosorbent assay (ELISA). (B) Effect of co-culturing HSMFs and HSMMs with various proportions in a high initial density on vascular endothelial growth factor (VEGF) productivity and (C) hepatocyte growth factor (HGF) productivity. (D) The HSMMs and HSMFs were cultured various X0 at 0.1 × 105 (low), 0.8 × 105 (middle) and 3.5 × 105 cells/cm2 (high) for 72 h. The productivities of vascular endothelial growth factor (VEGF) and hepatocyte growth factor (HGF) (E) in the culture medium were measured. Data are represented as average cytokine productivity ± standard deviation from triplicate samples (n = 3). *P < 0.01; one-way analysis of variance (ANOVA), followed by Bonferroni post hoc test.




Effect of Cell Density on Cytokine Productivity in HSMMs and HSMFs

The effect of a small proportion of HSMFs in the HSMM monolayers on VEGF productivity was evaluated by examining the cell-to-cell contact. The productivities of VEGF in the sorted HSMMs cultured at low (0.1 × 105 cells/cm2), medium (0.8 × 105 cells/cm2), and high (3.5 × 105 cells/cm2) X0 values, which resulted in varying degrees of cell-to-cell contacts, were compared with those of HSMFs. The productivity of VEGF in the monolayer derived from low X0 value of HSMMs was 20.7 ± 1.46 × 10–5 pg/cell × h. However, the productivity of VEGF in the monolayers derived from medium and high X0 values of HSMMs significantly decreased to 10.3 ± 0.07 × 10–5 (P < 0.01) and 5.18 ± 0.58 × 10–5 pg/cell × h (P < 0.01), respectively. The productivity of VEGF in the HSMF mono-culture varied, which was not related to X0. The productivities of VEGF in the monolayer derived from low, medium, and high X0 values of HSMFs were 2.18 ± 1.27 × 10–5, 6.90 ± 0.61 × 10–5, and 5.53 ± 0.60 × 10–5 pg/cell × h, respectively (Figure 2D). The productivity of HGF was high in the monolayer derived from HSMF mono-cultures at all X0 values but was almost undetectable in the monolayer derived from HSMM mono-culture. The productivities of HGF in the monolayers derived from low, medium, and high X0 values of HSMFs were 22.0 ± 0.39 × 10–5, 21.1 ± 4.47 × 10–5, and 24.3 ± 4.16 × 10–5 pg/cell × h, respectively. Additionally, the productivity of HGF was similar in the monolayers prepared from different X0 values of HSMFs (Figure 2E). These results suggest that HSMF-mediated myoblast-myoblast contact disruption might promote VEGF production in HSMMs.



Migration of HSMMs and HSMFs in the Monolayer

Next, the ability of HSMF in the HSMM monolayer to disrupt myoblast-to-myoblast contact was analyzed. Additionally, time-lapse analysis was performed to analyze the interaction and migration of HSMM and HSMF in the monolayer. The migration of HSMFs in the monolayer was hypothesized to disrupt the myoblast-to-myoblast contact, which may alter the directional migration and alignment of HSMMs. To verify this hypothesis, an HSMM monolayer containing CellTracker GreenTM-labeled HSMFs of 2% (HSMM:HSMF ratio of 1:49) was prepared to observe the individual HSMF cell migration behaviors. The nuclei of cells in the monolayer were stained with Hoechst 33342, and the cell migration was tracked during 48–72 h. Directional migration of HSMMs in the HSMF-free area was compared with that of HSMM in the HSMF-surrounded area (Figure 3A). The trajectory plot revealed that HSMMs in the HSMF-surrounded area exhibited random migration, whereas those in the HSMF-free area exhibited unidirectional migration (Figure 3B and Supplementary Movie 1). This indicated that HSMFs are involved in myoblast-to-myoblast contact disruption.
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FIGURE 3. Dynamic behavior of HSMM cell migration in the monolayer comprising a small proportion of HSMF population. (A) A HSMM cell monolayer comprising 2% HSMF was prepared to analyze the migration of HSMMs in the HSMF-free and HSMF-surrounded areas. The HSMFs were stained with CellTracker GreenTM to distinguish them from HSMMs. All cells in the monolayer were stained with Hoechst 33342. The images were captured every 1 h during 48–72 h. Yellow arrow defines the direction of cell migration in the local area. (B) Representative trajectory plots showing directional migration of 100 HSMMs from each area. The direction and velocity of cell migration of 100 cells were measured at every position and plotted in the trajectory plot.




Quantification of Cell Migration and Alignment in Monolayer Comprising Various HSMF Proportions

To confirm the role of HSMFs in myoblast-to-myoblast contact disruption, cell alignment in the monolayer prepared using HSMMs and various proportions of HSMFs was analyzed using an inverted microscope. The HSMM monolayer without HSMFs exhibited uniform cell alignment. The cell alignment was poor in some areas of the monolayer comprising a small proportion of HSMFs. The cell alignment was completely dysregulated in the monolayer comprising high proportion of HSMFs (Supplementary Figure 2). The HSMFs exhibited active migration in the monolayer comprising low proportions of HSMF (5 to 15% HSMF). Additionally, the migration velocity of HSMFs was significantly higher than that of HSMMs (P < 0.01). The migration velocity of HSMFs decreased when the proportion of HSMFs increased in the monolayer (Figure 4A). The trajectory plot of HSMM migration in the monolayer lacking HSMFs revealed unidirectional migration. The number of HSMMs exhibiting multidirectional migration increased with an increase in HSMF proportion (Figure 4B and Supplementary Movie 2). The HSMFs in the monolayer derived from skeletal muscle cells with 5, 10, and 15% HSMF exhibited active multidirectional migration (Figure 4C and Supplementary Movie 2). For quantitative analysis of cell alignment, the nucleus of HSMMs from three areas per sample was tracked to calculate the migration angle (θ’) as a robust metric to judge overall alignment (Figure 1A). The θ’ of HSMM migration in the monolayer comprising different HSMF proportions was plotted in a histogram (Figure 5). The degree of cell alignment disruption was determined by comparatively analyzing the standard deviation (σ) values, which indicate variation of directional migration (Supplementary Figure 3). Higher σ values indicate an increase in the myoblast alignment disruption level. The σ value of HSMM monolayer was 25.67 ± 4.67. The σ values of HSMFs in the monolayer derived from skeletal muscle cells with HSMF proportion of 5, 10, 15, 50 and 80% were 31.19 ± 9.52, 37.57 ± 3.27, 44.41 ± 5.70 (maximum σ value), 42.30 ± 3.43 and 43.73 ± 2.42, respectively. The staining of F-actin was performed to confirm the alignment disorder in HSMM monolayer containing 15% HSMF (Supplementary Figure 6). These results indicate that the HSMFs inhibit the myoblast-to-myoblast contact and consequently disrupt the myoblast alignment.
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FIGURE 4. Migration behaviors of HSMMs and human skeletal muscle fibroblasts (HSMFs) in a monolayer sheet comprising various proportion of HSMF. (A) Various proportions of HSMFs, which were stained with CellTracker GreenTM, were co-cultured with HSMM monolayer at an initial seeding density (X0) of 3.5 × 105 cells/cm2. All cells in the monolayer were stained with Hoechst 33342 before observation. The images were captured every 1 h, and the position of cells was used to determine the migration velocity of HSMFs and HSMMs. The migration velocity of HSMFs in the monolayer derived from skeletal cells with varying proportion of HSMFs (5 to 15% HSMF) was higher than that in the monolayer derived from skeletal cells with HSMFs of more than 15%. The migration velocity of HSMM was unaffected in the presence of HSMFs. (B) The trajectory plot represents HSMM migration direction and distance in the monolayer comprising various proportions of HSMFs during 48–72 h of incubation. Representative images show data obtained from 100 HSMMs from each local area. (C) Trajectory plot represents the migration of HSMFs in monolayer comprising various proportions of HSMFs during 48–72 h of incubation. *P < 0.01; one-way analysis of variance (ANOVA), followed by Least-Significant Different (LSD) post hoc test.
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FIGURE 5. Quantitative analysis of HSMM alignment at high density in the monolayer comprising various proportions of HSMFs. Various proportions of HSMFs, which were stained with CellTracker GreenTM, were co-cultured with HSMMs at an initial seeding density (X0) of 3.5 × 105 cells/cm2. All cells in the monolayer were stained with Hoechst 33342 before observation. The positions (X,Y) of the cell at the initial (t = 0 h) and ending timepoints (t = 24 h) were used to calculate the migration angle (θ′) and were plotted in a histogram. Data were obtained from 100 HSMMs in each area. Six random areas from duplicated samples were analyzed (n = 600).




Effect of HSMFs on GFP-HUVECs Network Formation in the Multilayered HSMM Sheet

The efficiency of HUVEC network formation in the HSMM sheets comprising various proportions of HSMF was evaluated using an in vitro angiogenesis assay mimicking the transplantation area in vivo (Nagamori et al., 2013). The five-layered sheet was prepared using skeletal muscle cells with 0, 10, 30, and 40% HSMF. The sheet was then co-cultured with GFP-HUVECs (Figure 6A). Fabricated HSMM sheets morphology prepared by this method is shown in Supplementary Figure 4A. At t = 0 h, HUVECs were initially localized at the bottom of the HSMM sheet and vertically migrate into the inner portion of the sheet to generate a flat network inside the sheet after several days co-incubation (Supplementary Figure 4B). The network formation of HUVECs in the five-layered HSMM sheets was analyzed for 216 h based on the L, NT, and L/NT parameters. The X0 value of HUVECs was 0.16 ± 0.01 × 105 cells/cm2. As shown in Figure 6B, the GFP-HUVECs exhibited single and round shapes at the beginning of the incubation period (t = 0) However, early elongation of some GFP-HUVECs was observed in the sheets prepared using skeletal cells with HSMF proportions of 30 and 40%. Figure 6C shows the quantitative analysis of L, NT, and L/NT. At 24 h, the HUVECs exhibited elongation and were connected with each other in the HSMM sheets containing HSMFs. In contrast, the HUVECs exhibited poor connection with each other in HSMM sheets without HSMFs. The increase in elongation and connection resulted in increased L and decreased NT. At 48 h, early maturation of GFP-HUVECs was observed in the sheets prepared from skeletal cells with 30% HSMF. The maximum L (111.3 ± 4.71 cm–1) and L/NT values (0.05 ± 0.01 cm/tip) were observed at 48 h, which were higher than those observed at 24 h and other conditions. The sheet prepared from skeletal cells with 10% HSMF exhibited a maximum L/NT value of 0.034 ± 0.02 cm/tip, which was higher than the value at other time points of this condition. However, the elongation and smooth connection of GFP-HUVECs in sheet prepared from skeletal muscle cells with 40% HSMF, while the L and L/NT values increased to a maximum of 115.76 ± 5.59 cm–1 and 0.07 ± 0.01 cm/tip, respectively at 96 h although L/NT decreased in other conditions. This suggested late maturation of GFP-HUVEC network and indicated that different proportions of HSMFs in HSMM affect angiogenesis after transplantation in an in vitro angiogenesis assay.


[image: image]

FIGURE 6. Time course of human umbilical vein endothelial cell (HUVEC) network formation in the five-layered HSMM sheet comprising various proportions of human skeletal muscle fibroblast (HSMF). (A) Five-layered HSMM sheets with various proportions of HSMFs were prepared and co-cultured with green fluorescent protein-tagged HUVECs (GFP-HUVECs) and observed for 216 h. (B) Representative images of HUVEC morphology. Scale bar: 200 μm. (C) Evaluation of HUVEC network formation with image processing software. L, total length (cm–1); NT, total tip number (tip/cm2); L/NT, extent of network formation (cm/tip). The bars show the standard deviation (SD) (n = 3). *P < 0.01; one-way analysis of variance (ANOVA), followed by Bonferroni post hoc test.




DISCUSSION

The use of skeletal muscle myoblasts for myocardial transplantation was first demonstrated by Menasche et al. (2003). Since then, several studies have reported safety, feasibility, and improved heart performance with skeletal muscle myoblast transplantation (Siminiak et al., 2004; Dib et al., 2005a; Gavira et al., 2006). Besides, the myoblasts are prepared as cell sheets, therefore, enhancing the cell transplant efficiency and induction of therapeutic potential (Hata et al., 2006). Skeletal muscle myoblast sheet transplantation has been evaluated for the safety and therapeutic efficiency, and showed no serious arrhythmia or changes in the frequency of ventricular extrasystole frequency (Sawa et al., 2015). Although the myoblast sheets have demonstrated their therapeutic effects by producing various paracrine factors (Pouzet et al., 2001), the effect of skeletal muscle cells comprising different proportions of myoblasts and fibroblasts on cytokine production and angiogenesis has not been elucidated. In the present study, we addressed the regulation of cytokine production by specific cell types in the skeletal muscle cell sheets. The primary human skeletal muscle cells comprise 68.1% of HSMMs and 31.9% of HSMFs as shown in Supplementary Figure 1, were sorted based on CD56 expression, which is a myogenic marker, on the cell surface. The purity of sorted populations was determined by immunostaining of desmin and TE-7. The monolayer was prepared using various densities (mono-culture) and proportions (co-culture) of HSMMs and HSMFs. VEGF production was observed in the mono-cultures of HSMMs and HSMFs, with low productivity. However, the presence of a small proportion of HSMF in the HSMM monolayer resulted in enhanced VEGF productivity with maximum productivity observed in the monolayer of skeletal cells with 15% HSMF (Figure 2B). The production of HGF was observed only in the HSMF mono-culture (Figure 2C), whereas that of FGF2 was almost undetectable in the mono-cultures of both cell types (data not shown). Previous studies on primary human retinal pigment epithelial (RPE) cells have demonstrated that the expression of VEGF is highly upregulated at the edges of the scratched RPE layers after the physical disruption of RPE cell-to-cell interactions. This enhanced VEGF expression was correlated to delocalization of ZO-1, an important molecule for intercellular signal transduction in cells (Farjood and Vargis, 2017). Therefore, this study examined the role of cell-to-cell contact disruption in increasing the productivity of VEGF in the monolayers derived from HSMM and HSMF co-culture.

Then, the degree of cell-to-cell contact was evaluated by culturing the purified HSMMs and HSMFs at various X0 values. At high X0 value (3.5 × 105 cells/cm2), the cells were in contact with the neighboring cells. Conversely, at low X0 value (0.1 × 105 cells/cm2), the cells exhibited decreased contact with the neighboring cells. This study demonstrated that VEGF productivity in the HSMM monolayer was inversely proportional to the cell density (Figure 2D). However, the productivity of other cytokines in the HSMM monolayer was not associated with cell density. Additionally, the productivity of cytokines in the HSMFs was not dependent on the cell density (Figures 2D,E). Therefore, these data suggest that myoblast-to-myoblast contact can regulate VEGF production in HSMMs. Next, the effect of HSMF in the HSMM monolayer on myoblast-to-myoblast contact disruption was evaluated using cell tracking and time-lapse analysis to examine the migration behaviors. The free HSMFs actively migrated and affected the HSMM directional migration without affecting the migration rate of HSMMs (Figures 3, 4A and Supplementary Movie 1). HSMF migration in the monolayer was hypothesized to disrupt myoblast-myoblast contact, which alters the directional migration and alignment of HSMMs. The role of HSMF in HSMM alignment was evaluated by measuring the directional angle of cell migration, which was expressed as the CAI value, in the HSMM monolayers comprising various HSMF ratios. At low proportion in the HSMM monolayer, HSMFs exhibited active multidirectional migration. However, HSMFs exhibited inactive migration and aggregation at high proportion in the monolayer of skeletal cells with 50 and 80% HSMF (Figure 4C). In the pure HSMM monolayer, the HSMMs exhibited unidirectional migration. However, the presence of HSMFs increased the multidirectional migration of HSMMs (Figure 3B). In addition, the alignment disorder in monolayer containing low proportion of HSMF was confirmed by F-actin staining as shown in Supplementary Figure 6. Thus, the CAI values in the co-culture monolayer were higher than those in the mono-culture HSMM monolayer (Figure 5). These results support the hypothesis that the fibroblasts, which increase VEGF productivity in the HSMM monolayer, exhibit active migration and consequently disrupt the myoblast-to-myoblast contact. These findings indicate that HSMFs regulate the secretion of cytokines and that cytokine productivity is dependent on the proportion of HSMFs in the skeletal muscle sheets.

The effect of HSMFs in the skeletal muscle sheets on transplantation efficiency was evaluated using an in vitro angiogenesis assay. Five-layered HSMM sheets comprising various proportions of HSMFs were prepared and co-cultured with GFP-HUVECs (Figure 6A). The GFP-HUVECs in the HSMM sheet without HSMF exhibited elongation at an early time point but failed to connect and form a network. The presence of HSMFs enhanced the HUVEC network formation in HSMM sheets. However, the growth of GFP-HUVEC network was dependent on the proportion of HSMF and the levels of VEGF and HGF (Figures 6B,C). Various cytokines are involved in inducing angiogenesis. A previous study demonstrated that VEGF can increase blood vessel growth. However, the vessel was fragile and exhibited leakage. The combination of VEGF and HGF was reported to promote blood vessel growth and improve vessel integrity (Saif et al., 2010). In this study, the HUVECs initially exhibited network formation in the sheets prepared from skeletal cells with 10% HSMF, which markedly decreased over time. In contrast, the GFP-HUVECs in the sheets prepared from skeletal cells with 30 and 40% HSMF exhibited higher connectivity than those in sheets prepared from skeletal cells with 10% HSMF. The level of HGF under these conditions may be sufficient to promote strong connection among HUVECs when the VEGF productivity was similar. Moreover, HGF and VEGF levels may affect the time of network maturation. The maturation of HUVEC network in the sheet prepared from skeletal cells with 30% HSMF was observed at 48 h with maximum L/NT value, whereas that in the sheets prepared from skeletal cells with 40% HSMF was observed at 96 h. The HUVEC network at 96 h was more stable than that at 48 h. The late maturation of the HUVEC network maybe due to low VEGF productivity and the stability of the network maybe due to high productivity of HGF.

The cytokine productivity was also measured from cultured media of five-layered HSMM sheets containing various proportion of HSMF co-incubated with GFP-HUVECs. The VEGF productivity in five-layered HSMM sheets containing 10% HSMF was three-fold greater than that of five-layered HSMM sheets without HSMF (Supplementary Figure 5A). The highest HGF productivity was observed in five-layered HSMM sheets containing 40% HSMF (Supplementary Figure 5B). Although levels of the VEGF and HGF increase in serum of myocardial infarction patients (Kubota et al., 2004; Seko et al., 2004; Atluri and Woo, 2008; Huang et al., 2020), it is noteworthy that the amount of these cytokines secreted from the five-layered HSMM sheets co-cultured with HSMFs were much higher, suggesting the ability of the five-layered HSMM sheets in induction of angiogenesis toward the injure site.

This study did not evaluate the effect of ECM protein deposition on HSMM sheets comprising various ratios of HSMFs. Hence, the effects of ECM in promoting HUVEC network formation and supporting network stability cannot be excluded. In this study, the sheets prepared from skeletal cells with HSMF higher than 50% were not comparatively analyzed. The sheets containing a high proportion of HSMFs were fragile and self-contracted during preparation, which can be attributed to the aggregation of HSMFs at high proportions (Figures 4A,C and Supplementary Movie 2) due to the strong connection between HSMFs.



CONCLUSION

This study demonstrated that different ratios of HSMM and HSMF differentially affect cytokine balance and angiogenesis as showed in Figure 7. Fibroblasts secrete high levels of HGF and promote VEGF production in HSMM to maintain cytokine balance, which is potentially mediated through inhibition of active HSMM migration that results in the loss of myoblast-to-myoblast contact. The co-culture of HSMF and HSMM at a suitable ratio promotes angiogenesis and cytokine production. The findings of this study can be used to improve the efficiency of HSMM sheets or engineered tissue for transplantation and highlights the role of fibroblasts in VEGF secretion regulation from adjacent tissue.
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FIGURE 7. Schematic representation of the effect of human skeletal muscle fibroblasts (HSMFs) co-cultured in skeletal muscle cell sheets on cytokine balance and angiogenesis.
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Development of a Semi-Automated, Bulk Seeding Device for Large Animal Model Implantation of Tissue Engineered Vascular Grafts
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Vascular tissue engineering is a field of regenerative medicine that restores tissue function to defective sections of the vascular network by bypass or replacement with a tubular, engineered graft. The tissue engineered vascular graft (TEVG) is comprised of a biodegradable scaffold, often combined with cells to prevent acute thrombosis and initiate scaffold remodeling. Cells are most effectively incorporated into scaffolds using bulk seeding techniques. While our group has been successful in uniform, rapid, bulk cell seeding of scaffolds for TEVG testing in small animals using our well-validated rotational vacuum technology, this approach was not directly translatable to large scaffolds, such as those required for large animal testing or human implants. The objective of this study was to develop and validate a semi-automated cell seeding device that allows for uniform, rapid, bulk seeding of large scaffolds for the fabrication of TEVGs appropriately sized for testing in large animals and eventual translation to humans. Validation of our device revealed successful seeding of cells throughout the length of our tubular scaffolds with homogenous longitudinal and circumferential cell distribution. To demonstrate the utility of this device, we implanted a cell seeded scaffold as a carotid interposition graft in a sheep model for 10 weeks. Graft remodeling was demonstrated upon explant analysis using histological staining and mechanical characterization. We conclude from this work that our semi-automated, rotational vacuum seeding device can successfully seed porous tubular scaffolds suitable for implantation in large animals and provides a platform that can be readily adapted for eventual human use.

Keywords: vascular tissue engineering, sheep model, carotid implantation, mesenchyaml stem cells, bulk seeding


INTRODUCTION

Cardiovascular disease remains the primary cause of global death and encompasses disorders of the heart and blood vessels (Mendis et al., 2011; Benjamin et al., 2017). The vessels most frequently affected by cardiovascular disease are the coronary and peripheral arteries which require revascularization surgeries to treat occlusion and distal ischemia, respectively (Goodney et al., 2009; Alexander and Smith, 2016). Stent deployment is effective in the revascularization of localized obstructions; however diffuse obstructions require bypass surgery. The saphenous vein and internal mammary artery are the gold standard bypass conduits for small diameter vessels (<6 mm diameter) of the coronary and peripheral arteries, respectively. However, saphenous veins are often unavailable or unsuitable and frequently fail due to intimal hyperplasia (Isenberg et al., 2006), while the failure of mammary artery grafts due to occlusion is a persistent issue (Harskamp et al., 2015). Furthermore, synthetic grafts are not a viable treatment option for small diameter vessels due to high rates of acute thrombosis (Klinkert et al., 2004; Desai et al., 2011).

The advancement of tissue engineered vascular grafts (TEVGs) in recent years, and their ability to form functional neo-vessels, presents as a promising clinical option for the treatment of vascular disease (Cunnane et al., 2018). TEVGs often incorporate cells into biodegradable scaffolds through various cell-seeding techniques (Villalona et al., 2010; Weinbaum et al., 2020), and the presence of cells has demonstrated improved TEVG patency rates through reduced thrombosis and stenosis (Nieponice et al., 2010; Soletti et al., 2011; Krawiec et al., 2016, 2017; Haskett et al., 2018).

In order to achieve homogenous incorporation of cells within TEVG scaffolds, bulk seeding techniques have come to be preferred over the simpler drip or static seeding techniques first used to impregnate scaffolds with cells (Soletti et al., 2006). However, the majority of work to date has focused on seeding TEVGs intended for implant in small animal models (Nieponice et al., 2008; Hibino et al., 2011; Udelsman et al., 2011, 2014). The generation of cell-based, larger sized TEVGs (∼4 mm inner diameter, ∼100 mm length) suitable for testing in large animal models or eventual translation to the clinic requires scale-up of both the scaffold and the bulk seeding system. Additionally, to ensure regulatory approval and effective clinical translation, a semi-automated bulk cell seeding device that can create a reproducible TEVG is required. To this end, the purpose of this work was to develop and validate a semi-automated, rapid, bulk seeding device that results in homogenous cell distribution within large scaffolds intended for use as “human-sized” TEVGs. We demonstrate the utility of the device by bulk seeding a scaffold with adipose derived stromal cells and implanting the resulting construct in a sheep model to examine patency and remodeling over a 10-week period.



METHODS


Design of the Translating-Rotating Seeding Device

The design of our novel bulk seeding device for large, “human-sized” scaffolds was first conceived during the doctoral dissertation work of Soletti (2008). It is based on our lab’s previously published and validated custom rotational vacuum seeding device which has been used to produce TEVGs for small animal testing (Nieponice et al., 2010; Soletti et al., 2011; Krawiec et al., 2016, 2017; Haskett et al., 2018). The common concept is to achieve bulk seeding of rotating, porous, tubular scaffolds via local luminal delivery of cells under applied vacuum. The new system presented herein adds a cell-releasing “Diffuser” equipped with eight equi-spaced radial nozzles attached to a “Stylet” arm. The Stylet drives the Diffuser coaxially along the longitudinal axis of the tubular scaffold and transports cell suspension from a syringe, locally to the scaffold lumen while the scaffold rotates under an applied vacuum (Figures 1A,B). The locally delivered cells are drawn into the wall of the scaffold, via the applied vacuum, through the interconnected pore network, to ensure even radial cell distribution (Figure 1C). The linear displacement of the Diffuser ensures even longitudinal cell distribution, while the rotation of the scaffold ensures even circumferential distribution.
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FIGURE 1. Overview of translating-rotating seeding device. (A) Schematic of the linear sliding stage system used to translate the Stylet/Diffuser component within the rotating scaffold lumen during seeding under vacuum. (B) Image of the Stylet/Diffuser system emerging from the proximal mounting tee. (C) Image of a mounted scaffold with the Diffuser infusing cell suspension within the scaffold lumen. (D) Schematic and (E) image of the novel cell seeding device developed in this study to bulk seed human-sized tubular scaffolds. Scale bars depict 1 cm.


Linear translation of the Stylet/Diffuser is achieved using a stepper motor (“Motor 1”) attached to a sliding stage. Rotation of the scaffold is achieved using an additional stepper motor (“Motor 2”) connected to a mounting tee located distally to the scaffold (“Distal Tee”). The Distal Tee is connected to the proximal mounting tee (“Proximal Tee”) via a bracket that transfers the rotational momentum (Figures 1D,E). Two PTFE supports are attached to the ends of the tees to allow for mounting of the scaffold within the vacuum chamber. A syringe pump supplies the cell suspension to the Diffuser, through the Stylet. Both the pump and the motors are controlled using a custom Labview program (National Instruments, TX, United States) that allows for control of the Stylet translation speed, the scaffold rotation speed and the syringe pump infusion rate. Additional detail regarding the device, shear stress on the seeded cells and sterilization of the device is provided in Supplementary Material.



Scaffold Design

The biodegradable, bi-layered, elastomeric scaffolds used in this study are manufactured from poly(ester urethane)urea (PEUU) as described previously (Nieponice et al., 2010; He et al., 2011, 2010; Krawiec et al., 2016). The porous inner layer of the scaffold was created using thermally induced phase separation in a tubular mold. The inner layer was then coated by electrospinning an additional layer of PEUU for mechanical stability. Scaffolds are tubular, 4.7 mm inner diameter, 5.2 mm outer diameter, and 10 cm in length, to approximate the shape and size of a human coronary or peripheral artery. The structural and morphological properties of the scaffold have been fully characterized previously (Soletti et al., 2010). Briefly, the inner layer of the scaffold has a pore size measuring 123 ± 20 μm (mean ± SD), the outer layer has a pore size measuring 5.1 ± 3.2 μm, while the diameter of the outer layer nanofibers is 743 ± 201 nm. Scanning electron microscope images of the scaffold can be found in Supplementary Material and also in Soletti et al. (2010).



Bulk Seeding Validation


Cell Source and Culture

PEUU scaffolds were bulk seeded with human adipose derived mesenchymal stem cells (hADMSCs) to validate the seeding device. The hADMSCs were obtained commercially (Rooster Bio, Inc., Frederick, MD, RoosterVial-hAD-1M MSC Lot #00097) and cultured in supplemented growth media (RoosterBio, SU0005, GM) until passage 2. The hADMSCs were then frozen in freezing media [90% FBS (Atlanta Biologics) and 10% DMSO (Sigma)] until ready for use. For each seeding study, a stock of 1 million hADMSCs was thawed into a 175 cm2 flask (Falcon) and cultured for 3 days in 15 mL of GM. Media was replaced after 16 h to remove residual DMSO. After 3 days of culture, 6 million cells were passed into two 5-layer tower flasks (equivalent to approximately 3,500 cells/cm2) and cultured for 72 h in 75 mL of GM. The cells were then passed into 10, 5-layer tower flasks and cultured for a further 72 h in 75 mL of GM per flask to obtain approximately 200 million cells for seeding.

A cell number of 200 million was chosen as it approximates the cell density (cell number per volume of scaffold material) employed in our previous small animal studies. Those studies demonstrated that a cell density in excess of 400 cells per cm3 of scaffold material prevents acute thrombosis and initiates positive scaffold remodeling upon implantation (Krawiec et al., 2017; Haskett et al., 2018). We therefore targeted a cell density in excess of 400 cells per cm3 of material as our cell seeding density, which requires approximately 200 million cells for a 12 cm scaffold with 4.7 mm inner diameter and 5.2 mm outer diameter. The calculations used to determine cell seeding density are provided in Supplementary Material.



Cell Seeding

The performance of the cell seeding device was examined by seeding PEUU scaffolds (10 cm in length) with approximately 200 million hADMSCs suspended in 30 mL of GM and characterizing the longitudinal and circumferential distribution of cells in the seeded scaffold. Linear translation speed was varied (2.5, 5, and 7.5 mm/s) to examine the effect of diffuser displacement rate on cell distribution. The dispensed volume was kept consistent across displacement rates by varying the number of complete cycles through the scaffold lumen (2, 4, and 6 cycles for 2.5, 5, and 7.5 mm/s, respectively). The remaining seeding parameters were kept constant (flow rate = 12.5 mL/min, rotation speed = 60 rpm, and applied vacuum = −127 mmHg). Seeding efficiency was calculated using the following expression (Wendt et al., 2003; Zhao and Ma, 2005):
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After seeding, 1.5 cm of material was trimmed from the scaffold ends and discarded. Scaffolds were placed in 20 mL of GM and incubated overnight to facilitate cell adhesion under static conditions. Scaffolds were then sectioned into 1 cm segments and labeled L1 to L7 (Figure 2A). The segments were bisected longitudinally with one half reserved for histological staining (to visualize cell nuclei), and the other half reserved to assess cell metabolic activity (Figure 2B). Metabolic activity was used as a surrogate marker to assess the distribution of cells within the seeded scaffold.
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FIGURE 2. In vitro analysis of seeding device performance. (A) Schematic of the sectioning technique used to quantitatively assess the distribution of cells seeded within scaffolds using the novel seeding device. (B) Separation of each section for histological staining and metabolic activity assessment. Cell metabolic activity assay sections were further divided into quadrants to estimate circumferential cell distribution within the scaffold. (C) Scaffold seeding efficiency for each seeding configuration examined in this study. (D) Longitudinal distribution of cells across seven longitudinal sections for each seeding configuration. The dashed line indicates ideal cell distribution. (E) Circumferential distribution of cells across four quadrants for each seeding configuration. (F) Combined average of all three seeding configurations for longitudinal, and (G) circumferential distribution. (H) Cumulative difference between longitudinal cell distribution and the ideal distribution for each seeding configuration. (I) H&E staining of the seeded scaffold (seeded at a Diffuser displacement speed of 2.5 mm/s) to visualize the distribution of cells within the scaffold pores. Scale bars depict 1 mm.




Histologic Evaluation

Seeded scaffold segments intended for histological analysis were fixed in 4% paraformaldehyde and sectioned at a thickness of 10 μm using a microtome. Sections were stained with hematoxylin and eosin (H&E) to mark cell nuclei and determine hADMSC distribution in the scaffolds. Imaging was performed on a Nikon Eclipse 90i microscope (Nikon, Tokyo, Japan). Quantification of cell nuclei number was performed using the intensity threshold and particle count features available in ImageJ (Fiiji, public domain) (Soletti et al., 2011).



Metabolic Activity

Seeded scaffold segments intended for cell metabolic activity assessment were further sectioned into quadrants (labeled C1–C4) and each quadrant was placed in a well of a 48-well plate containing 500 μL of GM and 50 μL of Alamar Blue solution (Sigma). The quadrants were incubated for 4 h at 37°C, then removed from the Alamar Blue solution and squeezed to drain any remaining solution. The absorbance of the solution was read at 570 nm relative to 600 nm with a microplate reader (model 680, Bio-Rad, Hercules, CA, United States) and the absorbance of Alamar blue solution incubated with an unseeded scaffold section was subtracted as a blank control. The longitudinal distribution of cell metabolic activity was determined by pooling all four quadrants from the same longitudinal segment for segments L1–L7. The circumferential distribution of cell metabolic activity was estimated by pooling one quadrant from each longitudinal segment for quadrants C1–C4. However, circumferential distribution should only be regarded as an estimate as one quadrant from each longitudinal section was selected and pooled at random.




In vivo Evaluation


Cell Source, Isolation, and Culture

Sheep stromal vascular fraction (sSVF) was selected as the cell source be to seeded within the PEUU scaffold intended for implant as we have previously demonstrated that the inclusion of such cells limits acute thrombosis and promotes positive vascular remodeling when incorporated into tubular PEUU scaffolds in a small animal model (Krawiec et al., 2017; Haskett et al., 2018). sSVF was obtained from the adipose tissue of a single donor sheep. Autologous cells were not used as sufficient adipose tissue could not be harvested from the same animal without seriously compromising animal health. Furthermore, our group has shown that autologous cells harvested from patients at risk of developing cardiovascular disease and requiring a bypass (e.g., diabetic or elderly patients) are not capable of generating viable TEVGs in vivo, with the implants predisposed to failure due to acute thrombosis (Krawiec et al., 2015, 2016).

The sSVF was isolated using previously described methods (Krawiec et al., 2017; Haskett et al., 2018). Briefly, adipose tissue was cut into approximately 10 cc portions and placed into separate 50 cc conical tubes. Each piece was minced and combined with a collagenase solution [Hanks’ Balanced Salt Solution (Invitrogen, Carlsbad, CA) containing 3.5% bovine serum albumin (Millipore, Charlottesville, VA) and 1 mg/mL collagenase type II (Worthington, Lakewood, NJ)]. Tubes were then incubated at 37°C with agitation for 1 h. Digested tissue was filtered through sterile gauze to remove undigested tissue fragments and then centrifuged at 400 × g for 10 min at ambient temperature. After centrifugation, the cell pellet was resuspended in an NH4Cl-based buffer (Beckman Coulter, Miami, FL) to lyse red blood cells. The resulting cell suspension was filtered through a 500 μm sieve and centrifuged at 400 × g for 10 min at ambient temperature. The resulting pellet was resuspended in defined culture media [1:1 Dulbecco’s modified Eagle’s medium (DMEM, Gibco) to DMEM/F12 (Gibco) with 10% fetal bovine serum (Atlanta Biologics), antibiotics (1% penicillin/streptomycin, 0.5% Fungizone, 0.1% gentamycin), and 10 μL/L dexamethasone] and plated in collagen-coated (rat tail, Sigma) 175 cm2 flasks. Upon becoming 80% confluent, the cells were removed from the plate using trypsin and expanded up to passage 4 in collagen coated 5-layer tower flasks using the same protocol outlined in section “Cell Source and Culture.”



Scaffold Implantation and Explant

Twenty four hours prior to implantation, a 12 cm PEUU scaffold was seeded with 200 million sSVF cells. The Diffuser speed was set to 2.5 mm/s for two cycles as this was shown to be the optimal displacement speed following validation testing (see section “Bulk Seeding Validation”). After overnight incubation in defined culture media, the scaffold was transported to the surgical facility and maintained in defined culture media until implantation.

The neck of a 9-month-old Suffolk sheep was prepared for surgery (Rojo Stock Farm, New Castle, PA). Prior to surgery, atropine (0.03–0.06 mg/kg), oxytetracycline (20–27 mg/kg), and heparin (5,000 IU) was administered. Morphine (0.2–0.5 mg/kg) was given as an analgesic and anesthesia was maintained with isoflurane (1.5–5% inhaled). A 14 cm incision was made in the skin running longitudinally along the medial border of the sternocleidomastoid muscle. A 10 cm portion of the carotid artery was isolated and exposed. The segment of isolated artery was clamped at each end using vascular clamps and an 8 cm length of carotid artery was excised. A 9 cm portion of the seeded scaffold was implanted as a carotid interposition graft. Both ends were oblique anastomoses sutured with a continuous running suture technique using 7-0 prolene sutures (Ethicon 8696G, Cincinnati, OH). The clamps were then removed, and the flow was confirmed using ultrasound. The muscle and skin layers were closed separately using a 2-0 and 3-0 vicryl running suture respectively (Ethicon J317H and J316H, Cincinnati, OH).

After 10 weeks, the sheep was prepared for explant and euthanized as approved by the Institutional Animal Care and Use Committee. The initial incision site was re-opened, and the graft was isolated. The graft and a small portion of the proximal and distal carotid artery was harvested (Figure 3A). The graft was processed by sectioning it into seven separate segments (sections L1–L7) (Figure 3B). The segments were further bisected longitudinally with one half reserved for mechanical characterization and the other half reserved for histological staining.
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FIGURE 3. Large animal implantation and explant analysis of a large seeded construct. (A,B) Macroscopic image of the explanted TEVG (A, intact and B, longitudinally sectioned) after 10 weeks as a carotid interposition graft in a sheep model. Scale bars depict 5 mm. (C) Brightfield images of sections L1 to L7. (D) H&E staining of sections L1 to L7 demonstrating cellular distribution in the graft and neo-intima formation. (E) VVG staining of sections L1 to L7 demonstrating elastin distribution in the graft neo-tissue. (F) Auto-fluorescence of the PEUU material remaining in the graft. Scale bars depict 100 μm. (G) Failure strength, (H) modulus in the low strain region and (I) modulus in the high strain region for the unseeded scaffold, the explanted TEVG and the native carotid arterial tissue. ∗∗ indicates statistical significance at p < 0.01 and **** indicates statistical significance at p < 0.0001.




Mechanical Characterization

Explanted graft ring segments intended for mechanical characterization were mounted on two parallel pins clamped within an Instron tensile tester (Instron, #5543A, Norwood, MA) and a preload of 0.01 N was applied. Each ring segment was extended at a displacement rate of 1 mm/min up to 20% strain for 5 cycles to precondition the tissue and then immediately extended until failure at the same rate. The mechanical properties of the explanted graft were compared to adjacent carotid artery tissue and unseeded PEUU scaffold material. The force-extension curves were converted to stress-strain curves using the following expressions (Macrae et al., 2016):

[image: image]

Stress and strain measurements are obtained from twice the original cross-sectional area (Ao) of the test specimen, the force (F) measured during each mechanical test, the sample gauge length in the loaded (L) and unloaded configuration (Lo), and the radius of the mounting pins (rw). Two separate moduli are calculated using the slopes of the linear portions of the mechanical response curve in the low- and high- strain regions. The transition point between low and high strain is defined as the point of the stress–strain curve with the maximum normal distance from the global secant, the line spanning from the origin to the end of the curve (Holzapfel, 2006; Cunnane et al., 2016). This equates to dividing the curve into three equal parts and treating the initial and final thirds of the curve as the low- and high-strain regions respectively.



Explant Staining

Explant segments intended for histological staining were sliced into 5 μm sections and stained for cell and elastin distribution using H&E and Verhoeff van Gieson (VVG) staining, respectively. Staining was performed by the Histology Core at the McGowan Institute for Regenerative Medicine. Stained sections were imaged using a Nikon 90i upright microscope. Prior to sectioning the explant for histological examination, the carotid artery tissue was separated from the TEVG along the anastomosis to ensure that sections L1–L7 reflect the structure of the explanted graft.




Statistics

Statistical analysis was performed using GraphPad Prism 8 (GraphPad Software, San Diego, CA, United States). Data normality was examined using Shapiro-Wilk tests. Ordinary one-way ANOVA analysis was used to identify significant differences between more than two groups of variables. A p-value of less than 0.05 was considered statistically significant.




RESULTS


Bulk Seeding Validation

Cell seeding efficiency for each diffuser displacement speed is displayed in Figure 2C. Efficiency was 90% for both 2.5 and 7.5 mm/s, and 75% for 5 mm/s. Figures 2D,E display the longitudinal and circumferential distribution of cell metabolic activity (section “Metabolic Activity”) within each scaffold, respectively. No intra-sample variance was observed for longitudinal or circumferential distribution (p > 0.05). The dashed lines in Figures 2D,E indicate the cell distribution within a theoretical sample that exhibits perfectly homogenous cell distribution (longitudinal = 14.29%, circumferential = 25%). The cell distribution of all samples is combined in Figures 2F,G to examine the pooled longitudinal and circumferential cell distribution over the three samples. The cumulative difference of each longitudinal section from the ideal distribution is displayed in Figure 2H for each diffuser displacement speed. The cumulative difference is 8.67, 9.81, and 14.57% for 2.5, 5, and 7.5 mm/s, respectively.

Figure 2I displays grayscale images of H&E staining that illustrate the cell distribution in sections obtained from the scaffold seeded at 2.5 mm/s. Qualitative assessment reveals the retention of cells within the scaffold structure. The cells are restricted to the inner layer of the scaffold and are unable to penetrate the outer layer due to the small pore size exhibited by the outer electrospun layer.



Pilot in vivo Testing of a Cell Seeded TEVG Construct

The seeded construct was well-tolerated as a TEVG implant by the recipient animal over the 10-week period. The animal recovered fully from the surgery, demonstrating good health after 10 days and throughout the remainder of the study. Ultrasounds performed at weekly intervals confirmed longitudinal patency of the graft. Staining of the explanted graft revealed cell integration, scaffold degradation and neo tissue formation (Figures 3C–F).

H&E staining of all sections revealed cell-rich neo-intimal layer formation along the lumen of the explant (Figure 3D). VVG staining allows for differences in neo-tissue composition to be identified along the length of the scaffold. Ordered, stratified laminae of elastin can be seen in sections L1 and L7. Conversely, elastin is largely absent from sections L2, L3, and L6, while elastin appears in a disorganized fashion in sections L4 and L5 (Figure 3E).

Images depicting auto-fluorescence of the PEUU scaffold in the FITC channel reveal varying levels of scaffold degradation in each section (Figure 3F). It can be observed that sections L3, L4, and L5 exhibit the largest quantity of remaining scaffold material. This is intuitive as these sections represent the center of the scaffold which would be exposed to less endogenous enzymes capable of dissolving the PEUU.

Figures 3G–I display the mechanical characteristics of the unseeded scaffold, the explanted graft and the native carotid artery tissue. The data is presented as failure strength, and moduli in the low and high strain regions. The failure strength of the unseeded scaffold and the explanted graft are lower than the native tissue (p < 0.0001) (Figure 3G). However, the failure strength of the unseeded scaffold and explant are still above normal levels of physiological circumferential stress present in human common carotid arteries during diastole (13.37 ± 2.62 and 18.09 ± 2.21 vs. 6.3 ± 2.3 N/cm2) (Kamenskiy et al., 2012). Furthermore, no portion of the explant underwent rupture, highlighting the adequacy of the graft strength. The modulus of the explant in the low strain region is lower than the unseeded scaffold (2.5 ± 0.53 vs. 19.3 ± 3.77 N/cm2, p < 0.0001), indicating that the modulus decreases after the implant period (Figure 3H). This change in modulus is likely due to the resorption of the PEUU material coupled with the synthesis of elastic fibers, which combine to decrease the modulus of the graft to a more physiological level. The modulus of the explant in the high strain region remains similar to the unseeded scaffold due to the persistence of the electrospun layer (95.74 ± 9.51 vs. 123.64 ± 20.74 N/cm2, p > 0.05), but both are still below the values observed for the native tissue (253.1 ± 27.72 and 322.49 ± 43.17 N/cm2, p < 0.01) (Figure 3I).




DISCUSSION

We have successfully developed and validated a semi-automated device that allows for rapid, bulk seeding of large tubular scaffolds with cells. Furthermore, we have demonstrated the utility of this device by evaluating the in vivo remodeling of a cell seeded TEVG construct in a large animal pilot study. Validation of our device revealed successful seeding of hADMSCs throughout the full length of our PEUU scaffolds with homogenous longitudinal and circumferential cell distribution. Using our validated cell seeding device, approximately 200 million sSVF cells were incorporated into a 12 cm PEUU scaffold, which was cut to 9 cm and implanted as a carotid interposition graft in a sheep model. The seeded graft remained patent, exhibited signs of scaffold degradation and initiated neo-tissue formation throughout the length of the graft after 10 weeks in vivo.

Static, quasi-static, rotational, bioreactor and vacuum cell seeding approaches have all been previously employed to incorporate cells into tubular scaffolds for the purpose of developing TEVGs (as reviewed in Weinbaum et al., 2020). Our rotational, vacuum cell seeding approach offers considerable advantages over alternative cell seeding techniques. Rotational, vacuum seeding achieves much higher seeding efficiencies and more even cell distributions compared static loading (Hibino et al., 2010; Roh et al., 2010; Lee et al., 2016), does not require the cell or scaffold modifications that quasi-static seeding techniques necessitate (Tiwari et al., 2003; Sagnella et al., 2005; Perea et al., 2006; Shimizu et al., 2007; Campagnolo et al., 2016), is far faster than bioreactor techniques (Sodian et al., 2002; Zhao and Ma, 2005; Inoguchi et al., 2007; Melchiorri et al., 2016), and offers improved cell distribution and cell viability compared to techniques that employ exclusively rotational (Nasseri et al., 2003; Godbey et al., 2004; Hsu et al., 2005; Aper et al., 2016) or vacuum approaches (van Wachem et al., 1990; Udelsman et al., 2011; Kurobe et al., 2015). This study advances the current state-of-the-art for rotational, vacuum cell seeding by scaling our cell seeding technology into a novel semi-automated seeding device that is capable of fabricating reproducible human-sized, cell-seeded TEVG constructs. The technology presented herein therefore has considerable implications for TEVG research that incorporates cells into tubular scaffolds, as our semi-automated seeding approach and promising pilot in vivo data increase the likelihood of securing regulatory approval and effective clinical translation of our TEVG technology.

This present study has a number of limitations. Firstly, the pilot study only performs a single implantation. The primary objective of this manuscript was to describe our novel seeding device and validate it by determining if it can produce cell seeded TEVG constructs of a size necessary for human (and large animal) implantation. We then performed an initial pilot implantation study as a secondary objective to investigate if our novel seeding device can produce TEVGs that do not undergo acute thrombosis and initiate neo-tissue formation in vivo, prior to transitioning toward a multi-animal study. Future studies will increase implant numbers to examine the reliability of this approach and build confidence toward a dependable clinical treatment option. Secondly, longer explant time points are required to provide a more robust picture of graft longevity in terms of sustained patency and long-term remodeling. The presence of organized elastin at the edges of our explanted TEVG, and the absence of organized elastin toward the center of the graft, suggests that the seeded construct is still undergoing remodeling, and that longer time point studies are required to fully characterize neo-tissue formation and mechanics once the scaffold has completely remodeled. However, the presence of physiologically relevant elastin formation in the outer sections of the explant is promising for the future of our cell seeding device and TEVG technology. Furthermore, it has previously been shown that the PEUU material used to fabricate the scaffolds in this study undergoes an approximate 50% reduction in molecular weight over an 8-week period (Guan et al., 2002), and the presence of PEUU mass at 10 weeks (Figure 3) further suggests that longer time point studies are required to characterize the remodeling of our TEVG up to the point where all of the scaffold material has been resorbed. Future studies should therefore seek to characterize explanted TEVGs after at least 6 months in vivo to better understand the effects of vascular remodeling and scaffold degradation on long-term graft viability. Finally, our construct was implanted as a carotid graft which is a straight configuration. However, many bypass grafts in clinical practice must be bent and curved around obstructions. Future studies must demonstrate the grafts ability to withstand kinking in complex configurations in vivo (Van Epps et al., 2009) or the possibility to modify the scaffold structure in order to mitigate mechanical instability such as kinking or buckling.

With respect to future practice, this study brings TEVG technology closer to clinical translation in two ways. Firstly, the development of our seeding device will allow us to create and test clinically relevant grafts in a reproducible manner, thus accelerating the clinical translation of small-diameter arterial TEVGs. Secondly, the human-sized TEVG that we generated in this pilot study using our scaffold-seeding technology undergoes full cellularization, partial degradation and positive matrix remodeling after 10 weeks in vivo therefore demonstrating that our novel TEVG cell-seeding technology warrants further investigation via increased implant numbers and longer explant time points to fully understand the clinical potential of this promising treatment modality.



CONCLUSION

Our novel, semi-automated, bulk seeding device makes it possible to rapidly generate “human-sized” cell-seeded, tubular TEVG constructs. Our in vitro results demonstrate that the novel device allows for uniform longitudinal and circumferential cell seeding. Our pilot in vivo results demonstrate graft patency, scaffold degradation and neo-tissue formation within the TEVG seeded construct using the presented device. The findings of this study support our hypothesis that it is possible to use an automated system to generate “human-sized” TEVGs capable of positive vascular remodeling in a large animal model.
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In the ongoing quest for the “ideal” cell type for heart repair, pluripotent stem cells (PSC) derived from either embryonic or reprogrammed somatic cells have emerged as attractive candidates because of their unique ability to give rise to lineage-specific cells and to transplant them at the desired stage of differentiation. The technical obstacles which have initially hindered their clinical use have now been largely overcome and several trials are under way which encompass several different diseases, including heart failure. So far, there have been no safety warning but it is still too early to draw definite conclusions regarding efficacy. In parallel, mechanistic studies suggest that the primary objective of “remuscularizing” the heart with PSC-derived cardiac cells can be challenged by their alternate use as ex vivo sources of a biologically active extracellular vesicle-enriched secretome equally able to improve heart function through harnessing endogenous repair pathways. The exclusive use of this secretome would combine the advantages of a large-scale production more akin to that of a biological medication, the likely avoidance of cell-associated immune and tumorigenicity risks and the possibility of intravenous infusions compatible with repeated dosing.
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WHY PLURIPOTENT STEM CELLS?


Rationale for the Use of Cardiac-Committed Cells

So far, it is fair to acknowledge that no one can claim that a given cell type has unequivocally demonstrated its superiority over another for inducing heart repair and the attendant improvement in left ventricular function. Nevertheless, the few comparative experimental studies which have been published suggest the interest of using cells which are phenotypically matched to those of the organ to be repaired and thus highlight the potential benefits of cardiac-committed cells. A first comparison of human induced pluripotent stem cell (iPSC)-derived cardiomyocytes versus human mesenchymal stromal cells (MSC) injected 30 min after permanent coronary artery ligation in rats reported that the former tended to improve left ventricular function to a greater extent and significantly reduced fibrosis compared with MSC (Citro et al., 2014). In a subsequent head-to-head comparison of different human stem cell types, cardiosphere-derived cells were found superior to MSC from bone marrow and adipose tissue and to bone marrow-derived mononuclear cells (BMMNCs) for improving post-infarction cardiac function and cell engraftment in a mouse model also treated just after ligation of the left anterior descending artery (Li et al., 2012). Likewise, human embryonic stem cell (ESC)-derived cardiomyocytes and mesodermal cardiovascular progenitors were found to similarly improve post-infarction systolic function in contrast to BMMNCs in rat hearts treated 4 days after a 60 min period of coronary artery occlusion (Fernandes et al., 2015). In keeping with these data, the more recent pig study of Ishida et al. (2019) shows that in comparison of skeletal myoblasts and MSC, iPSC-derived cardiomyocytes (all cells being of human origin) yielded the best outcomes with regard to regional function, oxidative metabolism, vascular density and limitation of apoptosis. However, an opposite conclusion emerged from another comparative study of iPS derivatives where MSC were found superior to cardiomyocytes for the improvement of cardiac function in heart failure, an effect primarily attributed to their immunomodulatory effects (Liao et al., 2019). This discrepancy could be related to very specific features of this protocol: the induction of heart failure by coronary artery occlusion associated with rapid pacing, a setting known for its instability and the intensity of neuro-hormonal stimulation (Yarbrough, 2003); the use of different PSC sources (ESC for cardiomyocytes and iPSC for MSC); the application of a uniform immunosuppression regimen to MSC and cardiomyocytes whereas the former are known to be more immune evasive, which was indeed reflected in that study by their lower expression of Human Leukocyte Antigen (HLA)-II; the greater susceptibility of ESC-derived cardiomyocytes to an immune response could thus have accounted for their lower rate of survival and their (slightly) inferior functional performance. In brief, these data are difficult to interpret because of all these confounders and do not challenge the concept that an optimal therapeutic benefit likely requires that both transplanted and host cells belong to the same lineage.

In practice, adult tissue sources of cardiac cells are limited to cardiospheres and c-kit+ cardiac stem cells (CSC) whose harvest from heart tissue does not equate to their cardiac lineage commitment. Cardiospheres are agglomerates of several cell types, predominantly MSC, harvested from the right ventricle by an endomyocardial biopsy (Smith et al., 2007) with a subsequent intracoronary delivery while c-kit+ CSC are grown from a right appendage biopsy taken during a coronary artery bypass operation before being also reinjected into the coronary arteries. However, the first have failed to show benefits in an ischemic cardiomyopathy phase II trial which was prematurely interrupted in April, 2017 for futility; however, the use of these cells in Duchenne muscular dystrophy has yielded an encouraging efficacy signal (Taylor et al., 2019) which needs to be confirmed by the ongoing HOPE-II study, planned to randomize 84 non-ambulatory and ambulatory patients with Duchenne muscular dystrophy to intravenous infusions of either 150 million cardiosphere-derived cells every 3 months for a total of 4 doses or placebo. The use of c-kit+ CSC has been largely based on preclinical data now considered to be in part fraudulent1 and there is some consensus that these cells are rather endowed with an angiogenic potential (van Berlo et al., 2014). Four trials are currently registered in the ClinicalTrials.gov website, of which one (CONCERT-HF) which has tested transendocardial injections of autologous MSC, c-kit+ CSC, alone or in combination, in patients with ischemic heart failure, was temporarily paused in October, 2018. Among the remaining 3 studies, only one, the CHILD trial, which assesses the effects of intramyocardial injection of autologous c-kit+ cells in 32 patients with hypoplastic left heart syndrome, is currently recruiting. A second one (TAC-HF-II) planned to test transendocardial injection of autologous MSC alone or in combination with CSC in 55 patients with ischemic left ventricular dysfunction, has not yet started recruiting. The third trial (JOKER) was designed to assess the effects an intracoronary infusion of autologous c-kit+ cells expanded from a right appendage biopsy taken during coronary surgery in a small group of six patients still presenting a left ventricular ejection fraction < 40% after their revascularization; it is reported active but not recruiting. Outcomes of these trials will hopefully shed some light on the place of these cells in the context of cell-based heart repair.



Interest of PSC as a Source of Cardiac-Committed Cells

Given the limitations of these adult sources of cardiac-committed cells, it has looked sound to consider the alternate use of pluripotent stem cells (PSC) to leverage their intrinsic ability to generate lineage-specific cells in response to appropriate cues and thus coax them toward a cardiac differentiation pathway. Since the seminal work of Caspi et al. (2007) showing that ESC-derived cardiomyocytes improved myocardial performance in chronically infarcted rats, a flurry of studies have confirmed the functional efficacy of PSC cardiac derivatives. This has been a strong incentive for developing multiple and various techniques for PSC scale-up and differentiation, the detailed description of which is beyond the scope of this article (for a recent review, see Le and Hasegawa, 2019). Enough is to say that the extensive documentation on the raw products required for a regulatory approval makes highly desirable to use the most straightforward and cost-effective procedures, which has guided our choice of an only two cytokine-based technique described below. Another advantage of PSC is their scalability which is critical particularly if the objective is the “remuscularization” of extensively scarred post-infarction myocardial areas (as discussed below). One could argue that this property is shared by MSC but it is not totally true as there is some evidence that increasing the number of MSC passages can shift their phenotype toward an aging pattern translating into an impaired functionality of the cells (Yin et al., 2019).

The ability to control the differentiation pathway of PSC gives the flexibility of “freezing” it at the desired stage and thus provides the option of transplanting early progenitor cells or more mature cardiomyocytes. Each of these cell types has advantages and inconvenient. Early progenitors feature a greater plasticity which could allow them to differentiate in both cardiac and vascular cells and their predominant reliance on anaerobic glycolysis might enhance their survival in a poorly oxygenated environment. This assumption is supported by the findings of Halbach et al. (2014) that the highest persistence and grade of electrical coupling of intramyocardially transplanted fetal cardiomyocytes from different developmental stages is achieved by intermediate cells (days 14.5) compared with earlier and later stages (days 9.5 and 18.5, respectively). An additional feature of early progenitor cells is their greater secretory profile (Agarwal et al., 2017; El Harane et al., 2018), which can be an advantage if one relies on a predominant paracrine mechanism of action (see below). At the opposite, an early progenitor cell population can still be “contaminated” by pacemaker cells behaving as foci of automaticity and thus predisposing to arrhythmias (Ichimura et al., 2020). Conversely, this issue is addressed by the use of more mature cardiomyocytes which are thought to be endowed with a greater force-generating potential but, in turn, may be more susceptible to death once transplanted in hypovascularized areas because of their reliance on oxidative phosphorylation. At the end, it is fair to admit that currently the few studies which have compared different stage-specific cardiac differentiated cells have failed to provide unequivocal evidence for the superiority of one type over the other (Fernandes et al., 2015; Ye et al., 2015).



The ESCORT Trial

Our choice has been to transplant early progenitors differentiated from ESC in the ESCORT trial (NCT02057900) which was a first-in-man safety study of 6 patients with severe ischemic left ventricular dysfunction (median left ventricular ejection fraction: 26%; IQR: 22–32%) and in whom the cell therapy treatment was combined with a coronary artery bypass (Menasché et al., 2018). The trial was based on 10 years of preclinical studies in rodents and non-human primates (Bellamy et al., 2015; Menasché et al., 2015). Pluripotent ESC were first scaled-up to generate a master/working cell bank from which cells were collected, thawed, expanded in a defined medium on clinical-grade feeder cells (irradiated human foreskin fibroblasts) and then committed toward a mesodermal-cardiac lineage by a 4-day exposure to two cytokines (bone morphogenetic protein-2 and a FGF inhibitor) according to Good Manufacturing Practice (GMP) standards. As roughly 44% of the cells only responded to the cardio-instructive cues, a purification step was mandatory. The expression of stage-specific embryonic antigen (SSEA)-1, was then taken as a marker for loss of pluripotency and immunomagnetic sorting using a microbead-coupled anti-SSEA-1 antibody was used for selecting the committed cells. This resulted in the harvest of a highly purified population of SSEA-1+ cells characterized by a knock-down of the pluripotency gene Nanog and a parallel upregulation of the cardiac transcription factor Isl-1. These two markers, assessed by qPCR, were among the release criteria, with thresholds set as <0.1% and > 5%, respectively, expressed as fold changes relative to the undifferentiated population. Additional lot release criteria included cell viability and purity, with thresholds set at 90 and 95%, respectively, which were fully met for all the patients [median viability and purity rates of 96% (IQR: 96–96%) and 97.5% (IQR: 95.5–98.7%), respectively]. SSEA-1+ progenitor cells were then embedded into a fibrin patch generated by first mixing them with fibrinogen followed by addition of thrombin to induce rapid polymerization of the gel (fibrinogen and thrombin were components of a clinically used surgical glue). Finally, during the surgical procedure, a 20 cm2 piece of autologous pericardium was harvested and sutured to the epicardium along one-half the borders of the infarct area, thereby creating a pocket into which the cell-loaded fibrin patch was simply slipped. The free edge of the pericardial flap was then stitched to the remaining half of the infarct circumference, thereby enclosing the fibrin patch and ensuring its stability. The use of the pericardium was based on the assumption that it could act as a natural bioreactor providing growth factors to the underlying cellular graft and thus contributing to enhance early cell survival (Figures 1, 2). A median dose of SSEA-1+ Isl-1 cardiovascular progenitors of 8.2 million (IQR: 5–10 million) was delivered without any adverse intraoperative events. The primary end point was safety at 1 year, primarily assessed on (1) cardiac teratoma or remote tumor tracked by whole body computed tomography and fluorine-18 deoxyglucose positron emission tomography scans, (2) arrhythmias, detected by serial interrogations of the cardioverter-defibrillator implanted in all patients, and (3) alloimmunization, assessed by the presence of donor-specific antibodies. All patients had an uneventful post-operative course, except for one who died shortly after the operation from multiple comorbidities. With a maximum follow-up of 6 years, no patient presented an adverse event that could be related to the cells and/or the patch. While it would be meaningless to draw conclusions regarding efficacy, enough is to say that an encouraging signal was provided by a significant improvement of the wall motion of the cell/patch-treated segments during follow-up with a score that decreased from 4.2 ± 0.8 at baseline to 2.5 ± 0.4 at 1 year (p = 0.004 by the mixed model ANOVA on ranks). Of note, in 3 of the 4 patients who contributed these 1-year data, the treated segments had not been revascularized but, again, this cannot be taken as definite proof of efficacy because of the confounding effect of concomitant revascularization. Since we were not expecting a long-term cellular engraftment and primarily relied on a paracrine mechanism of action (see below), patients were only immunosuppressed transiently and while the initial planning was to give the drugs for 2 months, the duration was shortened to 1 month from the second patient onward. Drugs were given at a relatively low dosing (target trough levels of cyclosporine: 100–150 ng/ml; mycophenolate mofetil, 2 g/day) since our pre-operative mixed lymphocyte reaction assays had shown that SSEA-1+ cells are weakly immunogenic.


[image: image]

FIGURE 1. Summary of the protocol in the ESCORT trial. Human Embryonic Stem Cells (ESC) from the I6 cell line were expanded on human feeders to generate a Master/Working Cell Bank (MCB/WCB). Expanded pluripotent stem cells (scale-up) were then cardiac-committed (specification) by a 4-day exposure to Bone Morphogenetic Protein (BMP)-2 and a Fibroblast Growth Factor inhibitor (SU5402) in B27 medium. Committed cells express the Stage-Specific Embryonic Antigen (SSEA)-1 indicating their loss of pluripotency and could thus be immune-magnetically sorted using an anti SSEA-1 antibody. The SSEA-1 enriched cardiovascular progenitor cell population was then embedded in a fibrin patch which was transplanted onto the epicardium of the infarct area. AB: antibody; Tx: transplantation.
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FIGURE 2. Main steps of the procedure in the ESCORT trial. (A) Pluripotent ESC of the I6 cell line. (B) Cardiovascular progenitors at the completion of the 4-day specification step. (C) Fibrin patch loaded with the cardiovascular progenitors (intra-operative picture showing the rinsing of the patch before its implantation in the patient). (D) Final step: the cell-loaded patch has been delivered onto the epicardium of the infarct area and is partly covered by a pericardial flap already sutured along one-half the infarct circumference, thereby creating a pocket (between the flap and the epicardium) inside which the patch has been slid; the long and thin arrow indicates the border of the patch. The short and wider arrow indicates the suture line of the pericardial flap to the epicardium. Once the cell-loaded fibrin patch seats within the pocket, this suture line will be completed along the remaining one-half of the infarct circumference to enclose it completely, thereby ensuring its stability while providing some trophic support to the underlying fibrin patch.




Other PSC Clinical Trials

Other investigators have made the different choice of transplanting PSC-derived cardiomyocytes at a later stage of differentiation (although their persistent fetal-like phenotype precludes their assimilation to bona fide myocardium-resident cardiomyocytes) and have switched to iPSC as the source cells for practicality and/or ethical reasons. Once differentiated, iPSC-derived cardiomyocytes share with ESC the ability to improve the function of infarcted hearts (Lee et al., 2017) but also the lack of long term engraftment (Okano and Shiba, 2019). The use of iPSC has been aggressively promoted by those who oppose ESC for religious reasons with the premise that they could be differentiated from the patient’s own somatic cells, thereby obviating the use of immunosuppression. This argument is no longer tenable since there is a consensus that iPSC for clinical purposes should rather be harvested from healthy donors, i.e., in an allogeneic mode, to improve safety and potency and decrease costs. This is actually the case for two trials in patients with ischemic heart failure: one in Japan aims at grafting allogeneic iPSC-derived cardiomyocytes in 10 patients with a severe cardiomyopathy under the form of cell sheets prepared according to a well-documented technology (Guo et al., 2020). The announcement of the first operation in this series has been made in the lay press in January, 20202, but at the time of this writing, this trial is not registered on University Hospital Medical Information Network (UMIN CTR), Japan3 and only its 3-patient roll-in phase is listed as terminated (UMIN000032989). The second trial which is in preparation in Germany plans to graft engineered heart constructs (Tiburcy et al., 2017) made of iPSC-derived cardiomyocytes and collagen in patients with end-stage heart failure. Of note, in these two studies, cell therapy will be used as a stand-alone procedure which will allow a true assessment of its effects without the confounding effect of an associated procedure and also makes possible a less invasive approach by a small left thoracotomy. Conversely, another trial (HEAL-CHF, NCT03763136), in China, should include five participants with ejection fractions between 30 and 45% who will be injected intramyocardially with 100 million allogeneic iPSC-derived cardiomyocytes but in conjunction with coronary artery bypass grafting. This study is currently recruiting. A last trial planned to include 3 patients with chronic heart failure and in whom autologous iPSC-derived cardiomyocytes would be delivered intravenously has been registered in ClinicalTrials.gov in November 2018 (NCT03759405) but has surprisingly not yet started recruiting.



The Issue of Dosing

A critically relevant issue raised by transplantation of PSC-derived cardiomyocytes, regardless of their ESC or iPSC source, is their optimal dosing. Several factors have to be taken into account, including the mass of lost myocardium, particularly if the objective is its remuscularization (as discussed below), the rate of cell attrition and the possible proliferation of the surviving cells although the latter factor is of unlikely clinical relevance because of the consistent finding of the absence of sustained cell engraftment. In a meta-analysis of stem cells in large animal studies (primarily performed in pigs), cells doses were extremely variable, ranging from 5 × 105 to 25 × 106 for c-kit CSC, from 1.3 × 106 to 1 × 107 for cardiospheres and also averaged 1 × 107 for Sca-1 + CSC. Interestingly, in the only dose-escalating study of cardiospheres (Yee et al., 2014), the highest dose (150 million) was found superior to the lower ones when the assessment was made 4 weeks after treatment but the benefit on global and regional left ventricular function (versus a control group) was lost in a subsequent cohort receiving this high dose but assessed at a later time point (8 weeks). In a Phase II dose-escalation study of allogeneic mesenchymal precursor cells in patients with ischemic or non-ischemic heart failure (Perin et al., 2015), the best outcomes were yielded by the highest dose (150 million versus 25 and 75 million) and a similar dose-dependent response (better with 100 versus 20 million cells) has been reported in the TRIDENT trial in which allogeneic bone marrow-derived-MSC were delivered in patients with ischemic cardiomyopathy (Florea et al., 2017). These data are consistent with those of a metaanalysis of 914 MSC clinical trials (for all types of indications) in which the minimal effective dose ranged between 100 and 150 million cells (Kabat et al., 2020). Admittedly, however, none of these clinical studies have used PSC derivatives. Looking exclusively at those transplanted in non-human primate models generates conflicting results. Chong et al. (2014) reported an extensive remuscularization of the infarcted myocardium injected with 1 × 109 ESC-derived cardiomyocytes but the small sample size precluded any meaningful functional assessment. Conversely, despite injecting a similar cell number, Romagnuolo et al. (2019) failed to show a benefit on infarct size or global left ventricular function (with no correlation between cardiomyocyte purity and graft size) after 4 weeks. In contrast, Liu Y.-W. et al. (2018) reported a functional benefit following transplantation of a slightly lower dose (7.5 × 108) of ESC-derived cardiomyocytes and in the study of Shiba et al. (2016), a post-transplantation improvement of contractile function at 4 and 12 weeks could even be yielded by an almost twofold lower dose dose (4 × 108 iPSC-derived cardiomyocytes). Finally, in another study using ESC-derived cardiovascular progenitors, a much lower dose (1 × 107) also improved heart function provided the immunosuppression regimen was appropriate (Zhu et al., 2018). Put together, these data suggest that the highest doses are not necessarily the most effective, particularly in view of the risk of arrhythmias outlined in the next section, and although the issue of the optimal dosing is still open, they tend to support the earlier experimental findings that even though increasing the dose of ESC translates into an increased graft size, this may not reflected by an improvement in heart function (van Laake et al., 2009).




HOW DO PSC-DERIVED CARDIAC CELLS WORK?


The “Remuscularization” Hypothesis

A logical objective of using PSC-derived cardiac cells is to structurally replace host cardiomyocytes which have been irreversibly damaged. This forms the basis of the “remuscularization” concept which entails the transplantation of cardiomyocytes, as mature as they can, or cardiac progenitors expected to complete their differentiation under the influence of local cues. The goal is that these cells stably engraft and seamlessly couple with host cardiomyocytes enabling the cellular graft to synchronously contribute to heart pump function while avoiding electrical instability. Several studies in both rodents and large animals, including non-human primates, have documented histologically the feasibility of generating large grafts recolonizing part of the scar tissue and predominantly made of cardiomyocytes, with evidence for their progressive maturation over time, an electrical coupling with host cardiomyocytes, as assessed by fluorescent calcium indicators (despite an often low connexin-43 immunoreactivity) and an associated improvement of left ventricular function of varying degree demonstrated by magnetic resonance imaging (Liu Y.-W. et al., 2018; Romagnuolo et al., 2019) or echocardiography and micro computerized tomography (Chong et al., 2014; Shiba et al., 2016). Despite being intellectually sound and attractive, this approach raises two major clinically relevant challenges: maintenance of long term cell survival and arrhythmias.


Cell Survival

If one targets the generation of a new myocardial tissue, it is expected that the grafted cells will remain engrafted and alive over time. Unfortunately, cells tend to die rapidly following transplantation, which has led to the investigation of multiple empowering strategies, primarily based on chemical or physical (heat shock) preconditioning and genetic engineering (Mohsin et al., 2011), but these approaches have been challenging to translate clinically, most likely because of their complexity, cost and difficulties to meet regulatory standards. In practice, three main factors of cell death have been identified. The first is the loss of cell anchorage to an extracellular matrix which occurs at the time of their usual dissociation before injection; this can be addressed by incorporation of the cells in a biomaterial which has a dual interest: (1) it provides a three-dimensional template conducive to extracellular matrix secretion enhancing cell cohesiveness, and (2) it acts as a shielding structure that increases cell retention. It is beyond the scope of this article to discuss the choice of biomaterials. Suffice is to say that if they are considered for catheter-based delivery, they should feature shear-thinning properties allowing their injection followed by an in situ gelation to improve retention of the matrix-encapsulated cells (Ban et al., 2014), whereas, they should have mechanical properties allowing to generate an easily manipulable patch if they are poised to an intraoperative epicardial application, as in the ESCORT trial and others. A second factor of cell death is the hostile nature of the environment they are implanted in, with a mix of inflammatory, hypovascularized and scarred areas which makes challenging for the transplanted cells to survive. One way of addressing this issue is to co-transplant them with supportive vascular and/or stromal cells to provide trophic and structural support. The critical role of non-cardiac cells (at a roughly 30% ratio) for increasing the therapeutic potential of iPSC-derived cardiomyocytes has been established (Iseoka et al., 2018) and further confirmed recently by the ability of ESC-derived epicardial cells co-transplanted with ESC-derived cardiomyocytes to enhance cardiac graft size and heart function in athymic rats treated 4 days after a 60 min coronary artery ligation (Bargehr et al., 2019). The study by Gao et al. (2018) is of even greater clinical relevance in that it used a large animal (porcine) model to establish the functional benefits of a composite patch construct made of iPSC-derived cardiomyocytes, endothelial and smooth muscle cells. In the clinics, these co-transplantation are technically doable as exemplified by the TAC-HF-II and the Japanese iPS sheet trials but they may complicate the cell manufacturing process. A third, and possible, the most challenging cause of cell death, is rejection of these allogeneic PSC derivatives. Currently, only drug-based immunosuppression is used to prevent rejection but despite the persisting uncertainties regarding the optimal drug regimen, it is admitted that these drugs are fraught with side-effects which may lead to their discontinuation with an attendant loss of the grafted cells (Guan et al., 2020). A variant of this approach could be a “biological” immunomodulation by co-transplantation of MSC which have been shown, at least in a subcutaneous implantation model, to control allogeneic iPSC-CM rejection via regulatory T cells and cell-cell contact with activated lymphocytes (Yoshida et al., 2020), however, because MSC are immune evasive and not immune privileged, they can only extend the survival of the co-transplanted iPSC-derived cardiomyocytes without preventing their ultimate disappearance (Yoshida et al., 2020).



Arrhythmias

A major concern raised by non-human primate studies in which ESC-derived cardiomyocytes have been transplanted has been the occurrence of ventricular arrhythmias (Chong et al., 2014; Shiba et al., 2016; Liu Y.-W. et al., 2018; Romagnuolo et al., 2019), some of which were life-threatening. Different mechanisms have been hypothesized but rather then re-entry induced by tracks of slow conduction, it seems that focal activation at the graft/host interface is a key trigger of these events (Liu Y.-W. et al., 2018; Romagnuolo et al., 2019). Of note, arrhythmias have usually been observed early, i.e., during the first post-transplantation weeks with a progressive diminution onward which could reflect a progressive in situ maturation of the graft toward a ventricular-like pattern. This supports the transplantation of a homogeneous population of cells featuring a mature electrophysiological phenotype but also emphasizes the importance of ensuring that the graft is appropriately purged from all cells which could still feature a pace-maker phenotype.

In an attempt to circumvent these issues while still targeting remuscularization of the diseased heart, other strategies have been developed which overall try either to reset the clock by restoring the ability of endogenous cardiomyocytes to divide or to convert host fibroblasts into new cardiomyocytes (reviewed in Sadek and Olson, 2020). The discussion of these strategies is beyond the scope of this paper but the important point is that a cell-induced improvement of function, which is the ultimate main objective, is not automatically correlated with an increase of the contractile cell pool. This has been well demonstrated in a mouse model of myocardial infarction where transplanted cardiovascular progenitor cells expressing a doxycycline-inducible MYC construct were shown to proliferate in the myocardium and then, following doxycycline removal, to differentiate in cardiomyocytes, endothelial and smooth muscle cells, leading to the formation of large grafts from the transplanted cells but without improvement of the contractile function (even though fibrosis was reduced) (Schwach et al., 2020). These data are in line with those published more than 10 years ago by van Laake et al. (2009) who had shown, in a mouse model, that post-infarction cardiac function was not improved by increasing graft size but rather seemed to be largely contributed by augmentation of the vascular density. Put together, these results are thus suggestive that other mechanisms than generation of new cardiomyocytes are involved in cell-induced improvement of outcomes, thereby lending support to the paracrine hypothesis.




The Paracrine Hypothesis

Aside from “remuscularization,” a second mechanism whereby PSC-derived cardiac cells could act is paracrine signaling, i.e., the release of factors harnessing endogenous repair pathways (Garbern and Lee, 2013).


Evidence for a Paracrine Mechanism of Action

This hypothesis is strongly supported by three lines of reasoning. First, there is a consistent temporal discrepancy between the physical presence of cells in the transplanted tissue and the functional outcomes, i.e., an improvement in heart function is commonly demonstrated at a time where all grafted cells have disappeared. This applies to PSC cardiac derivatives as well. Thus, Riegler et al. (2015) found no difference in cardiac function between chronically infarcted rats transplanted with human ESC-derived cardiomyocytes mixed with collagen and those in which cells had previously been made non-viable by irradiation, thereby suggesting that cell engraftment was not directly responsible for functional improvements. Likewise, differences in ESC graft size have been shown not to translate into differences in the preservation of post-infarction heart function which further supports the idea that remuscularization may not be the key driver of the cell-associated therapeutic benefit (van Laake et al., 2009; Luo et al., 2014). More recently, ESC-derived cardiovascular progenitor cells were reported to improve function of infarcted and adequately immunosuppressed non-human primates at a time where cells are no longer detectable (Zhu et al., 2018). Admittedly, another macaque study has reported the persistence of substantial grafts until 3 months after transplantation, possibly because of the use of more differentiated cardiomyocytes, but the scarcity of their connexin-43 expression still makes uncertain a functionally effective coupling with host cardiomyocytes (Liu Y.-W. et al., 2018) and this concern is strengthened by the finding of scar tissue isolating ESC- and iPSC-cardiomyocyte grafts from the host myocardium of infarcted rats, which makes unlikely their direct contribution to cardiac contractility (van Laake et al., 2009; Lee et al., 2017). Second, cells are known to release a myriad of cytokines, growth factors and other biologics, many of them being packaged in extracellular vesicles (exosomes and microparticles) which can modulate the function of recipient cells through the delivery of their cargo (Patil et al., 2019) and this mechanism also pertains to vesicles released by PSC (Yuan et al., 2009). Extracellular vesicles can then shift recipient cell signaling pathways toward cardiac repair through multiple mechanisms, primarily mitigation of apoptosis, inflammation and fibrosis and stimulation of angiogenesis (Garikipati et al., 2018; Zhao et al., 2019), while the re-induction of a mitotic cycle of native cardiomyocytes leading to an increased contractile cell pool remains more controversial. Third, the extracellular vesicle-enriched secretome of stem cell-derived cardiac cells (or of MSC) recapitulates (and even sometimes outweighs) the beneficial effects of their parental cells an observation which has now been made across a wide variety of preclinical cardiac (Kervadec et al., 2016; Adamiak et al., 2018; El Harane et al., 2018; Rogers et al., 2019) and non-cardiac disease models (reviewed in Desgres and Menasché, 2019) and is consistent with the finding of an overlap of the microRNA profiles between iPSC-cardiomyocytes (Santoso et al., 2020) or MSC (Shao et al., 2017) and their respective exosomes.

Relying on a paracrine mechanism of action implies that cells behave as platforms releasing bioactive molecules and will remain only transiently in the grafted tissue; however, as nobody still knows exactly how long is enough for the cells to release the factors underpinning their therapeutic benefits, the use of adjunctive biomaterials to extend their residency time can still be justified (Chen et al., 2018; Waters et al., 2018; Han et al., 2019). Importantly, rejection does not need to be prevented any longer; it should only be delayed, which implies a short-duration of immunosuppression and consequently reduces the risk of drug-induced side effects. We previously mentioned that in the ESCORT trial, immunosuppressive drugs were only given for 1 month with good tolerance and the Japanese trial entailing the use of iPSC-derived cardiomyocyte cell sheets has likewise planned a limited period (3 months) of immunosuppression.



Use of the PSC Secretome


Advantages

The assumption that most, if not all, of the cardioprotective effects of stem cells can be duplicated by the exclusive use of their secretome has logically led to consider the latter as the only therapeutics that could be delivered. This approach has distinct clinically relevant advantages, including (1) a standardized pharma-like manufacturing process, (2) a likely lack of immunogenicity, provided the cells of origin themselves express little, if any, of the HLA I and II, which is the case for iPSC-derived cardiovascular progenitors (Lima Correa et al., 2020), and (3) a functional stability under cryo-storage compatible with an off-the-shelf availability. However, these presumed benefits have to be compounded by the still limited number of large animal proof-of-concept studies (Timmers et al., 2011; Gallet et al., 2017) and the absence, so far, of clinical trials allowing a thorough assessment of this approach in the context of heart failure.



Challenges

Regardless of the cautionary words above, the translational use of the secretome requires to address at least four main challenges, the first of which is the choice of the parental cells. Although the RNA and protein cargo of undifferentiated ESC (Khan et al., 2015) and iPSC (Bobis-Wozowicz et al., 2015) has shown cardio-protective effects both in vitro and in animal models of myocardial infarction, the clinical use of such a secretome would likely raise safety issues because of its possible enrichment with pluripotency markers (Ratajczak et al., 2006), which rather leads to privilege more differentiated cells as the source material. In this context, and in parallel to what has been shown for cells, the bioactivity of the secretome of cardiac-committed cells outweighs that of non-cardiac cells (Barile et al., 2018), possibly because the released factors are better tailored to the specific biology of the target cardiac tissue; even within the cardiac cell population, the secretome released by early progenitor cells seems to feature superior cardioprotective properties (Agarwal et al., 2017; Könemann et al., 2019) and these data are in line with our observations (El Harane et al., 2018) and those of others (Malik et al., 2013) that untreated adult cardiomyocytes secrete minimal amounts of exosomes. These findings strongly rationalize the choice of PSC as the parental cells because of the dual possibility of differentiating them into cardiac-committed cells and stopping the differentiation process at an early developmental stage. For this reason, our next clinical trial will entail the administration of an extracellular vesicle-enriched secretome of iPSC-derived cardiovascular progenitor cells (El Harane et al., 2018). A second challenge is the mode of delivery of the secretome. If direct intramyocardial injections are considered, a one-shot delivery without any additional carrier exposes to a rapid wash-out and an attendant loss of efficacy. Thus, the incorporation of the cell-produced biologics into biomaterials enabling a sustained release (Chen et al., 2018; Waters et al., 2018), much like for traditional stem cell therapy, can be an effective means of extending their retention and improving outcomes and this concept applies to PSC-derived cardiac cells (Liu B. et al., 2018). Here, a distinct advantage of cell-derived biologics is that they can be successfully embedded into scaffolds suitable for long-term cryopreservation and immediate availability, thereby overcoming survival and storage issues associated with the use of cells (Huang et al., 2020). However, a more appealing means of leveraging the acellular nature of the secretome is to deliver it intravenously. Although a limited amount of the injectate may then reach the target organ, the intravenous route is yet associated with a functional benefit which has been demonstrated across a wide variety of preclinical models of acute myocardial infarction (Timmers et al., 2011; Ciullo et al., 2019), Duchenne (Rogers et al., 2019) and chemotherapy-induced (Singla et al., 2012; Vandergriff et al., 2015; Sun et al., 2018; Milano et al., 2019) cardiomyopathies, as well as in non-cardiac disease models. One postulated mechanism of action of these intravenously injected EV-enriched secretomes is that following their predominant uptake by macrophages (Morishita et al., 2017) and liver sequestration (Wiklander et al., 2015), they could act like cells through a systemic modulation of inflammation triggering tissue-protective signals which are then conveyed to the target organ by the circulating cells (Walker et al., 2012). It is clear that the intravenous route has clinically relevant advantages: it is simple as it does not require costly equipment and facilities; more importantly, it is non-invasive and as such allows repeated administrations, which could be critical for optimizing the therapeutic benefit, as suggested by the finding that repeated administrations of transplanted cells are superior to the single administration of an equivalent cumulative dose (Tang et al., 2018). Of note, while all modes of cells/cell products delivery target the same objective, i.e., an improvement in heart function along with a reversal of adverse ventricular remodeling, they might conceivably reach this goal through different mechanisms of action, i.e., the predominant replenishment of the contractile cell pool along with an increased angiogenesis in the case of direct intramyocardial cardiac cell implantation as opposed to a systemic regulation of inflammation following intravenous infusions.

The last two translational challenges raised by the use of the cellular secretome are its degree and method of purification as well as the characterization of its content. However, these issues are not specific for PSC used as the parental cells and their discussion is beyond the scope of this chapter (for reviews, see Andriolo et al., 2018; Théry et al., 2018).





A Common Mechanism-Independent Issue: Safety

Regardless of the putative mechanism of action, safety is obviously a key issue because the presence in the cell product of still undifferentiated and/or transformed cells could lead to their uncontrolled proliferation and give rise to a teratoma or a terato-carcinoma. The opponents of ESC have obviously rushed on this risk to demonize ESC (Wysoczynski and Bolli, 2020) in contempt of the actual data which show that although the first five patients to receive ESC derivatives, in this case oligodendrocytes for spinal cord injury, are now at 8 years of their treatment without any warning signal (Press release from Asterias Biotherapeutics Inc., January 24, 2019). Likewise, the first patient of the ESCORT trial has now a more than 5 year-follow up and is doing well without any abnormality on imaging studies (computerized tomography and 18F-FDG positron emission tomography scans). Nevertheless, it is obviously critical to purify the differentiated cells to ensure that they are no longer contaminated with unwanted and still pluripotent cells.

Multiple purification methods have been developed (reviewed in Ban et al., 2017; Moon et al., 2017), of which only a sorting based on surface markers is currently suitable for large-scale GMP-compliant applications. In the ESCORT trial, we used SSEA-1 as a marker for cells which were no longer undifferentiated and used magnetic bead-bound anti-SSEA-1 antibodies for selecting them. Even though this mode of immunomagnetic positive selection has been used for years for enriching in hematopoietic cell populations, a negative mode of selection targeting markers for pluripotency (Tang et al., 2011) is more appealing in that it would allow the final cell therapy product for patient use to remain magnetic bead-free. Other strategies based on microfluidics or field-flow fractionation are currently investigated and might be of interest if they can be scaled-up under GMP conditions. Of note, selection of the cardiac-committed cells is primarily relevant to the use of cardiovascular progenitors where stage-specific markers have to be used (Isl-1 in the ESCORT trial) since an extended period of culture is expected to yield an almost pure population of cardiomyocytes whose identity can be confirmed by a battery of markers (Flk-1, PDGFR- α, signal-regulatory protein alpha [(SIRPA)] and vascular cell adhesion molecule 1 (VCAM1)] and which, in principle, does not harbor undifferentiated cells any longer.

However, regardless of the cell culture strategy, it is mandatory to ensure that the final product which will be delivered to the patient has no tumorigenic potential. This first implies in vitro checking for its genetic stability to eliminate the occurrence of cancer-driving mutations that can be induced by culture conditions and time in culture (Goldring et al., 2011; Oliveira et al., 2014). Several quality control metrics have been proposed to ensure that oncogenic networks have not been activated (reviewed in Assou et al., 2018). As an example, the cardiovascular SSEA-1+ cells used in the ESCORT trial were assessed by karyotyping, fluorescence in situ hybridization (FISH) and array comparative genomic hybridization (aCGH). Of note, iPSC may be more prone to genetic/epigenetic alterations than ESC because of the potential of mutations already present in the parental cells from which they are reprogrammed (Ben-David and Benvenisty, 2011; Oliveira et al., 2014), with the caveat that it can be difficult to establish a correlation between genetic modifications of the cells and the actual risk that will form a tumor in vivo. Maybe, in the future, the organs-on-chip technology will provide a human-like micro-environment more suitable for an accurate risk prediction. The identity of the cardiac-committed product also needs to be tested by lineage-specific markers, usually by flow cytometry and/or gene sequencing, in particular to ensure that pluripotency genes have been appropriately knocked down. It may also be advisable to enrich the risk analysis with assays evaluating the potential of the cells to cause genotoxicity and chromosomal damage.

Despite the utility of these in vitro tests, tumorigenicity studies in animals still represent a major pillar of the preclinical safety assessment. Several factors have then to be taken into consideration, which include the number of cells to be inoculated, the duration of follow-up, the site of transplantation and the limit of detection of the relevant assays (Sato et al., 2019). The choice of the animal model is particularly critical, keeping in mind that most studies entail transplanting human cells into rodents and, as such, should be interpreted cautiously since xenotransplantation is less likely to induce teratomas than allografts (Erdö et al., 2003). This has been the main argument for us to test Rhesus ESC-derived cardiovascular progenitors in infarcted Rhesus monkeys with the premise that such an intraspecies transplantation would sensitize the potential occurrence of a tumor (Blin et al., 2010). Importantly, these teratoma experiments should include spiking experiments with different ratios of undifferentiated/lineage-committed cells to identify the threshold above which a tumor occurs and thus helps defining lot release criteria (Priest et al., 2015). This information is a critical component of the risk assessment. Finally, off-target adverse effects have to be ruled out by biodistribution studies.




PERSPECTIVES


Remuscularization

For those who remain committed to use PSC-derived cardiac-committed cells as physical and expectedly permanent substitutes for the lost cardiomyocytes, there are at least three areas of research which need to be prioritized. The first is to define the optimal stage of differentiation at which cells should be transplanted. As mentioned above, there are no robust arguments favoring early progenitors versus more mature cardiomyocytes but, assuming that the latter could more efficiently increase pump function, it is mandatory to address the risk of arrhythmias by optimizing the maturation state of the transplanted cardiomyocytes and thus mitigate an electrical mismatch at the graft/host interface (Romagnuolo et al., 2019); this can be achieved by a variety of strategies including co-culture with endothelial cells, prolongation of the culture time, control of the composition, topography and stiffness of the extracellular matrix, mechanical and electrical stimulation (Le and Hasegawa, 2019). The second area of research pertains to the development of strategies allowing an immune tolerance of these allogeneic cells in order to avoid the use of high doses of immunosuppressive drugs and their cohort of adverse effects. In this setting, the use of HLA-haplotyped cell lines (Neofytou et al., 2015) could be helpful by allowing a better match between the grafted cells and the immune profile of the recipient and is clinically doable as HLA-matched cells are currently transplanted in a Parkinson trial: https://upload.umin.ac.jp/cgi-open-bin/ctr_e/ctr_view.cgi?recptno=R000038278. However, the most conceptually attractive option could be the use of gene editing to generate cell lines no longer expressing HLA-I and -II antigens but engineered to express molecules preventing cell destruction by Natural Killer cells (Xu H. et al., 2019), provided that the efficacy and safety of these “universal” cell lines can be validated. One step further, co-transplanting cardiomyocytes and dendritic cells derived from the same PSC line might induce a selective tolerance to T cells reactive to the alloantigens expressed by the PSC derivatives. In the context of these efforts to “lighten” immunosuppressive regimens, another approach, possibly easier to implement in the clinics, could be the use of regulatory T cells or even their derived exosomes which have been shown to successfully extend liver graft survival (Chen et al., 2019).

Finally, even though the success of pro-survival approaches could enable a prolonged engraftment of the cells, it is likely that their number will progressively decrease over time. This assumption is supported by the finding that cardiac function was significantly improved in mice injected with ESC-derived cardiomyocytes at 4 weeks after transplantation but that this benefit was not retained at 3 months (van Laake et al., 2007), thereby suggesting that maintenance of a therapeutic effect likely requires repeated administrations. In the clinics, this can only be achieved, easily and safely, by intravenous injections. Admittedly, however, intravenously injected ESC-derived endothelial cells or iPSC-derived neural stem cells have been therapeutically effective in ischemic hindlimb (Huang et al., 2010) and amyotrophic lateral sclerosis (Nizzardo et al., 2014) models, respectively, without causing short-term adverse events, but one could be concerned about the safety of a systemic delivery of PSC derivatives and it is uncertain that such a strategy would be approved by the regulators (it might be the reason why the Chinese trial mentioned above and which had planned intravenous infusions of iPSC-derived cardiomyocytes in 3 heart failure patients has not yet started 18 months after its official registration). In this context, an innovative approach has been proposed which consists of implanting an epicardial device connected to a subcutaneous port which can be periodically replenished with. The extent to which this system, which has shown promising results in a rodent model of myocardial infarction (Whyte et al., 2018), can be translated clinically remains to be established.



Paracrine Signaling

Reliance on a paracrine mechanism of action logically leads to consider to exclusively deliver the cellular secretome even though its effects on in vitro potency assays may not be representative of what happens when it is directly released by the parental cells in vivo. This limitation, however, may not be so relevant as demonstrated almost 10 years ago by Timmers et al. (2011) who showed, in a pig model of myocardial infarction, the protective effects of the intravenously infused conditioned medium (only clarified and concentrated) of ESC-derived MSC. Further confirmation has been brought more recently in a rat model of myocardial infarction in which a single intramyocardial injection of the total conditioned media released by neonatal human CSC was significantly more effective functionally than either the parental cells of their purified exosomal fraction (Sharma et al., 2017). Nevertheless, one area of research is to identify the key drivers of the biological effects of the cellular secretome and many different miRNAs and proteins have been reported as the most effective candidates. While it is tempting to identify a short list of compounds in the perspective of synthetizing them as a multi-targeted drug, it could indeed be counter-productive to deconstruct the cargo of the secretome because of the multiplicity of its components and their possible interactions leading to synergistic effects, notwithstanding the challenge of artificially recapitulating a complex repertoire of bioactive molecules. Another reason for keeping the whole extracellular vesicle payload intact is that it can be shuttled in the recipient cells without the risk of degradation because of the protection afforded by the lipid bilayer of the vesicles whereas it is unlikely it would still be the case if its individual components had to be delivered individually. A second area of research pertains to the means of “priming” the parental cells during the culture period to enrich the extracellular vesicle package with proteins and other biologics that can bolster their biological effects (Wiklander et al., 2019; Xu R. et al., 2019; Yuan et al., 2019). A third clinically relevant perspective pertains to the optimized delivery of the cellular secretome. Although using source cells which share the same repertoire of surface receptors as those of the target tissue can yet be therapeutically beneficial, as discussed above, a greater benefit could likely be yielded by a more selective targeting of the injectate toward the heart, which can be achieved by two different approaches. The first consists of engineering the parental cells to make them overexpressing receptors expected to traffic to their extracellular vesicles and whose display on the external part of the vesicular membrane can enhance recognition by target cells, docking and vesicle uptake. This strategy has been shown successful for promoting homing of intravenously injected exosomes derived from cardiac progenitor cells overexpressing CXCR4 to enhance interaction of this receptor with its SDF-1α ligand which is upregulated in ischemic tissues (Ciullo et al., 2019). This approach, however, is challenged by the risk of peptide degradation (Hung and Leonard, 2015), hence the interest of an alternate approach based on the direct engineering of the secreted vesicles by anchorage of cardiac-specific peptides to their membrane (Vandergriff et al., 2018) or modifications of their glysosylation pattern to promote binding to endothelial selectins (Sackstein, 2009; Lo et al., 2016). A last clinically relevant issue is dosing. There is consistent evidence that the effects of extracellular vesicles are dose-dependent (Kervadec et al., 2016) while the apparently low number of miRNA carried by exosomes (Chevillet et al., 2014) likely requires large amounts of them to be transferred to convey a significant biological effect, particularly following a systemic delivery. Different metrics can be considered here such as an absolute number of particles, a protein concentration, the vesicle number to protein ratio or a “cell equivalent,” i.e., the amount of particles assumed to be released by a given number of the parental cells but no consensus has emerged yet.

In conclusion, while iPSC look more attractive for disease modeling and drug screening, both ESC and iPSC share the same potential for inducing heart repair and possibly regeneration. For reasons related to practicality, iPSC-derived cardiac-committed cells, regardless of their stage of differentiation, may provide a better cost-effective model, particularly if they are primarily used as ex vivo biofactories producing a biologically active secretome which would then represent the therapeutics delivered to the patient. This approach would allow to leverage the cardioprotective potential of PSC derivatives while overcoming the safety issues that might be associated with their direct delivery. Future clinical studies will tell whether such an expectation can be really met. In the meantime, the observation that by the end of 2019, there were at least 54 registered trials testing PSC derivatives (Kobold et al., 2020) provides compelling evidence that regardless of the cell source (ESC or iPSC), the clinical indication and the delivery strategy, PSC-derived lineage-specific cells have now integrated the armamentarium of therapies against a wide variety of diseases.
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FOOTNOTES
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Ischemic heart disease is the leading cause of morbidity and mortality in the world. While pharmacological and surgical interventions developed in the late twentieth century drastically improved patient outcomes, mortality rates over the last two decades have begun to plateau. Following ischemic injury, pathological remodeling leads to cardiomyocyte loss and fibrosis leading to impaired heart function. Cardiomyocyte turnover rate in the adult heart is limited, and no clinical therapies currently exist to regenerate cardiomyocytes lost following ischemic injury. In this review, we summarize the progress of therapeutic strategies including revascularization and cell-based interventions to regenerate the heart: transiently inducing cardiomyocyte proliferation and direct reprogramming of fibroblasts into cardiomyocytes. Moreover, we highlight recent mechanistic insights governing these strategies to promote heart regeneration and identify current challenges in translating these approaches to human patients.
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INTRODUCTION

Cardiovascular diseases (CVD) are the leading cause of death worldwide, accounting for nearly one-third (~18 million) of all global deaths annually (Roth et al., 2017). Approximately half of all CVD-related deaths are caused by ischemic heart disease (IHD), which results in loss of cardiomyocytes (CMs) within the myocardium leading to ventricular dysfunction and heart failure (HF). Numerous pharmacotherapies, implantable devices, and surgical techniques have been pioneered over the last five decades to salvage the myocardium and prevent pathological remodeling, dramatically improving patient outcomes and quality of life following the development of HF (Benjamin et al., 2017; Jones et al., 2019). However, HF mortality rates have begun to plateau (Roth et al., 2017), likely because existing interventions only slow disease progression but are incapable of reversing it. This stems from the fact that adult mammalian hearts exhibit minimal regenerative capacity due to the relative inability of CMs within the adult heart to reenter the cell cycle, and an apparent absence of a stem cell population that can repopulate all cell types within the heart following injury (Hashimoto et al., 2018; Sadek and Olson, 2020).

Shortly after birth, CMs in mammalian hearts undergo DNA synthesis and cell cycle exit. In rodents, this process occurs within the first few days after birth. Following DNA synthesis, ~75% of rodent CMs undergo nuclear division, resulting in diploid, binucleate CMs. In contrast, the majority of CMs in human hearts remain mononucleate but are tetraploid or polyploid (Laflamme and Murry, 2011). CM ploidy also increases during CM hypertrophy (Laflamme and Murry, 2011), though it remains unclear if increased ploidy is a cause or consequence of hypertrophic growth (Derks and Bergmann, 2020). Until the last two decades, it was generally well-accepted that CMs that exited the cell cycle are quiescent and unable to reenter the cell cycle and complete mitosis. However, more recent evidence based on incorporation of nuclear bomb-derived 14C into CM DNA revealed that CM turnover rate in humans is approximately 1% at age 25, and declines to <0.45% past age 75 (Bergmann et al., 2009, 2015). These data indicate that approximately half of the CMs within the heart are generated postnatally (Bergmann et al., 2015). Similarly, it has been observed that CMs in adult mice replenish at a rate of ~0.76%/year, a rate that continues to decline with age (Senyo et al., 2013). Moreover, this rate increases up to 4-fold following myocardial infarction (MI) (Senyo et al., 2013), though whether these new proliferating myocytes arise from existing CMs or cardiac progenitor cells (CPCs) remains somewhat unclear. To determine the origin of these newly proliferating CMs, Hsieh et al. crossed mice harboring a floxed LacZ-polyA sequence followed by GFP under control of the Actb promoter with a tamoxifen inducible Myh6-Cre mouse line. Adult animals were pulsed with tamoxifen for 14 days to specifically label CMs with GFP while non-myocytes were labeled with LacZ; due to labeling inefficiency, ~82% of CMs expressed GFP while 18% expressed LacZ. During normal aging, these percentages remained relatively constant. However, following MI, the GFP positive percentage of CMs decreased to ~68% whereas the LacZ positive population increased to ~35%, suggesting that a CPC population gave rise to new CMs in response to injury (Hsieh et al., 2007). In contrast, using four independent interleaved reporter lines generating mutually exclusive fluorescent labeling of CMs and non-myocytes by Cre-loxP/Dre-rox recombinase activity, Li et al. observed that while new myocytes are derived from non-myocytes in embryonic mice, new myocytes in adult mice arise only from existing CMs following MI (Li et al., 2018). Regardless of the origin of new CMs post-MI, the progressive deterioration of heart function and continual fibrotic deposition clearly indicate that the rate at which CMs replenish in adult mammals is insufficient for cardiac regeneration. In this review, we evaluate the progress of three strategies to promote cardiac repair: (1) revascularization, (2) inducing CM proliferation, and 3) direct reprogramming of fibroblasts into CMs (Figure 1). We do not discuss stem cell-based strategies to improve heart function post-MI, as they have been extensively reviewed elsewhere in this special issue (Menasche, 2020).
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FIGURE 1. Therapeutic strategies for ischemic heart disease. Tan box; Standard of care: Following MI, patients undergo infarct revascularization and begin pharmacotherapy to slow disease progression, but ultimately develop heart failure and progressive fibrosis. Blue box; Cell therapy for heart regeneration: schematic indicating factors that regulate CM proliferation and direct reprogramming of fibroblasts to CMs to regenerate the myocardium following MI. Green boxes indicate environmental, signaling, and genetic factors that promote CM proliferation/fibroblast reprogramming. Red boxes indicate factors that impair these processes. Factors that have conflicting reports regarding their roles in inducing CM proliferation are listed in purple text. Blue text indicates factors that enhance direct reprogramming in human fibroblasts. DDR, DNA damage response; G(H)MT, GATA4, (HAND2), MEF2C, TBX5; CRFVPT(M), CHIR99021, RepSox, Forskolin, Valproic acid, Parnate, TTNPB, (Rolipram).




STRATEGIES FOR CARDIAC REPAIR


Infarct Revascularization

A key development in the treatment of heart failure post-MI was the pioneering of surgical intervention to revascularize the infarcted myocardium via removal of coronary artery occlusions. Evidence that myocardial reperfusion could reduce infarct size dates back to the early 1970s (Ginks et al., 1972), but widespread clinical adaptation of reperfusion was not seen for several more decades. Three primary methods of infarct revascularization remain in use today; enzymatic fibrinolysis/thrombolysis, coronary artery bypass graft (CABG), and percutaneous coronary intervention (PCI; also referred to as percutaneous transluminal coronary angioplasty). Early thrombolysis relied on intravenous delivery of streptokinase (SK) isolated from certain strains of streptococci. The fibrinolytic properties of SK had been described as early as 1933 (Tillett and Garner, 1933), but nearly three decades passed before SK was administered in patients following ST elevation MI (STEMI) (Boucek and Murphy, 1960). Furthermore, it took additional 26 years to establish clinical benefit. The GISSI trial established that administration of SK reduced mortality by 18% compared to control. In a subgroup analysis, SK administration within 3 h of MI exhibited even greater reduction in mortality whereas later administration of SK (9–12 h post-MI) were not associated with reduced mortality [(Gissi), G.I.P.L.S.D.S.N.I.M, 1986]. The TIMI phase I trial demonstrated that recombinant tissue plasminogen activator (rtPA) was nearly twice as effective at recanalizing coronary arteries as SK (Chesebro et al., 1987). Combination therapy of SK and aspirin further reduced mortality compared to SK or aspirin individually [(Isis-2), S.I.S.O.I.S.C.G, 1988]. Thus, these seminal trials demonstrated that myocardial preservation via recanalization could reduce mortality and improve patient outcomes.

Surgical intervention to improve vessel patency also emerged during this period. The first successful coronary vessel graft was performed in 1960 by Robert Goetz in which a patient's right internal thoracic artery was grafted to their right coronary artery. This patient lived an additional 13 months and upon autopsy, the graft was still intact and patent (Goetz et al., 1961). In 1968, the first graft of the left internal thoracic artery to the left anterior descending artery was performed by Green et al. (1968), which set the precedence for the modern CABG procedure (Melly et al., 2018). While CABG remains one of the most performed coronary procedures today with established long-term benefits, it is highly invasive which presents significant risks and discomfort to patients (Melly et al., 2018). Within a decade of George Green's procedure, the first PCI procedures were performed by Andreas Gruntzig by advancing a catheter with an expandable balloon tip through the femoral artery and into an occluded coronary artery in five patients (Gruntzig, 1978). Following PCI, the placement of bare metal stents (BMS) or drug-eluting stents (DES) quickly became the standard of care to combat restenosis (Melly et al., 2018). Stent placement was deemed superior to angioplasty alone for target vessel revascularization and for reducing major adverse cardiac events (Zhu et al., 2001). However, stents themselves can lead to scar formation and restenosis (in the case of BMS) (Weintraub et al., 2013) or thrombus formation (in the case of DES) (Finn et al., 2007). Thus, dual antiplatelet therapy (DAPT), typically consisting of aspirin and P2Y12 receptor blockers (clopidogrel, ticagrelor, and prasugrel), is recommended after stent placement for at least 1 year (reviewed in Weintraub et al., 2013). The AMIHOT II study demonstrated that in conjunction with PCI, intracoronary delivery of supersaturated oxygen (SSO2) further reduced infarct size (Stone et al., 2009). A follow-up trial showed that delivery of SSO2 via the left main coronary artery for 60 min after PCI in STEMI patients was associated with a favorable safety profile (David et al., 2019). Based on these trials, the FDA approved SSO2 therapy in 2019 as an add-on therapy following PCI in STEMI patients.

Many clinical trials have focused on comparing different revascularization strategies to establish which technique should be used in specific patient populations. Based on a meta-analysis of data from 23 trials, PCI and stent placement was deemed superior to thrombolysis at reducing mortality, reinfarction, or stroke in STEMI patients (Keeley et al., 2003). However, not all care facilities are equipped to perform PCI, limiting patients' access. Thus, if patients cannot undergo PCI in a timely manner (within 2 h of acute MI), thrombolysis may be performed instead (O'gara et al., 2013). Following successful revascularization via thrombolysis, transfer to a PCI-capable facility and subsequent catheterization within 24 h of acute MI may further improve revascularization and patient outcome (Al Shammeri and Garcia, 2013; O'gara et al., 2013). Several clinical trials have also focused on comparing PCI to CABG. Though PCI is much less invasive, is associated with lower risks at the time of procedure, and was shown to be non-inferior to CABG in the short term (1–3 years), CABG is associated with superior long-term (>5 years) survival (reviewed in Melly et al., 2018; Ruel et al., 2018). Based on the outcomes from these trials, PCI followed by stent placement and DAPT is the preferred method of revascularization in STEMI patients according to the 2013 ACCF/AHA guidelines. If patients cannot be transferred to a PCI-capable facility in a timely manner, thrombolysis may be performed. Transfer to a PCI-capable facility within 24 h of acute MI may be recommended following successful thrombolysis. CABG is recommended as an alternative to PCI in patients with complex lesions or coronary vasculature intolerant to catheterization (O'gara et al., 2013).

Myocardial reperfusion is estimated to salvage >50% of the myocardium that otherwise would be lost due to infarction (Yellon and Hausenloy, 2007; Frohlich et al., 2013). Furthermore, the advent of revascularization halved in-hospital mortality following acute MI (Braunwald, 2012). However, reperfusion itself causes myocardial damage. It has been postulated that an additional 50 to 80% of the myocardium could be spared if reperfusion injury could be prevented (Yellon and Hausenloy, 2007; Frohlich et al., 2013). Reperfusion injury is likely a significant contributing factor for in-hospital mortality and the development of HF following acute MI (Yellon and Hausenloy, 2007). Oxidative stress, increased intracellular calcium levels, rapid return to physiological pH, and leukocyte invasion have all been linked to causing reperfusion injury in animal models (reviewed in Yellon and Hausenloy, 2007), but targeting these processes has not led to any FDA-approved therapies to date. Thus, exploring new ways to reduce myocardial damage caused by reperfusion may further reduce patient morbidity and mortality.

Infarct revascularization and optimization of pharmacological therapies have radically transformed the treatment and management of post-MI HF. Moreover, these interventions have dramatically reduced mortality, from 5 year mortality rates of 70% in men and 57% in women prior to 1970 (Levy et al., 2002) to <45% between 2000 and 2010 (Benjamin et al., 2017; Jones et al., 2019). It has been argued that numerous pharmacological therapies including renin-angiotensin-aldosterone system inhibitors, dual angiotensin receptor/neprilysin inhibitors, and β-adrenergic receptor antagonists (β-blockers) are significantly underutilized in the HF patient population. Optimizing pharmacotherapy in this population could prevent tens of thousands of deaths per year in the United States alone (Anand, 2018). In contrast, some argue that the strength of β-blocker recommendations in particular should be reevaluated. Most β-blocker trials that demonstrated a reduction in overall mortality were performed prior to reperfusion interventions becoming standard clinical practice following MI. In the reperfusion era, β-blockers have no mortality benefit but are associated with a 30% reduction in recurrent MI and a 20% reduction in angina at the expense of 10% increased risk of worsening heart failure and a 30% increased risk of cardiogenic shock (Bangalore et al., 2014). Risk reduction of recurrent MI and angina appeared to be most significant in the short term (<30 days), thus short-term β-blocker therapy post-MI may maximize benefits while mitigating risks to patients. While the therapies outlined above have proven successful in improving patient survival and slowing HF progression, no current therapy or intervention is able to regenerate CMs lost during MI or reverse cardiac fibrosis.



CM Proliferation
 
Zebrafish Heart Regeneration

In contrast to mammals, amphibian and teleost CMs are able to reenter the cell cycle, resulting in CM mitosis and partial or full heart regeneration upon injury (reviewed in Kikuchi and Poss, 2012; Porrello and Olson, 2014; Gonzalez-Rosa et al., 2017). Heart regeneration in zebrafish is particularly well-established. Following ~20% resection of the ventricle, a fibrin clot forms to seal the ventricular wound, which is ultimately replaced by proliferating CMs over the course of 60 days (Poss et al., 2002). Heart regeneration has also been observed following cryoinjury, wherein a copper filament is cooled with liquid nitrogen and placed against approximately 25% of the ventricle to induce myocardial damage. In this model, CMs die via necrosis and apoptosis rather being removed surgically, which represents a more physiologically relevant model of myocardial damage. Following cryoinjury, necrotic tissue was replaced by fibrotic scar tissue before being replaced by newly proliferated CMs, resulting in full heart regeneration after ~130 days (Gonzalez-Rosa et al., 2011). A third model of myocardial damage, in which diptheria toxin A chain (DTA) is expressed specifically in CMs via tamoxifen inducible Myl7-Cre resulted in ablation of ~60% of ventricular CMs. Remarkably, CM proliferation was induced within 1 week of genetic ablation, resulting in full replenishment of lost CMs and restored heart function (Wang et al., 2011).

Though immunofluorescent staining indicated CMs undergo DNA synthesis and mitosis in these models, whether newly generated CMs arose from existing CMs or differentiated from CPCs remained unclear. Using a tamoxifen inducible GFP reporter under the control of the Cmlc2a (Myl7) promoter, Jopling et al. permanently labeled CMs 48 h post-fertilization. Following ventricular resection, regenerated tissue was uniformly GFP positive, indicating new CMs were derived from existing CMs (Jopling et al., 2010). More GFP/ bromodeoxyuridine (BrdU) double positive CMs were detected in injured animals than uninjured controls, which was accompanied by upregulation of the cell cycle progression regulator polo like kinase 1 (Plk1). Moreover, proliferating CMs displayed disassembled sarcomeres and reduced cell-cell contact but did not upregulate Hand2/Nkx2.5 expression indicating only limited CM de-differentiation occurred in response to injury (Jopling et al., 2010). Following ventricular resection, CMs upregulated expression of a gata4:EGFP reporter in the subepicardial ventricular layer prior to the injury site. Moreover, EGFP expression preceded induction of DNA synthesis and proliferation. Proliferating CMs initially uncoupled from the conduction system but reintegrated after apical regeneration (Kikuchi et al., 2010). Mechanistically, cell cycle reentry is influenced by cellular signaling (reviewed in Gonzalez-Rosa et al., 2017). For example, following injury, expression of the retinoic acid synthesizing enzyme Raldh2 was induced in the endocardium. Degradation of retinoic acid (RA) by inducible expression of Cyp26a1 or inducing expression of dominant negative Raldh2 reduced CM proliferation by >85%. However, administration of exogenous RA was insufficient to induce proliferation in CMs (Kikuchi et al., 2011). Notch1b and DeltaC were upregulated 1 day following ventricular resection, and remained elevated through day 7 post-amputation, indicating activation of Notch precedes heart regeneration (Raya et al., 2003). Moreover, inhibition of Notch signaling blunted CM proliferation following ventricular resection (Zhao et al., 2014). Finally, Neuregulin 1 (Nrg1) expression was strongly induced following genetic ablation of CMs (Gemberling et al., 2015). Myocardial overexpression of Nrg1 strongly induced CM proliferation, even in the absence of injury, resulting in cardiomegaly and dramatic thickening of the ventricular wall. In contrast, inhibition of Erbb2, an Nrg1 co-receptor, blocked CM proliferation in response to injury (Gemberling et al., 2015). Further elucidation of the mechanisms that induce CM proliferation in zebrafish may lead to novel strategies to induce CM proliferation in humans post-MI.



Neonatal Heart Regeneration

Despite limited regeneration in adults, remarkably, a brief window exists during which partial or complete regeneration occurs after injury in neonatal mammals. Neonatal mice exhibit full heart regeneration following resection of 15% of the ventricle 1 day after birth (postnatal day 1; P1) (Porrello et al., 2011b). Troponin T positive CMs in resected hearts displayed significant increases in phosphorylated Histone H3 and Aurora B kinase, markers indicative of mitosis and cytokinesis, respectively. CM proliferation peaked 1 week after resection, and mitotic cells were detected not only at the site of injury, but throughout the heart. To determine the origin of proliferating CMs, Porrello et al. utilized a Rosa26-LacZ reporter under the control of tamoxifen inducible αMHC-Cre to generate LacZ positive CMs. Neonatal animals were dosed a single pulse of tamoxifen at birth to label CMs and apical resection was performed at P1. Regeneration following resection did not change the percentage of LacZ positive cells indicating new CMs were derived from existing CMs, not CPCs. In contrast to resection at P1, resection at P7 instead resulted in the development of a fibrotic scar (Porrello et al., 2011b), coinciding with previous observations that CM binucleation begins at P4 and is followed by cell cycle exit (Li et al., 1996). Additional evidence shows that a second proliferative burst of CMs occurs at P15 in mice, which corresponds to pre-adolescence in humans. During this period, both heart weight and CM number increase by ~40% (Naqvi et al., 2014). Notably, this proliferative burst could be entirely suppressed by inhibiting thyroid hormone (T3) biosynthesis whereas T3 administration doubled the number of BrdU positive cells in isolated CMs, indicating increased DNA synthesis. P15 animals also exhibited partial heart regeneration post-MI; infarction size in P15 animals was smaller than in P21 animals and functional parameters were only modestly reduced in P15 animals but severely compromised in P21 animals (Naqvi et al., 2014). More recently, it has also been demonstrated that P2 pigs exhibit significant cardiac regeneration but P3 or P14 pigs instead form fibrotic scars following MI (Ye et al., 2018). As observed in murine neonates, CMs in P2 pigs undergo DNA synthesis and cytokinesis, evidenced by BrdU incorporation and Aurora B kinase staining. These studies indicate that like amphibians and teleosts, mammalian hearts also possess significant regenerative capacity, but this capacity is lost shortly after birth.



Mechanisms Governing Mammalian CM Proliferation

Numerous extracellular factors have been shown to regulate CM proliferation during development and disease. In mice, increased reactive oxygen species (ROS) production and a switch from glycolysis to oxidative phosphorylation occurs shortly after birth, correlating to the interval during which CMs exit the cell cycle. Hypoxia, ROS scavenging, or inhibition of the DNA damage response all prolonged the interval during which postnatal mice hearts could regenerate following injury (Puente et al., 2014). Moreover, fate mapping of hypoxic CMs by fusing the oxygen-dependent degradation domain of HIF-1α to tamoxifen inducible Cre, resulting in fluorescent labeling of hypoxic CMs, indicated that these CMs are more proliferative and tend to be mononucleated compared to normoxic CMs, evidenced by increased labeling by cell cycle and DNA synthesis markers Ki67 and BrdU (Kimura et al., 2015). By RNA-seq, hypoxic CMs upregulated Cyclin-dependent kinase (CDK)/cyclin genes and downregulated negative cell cycle regulators including Meis1. Gradual exposure to severe hypoxia (7% O2) reduced oxidative phosphorylation and DNA damage post-MI, which coincided with induction of CM proliferation compared to normoxia. Further, hypoxia reduced fibrotic area and improved ventricular function 1 week after infarction (Nakada et al., 2017). Additionally, extracellular matrix (ECM) components such as the fibroblast-derived protein periostin (POSTN) may regulate CM proliferation. Administration of truncated recombinant human POSTN increased BrdU incorporation in adult rat CMs 14-fold compared to non-stimulated CMs (Kuhn et al., 2007). Myocardial delivery of POSTN via Gelfoam patch increased ejection fraction (EF) and reduced scar size 12 weeks post-MI in rats whereas untreated rats showed no functional improvement and displayed extensive scarring. Additionally, the number of CMs undergoing mitosis increased 40-fold in POSTN treated animals. POSTN knockout (KO) impaired myocardial regeneration in neonatal mice, evidenced by increased fibrosis, reduced ventricular function, and reduced CM proliferation 3 weeks post-MI (Chen et al., 2017). In contrast, Lorts et al. did not observe increased DNA synthesis, mitosis, or cytokinesis in neonatal mouse or rat CMs following 2–3 day treatment with full length POSTN. Moreover, neither genetic deletion nor overexpression altered CM proliferation in vivo post-MI (Lorts et al., 2009). Thus, the contexts in which POSTN regulates cardiac regeneration and CM proliferation require further exploration. Finally, KO of the ECM protein agrin impaired cardiac regeneration in P1 mice following ventricular resection whereas intramyocardial injection of agrin induced CM cell cycle reentry in juvenile and adult hearts resulting in reduced scar area and significant improvement in ventricular function post-MI (Bassat et al., 2017).

As in zebrafish, diverse signaling pathways and growth factors have been shown to induce CM proliferation in both neonates and adult animals. Inhibition of p38 alongside fibroblast growth factor 1 (FGF1) stimulation improved ventricular function and reduced fibrosis in rats post-MI, which was accompanied by increased CM mitosis and angiogenesis (Engel et al., 2006). Inhibition of p38 alone also increased proliferation of both neonatal and adult rat CMs, and potentiated proliferation induced by other ligands including NRG1, FGF1, and interleukin 1 β (IL-1β) (Engel et al., 2005). Furthermore, CM-specific genetic deletion of p38α nearly doubled the percentage of mitotic CMs in neonatal mice. NRG1 induced proliferation in neonatal rat CMs and improved cell viability and survival in both neonatal and adult rat CMs (Zhao et al., 1998). Additionally, NRG1β induced CM proliferation in mononucleated but not binucleated adult rat and mouse CMs in vitro and in vivo (Bersell et al., 2009). Genetic lineage tracing confirmed that proliferating CMs arose from existing CMs rather than progenitor cells. Further, NRG1 injection attenuated fibrosis, improved EF, and decreased compensatory hypertrophy post-MI (Bersell et al., 2009). Single or dual administration of NRG1 and FGF1 via microparticle injection improved heart function and reduced fibrosis post-MI in rats (Formiga et al., 2014). Either growth factor alone or in combination also increased vasculogenesis in infarcted hearts, but only NRG1 increased the number of Ki67 positive CMs. A follow up study demonstrated that microparticle delivery of NRG1 and FGF1 also improved ventricle function and infarct vasculogenesis post-MI in pigs (Garbayo et al., 2016). While FGF1 administration did not affect fibrosis, NRG1 administration reduced scar area. In contrast to these studies, Reuter et al. did not observe increased CM DNA synthesis post-infarction in mice administered NRG1, and even observed reduced CM DNA synthesis in the uninjured heart (Reuter et al., 2014). Nevertheless, short term NRG1 administration showed promising trends in improving left ventricular EF (LVEF) and reducing end systolic and diastolic volume in human patients in a phase II clinical trial (Gao et al., 2010). However, whether these favorable trends resulted from increased CM proliferation, vasculogenesis, or additional affects by NRG1 to prevent cardiac remodeling requires further investigation.

Cardiac regeneration requires sympathetic reinnervation following injury. Chemical sympathectomy via 6-Hydroxydopamine hydrobromide (6-OHDA) resulted in extensive fibrosis and a lack of cardiac regeneration in P2 neonatal mice (White et al., 2015). Similarly, transgenic overexpression of Semaphorin3aa resulted in hypo-innervation in zebrafish hearts and greatly impaired regeneration following ventricular resection (Mahmoud et al., 2015). Pharmacological inhibition of cholinergic nerve function by the non-selective muscarinic receptor antagonist atropine or the type 2 muscarinic (M2) receptor-specific antagonist methoctramine impaired heart regeneration and reduced CM proliferation in both zebrafish and neonatal mice. Moreover, removal of the left vagus nerve impaired cardiac regeneration in P1 mice post-MI, which could be rescued by administration of NRG1 and nerve growth factor (NGF) (Mahmoud et al., 2015). Intriguingly, vagal nerve stimulation was found to promote long term survival in rats post-MI (Li et al., 2004). However, disappointingly, the INOVATE-HF trial concluded that vagal nerve stimulation was not associated with increased survival or reduced HF events in humans (Gold et al., 2016).

Suppression of the conserved Hippo signaling pathway has also been demonstrated to induce CM proliferation and regulate heart development. Activation of this pathway triggers a kinase cascade leading to phosphorylation of Yes-associated Protein (YAP), resulting in nuclear exclusion and subsequent degradation. Inactivation of this kinase cascade allows active (non-phosphorylated) YAP to translocate to the nucleus and regulate transcription with its coactivator TEA Domain Transcription Factor 1 (TEAD1). CM-specific KO of Lats1/2, which directly phosphorylate YAP, induced CM DNA synthesis, cell cycle reentry, and cytokinesis in adult mouse hearts (Heallen et al., 2013). Similarly, CM-specific KO of Salvadore (Salv), a scaffold protein that mediates the phosphorylation and activation of LATS1/2 by upstream kinases MST1/2, also induced CM proliferation in adult mice. Both Salv and Lats1/2 KO animals displayed reduced scar area and improved ventricular function following ventricular resection at P8, a time point typically past the regenerative window in neonatal mice. Salv KO also reduced fibrotic area and improved ventricular function following coronary artery ligation in adult mice (Heallen et al., 2013; Leach et al., 2017), and resulted in upregulation of an inducer of mitophagy, Parkin (Park2). Park2 KO blocked regeneration in adult Salv-KO mice post-MI (Leach et al., 2017). Paired-like homeodomain transcription factor 2 (Pitx2) was also induced in the border zone of adult mice harboring CM-specific Salv-KO post-MI. Pitx2 was observed to co-regulate ROS-related genes along with YAP. Interestingly, double KO of Pitx2 and Salv in adult mice prevented cardiac regeneration post-MI, but regeneration could be restored by treatment with the antioxidant N-acetyl cysteine (Tao et al., 2016). Salv KO driven by Nkx2-5-Cre resulted in cardiomegaly in neonatal mice and increased phosphorylation of Histone H3 during development (Heallen et al., 2011). In support of these studies, Yap1 KO (Von Gise et al., 2012) or dual KO of Yap1 and Taz (Xin et al., 2013) resulted in embryonic lethality due to severe ventricular hypoplasia. Yap1 KO alongside Taz haploinsufficiency resulted in viable embryos, but surviving animals exhibited markedly reduced CM proliferation and developed severe lethal cardiomyopathy within the first 2 weeks of life (Xin et al., 2013). Transgenic overexpression of constitutively active (phospho-null) YAP S112A induced CM proliferation post-MI in P7 and P49 mice resulting in reduced fibrosis and improved ventricular function (Xin et al., 2013). Similarly, overexpression of S127A YAP induced CM proliferation in embryonic mice and in isolated neonatal CMs, coinciding with induction of cell cycle genes Ccna2, Ccnb1, and Cdc2 (Von Gise et al., 2012). Mice overexpressing constitutively active YAP developed lethal cardiomegaly due to CM hyperplasia. These pro-proliferative effects were mediated via the interaction between YAP and TEAD1. Embryonic mice expressing YAP S79A, a mutation that abolished the interaction between YAP and TEAD1, exhibited marked hypoplasia, comparable to Yap1 KO embryos (Von Gise et al., 2012).

Forced expression of cyclins and CDK proteins have shown promise in inducing CM cell cycle reentry. Embryonic mice specifically overexpressing Cyclin A2 in CMs led to cardiomyocyte hyperplasia and cardiomegaly (Chaudhry et al., 2004). CMs retained proliferative potential after birth, demonstrated by significantly elevated proliferating cell nuclear antigen (PCNA) and phosphorylated Histone H3 signal compared to control animals at P7 and P14, which corresponded to a greater population of mononucleated CMs (Chaudhry et al., 2004). Moreover, Cyclin A2 adenoviral overexpression improved LVEF in adult pigs post-MI, which was accompanied by increased percentages of CMs positive for phosphorylated Histone H3 and Ki-67 (Shapiro et al., 2014). Further, Cyclin A2 overexpression reduced the collagen/muscle density ratio, indicating reduced fibrosis vs. Adeno-Null control. Transgenic overexpression of Cyclin D2, but not Cyclin D1 or D3 resulted in DNA synthesis following cardiac injury in mice, which correlated to reduced infarct size and increased CM numbers detected within the infarct 5 months post-MI (Pasumarthi et al., 2005). The newly regenerated myocardium electrically coupled with the surrounding heart tissue, and cardiac function in Cyclin D2 transgenic animals was indistinguishable from sham-operated mice 6 months post-MI whereas heart function in control animals continued to decline (Hassink et al., 2008). Overexpression of the combination of CDK1, CDK4, Cyclin B1, and Cyclin D1 resulted in cell division in up to 20% of adult CMs expressing all four proteins (Mohamed et al., 2018). Moreover, adenoviral intramyocardial delivery of these cell cycle regulators before or 1 week after coronary artery ligation reduced scar size and resulted in near complete restoration of heart function 12 weeks post-MI whereas animals injected with control virus displayed extensive fibrotic scarring and poor heart function. Additionally, CDK1 and Cyclin B1 overexpression could be replaced by pharmacologic inhibition of Wee1 and transforming growth factor (TGF)-β (Mohamed et al., 2018). Silencing of cell cycle proteins in adult CMs is facilitated by Retinoblastoma (Rb) and Retinoblastoma-like protein 2 (p130). CM-specific KO of Rb1 in p130 deficient mice impaired recruitment of heterochromatin protein 1 (HP1)-γ, resulting in de-repression of cell cycle genes including Cyce1, E2f1, Cycb1, cdc2, cdc25c, Plk1, and Aurkb, which coincided with increased cytokinesis in isolated adult CMs (Sdek et al., 2011). In contrast, overexpression of Cyclin G1 induced DNA synthesis and nuclear division, but inhibited cytokinesis in neonatal rat CMs, thereby inducing polyploidy but not proliferation (Liu et al., 2010). Acute pressure overload by transverse aortic constriction (TAC) induces CM hypertrophy and increases polynucleation of CMs. However, Ccng1 KO mice did not exhibit increased numbers of polynucleated CMs after TAC (Liu et al., 2010). Thus, overexpression of Cyclins A2, B1, and D2, and CDK1 and 4 promote CM cell cycle reentry while expression of Cyclin G1 instead seems to play a role in binucleation.

Recently, several groups have established the involvement of microRNAs (miRs) in regulating cell cycle and proliferation in CMs. Eulalio et al. utilized high content microscopy to identify 204 miRs that induced proliferation in neonatal rat CMs, evidenced by triple staining with Ki67, EdU, and α-actinin (Eulalio et al., 2012). Two of these candidate miRs (miR-590-3p and miR-199a-3p) also induced proliferation in adult rat CMs. Transcriptome profiling by RNA-seq revealed these miRs upregulated expression of genes related to cell cycle, cell growth and proliferation, and DNA replication, recombination, and repair. Additionally, in vivo transfection or adeno-associated virus (AAV)9-mediated intramyocardial delivery of these miRs increased ventricular wall thickness and resulted in gross enlargement of neonatal rat hearts, coinciding with marked increases in EdU incorporation and H3 phosphorylation in CMs. AAV9 miR injection also preserved ventricular function and reduced scar size following coronary artery ligation, which was accompanied by increased numbers of EdU positive CMs (Eulalio et al., 2012). A follow up study demonstrated that AAV6-miR-199a-1 intramyocardial delivery also improved ventricular function and reduced infarct size and fibrosis after 1 month in a porcine ischemia/reperfusion injury model (Gabisonia et al., 2019). Functional improvement correlated to increased detection of BrdU, Ki67, and phosphorylated H3 in CMs. In contrast, several miRs have also been demonstrated to suppress CM proliferation. CM-specific transgenic overexpression of the miR-15 family member miR-195 resulted in congenital heart defects including ventricular septal defects and right ventricle hypoplasia in neonatal mice (Porrello et al., 2011a). Gross heart size was reduced, and animals that did not die during development developed lethal cardiomyopathy by 5 to 6 months of age. Hearts at P1 had fewer mitotic CMs but increased numbers of binucleated/multinucleated CMs. The authors established that miR-195 directly targets Chek1, resulting in failure of CMs to progress through the G2 checkpoint and undergo mitosis. Administration of locked nucleic acid (LNA)-modified anti-miRs targeting both miR-15b and miR-16 resulted in downregulation of all miR-15 family members and extended the proliferative window of CMs in postnatal mice through P12 (Porrello et al., 2011a). CM-specific transgenic overexpression of miR-195 also blunted cardiac regeneration in P1 neonatal mice following coronary artery ligation (Porrello et al., 2013). In contrast, antagonizing miR-195 by administering LNA-modified anti-miRs prior to MI resulted in partial restoration of cardiac function following ischemia/reperfusion injury in P21 mice. Aguirre et al. observed downregulation of ~60 miRs following ventricular resection in zebrafish, including the miR-99/100 and let-7a/c families, which are well-conserved across species (Aguirre et al., 2014). MiR-99/100 mimic resulted in defective heart regeneration whereas antagomiR-99/100 induced strong proliferation and enlargement of the heart in uninjured zebrafish. Notably, these miRs are not downregulated upon injury in mammals. Lentiviral silencing of miR-99/100 and/or miR-Let-7a/c in adult mice induced CM dedifferentiation, evidenced by sarcomere disassembly and upregulation of GATA4, which was accompanied by H3 phosphorylation. These effects were all enhanced by hypoxia. Antagonizing miR-99/100 and miR-Let-7a/c resulted in improved ventricular function, reduced scar size, and increased CM proliferation in adult mice following coronary artery ligation (Aguirre et al., 2014).

While specific mechanisms and contexts during which these diverse factors regulate CM proliferation in response to injury remain elusive, collectively, these studies illustrate that inducing CM proliferation represents a promising strategy to regenerate the myocardium following MI.




Fibroblast Reprogramming

While CMs occupy an estimated 70% of the ventricular volume (Tang et al., 2009) they account for only 25–35% of the total number of cells residing in the heart (Nag, 1980; Bergmann et al., 2015). The non-myocyte fraction is comprised primarily of endothelial cells, immune cells, and cardiac fibroblasts (CFs), the latter of which comprise ~15% of the non-myocyte cell population and ~11% of the total cells residing in the heart (Pinto et al., 2016). Upon ischemic injury, CFs are activated by biochemical and mechanical cues triggering migration and expansion into the infarct and border zone. Activated CFs secrete extracellular matrix (ECM) proteins to produce a fibrotic scar, which is integral to prevent myocardial rupture following loss of CMs due to ischemia (reviewed in Davis and Molkentin, 2014; Travers et al., 2016; Tallquist and Molkentin, 2017; Humeres and Frangogiannis, 2019). However, persistent CF activation leads to progressive fibrosis, which in turn worsens heart function post-MI. Thus, CFs serve as an ideal pool of cells to reprogram to repopulate the infarct with CMs and mitigate the chronic deposition of ECM.

The first evidence of fibroblast reprogramming was observed in 1987 wherein transfection of a single cDNA containing the coding region of the MyoD1 gene was found to convert multiple fibroblast cell lines into skeletal muscle myoblasts (Davis et al., 1987). MyoD was later found to induce skeletal muscle differentiation not only in dermal fibroblasts, but also chondroblasts, smooth muscle, and retinal pigmented epithelial cells with varying degrees of efficiency. While retinal pigmented epithelial cells demonstrated lower differentiation efficiency than cells from mesodermal lineages, they still displayed prominent striation, multinucleation, and growth arrest, all key features of skeletal muscle morphogenesis (Choi et al., 1990). Thus, MyoD was established as a “master regulator” of skeletal muscle differentiation.

Unfortunately, to date, no parallel “master regulator” of cardiac muscle differentiation has been identified. However, the landmark discovery that iPSCs can be generated from fibroblasts via transcription factor (TF) overexpression (Takahashi and Yamanaka, 2006; Takahashi et al., 2007) generated interest in identifying combinations of TFs that cooperatively reprogram fibroblasts into terminally differentiated cells including neurons (Vierbuchen et al., 2010), hepatocytes (Huang et al., 2011), and CMs (Ieda et al., 2010). Ieda et al. identified TFs enriched in CMs compared to CFs by microarray and selected 14 which resulted in embryonic lethality due to cardiac defects when mutated for further analysis. Serial removal of individual TFs identified a cardiomyogenic core consisting of GATA4, MEF2C, and TBX5 (GMT) which induced ~4.8% of neonatal CFs to express the cardiac isoform of Troponin T (cTnT). Moreover, a small population of these cTnT+ cells exhibited spontaneous calcium transients and visible beating after 4 to 5 weeks in culture (Ieda et al., 2010). GMT transduction generated similar results upon delivery to dermal (tail tip) fibroblasts (TTFs), though the frequency of calcium oscillations was reduced. Subsequent studies confirmed that GMT, though inefficient, is sufficient to reprogram a subpopulation of mouse embryonic fibroblasts (MEFs), neonatal mouse CFs and TTFs, and adult mouse or rat CFs and TTFs both in vitro and in vivo (Chen et al., 2012; Mathison et al., 2012; Qian et al., 2012; Ma et al., 2015). Table 1 summarizes GMT-based reprogramming strategies.


Table 1. In vitro and in vivo efficiencies of GMT-based reprogramming strategies.
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Optimizing the Combination of Reprogramming Factors

Although GMT expression is sufficient to induce expression of cardiac sarcomere proteins, the generation of functional induced CMs (iCMs) is inefficient. Thus, numerous studies focused on optimizing the combination of TFs to increase the yield of functional iCMs. The addition of HAND2 to GMT (GHMT) increased the percentage of cells expressing both cTnT and the αMHC-GFP reporter 3- to 5-fold compared to GMT (9.2% vs. 2.9% in adult TTFs, 6.8% vs. 1.4% in adult CFs) (Song et al., 2012). Additionally, ~1% of total cells (~5% of reprogrammed cells) formed well-organized sarcomeres following GHMT transduction (Nam et al., 2014). Intriguingly, the original 14 factor screen performed by Ieda et al. indicated removal of HAND2 enhances reprogramming efficiency (Ieda et al., 2010), thus the role of HAND2 in promoting cardiac reprogramming was initially controversial. However, follow up studies from several groups have conclusively demonstrated that the inclusion of HAND2 markedly improves reprogramming efficiency, at least in part through more efficient upregulation of cardiac TF, ion channel, and sarcomere genes and suppression of cell cycle genes. These genetic changes correlate to more organized sarcomere formation, increased calcium flux, and generation of increased numbers of beating cells (Umei et al., 2017; Zhang et al., 2019a,b; Wang et al., 2020b). GHMT-based reprogramming strategies are summarized in Table 2.


Table 2. In vitro and in vivo efficiencies of GHMT-based reprogramming strategies.

[image: Table 2]

Overexpression of Myocardin (MYOCD) alongside MEF2C and TBX5 generated similar numbers of cTnT/αMHC-GFP double positive cells as GMT in both neonatal CFs and TTFs, but also upregulated mRNA expression of Myh6, Myl2, Actc1, Nkx2-5, and Scn5a whereas GMT only upregulated expression of Myh6 and modestly upregulated Actc1 expression (Protze et al., 2012). Addition of NKX2.5 to GHMT greatly improved the percentage of cells exhibiting calcium transients compared to GMT alone (1.6% vs. 0.03% in MEFs, 4.5% vs. 1% in adult CFs) (Addis et al., 2013). Expression of a MyoD transactivation domain—MEF2C (MM3) fusion protein alongside GHT (MM3-GHT) increased the generation of beating cells by 18-fold compared to GHMT in MEFs (3.2–3.5% vs. 0.2% based on the number of cells seeded) and generated detectable numbers of beating cells in neonatal TTFs. Furthermore, MM3-GHT increased the number of cTnT positive cells compared to GHMT (20.9% vs. 12.6% in MEFs, 29.3% vs. 11.2% in TTFs) (Hirai et al., 2013). Addition of MYOCD, Serum response factor (SRF), Mesoderm Posterior BHLH Transcription Factor 1 (MESP1), and the SWItch/sucrose non fermentable (SWI/SNF) complex subunit BAF60C (encoded by Smarcd3) to GMT enhanced expression of the αMHC-GFP reporter as well as Actc1, Tnnt2, Myl2, Myh6, and Myh7 mRNA expression in MEFs compared to GMT alone (Christoforou et al., 2013).

Alternative reprogramming strategies have also been shown to generate induced CPCs (iCPCs), which are then capable of undergoing differentiation toward the CM lineage. Generation of multipotent iCPCs may offer additional benefits for heart regeneration as they have the potential to differentiate into endothelial and smooth muscle cells, thereby promoting vasculogenesis. Further, while iCMs rapidly exit the cell cycle upon reprogramming, iCPCs remain proliferative until they differentiate into CMs (reviewed in Klose et al., 2019; Lopez-Muneta et al., 2020). Overexpression of OCT4, KLF4, SOX2, and C-MYC in MEFs, which is well-known to generate iPSCs (Takahashi and Yamanaka, 2006; Takahashi et al., 2007), was observed to generate small clusters of contracting colonies by day 18 in the absence of leukemia inhibitor factor (LIF) (Efe et al., 2011). Notably, the emergence of contracting colonies was too early for cells to reprogram to iPSCs and then differentiate to CMs. Instead, Efe et al. observed that pluripotency markers including Nanog were never upregulated, but induction of cardiac progenitor genes Mesp1, Isl1, and Gata4 occurred after 1 week suggesting reprogramming bypassed pluripotency and generated iCPCs. Inhibition of the JAK-STAT pathway and BMP4 stimulation starkly enhanced the generation of cardiac progenitors, resulting in ~80-fold more contracting colonies than TF overexpression alone (Efe et al., 2011). Moreover, the authors found that removal of C-MYC did not negatively influence reprogramming toward cardiac lineages. Strikingly, KLF4 and SOX2 overexpression could be replaced by the addition of small molecules SB431542 (TGF-β inhibitor), CHIR99021 (GSK3β inhibitor/WNT activator), parnate (monoamine oxidase inhibitor), and f orskolin (adenylyl cyclase agonist) (SCPF), resulting in the generation of cardiac progenitors from overexpression of OCT4 alone alongside SCPF treatment (Wang et al., 2014). Treating MEFs with the combination of CHIR99021, 616452 (TGF-β inhibitor), parnate, forskolin, valproic acid (VPA, class I histone deacetylase inhibitor), TTNPB (synthetic RA analog), and DZNep (epigenetic modulator) resulted in the generation of iPSCs in the absence of TF overexpression (Hou et al., 2013). However, omitting DZNep and bFGF and treating MEFs with only CHIR99021, RepSox (TGF-β inhibitor), f orskolin, VPA, parnate, and TTNPB (CRFVPT) instead resulted in the generation of beating colonies that bypassed pluripotency and expressed cardiac precursor markers including Sca-1, Abcg2, Wt1, Flk1, and Mesp1 (Fu et al., 2015). Treatment of neonatal TTFs with CRFVPT also generated beating colonies, but to a lesser extent than MEFs. Inclusion of rolipram (PDE4 inhibitor) increased the yield of beating colonies in TTFs by >2-fold compared to CRFVPT alone (Fu et al., 2015). Strategies to promote iCM, iCPC, and iPSC reprogramming are illustrated in Figure 2.
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FIGURE 2. Fibroblast reprogramming strategies. Purple shaded region: direct iCM reprogramming. GMT/GHMT, GATA4, MEF2C, TBX5/GATA4, HAND2, MEF2C, TBX5; MM3, MYOD transactivation domain—MEF2C fusion protein. Tan shaded region: iCPC reprogramming; OSKM, OCT4, SOX2, KLF4, C-MYC; O+SCFP, OCT4 + SB431542, CHIR99021, Forskolin, and Parnate; CRFVPT(M), CHIR99021, RepSox, Forskolin, Valproic acid, Parnate, TTNPB, and (Rolipram); 9C; CHIR99021, BIX01294, A-83-01, AS8351, SC1, OAC2, Y27632, SU16F, and JNJ10198409. Green shaded region: iPSC reprogramming. C6PFVTD; CHIR99021, 616452, Parnate, Forskolin, Valproic Acid, TTNPB, and DZnep. Red shaded region: cardiac differentiation of pluripotent or multipotent stem cells to generate CMs. Lineage specific markers for each cell type are listed in light brown boxes. Purple text indicates factors that enhance reprogramming of rodent fibroblasts. Blue text indicates factors that enhance reprogramming of human fibroblasts. Signaling pathways that enhance or inhibit reprogramming are depicted in green or red boxes, respectively.




Reprogramming via miRs

As an alternative to transcription factor overexpression, several groups explored microRNA (miR) delivery to drive cardiac reprogramming. The combination of miR-1, miR-133, miR-208, and miR-499 induced expression of the αMHC-CFP reporter in 1.5 to 7.7% of neonatal CFs (Jayawardena et al., 2012). Delivery of this miR combination induced endogenous expression of GHMT in neonatal CFs indicating miRs may be an alternative delivery source to upregulate expression of reprogramming factors (Dal-Pra et al., 2017). The addition of miRs to TF cocktails have also led to increased reprogramming efficiency. The addition of miR-133 to GMT generated 6-fold more calcium transients and 7-fold more spontaneously contracting cells than GMT alone, and accelerated the reprogramming process by 2 weeks in MEFs. Moreover, GMT + miR-133 increased the percentage of cells expressing sarcomere proteins α-actinin and cTnT by 4- to 7-fold vs. GMT in both MEFs and adult CFs (Muraoka et al., 2014). Similarly, addition of miR-1 and miR-133 to GHMT dramatically increased the percentage of spontaneously contracting cells vs. GHMT alone (~12% vs. <0.5%) (Zhao et al., 2015). This increase in reprogramming efficiency induced by miR-1 and miR-133 was accompanied by significant upregulation of cardiac gene signatures and a concomitant repression of pro-fibrotic genes. Non-GMT/GHMT based reprogramming strategies are summarized in Table 3.


Table 3. In vitro and in vivo efficiencies of non-GMT/GHMT-based reprogramming strategies.
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Ensuring Expression and Optimal Stoichiometry of Reprogramming Factors

The increasing number of factors required to promote fibroblast reprogramming generated concern that simultaneous transduction of three or more viral vectors into the same cell was inefficient and could represent a technical barrier to achieving optimal reprogramming. Thus, polycistronic expression vectors containing GMT separated by “self-cleaving” 2A peptides were developed to ensure all three reprogramming factors were transduced into the same cell (Inagawa et al., 2012). Transduction of polycistronic GMT nearly doubled the percentage of adult rat CFs expressing cTnT compared to individual G/M/T delivery (7.5% vs. 4%) (Mathison et al., 2014). An inherent property of polycistronic expression systems is that the splicing order of genes affects protein expression levels. Thus, polycistronic vectors containing all possible splicing orders of GMT were developed to determine the optimal expression levels for each reprogramming factor. Combinations that resulted in relatively higher levels of MEF2C and lower levels of GATA4 and TBX5 (M-G-T, M-T-G) induced expression of cTnT and the αMHC-GFP reporter in ~3–4% of reprogrammed neonatal CFs. In contrast, individual G/M/T overexpression resulted in expression of cTnT and the αMHC-GFP reporter in only ~0.3% of cells, and splicing orders that resulted in low MEF2C expression produced even lower percentages of cTnT and αMHC-GFP positive cells than individual G/M/T overexpression (Wang et al., 2015a,b).

Given the role of HAND2 in increasing reprogramming efficiency, quad-cistronic vectors were also generated to determine optimal expression levels for HAND2 alongside GMT. Relatively higher levels of GMT and lower levels of HAND2 (M-G-T-H/M-G-H-T) significantly improved the percentage of α-actinin positive cells reprogrammed from MEFs compared to vectors with relatively higher levels of HAND2 (H-M-G-T) or compared to M-G-T alone. Further, M-G-T-H/M-G-H-T both increased the number of sarcomere positive cells by 5-fold compared to M-G-T, but M-G-T-H resulted in a 6-fold increase in the number of beating cells vs. M-G-T whereas M-G-H-T only modestly increased the number of beating cells (Zhang et al., 2019b; Zhang and Nam, 2020). Sendai viral (SeV) delivery of polycistronic G-M-T robustly increased expression of GMT reprogramming factors compared to retroviral delivery in MEFs, which correlated to a 5-fold increase in the percentage of cells expressing cTnT and nearly a 100-fold increase in the generation of contracting cells after 6 weeks in culture (Miyamoto et al., 2018). Curiously, retroviral delivery of polycistronic M-G-T did not enhance reprogramming efficiency compared to individual G/M/T (~2% cTnT positive cells vs. ~3% in G/M/T), but did moderately enhance expression of cardiac genes Actc1 and Myocd in MEFs. Thus, the enhanced reprogramming efficiency by polycistronic delivery observed in previous studies may be specific to postnatal and adult cardiac and dermal fibroblasts rather than embryonic fibroblasts.

Alternative splicing of the Mef2c gene gives rise to expression of multiple isoforms. Recent comparative analysis identified two primary isoforms used in most previous fibroblast reprogramming studies generated by alternative splicing of exon 3. Overexpression of polycistronic M-G-T including Mef2c containing exon 3 α2 resulted in nearly double the percentage of cells expressing the αMHC-GFP and cTnT compared polycistronic delivery including Mef2c containing exon 3 α1, though this increase in reprogramming efficiency was only observed in MEFs and not CFs or TTFs (Wang et al., 2020b). This observation may help resolve the discrepancies in reprogramming efficiencies demonstrated using the same TF cocktails in different laboratories.



Signaling Pathways That Influence Reprogramming

Numerous signaling pathways also dramatically influence the efficiency of cardiac reprogramming (Figure 3). Inhibition of the JAK-STAT pathway enhanced the percentage of reprogrammed CFs expressing αMHC-CFP by >4-fold following miR-1, miR-133, miR-208, and miR-499 delivery (Jayawardena et al., 2012). TGF-β inhibition increased the percentage of cells exhibiting calcium transients by >3-fold in both GHMT + NKX2.5- and GHMT-reprogrammed MEFs vs. DMSO control. Similarly, TGF-β inhibition or ROCK inhibition increased the generation of beating cells in MEFs transduced with GHMT + miR-1 + miR-133 by 4- to 6-fold, resulting in up to 60% beating iCMs by Day 11 (Zhao et al., 2015; Riching et al., 2018). Stimulation with TGF-β1 or TGF-β2, but not Activin A, blunted the effects of TGF-β inhibition (Ifkovits et al., 2014). Treatment with FGF2, FGF10, and VEGF (FFV) resulted in a ~20-fold increase in the number of beating cells generated by GMT transduction in MEFs compared to fetal bovine serum, and WNT inhibition alongside FFV treatment further increased the beating cell yield 4-fold vs. FFV alone (Yamakawa et al., 2015).
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FIGURE 3. Signaling pathways that influence direct cardiac reprogramming. Green text/arrows indicate pathways that enhance reprogramming. Red text/arrows indicate pathways that negatively regulate reprogramming. Solid lines indicate direct interactions. Dashed lines indicate indirect or hypothesized interactions. G, H, M, T, GATA4, HAND2, MEF2C, TBX5; RA, Retinoic acid; NICD, Notch intracellular domain. Transcriptionally repressive histone marks: Me3; H3K27me3. Ub; H2AK119 ubiquitination. Transcriptionally activating histone marks: Ac, histone acetylation.


Dual inhibition of TGF-β and WNT signaling increased the number of contracting cells generated by polycistronic GMT overexpression in neonatal CFs by ~8-fold vs. GMT alone, resulting in ~40% contracting cells after 7 weeks of culture (Mohamed et al., 2017). Dual inhibition of histone deacetylases (HDACs) and WNT signaling alongside administration of RA increased expression of cTnT by ~7-fold compared to GMT alone in rat CFs, which coincided with increased expression of cardiac genes including Gata4, Mef2c, Tbx5, Tnnt2, Nkx2-5, and Myh6 (Singh et al., 2020). Notably, though neither compound treated reprogrammed cells nor untreated cells spontaneously contracted in culture, GMT-reprogrammed cells treated with HDAC/WNT inhibitors and RA synchronously contracted following 4 week coculture with neonatal rat CMs. Knockdown of Atg5 dramatically reduced reprogramming efficiency indicating autophagy is critical for the reprogramming process (Wang et al., 2020c). Overexpression of constitutively active AKT1 enhanced the reprogramming ability of GHMT (AGHMT) in MEFs, generating ~50% beating cells after 3 weeks of culture vs. <1% generated by GHMT alone. AKT1 also enhanced GHMT-mediated reprogramming of CFs and TTFs, though generation of beating cells was much lower (<1%) (Zhou et al., 2015).

Inhibition of γ-secretase, which cleaves NOTCH to allow nuclear translocation, in both GHMT- and AGHMT-reprogrammed fibroblasts increased the percentage of cells expressing cTnT or α-actinin (Abad et al., 2017). Notably, γ-secretase inhibition did not significantly downregulate canonical NOTCH target genes, but NOTCH is known to disrupt the ability of MEF2C to bind target genes (Wilson-Rawls et al., 1999). Indeed, γ-secretase inhibition resulted in increased MEF2C binding to Myh6, Tnnt2, and Actc1 promoters (Abad et al., 2017). Addition of ZNF281 to AGHMT increased the percentage of αMHC-GFP/cTnT positive TTFs by 10-fold compared to AGHMT alone and corresponded to repressed inflammatory signaling via TNFα and NF-κB pathways (Zhou et al., 2017). Inhibition of cyclooxygenase-2 (COX-2) in GHMT- or GMT-reprogrammed postnatal or adult TTFs increased the percentage of cells expressing both αMHC-GFP and cTnT by 3- to 4-fold (Muraoka et al., 2019). Stimulation of cells with prostaglandin E2 (PGE2), activation of prostaglandin E receptor 4 (EP4), activation of PKA signaling, or administration of interleukin (IL)-1β, but not IL-6 or monocyte chemoattractant protein-1 (MCP-1), counteracted the effects of COX-2 inhibition. Notably, COX-2 inhibition did not improve reprogramming efficiency in MEFs, likely because expression of Ptgs2 (COX-2) was much lower in MEFs than postnatal or adult TTFs, underscoring that physiological differences between fibroblast origins impact the ease of reprogramming (Muraoka et al., 2019).

Liu et al. utilized single cell RNA sequencing (scRNA-seq) following delivery of polycistronic M-G-T to identify additional barriers to cardiac reprogramming. They observed significant downregulation of genes involved in mRNA processing and splicing. Further analysis revealed that knockdown of the splicing factor Ptbp1 led to a ~5-fold increase in the percentage of cells expressing both αMHC-GFP and cTnT vs. non-targeting short hairpin RNA (shRNA) control, and a concomitant transcriptomic shift toward the CM lineage. Ptbp1 depletion resulted in significantly more alternative splicing events, the majority of which were exon skipping events (Liu et al., 2017). Similarly, knockdown of Zrsr1, a component of the U2 spliceosome complex improved reprogramming by polycistronic M-G-T in MEFs and CFs whereas knockdown of additional U2 spliceosome complex members Sf3a1 and Sf3b1 instead suppressed reprogramming efficiency (Zhou et al., 2018). These data identify RNA splicing as a novel regulator of cardiac reprogramming, though understanding precisely how altered splicing events contribute to the reprogramming process requires further investigation.

Mechanistic understanding of how these diverse signaling pathways influence the reprogramming process remains limited. Treatment with IGF1 mimicked AKT1 overexpression indicating insulin signaling activates AKT1 to drive reprogramming. In contrast, inhibition of PI3K, an upstream activator of AKT1, reduced reprogramming efficiency. AKT1 overexpression in reprogrammed cells was not associated with altered proliferation or apoptosis (Zhou et al., 2015). Inhibition of mTORC1 with rapamycin impaired reprogramming as did overexpression of Foxo3a. However, GSK3 inhibition did not affect reprogramming efficiency indicating that the downstream effectors of AKT1 are mTORC1 and Foxo3a but not GSK3. In contrast, Wang et al. observed enhanced reprogramming efficiency following rapamycin treatment, which they attributed to increased autophagy due to mTORC1 inhibition (Wang et al., 2020c). Thus, mTORC1 may exert dual roles on the reprogramming process; suppression of autophagy impairs the ability of the reprogramming cell to erase fibroblast identity by degrading and recycling fibrotic proteins whereas activation of protein translation may promote the ability of the reprogramming cell to acquire the CM identity via expression of cardiac proteins. Curiously, while knockdown of Atg5 suppressed autophagy in reprogramming cells and impaired reprogramming efficiency, knockdown of Beclin1, a core component of the autophagy initiation complex, did not suppress baseline autophagy and potently increased reprogramming efficiency (Wang et al., 2020c). Thus, the precise regulation of autophagy during cardiac reprogramming requires further investigation.

Hashimoto et al. performed extensive chromatin immunoprecipitation followed by next generation sequencing (ChIP-seq) experiments in GMT, GHMT, and AGHMT-reprogrammed MEFs and revealed that inclusion of HAND2 and AKT1 increased the number of sites occupied by more than one reprogramming factor (50% co-occupancy in AGHMT, 46% in GHMT, and 33% in GMT) (Hashimoto et al., 2019). Moreover, cardiac enhancers enriched by Histone H3 acetylation at lysine 27 (H3K27ac), a mark of transcriptional activation, were highly enriched with MEF2 binding motifs. Inclusion of HAND2 and AKT1 to GMT promoted occupancy of these binding sites by multiple TFs suggesting cooperativity between MEF2C and other reprogramming factors to bind cardiac enhancer loci. TF enrichment at non-cardiac genes including the Egfr locus were also enhanced by AGHMT compared to GMT or GHMT. This enrichment corresponded to diminished H3K27ac signal and suppressed gene expression, suggesting silencing of EGFR signaling may promote cardiac reprogramming. Indeed, pharmacological or genetic inhibition of EGFR signaling increased AGHMT-mediated reprogramming efficiencies in MEFs, adult CFs, and adult TTFs (Hashimoto et al., 2019). EGFR signaling also results in the activation of pro-inflammatory signaling via activation of the JAK-STAT pathway, which is known to impair the reprogramming process (Efe et al., 2011; Jayawardena et al., 2012; Testa et al., 2020). Pharmacological inhibition of JAK2 enhanced reprogramming efficiency, similar to EGFR inhibition (Hashimoto et al., 2019). Further investigation is required to understand mechanistically how crosstalk between these diverse signaling pathways influences cardiac reprogramming. Moreover, while AKT1 facilitates enhanced TF cooperativity to bind and activate cardiac genes and repress non-cardiac genes, it is unclear what signaling downstream of mTORC1/Foxo3a mediate GHMT recruitment to target gene binding sites (Figure 3).



Epigenetic Repatterning in Cardiac Reprogramming

Global changes in activating and silencing epigenetic marks are well-established hallmarks of cardiomyogenesis. Marks associated with transcriptional repression including trimethylation of Lysine 27 on Histone H3 (H3K27me3) are often found within cardiac gene promoters and enhancers in pluripotent stem cells. Upon differentiation to cardiac progenitors and CMs, repressive marks are removed, and marks associated with transcriptional activation including H3K27ac and trimethylation of Histone H3 Lysine 4 (H3K4me3) are deposited at these promoters instead (Paige et al., 2012; Wamstad et al., 2012). Similarly, cardiac genes contain high levels of DNA methylation and H3K27me3 in fibroblasts, but upon reprogramming, DNA methylation and H3K27me3 are removed, followed by deposition of H3K4me3 (Ieda et al., 2010; Efe et al., 2011; Fu et al., 2013; Wang et al., 2014; Cao et al., 2016; Liu et al., 2016; Dal-Pra et al., 2017; Riching et al., 2021). In contrast, fibrotic genes contain high levels of H3K4me3 in fibroblasts. As reprogramming progresses, H3K4 is demethylated and these genes accumulate H3K27me3, albeit at a slower rate than the repatterning observed at cardiac genes (Fu et al., 2013; Cao et al., 2016; Liu et al., 2016).

Knockdown of polycomb repressive complex 1 component Bmi1 facilitated removal of the transcriptionally repressive mark Histone H2A Lysine 119 ubiquitination (H2AK119ub) at cardiac genes and corresponded to increased H3K4me3 levels, increased expression, and increased reprogramming efficiency by polycistronic M-G-T (Zhou et al., 2016). Furthermore, 24 h pretreatment of MEFs or CFs with the Bmi1 inhibitor PTC-209 repressed STAT3-, IL-6-, and ERK1/2-mediated inflammatory signaling and resulted in a ~25% increase in the number of αMHC-GFP positive cells generated by the CRFVPT small molecule combination (Testa et al., 2020). Targeted depletion of additional epigenetic regulators including lysine-specific methyltransferases Kmt2a, Kmt2b, and Kmt2e via shRNA delivery impaired the reprogramming process whereas depletion of chromatin remodeler complex and cohesion complex subunits Ruvbl1/Bcor and Stag2, respectively, enhanced reprogramming by polycistronic M-G-T (Zhou et al., 2018). HDAC inhibition alone or in conjunction with WNT inhibition and RA stimulation improved reprogramming by GMT, which coincided with elevated global H3K27ac levels in rat CFs (Singh et al., 2020). Further, overexpression of HDAC1 counteracted the effects of HDAC inhibition, indicating that HDACs antagonize reprogramming by GMT (Figure 3).

Changes in the epigenetic landscape are controlled by balancing enzymatic activities of epigenetic writers, erasers, and readers. H3K27me3 is deposited by enhancer of zeste homolog 1 and 2 (EZH1, EZH2) and removed by ubiquitously transcribed tetratricopeptide repeat protein X-linked transcript (UTX, also known as lysine demethylase 6A, KDM6A) or Jumonji domain-containing protein D3 (JMJD3, also known as KDM6B) (Hyun et al., 2017). Pharmacological inhibition of EZH2 methyltransferase activity approximately doubled the number of spontaneously beating iCMs reprogrammed by MM3-GHT in MEFs (Hirai and Kikyo, 2014). Overexpression of miR-1, miR-133, miR-208, and miR-499 downregulated expression of Ezh2 but upregulated expression of Kdm6a in neonatal CFs (Dal-Pra et al., 2017). Moreover, double knockdown of Kdm6a and Kdm6b prevented upregulation of Gata4, Mef2c, and Tbx5 mRNA expression by miR combination, thereby impairing the reprogramming process (Dal-Pra et al., 2017). In agreement with Dal-Pra et al., our recent study indicated that Kdm6b knockdown also significantly impaired reprogramming of MEFs by GHMT + miR-1, miR-133, and TGF-β inhibition (Riching et al., 2021). We further demonstrated that activation of TGF-β signaling prevents removal of H3K27me3 and that the downstream TGF-β effector SMAD2 competes with GATA4 to bind and recruit JMJD3 to cardiac gene loci to facilitate removal of H3K27me3 (Figure 3). Moreover, JMJD3 enhances the interactions between GATA4 and SWI/SNF component BRG1, thereby promoting activation of cardiac gene expression independent of H3K27 demethylase activity. These data establish a novel mechanism by which inhibition of TGF-β signaling dramatically enhances epigenetic repatterning, thereby enhancing cardiac reprogramming efficiency (Riching et al., 2021). The TGF-β pathway was also recently shown to alter the occupancy of BRD4 and RNA pol II at super enhancers in CFs (Stratton et al., 2019); thus it is likely that downstream effectors of signaling pathways including the TGF-β pathway are key to driving epigenetic changes to promote or inhibit cellular differentiation. Elucidating the broad epigenetic changes in response to altered cellular signaling may therefore lead to further improvement in cardiac reprogramming.



In vivo Reprogramming

The ability to reprogram CFs in vitro led to determining if reprogramming CFs in the heart post-MI would restore heart function. Co-injection of retroviral particles containing GMT alongside DsRed or GFP into the infarct of immunocompromised mice resulted in activation of αMHC-GFP and α-actinin expression in DsRed or GFP positive cells (Ieda et al., 2010; Inagawa et al., 2012) and increased expression of cardiac genes in cells that took up viral particles (Chen et al., 2012). Moreover, GMT injected mice and rats showed significantly higher EF and 50–75% reduced fibrosis compared to control injections (Mathison et al., 2012, 2014; Qian et al., 2012). Notably, injection of Thymosin β4 (Qian et al., 2012) or VEGF (Mathison et al., 2012, 2014, 2017) further improved these parameters compared to GMT alone. Injection of polycistronic GMT (M-G-T) doubled the number of iCMs generated which correlated to higher EF and fractional shortening (FS) parameters and lower fibrotic area compared to individual G/M/T viral particles (Ma et al., 2015). SeV delivery of polycistronic GMT and retroviral delivery of GMT both improved EF and FS and reduced fibrosis vs. GFP control, but SeV GMT delivery also slightly improved FS over retroviral GMT (Miyamoto et al., 2018). Furthermore, labeling CFs with TdTomato driven by Tcf21-Cre indicated that SeV-GMT resulted in triple the number of cTnT/TdTomato positive cells compared to retroviral GMT (Miyamoto et al., 2018). Dual inhibition of TGF-β and WNT signaling further enhanced reprogramming by GMT; 12 weeks post-MI, EF in mice injected with GMT and TGF-β/WNT inhibitors, GMT alone, inhibitors alone, or DsRed was ~35, ~30, ~22, or 20%, respectively. Labeling CFs with YFP driven by Postn-Cre indicated GMT + TGF-β/WNT inhibition resulted in ~7 times as many YFP/cTnT double positive cells as GMT alone. Moreover, RNA-seq analysis performed on isolated YFP/cTnT double positive cells indicated that GMT overexpression alongside dual inhibition of TGF-β and WNT generated more mature iCMs that clustered closer to adult CMs by principle component analysis than those generated by GMT alone (Mohamed et al., 2017). Injection of Beclin1 haploinsufficient mice with retroviral polycistronic M-G-T resulted in significantly improved heart function and reduced fibrosis compared to wildtype animals, though both groups demonstrated improved heart function and reduced fibrosis to mice injected with DsRed control (Wang et al., 2020c).

Addition of HAND2 to GMT likewise significantly improved heart function post-MI. Mice injected with GHMT had double the FS and 70% higher EF than mice injected with GFP 3 weeks post-MI. EF continued to improve in GHMT-injected animals by 6 and 12 weeks post-MI (EF = 57% at week 12), but slightly worsened in GFP injected mice (EF = 29% at week 12). Fibrotic area was reduced ~50% in animals injected with GHMT compared to those injected with GFP (Song et al., 2012). Notably, functional parameters in GHMT-injected animals did not reach levels comparable to those in sham or unoperated mice indicating that further optimization of in vivo reprogramming is required to fully regenerate the heart post-MI. Regardless, the authors comment that the level of regeneration achieved in this study seems greater than expected based on the in vitro reprogramming efficiency of GHMT and speculate that the native environment of the intact heart may provide additional biochemical and mechanical cues that promote reprogramming in vivo.

In vivo reprogramming was also achieved by delivery of miR-1, miR-133, miR-208, and miR-499. Following coronary artery ligation, miR delivery generated 1–12% cTnT/Fsp1-tdTomato double positive cells (Jayawardena et al., 2012, 2015). Fsp1-TdTomato specifically labeled non-myocytes in the heart, the majority of which were CFs. Notably, ~4% of cells in mice injected with negmiR control also expressed cTnT/Fsp1-tdTomato suggesting a small degree of promoter leakiness. Injection of miR combination blunted worsening of cardiac function post-MI. After 3 months, animals injected with miR combination had 50% higher FS than those injected with negmiR control (30% vs. 20%). Fibrotic area was also reduced 60% by miR combination (Jayawardena et al., 2015).

Finally, administration of small molecules CRFVPT + rolipram (CRFVPTM) post-MI reduced fibrotic area by >50% and significantly improved EF and FS vs. vehicle control (Huang et al., 2018). Labeling non-myocytes with tdTomato driven by Fsp1-Cre indicated that CRFVPTM generated 0.78% cTnT/tdTomato double positive cells and 1.02% MEF2C/tdTomato double positive cells. No double positive cells were generated by vehicle control. The authors noted that some compound dosing strategies, particularly those with short administration intervals induced significant weight loss indicating compound toxicity (Huang et al., 2018). Nevertheless, longer intervals between compound administration over longer periods of time did not cause noticeable toxicity suggesting small molecule delivery may be a promising therapeutic avenue to reprogram CFs to regenerate the heart. Restoration of heart function by various in vivo reprogramming strategies is shown in Tables 1–3. Collectively, these studies demonstrate that cardiac reprogramming reduces fibrosis and prevents worsening of cardiac function following MI. Additionally, some studies reported improved cardiac functional parameters following MI, though incomplete, possibly due to relatively low reprogramming efficiency. Thus, these studies offer a proof of concept for regenerative therapies post-MI.



Translation to Human IHD

Although numerous strategies have greatly increased the efficiency of reprogramming murine fibroblasts in recent years, the efficiency of reprogramming human fibroblasts remains low. The GMT core TF cocktail, which could induce expression of the αMHC-mCherry reporter in up to ~10% of murine fibroblasts, could not induce reporter activity in human ESC-differentiated fibroblasts. However, addition of ESSRG and MESP1 could activate expression of the αMHC-mCherry reporter and cTnT. Inclusion of MYOCD and ZFPM2 further enhanced expression in ESC-derived fibroblasts and could drive expression of these markers in human dermal fibroblasts (HDFs) and human CFs (HCFs) (Fu et al., 2013). Dual inhibition of TGF-β/WNT signaling in immortalized HCFs transduced with GMT + ESSRG, MYOCD, ZFPM2, and MESP1 (7F) resulted in spontaneous calcium transients in >50% of cells after 4 weeks in culture whereas 7F expression alone generated calcium transients in <5% of reprogrammed cells (Mohamed et al., 2017). GMT + MESP1 and MYOCD (GMTMM) induced expression of cTnT and α-actinin in ~5–6% of HCFs and ~1% of these cells exhibited calcium transients (Wada et al., 2013). Though spontaneously beating cells could not be identified in reprogrammed human CFs, co-culture with rat CMs resulted in ~5% of reprogrammed cells to synchronously contract. Addition of miR-133 to GMTMM increased the percentage of cTnT positive cells by 3- to 10-fold vs. GMTMM alone (Muraoka et al., 2014). Overexpression of GHT, MYOCD, miR-1, and miR-133 induced cTnT or tropomyosin expression in >35% of human foreskin fibroblasts (HFFs) after 4 weeks. This combination of reprogramming factors also induced expression of cTnT in HCFs and HDFs, albeit at lower efficiencies. Additionally, after 11 weeks in culture, rare beating cells were observed in reprogrammed HCFs, but not in reprogrammed HFFs or HDFs (Nam et al., 2013). GHMT + MYOCD or GMT + miR-590 both induced expression of cTnT in ~5% of HCFs (Singh et al., 2016). Dual inhibition of HDACs and WNT alongside administration of RA further improved reprogramming by GHMT, MYOCD, and miR-590 compared to vehicle control (25% vs. 5.7% cTnT positive cells) (Singh et al., 2020). Though neither reprogramming condition generated spontaneously beating cells, ~5% of reprogrammed cells treated with these compounds synchronously contracted after 4 weeks of coculture with neonatal rat CMs. SeV delivery of GMTMM + miR-133 induced expression of cTnT in ~15% of HCFs after 10 days in culture (Miyamoto et al., 2018). Using a nuclease-dead Cas9 (dCas9) fused to the VP64 transcriptional activator (dCas9-VP64) alongside delivery of sgRNAs targeting GATA4, HAND2, MEF2C, TBX5, and MEIS1 loci, Wang et al. demonstrated robust activation of endogenous TF expression resulting in cTnT expression in ~9% of HFFs (Wang et al., 2020a).

Though less efficient than other methods, delivery of polycistronic M-G-T + miR-133 to ESC-derived fibroblasts generated ~2.5% cTnT positive cells (Zhou et al., 2019). Zhou et al. then utilized puromycin selection following M-G-T + miR-133 transduction in ESC-derived fibroblasts and performed scRNA-seq to identify barriers to human reprogramming. This analysis suggested that high expression level of reprogramming factors correlated to more complete reprogramming and cell cycle exit whereas lower expression of reprogramming factors resulted in reversion back to a fibroblast state. The rate at which human fibroblasts reprogram was noted to be much slower than murine fibroblasts. By day 3, GMT/miR-133 induced differential expression of only 1/3rd the number of genes in human fibroblasts compared to murine fibroblasts (Liu et al., 2017; Zhou et al., 2019). Moreover, delivery of reprogramming factors generated an innate immune response, which was crucial to the reprogramming process. Knockdown of TLR3, NFKB1, or PTGS2 all lowered the percentage of cTnT positive cells, in part by increasing DNA methylation at cardiac genes (Zhou et al., 2019). Intriguingly, inhibition of COX-2 (PTGS2) promoted reprogramming efficiency in mouse dermal fibroblasts (Muraoka et al., 2019) suggesting that inflammatory signaling may have vastly different effects on reprogramming efficiencies in different species.

Non-GMT or GHMT-based methods have also successfully generated iCPCs from human fibroblasts. Overexpression of E26 transformation-specific transcription factor 2 (ETS2) and MESP1 followed by treatment with Activin A and BMP4 generated CPCs marked by NKX2.5 expression from HDFs, which progressed through cardiac differentiation to CM-like cells, marked by sarcomere proteins including α-actinin and α-MHC (Islas et al., 2012). Finally, treatment with CHIR99021, BIX01294 (H3K9 methyltransferase inhibitor), A-83-01 (TGF-β inhibitor), AS8351 (H3K4 demethylase inhibitor), SC1 (ERK1 inhibitor), OAC2 (OCT4 activator), Y27632 (ROCK inhibitor), SU16F (PDGFRβ inhibitor), and JNJ10198409 (PDGFRβ and PDGFRα inhibitor) (9C) could also induce differentiation of HFFs or human fetal lung fibroblasts (HLFs) to iCPCs. Cao et al. observed that ~6.6% of HFFs or HLFs treated with 9C expressed cTnT by day 30, with beating clusters of cells appearing starting at day 20 (Cao et al., 2016). Fibroblasts treated with 9C did not upregulate pluripotency markers but did express mesodermal/cardiac progenitor markers including T (Brachyury), MESP1, GATA4, NKX2-5, and KDR. Furthermore, H3K4me3 was lost at fibrotic genes and gained at cardiac genes whereas H3K27me3 was lost at cardiac genes and gained at fibrotic genes and 9C treatment was associated with global decondensation of chromatin (Cao et al., 2016). Thus, despite relatively lower efficiencies compared to rodent reprogramming and only rare generation of beating cells, these studies, summarized in Table 4, demonstrate that human fibroblasts are capable of being reprogrammed into iCMs.


Table 4. Reprogramming efficiencies in human fibroblasts.
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PERSPECTIVES

Though the development of infarct revascularization techniques dramatically reduced infarct size, which coincided with substantial reduction in in-hospital mortality and improved patient outcomes post-MI, mortality rates post-MI remain high. Identifying novel targetable pathways to blunt reperfusion injury could further reduce infarct size and post-MI mortality. Additionally, significant progress has been made over the last two decades in identifying strategies to regenerate the myocardium following ischemic injury and elucidating mechanisms to enhance these strategies. Moreover, both induction of CM proliferation and direct fibroblast reprogramming have resulted in partial restoration of heart function and reduced fibrotic area in pre-clinical animal models of MI (Figure 1). However, significant challenges must be overcome before these strategies can be translated into novel therapies for human heart regeneration.

The majority of studies reviewed above utilized adenoviral, lentiviral, or retroviral delivery of genetic factors that induce CM proliferation or fibroblast reprogramming, which have been previously linked to carcinogenesis (Escors and Breckpot, 2010) and the development lethal immune reactions in human patients (Sibbald, 2001). The Giacca group utilized intramyocardial AAV-delivery of miR-199a-1 to induce CM proliferation in both rodent and porcine MI models (Eulalio et al., 2012; Gabisonia et al., 2019). In contrast to adeno-, retro-, and lentiviral infection, AAV delivery has been used in hundreds of clinical trials to date with no evidence of tumor formation in >7 years of patient follow up (Colella et al., 2018). On the other hand, delivery of AAVs that display tropism for the heart including AAV6 and AAV9 are also well-established to infect other organs including the brain, lung, liver, and skeletal muscle (Wu et al., 2006; Castle et al., 2016; Naso et al., 2017). Moreover, expression of cargo is long lasting while inducing cardiac regeneration may only require transient expression (Zacchigna et al., 2014). Thus, delivery of modified mRNAs has also been explored as a therapeutic avenue for gene therapy. Lesizza et al. demonstrated that a single injection of miR-199a-3p or miR-590-3p mimics improved survival in mice post-MI coinciding with improved ventricular function, reduced scar size, and the induction of CM proliferation (Lesizza et al., 2017).

Strong expression of pro-proliferative gene cargo such as CDK/Cyclin proteins in non-myocytes may potentially trigger expansion of these cells, leading to activation of fibrosis or uncontrolled vasculogenesis, negatively affecting heart function. Similarly, inducing uncontrolled expansion of CMs via NRG1 overexpression, Salv KO, constitutive YAP activation, or Cyclin A2 overexpression induced CM hyperplasia and cardiomegaly in embryonic and neonatal animals, resulting in cardiac dysfunction with potentially lethal consequences (Chaudhry et al., 2004; Heallen et al., 2011; Von Gise et al., 2012; Gemberling et al., 2015). Unlike viral delivery, the gene dosage of cargo can also be more carefully controlled via modified mRNA delivery, which may mitigate deleterious effects of strong expression, especially in non-target cells (Sultana et al., 2017).

Additional consideration should also be given to the maturation state of CMs generated by these regenerative strategies. While in vivo regeneration in rodent models has not been associated with the development of cardiac arrhythmia thus far, Gabisonia et al. demonstrated that the majority of pigs (7/10) that were administered AAV6-miR-199a-1 died of sudden death induced by tachyarrhythmia events/ventricular fibrillation 7 to 8 weeks after injection (Gabisonia et al., 2019). It is unclear if the cause of these arrhythmogenic phenotypes are a result of poor differentiation of newly proliferated CMs within the infarct leading to reentry currents or if the opposite strand of miR-199-3p, miR-199-5p, which has known deleterious consequences in CMs (Li et al., 2017), induces cardiac dysfunction. Understanding the long-term consequences of novel cardiac regeneration strategies, particularly in large animal pre-clinical studies is a required first step toward clinical translation. Overcoming these clinical barriers will undoubtedly begin a new era in the treatment of human heart disease.
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The billions of cardiomyocytes lost to acute myocardial infarction (MI) cannot be replaced by the limited regenerative capacity of adult mammalian hearts, and despite decades of research, there are still no clinically effective therapies for remuscularizing and restoring damaged myocardial tissue. Although the majority of the cardiac mass is composed of cardiomyocytes, cardiac fibroblasts (CFs) are one type of most numerous cells in the heart and the primary drivers of fibrosis, which prevents ventricular rupture immediately after MI but the fibrotic scar expansion and LV dilatation can eventually lead to heart failure. However, embryonic CFs produce cytokines that can activate proliferation in cultured cardiomyocytes, and the structural proteins produced by CFs may regulate cardiomyocyte cell-cycle activity by modulating the stiffness of the extracellular matrix (ECM). CFs can also be used to generate induced-pluripotent stem cells and induced cardiac progenitor cells, both of which can differentiate into cardiomyocytes and vascular cells, but cardiomyocytes appear to be more readily differentiated from iPSCs that have been reprogrammed from CFs than from other cell types. Furthermore, the results from recent studies suggest that cultured CFs, as well as the CFs present in infarcted hearts, can be reprogrammed directly into cardiomyocytes. This finding is very exciting as should we be able to successfully increase the efficiency of this reprogramming, we could remuscularize the injured ventricle and restore the LV function without need the transplantation of cells or cell products. This review summarizes the role of CFs in the innate response to MI and how their phenotypic plasticity and involvement in ECM production might be manipulated to improve cardiac performance in injured hearts.
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INTRODUCTION

The limited regenerative ability of adult mammalian hearts (Porrello et al., 2011) cannot replace the millions of cardiomyocytes that are lost to myocardial infarction (MI) (Prabhu and Frangogiannis, 2016). Instead, the damaged tissue is remodeled and replaced by non-contractile scar tissue, which impedes cardiac function and can eventually lead to catastrophic heart failure (HF) (Wang and Guan, 2010). HF is among the leading causes of hospitalization and death worldwide (Cahill et al., 2017) and is likely to become even more prevalent in response to lifestyle changes and the overall aging of the population. Currently, the available treatment options are generally limited to pharmacological therapies and surgical interventions such as stents and coronary artery bypass graft surgery, which can delay disease progression but fail to increase the number of functional cardiomyocytes and, consequently, do not address the root cause of the decline in cardiac performance (Lin and Pu, 2014). Thus, the development of novel strategies for replacing the myocardial scar with active contractile tissue is perhaps the fundamental goal of cardiovascular research (Carvalho and de Carvalho, 2010).

Although the majority of the cardiac mass is composed of cardiomyocytes (Zhou and Pu, 2016), cardiac fibroblasts (CFs) are one type of the most numerous cells in the heart (Sadoshima and Weiss, 2014). Their exact proportion varies depending on species and age, and measurements can also be influenced by the techniques and marker(s) used for identification (Zak, 1974; Nag, 1980; Banerjee et al., 2007), because CFs can assume a variety of phenotypes and descend from numerous developmental origins (Sadoshima and Weiss, 2014). Nevertheless, CFs can be broadly defined as mesenchymal cells that reside in the cardiac interstitium (Souders et al., 2009), and they are the primary drivers of remodeling in response to both physiological and pathological conditions (Sadoshima and Weiss, 2014). Thus, they serve a critical role in the immediate aftermath of MI by producing the scar tissue required to maintain the structural integrity of the chamber walls and prevent rupture, but the scar also impedes contractile performance, disrupts electromechanical coupling (which can generate arrhythmias), and induces mechanical stress that can lead to additional cardiomyocyte toxicity and infarct expansion.

The healing process after MI can be divided into three distinct but overlapping stages–inflammation, proliferation, and maturity–and each stage is associated with a different CF phenotype (Frangogiannis, 2006; Figure 1). The inflammatory phenotype is characterized by the secretion of cytokines and chemotactic factors that promote the infiltration of neutrophils and monocytes (Sandanger et al., 2013; Shinde and Frangogiannis, 2014), which clear cellular debris, and by the production of matrix metalloproteinases (MMPs), which initiate remodeling by degrading the existing extracellular matrix (ECM). In the proliferative stage, CFs transform into myofibroblasts, which express the contractile protein α-smooth muscle actin (α-SMA), vigorously proliferate, and become the dominant effector molecules of the repair process by secreting both anti-inflammatory and pro-angiogenic molecules, and by generating the new ECM (Shinde and Frangogiannis, 2014; Ma et al., 2017). Unlike fibroblasts, myofibroblasts are specialized cells that possess a more contractile and synthetic phenotype than fibroblasts. The lineage tracing of Periostin+ myofibroblasts did not show expression of the endothelial cell marker CD31 after MI (Kanisicak et al., 2016), suggesting the limited plasticity of myofibroblasts to transdifferentiate to other cardiac cell. CFs continue to produce anti-inflammatory cytokines (e.g., interleukin 10) and pro-fibrotic factors (e.g., transforming growth factor β1) during the early maturation stage (Chen and Frangogiannis, 2013), and then the number of myofibroblasts declines as the cells transition to a phenotype that promotes scar maturation and maintains homeostasis in the remodeled myocardium (Ma et al., 2017). More recently, Fu et al. (2018) dissected the dynamic states of CFs during post-myocardial infarction remodeling by lineage tracing of cells expressing Tcf21, Postn and Acta2 genes. Consistently, they identified proliferating activated fibroblasts early at post-MI day 2–4 and the α-SMA+ myofibroblasts at day 3–7 after injury. They also discovered a new differentiated state of fibroblasts in the mature scar beyond 10 days after injury. These CFs, termed as matrifibrocytes, highly express bone and cartilage-related ECM genes like Chad, Cilp2 and Comp, which are common gene signatures of chondrocytes and osteoblasts, making CFs more specialized to support mature scar. Importantly, deletion of these cells in the scar impaired the cardiac function, suggesting an indispensable role of matrifibrocytes in the homeostasis of scarred hearts.
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FIGURE 1. Cardiac fibroblasts (CFs) in the endogenous response to myocardial infarction. The phenotype, marker expression, and activity of CFs change during recovery from myocardial infarction. DDR2, discoidin domain receptor tyrosine kinase 2; Tcf21, transcription factor 21; PDGFRα, platelet-derived growth factor receptor α; α-SMA, α smooth-muscle actin; TNF-α, tumor necrosis factor α; IL, interleukin; CXCL, C-X-C motif ligand; MMP, matrix metalloproteinase; ECM, extracellular matrix; TIMP, tissue inhibitors of metalloproteinase; TGF-β, transforming growth factor β.


While both the immediate benefits and long-term, often detrimental, effects of CFs on cardiac performance after an infarct event are well established, efforts to improve myocardial recovery via CF-based therapies have also become a prominent field of research. The remainder of this review focuses on how the role of CFs in ECM production might be exploited to limit infarct size and manipulate cardiomyocyte activity and proliferation, as well as the reprogramming of CFs into pluripotent cells or, perhaps, directly into cardiomyocytes (Figure 2).
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FIGURE 2. Cardiac fibroblasts for regenerative myocardial therapy. Clockwise from top left: (A) CFs secrete cytokines that directly regulate cardiomyocyte cell-cycle activity, and the structural proteins produced by CFs influence cardiomyocyte proliferation by modulating ECM stiffness. (B) CFs have a supportive role in engineered myocardial tissues and (C) can be reprogrammed into iPSCs or iCPCs; iPSCs are differentiated into cardiomyocytes, endothelial cells, and smooth-muscle cells before administration to infarcted hearts or assembly into engineered myocardial tissues, whereas iCPCs spontaneously differentiate into cardiac cells after delivery to the heart. (D) CFs can also be reprogrammed directly into cardiomyocyte-like cells both in-vitro and in-vivo. CF, cardiac fibroblast; CM, cardiomyocyte; ECM, extracellular matrix; GHMT, Gata4, Hand, Mef2c, Tbx5; GMT, Gata4, Mef2c, Tbx5; iCPC, induced cardiac progenitor cell; iPSC, induced pluripotent stem cell; MTGNB, Mesp1, Tbx5, Gata4, Nkx2.5, Baf60c; OSMK, Oct4, Sox2, c-Myc, Klf4; VC, vascular cell.




CF-DERIVED EXTRACELLULAR MATRIX IN MYOCARDIAL REPAIR

Cardiac fibroblasts produce growth factors and other signaling molecules that directly regulate cardiomyocyte function (Torre-Amione et al., 1996; Long, 2001; Baudino et al., 2008), while also controlling the synthesis and degradation of the ECM (Baxter et al., 2008; Snider et al., 2009; Souders et al., 2009). The cardiac ECM was once believed to function primarily as an inert scaffold but is now known to be an ever-changing and plastic microenvironment that has a vital role in cardiac function and regeneration. The mammalian cardiac ECM consists of structural components such as collagens, fibronectin, tenascin, elastin, laminins, proteoglycans, and glycosaminoglycans (Lockhart et al., 2011), as well as dynamic, non-structural (i.e., matricellular) proteins that participate in critical signal transduction pathways (Rienks et al., 2014; Frangogiannis, 2017), some of which appear to regulate cardiomyocyte proliferation. Embryonic CFs produce fibronectin and heparin-binding EGF-like growth factor, which activate proliferation in cultured mouse cardiomyocytes via β1-integrin signaling (Ieda et al., 2009), while neonatal rat ventricular cells were significantly more proliferative when cultured with fetal cardiac ECM than with either neonatal or adult cardiac ECM, and the increase corresponded with 6- to 7-fold higher measures of fibronectin and periostin (Williams et al., 2014). Periostin is secreted by CFs after MI or pressure overload injury (Shimazaki et al., 2008) and has been shown to improve infarct size and cardiac function in infarcted rat hearts by activating integrin- and phosphatidylinositol-3 kinase (PI3K) signaling, which subsequently induces cardiomyocyte cell-cycle re-entry (Kuhn et al., 2007), while periostin deficiencies inhibited myocardial regeneration after MI in neonatal mice (Chen et al., 2017).

The structural ECM components produced by CFs can also modulate cardiac regeneration by altering ECM stiffness (Yahalom-Ronen et al., 2015). Stiffness of the ECM increases with the deposition and crosslinking of collagen, elastin, and laminin (Notari et al., 2018; Frangogiannis, 2019), and ECM stiffness and maturation induce cell-cycle arrest in neonatal rat and mouse cardiomyocytes, whereas more compliant ECM (i.e., ECM that can accommodate greater blood volume with smaller increases in pressure) promotes cardiomyocyte proliferation and cytokinesis (Yahalom-Ronen et al., 2015). Furthermore, the regenerative capacity of neonatal mouse hearts in response to apical resection is greatest on the first day after birth (P1) and declines rapidly thereafter (Porrello et al., 2011; Lam and Sadek, 2018; Notari et al., 2018), and analyses of the transcriptomes of P1 and P2 mice identified significant differences in the expression of ECM and cytoskeletal genes that contribute to ECM stiffness. Notably, cardiac regenerative capacity can be restored in mice by pharmacologically reducing stiffness on P3 (Notari et al., 2018), and the composition and stiffness of the ECM may also influence the myogenic differentiation of stem and bone-marrow–derived cells (Engler et al., 2006; Zhang et al., 2009; Wang et al., 2010; Hastings et al., 2015). Increases in cardiomyocyte cell-cycle activity have also been observed in patients after implantation of a left-ventricular assist device, which can mimic increases in myocardial compliance by reducing the hemodynamic load (i.e., mechanical unloading) (Canseco et al., 2015).

The role of the ECM in cardiac function and cardiomyocyte cell-cycle activity also has important implications for the use of CFs in cardiac tissue engineering, particularly for the development of thicker and vascularized constructs (Shimizu et al., 2006; Novosel et al., 2011; Haraguchi et al., 2012). Both the functional and biochemical properties of engineered cardiac tissues composed of CFs, cardiomyocytes, and a biorubber scaffold improved when the two cell populations were added sequentially (CFs first, then cardiomyocytes) rather than simultaneously (Radisic et al., 2006), and the structural support provided by dermal fibroblasts improved cell-cell interactions and the synchronous beating of cardiomyocytes in injectable beating mini heart tissues (Guerzoni et al., 2019). CFs have also been combined with cardiomyocytes and endothelial cells to produce native-like three-dimensional (3D) cardiac tissue with oriented structures and a vascular network, which is crucial for cell survival after transplantation (Tsukamoto et al., 2020), and the ECM produced by CFs has been used as a transfer medium to improve the retention of transplanted mesenchymal stem cells in ischemic myocardium (Schmuck et al., 2014).



CFS AS A SOURCE OF INDUCED-PLURIPOTENT CELLS

Because CFs are available in large numbers and phenotypically plastic, they are particularly useful for cell therapy and tissue engineering. The most common strategies involve reprogramming the cells into either induced pluripotent stem cells (iPSCs) or cardiac progenitor cells (iCPCs). iPSCs have an unlimited capacity for self-renewal and can differentiate into cells of any lineage, but have also been associated with tumorigenesis; thus, they are typically differentiated into cardiomyocytes and other cardiac-lineage cells before administration to infarcted hearts or assembly into engineered myocardial tissues. iPSCs were first generated via the overexpression of four transcription factors (Oct4, Sox2, Klf4, and c-Myc) in mouse and human dermal fibroblasts (Takahashi and Yamanaka, 2006; Takahashi et al., 2007), and have also been generated from endothelial cells (Lagarkova et al., 2010), hair-follicle cells (Illing et al., 2013), keratinocytes (Aasen et al., 2008) and peripheral blood cells (Okita et al., 2013). However, cardiomyocytes appear to be more readily differentiated from iPSCs that have been reprogrammed from human CFs (hciPSCs) than from other cell types: the purity of hciPSC-derived cardiomyocytes (hciPSC-CMs) exceeded 92% without any subsequent selection procedures, whereas iPSCs reprogrammed from human dermal FBs (hdiPSCs) or blood mononuclear cells (hBMCiPSCs) yielded cardiomyocyte populations that were only 60–85% pure (Ye et al., 2013; Zhang et al., 2015). This difference in differentiation efficiency can likely be attributed to the presence of epigenetic factors that the iPSCs retained from their tissues of origin (Kim et al., 2010; Noguchi et al., 2018; Toubiana et al., 2019). Furthermore, the Ca2+-handling profile of the hciPSC-CMs was more cardiac-like than the profiles of cardiomyocytes differentiated from hdiPSCs or hBMCiPSCs, and when sheets of hciPSC-CMs were transplanted into infarcted mouse hearts, the rate of engraftment was exceptionally high (>30%) 28 days later; the treatment was also associated with significant improvements in cardiac contractile function. It is also interesting to notice that, as an unwanted limit of current cardiac differentiation protocol, non-cardiomyocytes cardiac cells (NMCCs) also emerge during iPSC differentiation and easily to be transdifferentiated into myofibroblast cells. We found that the inhibition of myofibroblast cells derived from NMCCs could improve the efficacy of cardiac cell therapy (Gao et al., 2018).

Cardiac progenitor cells (iCPCs) are also highly proliferative and multipotent, but their intrinsic capacity for differentiation is restricted to the cardiac mesoderm lineage (Masino et al., 2004), and they can be delivered directly to the heart. Mouse CFs were first stably reprogrammed into iCPCs via the overexpression of five (Mesp1, Tbx5, Gata4, Nkx2.5, and Baf60c), or as many as eleven (Mesp1, Mesp2, Gata4, Gata6, Baf60c, SRF, Isl1, Nkx2.5, Irx4, Tbx5, and Tbx20), cardiac transcription factors (Lalit et al., 2016), and the yield of iCPCs was further increased by including 6-bromoindirubin-30-oxime (a canonical Wnt activator) and leukemia inhibitory factor (LIF; a JAK/STAT activator) during the reprogramming process. Both in-vitro and in-vivo studies confirmed that the iCPCs could differentiate into cardiomyocytes, endothelial cells (ECs), and smooth-muscle cells (SMCs), and iCPC transplantation significantly improved cardiac function and survival in a mouse MI model with no evidence of tumor formation. iCPCs also repopulated ECM scaffolds and differentiated into cardiomyocytes, ECs, and SMCs when injected through an aortic cannula into decellularized whole mouse hearts (Alexanian et al., 2020). Thus, both iPSCs and iCPCs dedifferentiated from CFs may provide a readily available, safe, and scalable source of contractile and vascular cells for regenerative myocardial therapies.



REPROGRAMMING CFS INTO INDUCED CARDIOMYOCYTES

Cardiac fibroblasts can also be directly reprogrammed into cardiomyocyte-like cells [induced cardiomyocytes (iCMs)] without first passing through an intermediate iPSC stage; however, the technique is quite new, so the optimal reprogramming protocol has yet to be identified and may vary depending upon how the cells will be used after reprogramming. iCMs were first generated in 2010 via the overexpression of three developmental transcription factors (Gata4, Mef2c, and Tbx5; i.e., the GMT protocol) in CFs: the reprogrammed cells expressed cardiomyocyte-specific markers, contracted spontaneously, and displayed cardiomyocyte-like electrophysiological properties and global gene-expression profiles (Ieda et al., 2010). Subsequent work demonstrated that the efficiency of the GMT protocol could be improved significantly by combining relatively high levels of Mef2c with lower levels of Gata4, and Tbx5 (Wang et al., 2015), or by adding Hand2 to the list of transduced genes (the GHMT protocol) (Song et al., 2012), and the activity of a transgenic, cardiomyocyte-specific troponin T promoter-reporter construct was more prevalent when iCMs were generated from mouse CFs by adding Nkx2.5 to the GHMT reprogramming protocol than via any other published combination of transcription factors (Addis et al., 2013). The expression of mature cardiomyocyte markers also varied depending on the relative proportions of Gata4, Mef2c, and Tbx5 (Wang et al., 2015), while the overall profile of cardiac-gene expression could be broadened by using a reprogramming cocktail composed of Tbx5, Mef2c, and Myocd (Protze et al., 2012).

Researchers are also investigating the mechanisms and signaling pathways that contribute to CF-iCM reprogramming by including small molecules in the established protocols. Adding Akt1 (protein kinase B) to the GHMT protocol dramatically increased spontaneous beating in reprogrammed iCMs and produced cells that were polynucleated, hypertrophic, and responsive to β-adrenoreceptor modulation, which suggests a more mature cardiomyocyte phenotype; furthermore, the role of Akt in iCM reprogramming appeared to be regulated upstream by insulin-like growth factor 1 (IGF1) and PI3K and facilitated downstream by target of rapamycin complex 1 (mTORC1) and forkhead box o3a (Foxo3a) (Zhou H. et al., 2015). A83-01, a selective inhibitor of TGF-β signaling, also increased spontaneous beating and the expression of cardiac genes such as Actc1, Myh6, and Ryr2, in GHMT-reprogrammed iCMs (Zhao Y. et al., 2015), which suggests that pro-fibrotic signaling pathways impede CF-iCM reprogramming, and the efficiency of GMT-reprogramming increased when Bmi1 activity was inhibited with shRNA during an early stage of the protocol (Zhou et al., 2016), which confirms that epigenetic factors could be key obstacles to CF-iCM reprogramming. MicroRNAs can also contribute to CF-iCM reprogramming, as evidenced by reports that pairing miR-133 overexpression with the GMT protocol significantly increased functional iCM yield by suppressing Snai1 (Muraoka et al., 2014), and that even in the absence of transcription factors, a combination of miR-1, miR-133, miR-208, and miR-499 induced mouse CFs to express cardiomyocyte-specific genes, beat spontaneously, and display cardiomyocyte-like organization of the sarcomere (Jayawardena et al., 2012).



IN-SITU ICM REPROGRAMMING

When lentiviruses encoding the same set of four microRNAs (miR-1, -133, -208, and -499) were administered directly to the hearts of mice after MI, the treatment appeared to reprogram resident CFs into iCMs and was associated with increases in ejection fraction and lower measures of fibrosis (Jayawardena et al., 2015), which suggests that the vast pool of CFs could serve as an endogenous source of new cardiomyocytes for regenerative therapy. Genetic lineage-tracing studies have shown that GMT retroviruses also reprogram resident mouse CFs into iCMs when injected immediately after coronary artery ligation: the reprogrammed CFs formed sarcomeres, displayed a cardiomyocyte-like gene expression profile, and were bi-nuclear and electrically coupled to endogenous cardiomyocytes, and the treatment was associated with significant improvements in measures of cardiac ejection fraction, stroke volume, and infarct size (Qian et al., 2012). Retroviral delivery of GHMT also converted resident CFs into iCMs and improved recovery from myocardial injury in mice–measures of ejection fraction increased 2-fold while infarct sizes declined by 50%–and the efficiency of CF-to-iCM reprogramming was greater than in animals treated with GMT alone (Song et al., 2012). In-situ GMT reprogramming of CFs into iCMs has also been performed with Sendai virus (Miyamoto et al., 2018) and adenovirus (Mathison et al., 2017), which are more suitable than lenti- or retroviruses for clinical applications, because the vectors are not integrated into the host genome and are unlikely to cause insertional mutagenesis; both approaches significantly improved recovery from myocardial injury in rodents, and reprogramming efficiency was greater when performed with the Sendai virus than with integrating retroviruses.

Observations from at least two studies (Qian et al., 2012; Song et al., 2012) suggest that the efficiency of iCM reprogramming, as well as the maturity of the reprogrammed cells, is greater when performed in-situ after MI than in culture, which suggests that properties of the infarcted heart can enhance iCM reprogramming. Whether the inflammatory signaling from neutrophils and macrophages (Prabhu and Frangogiannis, 2016) contribute to this enhancement has yet to be determined, and the results from studies of inflammation in direct reprogramming have been somewhat contradictory: the anti-inflammatory drug diclofenac promoted cardiac reprogramming in postnatal and adult fibroblasts (Muraoka et al., 2019), whereas shRNA-mediated knockdown of the pro-inflammatory regulators TLR3, NFKB1, and COX2 impeded the cardiac reprogramming of human fibroblasts (Zhou et al., 2019). Necrotic cardiomyocytes also release damage signals [i.e., damage-associated molecular patterns (DAMPs)] that activate CFs after MI, and measures of cardiac function and scar size in infarcted mouse hearts were significantly better after co-treatment with GMT and thymosin β4, which activates fibroblasts and promotes angiogenesis, than after treatment with GMT alone (Qian et al., 2012). Additional clues about how the environment of the infarcted myocardium may influence iCM reprogramming can be inferred from observations in cultured cells: the conversion rate of iCMs improved, and was accompanied by increases in MMP3 expression, when the cells were suspended in a 3D hydrogel that mimicked cardiac ECM (Li et al., 2016), and both the quantity and maturity of iCMs increased when reprogramming was conducted on microgrooved substrate (Sia et al., 2016). Mechanical properties of the damaged myocardium could also contribute to iCM reprogramming, because the stiffness of the scarred region likely changes in response to collagen deposition (Voorhees et al., 2015), and the maturation of iPSC-CMs can be improved by manipulating the stiffness of the culture substrate (Ribeiro et al., 2015).



CONCLUSION AND PERSPECTIVES

Cardiac fibroblast are key players in every stage of recovery from myocardial injury, and their roles in both beneficial and maladaptive fibrosis have been well established; however, more recent investigations have begun to evaluate whether their phenotypic plasticity and involvement in ECM production can be manipulated to promote myocardial regeneration. CFs could be targeted directly to promote the proliferation of endogenous cardiomyocytes by upregulating the production of matricellular ECM proteins that activate the cardiomyocyte cell-cycle or by altering structural components to reduce ECM stiffness. CFs are one type of most numerous cells in the heart, and the epigenetic profile of iPSCs generated from CFs, rather than other cell types, appears to be more favorable for differentiation into cardiac-lineage cells, which suggests that CFs could be an abundant source of cardiomyocytes for cell-based therapy and tissue engineering. iCPCs reprogrammed from CFs can differentiate into cardiomyocytes, ECs, and SMCs after transplantation into infarcted hearts and have been associated with improvements in cardiac function and survival with no evidence of tumorigenesis, while a number of protocols have been developed for reprogramming CFs directly into iCMs both in vitro and in situ, which could enable a promising therapeutic strategy to repopulate the myocardial scar with cardiomyocytes while avoiding the need for transplanted cells. However, the optimal combination of transcription factors and/or microRNAs for CF-iCM reprogramming has yet to be identified, and ongoing investigations into potential tumorigenicity of iPSC-CMs and the mechanisms that regulate both the generation of iCPCs and their differentiation into functional cardiac cells are required to facilitate the translation of these technologies to the clinic.

Certainly, challenges remain in our understanding of CF’s functions and plasticity as well as how the knowledge can be utilized to achieve heart regeneration. Although increasing evidence has shown that CFs and ECM significantly contribute to homeostasis and recovery after injury, the complexity of their crosstalk with cardiomyocytes and other cells remains largely unknown. Additionally, it is still unclear how the in vivo environment with changed ECM compositions influences fibroblast plasticity and integration of transplanted cardiomyocytes. It is also interesting to investigate whether in situ cardiac reprogramming will affect CF dynamics and ECM production, which might lead to synergetic benefit for heart tissue repair. Finally, most of the current findings are mainly from mouse studies. It is necessary and important to expand our understanding of cardiac fibroblasts in terms of their characteristics, behaviors, and functions in large animals and humans.
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The use of human cells for the construction of 3D organ models in vitro based on cell self-assembly and engineering design has recently increased in popularity in the field of biological science. Although the organoids are able to simulate the structures and functions of organs in vitro, the 3D models have difficulty in forming a complex vascular network that can recreate the interaction between tissue and vascular systems. Therefore, organoids are unable to survive, due to the lack of oxygen and nutrients, as well as the accumulation of metabolic waste. Organoids-on-a-chip provides a more controllable and favorable design platform for co-culture of different cells and tissue types in organoid systems, overcoming some of the limitations present in organoid culture. However, the majority of them has vascular networks that are not adequately elaborate to simulate signal communications between bionic microenvironment (e.g., fluid shear force) and multiple organs. Here, we will review the technological progress of the vascularization in organoids and organoids-on-a-chip and the development of intravital 3D and 4D bioprinting as a new way for vascularization, which can aid in further study on tissue or organ development, disease research and regenerative medicine.
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INTRODUCTION

Recent years have seen wide development of organoids and organoids-on-a-chip, as they are important in the imitation of the structure and function of human organs. At present, vascularization attempts of organoids and organoids-on-a-chip have attracted attention. Thick organ tissue requires an abundant network of micro-vascular vessels to provide oxygen and nutrients, as well as handle the discharge of metabolic waste. Specifically for organoids-on-a-chip, vascularization helps us observe the bio-chemical reactions and transport of substances in vascular tissue. In recent years, the literature has focused on the in vitro regeneration of angiogenesis. At the same time, the micro-flow control system successfully simulates the precise regulation of the tissue micro-environment in many aspects and provides biochemical and mechanical shear force as a method for in vitro vascular network construction. Therefore, we aim to establish a macro-micro bridge by reviewing the current research on micro-flow control technology, providing ideas for the precise regulation of the complex tissue structure model of in vitro organ reshaping and exploring the interaction of vascularization in various tissues. These concepts are of great significance to the next generation of vascular tissue engineering and the development of regenerative medicine.



VASCULARIZATION OF ORGANOIDS

For the organoids having been constructed, the mainly limitation of achieving completely functional organoids like in vivo is the lack of rational tissue size. The main cause of growth arrest or cell death of all organoids in tissue engineering is the lack of adequate oxygen and nutrient supply. The maturation of organoids is influenced by the limitation of nutritional supply (Lancaster and Knoblich, 2014). The transport of oxygen and nutrients in vivo to tissue cells through diffusion is limited within a few hundred microns of capillaries (Yin et al., 2016). Additionally, the removal of cellular metabolic waste is also essential for the survival of cells (Muschler et al., 2004). Therefore, it is necessary for the successful development of organoids to remodel functional vessel networks for most organs with high metabolism, such as the heart, liver, kidney, and brain (Auger et al., 2013).

The approaches for organoid vascularization can be sorted into two categories: in vitro and in vivo vascularization. In vitro vascularization is obtained by co-culture with vascular cells or tissue engineering (Mansour et al., 2018). The strategies for in vitro vascularization can be sorted into templating and self-organizing methods (Nashimoto et al., 2017). Templating methods include hydrogel molding by needles, sacrificial molding, assembly of patterned hydrogel slabs and bio-printing (Nashimoto et al., 2017). Endothelial cells are co-cultured with supporting cells in the self-organizing method (Nashimoto et al., 2017) and neo-angiogenesis is induced by angiogenic growth factors, which can also promote cell self-assembly by gradient (Yin et al., 2016). In vivo vascularization is achieved by transplanting organoid models built in vitro into a host. The following paragraphs illustrate representative studies for each type of organoid vascularization approach.


Vascularization in vitro


Templating Method

This method has been applied into different strategies of realizing vascularization of heart tissue.

The first strategy is printing the endothelial cells (ECs) without the parenchymal tissue. This method is enabled with the use of a composite bio-ink encapsulating ECs (Zhang Y. S. et al., 2016) (Figure 1A). A micro-fibrous scaffold can be bio-printed using this bio-ink, ECs can be directly bio-printed within scaffolds and then gradually migrate toward the periphery of the microfibers to form a layer of confluent endothelium. Along with controlled anisotropy (achieved by capability of their technique to bioprint 3D microfibrous scaffolds with anisotropic arrangements), cardiomyocytes are seeded into the interstitial space of the endothelialized scaffold to generate an aligned myocardium layer capable of spontaneous and synchronous contraction.


[image: image]

FIGURE 1. Vascularization of organoids in various methods. (A) The procedure of endothelialized myocardium fabrication using the 3D bio-printing strategy. (B) Schematic illustration of the tissue manufacturing process. (C) Concept schematic of printing a full, thick vascularized tissue in one step. (D) Overview of microfluidic device use for angiogenic sprout inducing in a human lung fibroblast (hLFs) spheroid. Reprinted with permission from Nashimoto et al. (2017). (E) Upon transplantation, host-derived vascular networks invaded the hPSC-derived kidney organoids and connected to the organoid-derived plexus. (F) Brain organoids grown in vitro and transplanted into the mouse cortex.


The second strategy is printing ECs along with surrounding tissues followed by external perfusion of ECs. A technique for hydrogel construct vascularization that confirmed endothelial monolayer formation within the fabricated channels has been reported by Bertassoni et al. (2014). They described a 3D micro-molding technique that utilized bio-printed agarose template fibers to fabricate micro-channel networks with various architectural features within photo-cross-linkable hydrogel constructs and successfully embed micro-channels inside hydrogels. The bio-printed templates can then be easily removed to form fully perfusable networks without any template dissolution. A method for bio-printing 3D cell-laden, vascularized tissues that exceed 1cm in thickness and can be perfused on a chip for long time periods (>6 weeks) can be used to improve perfusion (Figure 1B). A technique for integrated parenchyma, stroma and endothelium into a single thick tissue by co-printing multiple inks composed of hMSCs (human mesenchymal stem cells) and human neonatal dermal fibroblasts (hNDFs) within a customized extracellular matrix alongside embedded vasculature, which was subsequently lined with HUVECs (human umbilical vein endothelial cells) has been reported by Kolesky et al. (2016). The vascularized tissues were then perfused with growth factors. Miller et al. (2012) reported a general approach for rapid construction of such networks. They printed rigid 3D filament networks of carbohydrate glass and used them as a cyto-compatible sacrificial template in engineered tissues to generate cylindrical networks that could be lined with ECs and perfused with blood under high-pressure pulsatile flow. This simple vascular casting approach is compatible with a wide variety of cell types, synthetic and natural extracellular matrices and cross-linking strategies.

The third is printing a full, thick, vascularized tissue in one step. Noor et al. (2019) reported 3D printing techniques using personalized hydrogel as a bio-ink and printing a full, thick, vascularized tissue in one step (Figure 1C). Omentum tissue was isolated from the patient and cells were separated from the matrix. The matrix was processed into a personalized, thermo-responsive hydrogel. The cells were reprogrammed and encapsulated within the hydrogel to generate the bio-inks used for printing. The bio-inks were then used to print vascularized tissues. It was demonstrated that the personalized hydrogel can be used to print volumetric, freestanding, cellular structures, including whole hearts and their major blood vessels.



Self-Organizing Method

The advantage of templating is that it is usable immediately after manufacture (Nashimoto et al., 2017). However, the non-dynamic of vessel structure hinders the functional vessel formation, therefore, cells cannot dynamically adapt to the environment of the surrounding tissue, during co-culturing (Nashimoto et al., 2017). By contrast, in vitro vascular network established by the self-organizing method resembles angiogenesis, morphology and permeability in vivo more closely (Nashimoto et al., 2017).

Nashimoto et al. (2017) used a microfluidic device to induce angiogenic sprouts in a human lung fibroblast (hLFs) spheroid, which led to perfusable self-assembled vascular networks (Figure 1D). The spheroid was prepared from co-cultured HUVECs and hLFs, in which vessel-like structures would form. T he spheroid was then introduced to the spheroid well in the microfluidic device and HUVECs were seeded in the left and right channels of that well. The soluble angiogenic factors secreted by HLFs induced the formation of angiogenic sprouts toward the spheroid. These angiogenic sprouts grew into the perfusable vascular networks supporting active transport, which could anastomose to the previous vessel-like structures in the spheroid. Additionally, these vascular networks could transport nutrients and oxygen to cells in the spheroid and dispose of the metabolic product, which is similar to the in vivo physiological functions. The perfusable vessel model constructed by this approach subsequently led to culturing conditions the in spheroid that were more beneficial, which provides an effective model for long-term in vitro tissue culture.

A strategy for vascularization of brain organoids includes inducing the formation of blood vessel-like structures by vascular endothelial growth factor (VEGF) in vitro. Ham et al. (2020) applied this strategy for in vitro the formation of blood vessel-like structures in cerebral organoids. The results indicated that VEGF enhanced the differentiation of vascular ECs without reducing neuronal markers in the embryonic bodies (EBs), which then successfully developed into cerebral organoids with open-circle vascular structures expressing characteristic of the blood–brain barrier (BBB). Therefore, VEGF treatment can be used to generate vessel-like structures with mature BBB characteristics in cerebral organoids in vitro.

Another strategy for brain organoid vascularization involves achieving revascularization from the outside surrounding matrix. Pham et al. (2018) modeled the developmental peri-neural vascular plexus by coating the whole-brain organoid with Matrigel-embedded ECs. They achieved revascularization from the outside surrounding matrix, as opposed to direct injection into the center of the organoid. Induced pluripotent stem cells (iPSCs) were grown into whole-brain organoids. Simultaneously, iPSCs from the same body were differentiated into ECs. The organoid was then re-embedded in Matrigel with 250.000 ECs. Coating of brain organoids with ECs led to robust vascularization of the organoid. Vascularized organoids were grown in vitro and then transplanted into immunodeficient mice, to found that blood vessels did not stay on the periphery of the organoid but instead penetrated its center in vivo.

The approaches of vascularization in vitro can fully control over the growth of vascular network and immediate functionality. However, it still needs to be improved to be more viable and changeable because of the incapability to adapt to the real-time change of organoids.




Vascularization in vivo

Though current progress in microfluidic technology has demonstrated the feasibility of tissue angiogenesis, these methods will disturb the self-organizing structure in organoids (Lancaster, 2018). So far, transplanting organoids into hosts has been the only way to achieve tissue vascularization with complete function (Grebenyuk and Ranga, 2019). When the organoid is transplanted into hosts, the vascularization process mimics the native angiogenesis that occurs in the human body (Lancaster, 2018). Thus, in vivo vascularization by transplantation will develop organoids with complete function more efficiently and be more beneficial to the survival of organoids.

Van den Berg et al. (2018) used the approach of transplantation and described the vascularization of kidney organoids (Figure 1E). Human pluripotent stem cell (hPSC)-derived kidney organoids were transplanted under the kidney capsule of host mice. Then they observed that the host-derived vascular networks invaded the developing glomerular structures in the organoids and actively connected to the human-derived plexus. In addition, they confirmed that the organoids in hosts performed more integrated process of development and maturation, in comparison with the non-transplanted organoids. However, unsolved defects still exist in vascular networks generated in hosts, for instance the functional maturity of blood vessels in kidney organoids is not on part with that of kidneys in human (Koning et al., 2020).

Takebe et al. (2014) used the same approach to develop vascularized liver organoids. They cultivated human iPSCs-derived hepatic endoderm cells (iPSCs-HEs), HUVECs and hMSCs, which self-organized to liver buds (iPSCs-LBs). Then they transplanted the iPSCs-LBs under the cranial window in mice. Results showed that human-derived vessels connected to the host vessels and formed unobstructed conduits which could deliver nutrients and oxygen (Takebe et al., 2013). This work shows that transplantation of in vitro cultured iPSCs-LBs into a host could develop vascularized liver organoids with functional tissue architecture (Takebe et al., 2013).

Mansour et al. (2018) reported on the generation of vascularized brain organoids after transplantation into the mouse brain, at the Society for Neuroscience Meeting 2017. This research focused on the issue of vascularization by transplanting cerebral organoids onto a vascular bed in the cortex of an adult mouse. They showed that intra-cerebral transplantation of brain organoids in mice resulted in impressive growth of blood vessels into the human tissue, with clear benefits for cell survival and maturation compared with organoids kept in vitro (Figure 1F).

Currently, the main challenge of achieving completely functionalized organoid is achieving spontaneous perfusing capability of blood vessels. The approaches of vascularizing organoids both in vitro and in vivo have not achieved this goal. Future researches of vascularized organoids will focus on the angiogenesis principles to induce viable and functional vasculature. With the advance of tissue engineering technologies and the improvement of existing approaches, the barriers of vascularizing organoids will be cleared up, which will promote the substantial production of implantable organoids with fully functionalized vessels.




VASCULARIZATION OF ORGANOIDS-ON-A-CHIP


The Importance of Organoids-on-a-Chip

Traditional in vitro cell culture techniques frequently use culture bottles, culture dishes, etc. as a living environment for cells. This 2D culture method lacks the complex living environment the cells grow in in vivo and cannot stimulate the cells by specific physical and chemical factors, such as biochemic concentration gradient, fluid shear force and mechanical stress. Through this method, the cells cannot achieve the level of self-assembly and truly restore the specific physiological function of the organ prototype (Bhatia and Ingber, 2014).

The gold standard for biological testing and animal models also has certain defects. Due to differences in biological metabolism and immune function between animals and humans, there still remains uncertainty such as medical diagnoses (Bhushan et al., 2013). Therefore, development of an effective model that simulates the human body is particularly important.

Organoids-on-a-chip is an effective alternative solution. During the construction of organoids-on-a-chip, it is necessary to consider the anatomical structure of the target organ and restore its basic physiological and characteristic structure. In this way, we are able to design the 3D mechanical and biochemical environment that corresponds to the target organ, according to the growth characteristics of the cell and use micro-processing technology (such as soft lithology) to construct the model necessary for cell growth (Park et al., 2019). The model is widely used in the study of organ function (Occhetta et al., 2018), disease modeling (Mazio et al., 2018) and pharmacological modeling (Sung et al., 2014). Blood vessels are important in connecting organs and realizing material exchange between organs. Additionally, micro-vascular networks maintain metabolism and the stability of the tissue micro-environment. The vascularization of organoids-on-a-chip provides us with a good platform to explore the physiological barrier role of blood vessels (Tarbell, 2010), the pathological study of blood vessels by blood flow shear force (Zheng et al., 2012), vascular regeneration (Zheng et al., 2012) and substance transport between tissues (Skardal et al., 2017).



Regulation in Micro-Environment

Micro-environment conditions determine the growth and development of cells in organoids-on-a-chip, among which micro-flow models, embedded hydrogels and fluid shear forces are important conditions that affect the vascularization of organ chips.

In micro-flow models, cell adhesion of biomass formed by polymers, such as polydimethylsiloxane (PDMS), is mostly poor. Cell adhesion is promoted by coating its surface with a layer of fibrin or hydrogel material (Taylor et al., 2005; Park et al., 2006). In addition, the size of channel has an important effect on the growth of vascular ECs. ECs extend in all directions in channels of 250–500 μm. Reduction of the inner diameter of the channels, causes almost all ECs to extend along the axial direction of the flow path, especially in the channels ranging from 10–20 μm (Greca et al., 2018), which are similar to the size of capillaries (i.e., less than 10 μm) in vivo. However, due to the accuracy of the manufacturing process, the formation of micro-vessels in vitro is usually greater than 50 μm (Haase and Kamm, 2017). The construction of small lumen plays an important role in the simulation of blood microcirculation.

The properties of hydrogels have a noteworthy influence on the formation process and function of microvascular networks. In hard hydrogels, the resulting microvascular network tends to have smaller channel diameters, thus limiting the migration of ECs (Chung et al., 2009). On the other hand, although the hydrogel itself has pores, they are mostly nanoscale, which makes nutrient and cell metabolic waste hard to discharge inside the hydrogel, hinders the function of cells and is not conducive to the fusion of body tissue. Ying et al. (2020) Developed macro-micro-nano-porous cell-laden gelatin methacryloyl (GelMA) hydrogel constructs by 3D extrusion bio-printing technology. Because hydrogels have better permeability than PDMS, plastics, silicon and many other substrate materials. HeYong team (Nie et al., 2018) develops some new methods in manufacturing micro-flow control chip based on a twice cross-linking hydrogel bulk. Hydrogel chips with good mechanical and biological properties were developed through cross-linking the commonly used alginate, gelatin and GelMA. The chip was very similar to natural extracellular matrix (ECM) in both water content and cytokine diffusivity and can be made into vascular chips in order to simulate disease models of blood vessels. The addition of specific acellular extracellular matrix into hydrogels as bio-inks has been reported to also promote angiogenesis (Zheng et al., 2020). Hydrogels with high biocompatibility are mature platforms for 3D cell culture. Appropriate hardness and pores are conducive to the growth of microvessels in hydrogels and the diffusion of various pro-vascular growth factors in hydrogels.

Mechanical stress affects the shape and function of the resulting blood vessels. Hemodynamic disorders are also easy to cause thrombus and atherosclerosis and induce inflammation. In increasingly fast blood flow, the vascular barrier function is the same as the one in the human body. Additionally, cyclic adenosine monophosphate (cAMP) in vascular ECs increases, under fast blood flow, improving the selectivity of the vascular barrier and the proliferation of ECs (Price et al., 2010). These findings provide good starting ground for building artificial blood vessels in vitro. Moreover, Vickerman’s studies have found that high vascular shear force is important for the formation of new blood vessels (Vickerman et al., 2008; Vickerman and Kamm, 2012). Appropriate blood flow is essential to simulate organ function when constructing organ microarray. The existing problem is that vascular ECs are difficult to arrange evenly and neatly in the constructed vascular lumen. This phenomenon is more prominent in the complex vascular network structure. The perfusion blood shear force can cause damage to the vascular ECs attached to the lumen and mediate the occurrence of subsequent vascular diseases. On the other hand, blood vessels themselves have tension, and the dilation of blood vessels has a great influence on the growth of ECs, but these have been ignored in most of the construction of vascularized organ chips. At the same time, it also puts forward higher requirements for the selection of vascular construction materials.



Application of Vascularization in Organoids-on-a-Chip

Development of organoids-on-a-chip has recently been seen significant growth. Several functions in the target organs have been successfully reproduced, many of which are closely related to the vascularization of organoids-on-a-chip. Functional microvascular structure provides a model for the study of complex vascular phenomena in vitro.


Lung-on-a-Chip

Lung-on-a-chip was the first organoids-on-a-chip to be developed (Huh et al., 2007, 2010, 2012) (Figure 2A). A porous PDMS membrane covers the middle area of the chip. The alveolar epithelial cells are attached to the upper surface of the membrane in a gas channel and the vascular ECs are attached to the lower surface of the membrane in a blood channel. Two side channels connected to the vacuum pump on both left and right sides of the channel cause the PDMS membrane to deform under vacuum conditions to simulate the expansion and contraction of the alveolar wall during breathing. This model is a good simulation of the alveolar-capillary barrier. The micro-porous pathways of this model can be used to simulate pulmonary edema (Huh et al., 2012), as well as chronic obstructive pulmonary disease (COPD) (Benam et al., 2016) caused by viral or bacterial infections. The lung-on-a-chip has been used to explore disease models between vascular ECs and alveolar epithelial cells and findings have revealed that periodic respiratory rhythms play an important role in the development of lung diseases.


[image: image]

FIGURE 2. Vascularization of organoids using various methods. (A) The alveolar epithelial cells and the vascular endothelial cells with flexible PDMS membrane form an alveolar-capillary barrier. Adapted from Huh et al. (2010). Reprinted with permission from AAAS. (B) Schematic representation of glomerular capillary wall with podocytes and endothelial cells that form a filtration barrier. (C) SEM micrograph and structure diagram of microfluidic chip simulates the hepatic sinusoid model. (D) Endothelial cells, pericytes, and astrocytes construct the blood–brain barrier (BBB). (E) The microfluidic device for studying controllable myocardial hypoxia and for myocardial fluidic microenvironment mimicking. (F) Human-on-leaf-chip simulates the complex vascular network structure of the human body. (G) AngioChip with branching interconnected lumen composed of POMaC and biological components.




Kidney-on-a-Chip

Early studies using kidney-on-a-chip have simulated glomerulus, proximal convoluted tubule and proximal convoluted tubule in the structure of kidney units, achieving blood filtration and re-absorption of initial urine (Weinberg et al., 2008). Furthermore, the introduction of fluid shear force has been reported to improve the re-absorption capacity of albumin and glucose of kidney-on-a-chip (Duan et al., 2008; Jang and Suh, 2010). Mu et al. (2013) stitched together two hydrogels through hydrogel bonding technology, forming two parallel 3D micro-vein networks. Madin-Darby Canine Kidney (MDCK) cells and HUVEC cells were cultured in these networks respectively, so that the formation of the kidney hydrogel chip simulated the passive diffusion of kidney units. This was an effective way to increase the diversity and complexity of kidney-on-a-chip. The majority of previous studies have focused on renal tubular epithelial cells, however, the re-emergence of the function of the kidney filter barrier is gradually gaining popularity using the combination of stem cell technology and regenerative medicine. On both sides of the porous PDMS, hiPS-cell-derived podocytes and primary human glomerular ECs are attached, simulating the urinary and capillary compartments of the glomerulus respectively. The high retention rate of albumin and the high permeability of inulin prove the successful construction of kidney filter barrier in vitro (Musah et al., 2017) (Figure 2B). These findings can be used in the exploration of the physiological and pathological function of the kidneys.



Blood–Brain Barrier-on-a-Chip

The BBB is a highly selective barrier structure that separates the brain and central nervous system from blood circulation. The BBB is a network of interacting blood vessels, pericytes and astrocytes that provides oxygen and nutrients to the brain. It is very important to maintain the physiological activities of the central nervous system and the homeostasis of the microenvironment in the brain. It also has a guiding significance for how drugs act on the central system through the BBB. Wang et al. (2016) Further establish BBB model by co-culture of cerebral microvascular ECs and rat primary astrocytes on both sides of the porous membrane (Figure 2D). The results show that the activity of the cells are still in good condition for 21 days after construction. Each side of the BBB forms a monolayer of cells, simulating the BBB permeability to a certain extent. In the following research, key elements such as the inclusion of more types of brain cells, extracellular matrix and mechanical fluid conditions will be the direction for the functions of brain research. The BBB-on-a-chip can be constructed in many ways, but the vascular bed in the brain vessels is much tighter than the blood vessels in other peripheral organs. It requires us to use some special indicators to evaluate its function, such as TEER, small molecule permeability test, etc. (Oddo et al., 2019). The development of BBB chips provides an innovative approach for brain-related research, including modeling of neurodegenerative diseases and high-throughput drug screening.

Other single-organ chips such as liver chip (Lee et al., 2007; Kang et al., 2015) (Figure 2C), heart chip (Grosberg et al., 2011; Ren et al., 2013; Shao et al., 2016) (Figure 2E) and so on have also attracted attention with significant development. Several studies on organoids-on-a-chip have also focused in the observation of the drug responses in tissues and in the detection of the toxic and side-effects of target drugs on tissue chips in vitro. With the development of organoids-on-a-chip technology, the “multi-organ chip” (Oleaga et al., 2016), which contains more than ten kinds of organs, is gaining popularity. The chip channels provide a platform for the connection between the organs on the chip, which can be used to construct the ADME model to detect the interaction of drug effects between multiple tissues (Oleaga et al., 2016; Skardal et al., 2017) and the effect of tumor-on-a-chip on other tissue chips (Skardal et al., 2016; Greca et al., 2018).

Cells and organs establish contact with the peripheral circulatory system by secreting soluble factors and extracellular vesicles. A microfluidic system is used to connect different organoids-on-a-chip to simulate blood perfusion in vivo and regulate the culture environment. Vascularization between organs is an important aspect to be realized, as a bridge for intra-organ communication. At the same time, organoids-on-a-chip mostly uses parallel channels (Biselli et al., 2017; Chung et al., 2017) and seldom connects with each other through the vascular structure. This structure is quite different from the multi-stage complex vascular network in vivo, which makes providing a real physiological micro-environment (e.g., shear force stimulation) and simulating multi-organ signal communication conduction difficult. Therefore, the emergence of a bio-mimetic vascular leaf chip addresses those limitations (Mao et al., 2020) (Figure 2F). Through artificially edited digital models, photolithography is used to form an embedded multi-scale vascular network chamber, in which vascular ECs are growing. This model reconstructs complex physiological features, similar to those of the blood circulation system in the human body. The 3D vascularized organs in the larger chambers on the chip communicate with each other through the vascular network. It was found that pancreatic tumor cells tended to migrate to bone tissue and interact with bone MSCs. Milica Radisic’s team simulated the vascular network system with poly(octamethylene maleate (anhydride) citrate) (POMaC), which contains microns and nanoscale micro-pores. And they successfully constructed functional and vascularized liver and heart tissue (Zhang B. et al., 2016) (Figure 2G). In the case of multi-organ devices, simple diffusion or convection of soluble factors between different regions on the chip can be realized by means of inter-organ communication through vascularization. The monitoring of each factor in this process can be more conducive to our cognition of some physiological and pathological processes and impose intervention conditions from them. The main challenge in establishing inter-organ linkages is to develop and optimize the medium formulation for each organ. At the same time, reducing the effects of unnecessary metabolic waste from the previous organ on the blood vessels and the next organ also needs to be addressed.





ADVANCED PRINTING METHODS

The cutting-edge vascular printing methods that are presently available include extruded 3D printing and the improvement of printing materials and printing methods based on extruded 3D and 4D printing based on projection light-curing printing. At the same time, new applications of extruded 3D printing emerge in the construction of vascularized tissue, vascular-like structure and vascular network structure.

Professor Ali Khademhosseini’s team developed GelMA-based vascularized skin using 3D printing by using GelMA/alginate saline gel containing HUVECs on a porous polyester membrane with a pore diameter of 0.4 μm. This structure is beneficial to the interaction between dermal fibroblasts and ECs and promotes the diffusion of nutrients to form an internal vascular network (Barros et al., 2020). Songwan Jin’s team implemented 3D printing to develop multi-scale hepatic lobules with highly vascularized structure. The hepatic lobular vascular system was realized through the use of coaxial nozzles and sacrificial materials, leading to the adjacent ECs at the lumen or surface to form a cell layer, thus realizing the connection of ECs between the lumen and the surface. Vascular-like structures include trachea, gastrointestinal tract, renal tubule and urinary catheter, which are distributed all over the body and the diameter of the tube ranges from micron to centimeter (Kang et al., 2020). The mechanical strength of micro-tubules constructed by coaxial printing can be improved, through the construction of a new type of mixed high-strength hydrogel 3D printing ink (Liang et al., 2020). The construction of the entire vascular network including macro-vessels and capillaries is based on the hydrogel and the secondary cross-linking encapsulation method of hydrogel has been proposed according to the cross-linking characteristics of the hydrogel. A variety of vascular models with physiological significance can be constructed, such as bifurcated vascular network, spiral vessels and vascular stenosis (Greca et al., 2018).

In addition to extruded 3D printing, new conceptual printing methods, such as 4D biological printing, combine “time” as the fourth dimension with 3D printing to simulate the complex dynamics of natural tissue (Figure 3). The 4D printing method is based on projection light-curing printing. Compared with the traditional light-curing printing, it can greatly reduce the printing time, while replacing multiple groups of material components (Kim et al., 2020). Future improvements include printing of microfluidic channels directly on curved surfaces such as the skin, allowing real-time detection of body fluids and bodily functions (Su et al., 2020).
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FIGURE 3. (A) Layered printing to achieve vascularized skin. (B) The advantage of digital light processing 4D printing is that on the basis of digital light processing 3D printing, one material is used to manufacture structures with multiple curvatures. Reprinted with the permission from Elsevier (Kim et al., 2020; Su et al., 2020). With the permission from Elsevier. Reprinted from Barros et al. (2020) and Kim et al. (2020).




CONCLUSION

Developing tissue in organoids requires interaction of a vascular network within the appropriate diffusion distance to enable the exchange of oxygen, nutrients and metabolic substances. Consequently, the phenomenon of grow arrest in organoids can be attributed to the lack of vascularization. According to the categories of organoid vascularization approaches, both in vitro and in vivo, we respectively demonstrate these methods by commenting on past literature. We discussed the advantages and disadvantages of these approaches and draw a conclusion that only the method of transplantation in vivo can lead to angiogenesis similar to that in human. However, none of these methods have achieved a vessel network standard in organoids, the same as that in vivo.

The micro-flow control device provides a good platform for building vascular chips in vitro, regarding organoids-on-a-chip. By regulating micro-flow control models, hydrogels, fluid shear forces, etc., we can have a clearer understanding of the interaction of blood between vessels and tissues. At present, the technology of vascular regeneration has matured, nevertheless, It requires further improvement of its long term application that maintains good functional activity and simulation of relative changes in the high-volume micro-flow control chip. Simultaneously, the successful realization of vascularization in organoids-on-a-chip can also provide ideas for the realization of organoid vascularization.



FUTURE DIRECTIONS

Organoids and organoids-on-a-chip are important means for 3D culture in vitro. They overcome many shortcomings of traditional 2D culture and are better in restoring the specific function of organs.

The largest obstacle for organoid maturation is the lack of functional vascularization, this leads to the lack of rational tissue size. The field of organoid vascularization has only recently started developing. And many challenges are on the way of realizing fully functional and spontaneous perfusing capability vascularization. Finding methods of constructing functional vessels in organoids with perfusing capability same as that in humans is the focus of future studies. The strategy based on the developmental principles of vasculature should receive more attention. The engineered vascular tissue should be highly consistent with the vascular development process in vivo, both in time and space, in order to form a vascular network with the same functionality. Additionally, new bioengineering approaches are needed to provide long-term cultivation of the organs and efficient mass transfer, while supplying biochemical and physical cues for maturation. For the printing method, advanced technologies to precisely print small-diameter blood vessels should be developed. Establishing a mature system of transplantation methods and cytokine induction is essential for in vivo vascularization. With the progress of micro-fabrication technologies and the improvement of previous methods, new methods will emerge in organoid vascularization. The combination of multiple methods may replace the single technical strategy to vascularize organoids. Organoids with fully functional vessels will become real substitute organ models to serve for various fields.

Challenges and problems still exist in the vascularization of organoids-on-a-chip. Due to the limited size of the chip, the implant is embedded on the chip and does not allow adequate space for the formation of a complex network of blood vessels, which may be considered for the expansion of the chip. HUVECs are mostly used as the EC phenotype. However, organ-specific vascular ECs or pluripotent stem cell are recommended for a more realistic restoration of the target organ. In addition, co-cultured cells also have a significant effect on blood vessel growth (Norotte et al., 2009). At present, many vascular organoids-on-a-chip do not apply pericytes to the vascular network, ignoring the important role of the pericytes in regulating and maintaining the growth of blood vessels (Orekhov et al., 2014). In research on therapeutic applications, we can use patient-specific ECs (and support cells) to avoid immune rejection of such implants. This also allows for a more accurate reflection of the function of a particular part. The biggest challenge today remains the precise simulation of the internal environment, such as the shape of the micro-flow model, hydrogel properties, the chemical gradient of cytokines and mechanical stress, which all affect the vascularization of organoids-on-a-chip. Combining organoids-on-a-chip with electronic components will also be a trend. To detect the output, studies have investigated electronic components loaded into organoids-on-a-chip, such as 3D multiwell–multielectrode devices (Eichler et al., 2015), that detect hydrogel and cellular impedances to improve detection of cell toxicity and drug reactions. This also provides an intuitive method for in vitro indicator observation. The combination of sensors and organoids-on-a-chip will see further study, however, requirements for the accuracy of sensors increase. For vascularized multi-organoids-on-a-chip, blood vessels acting as a path to connect tissues and loading sensors on the blood vessels can help monitor the overall situation of the chip. The development of non-destructive and real-time methods to characterize the vascular networks in organs on a chip will be the key to the development of the next generation of vascularized organoids-on-a-chip. In addition, further optimization should be made in culture conditions (such as medium composition) to support specific organs and develop vascular networks. The development of a universal medium to ensure that all organs receive essential nutrients and minimize unnecessary toxic reactions is an unresolved issue in the development of a multi-organoids-on-a-chip model.
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In recent years, the cost of drug discovery and development have been progressively increasing, but the number of drugs approved for treatment of cardiovascular diseases (CVDs) has been limited. Current in vitro models for drug development do not sufficiently ensure safety and efficacy, owing to their lack of physiological relevance. On the other hand, preclinical animal models are extremely costly and present problems of inaccuracy due to species differences. To address these limitations, tissue chips offer the opportunity to emulate physiological and pathological tissue processes in a biomimetic in vitro platform. Tissue chips enable in vitro modeling of CVDs to give mechanistic insights, and they can also be a powerful approach for drug screening applications. Here, we review recent advances in CVD modeling using tissue chips and their applications in drug screening.
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INTRODUCTION

Cardiovascular disease (CVD) is the leading cause of death worldwide (Virani Salim et al., 2020). In the United States alone, nearly half of the population is expected to have some kind of CVD by 2035 (Virani et al., 2021). Despite its prevalence, the number of new drugs aimed to treat CVD has been declining over the last decade (Van Norman, 2020). For example, in a list of Food and Drug Administration (FDA) approved drugs in 2020, there were no new drug approved for the treatment of CVD, which encompass more than half of all CVDs (U.S. Food and Drug Administraion (FDA), 2020). Only one drug was approved in 2019 for cardiomyopathy (Berk et al., 2020), and one drug approved in 2020 for hypercholesterolemia (Markham, 2020). One contributing factor to the low number of approved drugs is cardiotoxicity. Current methods of cardiotoxicity screening in vitro rely heavily on the use of cell lines that express cardiac specific ion channels, whereby the drugs interactions with the ion channels are directly observed for evaluation. Following these in vitro assays, drug candidates undergo further cardiotoxicity testing in vivo before entering clinical trials. Even with stringent preclinical testing, cardiotoxicity remains the second most common reason for drug recall from market, behind hepatic toxicity (Siramshetty et al., 2016). Taken together, there remains a huge unmet need for accurate, efficient, and reliable methods for drug screening.

To address the limitation of existing in vitro cardiotoxicity and drug screening efforts that use overly simplified in vitro platforms, cardiovascular tissue chips are micro-to-miniature culture systems that intend to better mimic the complex structure and function of the myocardium or vasculature. The tissue chips incorporate features such as three-dimensionality, multi-cellular interactions, tissue perfusion, hemodynamic shear stress, pulsatile flow, and cyclic stretch to better resemble the native environment. Additionally, the use of primary human cells or specific induced pluripotent stem cell derivatives into cardiovascular tissue chips enable more precise testing of patient-specific responses. Accordingly, cardiovascular tissue chips can complement the current developmental pipeline for drug discovery. In this focused review, we will describe the various strategies by which cardiovascular tissue chips have been developed for disease modeling or drug screening applications, and then discuss emerging areas in this field.



DESIGN CONSIDERATIONS OF CARDIOVASCULAR TISSUE CHIPS

Numerous design considerations are necessary for replicating physiologically relevant microenvironments. Here we will discuss the considerations of cell sources, multi-cellular interactions, three dimensionality, and mechanical cues. Techniques for fabricating cardiovascular tissue chips, such as photolithography, micromolding, and three dimensional (3D) bioprinting are described in detail elsewhere (Zhang et al., 2018; Pradhan et al., 2020). Depending on the complexity of tissue chip and application, researchers may employ multiple manufacturing methods to produce the desired outcome.


Cell Source

Cardiomyocytes (CMs), the contractile cells of the myocardium, are generally considered to be non-proliferative in the post-natal state and cannot be expanded in vitro. Although other cardiovascular lineages like endothelial cells (EC) and smooth muscle cells (SMC) can be expanded in vitro, primary human cells have limited doubling times. As an alternative cell source for tissue chips, human induced pluripotent stem cells (iPSC) are ideal because they are a theoretically infinite source of cardiovascular cells. When coupled with robust differentiation methods for CMs and vascular lineages (Rufaihah et al., 2011; Lian et al., 2012, 2014; Burridge et al., 2014a), the ability to generate millions to billions of cardiovascular lineages has no longer become a bottleneck in engineering scalable tissues (Huang et al., 2018). However, a current limitation of iPSC derivatives is the immature phenotype of iPSC-derived CMs that do not resemble that of an adult heart (Koivumäki et al., 2018). To address this limitation, electrical and mechanical stimulation (Ronaldson-Bouchard et al., 2019) or spatially organized biomaterials (Ribeiro et al., 2015; Wanjare et al., 2017) have been shown to enhance the maturity of iPSC-derived CMs. Owing to the advantages of iPSCs, many tissue chips utilize iPSC derivatives for disease modeling or drug screening efforts.



Multi-Cellular Interactions

The myocardium consists of several different cell types, including CMs, ECs, fibroblasts, and pacemaker cells (Wanjare and Huang, 2017; Zamani et al., 2018). Blood vessels are composed of a luminal layer of endothelium, a medial layer of SMCs, and an adventitial layer of fibroblasts. In both the myocardium and vasculature, intercellular communication via cell-cell contact or paracrine signaling plays an important role in maintaining tissue function or cell survival (Narmoneva et al., 2004; Burridge et al., 2014b). Tissue chips have been developed to incorporate multi-cellular interactions between vascular SMCs and ECs using parallel channels separated by a porous membrane to mimic the internal elastic lamina that physiologically separates these two cell types (Van Engeland et al., 2018). Shear stress of 1–1.5 Pa was applied to the EC by flow of media, and cyclic radial strain of 5–8% was provided by two channels flanking the cell containing channel connected to vacuum. Using this dynamic culturing device, the authors demonstrated biomimetic cellular responses, namely in SMCs aligning perpendicular to the direction of shear stress. This work highlights the importance of multicellular interactions and mechanical cues in conferring physiological vascular responses using tissue chips. However, advancements in the field will enable the inclusion of more cell types within a tissue chip, which should better reflect the complex multi-cellular makeup of cardiovascular tissues.



Three-Dimensionality

The culture dimensionality of the substrate can also influence cardiovascular function and phenotype. For example, rat neonatal CMs grown in a 3D fibrinogen/Matrigel patch for 3 weeks showed more electrochemically coupled CMs with mature sarcomere structure and well-formed t-tubules and z-disks, compared to cells in two-dimensional (2D) monolayers (Bian et al., 2014). Similar findings have also been reported using human embryonic stem cell-derived CMs embedded in 3D fibrin hydrogel, compared to 2D monolayered cells (Zhang et al., 2013). Besides regulating cell function, 3D culture can also modulate cardiovascular differentiation of iPSCs. We previously showed that endothelial differentiation of iPSCs within porous 3D polycaprolactone scaffolds significantly increased endothelial differentiation and subsequent vascular-like network formation, compared to on 2D polymer films (Kim et al., 2017). Tissue chips have also incorporated 3D culture to better mimic the spatial dimensionality of native tissues. For example, Zhang et al. (2020) developed arteriole-sized tissue engineered vascular grafts in the shape of hollow conduits in the presence of physiological shear stress (Figure 1A). For over 4 weeks, the authors demonstrated that the vascular grafts possessed mechanical strength, vasoactivity, and nitric oxide production. This body of work suggests distinctive differences in cellular response between 2D and 3D culture, and therefore the incorporation of 3D culture within tissue chips better reflect physiological spatial dimensions.


[image: image]

FIGURE 1. Application of tissue chips for cardiovascular disease modeling. (A) Schematic of tissue chip composed of perfused tissue-engineered blood vessels for modeling vascular disease. (B) Immunofluorescence staining of a three-layered vascular graft comprising CD31-expressing endothelial cells, smooth muscle cells (cell tracker yellow), and smooth muscle actin (αSMA)-expressing fibroblasts. Reproduced with permission from Zhang et al. (2020). Copyright 2020 authors licensed under a CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/; Zhang et al., 2020). (C) Schematic of vessel chip. (D) Adhesion of fluorescently tagged platelets onto vessel chips seeded with porcine primary vein endothelial cell (PVEC) with or without TNF-α induction, or porcine blood outgrowth endothelial cells (PBOEC) from healthy or diabetic donors. (E) Quantification of platelet area coverage inside vessel chip after perfusion of blood (** indicates p < 0.005). Adapted from Mathur et al. (2019) with permission from the Centre National de la Recherche Scientifique (CNRS) and The Royal Society of Chemistry.




External Mechanical Cues

The myocardium and vasculature are physiologically subjected to external mechanical cues, including mechanical stretch resulting from pulsatile flow and hemodynamic shear stress within blood vessels (Huang et al., 2007). Unlike tissue culture dishes that lack dynamic stimulation, tissue chips can incorporate externally applied stimuli to better resemble the physiological cardiovascular environment. For example, a tissue chip was developed that incorporated shear stress and radial mechanical strain (Jin et al., 2020). The authors applied cyclic radial strain to up 18% to their tissue chip by utilizing a dual chamber design, in which the top chamber was filled with media and human umbilical vein endothelial cells (HUVECs) were seeded on an elastic polydimethylsiloxane (PDMS) membrane connecting to the bottom chamber. Negative pressure was employed to modulate the degree of radial strain on the membrane. An electrochemical sensor made of conductive carbon nanotubes was also incorporated into the PDMS membrane to monitor mechanotransduction in real time as the HUVECs respond to the cyclic radial strain. This system was shown to recapitulate nitric oxide production and reactive oxygen species production in response to hypertensive (18%) radial strain. In another study that combined both mechanical stretch and shear stress in their tissue chip system, a 3D printed sacrificial mold embedded in a gelatin-based solution formed ∼600 μm-wide microchannels (Shimizu et al., 2020) that were endothelialized with HUVECs and perfused with media. Periodic cyclic stretch of 10% was applied to the microchannel, concomitant with 2 dyn/cm2 shear stress. This work demonstrated that the combination of shear stress and cyclic strain led to improved cytoskeletal assembly of F-actin along the direction of flow, compared to cells induced with shear stress alone or cells under static culture conditions, suggesting that shear stress and cyclic strain are necessary for physiological endothelial response. Together, these studies illustrate the importance of incorporating mechanical cues into the design of tissue chips for mimicking physiological cellular response.



APPLICATIONS OF TISSUE CHIPS FOR CARDIOVASCULAR DISEASE MODELING AND DRUG SCREENING


Cardiac Tissue Chips

Myocardial infarction (MI) and reperfusion injury that often follows is the most common morbidity amongst CVDs (Virani et al., 2021). Using tissue chips that contain PDMS pillars, CMs were incorporated into hydrogel and undergoes compaction such that a myocardial construct forms around the pillars. These myocardial constructs were then subjected to anoxic conditions (0% O2) for 6 h to model MI, whereby nutrients were also depleted from the culture media (Chen and Vunjak-Novakovic, 2019). Then to emulate reperfusion injury, the media was replaced with nutrient rich media and constructs returned to normoxic conditions (20% O2). This method showed distinct differences by the increased cell death during ischemia and mitochondrial membrane permeability during reperfusion. Another approach to model MI utilizes oxygen diffusion gradient through spherical cardiac organoids (300 μm diameter) were cultured under hypoxic condition (10% O2) for 10 days to mimic clinically relevant hallmarks of a post-MI heart: infarcted, border, and remote zones (Richards et al., 2020). Molecular changes were also observed in the metabolic shifts, calcium handling, fibrotic response, and transcriptomic changes that were similar to in vivo responses to MI.

Heart failure is one of the most prominent CVDs (Virani et al., 2021) with limited strategies for surgical intervention (Bowen et al., 2020). To model heart failure using tissue chips, a gas chamber and a bioreactor were employed to recapitulate the mechanical cues of cardiac fibrosis using cardiac fibroblasts (Kong et al., 2019). The study showed that pathological strains of 15–20% induced significant increase fibroblast proliferation and collagen expression. The addition of transforming growth factor-β (TGF-β) further exacerbated the fibrotic response in the model. In another study, CMs and cardiac fibroblasts were combined into a hydrogel to form myofibers between two PDMS rods over a period of 14 days to induce maturation (Mastikhina et al., 2020). Contraction of the myofiber causes displacement of the PDMS rods which can be measured in real time. TGF-β was also used to induced fibrosis in this model, which resulted in increasing collagen and smooth muscle α-actin content as well as stiffness of the myofiber. Using this system, the authors also tested an anti-fibrotic drug, pirfenidone, to evaluate the tissue chip as a drug screening platform. The results showed a decrease of brain natriuretic peptide secretion and decreased stiffness, along with significant differences in transcriptional signature in cells between drug treatment and the control group (Mastikhina et al., 2020).

Most cardiac tissue chips focus on the ventricular function as it is the most common mode of heart failure associated with reduced ejection fraction. However, it is also important to consider effects on atrial functions for disease modeling, especially in the context of arrhythmia. One group produced a cardiac tissue with both atrial and ventricular on the ends of a cardiac tissue using the Biowire II platform (Zhao et al., 2019). This method involved iPSC differentiated into atrial and ventricular CMs and seeding on opposing ends of a microwell to form cardiac construct known as Biowire II. The authors reported that the two ends were distinct in terms of action potential, calcium transient and response to atrial specific drugs, with transition zone between two ends to exhibit mixed properties. Similar results were observed in a ring-shaped engineered heart tissue, in which human embryonic stem cell derived CMs were seeded on circular molds and matured on silicon passive stretcher (Goldfracht et al., 2020). Distinctive atrial engineered constructs mimicked atrial fibrillation and was able to respond in a predictable manner to known pharmacological interventions. Cell sheet technology have also contributed to arrhythmia modeling. Using a mixture of human iPSC-derived CMs and non-myocytes to make up tissue sheets of 5–6 cell layers, it was shown that cell heterogeneity was key in recapitulating torsade de pointes arrhythmia (Kawatou et al., 2017). Together, these studies highlight the feasibility and progress of tissue chips for modeling cardiac diseases and screening of therapeutic drug candidates.



Vascular Tissue Chips

Vascular component of the cardiovascular system consists of arteries and veins to transport blood and nutrients to the body. Endothelial dysfunction is known to be the first stages of atherosclerosis, the most common CVD (Virani et al., 2021). ECs regulate the traffic of cells and nutrients into and out of blood vessels. One predictor of endothelial dysfunction is abnormal endothelial permeability (Gimbrone and García-Cardeña, 2016). Investigators developed an electrochemical assay for endothelial permeability in a microfluidic design (Wong et al., 2020), which bypasses the need for fluorescent tracers and imaging-based analysis. Another study employed tissue chips to study the abnormal endothelial permeability associated with sickle cell disease (Qiu et al., 2018). Using an agarose gelatin interpenetrating polymer network with PDMS adaptor layer, microvessels as small as 20 μm could be generated. The hallmarks of pathological endothelial permeability were further confirmed with gradation of tumor necrosis factor -α (TNF-α).

In addition, vascular chips are also useful for modeling aspects of atherosclerosis. Tissue engineered blood vessels (1 mm OD, 1 cm length) were fabricated in a perfusion system to model early-stage atherosclerosis (Figures 1A,B; Zhang et al., 2020). The size of the engineered blood vessel was significantly larger compared to microfluidic approaches, which allowed for assessment of macro-scale properties such as vasoconstriction. Exposure of enzyme modified low density lipoprotein or TNF-α via perfusion to the vascular grafts recapitulated key events in atherosclerosis, including monocyte adhesion and formation of foam cells.

Thrombosis is commonly associated with atherosclerosis, MI, and stroke (Virani et al., 2021). Thrombosis is extensively studied in animal models, but the exact mechanism for pathology is not fully understood. Attempts to recapitulate the hallmarks of clinically relevant features of thrombosis have led to use application of soft lithography and 3D printing for microfluidic devices. A prominent example used soft lithography to create microchannels within a collagen matrix (Zheng et al., 2012). These channels were endothelialized with HUVECs that remained non-thrombogenic under normal culture condition. However, but upon inflammatory stimulation, platelet aggregation occurred within 1 min of whole blood perfusion, and leukocytes migrated through the endothelium after 1 h. The major advantage of this technique over other approaches is the generation of 3D architecture such as bifurcations, which formed a 3D platelet fibrin web that is not observed in 2D models.

Three dimensional printing technology allows for further freedom and greater control to mimic 3D architecture of blood vessels. Zhang et al. (2016) used 3D printed sacrificial molds encapsulated with gelatin methacrylate (GelMA) hydrogel to form microchannels with bifurcation structures. The lumens of the micro channels were endothelialized with HUVECs, and fibroblasts were incorporated into GelMA to simulate perivascular cells. This method accurately modeled dissolution of non-fibrotic clots using thrombolytic therapeutics and showed the protective property of a healthy endothelium in preventing fibroblast infiltration to the clot. Stenosis was also modeled using a 3D printing method in conjunction with computational fluid dynamics to miniaturize blood vessel from computed tomography angiography, while keeping physiological relevant flow and sheer rates (Costa et al., 2017). This study showed potential for rapid modeling of patients with stenosed coronary arteries to better inform healthcare providers of thrombotic risks in a personalized manner.

Tissue chips have also been employed to examine the function of ECs from diseased settings. Blood outgrowth ECs from healthy or type 1 diabetic pigs and used to endothelialize microchannels in a single-channel vascular chip (Figure 1C; Mathur et al., 2019). Microvessels from diabetic cells exhibited many of the hallmarks of endothelial dysfunction, including increased platelet adhesion (Figures 1D,E). This study points to patient-specific modeling of thrombosis as a predictive tool for diagnostics. Diabetic vasculopathy was modeled using a self-assembly method in which human iPSC- or embryonic stem cell-derived ECs formed microvascular organoids (Wimmer et al., 2019). The functional hallmark of basement membrane thickening was induced under diabetic conditions. Using this model, the authors elucidated signaling pathways leading to diabetic vasculopathy and identified potential drug targets. This study showed the potential of mechanistic studies through organoids culturing system and disease modeling.

Preclinical screening of a drug’s thrombogenicity remains to be an unmet need given the complex and multifactorial process of thrombosis. Utilizing a vessel chip, Barrile et al. (2018) was able to demonstrate thrombogenic effects of a monoclonal antibody therapy in a simple two channel device. The device allowed for evaluation of endothelial activation, platelet adhesion and aggregation, fibrin clot formation and thrombin complexes at physiological concentrations of the monoclonal antibody therapeutic. More importantly, this study revealed mechanistic insights into the prothrombotic property of the antibody, in which modification of the fragment crystallizable domain resulted a decrease in platelet activation. This has significant implications for drug safety and development, as more complete physiological systems of screening are becoming increasingly more prevalent. Blood interactions assays are needed to elucidate mechanisms of thrombosis. However, given the large degree of biological variation among human whole blood, it is likely that differences in platelet activation and clot formation among donors will be observed.



EMERGING DIRECTIONS FOR TISSUE CHIPS

An emerging direction of tissue chips is the down scaling of the technology to enable higher throughput analysis, while maintaining its superiority over conventional 2D cell culture assays. For example, muscle thin films were generated using 4 × 105 CMs in 50 replicates (Agarwal et al., 2013), which is much fewer in cells, compared to the cells (7 × 104 CMs per sample) used in the Biowire II 3D cardiac constructs (Zhao et al., 2019). While muscle thin film technology reduced the three dimensionality of the model, the contractile forces generated were sufficient to reflect changes in a cardiotoxic drug dose.

Another emerging direction is the automation of data collection and analysis. Recent advances in tissue chip designs have led to the incorporation of sensors or imaging capabilities to increase throughput. Micro-cracked titanium gold thin films were incorporated into the muscle thin films as a flexible strain sensor to measure contractile force (Lind et al., 2017). This improvement enabled real-time continuous readout with minimal handling after cell seeding. Other methods of contractile force measurements have implemented video microscopy to measure the displacement of fixed elements in contact with cardiac constructs. In the Biowire II platform, each cardiac construct is attached to elastic wires on the ends of the well, such that the displacement of the elastic wires can be measured to calculate force generation (Zhao et al., 2019). Optical reporters have been incorporated into tissue chips. One example are voltage-sensitive probes that change in fluorescence intensity in response to voltage changes as a measure of CM action potential. This was successfully demonstrated using a 384-well platform, where individual wells were sampled using automated fluorescence microscopy and analysis (McKeithan et al., 2017). Although this study was conducted using 2D culture, it demonstrated compatibility with patient-specific iPSC-derived CMs and showed proarrhythmic effects of known drugs.



FUTURE PERSPECTIVES AND CONCLUSION

In conclusion, cardiovascular tissue chips have been shown to be useful in modeling cardiac and vascular diseases, as well as in providing a physiologically relevant platform for drug screening. However, in the design of tissue chips, the balance between physiological fidelity and efficiency should be considered. Tissue chips that mimic multiple aspects of physiological or pathological states often entail complex designs, but complexity can adversely affect a tissue chip’s scalability and adaptation to high-throughput systems. Therefore, this balance between complexity and scalability should be thoughtfully considered in the design of tissue chips.

Despite recent advances, tissue chips have not yet become the “gold standard” platform for CVD drug screening. Looking forward, patient-specific cells for personalized disease modeling will become increasingly more prevalent. Conversely, drug screens will utilize genetically diverse patient-derived cells to increase the confidence in the efficacy of a drug candidate. Although iPSC-derived CMs from patients with dilated cardiomyopathy (Shah et al., 2019), long QT syndrome (Sala et al., 2019), and Leopard syndrome (Carvajal-Vergara et al., 2010) have been generated, such disease-specific cells have not been fully integrated into tissue chip systems. In addition, genetic manipulation tools like clustered regularly interspaced short palindromic repeats (CRISPR) technology are expected to make major contributions in disease modeling and drug screening applications. Advancement in real-time sensor technologies will continue improve high throughput systems and lead to more comprehensive data readouts. Knowledge gaps in disease states such as neointimal hyperplasia, arterial calcification and atherosclerotic plaque rupture remain unexplored. Additionally, other systemic aspects involving multi-organ interaction such as neurohormonal activation in heart failure should be incorporated for improved physiological relevance. Accordingly, interdisciplinary collaborations among the fields of stem cell biology, cardiology, vascular biology and bioengineering will likely advance our knowledge in these areas. The future is bright for tissue chip technology in transforming our approach to CVD modeling and drug screening applications.
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Establishing an appropriate disease model that mimics the complexities of human cardiovascular disease is critical for evaluating the clinical efficacy and translation success. The multifaceted and complex nature of human ischemic heart disease is difficult to recapitulate in animal models. This difficulty is often compounded by the methodological biases introduced in animal studies. Considerable variations across animal species, modifications made in surgical procedures, and inadequate randomization, sample size calculation, blinding, and heterogeneity of animal models used often produce preclinical cardiovascular research that looks promising but is irreproducible and not translatable. Moreover, many published papers are not transparent enough for other investigators to verify the feasibility of the studies and the therapeutics’ efficacy. Unfortunately, successful translation of these innovative therapies in such a closed and biased research is difficult. This review discusses some challenges in current preclinical myocardial infarction research, focusing on the following three major inhibitors for its successful translation: Inappropriate disease model, frequent modifications to surgical procedures, and insufficient reporting transparency.
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INTRODUCTION

Cardiovascular diseases (CVDs) are devastating health problems worldwide; they accounted for 18.6 million deaths globally in 2019, which amounted to an increase of 17.1% since 2010 (Virani et al., 2021). Myocardial ischemia is the most prevalent cause of death within the spectrum of cardiovascular illnesses. Myocardial ischemia occurs when blood flow to the myocardium is obstructed by a partial or complete blockage of the coronary artery due to plaque buildup (atherosclerosis). Coronary artery narrowing and plaque rupture causes insufficient oxygen delivery to the myocardium, causing myocardial infarction (MI). The American Heart Association estimates that a new MI case is diagnosed every 40 s in the United States (Virani et al., 2021). Over the past several decades, the pathophysiological mechanisms driving these cardiovascular complications have extensively been studied in animal models, resulting in the development of numerous interventional and pharmacological treatments (Nicolini and Gherli, 2009).

Various therapeutic strategies have been proposed to mitigate the risk of myocardial infarction with cardioprotective effects in preclinical studies, but only a few have shown positive clinical study results (Bolli et al., 2004; Kloner, 2013). Ischemic remote, pre-, per-, or post-conditioning (i.e., a series of alternating intervals of brief ischemia and reperfusion) and pharmacological manipulation have been extensively studied over the last 30 years to treat acute myocardial infarction with many positive conclusions and discoveries of many pharmacological targets in preclinical settings (Heusch, 2015). However, most of the clinical outcomes remain mixed or statistically underpowered (Heusch, 2013; Kloner, 2013; Hausenloy and Yellon, 2016; Giustino and Dangas, 2017). For example, reperfusion therapy, often coupled with the administration of adjunctive therapies, has shown to reduce infarct size in animal models of acute myocardial infarction (AMI) and improve left ventricular function; however, it has failed to show similar effects in human AMI patients, potentially due to significant discrepancies between different preclinical animal models and clinical situations (Cannon, 2005; Dirksen et al., 2007; Miura and Miki, 2008; Trankle et al., 2016).

Several cardiac repair strategies have been recently developed with promising preclinical results but also with little translational success. One strategy is the direct injection of cells or biomimetic scaffolds made of polymers with cells, growth factors, or cytokines (Ungerleider and Christman, 2014). However, the grafted cells directly injected through a needle into the myocardium easily aggregate and undergo necrosis, and they are poorly localized on the myocardium of interest, thus limiting the efficacy of the therapy (Menasché, 2018). The tissue engineering using biomaterial scaffolds is limited due to their questionable immuno- or bio-compatibility and bio-functionality (Christman and Lee, 2006; Guo et al., 2020). As an alternative, scaffold-free stem cell sheet treatment has been developed with increased cell engraftment and survival on the host myocardium and promising therapeutic effects in animal studies (Shudo et al., 2011, 2013, 2014), but there are not yet many clinical studies to date (Miyagawa et al., 2017).

Despite the disagreement over the optimal cell type, cell counts, cell delivery methods, and unknown therapeutic mechanisms, stem cell therapies seem to demonstrate some degree of therapeutic improvements in terms of reduced ischemic injury size or improved left ventricular function in MI animal models in preclinical studies (Laflamme et al., 2007; Wang et al., 2009; Wolf et al., 2009; Shudo et al., 2011; Lu et al., 2012; Okura et al., 2012; Li et al., 2013; Chong et al., 2014; Zhao et al., 2014; Alestalo et al., 2015; Haller et al., 2015; Suzuki et al., 2016; Kim et al., 2017; Sharp et al., 2017; Lim et al., 2018; Crisostomo et al., 2019; Ishida et al., 2019; Romagnuolo et al., 2019; Sun et al., 2020). Nevertheless, the promising results of many preclinical studies on cell therapies have not been successfully replicated in randomized clinical trials (Janssens et al., 2006; Lunde et al., 2006; Penicka et al., 2007; Makkar et al., 2012; Perin et al., 2012; Gao et al., 2013; Quyyumi et al., 2017; Wollert et al., 2017). According to the review of articles on PubMed (preclinical) and ClinicalTrials.Gov (clinical research), no regenerative medicine was commercialized between 2008 and 2014, and only about 50 cell therapies and eight gene therapies moved onto the clinical phase, although there had been approximately 800 preclinical studies per year (Ungerleider and Christman, 2014). The frequent failure to translate the cardio-protective and regenerative therapeutics from the bench to the bedside has been attributed to the large gap between animal models and humans and inadequate preclinical study design (Bolli et al., 2004; Kloner and Rezkalla, 2004; Downey and Cohen, 2009; Hausenloy et al., 2010; Ludman et al., 2010; Heusch, 2017). There is a growing concern over the safety and efficacy of regenerative therapeutics, which many researchers have determined to be due to low internal and external validities in preclinical animal research (Ioannidis, 2005, 2016; Bracken, 2009; van der Worp et al., 2010; Hooijmans and Ritskes-Hoitinga, 2013; Steele et al., 2017; Pound and Ritskes-Hoitinga, 2018; Voelkl et al., 2018; Lüscher, 2019; Ferreira et al., 2020). This review addresses the issues prevalent in preclinical MI research, which hinder the successful therapeutic translation of promising treatment strategies. The review proceeds by discussing (1) the obstacles in building a representative animal model for MI studies, (2) factors limiting the scientific rigor in the MI study design, and (3) suggestions for improving the relevance of preclinical MI studies.



REVIEW


Suitability of Animal Models for Human MI

A major hurdle in clinical translation from bench to bedside for MI therapies is the difficulty in creating a representative disease model. Modeling MI induced heart failure (HF) that resembles human cardiac conditions is challenging because human MI develops as a result of the interplay of many causes over time and is often complicated by comorbidity and polypharmacy (Pound and Ritskes-Hoitinga, 2018). A wide range of comorbid health conditions, such as epilepsy, smoking, alcoholism, cancer, diabetes, and rheumatoid arthritis, are known to remarkably affect MI fatality (Quintana et al., 2018). The incidence of HF caused by MI is often age- and gender-biased, with higher rates in men than women and in the elderly than young adults (Savarese and Lund, 2017; Virani et al., 2021). Specific racial and ethnic populations, especially minority groups, are at a considerable risk of developing MI, which may lead to death (Graham, 2015, 2016; Virani et al., 2021). However, many animal studies have failed to reflect the heterogeneity observed in the patients with MI. The animal models currently used in the laboratory settings tend to be relatively homogeneous, young, and healthy, with no genetic predisposition or underlying medical conditions (van der Worp et al., 2010; Pound and Ritskes-Hoitinga, 2018). Many preclinical studies induce MI through direct ligation of coronary artery, which does not represent the natural pathophysiology of atherosclerosis that develops over life time in humans (Getz and Reardon, 2012; Gao et al., 2016; Lee et al., 2017). Different species are used to recapitulate the pathogenesis of MI with its own advantages and disadvantages. Small animal models (rodents) are widely used in MI studies for their practical benefits, such as small body size, easy pre-/post-care, low maintenance cost, shorter generation time, and well-defined genetics. However, small animals have limitations in that their anatomy and cardiac kinetics are fundamentally different from those of humans. For example, rodent hearts function at very high heart rates (HRs), with their resting HR being more than five times higher than in humans. Their small body and organ sizes and short lifespan require expression of different genes related to action potential properties and contractile kinetics in ventricular cardiomyocytes (CMs) (Locher et al., 2009; Milani-Nejad and Janssen, 2014). For example, their ventricular CMs predominately express fast α-myosin heavy chain (MHC) (>94–100%), whereas human LV cardiomyocytes (CMs) predominately expresses slow β-MHC (>90–95%), thus resulting in differential cardiac contractile and kinetic responses to cardiac dysfunction (Milani-Nejad and Janssen, 2014). These differences in cardiac parameters may lead to different results of cell therapy experiments across different animal models. For example, Laflamme et al. (2007) observed frequent arrhythmias in non-human primates and pigs following transplantation of embryonic stem cell-derived cardiomyocytes, but not in rats, possibly because rats’ high heart rate could mask arrhythmias (Chong et al., 2014; Romagnuolo et al., 2019).

Small animals’ body and organ sizes make it even more challenging to mimic the natural pathophysiology of human atherosclerosis and thus MI. The gradual occlusion of the coronary artery can be established in animal models by using interventional operation using various materials, such as Ameroid Constrictors (Shudo et al., 2011; Potz et al., 2018; Ishida et al., 2019). However, small animals’ heart is too small to correctly identify each vasculature, which is tricky to occlude using these materials. The most feasible way to induce MI in small animals is the permanent ligation of the coronary artery using a suture loop, but the etiology is different from that naturally occurring MI in humans in this case. Even though there have been attempts to model atherosclerosis in transgenic or high fat-fed rodents, rodents rarely develop atherosclerosis in coronary arteries but readily in the aortic root probably due to their rapid heart rate and blood flow and often in the absence of complications seen in human MI patients such as thrombosis (Getz and Reardon, 2012; Gao et al., 2016; Lee et al., 2017).

Besides, small animals’ cardiac anatomy and physiology make it challenging to visualize and quantify the spatial distribution of blood flow and assess microvascular histomorphology following MI (Krueger et al., 2013; Liu et al., 2020). To overcome these technical difficulties, some new imaging technologies have been developed to improve spatial resolution, such as the Imaging Cryomicrotome (Krueger et al., 2013), micro-PET/CT hybrid systems (Gargiulo et al., 2012), and magnetic resonance (MR) tagging (Epstein et al., 2002; Thomas et al., 2004). Researchers must consider these fundamental differences in anatomy and cardiac kinetics across species when interpreting the animal study results as they give rise to different phenotypes between humans with genetic predispositions and transgenic animal models that recapitulate the diseases (Riehle and Bauersachs, 2019). Consideration of available options for post-operative evaluation must be made when choosing an animal model as well. Large animals, such as swine and sheep, which are anatomically and physiologically closer to the humans, are used to minimize these phenotypic differences between humans and animal models. In MI research, it is essential to correctly identify the perfusion and coronary collateral circulation systems in the animal of choice, as the variations in these structures across animals can significantly affect the early and progressive response to ischemia (Harken et al., 1981; Hill and Iaizzo, 2009). In this regard, swine and ovine models are preferred to smaller animals, such as rodents and canines, as their coronary arterial structure and scant collateral arteries resemble those of humans, which allows for the creation of predictable infarct size at a preferred location in the myocardium (Dixon and Spinale, 2009; Nguyen and Wu, 2015). Moreover, swine, sheep, and human myocardia share high degrees of similarities in cardiac kinetics (Milani-Nejad and Janssen, 2014) and healing characteristics following injury (Lelovas et al., 2014). A domestic sheep is ideal in size for clinical imaging modalities (such as MRI and CT) and medical devices (such as pacemakers and stents) designed for the humans (Ribitsch et al., 2020).

However, there are several disadvantages of using large animal models, which can eventually limit the reproducibility of the research. Some of the factors that discourage their use in research are the high cost required for performing the experiments, housing/maintenance and care, and lower acceptance as model animals by society (Freedman et al., 2015; Camacho et al., 2016; Spannbauer et al., 2019). The public’s growing concern about the welfare of research animals, especially companion animals such as dogs and cats, has led to more stringent laws, policies, and guidelines, limiting their prevalent use in research (National Research Council (Us) Committee on Scientific and Humane Issues in the Use of Random Source Dogs and Cats in Research, 2009). Additionally, swine, especially the Yorkshire pigs, dramatically gain weight in adulthood, which complicates long-term follow-up and makes it an unsuitable model for chronic IHF studies (Schuleri et al., 2008; Tohyama and Kobayashi, 2019). Anesthetized swine of MI models often display high mortality rates due to fatal arrhythmia, such as ventricular fibrillation, during or shortly after the coronary artery occlusion or ischemia (Halkos et al., 2008; Lim et al., 2018), which may introduce sample size bias and confound experimental results. Table 1 shows a comparative analysis of different animal models commonly used in MI studies.



TABLE 1. Comparison of central cardiovascular systems in small and large animals used in MI study.
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No single animal model can sufficiently answer every question raised in the field of cardiovascular research. Different species as animal models for MI studies may vary in size, anatomical structure, and genetic and phenotypic expression, and have their own advantages and disadvantages. Because of the heterogeneity and multimorbidity observed in patients with MI, animal models in the preclinical studies are considered by some as too remote to be applicable in translational efforts. Some researchers emphasize the use of human-based research methods, such as the use of human-induced pluripotent stem cells (iPSCs), cardiac organoids, and cardiovascular “organs-on-chips” (Ribas et al., 2016; Pound and Ritskes-Hoitinga, 2018; Richards et al., 2020). However, it is undeniable that there is no adequate substitute for animal models that allow us to systematically examine how the entire body systems respond to a disease. The ideal approach to preclinical studies would be to use multiple, complementary animal models, and human-based models to utilize the advantages of strengths of each model and take preventive measures to minimize bias in the experimental design and data interpretation.



Seeing What We Want to See: Biased Experiments in Animal Studies Decelerate Reliable Clinical Translations in MI Studies

A rapid technological advancement has dramatically improved our understanding of human heart diseases and therapeutic development; however, the translation of these findings has not been keeping up with this trend (Ioannidis, 2005, 2016). This review argues that two primary sources of this slow translation are: (1) the lack of transparency in experimental design and data assessment and (2) excessive variation in the protocols for animal surgeries; both of these factors may have resulted from the inherent technical difficulties in dealing with large animal models. Compared to small animals, a higher degree of financial, husbandry, and technical obstacles exist in large animal studies, which often limit the study scale and lead to self-justified modifications in the surgical protocols along with lack of internal validity. Studies involving large animal models are expensive and technically demanding as they require advanced surgical and anesthetic techniques and materials. However, most published papers do not report the precise and detailed protocols or visual representations needed for other researchers to reproduce the same animal model or verify the surgical procedure and experimental results. The difficulty in finding a verifiable open reference leads to poor experimental designs and varied animal survival rates; this introduces sampling bias, which is especially detrimental for small-scale studies involving large animal models.

Another source of bias is the flexibility in surgical procedures for creating MI in animals. For example, the most common method to induce acute MI is the permanent or catheter-assisted temporary coronary artery occlusion with the left anterior descending coronary artery (LAD) as the primary target vasculature. The mortality rate from LAD occlusion is relatively high, especially for large animals, as they are at a considerable risk of developing ventricular fibrillation following MI (de Jong et al., 2014; Mu et al., 2016; Lim et al., 2018). To avoid this occurrence, the left circumflex artery (LCx) is often used as an alternative target at the cost of inducing a smaller infarct at a different location (Hirano et al., 2017; Cremer et al., 2019). The substantial inconsistency in the occlusion site along these two coronary arteries further complicates the MI studies. Some segments of the LAD and LCx commonly targeted for occlusion are as follows and can be found in Figure 1:
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FIGURE 1. Anatomy of coronary arteries of the heart (A) Left and right coronary trees; (B) Different occlusion targets (indicated in different colors) on the left coronary artery.




•The LAD “distal to” the 1st diagonal branch (Kraitchman et al., 2003; Okura et al., 2012; Li et al., 2013; Sharp et al., 2017).

•The “Mid”-LAD “just beyond” the 1st diagonal branch (Lim et al., 2018).

•The “Mid-left” LAD “distal to” the 1st diagonal branch (de Jong et al., 2014).

•The LAD “beyond” the 1st diagonal branch (Wolf et al., 2009).

•The LAD “distal to” the 2nd diagonal branch (Rabbani et al., 2008; Wang et al., 2009; Mu et al., 2016; Rabbani et al., 2017).

•The “proximal” LCx (Timmers et al., 2011; Wang B. et al., 2017).

•The 1st “marginal” branch of the LCx (Gálvez-Montón et al., 2014).



Several other studies have not specified the exact location of occluded segments of the LAD (Wolf et al., 2009; Crisostomo et al., 2019) or LCx (van der Velden et al., 2004; Charles et al., 2020). Without appropriate visual representation, this inconsistent and vague language, such as “beyond” and “mid,” leaves room for arbitrary interpretation and changes in the surgical procedures, potentially leading to varied experimental outcomes. One study determined the site(s) and number of ligatures based on the visual inspection of the LAD and LCx branches in each ovine, in order to produce a consistent anterolateral infarct size across different animals (Locatelli et al., 2011) while many studies have not reported the infarct size (Kraitchman et al., 2003; Zhao et al., 2014; Alestalo et al., 2015; Haller et al., 2015; Kim et al., 2017; Lim et al., 2018; Ishida et al., 2019).

Additionally, different surgical procedures for inducing MI often create various degrees of ischemia via different pathogenic mechanisms thus generating different MI models (Table 2). For example, catheter-based occlusion is often used as a non-invasive way to induce MI, but there is a significant variation in the occlusion sites and durations followed by reperfusion across different studies (Table 3). Some studies using pig models have demonstrated that the longer occlusion duration resulted in bigger infarct sizes and more severe left ventricular dysfunction (Garcia-Dorado et al., 1987; Ghugre et al., 2013; Thomas et al., 2021). However, besides the occlusion site and duration, this inconsistent infarct size and ventricular remodeling were likely to be affected by the subsequent reperfusion. Myocardial reperfusion using thrombolytic therapy or primary percutaneous coronary intervention is a treatment option for human MI patients. However, it is known that the reperfusion of myocytes irreversibly injured by ischemia following coronary occlusion may accelerate the necrotic process, a phenomenon called “myocardial ischemia-reperfusion injury.” This could consequently affect the infarct size and lead to adverse cardiac remodeling (Braunwald and Kloner, 1985; Yellon and Hausenloy, 2007; Hausenloy and Yellon, 2013; Acharya, 2020). All these situational specifics of a surgical procedure as part of MI preclinical study design (for example, method, site, and duration of coronary artery occlusion, and presence and duration of reperfusion following occlusion) potentially limit the generalizability and reproducibility of scientific results and likely contribute to the failure of subsequent clinical trials.



TABLE 2. Comparison of surgical procedures used to induce MI in large animal models.
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TABLE 3. Variations in occlusion duration in catheter-based MI studies.
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Potential of Human-Based Models as an Alternative for Animal Models?

Whether small or large, animal models cannot fully recapitulate human CVD phenotypes, thus requiring new forms of human-based experimentation. The tissue engineering community has been developing in vitro and in silico CVD models for more physiologically and clinically relevant readouts of CVDs (Savoji et al., 2019). Human organs-on-chips are 3D microfluidic cell culture devices that mimic the physical and mechanical microenvironment of key organ systems and provide dynamic vascular perfusion in vitro, which is difficult to achieve in 2D cell culture (Ingber, 2018). This burgeoning biomimetic system can incorporate patient-specific cell models, allowing the study of pathophysiology and pharmacological responses unique to each patient (Ingber, 2020; Wu et al., 2020).

However, an organ-on-a-chip is still limited in that although it can capture distinct functional units of organ systems separately (e.g., heart vs. liver), it cannot link each unit via vascular channels (e.g., the hepatic portal system). “Multi” organ-on-a-chip device may allow combining several cellular models in a single chip; however, certain technical difficulties, such as selecting a co-culture medium required for incorporating multiple cell lineages and ensuring the correct sizing of each organ, need to be resolved (Bovard and Sandoz, 2020). However, this innovative in vitro model is still distant from a complete replacement of animal studies because they cannot mimic the complex nervous and immune systems of humans. Thus, investigators, particularly those concerned with cognition, behavior, immune responses, and pain management, still require animal studies to systematically monitor disease progression and develop corresponding therapeutic interventions. Animal studies have been misinterpreted as poor predictors of clinical study outcomes. This may be true merely because animals and humans are inherently different, and the human body and pathogenesis of CVDs and other diseases are far too complicated to be replicated in other models. However, this inherent difficulty should not be used as an excuse to adopt a less rigorous but more convenient experimental design and data interpretation. Although new technological advances will allow us to adopt more disease-representative models, the clinical study outcomes will still largely depend on scientific rigor.




DISCUSSION

Despite increasing knowledge about the etiologies of MI and relevant therapeutic strategies, the translational gap between basic science and clinical research is widening. Lack of experimental rigor and quality in preclinical research has been accused as the main cause of slow translation of “promising” preclinical results, and various issues regarding reproducibility have been raised across different biomedical and social science fields (Pound et al., 2004; Begley and Ioannidis, 2015).

In section “Suitability of Animal Models for Human MI,” we discussed the importance of choosing a representative animal model in preclinical studies and considering the differences between different animal species and humans when interpreting experimental data. Some researchers believe that the limited opportunities to carry out studies based on large animal models prevent them from testing their hypothesis more rigorously and openly, justifying adjustments in an experimental design and biased interpretations of study outcomes. Yet, the discordance between animal-based preclinical and human-based clinical studies is often attributed for the failures of clinical trials for cardiovascular and other disease therapies (Pound et al., 2004; Perel et al., 2007). Some human-based preclinical models have been proposed as a complementary platform to overcome the limitations of using an animal model. However, they will not replace animal models entirely soon as discussed in section “Potential of Human-Based Models as an Alternative for Animal Models?” The difficulty of establishing the optimal animal model prompts a periodic systematic review or meta-analysis of animal studies (Sandercock and Roberts, 2002; Pound et al., 2004; Hooijmans and Ritskes-Hoitinga, 2013). However, a systematic review of studies with poor methodological quality is likely to produce additional animal studies of similarly poor quality. Instead, the preclinical, animal study quality must be scrutinized at the original study design process and journals’ review process at the time of submission.

In section “Seeing What We Want to See: Biased Experiments in Animal Studies Decelerate Reliable Clinical Translations in MI Studies,” we reviewed how the lack of standardized protocols and transparency in preclinical MI studies involving animal experiments could allow investigators too much flexibility in their study design and data assessment, depriving “promising” preclinical research results reproducibility and translational power. Investigators often adopt a disease model that is remote from what they intend to model and tend to report the desired results that are harmonious with their hypothesis alone (Baker, 2016). A standardized experimental method is critical for ensuring reproducibility, but the lack of overall methodological rigor in preclinical cardiovascular studies is prevalent, delaying the translational process; this issue has called for a set of improved reporting standards, more strict funding policies, and better instructions for peer reviewer (Hooijmans et al., 2010; Hirst and Altman, 2012; Henderson et al., 2013; Anon, 2013; Principles and Guidelines for Reporting Preclinical Research and National Institutes of Health (NIH), 2021).

Four elements of methodological quality of preclinical research that critically determine its translational power are randomization, sample size calculation, blinding, and heterogeneity of animals used (i.e., strains, ages, and sexes) (Henderson et al., 2013). A recently added critical element of heterogeneity of animal models is environmental factors, which suggests the benefit of multi-laboratory experiments (Richter et al., 2009; Voelkl et al., 2018). Ramirez et al. (2017) found that randomization was reported only in 21.8%, blinding in 32.7%, and sample size estimation in 2.3% of all preclinical cardiovascular studies published in five leading cardiovascular journals between July 2006 and June 2016 (Ramirez et al., 2017). Similar or worse results are found in the review of thirty-one systematic reviews of animal studies on treatments for various diseases (Hirst et al., 2014; van Luijk et al., 2014). Additionally, the quality of these study design elements has not improved in all disease-specific studies, except for stroke research (Hirst et al., 2014). From 1997 to 2007, the number of cardiovascular papers and journals increased by 56.9 and 75.2%, respectively, yet 46% of original papers published in cardiovascular journals in the same period were poorly cited (with < = 5 citations in the 5 years following publication); however, 44% of cardiovascular journals had more than three-fourths of the journal’s content poorly cited at 5 years (Ranasinghe et al., 2015). Interestingly, studies that employed randomization, blinding, or sample size estimation were equally cited in numbers as those that did not; however, studies that included both males and females were less frequently cited, suggesting that methodological rigor might have been overlooked by cardiovascular researchers (Ramirez et al., 2017). This suggests the need for strict enforcement of a comprehensive guideline and requirements by journals and funding institutions to ensure the rigor of animal studies and publication to the level of human-involving, clinical studies, which consequently promotes reproducibility and animal welfare (Hooijmans et al., 2010; Carbone and Austin, 2016).

It is almost always impossible to control every aspect of a scientific experiment and to perfectly mimic human pathophysiology in a disease model. Consequently, any experimental data are biased, and it is a matter of how biased they are and whether researchers are aware of and report those biases correctly. Additionally, the failure to reproduce or conflicting data is not always a vice but could be a valuable resource that potentially enriches biomedical research (Daugherty et al., 2016). However, in translational medicine, reproducibility is the ultimate goal, and this review article emphasizes there is much room for improvements in preclinical study design and animal models for MI research. Methodological rigors such as sample randomization, consistent surgical procedures, blind analyses, and greater sample statistical power are essential in animal models of human CVDs or other diseases. Along with following the correct procedures during research, transparent reporting of experimental protocols and results is equally essential to improve reproducibility, effectiveness, predictability, and safety of the clinical studies.

Considering the economic and emotional cost of a clinical trial and the exponentially growing number of published articles, it may be much more cost-effective from the standpoint of the entire population to maintain rigor and quality in the preclinical study level with good practice and additional cost than to see a series of “promising” preclinical study continuously failing in clinical trials (Freedman et al., 2015). However, probably most trained researchers may be well aware of these prerequisites of successful translation mentioned above. The root cause of the imbalance between the translational crisis and exponentially growing research in the cardiovascular field might be the competition for grants and positions (Baker, 2016). In this case, more opportunities for quality training and mentorship within research communities as well as a clear publication or funding guideline by journals and funding institutions are proposed (Begley and Ioannidis, 2015).

Yet, probably most trained researchers may be well aware of these prerequisites of successful translation. The root cause of the imbalance between the translational crisis and exponentially growing research in cardiovascular field might be the competition for grants and positions (Baker, 2016). In this case, more opportunities for quality training and mentorship within research communities in addition to a clear publication or funding guideline by journals and funding institutions are proposed (Begley and Ioannidis, 2015).
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Cardiovascular disease remains the leading cause of death worldwide. While clinical trials of cell therapy have demonstrated largely neutral results, recent investigations into the mechanisms of natural myocardial regeneration have demonstrated promising new intersections between molecular, cellular, tissue, biomaterial, and biomechanical engineering solutions. New insight into the crucial role of inflammation in natural regenerative processes may explain why previous efforts have yielded only modest degrees of regeneration. Furthermore, the new understanding of the interdependent relationship of inflammation and myocardial regeneration have catalyzed the emergence of promising new areas of investigation at the intersection of many fields.

Keywords: regeneration, heart regeneration, cardiac regeneration, myocardial regeneration, bioengineering, cell sheet and tissue engineering, hydrogel, inflammation


INTRODUCTION

Cardiovascular disease is responsible for 17.6 million deaths worldwide every year, and the cost of treating these patients is expected to double over the next two decades (Heidenreich et al., 2011; Benjamin et al., 2019). Significant advancements in revascularization strategies after myocardial infarction (MI) such as coronary artery bypass grafting (CABG) and percutaneous coronary intervention (PCI) have considerably improved outcomes, but do not address microvascular perfusion deficits that result in adverse ventricular remodeling despite successful macrorevascularization (Araszkiewicz et al., 2006). This unmet clinical need has stimulated a significant interest in bioengineering strategies including molecular and cellular, tissue, biomaterial, and biomechanical engineering. In this mini review, we will briefly discuss current strategies, challenges, and future directions.

Given the exponential expansion of new techniques that fall under the broad definition of bioengineering, for the purpose of this article we find it useful to define the scope of bioengineered strategies that will be covered in this review.


Molecular and Cellular Bioengineering

Application of engineering principles at the molecular and cellular levels such as the development of novel cytokines, targeted delivery of intracellular cargo, modulation of gene expression, and cross-species photosynthetic oxygen production.



Tissue Engineering

Engineered solutions to recapitulate viable myocardium from myocardial patches, cell sheets, and engineered extracellular matrices embedded with various cell types.



Biomaterial Engineering

Engineering strategies involving hydrogels, cellular scaffolds, or other insoluble substrates that are either impregnated with progenitor cells, growth factors, cytokines, or possess other proangiogenic stimulatory cues.



Biomechanical Engineering

Engineered substrates that mimic the anisotropic properties of native myocardium and thereby promote the proper alignment of myocardial fibers.



MOLECULAR AND CELLULAR BIOENGINEERING

Molecular bioengineering techniques to develop novel analogs of endogenous cytokines are a powerful tool to modulate the activation and suppression of specific pathways relevant to the regenerative response (Table 1). Following significant insult such as MI, an influx of inflammatory cytokines triggers an acute inflammatory response and migration of macrophages, fibroblasts, and T cells to the infarct zone. Remodeling of the extracellular matrix (ECM) and secretion of potent chemo attractants such as stromal cell-derived factor 1 (SDF-1α) recruit endothelial progenitor cells (EPCs) to the border zone to initiate angiogenesis and myocardial regeneration in rodents (Ingason et al., 2018). The pro-angiogenic properties of SDF-1α and its conservation across many species made it an appealing target for inducing natural myocardial angiogenesis and regeneration. For these reasons, Hiesinger et al. (2011) used molecular modeling to create a synthetic Engineered SDF-1α Analog (ESA) that demonstrated enhanced stability and efficiency in microrevascularization in a murine ischemic cardiomyopathy model. ESA was subsequently shown to improve angiogenesis and perfusion in a rat hindlimb ischemia model (Edwards et al., 2016) and an ovine MI model (MacArthur et al., 2013a).


TABLE 1. In vivo molecular and cellular engineering approaches to myocardial regeneration.

[image: Table 1]Direct intramyocardial injection of cytokines or growth factors has proven to be inefficient due to their susceptibility to rapid degradation and diffusion away from the target site. To address these challenges, one group developed a shear thinning hydrogel to serve as the vehicle for cytokine or stem cell delivery via a catheter and returns to its gel form post-injection, named Shear-Thinning Hydrogels for Injectable Encapsulation and Long-Term Delivery (SHIELD) (Mulyasasmita et al., 2014; Cai et al., 2015). Using this novel hydrogel to encapsulate another bioengineered analog of a potent proangiogenic and antiapoptotic cytokine, dimeric fragment of hepatocyte growth factor (HGFdf), resulted in sustained HGFdf release and improved ventricular function with evidence of enhanced angiogenesis in a mouse model (Steele et al., 2020). Combining multiple engineered cytokines, specifically ESA + HGFdf, has also proven effective at reducing scar size and improving angiogenesis after MI in both a small animal model and in sheep (Figure 1; Steele et al., 2020).
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FIGURE 1. Assessment of in vitro angiogenesis. Human umbilical cord vein endothelial cells were treated with (A) untreated, (B) engineered stromal cell-derived factor 1α(ESA), (C) engineered dimeric fragment of hepatocyte growth factor (HGFdf) or (D) a combination of HGFdf and ESA. The extent of network formation (E,F) was evaluated in all groups. Pairwise student t-test with Bonferroni’s correction, *p < 0.05 (Steele et al., 2020).


The success of these efforts to engineer biologically active, shelf-stable, pro-angiogenic small molecules suggests that in vivo modulation of the pathways that govern natural regenerative pathways may be possible in the near future. For example, a recent study from Schoger et al. (2020) demonstrated the feasibility of using CRISP/Cas9 gene editing in vivo to modify cardiomyocyte (CM) gene expression in a mouse model. Neonatal mice, piglets, and rats all exhibit the capacity for natural myocardial regeneration after myocardial infarction, which is an encouraging sign that these strategies may be translatable to humans pending further study (Wang et al., 2020b).

Complex processes such as the transient ability of neonatal mammals to regenerate injured myocardium are rarely regulated by a single gene or pathway. Accordingly, myocardial regeneration in mammals is a highly regulated process that depends on a symphony of mediators (Desgres and Menasché, 2019). For this reason, one limitation of molecular engineering techniques is that activating a single pathway in absentia a coordinated cellular response may result in incomplete or partial activation of the regenerative response. A related challenge of modulating CM developmental pathways via bioengineered small molecules is balancing the specificity of the effectors to mitigate undesirable off-target effects, while attempting to also activate the necessary ancillary or supportive pathways required for regeneration.

For decades, stem cells appeared to be the intuitive solution to the puzzle of myocardial regeneration. However, there is strong evidence to suggest that the mild therapeutic benefit of cell therapy for treatment of ischemic heart disease is actually due to an acute sterile inflammatory response (Vagnozzi et al., 2020). In this study by Vagnozzi et al. (2020), killed cardiac progenitor cells induced an inflammatory response that attenuated fibrosis and rescued ventricular function. Although an acellular inflammatory agent, Zymosan, had a similar effect, it appeared as though cellular debris such as the micro-RNA (miRNA) contained within exosomes may provide a potentially intervenable entry point into the regulatory mechanisms of regeneration. To address this, multiple groups have turned to exosomes from induced pluripotent stem cells (iPSC) that have transdifferentiated into CMs. Exosomes are an appealing vehicle for delivery of a balanced milieu of endogenous miRNA, peptides, and other small molecules to provide the environmental cues to the resident cells of the myocardium. A recent study found that injection of exosomes derived from induced CMs both reduced apoptosis and fibrosis while also upregulating autophagy of cellular debris in the infarcted territory, a necessary prelude to full scale microrevascularization (Santoso et al., 2020). Similar effects have been demonstrated with extra cellular vesicles (EVs), which contain exosomes and a variety of small signaling molecules (Menasché, 2018).

Recent discoveries resulting from innovative approaches in cellular engineering have the potential to create entirely new fields of research. One example of innovative cellular engineering is from Cohen et al. (2017), who demonstrated that administering cyanobacteria into the ischemic rodent heart significantly improves oxygen delivery and ventricular performance after MI. This concept has been reproduced by other groups that have shown the ability of other photosynthetic bacteria to attenuate the murine fibroblast response to hypoxia, and to switch ischemic rat CMs from anaerobic to aerobic metabolism (Hopfner et al., 2014; Haraguchi et al., 2017). Studies to optimize the stability of photosynthetic bacteria in vivo by introducing them via scaffolds or fibrin based hydrogels have successfully reduced cell scattering and proven effective in wound healing assays (Schenck et al., 2015; Chávez et al., 2016; Wang et al., 2019b). Furthermore, the genetic adaptability of cyanobacteria allows for essentially limitless creativity in modifying or augmenting gene expression, such as enhancing expression of angiogenic growth factors like vascular endothelial growth factor (VEGF) (Chávez et al., 2016). These findings have widespread implications for fields such as tissue engineering, organ preservation and transplantation, wound healing, diabetic complications, and neurovascular disease (Wang et al., 2019b).



TISSUE ENGINEERED SOLUTIONS

Engineered cardiac muscle patches are an emerging potential therapy to address the microvascular perfusion deficit following ischemic insult, e.g., after (MI) (Table 2). Patches (also referred to in the literature as scaffolds) may be comprised of reconstituted synthetic materials such as polymers or metals, or as naturally occurring materials such as collagen, chitosan, or alginate, among many others (Cui et al., 2016). Typically, these constructs are applied directly to the epicardium, providing mechanical support to attenuate adverse myocardial remodeling such as wall thinning and fibrosis (Serpooshan et al., 2013). In addition to mechanical reinforcement of the myocardium, patches may also be engineered to serve as a cellular substrate (i.e., engineered ECM) to recruit and retain cell types involved in native myocardial regeneration and angiogenesis (Serpooshan et al., 2013). Building on these techniques, scaffolds can serve as vehicles to deliver therapeutic cytokines, growth factors, proteins, and stem cells to the affected areas (Naveed et al., 2018).


TABLE 2. In vivo tissue engineering approaches to myocardial regeneration.

[image: Table 2]While cardiac patches embedded with pro-angiogenic cell types such as mesenchymal stem cells (MSCs), induced pluripotent stem cells (iPSCs), CMs derived from iPSCs, skeletal myoblasts, and cells derived from bone marrow continue to be investigated (Bw and Me, 2019), select trials in humans have had shown variable results (Chachques et al., 2008; Steele et al., 2017; Menasché et al., 2018). Specifically, engineering living patches introduces issues such as potential immunogenicity or tumorigenicity, transportation and storage logistics, and quality control concerns. Given these valid concerns, there has been a recent resurgence of interest in acellular approaches.

Combining many of the aforementioned techniques, one group recently developed a shelf-stable cardiac patch using decellularized porcine ECM embedded with polylactic-co-glycolic acid (PLGA) microparticles containing growth factors from cardiac stromal cells in a porcine model. By recapitulating native paracrine signaling while avoiding the inherent challenges of stem cell engraftment, this novel artificial cardiac patch preserved ejection fraction (EF), reduced pathologic remodeling, increased residual viable myocardial tissue, promoted angiogenesis, and may be stored for up to 28 days (Huang et al., 2020).

In contrast to engineering synthetic substrates to provide mechanical support to the infarcted myocardium while simultaneously stimulating angiogenesis, several groups have focused on repurposing nature’s preexisting efficiencies. Shudo et al. (2013) engineered a scaffold-free bilevel cell sheet comprised of EPCs and smooth muscle cells (SMCs) from the thoracic aorta which was applied to ischemic myocardium in a rat model. Fate-Tracking assays showed evidence of migration of the EPC/SMCs into the myocardium followed by a transition into mature and functional microvasculature (Shudo et al., 2013). Similarly, the same group found that ECM rich in fibronectin may help guide MSCs toward a SMC fate, suggesting that an MSC/ECM cell sheet may provide therapeutic benefit. Combining these two findings, they were able to develop a sheet derived entirely from bone marrow which enhances neovascularization, limits adverse remodeling, and improves ventricular function (Shudo et al., 2017). Collectively, these findings also have potential for clinical translation as vascular conduits, demonstrated by using tubularized cell sheets in a rat femoral artery interposition graft model (von Bornstädt et al., 2018). Importantly, the mechanical properties and specifically the stiffness of cell sheets can be easily modified by titrating the collagen content during incubation (Zhu et al., 2020).



BIOMATERIAL ENGINEERED SOLUTIONS

In an effort to address the challenges of low cell retention and engraftment in techniques that utilize stem cells to repair injured myocardium (Laflamme et al., 2007; Terrovitis et al., 2010), injectable hydrogels have gained traction as a possible solution given their mechanical properties and 3D structure that may protect the fragile stem cells from membranous injury, host rejection, and cell death (Aguado et al., 2012; Dhingra et al., 2013) (Table 3). While injectable, shear-thinning hydrogels provide relative protection, optimizing the physical characteristics of the gel, both ex vivo during production and in vivo after injection, depends on the crosslinking strategy. As discussed above, SHIELD hydrogels were engineered to provide weak ex vivo interactions making injection possible, followed by significantly stronger crosslinking once exposed to temperatures above 34°C to maintain hydrogel integrity in vivo (Cai et al., 2015). There is ongoing debate regarding the optimal hydrogel stiffness, and this may vary depending on whether the intent is to provide mechanical support to the ventricular wall with or without stem cell transplantation or other cell therapies. Some studies suggest that intermediate stiffness gels (200–400 Pa) could promote the angiogenic potential of engrafted MSCs (Cai et al., 2016), while supraphysiologic gel stiffness may be optimal if the intent is purely mechanical support of the infarcted myocardial territory.


TABLE 3. In vivo biomaterial engineering approaches to myocardial regeneration.

[image: Table 3]While mechanical support of the ischemic ventricular wall may facilitate later neovascularization, integration of biologically active substrates within the hydrogel may further augment angiogenesis and myocardial repair. One such example is Neuregulin (NRG), an epidermal growth factor with a critical role in CM development which has demonstrated utility in cardiomyopathy animal models. Analogous to the challenges of injectable therapies such as stem cells or other biologically active substances, recurrent infusions and off-target exposure preclude the clinical translation of an otherwise promising therapy. To address this, hydrogels encapsulating NRG were engineered to deliver a localized and sustained therapeutic dose while simultaneously providing mechanical support to the ischemic myocardium. This construct stimulated CM mitotic activity, reduced LV dilation, decreased infarct scar size, and enhanced ventricular function in mice and later in sheep 8 weeks post-MI (Cohen et al., 2014, 2020).

Utilizing the sustained, localized delivery of biologically active products via a hydrogel vehicle, similar approaches have shown promise with engrafted stem cells. A limitation of earlier technologies may have been that transplanted stem cells lose their immune privilege and are ultimately rejected upon prolonged interactions with the host myocardium (Dhingra et al., 2013). However, when hydrogels seeded with rat MSCs were treated with prostaglandin E2, which stimulates secretion of the cytokines CCL12 and CCL5, they retained their immune privilege and improved cardiac function in rats (Dhingra et al., 2013). These results stimulated interest in encapsulation of cytokines and exosomal cargo within the hydrogels, given the simplified production and scalability of this approach compared to using MSCs. Examples of cytokines and growth factors that have shown promise when integrated into hydrogels include stromal cell-derived factor-1 alpha (SDF-1α) (Purcell et al., 2012), insulin-like growth factor-1 (IGF-1), hepatocyte growth factor (HGFdf), and many others (Ferrini et al., 2019).



BIOMECHANICAL ENGINEERING

In healthy myocardium CMs use the ECM as an anchor for actomyosin to generate contractile force. In addition to the rapidly expanding library of small molecules that influence CM development and response after insult, mechanical cues also influence cell shape, protein expression, and differentiation (Engler et al., 2008) (Table 4). Engineered matrices that are too soft will provide inadequate resistance for the myosin power stroke, leading to inefficient myocardial contraction. Conversely, matrices that are too stiff lead to intracellular strain on protein structure and earlier loss of contractility when cultured with CMs. Unsurprisingly, it appears as though the optimal stiffness of engineered ECM is that which mimics in vivo ECM (Engler et al., 2008). This has implications for engineering solutions for myocardial regeneration and also provides insight into the mechanical dysfunction seen in pathologic states such as pathologic fibrosis following ischemic injury. This prompted investigation of the effect of proangiogenic peptides such as SDF-1α with respect to their mechanical effects on the injured myocardium. SDF-1α administration after MI appears to increase the elasticity of the border zone and strengthens the fibrotic myocardium, which may provide a mechanical advantage to CMs and attenuate adverse remodeling (Hiesinger et al., 2012). In addition to naturally occurring small molecules such as SDF-1α, engineered analogs such as ESA have demonstrated the ability to preserve biaxial mechanical properties of the native myocardium, improve myocardial relaxation, reduce infarct size, reduce ventricular thinning, and improve ventricular function (MacArthur et al., 2013b; Trubelja et al., 2014; Wang et al., 2019a).


TABLE 4. In vivo biomechanical engineering approaches to myocardial regeneration.

[image: Table 4]While biomechanical approaches to emulate the properties of native myocardium have shown promise and should continue to be investigated, naturally regenerated myocardium in a neonatal mouse MI model successfully replicates the mechanical properties of native uninjured myocardium (Wang et al., 2020a). Furthermore, studies in zebrafish have demonstrated that naturally regenerating myocardium is dependent on biomechanical stimulation, i.e., strain, to recover ventricular function after cryoinjury. Collectively, this evidence suggests that biomechanical cues such as ECM stiffness play an important role in the coordination of the regenerative response (Notari et al., 2018; Yu et al., 2018).



LIMITATIONS OF CURRENT TECHNIQUES

The most challenging limitation to molecular and cellular engineering solutions are that profibrotic, inflammatory, and natural regenerative pathways have complex networks of built-in checks and balances which are difficult to precisely modulate. For example, in reference to regeneration, Berry et al. (2019) describe a “Goldilocks zone” of innate immune signaling, outside of which attempts at cellular reprogramming may be impaired. Additionally, because most molecular and cellular engineering solutions focus on endogenous pathways, the primary safety concerns relate to the potential for non-specific off-target effects. The principal safety concern of cell therapy and tissue engineering are rejection and the inherent potential for uncontrolled proliferation of pluripotent cells. Because exosomes are acellular, they are less immunogenic and have fewer safety concerns than transplantation of allogeneic progenitor cells (Gallet et al., 2017). Additionally, optimizing the delivery substrate without sacrificing cell retention remains a challenge. Direct application of a myocardial patch or hydrogel via a surgical operation are being replaced with catheter-injectable hydrogels, which should improve the safety profile from a periprocedural complication perspective (Steele et al., 2020). Although the chief concern with biomaterials is biocompatibility, most scaffolds and hydrogels in the current era are constructed from immunologically inert materials such as decellularized ECM, alginate, collagen, hyaluronan, fibrin, or insoluble polymers and appear to be safe (Seif-Naraghi et al., 2013; Cai et al., 2015).



CONCLUSION

Despite significant advancements in our understanding and treatment of ischemic heart disease, the global burden and cost of treating these patients continues to increase. Bioengineering strategies to address the unmet need for paradigm-shifting therapies for ischemic heart disease have shown significant potential for clinical translation and are already being tested in large animal models. New insight into the potential therapeutic mechanism of cell therapy trials have lent credence to the theory of inflammation playing a central role in the natural regenerative pathways, which have informed future directions of this important research. It has become clear that successful translation of bioengineering solutions to treating ischemic heart disease will require an intricate and coordinated series of biologic and mechanical cues to replicate the robust myocardial regenerative pathways that occur naturally in neonatal mammals.
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Cardiac regenerative medicine faces big challenges such as a lack of adult cardiac stem cells, low turnover of mature cardiomyocytes, and difficulty in therapeutic delivery to the injured heart. The interaction of bioengineering and cardiac regenerative medicine offers innovative solutions to this field. For example, cell reprogramming technology has been applied by both direct and indirect routes to generate patient-specific cardiomyocytes. Various viral and non-viral vectors have been utilized for gene editing to intervene gene expression patterns during the cardiac remodeling process. Cell-derived protein factors, exosomes, and miRNAs have been isolated and delivered through engineered particles to overcome many innate limitations of live cell therapy. Protein decoration, antibody modification, and platelet membranes have been used for targeting and precision medicine. Cardiac patches have been used for transferring therapeutics with better retention and integration. Other technologies such as 3D printing and 3D culture have been used to create replaceable cardiac tissue. In this review, we discuss recent advancements in bioengineering and biotechnologies for cardiac regenerative medicine.
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INTRODUCTION

Cardiovascular disease (CVD) is the leading cause of death in both developed and developing countries. According to the World Health Organization (WHO), 17.9 million people across the globe (31%) die due to CVD, of which 85% die from myocardial infarction (MI) (World Health Organization, 2021). In adult hearts post-MI, injured heart muscle cells are replaced by fibrotic tissue. During this maladaptive remodeling process, activated cardiac fibroblasts turn into myofibroblasts, causing stiffness and fibrosis, which is, in turn, associated with poor prognosis and heart failure. Though cardiac fibroblasts provide structural integrity to the heart after MI, it also causes a non-contracting scar. Such events hamper cardiac perfusion and pumping capacity and leads to cardiac remodeling further toward depravation to cardiac dysfunction, myocardium loss, and, eventually, heart failure (Xin et al., 2013; Saparov et al., 2017; Tallquist and Molkentin, 2017; Bo et al., 2020; Nelson and Brunt, 2021).

Conventional treatments for MI include coronary artery bypass, coronary reperfusion therapy, and fibrinolytic therapy, which are mainly for acute symptom relief rather than to promote repair and regeneration of the damaged myocardium (Awada et al., 2015). A heart transplant or a left ventricular assist device (LVAD) (Rose et al., 2001) is the final treatment option for heart failure patients. However, prognosis varies due to the complexity of the required highly invasive transplant surgery and its subsequent acute/chronic immune rejections (White and Chew, 2008; Wilhelm, 2015). Although pharmacological treatments of β-blockers and angiotensin-converting enzyme (ACE) inhibitors (Packer et al., 2001; McMurray et al., 2014) are beneficial to MI patients, these existing approaches make it necessary to explore new methods of treatment that aim at regenerating the infarcted myocardium as well as becoming implementable in the clinical practices (Raziyeva et al., 2020).

Biomedical engineering seeks to close the gap between engineering and medicine by combining the design and problem-solving skills of engineering with medical and biological sciences. Biomedical engineering hopes to advance health care treatment, including diagnosis, monitoring, and therapy. It has been transforming the cardiac regenerative approaches into potential treatments for CVD (Lee and Walsh, 2016). Treatments for ischemic/reperfusion-damaged or infarcted myocardium have been designed by using multifarious biotechnologies based on the purpose of treatment. With the idea of using autologous cells for cardiac treatment, patient-specific cardiomyocytes (CMs) were generated through cell reprogramming technologies (Wang et al., 2021). To improve the regenerative capability of CMs, various viral and non-viral vectors have been used for gene editing to intervene with gene expression during cardiac remodeling process after MI (Rincon et al., 2015; Kohama et al., 2020). To overcome the retention, fragile, tumorigenicity, and immunogenicity limitations of cell therapy (Tang et al., 2018c), cell-derived protein factors, exosomes, and miRNAs have been isolated and delivered through micro- (Huang et al., 2020) or nanosized particles (Su et al., 2018b). For better targeting, scientists have used proteins, antibodies, and platelet membranes to decorate their therapeutics. For better retention and integration, cardiac patches have been designed by transfer therapeutics in vehicles made of various biomaterials (Mei and Cheng, 2020). Additionally, 3D printing (Maiullari et al., 2018) and 3D culture (Jackman et al., 2018) technologies were utilized to create replaceable cardiac tissue (Figure 1 and Table 1). In this review, we will discuss current biotechnologies for cardiac repair.
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FIGURE 1. Bioengineering and biotechnologies for cardiac repair.



TABLE 1. Summarization of advantages and disadvantages in different bioengineering methods.
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CELL REPROGRAMMING

Cell reprogramming is a powerful tool that converts the somatic cell lineage into pluripotent stem cells (iPSCs) (Rao and Malik, 2012), CMs (Fu et al., 2015) or endothelial cells (ECs) (Lee C. S. et al., 2017). Generally, this tool is used both in vitro and in vivo for cardiac injury site repair (Patel et al., 2016), cardiac disease modeling, or drug screening (Ebert et al., 2012; Chen and Vunjak-Novakovic, 2018). In the process of changing cell fate, an intermediary pluripotent state is key to differentiate direct and indirect reprogramming (Wang et al., 2021).


Indirect Cell Reprogramming

Indirect cell reprogramming from adult somatic cells to iPSC-derived CMs (iPSC-CMs) is a well-established process (Tai et al., 2018). iPSCs from multiple origins are now commercially available. This reprogramming method is widely used not only due to the difficulty of culturing human primary CMs in vitro but also because they contain patient-specific genomic information and could be used for autologous cardiac regenerative medicine (Martins et al., 2014). Commonly, adult fibroblasts are reprogrammed into iPSCs through the activation of alkaline phosphatase, silencing of somatic-specific expression, expression of SSEA1, and progressive silencing of exogenous genes with upregulation of Oct4 and Nanog (Teshigawara et al., 2017). However, these CMs are closer to an immature stage in terms of marker expression, ultrastructural features, metabolic signature, and electrophysiological properties (Tang, 2020). First, the origin of somatic cells is a determinant of iPSC-CM maturation (Pianezzi et al., 2020). Comparison of iPSC-CMs derived from cardiac-derived mesenchymal progenitor cells (CPCs), bone marrow-derived mesenchymal stem cells (BMCs), and human dermal fibroblasts (HDFs) that comes from the same patient showed the cardiac somatic cell’s enhanced capacity for cardiac re-differentiation due to upregulated cardiac genes (MYH6, TNNI3, KCNQ1, KCNE1) (Altomare et al., 2016; Pianezzi et al., 2020). Additionally, the application of iPSC-CMs is highly affected by the purification process because tumors can form during in vitro culture of iPSCs that increase the malignant risks to in vivo application (Tohyama et al., 2013). To overcome the purification obstacles, a distinct metabolic flow technology has been designed to enable large-scale purification through glucose depletion and lactate supplementation because the mature iPSC-CMs have a higher oxygen consumption rate with increased mitochondrial maturity (Tohyama et al., 2013; Tang, 2020).



Direct Cell Reprogramming

Direct cell reprograming is a process of transforming of somatic cells to a desired cell fate without a pluripotent or multipotent state (Wang et al., 2021). Ideally, direct cell reprogramming is more suitable for in vivo cardiac tissue repair by generating reprogrammed cells in situ in the diseased heart (Wang et al., 2021); however, it is still challenging to perform it in vivo due to the low transforming efficiency. For example, direct reprogramming of transcriptional factors like Gata4, Oct4, Tbx5, Sox2, and Klf4 were delivered directly into the damaged heart to initiate regeneration (Ieda et al., 2010; Chen et al., 2017; Hashimoto et al., 2018). Six core transcriptional factors Gata4, Hand2, Mef2c, Mesp1, Nkx2.5, and Tbx5 were examined for their cardiac linage reprograming capability (Li et al., 2015; Wang et al., 2015). Retroviruses were used to express these transcription factors in fibroblasts that were derived from adult mice (Pasumarthi and Field, 2002; Ieda et al., 2010; Song et al., 2012). Another study reported in vitro formation of CMs from fibroblasts by expressing transcriptional factors Gata4, Mef2c, and Tbx5 (GMT) and thereby functionally repopulating the scar (Qian et al., 2012; Wang et al., 2015). Although direct cell reprogramming bypasses early developmental stages (Barreto et al., 2019) such as the cardiac progenitor stages, the tumorigenic risks may not lower than indirect reprogramming because the small molecules cannot be guaranteed, which can also produce iPSCs (Chen et al., 2017). Most importantly, the fate of transduced cells in vivo is still debated, although single-cell transcriptomics have been done to discover the mechanism of the fate conversion from fibroblast to CMs (Liu et al., 2017). Additionally, miRNAs have the ability to regulate various signaling pathways at the same time, which makes them a promising alternative (Sandmaier and Telugu, 2015). Researchers provided evidence that direct administration of miRNAs through lipid-based transfection at the target site successfully converted fibroblasts into cardiomyocytes in vivo (Elmén et al., 2008; Sridharan and Plath, 2011). Cardiac reprogramming through miRNAs (miR-1 miR-133, miR208, and miR499) was enhanced when combined with JAK inhibitor I treatment (Jayawardena et al., 2012).



GENE EDITING

Many genes are essential for CM proliferation and cardiac repair. For example, ERBB2 has been reported triggering mammalian heart regeneration by promoting cardiomyocyte dedifferentiation and proliferation through YAP activation and EMT (epithelial–mesenchymal transition)-like processes (D’Uva et al., 2015; Aharonov et al., 2020). Cyclin A2 or CCNA2, a gene normally silenced after birth, has been demonstrated as a key cell cycle regulatory gene to induce cardiac repair by mediating both the G1–S and G2–M transitions of the cell cycle (Shapiro et al., 2014). So, an efficient delivery of the desired gene to heart is important for cardiac gene therapy.


Non-viral Gene Delivery

In cardiac gene therapy, efficient delivery of the desired gene to target tissue is important. Non-viral gene delivery methods, such as needle or jet injection, hydrodynamic gene transfer, electroporation, and cationic lipids make use of natural or synthetic compounds or physical forces to deliver the gene of interest to the target site. It is an important technology for tissue engineering with many features, including low toxicity, easy modification, high productivity, and cell specificity (Wu et al., 2018). A needleless liquid jet methodology using a jet device with micro jets has been used to expand or generate cell pores for cardiac gene delivery. However, it is not suitable for cardiac applications due to the jet’s piercing with high force (Fargnoli et al., 2017). Additionally, hydrophilic naked DNA could be consumed by cells (Al-Dosari and Gao, 2009); however, only a small percentage of target cells express the delivered genes, thus, making them inefficient.



Viral Gene Delivery

Recombinant viral vectors such as adenoviruses, lentiviruses, and adeno-associated viruses are generally used for gene delivery (Wolfram and Donahue, 2013). Adenoviral gene delivery systems have been extensively used in gene-based therapies and cell-based therapies. Adenoviral vectors have shown a high transduction rate in both dividing and non-dividing cells (Lee S. et al., 2017). The knockdown of lncRNA through adenovirus-mediated lncRNA approaches lead to the reduction in macrophage infiltration and cardiomyocyte apoptosis in the heart after MI (Wang K. et al., 2017). Although adenovirus vectors were used in clinical trials due to their large tropism profile (Jessup et al., 2011), adenoviral-mediated gene delivery triggers immunogenicity in humans and lacks integration with the host genome, making it an unfavorable choice (Vilaysane and Muruve, 2009; Wasala et al., 2011). Lentiviral vectors are suitable for long-term transgene expression, which integrates their genome into the hosts with a preference for transcriptionally active sites (Bulcha et al., 2021). Lentiviral vectors can also elicit relatively weak immune responses through vector design (Bulcha et al., 2021). Lentiviral-mediated CCND2 gene transfection enhanced the regenerative potency of iPSCs-CMs (Zhu et al., 2018). Additionally, enhanced expression of Gata-4 and Nkz2.5 by lentiviral-mediated prodynorphin vectors resulted in a drastic increase in the CMs’ beating activity (Rincon et al., 2015). However, lentiviral vectors are limiting for cardiovascular disease treatments due to their low transduction rate in the myocardium in vivo (Rincon et al., 2015). The adeno-associated virus (AVV), as a cardiotropic vector, can be designed as a viral therapeutic to promote cardiac repair after MI (Yoo et al., 2018). AAV6 was reported as the most effective vector to transduce CMs (Ambrosi et al., 2019). For example, AAV6 was designed to deliver miR-199a to a pig model of MI (Gabisonia et al., 2019). Although the results showed cardiac improvement after 1 month, all pigs died due to subsequent uncontrolled expression of miR-199a that resulted in sudden arrhythmia.



PARTICLE DESIGN

Stem cell therapy has been a promising approach mediated through paracrine effects (Maghin et al., 2020; Sid-Otmane et al., 2020). However, engraftment of transplanted cells and their low retention limit its therapeutic efficacy. Also, other concerns such as tumorigenicity, immunogenicity, and product stability need to be taken into account (Tang et al., 2018c). Since stem cells secrete a plethora of molecules like cytokines, soluble proteins, and extracellular vesicles that help in cardiac repair and regeneration (Tao et al., 2018), analysis of the cell secretome has gained importance in elucidating therapeutic mechanisms (Ellison-Hughes and Madeddu, 2017).


Synthetic Particles

Micro-sized synthetic stem cells (SSCs) have been fabricated to mimic the paracrine effects of a live cell through a cell-mimicking microparticle (CMMP) technology (Tang et al., 2017; Huang et al., 2020). Briefly, poly lactic-co-glycolic acid (PLGA) is used to encapsulate the stem cell-derived secretomes. Afterward, microparticles are coated with cell membranes to become SSCs (Tang et al., 2017). This technology not only overcomes the multiple inherent limitations of live-cell therapy (Huang et al., 2020) but also holds a high applicability for different cell lines, for example, both cardiac stromal cells (CSCs) and mesenchymal stem cells (MSCs) have been synthetically created (Luo et al., 2017; Tang et al., 2017; Huang et al., 2020). Additionally, to transfer miR21 into macrophages and ECs, positively charged mesoporous silica nanoparticles (MSNs) are designed to encapsulate miR21 and are injected into the ischemic heart of pigs for treatment (Li Y. et al., 2021). MSNs are reported as a highly biocompatible and transfection-effective nanoparticle that are generated through a classical CTAB-templated, base-catalyzed sol–gel method (Li Y. et al., 2021). These microparticles exert their beneficial effects mainly through mimicking cell paracrine of protein factors and membrane-based cell–cell interaction with injured cells (Luo et al., 2017; Tang et al., 2017). Also, the nanoparticles that are consumed by CMs and fibroblasts release the enveloped miRNAs and proteins to regulate gene expression (Hodgkinson et al., 2015). To fully understand the mechanism, the combination of cell secretomes have to be further studied because the cardiac beneficial results may come from the combination or any of the secretome contents, including miRNAs, protein factors, exosomes, extracellular vesicles, and so on. Moreover, cell secretome is not standardized due to the variation of cell lines, culture conditions, and purity, which makes it even harder to uncover the veil of cell therapy.



Natural Particles

Exosomes, a type of EVs, are bilipid layered nanovesicles with a diameter of around 35–150 nm that carry encapsulated proteins, membrane-bound proteins, and miRNAs and are capable of triggering various complex function-altering pathways (Li et al., 2017; Sun et al., 2018). Their small size allows them to pass through small capillaries, giving them more access to tissues than transplanted cells (Verweij et al., 2019; Dinh et al., 2020). Exosomes can be extracted and purified through techniques such as immunoaffinity capture, polymeric precipitation, tangential flow ultracentrifugation and size exclusion. Exosomes isolated from several cell lines including MSCs (Huang P. et al., 2019; Hu et al., 2021), iPSCs (Gao et al., 2020), cardiosphere-derived cells (CDCs) (Vandergriff et al., 2015; Gallet et al., 2017), and CPCs (Barile et al., 2017) have demonstrated cardiac protection through neovascularization and anti-inflammation (Teng et al., 2015; Huang P. et al., 2019). MSC-derived exosomes also contain miRNAs (miR-30b, let-7f, miR-424, and miR-30c) that promote angiogenesis For example, MSC-derived exosomal miR-21-5p heightens cardiac contractile strength and calcium handling through PI3K signaling (Mayourian et al., 2018; Qiao et al., 2019).



CARDIAC TARGETING

Heart stem cell therapy is usually administered intramyocardially via open-chest or percutaneous coronary intervention (PCI) (Malliaras and Marbán, 2011). As the invasive nature of this drug delivery is not effective and appealing, researchers focus on developing therapeutics with targeting ability to the injured myocardium. This concept allows drugs to interact specifically with the infracted region and impart therapeutic benefits. Various targeting strategies, such as cardiotropic vector selection, peptide decoration, magnetic reactive carrier, or antibody editing have been employed for efficient drug delivery (Cores et al., 2015; Weinberger and Eschenhagen, 2021).


Cardiotropic Vector Selection

Cardiac gene therapy requires viral vectors to safely access the heart specifically. So, it is essential to find a cardiotropic vector for gene delivery. For example, although multiple strains of AAVs from serotypes 1 to 9 have been isolated, only AAV9 (Inagaki et al., 2006) and AAV6 (Bish et al., 2008; Gao et al., 2011) showed a higher transduction efficiency. However, these vectors require intrapericardial or intramyocardial administration. Since there is a difference in host specificity (Asokan and Samulski, 2013), it is even harder to evaluate AAV vectors in preclinical models and clinical translation.



Peptide Targeting

Peptide-based targeting has been achieved by decorating peptide (Kanki et al., 2011) onto therapeutics. A 12-amino acid non-naturally occurring peptide NH2-APWHLSSQYSRT-COOH was reported as a cardiomyocyte-targeting peptide (Feldman and Zahid, 2020). The peptide motif CSTSMLKAC was also identified as a potential tool for heart homing (Shelke et al., 2008; Kanki et al., 2011). For example, CDC-derived exosomes were designed to target the heart injury site via cardiac homing peptide CSTSMLKAC through a dioleoylphosphatidylethanolamine N-hydroxysuccinimide (DOPE-NHS) linker on the exosomal membrane (Shelke et al., 2008). Since the prostaglandin E2 (PGE2) receptors are overexpressed in the pathological cardiac microenvironment after ischemic/reperfusion injury (Kim et al., 2008; Zhang et al., 2015), researchers decorated PGE2 on nanoparticles through EDC/NHS coupling chemistry to increase cardiac homing capability (Su et al., 2018b).



Platelet Targeting

Platelet-based targeting has been designed based on the inherent properties of platelets. Platelet surface receptors such as the GPIb/IX/V complex, GPVI and α2β1, β1, and β3 integrins, are responsible for interactions with exposed injury sites (Li et al., 2018). The platelet membrane has been isolated and coated on either cell (Shen et al., 2016; Tang et al., 2018a), micro- (Li et al., 2020) or nano- (Su et al., 2018b) particles to endow cardiac injury site homing capability (Li et al., 2018). To increase targeting and cellular uptake of nanoparticles on coronary artery stents, scientists activated ECs through binding P-selectin to platelet glycoprotein Ibα (GP Ibα) on platelet-mimicking nanoparticles (Lin et al., 2010).



Antibody Targeting

There are many cardiac targeting approaches designed to utilize the innate specific binding capability of antibodies. Bispecific antibodies (BsAbs) have been designed to bind two different targets simultaneously by combining variable domains of desired monoclonal antibodies into an integrated structure (Huang et al., 2019a). BsAbs are generated by chemical conjugation, hybridoma fusion, or genetic engineering such as recombinant DNA technology (Parashar et al., 2011). To redirect endogenous bone marrow stem cells (BMSCs) to the injured heart, BsAbs were designed to link F(ab′)2 fragments from monoclonal anti-CD34 and anti-cardiac myosin heavy chain through chemical cycloaddition of AZ-PEG-NHS or DBCO-PEG-NHS on those F(ab′)2 fragments (Huang et al., 2019b). In this study, after G-CSF stimulation, the administration of BsAbs redirected circulating BMSCs to the injured myocardium (Huang et al., 2019b). Additionally, an inhalable platelet-targeting bispecific antibody (PT-BsAb) was designed by linking of CD34 (HSC binding) and CD42b (platelet binding) to redirect stem cells from the lungs to the heart for repair (Liu M. et al., 2021).

To increase the targeting capability of the injury site, a poly (N-isopropylacrylamide) nanogel with tissue plasminogen activator (tPA) and cell contractility inhibitor Y-27632 coupled anti-fibrin antibodies on the outside of nanoparticles through an EDC/sulfo-NHA method (Mihalko et al., 2018). The injected nanoparticles were directed by anti-fibrin antibodies to the fibrin-rich site post-MI and released tPA and Y-27632 to the site of injury (Mihalko et al., 2018; Huang et al., 2019b). Besides targeting, antibodies were also decorated on platelet-inspired cardiac-targeting microparticles to neutralize inflammatory cytokines. For example, since IL-1β has been demonstrated as a primary pro-inflammatory cytokine during cardiac remodeling, IL-1β antibodies were linked to platelet membrane on microparticles through 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-poly (ethylene glycol) (DSPE-PEG) (Li et al., 2020).



CARDIAC PATCH DESIGN

Cardiac patches have been devised to ameliorate the cardiac function post-MI (Mei and Cheng, 2020). A cardiac patch is typically composed of substrate and active therapeutic agents (Yang et al., 2013). Cardiac patches can have therapeutic ingredients ranging from cells, such as iPSCs, myoblasts and MSCs, to bioactive molecules, such as miRNAs, exosomes, and microparticles (Mei et al., 2010; Squillaro et al., 2016; Wang L. L. et al., 2017; Giacomelli et al., 2020).


Cellular to Non-cellular Patches

Cell-based cardiac patches have been designed to increase the survival ratio of the embedded cells and to ensure cellular retention (Braunwald, 2018; Zhu et al., 2021). For example, a recently developed cardiac patch fabricated with biomimetic microvessels and CSCs in fibrin gel enhanced angiogenesis, CSC retention, and survival rate after heart transplantation (Gao et al., 2018; Su et al., 2018a). Furthermore, non-cellular cardiac patches have been designed to overcome the limitations of live cellular cardiac patches (Tang et al., 2018b; Li Z. et al., 2021). For example, a specific miRNA patch was designed to modulate gene expression during cardiac remodeling (Wang L. L. et al., 2017). For miR-302 cardiac delivery, researchers designed a system by using a cholesterol molecule to decorate miR-302 mimics and using adamantane or cyclodextrin to modify hydrogels. Since the modified hydrogel showed self-assembly into shear-thinning and self-healing gels, the cholesterol on miR-302 mimics interacts with cyclodextrin to achieve sustained release (Wang L. L. et al., 2017; Huang et al., 2019a). To enhance clinical feasibility, an off-the-shelf cardiac patch was designed by embedding synthetic cardiac stromal cells into a decellularized extracellular matrix through a vacuum filtration method (Huang et al., 2020). In addition, exosomes derived from MSCs were integrated into hydrogels, providing a minimally invasive delivery method through intrapericardial injection. This injectable patch revolutionized the delivery of cardiac patches, which normally needs a traumatic open-chest surgery (Zhu and Cheng, 2021; Zhu et al., 2021).



Tissue Patches

Cardiac tissue patch is one important type of cell-based patches that has been created by culture of embryonic stem cell-derived cardiomyocytes (ESC-CMs) (Chong et al., 2014), iPSC-CMs, or neonatal rodent cardiomyocytes (NRCMs) into a 3D scaffold to form a functional 3D structure (Pomeroy et al., 2020). For example, cardiac tissue patches cultured with multiple layers of iPSC-CMs or NRCMs within hydrogels or other porous polymer scaffolds form a randomly oriented and electromechanically integrated cardiac tissue patch (Shadrin et al., 2017; Pomeroy et al., 2020). In a window chamber model and a rodent MI model, the iPSC-CM 3D cardiac patch showed a preserved structure, electrical function, and successful vascularization (Shadrin et al., 2017; Cui et al., 2020). Implantation of this engineered cardiac tissue patch to the injured heart in vivo showed improved vascularization in the infarct region and reduced fibrosis (Wendel et al., 2014; Iseoka et al., 2018) (Uygun et al., 2010; Dvir et al., 2011; Fleischer et al., 2017).

3D bioprinting enables the production of 3D tissue constructs with precise architecture and integration of various cell types. The microenvironment of printed tissue accurately resembles native conditions, which, in turn, helps promote complex tissue formation in vitro (Gu et al., 2020). Different cellular techniques such as inkjet, stereolithography, and extrusion bioprinting are used for the development of cardiovascular tissues (Jana and Lerman, 2015; Duan, 2017). Common cell types used for cardiac tissue printing include MSCs, CSCs, ESCs, iPSCs, and cardiac fibroblasts (Cui et al., 2017). The laser-induced transfer (LIFT)-based cell bioprinting has been used to fabricate EC- and MSC-laden polyester urethane urea (PEUU) cardiac patches (Cui et al., 2018). When compared with non-patterned cardiac patches, patterned patches increased angiogenesis in the border zone of the infarction, as well as preservation of cardiac function after acute MI (Shengjie et al., 2009). 3D bioprinting could facilitate the development of the therapeutic potential of stem cells, which would play an important role in regenerative medicine (Wang et al., 2018; Pomeroy et al., 2020).



CONCLUSION AND FUTURE DIRECTIONS

Cellular reprogramming is a new paradigm in cell biology and provides a unique and efficient way to generate cell types of interest for cardiac repair by changing one cell fate to another (Wang et al., 2021). Usually, the indirect reprogramming routes require an in vitro engineered 3D tissue and then transplant in vivo (Querdel et al., 2021). The direct reprogramming bypass early developmental stages and administer the cardiac transcriptional factors directly by viral vectors. From a translational perspective, the technology of direct reprogramming holds great potential as a treatment due to its features including fast turnaround time and feasibility for in vivo applications (Wang et al., 2021). However, a large scale of somatic cells could be converted through indirect preprogramming to create a paradigm for in vitro CRISPR–Cas9 screening, drug screening, and disease modeling (Wang et al., 2021). Although cell reprogramming showed a potential strategy for the cardiac repair, there are few advantages and disadvantages in both reprogramming routes. Direct reprogramming rarely produces beating CMs after a long culture period (Fu et al., 2013; Nam et al., 2013). In comparison, indirect reprogramming is robust to produce beating CMs that are not in a mature stage. In addition, indirect reprogramming achieves a high conversion efficiency around 70 to even 90% (Pomeroy et al., 2020); however, direct reprogramming has a low conversion efficiency (4.8%) (Engel and Ardehali, 2018) due to the presence of epigenetic barriers such as Bmi1 (Zhou et al., 2016). This low conversion efficiency remains a major hurdle for direct reprogramming, and even the process was already improved by administering cardiac transcriptional factors along with epigenetic modifiers, inhibitors, cytokines, and miRNAs (Engel and Ardehali, 2018).

The goal of gene therapy for cardiac repair is to modify a gene or genetic pathway. Safety and efficacy are important to develop tolerance and ease administration that may be translated to the clinic (Wolfram and Donahue, 2013). For example, adenoviral vectors may trigger acute inflammation, which impacts gene transfer efficacy and may cause host morbidity (Liu and Muruve, 2003). Also, gene delivery through the myocardium or coronary injections has a low cardiac transfection outcome due to the neutralization by existing endogenous antibodies (Jessup et al., 2011). As previously mentioned, long-term expression of target genes may also cause sudden death in pig studies (Gabisonia et al., 2019).

Different types of stem cells have been studied as potential candidates for cardiac regenerative medicine. However, live stem cell delivery has many inherent limitations such as tumorigenicity, immunogenicity, cell death, and low retention after transplantation (Tang et al., 2018c). So, multiple cell-derived secretomes, exosomes, and miRNAs have been engineered as alternatives for heart repair by mimicking paracrine effects of the cell or manipulating gene expression during cardiac remodeling after MI. These cell-derived therapeutics have been combined with different biomaterials to overcome the limitations of low cardiac engraftment/retention, low miRNA stability, and delivery difficulties (Huang et al., 2019a).

Non-targeted cardiac therapeutics with an intravenous delivery usually affects multiple systems, which may cause systemic side effects. Targeted therapeutics, on the other hand, are designed for precise cardiac treatment with one or multiple intravenous injections. The targeting technology is achieved mainly through decorating a cardiac homing molecule on nanosized particles, which are safe in circulation with minimal chance of stimulating coagulations (Dobrovolskaia et al., 2009). Additionally, endogenous stem cells may be stimulated and redirected by BsAbs (Huang et al., 2019b; Liu M. et al., 2021). However, all targeting methods have to be further studied due to the low targeting capability and treatment efficacy.

3D cardiac patches are a promising method in cardiac repair and are either cellular or non-cellular. The cellular patches are generated through seeding of different live cells into various 3D scaffolds. To enhance the survival of the transplanted live cells, the patches have been engineered with mimetic blood vessels (Su et al., 2018a, 2020) or cocultured with ECs (Shadrin et al., 2017). For better integration, the scaffold has been engineered with microneedles (Tang et al., 2018b). Additionally, researchers have manipulated cell growth and differentiation conditions through culture medium optimization to enhance the maturity of iPSC-CMs on tissue patches (Machiraju and Greenway, 2019). Non-cellular patches are generated by seeding different cell derivatives into various 3D scaffolds. Compared with cellular cardiac patches, these patches have better stability, biocompatibility, modifiability, and low tumorigenicity and immunogenicity. 3D bioprinting technology has been widely utilized in cardiac repair by integrating biomaterials with different cell types to precisely pattern a cardiac structure (Liu N. et al., 2021). However, this technology is still in the early stage and needs to be improved (Liu N. et al., 2021).

Additional biotechnologies not mentioned in this review such as cardiac spheroids, single ventricles, bundles, regenerative gene expression, and design of biomaterials also play an important role in the field. Although there are plenty of technologies, it is not easy to get past the bottleneck of heart regenerative medicine, for example, the maturity of iPSC-CMs, the optimized cell protein factor combination, the detailed miRNA regulation mechanism, the key gene for cardiomyocyte regeneration, creation of large-sized cardiac tissue (Gao et al., 2018), and control of drug delivery-caused trauma. To overcome these obstacles, future interdisciplinary cooperation will be the key in the research area. For example, engineering of an injectable material that have controlled gelation speed, biocompatibility, degradative ability, and temperature sensitivity will be essential to create an injectable cardiac patch. Also, screening and designing of cardiotropic viral vectors through structure evolution of capsid variants (Tse et al., 2017) would enhance cardiac gene therapy. Moreover, natural exosomes are not clinically feasible due to many inherent limitations that could be overcome through cell-based pre-isolation exosome engineering and post-isolation exosome engineering (Huang P. et al., 2019; Jafari et al., 2020). Although mainly practiced in research labs today, innovative experimental bioengineering technologies will revolutionize heart repair field in the future.
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Human induced-pluripotent stem cells (hiPSCs) can be efficiently differentiated into cardiomyocytes (hiPSC-CMs) via the GiWi method, which uses small-molecule inhibitors of glycogen synthase kinase (GSK) and tankyrase to first activate and then suppress Wnt signaling. However, this method is typically conducted in 6-well culture plates with two-dimensional (2D) cell sheets, and consequently, cannot be easily scaled to produce the large numbers of hiPSC-CMs needed for clinical applications. Cell suspensions are more suitable than 2D systems for commercial biomanufacturing, and suspended hiPSCs form free-floating aggregates (i.e., spheroids) that can also be differentiated into hiPSC-CMs. Here, we introduce a protocol for differentiating suspensions of hiPSC spheroids into cardiomyocytes that is based on the GiWi method. After optimization based on cardiac troponin T staining, the purity of hiPSC-CMs differentiated via our novel protocol exceeded 98% with yields of about 1.5 million hiPSC-CMs/mL and less between-batch purity variability than hiPSC-CMs produced in 2D cultures; furthermore, the culture volume could be increased ∼10-fold to 30 mL with no need for re-optimization, which suggests that this method can serve as a framework for large-scale hiPSC-CM production.

Keywords: pluripotent stem cell, cardiomyocyte, suspension culture, maturation, robust scale-up


INTRODUCTION

The experimental manipulation of stem/progenitor cells has led to continuous improvements in cell viability, differentiation efficiency, and functional activity (Laco et al., 2018; Le et al., 2018; Biermann et al., 2019; Cai et al., 2019; Leitolis et al., 2019; Valls-Margarit et al., 2019; Yang et al., 2019; Zhu et al., 2020). Contemporary protocols for differentiating human induced-pluripotent stem cells (hiPSCs) into cardiomyocytes (hiPSC-CMs) are often based on the GiWi method, which uses small-molecule inhibitors of glycogen synthase kinase (GSK) and tankyrase to alternately activate and then suppress the Wnt signaling pathway (Mazzola and Pasquale, 2020). The remarkable efficiency of the GiWi method has relieved the scarcity of cardiomyocytes for research applications and, consequently, has profoundly impacted the development of cell-based cardiac therapies, including implantable engineered cardiac-tissue patches and hiPSC-CM–derived cell products (e.g., exosomes), as well as in-vitro models for mechanistic studies and drug development (Jackman et al., 2018; Liu et al., 2018; Meyer et al., 2019; Mills et al., 2019; Noor et al., 2019; Yeung et al., 2019; Gao et al., 2020; Pretorius et al., 2020). However, because the GiWi method is typically used to differentiate two-dimensional (2D) cell sheets in 6-well culture plates (Sharma et al., 2015), it may not be sufficiently scalable to produce the number of hiPSC-CMs needed for high-throughput cardiotoxicity assessments or for clinical applications such as the treatment of acute myocardial infarction (MI), which often results in the loss of ∼1 billion cardiomyocytes (Chong et al., 2014; Kropp et al., 2016; Dunn and Palecek, 2018). Higher yields may be achievable with multilayered/stacked flasks or multicarrier-based systems, but neither of these methods have been fully scaled, and both require materials and reagents that are not readily available (Ting et al., 2014, 2018; Breckwoldt et al., 2017; Le and Hasegawa, 2019; Chang et al., 2020; Laco et al., 2020).

When cultured in a three-dimensional (3D) environment, hiPSCs form free-floating suspensions of aggregated cells (i.e., spheroids) that can also be differentiated into hiPSC-CMs with tools that are both widely available and well-characterized. Several groups have used this approach to generate up to 1-L volumes of cardiomyocytes that are more than 90% pure (Chen et al., 2015; Fonoudi et al., 2015; Kempf et al., 2015; Halloin et al., 2019; Hamad et al., 2019), and some evidence suggests that suspension-differentiated hiPSC-CMs may be more mature and, consequently, more suitable for clinical applications, than hiPSC-CMs generated via 2D differentiation protocols (Jeziorowska et al., 2017; Correia et al., 2018). Here, we introduce a novel protocol for differentiating suspensions of hiPSC spheroids into cardiomyocytes that serves as a framework for further scale up to produce the large number of hiPSC-CMs required for clinical applications. We chose a shaker flask based system for this study for both its simplicity and wide availability. This will allow broad application for researchers without advanced bioreactor experience and equipment to expand their culture volumes. However, further scale up for biomanufacturing purposes will require additional optimization and engineering to account for multiple factors including but not limited to oxygen and gas diffusion, mixing and shear stress, as well as temperature and pH monitoring (Amit et al., 2011; Shafa et al., 2011; Abbasalizadeh et al., 2012; Lattermann and Büchs, 2016; Zweigerdt et al., 2016). Our protocol is based on the GiWi method and was optimized for maximum purity and yield by manipulating the initial cell density, reagent concentrations, and other culture conditions. The differentiated hiPSC-CMs were also thoroughly characterized via morphological assessments and by monitoring the expression of cardiomyocyte-specific genes (including maturity markers).



MATERIALS AND METHODS


hiPSC Culture and Differentiation

The University of Minnesota Human Subjects Research Institutional Review Board approved all protocols related to cell line establishment in this study. The hiPSCs used in this study were generated from cardiac fibroblasts as previously reported (Zhang et al., 2018) and maintained on Geltrex-coated (Gibco) 6-well plates in mTesR Plus medium (STEMCell Technologies, Canada) with daily medium changes until 90–100% confluent and then prepared for the differentiation protocol over 7 days (i.e., beginning on day-7). The cells were washed once with Dulbecco’s Phosphate-Buffered Saline (DPBS) and incubated with 0.5 mL Gentle Cell Dissociation Reagent (GCDR; STEMCell Technologies) for 6 min at 37°C; then, the GCDR was aspirated, and 1 mL TeSR E8 3D medium (STEMCell Technologies) supplemented with 10 μM Y-27632 (BD Biosciences Cat# 562822, RRID:AB_2869435) was gently pipetted into each well to dislodge the cells and disaggregate them into small clumps. Cells from all 6 wells per plate were collected, suspended in 40 mL of TeSR E8 3D Seed medium (STEMCell Technologies), placed in a 125-mL shaker flask (Fisher Scientific), and cultured on a Belly Dancer Shaker (IBI Scientific) at 70 rpm with 5% CO2 at 37°C. On days-6 and 5, 1.2 mL TeSR E8 3D Feed medium (STEMCell Technologies) was added to the culture flasks, and the cells were passaged on day-4. Passaging was performed by disaggregating the cells into smaller clumps and transferring them into a final volume of 80 mL TeSR E8 3D Seed medium; then, the cells were cultured at 50 rpm with daily additions of 2.4 mL TeSR E8 3D Feed medium until day-1, when half of the culture medium was replaced with fresh TeSR E8 3D Seed medium.

Differentiation was initiated on Day 0, and the protocol was optimized by varying the initial cell density (0.26, 0.67, 1.1, 1.6, 2.1, and 5.1 106 cell/mL), CHIR99021 concentration (4, 5, 6, 7, 8, and 9 μM), and shaking speed (0, 20, 55, and 75 rpm). Briefly, 1 mL of the hiPSC-spheroid suspension was collected; then, the cells were dissociated with GCDR and counted to calculate the cell density. The remaining spheroids were washed through a 500 μm filter and collected on a reversible 40 μm filter (pluriSelect) to establish a homogenous population prior to differentiation. The spheroids were washed out with RPMI 1640 supplemented with 1 B27 without insulin (RPMI/B27–) and CHIR99021 with a final volume of 2.5 mL in low attachment 6 well plates (Corning) for optimization and 30 mL in 125 mL flasks (Thermo Fisher Scientific) for subsequent experiments. Twenty-four hours later (i.e., on day 1) the medium was replaced with fresh RPMI/B27–, and the culture volume was increased by 20% and maintained at 1.2 the initial volume for all subsequent medium changes. On day 3, half the medium was replaced with RPMI/B27– containing 10 μM IWR-1, and on day 5, the medium was completely refreshed with RPMI/B27–. On day 7, the medium was completely changed to RPMI 1640 supplemented with B27 with insulin (RPMI/B27+), and the cells were cultured for two more days until day 9, when the differentiated hiPSC-CMs cells were purified. Purification was performed via metabolic selection: the medium was completely changed to glucose-free RPMI 1640 supplemented with B27 with insulin and 0.12% sodium DL-lactate, and the cells were cultured for 72 h until day 12, when the media was changed back to RPMI/B27+. The purified hiPSC-CMs were maintained in RPMI/B27+ with partial medium changes every 3 days.



Flow Cytometry

Cells were dissociated into single cells via treatment with cardiomyocyte dissociation media (CMDM, STEMCell Technologies) for 10–20 min at 37°C, resuspended in cardiomyocyte support media (STEMCell Technologies), counted, centrifuged at 300 g for 3 min, washed with DPBS, fixed in 4% paraformaldehyde (PFA) for 20 min, permeabilized with 0.1% Triton-X, blocked with 4% bovine serum albumin (BSA) in 4% fetal bovine serum (FBS), stained with Zenon conjugated anti-Troponin T antibody or primary antibody (Supplementary Table 1), incubated for 60 min, and washed with DPBS. Around 5 × 105 cells were used per sample with spheroids from individual batches analyzed as a single sample. Analysis on an Attune NxT Flow Cytometer (Thermo Fisher) used lasers FSC, SSC, and BL1 with voltages of 80, 310, and 260, respectively. FlowJo (FlowJo, RRID:SCR_008520) was used to gate the single cell population and a threshold was set at 1.3 × 103 volts for cardiac troponin T positivity with consistent gating used across samples. Each marker was examined in at least 4 independent batches of cells.



Real-Time Quantitative Reverse-Transcription Polymerase Chain Reaction (RT-qPCR)

Cells were lysed with TRIZOL (Thermo Fisher), and lysates were homogenized by repeatedly drawing/expelling them into/from a pipette; then, the RNA was purified in Direct-zolTM RNA MiniPrep Plus columns (Zymo Research) and treated with DNAase I. Reverse transcription was performed with SuperScriptTM IV VILOTM Master Mix (Thermo Fisher) as directed by the manufacturer’s protocol, and samples (5 ng with 500 nM primers; Supplementary Table 2) were analyzed on a QuantStudio 3 Real-Time PCR System (Applied Biosystems) with PowerUp SYBR Green Master Mix (Applied Biosystems). Measurements were quantified via normalization to measurements of glyceraldehyde phosphate dehydrogenase (GAPDH) RNA abundance in the same sample. Each marker was examined in at least 4 independent batches of cells with GAPDH replicates used to account for measurement error.



Western Blotting

Protein lysates were collected by treating cells with RIPA buffer (Thermo Fisher Scientific) supplemented with HALT Proteinase Inhibitor (Thermo Fisher Scientific) and homogenized via pipetting. Total protein concentrations were calculated via BCA assay (Fisher Scientific); then, 6 μg of each sample was loaded onto a 4–20% Mini-PROTEAN® TGXTM Precast Protein Gel (Biorad) and run at 100 V for 1 h. Samples were transferred to a nitrocellulose membrane by using the Trans-Blot Turbo System (Biorad), blocked in 5% milk, and then incubated with primary antibody (Supplementary Table 1) overnight at 4°C and with secondary antibody for 1 h at room temperature. ECL Chemiluminescent Reagent (GE Healthcare Amersham) was applied to the membrane for 5 min, and then the membrane was exposed on the ChemiDoc Touch Imaging System (Biorad). Each marker was examined in at least 4 independent batches of cells.



Tissue Preservation

Samples were fixed in 4% formaldehyde (Pierce, Thermo Fisher Scientific, # 28906) for 1 h and then embedded in either optimal cutting temperature (OCT) compound (Fisher Health Care, United States) or paraffin for histological analysis.



Histochemistry

Sections (10-μm) were deparaffinized, rehydrated, stained in hematoxylin (Mayer’s, Merck, 3 min) and eosin Y (2 min) solution, dehydrated, mounted in Permount, and imaged with a bright field microscope (Olympus IX83 epifluorescent microscope). Histological sections were analyzed by a non-blinded clinical cardiac pathologist with expertise in assessing for morphological irregularities and necrotic tissue who was asked to determine the heterogeneity of the cardiac spheroids as well as examine for apoptotic or necrotic regions. Heterogeneity was defined as structural and size differences between cells in different regions of the spheroid.



Immunostaining

OCT-embedded sections (10-μm) and chamber slides containing live cells were fixed for 20 min in 4% PFA; blocked and permeabilized for 30 min in 10% donkey serum, 10% Tween20, 3% BSA, and 0.05% Triton-X; incubated with primary antibodies (Supplementary Table 1) for 1 h at room temperature; washed with PBS (3 washes, 5 min per wash), incubated with fluorescent (4′, 6-diamidino-2-phenylindole [DAPI]) secondary antibodies for 1 h at room temperature; mounted in VECTASHIELD hardset Antifade Mounting Medium; and visualized via confocal laser scanning (Olympus FV3000 confocal microscope). Stains were assessed through visual inspection of at least 4 different spheroids from multiple batches and where used, quantification of TUNEL positive cells was determined via manual counting of all nuclei in a single spheroid cross section.



Transmission Electron Microscopy (TEM)

Spheroid and monolayer CM cells were dissociated, replated on 0.4-μm pore Transwell Polycarbonate Membranes, and cultured for 7 days; then, the membranes were fixed in 2.5% glutaraldehyde solution for 1 h at 4°C and delivered to the UAB High-Resolution Imaging Facility. Sample blocks were sectioned along the width of the transwells with a diamond knife, and samples were mounted and viewed with a Tecnai Spirit T12 Transmission Electron Microscope. Both monolayer and suspension culture groups consisted of 4 transwells each, with at least 3 subsequent samples per transwell sectioned and imaged. Each group (monolayer vs. suspension) consisted of at least 12 images each. Sarcomere lengths were determined using ImageJ with the line measure tool and all sarcomeres in an image were measured.



Statistical Analysis

Data are presented as mean ± SEM, and significance was evaluated via the Student’s t-test or analysis of variance (ANOVA). Analyses were performed with GraphPad Prism8 software (GraphPad Prism, RRID:SCR_002798), and p < 0.05 was considered significant.




RESULTS


Optimization of hiPSC-CM Differentiation in Spheroid Suspensions

hiPSCs were cultured in 6-well plates until 90–100% confluent and then in suspension for 7 days before differentiation was induced by culturing the cells in CHIR99021-containing medium for 24 h beginning on Day 0 and then in IWR1-containing medium for 48 h beginning on day 3 (Figure 1A). The differentiation protocol was conducted in low attachment 6 well plates with rotational shaking, and the protocol was optimized by varying either the cell density (0.26, 0.67, 1.1, 1.6, 2.1, and 5.1 106 cell/mL), CHIR99021 concentration (4, 5, 6, 7, 8, and 9 μM), or shaking speed (0, 20, 55, and 75 rpm) while holding the other 2 parameters constant. Differentiation efficiency was determined on day 9 via flow cytometry measurements of cTnT expression; optimal results for both the purity (Figure 1B) and yield (Figure 1C) of cTNT-positive cells was achieved with an initial cell density of 1.6 106 cells/mL (purity: 92.9 ± 1.8%, yield: 5.08 ± 0.42 106 hiPSC-CMs), 6 μM CHIR99021 (83.1 ± 4.4%, 4.88 ± 0.96 106 hiPSC-CMs), and 55 rpm shaking (92.2 ± 1.2%, 4.36 ± 0.32 106 hiPSC-CMs).
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FIGURE 1. Optimization of suspension differentiation protocol. (A) Schematic of the overall process and differentiation timeline for cardiac spheroid production pursued in this paper. Monolayer cultured iPSCs were seeded into 3D culture where they were differentiated followed by multimodal biomolecular and functional analysis. After seeding on day-7 cells are cultured in TeSR E8 3D for 7 days with a single passage on day-4. Cell density is calculated on day 0 and spheroids are then cultured in RPMI1640/B27- supplemented with CHIR on day 1 and IWR on day 3. Metabolic purification is initiated on day 9 using RPMI 1640 without glucose supplemented with B27+ and d-lactate. On day 12 and every 3 days thereafter, media is partially changed with fresh RPMI1640/B27+. Optimization studies analyzed cells at point A and all characterization experiments used cells at point B. (B) Flow cytometric analysis of cTnT positive cells for optimization of differentiation conditions including CHIR concentration, cell density on day 0, and shaker speed. (C) Total cardiomyocytes produced in each differentiation condition during optimization. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001 (n = 4).




Characterization of hiPSC-CMs in Suspension-Differentiated Spheroids

Shaker flask suspension culture of iPSC aggregates results in a wide range of spheroid sizes and culture heterogeneity (Otsuji et al., 2014). Therefore, prior to beginning differentiation spheroids were passed through a 500 μm filter and collected on a 40 μm filter to remove large aggregates and small debris. When differentiated under optimized conditions, spheroid sizes remained largely stable: mean diameter was 242.4 ± 3.9 μm before differentiation was initiated, 231.4 ± 4.5 μm on day 12 after 30 days of purification via glucose starvation, and 255.2 ± 4.2 μm on day 30 (Figure 2A). Compared with monolayer differentiation (1.08 ± 0.22 106 CM/mL), the suspension protocol produced greater yields of cells (1.47 ± 0.18 106 CM/mL), however, the difference did not reach statistical significance (p = 0.203) (Figure 2B). The most conspicuous changes in spheroid morphology were observed on days 1 and 5, after completion of the 24-h CHIR99021 and 48-h IWR1 culture periods, respectively (Figure 2C). Histological (Figure 2D) and immunofluorescent (Figure 2E) analyses conducted on day 12 indicated that the suspension-differentiated spheroids were composed of homogeneous hiPSC-CM populations that were morphologically similar to fetal cardiomyocytes; displayed no evidence of glandular or other cell populations and no large structural irregularities; consistently expressed cardiac troponin T (cTnT) and alpha-actinin; and had moderately aligned, striated fibers with uniformly distributed spherical nuclei.


[image: image]

FIGURE 2. Morphological characterization of CM spheroids. (A) Violin plot of spheroid size determined from bright field images on day 0, 12, and 30 of differentiation (n > 150). (B) Violin plot of cardiomyocyte yield on day 12 in monolayer and suspension culture systems determined as cells per volume of media (n = 4). (C) Bright field photos of differentiating spheroids over time. Scale bar = 500 μm. (D) H&E stained parafin sections of day 12 beating cardiomyocyte spheroids. Scale bar = 50 μm. (E) Flourescently stained cryosection showing cardiomyocytes muscle fiber striations. ∗∗∗p < 0.001.


One key concern for spheroid culture is whether cells located in the interior of the spheroid are adequately exposed to nutrients and differentiation factors present in the media; thus, spheroid sections were stained for the expression of phosphorylated mixed lineage kinase domain-like protein (pMLKL) (Linkermann et al., 2014; Negroni et al., 2017) and via terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) to identify necrotic and apoptotic cells, respectively. None of the sections contained pMLKL-positive nuclei (Figure 3A) and although 7.7 ± 4.3% of cells were TUNEL-positive (Figure 3B) they were evenly distributed throughout the sections rather than localized in the core, which suggests that apoptosis was not caused by lack of access to nutrients in the media. Markers associated with calcium handling and maturation (SERCA, Cx43, JPH2, and MLC2v) were also uniformly expressed throughout spheroid sections and in cardiomyocytes from dissociated spheroids (Figures 3C–G) thus, differentiation appeared to be equally efficient throughout the entire volume of the spheroid, including the spheroid interior. Expression of the atrial isoform marker MYL7, however, was noted to appear higher at the edges of the spheroid than in the internal region. Although initially attributed to greater cell density this observation also presents the possibility that subpopulations of more atrial and ventricular cells may be localized to different regions of the spheroid. Further examination using techniques such as single cell sequencing could help elucidate these differences but were outside the scope of this work.
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FIGURE 3. Visual characterization of iCMs produced in suspension. (A) Day 12 cryosection stained for pMLKL showing no positive nuclei. (B) Day 12 cryosection with TUNEL staining and quantification of percent positive nuclei from examination of 5 spheroids. (C–G) Immunofluorescent antibody staining of day 12 suspension cardiomyocytes for cTnT and (C) SERCA, (D) Cx43, (E) JPH2, (F) MLC2v, and (G) MYL7 as (i) cryosections at low and high magnification and (ii) dissociated spheroids cultured for 3 days as monolayers.


Flow cytometry assessments conducted with cells collected on day 12 indicated that cTnT was expressed by a considerably greater proportion of hiPSC-CMs when the cells were differentiated via the suspension protocol (98.2 ± 0.8%) than in monolayers (89.2 ± 4.8%) (Figure 4A) and while expression of the pluripotency markers SOX2, SSEA4, and Tra-1–60 was measurable in suspension-differentiated hiPSC-CMs (SOX2: 0.76 ± 0.18, SSEA4: 2.01 ± 0.22, Tra-1–60 0.75 ± 0.16), the proportion remained at or below that of monolayer-differentiated cells (SOX2: 0.26 ± 0.16, SSEA4: 2.83 ± 0.98, Tra-1–60 2.47 ± 0.74) (Figure 4B). RT-qPCR assessments of mRNA levels indicated that pluripotency gene expression declined immediately and rapidly after suspension differentiation was initiated but peaked on day 3 in monolayer-differentiated cells, while expression of the mesoderm genes Brachyury and MESP peaked on days 1 and 3 (respectively), and cardiac gene expression (Gata4, Mef2c, Nkx2–5, and α-MHC) peaked on day 7, with both protocols (Figure 4C). Peak levels of mesoderm-gene expression in suspension- and monolayer-differentiated cells were similar, but cells differentiated via the suspension protocol tended to express higher levels of cardiac genes, and the monolayer protocol was associated with greater variability between samples for all lineage markers (i.e., pluripotency, mesodermal, and cardiac). Notably, when hiPSC-CMs were imaged via TEM, measurements of mean sarcomere length were significantly greater in suspension-differentiated (1.660 ± 0.155 μm) than in monolayer-differentiated (1.406 ± 0.125 μm) cells (Figure 4D).
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FIGURE 4. Comparison of monolayer and suspension using the optimized protocol. (A) Flow cytometry staining for cTnT in suspension differentiated cardiomyoctes (red) compared with antibody isotype control (blue) with corresponding quantification. (B) Flow cytometry staining for iPSC markers (SOX2, SSEA4, and Tra-1–60) in monolayer and suspension (red) differentiated cardiomyoctes compared with iPSC (blue) positive control. (C) RT-qPCR analysis of (i) stem cell, (ii) mesoderm, and (iii) cardiac gene expression throughout differentiation for monolayer (solid) and suspension (dotted) techniques. (D) TEM images of (i) suspension and (ii) monolayer differentiated CMs with labeled characteristic features, N nucleus, GJ gap junction, ZL z-line, and MC mitochondria (Scale bar = 1 μm). Measurements of mean sarcomere length in each condition (n = 25). ∗p < 0.0001.




Maturity of hiPSC-CMs in Suspension-Differentiated Spheroids

The biological processes associated with cardiomyocyte maturation include changes in the composition of the sarcomere, as well as in the expression of genes involved in cellular metabolism, structural organization, and electrophysiology (e.g., calcium handling). Thus, we evaluated the maturity of suspension- and monolayer-differentiated hiPSC-CMs by conducting RT-qPCR assessments of mRNA abundance for individual genes, or the ratio of mRNA abundance for pairs of genes, that typically increase (Beta-MHC, Beta/Alpha-MHC, MLC-2v, MLC-2/2a, TNNI3, TNNI3/1) or decline (Alpha-MHC, MLC-2a, TNNI1) as cardiomyocytes mature (Guo and Pu, 2020). Assessments conducted in cells collected on day 12 indicated that the ratio of βMHC-to-αMHC expression (Mahdavi et al., 1984; Reiser et al., 2001; Yang et al., 2014; LaBarge et al., 2019), as well as both TNNI3 mRNA levels and the TNNI3-to-TNNI1 ratio (Bedada et al., 2014) were greater in suspension-differentiated hiPSC-CMs than in hiPSC-CMs that were differentiated in monolayers (Figure 5A). Furthermore, the same three parameters, as well as MLC2v mRNA levels, the MCL2v-to-MCL2a ratio, and the abundance of CKMT2, LAMA2, PLN, Cx43, NCX1, and Calsequestrin mRNA (Kubalak et al., 1994; Uosaki et al., 2015), increased substantially from days 12 to 30 in suspension-differentiated hiPSC-CMs. Notably, measurements for genes involved in organizational structure (FN1, Col3A1, and ELN) tended to vary more between samples from monolayer-differentiated than suspension-differentiated cells, and the results from Western-blot assessments of protein levels for a subset of key genes were consistent with mRNA measurements (Figure 5B) day 12 measurements in suspension- and monolayer-differentiated cells were similar, while both MLC2v protein levels and the ratio of MCL2v-to-MLC2a protein abundance increased from days 12 to 30. Collectively, these observations confirm that hiPSC-CMs were no less mature when differentiated in suspension than in monolayers.
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FIGURE 5. Characterization of iCMs produced in suspension vs. monolayer for biochemical markers of maturation. (A) RT-qPCR analysis of relative gene expression normalized to GAPDH and monolayer expression on day 12 and 30 for (i) myosin heavy chain isoforms, (ii) myosin light chain isoforms, (iii) troponin I isoforms, (iv) metabolic activity, (v) structural organization, and (vi) calcium handling genes. Groups are as follows, black: monolayer CMs at day 12, blue: suspension CMs at day 12, and yellow: suspension CMs at day 30. (B) Western blot quantification of proteins related to (i) CM maturity and (ii) myosin light chain isoforms. (iii) Blot image for selected samples. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001. (n = 4).





DISCUSSION

The GiWi method is among the most efficient strategies for differentiating hiPSCs into cardiomyocytes; however, it may not be sufficiently scalable to produce the billions of hiPSC-CMs needed for treatment of myocardial disease or for high-throughput drug-testing, because it is typically conducted with 2D cell sheets in 6-well culture plates (Sharma et al., 2015). hiPSC-CMs can also be produced in suspension culture (Shafa et al., 2011; Kempf et al., 2014, 2015, 2016; Fonoudi et al., 2016; Halloin et al., 2019; Hamad et al., 2019; Chang et al., 2020; Laco et al., 2020; Miwa et al., 2020), which is more compatible with large-scale production, and the GiWi-based suspension-differentiation protocol introduced here incorporates a number of other key innovations, such as (1) the use of hiPSC culture media that was designed specifically for 3D culture and supplied via a fed batch reactor, (2) a filtration step before differentiation to reduce the heterogeneity of the spheroid population, (3) partial media changes on day 3 and from day 12 onward, which reduced processing time, and (4) direct incorporation of metabolic purification, which increased the purity of the differentiated hiPSC-CM populations to > 98%. Furthermore, whereas newly differentiated hiPSC-CMs are more phenotypically similar to fetal than to adult cardiomyocytes (Xu et al., 2009; Gupta et al., 2010; Yang et al., 2014; van den Berg et al., 2015), our results suggest that at least some markers for cardiomyocyte maturation tended to be more highly expressed in suspension-differentiated than monolayer-differentiated hiPSC-CMs; this observation is consistent with previous reports that 3D culture conditions appear to promote hiPSC-CM maturity (Correia et al., 2018; Beauchamp et al., 2020; Giacomelli et al., 2020). However, for complete assessment of functional maturity, electrophysiology measurements along with longitudinal studies are needed but were outside the scope of the current work.

The efficiency of our differentiation protocol was highly dependent on the initial cell density, CHIR99021 concentration, and shaker speed, but once the optimal conditions were identified, the protocol could be scaled up by ∼10-fold from 3 to 30 mL with no additional optimization. Furthermore, although the efficiencies of the suspension- and monolayer-differentiation protocols were similar, between-batch variation was lower for suspension-differentiated cells, and this consistency across a wide range of culture volumes has important implications for large-scale, commercial biomanufacturing facilities. However, the cumulative evidence from a number of reports suggests that the optimal CHIR99021 concentration can vary depending on which line of hiPSCs is used (Kempf et al., 2015), so our optimization protocol will likely need to be repeated for different hiPSC lines.

In further examining the optimization data, the density dependence most likely results from two competing components, that of limited intercellular communication via soluble factors at low densities and nutrient usage at high densities. This is consistent with our observation that at high seeding densities the final overall cell number was low and significant debris was generated. Additional examination of the concentrations of different signaling factors in the media could help elucidate this further. Cardiac differentiation sensitivity to CHIR concentration has been previously reported and is known to be highly sensitive and variable across cell lines (Lian et al., 2012). Finally, the response to shaker speed variation elucidates a common challenge with pluripotent cell 3D culture that high speeds generate greater sheer stress leading to cell death and low speeds result in aggregation and reduced mixing which negatively effects differentiation potential (Otsuji et al., 2014; Vining and Mooney, 2017). Further scale up and different bioreactor formats will most likely require reassessment of mixing dynamics, but these results provide a framework for determining over or under mixing.

A key limitation and potential for future research is the scalability of the system presented in this work. The simplicity of the shaker flask system with its key advantage in accessibility also provides significant barriers in achieving larger culture volumes. Additional media decreases the surface area to volume ratio requiring advanced gas exchange systems to achieve comparable levels of oxygenation. Further, mass transport dynamics will require alternative vessel formats and mixing such as a stirred tank bioreactor (Kehoe et al., 2010; Olmer et al., 2012). Each of these modifications will require additional engineering and optimization such as the damage that arises with increased shear stress produced by faster impeller speeds. Finally, when considering future clinical applications additional regulatory needs must be met (xeno-free media compatibility and GMP-compliance) as well as manufacturing standardization and automation.

In conclusion, this report introduces an optimized protocol for differentiating suspensions of hiPSC spheroids into cardiomyocytes in a widely available format. Our method produces exceptionally pure (>98%) hiPSC-CM populations with low variation between batches and can function as a groundwork for future bioreactor systems to produce the large number of cells needed for clinical applications.
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A variety of suture and bioglue techniques are conventionally used to secure engineered scaffold systems onto the target tissues. These techniques, however, confront several obstacles including secondary damages, cytotoxicity, insufficient adhesion strength, improper degradation rate, and possible allergic reactions. Adhesive tissue engineering scaffolds (ATESs) can circumvent these limitations by introducing their intrinsic tissue adhesion ability. This article highlights the significance of ATESs, reviews their key characteristics and requirements, and explores various mechanisms of action to secure the scaffold onto the tissue. We discuss the current applications of advanced ATES products in various fields of tissue engineering, together with some of the key challenges for each specific field. Strategies for qualitative and quantitative assessment of adhesive properties of scaffolds are presented. Furthermore, we highlight the future prospective in the development of advanced ATES systems for regenerative medicine therapies.
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INTRODUCTION

Traditionally, adhesive biomaterials are classified into hemostats, sealants, and tissue adhesives (Lauto et al., 2008). Hemostats mainly function by increasing blood coagulation (Hickman et al., 2018). Sealants are the ones that adhere to tissues and act as a barrier to prevent leakage (Sanders and Nagatomi, 2014). Meanwhile tissue adhesives provide stronger adhesive ability to hold tissues together (Burks and Spotnitz, 2014; Ge and Chen, 2020). Conventional tissue adhesives and sealants could be used in cases of blood vessel anastomosis, lung leakage preventions, and incision closure. Examples of tissue adhesives and sealants are cyanoacrylates, albumin, glutaraldehyde, polyethylene glycol (PEG) polymers, and fibrin sealant (Ge and Chen, 2020; Nam and Mooney, 2021). Tissue adhesives and sealants are also used as glue for the application of non-adhesive scaffold devices, aiding to fix the scaffold on the surface of organs and tissues (Ma et al., 2021). However, most tissue adhesives and sealants lack the specific requirements for use as a proper scaffold system for tissue regeneration. Main limitations include: (1) tissue adhesives and sealants are typically used to close incisions but not qualified for filling in larger gaps and defects (Shirzaei Sani et al., 2019); and (2) tissue adhesives and sealants, although showing a degree of biocompatibility and biodegradability, are not specifically designed to support various cellular activities that are needed for tissue regeneration and usually cause side effects. For example, fibrin sealants may cause viral or infection complications. They also usually lack enough adhesive strength (Spotnitz, 2014). Cyanoacrylate could cause inflammation by toxic degradation products and exothermic reaction by polymerization (Pascual et al., 2016). Also, its stiffness may not be compatible to soft tissues. Albumin and glutaraldehyde have side effects such as infection and delayed wound healing (Furst and Banerjee, 2005). PEG lacks proper biodegradability and may have a chronic inflammation response and potential of swelling up to 350 to 400% of its volume (Lauto et al., 2008; Burks and Spotnitz, 2014; Bhagat and Becker, 2017; Malki et al., 2018). These side effects disqualify most of these materials as proper cell carriers and ECM analogs, and prevent their usage in large quantities when applied to human body.

To address the limitations of traditional adhesive biomaterials, adhesive tissue engineering scaffolds (ATESs) have been developed to repair damaged tissues and guide tissue regeneration after trauma and degeneration (Vermonden et al., 2008; Wiltsey et al., 2015; Ark et al., 2016). As a new generation of adhesive systems, ATESs provide a 3-dimensional (3D) biomimetic and highly biocompatible environment for cell adhesion, growth, differentiation, proliferation, secretion of extracellular matrix (ECM) proteins, as well as remodeling and replacement of the scaffold with regenerated tissue during matrix degradation (Ark et al., 2016; Boyadzhieva et al., 2019). Notably, ATESs can firmly adhere onto the tissue surface without the help of glue, sutures, or other additional fixtures, while providing the desired functions of the scaffolds (Boyadzhieva et al., 2019). ATESs could offer the following benefits: (1) they can be delivered and secured onto narrow or complicated structures in the human body where suturing or gluing might be difficult or impractical (Salzlechner et al., 2020); (2) secondary damages by suturing and bio-incompatibility of commercial glues, such as toxicity of cyanoacrylate or allergies caused by fibrin glues, can be avoided; (3) the delivery of ATESs could be achieved through conduits or syringes, avoiding highly invasive operations; (4) the hindered cell migration between tissues and scaffolds caused by glue or other fixtures with low biocompatibility can be circumvented (Shin et al., 2019); and (5) specific scaffold systems, such as microgel sphere assemblies, can be readily integrated with the surrounding ECM (Xin et al., 2018). Therefore, by combining the advantages of functional scaffolding systems for cell growth and tissue regeneration, and the benefits of intrinsic adhesive products, ATESs can facilitate surgical operations and provide safer medical treatments for patients.

Over the past decade, ATESs have found increasing applications in the repair and regeneration of various organs and tissues, such as cartilage, bone, ocular, nerve, heart, and skin. Adhesive scaffolds can be engineered using different types of biomaterials, including hydrogels, assembled microgel spheres, foams, and electrospun patches. Despite the rapid advancement of the field, there are only a small number of review articles on the ATES systems. For instance, Hozumi and Nomizu reviewed the current progress made on the peptide-conjugated chitosan hydrogel systems as targeted cell-adhesive scaffolds in tissue engineering (Hozumi and Nomizu, 2018). The article mainly focused on the peptide–chitosan matrices and their applications for analyzing cell-biomaterial interactions. Thi et al. published a review on horseradish peroxidase (HRP)-catalyzed hydrogel as adhesive materials. However, the review focuses on the use of HRP-catalyzed hydrogels for hemostasis and drug and cell delivery purposes (Thi et al., 2019). Pei et al. also published a review on the polymer hydrogel bioadhesives, with a small section about bioadhesives for tissue engineering applications (Pei et al., 2021). In this article, we aim to provide a comprehensive review on a variety of tissue engineering scaffolds with adhesive properties. We will elaborate the specific requirements of ATES systems, their adhesion mechanisms, and applications in tissue engineering and regenerative medicine.



MAIN CHARACTERISTICS AND REQUIREMENTS OF ATESS


Basic Requirements of ATESs

In general, ATESs are designed to serve two purposes: adhesion (fixation) onto the tissue surfaces and mimicking the ECM niche for cell proliferation, differentiation, growth, to restore tissue structure and function. Based on these primary functions, the following properties are required for a 3D scaffold system to qualify as an ATES (Table 1): (1) sufficient adhesive properties to tolerate wet and dynamic in vivo environment and the various forces that exist; (2) biocompatibility and low cell toxicity that enable cell survival and function, as well as integration with the surrounding (host) native tissue; (3) proper biodegradation and swelling behavior that accommodates the tissue regeneration rate; (4) incorporated porosity and vasculature that provide sufficient oxygen and nutrients; (5) Young’s modulus and stiffness that resemble those of the native tissue; and (6) elasticity or flexibility to withstand tensional or dynamic forces in cases such as nerve or myocardial regeneration (Lauto et al., 2008; Zaokari et al., 2020).


TABLE 1. Main required properties for adhesive tissue engineering scaffolds (ATESs).
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Adhesion Mechanisms for ATESs

Adhesion to ATES requires interaction between surfaces of the scaffold and the recipient tissue, which could be achieved by molecular interactions and chain penetration and entanglement (Figure 1). Generally, binding in the molecular level between the scaffold and tissue can be categorized into ionic, covalent, hydrogen, Van der Waals, and hydrophobic bonding (Korde and Kandasubramanian, 2018). Ionic bonding is based on electrostatic interactions between positive charges of scaffold polymers, such as chitosan, and negative charges on cell surfaces (Gåserød et al., 1998). Covalent bonding, achieved by forming strong bonds through sharing electrons in pairs, is a commonly used strategy to achieve tough and persistent adhesive properties. Functional groups, such as succinimidyl succinate or catechol groups that chemically react with amine moieties on the tissue surface, can be introduced to the back bone of scaffold polymers and anchor the construct to the target tissue (Simson et al., 2013; Han et al., 2017). Hydrogen bonding is weaker than the ionic or covalent bonding, however, it offers the ability to reform after deformation in contrast to most covalent bonds. The hydrogen bond is the driving force of supramolecular adhesives and can also be used as a supplemental force when scaffold material is protein or polysaccharide based. Van der Waals bond is even weaker than hydrogen bonding and provides supplementary force for tissue adhesion. Hydrophobic bonding is the entropy induced molecular interaction and aggregation within non-polar molecules under aqueous environment. Hydrophobic domains on scaffolds could interact with fibronectin and fibrillin in the ECM, on the surface of tissues, and improve adhesive strength (Nishiguchi et al., 2019; Nishiguchi and Taguchi, 2020). Specifically, such effect can improve adhesive properties under wet conditions by decreasing water layer at the interface between the scaffold and host tissue through repelling water molecules, which helps addressing one of the most challenging issues for adhesion in vivo (Wang B. et al., 2018). In a more recent effort, an adhesive hydrogel, consisting of polyacrylic acid, chitosan, tannic acid, and Al3+, demonstrated strong and reversible underwater adhesion properties, owing to its electrostatic interactions and dynamic catechol chemistry (Duarte et al., 2020).
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FIGURE 1. Summary of different mechanisms of adhesion of tissue engineering scaffolds. Created with BioRender.com.


In addition to introducing functional groups, positive charges, and hydrophobic domains, increasing chain penetration into tissue is another way to achieve higher adhesive efficiency. One example is incorporating free PEG polymers that can increase adhesive potentials through free chain interpenetration into mucosa surfaces (Huang et al., 2000). It should be noted that in the design of ATESs, the introduction of adhesive properties should not affect biocompatibility, cell affinity, porosity, and biodegradation characteristics of the scaffold system for the optimal regenerative effects.

When applied in vivo, the interaction of the scaffold with body fluids and blood could affect its adhesive properties. Water molecules can form a boundary between the adhesive scaffold and tissue, mask the functional groups, and thus hinder adhesion processes. Non-covalent interactions can also be affected (Hou et al., 2020a). Efforts have been made to improve underwater adhesive properties through mimicking the mechanism that are active in marine animals such as mussels and sandcastle worms (Zhao et al., 2017). The keys to achieve underwater adhesion ability are the incorporation of L-3,4-dihydroxyphenylalanine (Dopa) and complex coacervation. Dopa provides a reversible chelation as well as covalent bonding with thiols and amines after oxidation. In complex coacervation, a denser liquid phase, separated from two fluid phases containing oppositely charged polyelectrolytes, binds to the wetted surface and triggers the underwater adhesion (Oh et al., 2014). In addition to these key mechanisms, other methods to enhance adhesion in vivo include hydrophobic interaction, double layer adhesion by zwitterions, increased surface unevenness of hydrogels (improves contact with adherends by repellence of liquid), incorporation of polymers that interpenetrate into the adherend and form interactions with chains of the substrate, and water absorbable dehydrated gelatin and poly (acrylic acid) films (Laura et al., 2017; Nishiguchi et al., 2019; Yuk et al., 2019; Hou et al., 2020a). In the case of ATESs, compatibility with native cells and tissues and the feasibility to form a 3D shaped construct should be also considered when selecting optimal methods for in vivo adhesion ability under wet conditions.

Adhesion under dynamic forces has been also a challenging concept. Adhesive cardiac scaffolds [i.e., cardiac patches (Serpooshan et al., 2013b, 2014; Serpooshan and Ruiz-Lozano, 2014)] applied to the surface of a beating heart are an example (Lin et al., 2019; Walker et al., 2019). The irregular and dynamic shape of the heart complicates maintaining the patch biomaterial in place, before curing and bonding formation with the tissue (Walker et al., 2019). The slippery wet surface together with the pulsatile motion make the cardiac patch adhesion one of the most challenging tasks, which requires strong adhesion and short curing and adhesion times under wet conditions. In the next section we will discuss advanced material options that been developed to meet such requirements.

Other mechanical requirements for ATES devices include tolerance to tension in applications such as nerve repair (Du et al., 2018), and to compression in cartilage and bone regeneration (Serpooshan et al., 2010, 2013a). Further, flexibility and elasticity of the scaffold are prominent in applications for lung and gastrointestinal adhesion (Tsuchiya et al., 2020). Also, harsh conditions in diseased states or post-surgery should be taken into account for in vivo applications (Zaokari et al., 2020). Such harsh conditions, such as low pH, oxidative environment, and high immune response, can affect degradation rate, swelling ratio, and cohesive strength of scaffolds, leading to a diminished adhesive strength in the long term (Taboada et al., 2020). In particular, lower pH can block amines on the tissue surface by amine protonation and hinder scaffold adhesive behavior based on covalent bonding with amine groups (Taboada et al., 2020). In summary, to manufacture an optimal ATES device for clinical and translational applications, the following material requirements must be fulfilled: (1) strong and durable adhesive properties; (2) the ability to form adhesion under wet conditions; (3) sufficient adhesive properties after partial degradation and swelling; (4) tolerance to tensile, compressive, and dynamic forces; and (5) sufficient adhesive strength under inflammatory conditions.



Measurement of Adhesion Properties of ATESs

Adhesive strength is the core property of the ATESs. A variety of mechanical tests such as tensile strength, shearing strength, burst pressure, wound closure, and peeling adhesion tests are primarily used to probe adhesive strength of biomaterials (Figure 2; Shin et al., 2015). Tensile test is employed when the adhesive scaffold is used to provide a linkage, such as in nerve repairing implants (Muzhou et al., 2012; Assmann et al., 2017; Xin et al., 2017; Jouan and Constantinescu, 2018; Chandrasekharan et al., 2019; Hong et al., 2019; Yuk et al., 2019; Cadena et al., 2020). Tensile test to measure adhesive properties is conducted by attaching the scaffold between the target tissues that are connected to the two probes of a tensile tester. After sufficient time for adhesion, the probe is pulled at a determined speed and the tensile strength is recorded (Shin et al., 2015). For shearing adhesive strength, different setups are used based on variable geometries and ways of applying the shearing forces. A single lap shear test, thick adherent shear test, and the Arcan device (butterfly shape) transform tensile movement to shear forces, while napkin ring test uses a torsion loading mode (Muzhou et al., 2012; Jouan and Constantinescu, 2018). Burst pressure test investigates the capability of scaffold to withstand air or fluid pressure. The tissue is fixed onto a device linked to a syringe pump. Subsequently, an incision of certain size is made in the tissue. After application of adhesive material to the damaged region and certain time for adhesive curing, liquid or air is applied with increasing pressure to the sample until bursting. The burst pressure is recorded as the highest pressure that the adhesive material could withstand before breakage (Assmann et al., 2017; Hong et al., 2019). Wound closure test can be examined according to ASTM F2458-05 standard. Two ends of a tissue piece for testing are glued to two slides and left with a gap. After incision in the middle, the tissue is re-united with adhesive material and then pulled by tensile stress until detachment (Chandrasekharan et al., 2019). Peeling test is used to measure interfacial adhesion toughness and is measured from the plateau force for either 180-degree or 90-degree peel test (Xin et al., 2017; Yuk et al., 2019).
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FIGURE 2. Different methods to assess adhesion strength. Created with BioRender.com.


Qualitative (or semi-quantitative) methods such as lifting heavy objects by adhesive material or twisting or bending the bound materials are also frequently used to demonstrate adequate adhesive properties (Liu X. et al., 2017). To better mimic the in vivo environment, tests could be conducted in aqueous solutions or by pre-wetting tissue scaffolds (Shoo and Stewart, 2010). Humid chambers could also be used to maintain moisture content and prevent dehydration (Mehdizadeh et al., 2012). Considering the complex geometries of tissues and the diverse loading types that can be applied to the adhesion site, a combination of multiple adhesion tests may be a better strategy for comprehensive analysis of the binding strength. Other properties such as swelling ratio, mechanical properties, biodegradability, porosity, and biocompatibility are extensively examined for ATES systems (Zhou et al., 2016; Han et al., 2018).




APPLICATIONS OF ATESS

Due to many unique advantages that discussed above, ATES systems are being increasingly used in a variety of tissue engineering applications (Table 2). Here we review six of the most common fields of tissue engineering that have utilized adhesive scaffolds. For each case, we discuss the necessity of regenerative treatments, the challenges that current therapies face in each field, and the significance and the outlook of applying ATES devices as an alternative approach. Benefits of these adhesive scaffold systems in comparison to conventional tissue engineering strategies are elaborated.


TABLE 2. List of various adhesive tissue engineering scaffold (ATES) systems along with the scaffold type, adhesion mechanism, and applications.
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Nerve Regeneration

Peripheral nerve defect is a common injury and often lead to partial or complete loss of sensation or even permanent disability (Ichihara et al., 2008). Although nerves have an inherent regenerative capacity, transected nerves typically show hindered regeneration. Such damages often require surgical interventions (Soucy et al., 2018). Methods such as autografts have shown success in treating the damaged nerve, but they have limitations such as surgical incisions, donor site morbidity, and limited graft supply (Ray and Mackinnon, 2010). As an alternative, tissue scaffolds, or conduits, have been fabricated and used as bridges for damaged nerve reconnection. They have shown great promise to facilitate and guide the regrowth of neurites (Stephanie et al., 2017; Ning et al., 2019). The standard approach to connect the transected nerve with a scaffold is suturing which can mechanically fixate the artificial structure into the nerve (Barton et al., 2014). However, suturing has inadequate capacity for sealing the nerves, and also could cause secondary damages to the injured tissue and increase tension, which would lead to reduced angiogenesis, one of the key requirements for nerve regeneration (Kehoe et al., 2012; Bahm et al., 2018). Therefore, sutureless approaches, such as bioadhesives, have been developed and attracted increasing attention. They seal the sectioned nerves and bind the two tissue ends together. Among these adhesives, fibrin-based glues have been extensively used (Sameem et al., 2011; Wang W. et al., 2018). The infilled fibrin glues could further guide the growing direction of neurites with orientated microfibers, while inhibiting the encroachment of scar tissue (Liqun et al., 2018). However, fibrin glues do not fulfill the mechanical and adhesive strength requirements for neural repair under sutureless conditions due to their inherently low stiffness. Also, these glue materials pose a high risk of infection which further limits its applications (Mehall et al., 2002). Compared to fibrin, cyanoacrylate gules overcome the infection risks, but their inferior biocompatibility could lead to possible foreign body reaction and fibrosis (Wieken et al., 2003). Another hydrogel-type glue, PEG, has also been used in nerve repair (Robinson and Madison, 2016). PEG glue has the potential of incorporating bioactive molecules through covalent reaction and has short binding time under initiation of visible light. The major concern for using PEG-based glues is the low degradation rate, hence, the possibility of persisting graft years after implantation (Barton et al., 2014).

As an alternative to these conventional suturing and glue methods, ATESs can be used as an advanced approach that offers greater biocompatibility, lower secondary damage, adjustable adhesive and mechanical strength, and tunable shapes. For instance, composite scaffold systems have been made by photocrosslinking two natural polymers, gelatin-methacryloyl (gelMA), and methacryloyl-substituted tropoelastin (MeTro) (Soucy et al., 2018). The gelMA/MeTro scaffold demonstrated tunable physicochemical properties, such as degradation rate, that could be regulated to match the nerve growth rate. These hydrogels exhibited a remarkable adhesive strength to the nerve tissue, 15-fold greater than the control fibrin glue. Another example is a chitosan and catechol modified ε-polylysine (PL) based adhesive hydrogel. The adhesion ability comes from non-covalent hydrogen bonding, π-cation and ionic interactions formed between catechol and lysine groups with nerve epineurium. In vivo tests demonstrated the ability of re-connecting and repairing of transected nerve fiber (Figure 3; Zhou et al., 2016).
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FIGURE 3. Application of adhesive tissue engineering scaffold (ATES) in nerve repair. (A) Mechanism of Hydrogel Formation. (B) Transforming from prepolymer solution to hydrogel state. (C) Mechanism of adhesion between the hydrogel and the nerve epineurium. (D) Schematic demonstrating the application of ATES in vivo. Reconstructed with permission from Zhou et al. (2016).


Future steps to further improve the function of ATESs in nerve regeneration include designing structures that could direct neural growth, incorporation of growth factors to promote cellular proliferation and/or function and integrating electrical stimulators or conductors. Also, the accuracy of axon reconnection with their original end-organ targets is essential because otherwise the generated nerve could be functionally compromised.



Use of ATESs in Cartilage Repair

Cartilage regeneration is vital for mitigating osteoarthritis, orthopedic trauma, meniscus damage, and other degenerative diseases (Kim et al., 2018). The lack of vasculature and nerve system, together with limited migration ability of chondrocytes, impair cartilage self-regeneration capacity. When left untreated, these conditions lead to loss of mobility and advance into chronic diseases (Fanyi et al., 2018). One effective therapy could be scaffolds that are biocompatible and adhere to the entire damaged tissue, and can maintain encapsulated cells, promote chondrocyte proliferation, and activate glycosaminoglycan (GAG) and collagen secretion. Traditional scaffold grafting methods are suturing and glue. In the case of cartilage, suturing can cause loss of chondrocytes and proteoglycans, induced by insertion of the suturing needle, fissures in the wall of the suture channels, and propagation of exiting cracks under mechanical forces acting on the joint (Hunziker and Stähli, 2008). Glues could also cause various complication that were described in previous sections. For maxillofacial cartilage specifically, material fixation methods should bring minimal physical damage to nerves, have low infection rate, and be non-toxic considering their short distance to the brain. Therefore, conventional suture and glue methods are often challenging for the fixation of materials onto the maxillofacial cartilage. ATESs can solve this problem by offering great biocompatibility, minimally invasive delivery approach through syringes, and tunable and short adhesion time post-delivery (Salzlechner et al., 2020). For instance, a hyaluronic acid (HA) hydrogel, modified with both MA and Dopa groups, was applied under aqueous conditions, demonstrating a rapid gelation using a standard surgical light and an adequate adhesion to the muscle tissue (Salzlechner et al., 2020). The catechol functional groups in dopamine can bind to organic and inorganic substrates through covalent and non-covalent interactions and are frequently used in bio-adhesive materials as dopamine can be readily incorporated into the backbone of polymers. Another type of catechol based ATESs is fabricated by polydopamine-chondroitin complex and polyacrylamide, with the adhesion property coming from the non-covalent interactions brought by catechol (Han et al., 2018). The hydrogel supports proliferation and gene expression of bone marrow stem cells and chondrocytes in vitro. Further, in vivo experiments demonstrated the ability of the adhesive hydrogel to repair cartilage defects (Figure 4A).
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FIGURE 4. Application of adhesive tissue engineering scaffolds (ATESs) in cartilage repair. (A) PDA-CS-PAM adhesive scaffold to regenerate cartilage. (a) Mechanism of PDA-CS complex fabrication. (b) Mechanism of PDA-CS-PAM hydrogel formation. (c) Schematic demonstration of the application of adhesive scaffold in vivo. (d) Cell repellence of CS-PAM hydrogel. (e) Promotion of cell adhesion to the hydrogel by addition of PDA. (B) Adhesive microgel systems for cartilage tissue engineering. (a) Assembly of microspheres induced by 4-arm PEG-NHS. (b) Assembled NHSA-microgels: (i) Compressive modulus of NHSA micro and bulk hydrogels by unconfined compression test; (ii) NHSA microgels on a spatula and under microscope (scale bar: 100 μm). (c) In vitro testing of adhesion ability: (i) Hollow gelatin hydrogel; (ii,iii) Injection of untreated microgels into the middle of the hollow hydrogel and no adhesion after 90 min; (iv,v) Injection of PEG-NHS treated microgel suspension into the middle of the hollow hydrogel and adhesion after incubation. (d) Demonstration of adhesion mechanism between microgels and tissue. **P < 0.01. Reconstructed with permissions from Fanyi et al. (2018) and Han et al. (2018).


Injectable hydrogels also offer a minimally invasive nature and could fit into complex and irregular geometries of the degenerated cartilage (Liu M. et al., 2017). Hydrogel scaffolds could provide protection against shear forces during injection and increase retention rate of cells as well as support cell migration, proliferation, and function (Liu M. et al., 2017; Li et al., 2019). The intrinsic adhesive ability of injectable hydrogels is essential for fixation of deposited biomaterial onto the damaged cartilage. Polymers such as gelatin, HA, and alginate could be used to develop injectable hydrogels with intrinsic adhesive properties. Functional groups in these polymers are used for the incorporation of crosslinkable moieties that can form covalent bonding with chemical groups, such as primary amines, on the cartilage tissue. For instance, oxidation can create functional groups such as aldehydes in alginate polymers. An adhesive injectable hydrogel scaffold composed of oxidized alginate, gelatin, and borax (as crosslinker) has been used to encapsulate chondrocytes (Balakrishnan et al., 2014). Alginate induced chondrocytes re-differentiation and gelatin promoted hydrogel-chondrocyte interaction. Aldehyde groups in oxidized alginate reacted with amine groups in gelatin and the surrounding tissue to elicit crosslinking of hydrogel and adhesion to the cartilage (Balakrishnan et al., 2014). In more recent works, an catechol modified chondroitin sulfate based adhesive hydrogel was fabricated for cartilage regeneration (Shin et al., 2021). Further, an injectable catechol group modified poly(2-alkyl-2-oxazoline) and fibrinogen based material was developed to treat cartilage defects (Berberich et al., 2019). Results from these studies suggested that injectable adhesive hydrogels solutions may provide an optimal solution for cartilage (and other) tissue repair due to their high tunability.

In another study, tyramine (TA) conjugated HA (TA-HA) combined with gelatin was used to form adhesive injectable hydrogel by tyrosinase (TYR)-mediated crosslinking and adhesion. HA is one of the major components of cartilage ECM and could help with cell proliferation, migration, and tissue regeneration. TA can be oxidized by TYR to generate quinone groups. These groups covalently bond with other phenolic moieties or amine, thiol, and imidazole groups in gelatin, for crosslinking, and with groups on tissue for adhesion (Kim et al., 2018). These adhesive injectable hydrogels encapsulated with cells can facilitate tissue regeneration through minimally invasive procedures.

To further facilitate nutrient and waste exchange within the ATES structure, microgel spheres have been also adapted as scaffold systems for articular cartilage repair (Figure 4B; Fanyi et al., 2018). To achieve rapid bonding between microgels for assembling into higher order structures, and also the adhesion between microgels and the surrounding tissue, 4-arm poly (ethylene glycol)-Nhydroxysuccinimide (NHS) has been used as a crosslinker (Fanyi et al., 2018). NIH forms covalent bonds with primary amines on gelatin based microgels and with the protein-rich cartilage tissue. Human bone marrow derived mesenchymal stem cells (hBMSCs) were encapsulated in these microgel assemblies exhibited significantly increased chondrogenic gene expression.

In summary, ATESs can aid cartilage regenerative processes by offering a minimally invasive delivery, a simplified surgical grafting operation, flexibility to treat small or complex defects, steady fixation without secondary damages or cytotoxicity, protection and retention of cells, and support of cellular proliferation and differentiation. In addition to these benefits, an ideal scaffold for cartilage repair should also demonstrate adequate tolerance to certain levels of forces and maintain effective adhesive strength under dynamic movements. These requirements must be addressed in the future endeavors on biomaterial selection and development.



Corneal Regeneration Using ATESs

If left untreated, corneal injuries and infections might lead to eye shape deformations and even vision loss. Tissue grafting and corneal transplantation are standard treatments for corneal stromal defects (Yorston and Garg, 2009). Tissue grafting is limited by the need for donor tissues, special equipment, and advanced skills, as well as potential transplant complications and rejection. Corneal transplantation has drawbacks brought by donor tissue shortage and high expense of transplantation surgery. Also, if suturing is applied, the process not only requires high skill levels from the surgery team and a relatively long time for operation, but can also cause multiple complications including inflammation, astigmatism, suture breakage, secondary neovascularization, microbial infection, as well as the lack of control of disease recurrence (Chan and Boisjoly, 2004; Bhatia, 2006; Grinstaff, 2007; Romano et al., 2016; Santiago et al., 2019). Ocular adhesives used as an alternative for the above treatments typically consist of synthetic materials, such as cyanoacrylate-based, PEG-based, and dendrimer-based adhesives, and naturally derived materials, such as protein-based and polysaccharide-based adhesives (Park et al., 2011; Koivusalo et al., 2019; Santiago et al., 2019). In particular, cyanoacrylate-based glues, PEG-based adhesives, and fibrin glues have been most commonly used in treatments for various ocular conditions (Santiago et al., 2019).

Cyanoacrylates are one of the earliest ocular adhesive solutions used. However, their cytotoxicity, rough texture, poor biodegradability and bioabsorbability, inflexibility after solidification, and lack of transparency impose major limitations on their application in clinical treatments (Ciapetti et al., 1994; Kaufman et al., 2003; Chan and Boisjoly, 2004; Bhatia, 2006; Chen et al., 2007; Park et al., 2011). An FDA-approved PEG-based adhesive for ocular repair, ReSure®, has already been used in cataract surgery and laser-assisted in situ keratomileusis (LASIK) surgery (Masket et al., 2014; Ramsook and Hersh, 2015; Tong et al., 2018). But this hydrogel adhesive requires rapid operation, has limited stability, cannot seal large leaky incisions, or fill in stromal defects (Park et al., 2011). The drawbacks of fibrin glue mainly lie in its poor adhesion ability to wet surfaces, difficulty to control product quality, and potential risks of viral contamination and immunological problems (Shirzaei Sani et al., 2019).

For an optimal alternative adhesion strategy for corneal tissue grafting or transplantation, the following biomaterial requirements must be fulfilled: long time stability onto the tissue, transparency, biocompatibility and biodegradability, appropriate stiffness, support of cell growth, simplified application procedure, and the ability to elicit tissue regeneration (Ahearne et al., 2020). ATESs are considered a proper candidate, as they can support tissue regeneration, have designable degradation rates and stiffness, and avoid suturing and glues, which is essential when it comes to vision recovery (Figure 5). Adhesive scaffolds are also able to fill larger stromal defects and help reduce surgery difficulties with intrinsic bonding ability. For instance, a modified photo-crosslinkable gelatin material, called GelCORE (gel for corneal regeneration), has been shown to adhere to the cornea tissue within a short-time exposure to visible light (Figure 5; Shirzaei Sani et al., 2019). While an adhesion strength higher than the commercially available adhesives was obtained, this ATES also maintained transparency. GelCORE was compatible with corneal cells and promoted cell integration. It effectively sealed corneal defect and promoted re-epithelialization (Shirzaei Sani et al., 2019). Another ATES product was based on modified HA. Two components, aldehyde modified HA and carbodihydrazide and dopamine modified HA, were mixed to fabricate a transparent hydrogel (Koivusalo et al., 2019). Aldehyde groups formed covalent bonding with the surrounding tissue, while dopamine groups augmented the adhesion strength and promoted human adipose-derived stem cell (hASC) culture by facilitating the conjugation of cell-adhesive proteins to the hydrogel surface. One novelty of this approach was the co-encapsulation of two cell types, hASCs and human embryonic stem cells (hESCs) into the ATES, with hASCs buried within the hydrogel to elicit regeneration of corneal stroma and hESCs on the surface of for regeneration of epithelium (Koivusalo et al., 2019).
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FIGURE 5. Application of adhesive tissue engineering scaffolds (ATESs) in cornea repair. (A) Mechanism of hydrogel formation. (B) Application of ATES: (i) Corneal defect; (ii) Scaffold application; (iii) Epithelial healing; (iv) Regeneration. (C) Injection of prepolymer into injured cornea. (D) Demonstration of GelCORE hydrogel. (E–G) Compressive stress-strain curve (E), compressive moduli (F), and elastic moduli (G) for GelCORE hydrogels at varied concentration and crosslinking time. (H) Water content of GelCORE hydrogel after different crosslinking times at 37°C. (I) GelCORE degradation in collagenase type II at 37°C. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Reconstructed with permission from Shirzaei Sani et al. (2019).


For corneal regeneration, aside from basic requirements such as biocompatibility and biodegradability, transparency and appropriate stiffness for patient comfort are key factors for an optimal scaffold design. ATESs can help avoid complications caused by suturing, such as astigmatism and extensive neovascularization, as well as circumvent the inability of glue products in filling the stromal defects. Transparent ATESs with adjustable mechanical strength that could adhere to the tissue for long periods of time offer great promise as a desirable tissue engineering device for ocular regeneration.



ATESs in Skin Regeneration

While treatments for acute skin wounds can be effective, chronic wounds can be difficult to fully treat (Subhamoy and Baker, 2016). Further, diabetes, severe burning, or other severe conditions may obstruct the natural healing process of the skin, highlighting the need for enhanced clinical interventions (Chouhan et al., 2019). Among alternative strategies, cultured epithelial autograft (CEA) sheets, skin grafts, skin substitutes, wound dressings, and injectable hydrogels are commonly used to facilitate wound healing (Vig et al., 2017). CEA sheets limitations include relatively long preparation time and poor function in full thickness wounds. Skin grafts are invasive and may cause complications such as scarring and infection (Tottoli et al., 2020). Skin substitutes are tissue engineered products that are designed to replace or mimic the form and function of the skin (Krishna et al., 2014). Wound dressings work as a barrier for maintaining moisture and keeping out bacterial infections (Zoe et al., 2019). Engineered scaffolds are commonly used as skin substitutes and wound dressings and can facilitate healing process through providing a reservoir of cells and growth factors to mediate angiogenesis, inflammation, antibacterial properties (Figure 6). At the same time, these ATESs can regulate cell infiltration, proliferation, and replacement of the lost tissue (Boateng et al., 2008). Adhesive properties of tissue engineering scaffolds can have several benefits for their application in wound healing: (1) these constructs are able to conform to uneven, curved, or folded surfaces of complex skin wounds or wounds near joints; (2) can reduce the risk of wound exposure to bacterial invasion; (3) avoid the use of sutures and staples that can cause secondary damages to the tissue; and (4) the adhesive in situ forming hydrogels can be applied to longitudinal wounds to protect them from the external environment (Saleh et al., 2019; Hou et al., 2020b). Also, adhesion ability combined with in situ gelling ability can be used to fabricate injectable hydrogels that can fill wounds with irregular shapes and provide a customized coverage (Subhamoy and Baker, 2016; Duy et al., 2018).
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FIGURE 6. Application of adhesive tissue engineering scaffolds (ATESs) in skin tissue repair. (A) GelMA hydrogel formation and application to skin wounds. (B) Representative TEM image of HA/miR-223∗ NPs with ratio of 325:1 (w/w) in DPBS. (C) Representative confocal image of Cy5.5-labeled (red) NPs in hydrogel. (D) Elastic modulus of hydrogels containing different NP concentrations. (E) Compressive modulus of hydrogels with different NP concentrations. **P < 0.01 and ****P < 0.0001. Reconstructed with permission from Saleh et al. (2019).


Patch shaped polyurethane-poly(acrylamide) (PU-PAAm) hydrogels can be UV cured to demonstrate tissue adhesion functionality that is introduced by electrostatic interactions between hydrogel and the skin (Hou et al., 2020b). Further, the interpenetration of PU and PAAm gives stretchability and ductility to the hydrogel. The adhesion property, along with the flexibility, allow this ATES to fit into complex wounds and prevent bacterial invasion. The hydrogel shows remarkable skin regenerative capacity and easy removal (Hou et al., 2020b). Compared with control group, the hydrogel treatment groups showed decreased inflammatory cells infiltration and enhanced vascularization and epithelialization. UV-crosslinkable gelMA-based hydrogels that are supportive of cell attachment, infiltration, and proliferation, can be also used to mediate wound re-epithelialization and healing (Figure 6; Saleh et al., 2019). The adhesion strength is brought by mechanical interlocking between gelMA and the native tissue, as well as covalent bonding triggered by radicals generated during photo-crosslinking.

Injectable adhesive hydrogels can also fill irregular shape wounds by in situ gelation and adhesion that could be used to heal longitudinal wounds. An example is a multiblock copolymer, comprised of PEG and pH- and temperature-sensitive poly(sulfamethazine ester urethane) (PSMEU), which can change from sols into stable gel by transitioning from in vitro (8.5, 23°C) to in vivo conditions (7.4, 37°C) (Duy et al., 2018). The adhesion ability came from the presence of urethane esters that interact with the tissue. Quantitative measurement of wound closure rate, breaking strength, and collagen content suggested that the adhesive hydrogel effectively homed the cells, facilitated cell migration, and provided a suitable environment for neo-tissue formation (Duy et al., 2018). Another example is poly (ε-caprolactone-co-lactide)-b-poly-(ethylene glycol)-b-poly (ε-caprolactone-co-lactide) (PCLA-b-PEG-b-PCLA, called in short PCLA) which is a biodegradable temperature sensitive polymer. PCLA/gelatin hydrogels with cell affinity and porous structure are used to seal the wounds and promote wound healing (Li et al., 2020). The adhesive ability can come from the interfacial hydrogen bonding between hydrogels and skin tissue. The presence of gelatin could improve the adhesion strength due to the ionic interactions between free amine groups on the gelatin chains and the skin tissue. In one study, the PCLA/gelatin hydrogel treated groups showed well organized collagen fiber and complete re-epithelialization after 7 days in a simple liner wound model with a 1 cm cut (Turabee et al., 2019). Further, treatment of a full thickness wound model with a 1 cm × 1 cm excisional wound showed granular tissue formation, dermis deposition, and enhanced collagen remodeling, suggesting that the scaffold provides a suitable environment for neovascularization and tissue regeneration (Turabee et al., 2019). More recently, a polydopamine-sodium alginate–polyacrylamide (PDA–SA–PAM)-based hydrogel with multi-functions was developed for skin tissue engineering (Suneetha et al., 2019). These hydrogels can be used as drug delivery systems for targeted and sustained release, hence, reducing systemic drug toxicity.

In sum, the application of ATESs in the fields of wound healing and skin tissue engineering has shown great promise. Future works could focus on developing an optimal adhesive scaffold with the following properties: (1) ability to adsorb wound exudates while maintaining moisture; (2) ability to protect the wound from the external environment, bacteria, and other pathogens; (3) flexibility and adaptability to complex wound shapes that enable complete and customized coverage; (4) applicability to all healing phases; and (5) basic functions such as biocompatibility, biodegradability, low cytotoxicity, and oxygen permeability, cost effectiveness, availability, and easy storage and application (Rezaie et al., 2019).



The Use of ATESs in Cardiac Tissue Repair

Adult cardiomyocytes have limited capacity for replication, which leads to the requirement of effective therapies to help regenerate damaged heart tissue (Ruvinov and Cohen, 2013; Doppler et al., 2017). A variety of tissue engineering therapies have been investigated for myocardial repair, including cell-based and scaffold-based approaches. Each strategy has its own challenges. The limitations of cell injections include the low cell survival and retention rate, limited interaction between the transplanted cells and the host tissue, and the possibility of inducing or exacerbating arrhythmias post injection (Soler-Botija et al., 2012; Huang et al., 2018, 2019). Injectable hydrogels might cause secondary damages and hemorrhage to the already weakened heart, and also limit the amount of therapeutics and cells that can be delivered to the tissue due to the hydrogel-induced pressure (Shin et al., 2019). Cell sheets face the challenge of electromechanical isolation from the native myocardium, as well as vascularization resistance when the construct contains four or more cell layers (Zhang and Jianyi, 2015). Cardiac patch devices are an alternative for the treatment of cardiovascular tissues after severe injuries (Serpooshan and Ruiz-Lozano, 2014; Serpooshan et al., 2014; Mei and Cheng, 2020). These engineered scaffolds can act as a depository of regenerative factors and a matrix to aid targeted therapeutic delivery and sustained release (Tomov et al., 2019). In comparison to other types of treatments, patch devices can offer the following benefits: (1) pre-designed structure that could be patient-specific, incorporate vasculature and contain patterned cells according to desired function (Noor et al., 2019); (2) full coverage of the entire damaged area (and the area at risk) that is specifically important for drug delivery and mechanical support (Ravichandran et al., 2015); (3) the ability of adhesive scaffolds to reduce secondary damages to the injured tissue, which is typically associated with gluing or intramyocardial injection methods. Using adhesive and glue materials is typically associated with challenges such as the inhibition of cell migration from the patch to damaged tissue, inadequate stiffness, cytotoxicity and exothermic reaction by polymerization of cyanoacrylates, complications related to viral infections, and low adhesion ability of fibrin sealants (Shin et al., 2019).

A ready-to-use tissue-adhesive catechol or pyrogallol modified HA patch has been developed and used for cardiac cell and drug delivery (Shin et al., 2019). The phenolic HA patches were lyophilized before use and simply applied by placing the hydrogel onto the cardiac tissue surface. Tissue adhesion and polymer crosslinking were initiated by oxidation of catechol or pyrogallol through spraying oxidizing solution (4.5 mg/mL of NaIO4). Rat BMSCs were transplanted by seeding onto the adhered patches. The lyophilized patch soaked up water molecules and formed a hydrogel after adhesion. The lyophilization step significantly enhanced the adhesion ability of the hydrogel. Application of the adhesive patch prevented LV dilatation and cardiac hypertrophy, and improved angiogenesis in a rat model of myocardial infarction (MI) (Shin et al., 2019).

Electrospun fibrillar patches can also serve as ATESs for cardiac tissue regeneration. The benefits of using fibrillar scaffolds include high surface area to volume ratios, defined spatial density, 3D anisotropic organization, and recapitulation of the fibrillar topography of the native myocardium (Kim and Cho, 2016; Streeter et al., 2019). For instance, a gelMA-based fibrillar patch was developed that could adhere to the heart tissue via photo-crosslinking, during which, MA groups of gelMA formed covalent bonds with amine groups of the tissue (Figure 7; Walker et al., 2019). To restore electrical conductivity at the site of MI, a choline-based bio-ionic liquid (Bio-IL) was covalently bound to the gelMA patch during photocrosslinking. The Bio-IL contributed to the adhesion ability through electrostatic interactions between its positive charges and negative charges of carboxyl groups in the cardiac tissue. After in vivo implantation, both gelMA and gelMA/Bio-IL scaffolds demonstrated tissue ingrowth, suggesting that they could both provide a cell-supportive microenvironment to reduce adverse cardiac remodeling post MI (Figure 7; Walker et al., 2019).
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FIGURE 7. Application of adhesive tissue engineering scaffolds (ATESs) in cardiac tissue repair. (A) Fabrication of electrospun cardiopatches, soaking in Irgacure solution, addition of Bio-IL, followed by UV crosslinking for 5 min. (B) GelMA/Bio-IL cardiopatch photo-crosslinked on explanted rat heart, demonstrating adequate adhesion (red arrows) to the heart tissue. (C) Wound closure test to test the adhesion strength of cardiopatches on the explanted rat heart (as substrate). (D) Quantification of the patch adhesion strength, consisting of 10% (w/v) gelMA and at varying concentrations of Bio-IL. (E) Images of gelMA/Bio-IL cardiopatch with 10% gelMA and 66% Bio-IL, crosslinked onto the defect site of explanted rat heart, to measure the burst pressure. (F) Quantification of the burst pressure. (G) H&E staining of patch-tissue interface, demonstrating a strong bonding of the hydrogel to the murine myocardium. (H,I) Ex vivo analysis of the threshold voltage of gelMA/Bio-IL cardiopatches at varying Bio-IL concentrations. *P < 0.05, ****P < 0.001 and ****P < 0.0001. Reconstructed with permission from Walker et al. (2019).


Fibrillar scaffolds can also adhere to the tissue through near IR irradiation, which results in hear generation and partial and local melting (denaturing) of the scaffold polymer to evoke binding and adhesion. An example is an electrospun albumin-based scaffold, encapsulating gold nanorods (AuNRs) (Malki et al., 2018). AuNRs absorb near IR radiation and generate heat, while simultaneously can help increasing electrical conductivity of the hydrogel matrix grafted onto the MI tissue. To inhibit potential damage of the localized heat to tissue, the patch was irradiated to attach to the heart tissue only on the peripheral areas, resulting in a strong fixation of the construct for the entire duration of assays (Malki et al., 2018).

In summary, adhesion to the heart tissue is a difficult task due to the presence of a high density of blood vessels and the highly dynamic forces. In addition to adequate adhesive strength, several other essential factors must be considered in fabrication of optimal cardiac ATES. These include electromechanical coupling of the patch with the host tissue, proper cell type, density, and distribution within the scaffold, and sufficient mass transport properties. Efforts should be made to integrate intrinsic adhesive properties, with other key requirements specific to cardiac tissue grafts. 3D bioprinting technologies that have already shown great promise in customization of cardiac patch structure and function (Hu et al., 2017; Serpooshan et al., 2018), could be an important tool in the design and development of cardiac ATES systems. For instance, an in vivo printed gelMA based adhesive scaffold was developed and used for skeletal muscle tissue repair (Quint et al., 2021).



ATES Solutions for Bone Repair

Regeneration of bone tissue when its remodeling capacity cannot compensate the tissue destruction remains a challenge in clinical practice (Yin et al., 2019; Bai et al., 2020). Treatment of such bone defects typically requires filling by autologous or allogenic grafts, as well as stabilization by screws, cages, or rods (Duarte et al., 2020). Limitations of autografts include excessive pain, donor site morbidity, cost, and limited supply. Allografts, with abundant source, are challenged by the uncertainty of compatibility and suboptimal osteoinductivity which may result in delayed or incomplete bone regeneration, immunogenic reactions, risk of infection, and possible disease transmission (Stevens et al., 2010; Gibbs et al., 2016). Complications associated with metal tools such as screws are potential over-tightening and bone stripping, fixture dislocation, fractures from holes, bone resorption by stress shielding, foreign-body reactions, growth disturbance, and the possible surgery for their removal (Schreader et al., 2012; Lei et al., 2019; Bai et al., 2020). Traditional bone adhesives, as an alternative, help with the spread of force over the whole contact area and thus minimize stress shielding effects. However, commonly used poly (methyl methacrylate) (PMMA) bone cement has low biocompatibility, no intrinsic adhesion ability to the bone, toxic monomers, poor bioresorbability, and possible thermal damage during polymerization. Fibrin glue is limited by its low mechanical properties and risk of inducing allergies. Calcium phosphate bone cements (CPCs) often lack proper mechanical properties and adhesive ability (Lei et al., 2019; Bai et al., 2020; Duarte et al., 2020). Advanced tissue engineering scaffolds with adhesive properties in wet environment, can replace autologous or allogenic bone grafts by offering sufficient biocompatibility and biodegradability. Further, ATESs will serve as a reservoir for cells and growth factors, as well as a suitable microenvironment that directs cell proliferation and differentiation toward bone regeneration (Leberfinger et al., 2017; Hasani-Sadrabadi et al., 2020).

An inorganic–organic hybrid scaffold consisting of tannic acid (TA), silk fibroin (SF), and hydroxyapatite (HAP) has been developed as an ATES for bone regeneration (Figure 8; Bai et al., 2020). This SF@TA@HAP system was inspired by the human bone, where inorganic nanoparticles are glued into organic collagen by proteins and proteoglycans. The bone hierarchical organization uses calcium-mediated sacrificial bonds for energy dissipation, ensuring high mechanical strength and healing properties. In the case of this bone-mimetic hybrid hydrogel, tannic acid acts as the glue to combine inorganic HAP and organic SF to form a scaffold with robust water-resistant structure (Bai et al., 2020). The adhesion ability comes from Ca2+ – phenolic bonds and other nucleophile-phenolic non-covalent interactions between the scaffold and the collagen proteins and HAP of bone tissue. The scaffold, embedded with bone morphogenetic protein-2 (BMP-2), guided MSCs toward osteogenic differentiation and mineralization in vitro. Further, application of the ATES in a rat femoral defect model resulted in enhanced bone regeneration bridging across the defect (Bai et al., 2020). Another ATES device was developed using dopamine–modified alginate and used to deliver cells and guide mineralization (Hasani-Sadrabadi et al., 2020). Moreover, a porous room-temperature-cured foam-like adhesive scaffold, based on polyurethane, was tested in vivo, demonstrating extensive cellular infiltration and newly generated bone, forming a connected structure after 24 weeks of osteotomy (Lei et al., 2019). More recently, an injectable alginate based adhesive hydrogel, laden with mesenchymal stem cells, was developed for craniofacial tissue engineering (Hasani-Sadrabadi et al., 2020).
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FIGURE 8. Application of adhesive tissue engineering scaffolds (ATESs) in bone tissue engineering. (A) Demonstration of SF@TA@HAP hydrogel formation. (B) Demonstration of adhesion and stretchability of SF@TA@HAP scaffold. (C) Demonstration of the flexibility and malleability of the hydrogel. (D) Glue filaments in the bone structure, connecting mineralized collagen fibrils. (E) Representative SEM image of the filaments in the SF@TA@HAP hydrogel. (F) Modulus of SF@TA@HAP hydrogel under repeated application of 100 and 0.1% strain. (G) AFM mechanical testing of SF@TA@HA, PMMA, and CPC. Bar graphs show the quantified values of dissipated energy during the separation step. (H) Results of mechanical testing of SF@TA@HA, PMMA, and CPC samples. Bar graphs show the quantified toughness. Reconstructed with permission from Bai et al. (2020).


In summary, ATESs could offer a highly attractive alternative therapy to substitute autologous or allogenic bone grafts, as well as serving as a highly tunable bone adhesive, replacing screws and other metallic devices for fracture stabilization. An ideal adhesive scaffold in the future should be able to adhere under wet conditions, while exhibiting adequate mechanical strength, especially compressive strength.




CURRENT CHALLENGES AND FUTURE PROSPECTIVE

Design and development of ATESs have attracted increasing attention in recent years. Recent works have successfully created scaffold systems that fulfill the basic requirements (elastic modulus, adhesion strength and mechanism, degradation rate, and biocompatibility) for diverse tissue engineering applications. However, efforts are still needed to enable and enhance clinical translation of these products in the future. Current adhesive scaffolds are mostly made through traditional scaffold fabrication methods, such as in situ gelation from liquid pre-gel. Integration of advanced scaffold fabrication methods, such as 3D printing and bioprinting, could be considered for enhanced cell-biomaterial arrangement, vessel incorporation, and personalized designs. Maintaining proper adhesion properties under wet conditions is still a challenge. New mechanisms that help tolerating such harsh conditions should be investigated for successful clinical translation. Also, methods for less invasive delivery of adhesive scaffolds should be adopted for each specific tissue and organ. Since additional fixation is not required for adhesive scaffolds, delivery through minimally invasive conduits (e.g., catheters) could be considered.

Effective application of ATES devices in different tissue engineering applications currently face many challenges. ATESs for all different types of tissues face challenges such as wet environment where water molecules form a boundary and mask functional groups, low pH, oxidative environment, high immune response under trauma and post-surgery. For the nerve scaffolds, significant tensile stresses are another challenge. In cartilage and bone, dynamic compressive stresses would complicate the adhesion requirements. In the case of corneal tissue engineering, the ATES must also exhibit adequate transparency and patient comfort. Finally, for the cardiac scaffolds, dynamic loading exerted by the beating heart and the lack of reservoir which requires quick adhesion, are some of the key limitations.

Future research on adhesive scaffold devices could focus on two specific directions: (1) advanced adhesion properties that can maintain the secured device attachment under harsh conditions such as bleeding, dynamic (pulsatile) loading such as beating heart, or in the presence of strong immune responses; (2) Incorporation of adhesive hydrogel (biomaterial) technologies into advanced tissue biomanufacturing techniques. In particular, adhesive scaffold devices can be 3D bioprinted to provide a more targeted and personalized structure, while incorporating more functional features such as perfusable vascular networks and heterogeneous cellular populations that more closely mimic the native human tissue.



CONCLUSION

Adhesive tissue engineering scaffolds are advanced medical treatments to replace traditional fixation strategies such as sutures or bio-glues to circumvent their drawbacks such as morbidity, toxicity, potential allergies, and operation inconveniences especially for treating complex tissue defects. Adhesive scaffolds can help with more effective cell migration and engraftment between implanted construct and the host tissue. They can also significantly reduce operation trauma and pain for patients by providing minimally invasive delivery (e.g., injection) and immediate fixation. There are substantial differences between ATESs and adhesive products. Adhesives are used for holding tissues together, while ATESs are scaffolds with intrinsic adhesion properties for tissue regeneration. These two functions could be held at the same time, but many adhesives lack the ability for tissue regeneration due to their low biocompatibility, insufficient mechanical properties, and improper degradation rate. Future works in ATES will focus on improving the under-water adhesion properties and simultaneously improving mechanical properties, flexibility, and other functions that are specific to each tissue and organ. For instance, scaffolding biomaterials with enhanced optical properties will be needed for corneal regeneration. Adhesion ability under dynamic forces and adequate electrical conductivity will be required to manufacture cardiac ATES devices. Furthermore, for more effective development of adhesive scaffolds, standardized testing procedures should be defined for measuring the strength of adhesion to specific tissues and organs. More insight into the adhesion mechanisms between the scaffold and tissue surfaces would be of great significance. The successful development of functional ATES products, with potential for clinical translation, could help significantly reduce patients’ pain and morbidity and therefore, is expected to draw increasing attention in the coming years.
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Heart rhythm disturbances caused by different etiologies may affect pediatric and adult patients with life-threatening consequences. When pharmacological therapy is ineffective in treating the disturbances, the implantation of electronic devices to control and/or restore normal heart pacing is a unique clinical management option. Although these artificial devices are life-saving, they display many limitations; not least, they do not have any capability to adapt to somatic growth or respond to neuroautonomic physiological changes. A biological pacemaker could offer a new clinical solution for restoring heart rhythms in the conditions of disorder in the cardiac conduction system. Several experimental approaches, such as cell-based, gene-based approaches, and the combination of both, for the generation of biological pacemakers are currently established and widely studied. Pacemaker bioengineering is also emerging as a technology to regenerate nodal tissues. This review analyzes and summarizes the strategies applied so far for the development of biological pacemakers, and discusses current translational challenges toward the first-in-human clinical application.

Keywords: biological pacemaker, cardiac conduction system, cardiac diseases, bioengineering, gene engineering, tissue engineering


INTRODUCTION

Cardiac and cardiovascular diseases are globally increasing due to the aging of populations. The total number of electronic cardiac pacemaker implantations has risen accordingly (Mensah et al., 2019; Bai et al., 2020; Peters et al., 2020; Virani et al., 2020). However, even with continuous technological improvements, current-generation electronic pacemakers still have significant limitations and complications regarding the clinical application. Electronic pacemaker implantations are accompanied with numerous challenges, such as the risk of various infections, a relatively short battery life, lead failure/repositioning, pacemaker material allergy, electronic interference, an occasional component failure, vascular, and other complications (Nishii, 2016). Several cardiac conditions require additional non-device approaches as in the case of a congenital heart block, which cannot be treated using electronic pacemakers, or in the case of a contraindication to reimplantation before effective antibiosis is established. A congenital heart block and other congenital cardiac conditions could result in fetal death or stillbirth and, in most cases, require in utero pacing (Gutiérrez et al., 1989; DeSimone and Sohail, 2018; Manolis et al., 2020).

Biological pacemakers could be, therefore, a new promising therapeutic alternative to current electronic devices, being the advanced, effective biotechnology to counter these challenges. The concept of biological pacemakers is based on bioengineering and biotechnology approaches for the production and implantation of different pacemaker cellular components for the electrical pacing of heart. As of date, numerous studies are conducted, and methodologies are proposed to create clinically relevant biological pacemakers as an alternative to the artificial cardiac devices.



ANATOMY, BIOLOGY, AND PHYSIOLOGY OF THE CARDIAC CONDUCTION SYSTEM

The mammalian cardiac conduction system can be figured as an electrical path able to generate the impulse and transfer it across the heart, where it triggers the electromechanical force at the base of the pump function. In this electrical path, several stations with a precise functional hierarchy are present: firstly, the sinoatrial node (SAN); then, the atrioventricular node (AVN), the His bundle, the left and right bundle branches; and, finally, the Purkinje fibers (Park and Fishman, 2011; Persson and Persson, 2012).


The Sinoatrial Node

SAN is a natural pacemaker of the heart, i.e., the specialized myocardial tissue responsible for our 2-billion heartbeats in the lifespan. Described for the first time by Keith and Flack in 1907 as a “wonderful structure” Keith and Flack (1907), the SAN is the heart conduction system's primary station.

In almost all mammals, SAN is localized sub-epicardially in the sulcus terminalis, namely the terminal groove, in the junctional region between the right atrium and superior vena cava (Liu et al., 2007). In most cases, it displays a tadpole shape with a length varying from 1.5 mm in mouse to 15 mm in humans (James, 1961; Liu et al., 2007), but large variability in size and localization has been observed in intraspecies and interspecies anatomical comparisons (James, 1977).

Being already distinguishable from 6 to 8 weeks of embryonic development, this specialized tissue has a particular composition in cells and extracellular matrix elements, rendering it very particular with respect to the working myocardium and other adjacent structures. An intricate network of collagens surrounds, in humans, the cells responsible for the generation of the impulse, the so-called pacemaker cells (PCs), and other cytotypes, i.e., the transitional cells. Each PC displays a clear cytoplasmic zone around a large, centrally located nucleus with little glycogen amount and randomly oriented myofibrils and small mitochondria. Proximity to and arrangement in clusters or grapes are mainly observed among PCs, but the interconnection is poor with the absence of intercalated disks and tight junctions (James, 1977). During SAN depolarization, the spontaneous release of Ca2+ from the sarcoplasmic reticulum through the ryanodine receptor 2 (RYR2) activates the five distinct ionic currents of PCs, i.e., (1) the voltage-dependent outward current Ik, generated by ERG channels, (2) the inward current carried by Na+ and K+ ions, the so-called funny current If, dependent on HCN1/4 channels, (3) the L-type Ca2+ current, i.e., ICa,L, generated by Cav1.2/1.3; (4) the T-type Ca2+ current, i.e., ICa,T mediated by Cav3.1/3.2 channels, and, finally, (5) the inward Na+-Ca2+ exchange current, i.e., INaCa due to the NCX1 channels. All these membrane ion channels concur to the physiological automaticity of SAN, but a long debate is still going on the predominant one in controlling the spontaneous diastolic depolarization (DD) (Lakatta and DiFrancesco, 2009; DiFrancesco, 2020). If current is largely considered the electrophysiological hallmark of SAN. It was discovered as an inward current in 1979 by the electrophysiological analysis of the cell preparation of a rabbit sinoatrial node. Indeed, an inward current was previously observed in the hearts of mammals and amphibians (Noma and Irisawa, 1976; Brown et al., 1977): however, its relevance was not immediately recognized, nor the contributing ion channel(s) were distinguished. The unusual behavior and features of the just identified current induced its discoverers Brown and colleagues to describe it as “funny.” It was, in fact, unprecedented that an ionic current was revealed to be activated by hyperpolarization at a very low threshold, works at the voltage range that includes the DD voltage diapason (from −40/50 to −100 mV), and display kinetics characterized by reverse at about −10/−20 mV thanks to the Na+/K+ channel permeability (Brown et al., 1979). Not only If was demonstrated to possess these unique properties, but also showed responsiveness to adrenergic and muscarinic stimulations. All the fundamental requisites for DD generation and heart rate modulation are indicative of the pacemaking ability of If current. Lately, another feature was found to render If unique, namely its physiological retrieval in almost no other body tissues than SAN (Liu et al., 2007). Another inward current gained interest as a possible “intracellular Ca2+ clock,” i.e., INaCa: Ca2+ cycling at the sarcolemmal membrane is particularly relevant for normal pacemaker automaticity and, hence, it could represent another mechanism of pacemaking (Maltsev and Lakatta, 2008). During DD, in fact, NCX channels become activated by the spontaneous, local Ca2+ releases after the opening of RYR2. As a consequence, the depolarization of the membrane potential is increased until the threshold for the next action potential is reached. Uncertainty still remains about the relative roles of If (membrane voltage clock) and INaCa (intracellular Ca2+ clock) in the normal total pacemaker clock (Lakatta and DiFrancesco, 2009). Conversely, the conclusive phase of the action potential in PCs has been more defined, with Ca2+ re-uptaking in the sarcoplasmic reticulum via Ca2+ ATPase SERCA2 (Irisawa et al., 1993; Mangoni et al., 2006; Maltsev and Lakatta, 2008; Chandler et al., 2009).

Around PC grape-like clusters, transitional cells distribute in the outer half part of SAN. Despite a similar elongated aspect to working myocardial cells, transitional elements are smaller in size, very interweaved, abundant in glycogen, less rich in myofibrils and mitochondria, distributed in an arranged fashion. Transitional cells are much higher in number than PCs and are responsible for transmitting the sinus impulse to the ordinary myocardium. These SAN cells have an embryonic origin in the sinus venosus as other cell types composing the node, i.e., fibroblasts and nerve cells.

An important component of SAN is its main artery, prevalently originating from the right coronary artery as its first branch. The SAN artery crosses the node centrally and is widely interconnected with the right and circumflex coronary tree, thus supplying blood to the atrium and the same node. A copious net of capillaries, arterioles, and venules supports the vascularization of the whole SAN.

Due to its proximity and arterial connection to the aorta, SAN also exerts a sensor role for monitoring central aortic pressure and pulse, a servomechanism stabilizing pulse and impulse. Moreover, adrenergic and cholinergic nerves operate as further functional stabilizers in the beat-to-beat frame and in the longest time. In particular, the balanced autonomic innervation contributes to the stable performance of SAN in its postnatal maturity (James, 1970).



The Atrioventricular Node

AVN lies at the conjunction of the right atrium and the right ventricle. For this purpose, Tawara (1906) described it as the sole electrical connection between the upper and lower chambers of heart as he first observed in several mammalian species. This anatomical hypothesis was confirmed after 1 year by Keith and Flack (1907) and further elaborated 7 years later by Kent (1913) as a multiple, muscular atrioventricular path. Knowledge about AVN was progressively re-evaluated with an increase in interest not only by anatomists and histologists but also by molecular/clinical cardiologists and electrophysiologists (Anderson and Siew, 2002).

This second station of the conduction system appears as a small spindle-shaped structure localized in humans at the apex of the Koch triangle, an endocardial region ideally defined by the coronary sinus orifice, the Todaro tendon, and the septal leaflet of the tricuspid valve. AVN receives blood supply via the right coronary artery in the right heart dominance case (Kurian et al., 2010; Anderson et al., 2020). Besides a compact nodal area, a transitional region is present. Two electrophysiologically distinct conduction pathways connect SAN to AVN. The pathways were described first in 1971 (Spach et al., 1971) as the “fast AVN” and the “slow AVN” ones as they are the fastest and slowest pathways for the action potential via AVN (Dobrzynski et al., 2013). Therefore, AVN is characterized by a “dual-pathway electrophysiology”: the route via the interatrial septum connects to the fast (normal) pathway, and the route via the terminal crest connects to the slow pathway (Meijler and Janse, 1988; Dobrzynski et al., 2013).

The inferior extension of AVN is much debated, which recently has been better characterized in human hearts (Anderson et al., 2020; Cabrera et al., 2020). In particular, wide variability was described in terms of dimension and penetration degree for the AVN conduction tracts entering the myocardium as well as for the subsequent part of the conduction system, i.e., the bundle of His (further details in the next subchapter). Intrahuman variability has been observed for many AVN components, such as the nodal region morphology and the connections of atrial myocardium (Anderson et al., 2020; Sternick and Sánchez-Quintana, 2021).

AVN generates cardiac automaticity only as a subsidiary to SAN and with different characteristics from the first conduction system station. AVN shows a filtering activity protecting the ventricles from supraventricular tachycardia. Its conduction velocity is slower (AVN delay); thus, the potential action transmission is highly controlled, and the atrial and ventricular excitation–contraction cycle is very coordinated also in the case of atrial fibrillation or tachycardia. AVN-generated automaticity is only subordinate to SAN and might impose only with the dysfunctional pacemaking of the latter (Meijler and Janse, 1988). It has been reported that a minimum of three different functional regions and five different cell types constitute AVN. From AVN cell types, cell junctions with ventricular bundle branch and His cells are established. Like SAN PCs, midnodal cells are very packed in the so-called Tawara's “Knote” or N region, display scarce myofibrils, and rarely establish junctional relationships (Meijler and Janse, 1988). They express HCN4 (Huang et al., 2013; Xia et al., 2020) and depend on voltage-gated L-type Cav1.3 and T-type Cav3.1 Ca2+ channels, too (Baudot et al., 2020), through which pacemaking can be controlled when required. Transitional cells derive their name from the AVN midnodal region transition toward the atrial myocardium. In the rabbit heart, where they have been deeply studied, three transitional cell types have been distinguished mainly depending on their location (Anderson et al., 1974). Lower nodal cells are arranged in a bundle parallel to AVN and display a smaller size than atrial cells (Meijler and Janse, 1988). The NH region identifies the cells that connect with the His bundle and are thought to be the sites of AVN automaticity. The AVN nodal delay depends on the transmission through these multiple bundles and a peculiar arrangement of connexins in the nodal cells. In addition, the diameter of these latter concurs in the transmission delay as well as the possible presence of passive electrical properties (Pollack, 1976; Meijler and Janse, 1988; LeBlanc and Dubé, 1993; Choi and Salama, 1998). The typical connexins of the physiologic human myocardium, namely Cx43, 45, 40, and 31.9, show a differential distribution in AVN by combining in specific ratios and in a reduced number of gap junctions. For example, Cx43, being very abundant in the working myocardium, is only expressed in the AVN penetrating bundle, whereas Cx45 is present in both the compact node and inferior extension (Dobrzynski et al., 2013).

The AVN delay might be related to the relative paucity of connexins, especially Cx43, as well as to the reduced number of Nav1.5 channels and hence, the dependence on a slow inward ion current, as firstly hypothesized by Rougier et al. (1969) in the frog atrium and by Zipes and Mendez (1973) in the isolated rabbit heart.



The His Bundle, Bundle Branches, and Purkinje Fibers

The discovery of the His bundle by its homonymous researcher dates to almost 15 years before identifying SAN and AVN. It was only at the beginning of the 1970s that James and Sherf (1971) differentiated histologically the regions belonging to AVN and the His bundle.

Anatomically, the His bundle appears as a group of fibers with surrounding electrical isolation provided by the central fibrous body. This fascicle exits AVN, and mainly enters the membranous septum at the apex of the Koch triangle to continue afterward into the left and right bundle branches. Through its triple ramification, the thicker left bundle branch is responsible for the excitation of the mid-septal area and the regions of the anterolateral and the posteromedial papillary muscles. The right bundle branch travels toward the moderator band and the anterolateral papillary muscle. Lastly, they both culminate in the sub-endocardium, respectively, in the left and the right ventricles, by connecting with Purkinje fibers that contribute to the transmission of the electrical signal to the endocardial ventricular regions (Padala et al., 2021).

Compared to the surrounding cells, Purkinje cells are histologically distinguishable thanks to their clear cytoplasm, as observed first by Jan Purkinje in 1839 (Cavero et al., 2017). Unlike the cells composing the upper portions of the conduction system, Purkinje fibers display no electrical isolation from the rest of the cardiac tissues although they equally propagate the electrical impulse and show pacing and triggered activity but to a minimal extent. Interestingly, the type and distribution of connexins, namely Cx40 and 43, are peculiar to Purkinje cells with respect to the cells constituting the His bundle. Moving from the His bundle toward Purkinje fibers, the expression of Cx40 increases. Cx43 cellular localization becomes membranous and copious only in Purkinje cells that interact among themselves and not with other sub-endocardial cells (Dun and Boyden, 2008). Regarding action potentials, the duration is longer than in ventricular cells due to prolonged cell repolarization mainly dependent on IKAch, but depolarization is short thanks to very rapid, INa-related maximal upstroke velocity (Gintant et al., 1984; Yang et al., 1996). Other differences can be identified in the electrophysiological behavior of Purkinje cells, as reviewed by Dun and Boyden (2008).




APPROACHES FOR THE ENGINEERING OF BIOLOGICAL PACEMAKERS

With such a sophisticated composition and functionality, both congenital and acquired cardiac rhythm disturbances may originate from a heterogeneous spectrum of pathophysiological mechanisms (Persson and Persson, 2012). Therefore, effective anti-arrhythmic therapeutic approaches are more and more in demand for both pediatric and adult patients.

When pharmacological treatment is inefficacious to treat arrhythmias, artificial devices must be implanted to control pacing and prevent lethal consequences. These artificial treatments are lifesaving but show many shortcomings associated with a possible generator malfunction, the lack of autonomic responsiveness, a short battery lifespan, undesirable interactions with strong magnetic fields, device-related infections, etc. (Cingolani et al., 2018; Co et al., 2021; Joury et al., 2021). Additional challenges are related to artificial device implantation in children during the existence of the conditions of rapid growth, small body size, and/or anatomical variations associated with congenital heart defects (Cingolani et al., 2018; Taleski and Zafirovska, 2021). Other limitations are associated to the cardiac patients' required continuous monitoring and implementation of early interventions (Joury et al., 2021; Taleski and Zafirovska, 2021).

Various strategies have been progressively designed and improved to restore physiological cardiac pacing through natural solutions. The first attempt to restore physiological pacing was realized in several mammal species at the end of the 1920s by transplanting autologous, allogeneic, or xenogeneic conduction system tissue, namely a pedicle of the right atrium containing SAN, in the ventricular myocardium. The intervention was disclosed generally successful in case of autologous transplantation with the established rhythm between 6 h and 5 days from heterotopic grafting. Although effective for the first hours, allogeneic and xenogeneic grafts became progressively dysfunctional and underwent fibrosis (Rylant, 1927). About 40 years later, several preclinical studies were proposed to re-establish the electrical conduction between the right auricle and ventricle in a canine model of normal heart or complete block. By applying the same pedicle technique, autologous SAN tissues demonstrated to pace only after 2 months from the implantation in the normal heart (Ernst and Paulson, 1962). After a stable, complete heart block, the implanted autologous SANs established no influence on the recipient's preexistent idioventricular rhythm (Starzl et al., 1963). Uncertainties on the validity of the surgical technique applied and other technological difficulties related to the implantation and monitoring of the conduction tissue (e.g., pacemaker malfunctions) were also evident with further investigation (Morishita et al., 1981). Although not completely clear in the eyes of the scientists who tried it first, this initial approach could not be successful for many reasons, starting with a possible immune response to the allogeneic/xenogeneic tissue (foreign body reaction) up to the difficulties to achieve electrical integration and coupling with recipient's myocardium. With the current knowledge, one of the main causes of this unsuccess—besides immunoreaction—was the phenomenon of core necrosis (Rouwkema et al., 2009), which is a consequence of the blood supply insufficiency and a sign of failed tissue integration, very well-known to bioengineers.

In the path toward natural rhythm restoration (Figure 1), several technological advances are deeply contributing to an increased understanding of conductance (patho)physiology (Franco and Icardo, 2001; Goodyer et al., 2019; van Eif et al., 2020; Padala et al., 2021), as well as to its more feasible addressing for resolution. Methodologies based on naturally pacing cells, stem cell differentiation, gene engineering, tissue engineering, and/or their combination have been rehearsed so far in vitro and in vivo with varying success rates in restoring adequate cardiac pacing and conduction.
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FIGURE 1. Milestones for the clinical translation of a bioengineered pacemaker.



Cell-Based Approaches Using SAN Cells

After the initial unsuccessful, autologous, allogeneic, and xenogeneic transplantation trials of the SAN tissue (Rylant, 1927; Ernst and Paulson, 1962; Starzl et al., 1963; Morishita et al., 1981), subsequent attempts were realized using the methodologies characterized by an inferior technical demand.

One of the first approaches utilized to re-establish the biological pacemaker function was the cell-based one, relying on the concept of transplanting not a complete SAN tissue, but only its cells, possibly mixed with atrial cardiomyocytes. Typically, these methodologies are focused on the intrinsically electrogenic ability of the injected cells, which are expected to act as an ectopic pacemaker after functional electrical coupling with host working cardiomyocytes (Table 1).


Table 1. Cell-based biopacemaking approaches using SAN cells.
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Ruhparwar et al. (2002) dissociated the fetal canine atrial cardiomyocytes and injected them into the left ventricle of an adult dog model of X-linked muscular dystrophy. Successful electrical and mechanical coupling between host and donor cardiomyocytes was disclosed. Later, in 2005, the similar results were reported with a cell preparation of human atrial cardiomyocytes containing SAN PCs. When the mixed human atrial cells were injected into the porcine left ventricles, functional junctions, effective pacing, and an optimal autonomic response between donor cells and host cardiomyocytes were identified (Lin et al., 2005).

In another preclinical study, autologous SAN cells were injected into the myocardial wall of the right ventricle in a dog model after a complete heart block and the implantation of an electronic pacemaker. In spite of preserving the electrical activity, they showed different pacing features compared to their originating conduction system station. This observation highlights the relevant role of substrate conditioning in cell pacemaking activity (Zhang et al., 2011) and, hence, the still poorly studied but specific modulatory effect exerted by local cellular and extracellular microenvironments on the phenotype of exogenously introduced cells.

Although these initial cell-based strategies did not reach any clinical translation, they served as proof-of-concept for more advanced stem cell-based therapies and the next generation of pacemakers with optimal functioning after implantation in the selected regions of the heart.



Cell-Based Approaches Using Pluripotent Stem Cell-Derived Cardiomyocytes

Pluripotent stem cells (PSCs), i.e., embryonic stem cells (ESCs) and induced PSCs (iPSCs), are considered the most promising stem cell types regarding their ability to differentiate into a virtually unlimited number of body cell types, including those derived from the cardiac lineage (Rajala et al., 2011; Kadota et al., 2020). An accurate methodology for cardiomyocyte differentiation and/or PC specification from human PSCs (hPSCs) is based on the features and patterns of the embryonic cardiac development and aims to recapitulate in vitro the stage-specific modulation of its signaling pathways. It includes experimental tactics of embryoid body development (Yang et al., 2008) or monolayer attachment culture with specific biochemical conditioning (Laflamme et al., 2007). Yet, the differentiation of PSCs to cardiomyocytes mainly results in a mixture of atrial, ventricular, and nodal cells; therefore, the ultimate goal to guide the differentiation into a desired subtype and to create the biological pacemaker appears challenging (Table 2) (Xu et al., 2002; He et al., 2003; Yang et al., 2008; Jung et al., 2012, 2014; Mandel et al., 2012; Müller et al., 2012; Christoforou et al., 2013; Birket et al., 2015; Protze et al., 2016; Chauveau et al., 2017; Dorn et al., 2018; Zhang and Huang, 2019; Zhang et al., 2019a; Yechikov et al., 2020).


Table 2. Cell-based biopacemaking approaches by PSC differentiation into cardiomyocytes.
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Human ESCs (hESCs) are widely utilized in stem cell-based methodologies due to their ability to differentiate into spontaneously beating cardiomyocytes, which functionally express HCN channels (Kehat et al., 2001; Xu et al., 2002; He et al., 2003). For example, the functional integration and generation of the pacemaker activity were achieved in the transplantation experiments of electrically active hESC-derived cardiomyocytes into guinea pig hearts. Comprehensive optical mapping of the epicardial surface of these guinea pig hearts integrated with hESC-derived cardiomyocytes proved the extent of membrane depolarization being effective from the injection site to an adjacent myocardium as a bona fide sign of syncytium formation (Xue et al., 2005).

Indeed, human iPSCs (hiPSCs) are finding larger applications for the generation of PCs-like cardiomyocytes. Modern protocols currently allow to effectively generate hiPSCs-derived cardiomyocytes with the typical cardiac physiological features: a variety of ion channels, specific contracting apparatus, excitation, propagation, etc. (Xu et al., 2002; He et al., 2003; Yang et al., 2008; Jung et al., 2012; Mandel et al., 2012; Christoforou et al., 2013; Burridge et al., 2014; Birket et al., 2015; Dorn et al., 2018; Zhang and Huang, 2019). Moreover, biological pacing ability was demonstrated in vitro and in vivo (e.g., Protze et al., 2016; Chauveau et al., 2017).

Most approaches aiming at re-establishing the pacemaker activity relied on the injection of a heterogenous cardiomyocyte population derived from iPSC cardiac differentiation. For instance, after the delivery of iPSC-derived cardiomyocytes derived from embryoid body differentiation into AV block canine hearts in open thoracotomy, Chauveau et al. (2017) observed that these cells were integrated into the host heart tissue and were able to pace. However, this approach should be additionally optimized to increase the yield in the number of iPSC-derived PCs and reach a critical mass for effective and sustained pacing.

Notably, only a few studies attempted to overcome this issue by focusing on deriving SAN-like cells from the cardiac differentiation and pacemaker specification of hiPSCs (Müller et al., 2012; Birket et al., 2015; Protze et al., 2016; Zhang and Huang, 2019; Yechikov et al., 2020). Calcium-activated potassium channels were demonstrated in hPSCs as a valid target to generate an enriched population of PC-like cells by conditioning with 1-ethyl-2-benzimidazolinone (1-EBIO). After an initial induction of early mesodermal and cardiac genes (Brachyury, Isl1, and Myh6), conditioned cells displayed a small size, a high expression of the nodal marker HCN4, and a reduced content of myofibrils (Müller et al., 2012). Similarly, 1-EBIO might activate an atrial/PC cell differentiation program in conditioned ESCs and iPSCs. Birket et al. (2015) took advantage of lineage tracing to isolate the population of PCs from NKX2.5eGFP/w hESCs. Upon cardiac differentiation through a doxycycline-inducible MYC transgene and/or fibroblast growth factor (FGF)/bone morphogenetic proteins (BMP) signaling modulation, they observed that eGFP-negative cells were expectedly NKX2.5-negative but also expressed ISL1 and the posterior heart field marker podoplanin (PDPN) at high levels. This pattern of expression in these cardiac progenitors is typical of the native SAN during development. After further differentiation, these cells also showed a strong induction of TBX3, SHOX2, TBX18, and HCN4 and displayed the electrophysiological features of PCs. So-selected eGFP-negative, ISL1-positive, and NKX2.5-negative cardiac progenitors were demonstrated to be clonogenic and multipotent (Birket et al., 2015), therefore opening the way to further studies on development and disease modeling. However, the reliance of this PC generating system on a MYC transgene moves away from the clinical path and may require alternative strategies for a regenerative medicine application in humans.

A promising transgene-independent method for generating pure SAN-like PCs from hiPSCs was proposed by Protze et al. (2016) by a stage-specific manipulation of developmental signaling pathways. In these experiments, iPSC cardiac differentiation and PC specification were induced by time-controlled administration of several transcription factors, as first BMP4, Activin A, and bFGF, and, hence, the inhibitors of Wnt production 2 (IWP2) and vascular endothelial growth factor (VEGF), in order to induce cardiac mesoderm and cardiomyocyte generation. SAN-like PCs were selected in the whole population as NKX2.5-negative, SIRPA-positive cardiomyocytes expressing the typical SAN lineage markers (TBX18, SHOX2, TBX3, and ISL1), classic ion current profiles (e.g., If and IKAch), chronotropic responses, and the ability to fire pacemaker action potentials and pace ventricular cardiomyocytes in vitro. After the transfer into the apex of rat hearts submitted to AV block, these SAN-like cardiomyocytes demonstrated pacing activity in the host tissue and were able to function as a biological pacemaker (Protze et al., 2016).

Zhang et al. (2019b) disclosed the outcomes of a double-reporter system based on TBX5Clover2 and NKX2.5TagRFP developed with CRISPR-Cas9 technology to isolate TBX5-positive, NKX2.5-negative cardiac progenitors from the differentiated hiPSCs. These progenitors were identified as epicardial, by expressing the markers WT1 and TBX18, and they were found also positive for SHOX2, TBX3, HCN1, HCN4, and KCNJ3. PC-like cells differentiated from these progenitors showed a typical action potential morphology (in 80% of the total cells) and distinctive parameters (Zhang et al., 2019a). Unfortunately, this characterization did not identify a specific surface marker, which could be suitable to enrich this TBX5-positive, NKX2.5-negative subset of progenitors independently from the reporter system.

More recently, Yechikov et al. (2020) attempted to investigate the PC-like specification through Nodal inhibition. In the development of cardiac mesoderm, the inhibition of Nodal signaling downregulates a transcription factor, PITX2c, which represses SAN formation in the left atrium. Based on this rationale, iPSC-cardiomyocytes were submitted to Nodal signaling repression by the specific inhibitor SB431542. This conditioning actually induced the generation of a mixed population, also with nodal-like electrophysiological characteristics and higher expression of the transcription factors TBX3 and TBX18 (Yechikov et al., 2020), but not enriched or pure PCs.

Eventually, the identification of an effective specification protocol and/or a surface selection marker to enrich PC-like cells after PSC differentiation could anticipate the clinical application. As described previously, hPSC-cardiomyocytes, including enriched PC-like cells, were extensively investigated in various animal models (mouse, rat, guinea pig, pig, and primates) for the prospective of clinical transplantation (Kadota et al., 2020). In France, the phase I ESCORT trial by Menasché and colleagues evaluated the feasibility and safety to differentiate hESCs into ISL1-positive, CD15-positive cardiac progenitors for a clinical-grade therapeutic approach for the severe dysfunction of the left ventricle. No teratomas or arrhythmias were observed in the median of 18 months (Menasché et al., 2018). The first trial based on human allogeneic iPSCs started in Japan in 2019 to study the short-term efficacy of severe ischemic cardiomyopathy treatment by combining the derived cardiac progenitors and cell sheet technology (ClinicalTrials.gov Identifier: NCT04696328). As such, other clinical applications of PSC-derived cardiomyocytes are expected, including biopacemaking. However, challenging aspects for restoring pacing—apart from the relative pureness of hiPS-derived PCs—remain the delivery modality and cell injection substrate. Different approaches of hPSC-cardiomyocytes transplantation into the recipient cardiac tissue are currently tested (e.g., direct intramuscular injection or cell sheet epicardial patch techniques), which were often proved to allow for the formation of gap junctions between added cells and recipient tissues, and electrical coupling (Zhang et al., 2001; Hamdi et al., 2011; Kawamura et al., 2013; Narita et al., 2013; Tano et al., 2014; Gerbin et al., 2015; Kadota et al., 2020). It is still to be confirmed whether these methods could be equally suitable to guarantee adequate and functional integration also for hPSC-derived PC-like cells.



Gene-Based Approaches

Gene delivery was long time studied for the potential application in biological pacemaker regeneration methodologies (Table 3). It aims at overexpressing a gene codifying for an ion channel or another protein relevant in PC electrophysiology by adopting viral or non-viral transfer strategies.


Table 3. Gene-based biopacemaking approaches.
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De facto, the first effective gene-based approach for the generation of a biological pacemaker was applied by Miake et al. (2002) by using the viral gene transfer to transform quiescent heart-muscle cells into PCs. This study was focused on the inhibition of the endogenous inward rectifier potassium current (IK1) to prevent the automaticity suppression in guinea pig ventricular myocytes. Reduction in the number of inward rectifier potassium ion channels (encoded by the KIR2 gene family; KCNJ2) in the myocardium by overexpressing a KIR2.1-dominant-negative construct (KIR2.1AAA) was adopted. The suppression of IK1 induced ventricular cardiomyocytes to depolarize spontaneously, thus producing pacemaker activity (Miake et al., 2002). Further research focused on the KIR2.1AAA-based approach indicated that the overexpression of KIR2.1AAA not only prompts spontaneous membrane depolarization but also additionally triggers the action potential prolongation in case of lower mutant gene overexpression (Miake et al., 2003). However, there are some limitations regarding the use of Kir2.1-induced suppression as it could be associated with the heterogeneous expression of the ion channel between transduced and non-transduced regions, and, hence, arrhythmogenic electrical instability could be triggered (Miake et al., 2003; Sekar et al., 2009).

A growing body of evidence supports the hypothesis that the upregulation of exogenous β2-adrenergic receptors in the right atrium might cause an increase in the heart rate (Edelberg et al., 1998; Edelberg, 2001; Greene et al., 2012). Experimental data demonstrated that upon the atrial injection of the β2-adrenergic receptor construct, cardiac chronotropy enhanced up to 40% in mice (Edelberg et al., 1998) and up to 50% in pigs (Edelberg, 2001). In fact, this targeted, non-viral overexpression of β2-adrenergic receptors increases the protein availability for binding to endogenous catecholamines. Additional research confirmed that β2-adrenergic receptors colocalize with some ion channels, which are crucial for the correct cardiac function and heart rate. It was also established that β2-adrenergic receptors could create protein complexes with the pacemaker HCN4 channel and other subtypes of HCN channels (Greene et al., 2012). Nevertheless, this approach has only a chronotropic effect and does not increase the number of pacemaker channels. Moreover, uncertainties associated with the duration of construct expression might impede β2-adrenergic receptor overexpression from being effectively translated in the clinics.

A locally enhanced chronotropic activity might potentially be achieved through the HCN overexpression in the subsidiary atrial pacemaker tissue, which is physiologically bradycardic but shares several characteristics with SAN, including the differential expression of TBX3, HCN1, Nav1.5, and Cx43 with respect to the right atrium. It was shown, in fact, that pacing could be accelerated by the localized HCN2 or HCN212 overexpression (Morris et al., 2013), hence, advancing proof-of-concept for the clinical use of this subsidiary atrial pacemaker tissue for biopacemaking in the treatment of sick sinus syndrome. Translational interest was also dedicated to unravel the molecular basis of the link between the HCN repression and decreased heart rate. D'Souza et al. (2017) first demonstrated a prominent role for a microRNA, i.e., miR-423-5p, in the downregulation of HCN4 during bradycardia. Such a finding could explain the reduced heart rate observed in athletes and, ultimately, the sinus nodal dysfunction often diagnosed in elders who played sports at competitive levels. Yanni et al. (2020) similarly evidenced in models of heart failure with sinus bradycardia that the downregulation of the pacemaker ion channel HCN4 and its corresponding ionic current If is associated with the upregulation of another microRNA (miR-370-3p). Thus, the regulation of these specific miRs deserves more attention for possible pharmacological targeting in therapeutic strategies preventing the irreversible dysfunction of SAN.

Due to the extreme relevance of If current on pacemaking, additional gene-based approaches for the bioengineering of biological pacemakers are focused on the local transfer of a unique HCN gene (Qu et al., 2003; Tse et al., 2006; Plotnikov et al., 2008; Boink et al., 2013). HCN2 gene overexpression can increase the heart rate as well as generate biological pacemaker activity, as first demonstrated by Qu et al. (2003) in a canine model. In this experiment, adenoviral HCN2 constructs were injected by open thoracotomy into the left atrial appendage. After suppressing sinus rhythm by vagal stimulation, a spontaneous rhythm was observed on day 4 after the injection (Qu et al., 2003). In dogs with a complete AV block, Bucchi et al. (2006) demonstrated that the biological pacemaker obtained by the gene transfer of mE324A, a mutant of murine HCN2 (mHCN2) genes, in the left bundle branch could function in tandem with electronic pacemakers, reducing the number of their beats, and conferring sympathetic responsiveness. Moreover, they showed that mE324A was more effective than mHCN2 in activating the pacemaker current and providing catecholamine sensitivity (Bucchi et al., 2006). In a porcine model of sick sinus syndrome (SAN radiofrequency ablation) supported by electronic pacemaker implantation, Tse et al. (2006) observed that the overexpression of an engineered HCN1 construct through a somatic gene transfer could restore a physiological heart rate and reliable pacing of the myocardium by reducing the need for electronic pacing.

Shortcomings associated with the sole HCN-based genetic engineering for the biological pacing generation are related to relatively low autonomic sensitivity and can be overcome by dual-gene overexpression strategies with the skeletal muscle Na+ channel (SkM1) or adenylyl cyclase (AC) genes (Boink et al., 2012b, 2013). Adenoviral dual gene construct HCN2/SkM1 transduction into left bundle branches was demonstrated to restore the heart rate in complete AV block dogs. It was proved that upon the local overexpression of HCN2 and SkM1, no dependency on the electronic reserved pacing as well as better autonomic responsiveness were established (Boink et al., 2013). In vivo adenoviral gene transfer of AC type VI was demonstrated to induce pacemaker activity in an AVN block model in adult pigs (Ruhparwar et al., 2010). However, this rhythm was initiated only after isoprenalin administration and, thus, limiting the suitability of this approach only to preclinical study. Another AC overexpression-based modality using AC1 gene in combination with HCN2 revealed superior biological pacing and a higher degree in autonomic modulation than HCN2 alone (Boink et al., 2012b).

A different dual delivery strategy was applied by Piron et al. (2008) that, through a non-viral system (poloxamines), overexpressed HCN2 and β2-adrenergic receptor genes in the ventricular myocardium of a mouse model of AV block. Functional pacemaking and chronotropic regulation were achieved for a relatively long experimental period (Piron et al., 2008).



Combined Gene-Cell Approaches

Gene-cell combinations explore the transfer of cells together with pacemaker genes into the heart to generate biopacemaking. The cells act, therefore, as delivery platforms for PC ion channels (Table 4).


Table 4. Combined gene-cell biopacemaking approaches.
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Pioneering studies on this approach were advanced in 2007: their experimental concept was based on the chemically induced fusion of cardiomyocytes and syngeneic fibroblasts, which had been manipulated to express HCN1 pacemaker channels. HCN1-expressing fibroblasts were conditioned to fuse with freshly isolated guinea pig ventricular myocytes to form fibroblast-myocyte heterokaryons displaying biological pacemaker activity (Cho et al., 2007).

Apart from cell fusion, another system to deliver pacemaker genes in the heart revealed its potential: genetically modified human mesenchymal stem cells (hMSCs) were proved to express functional cardiac pacemaker HCN2 channels and induce spontaneous pacemaker activity, triggering the contraction of ventricle cardiomyocytes in vitro, as well in vivo when injected into the sub-epicardial left ventricular wall (Potapova et al., 2004). With a similar approach, Boink et al. (2012a) effectively used canine mesenchymal stem cells (cMSCs) to deliver SkM1 channels and their derived current into the injected epicardial border zones. Normal conduction and no arrhythmias were achieved by this cell-mediated delivery. As a further proof of the efficacy of SkM1-based approaches, functional delivery of HCN2/SkM1 via another platform, namely human cardiomyocyte progenitor cells (CPCs), was recently demonstrated in bradycardia models. In particular, the lentiviral transduction of HCN2 and SkM1 was more efficient than their nucleofection-mediated gene transfer. Moreover, virally transduced cells survived better in vivo (Végh et al., 2021). These notable pieces of evidence are supportive of the high translational potential of this gene delivery modality in the treatment of SAN bradycardic pathologies. Nevertheless, the use of lentiviral vectors is not free from safety issues due to the tumorigenic risks associated with random insertion in the cell genome.

In other animal studies based on hMSCs transduced with HCN1, HCN2, or HCN4, the ability of electrical coupling with cardiomyocytes and the generation of If current were also confirmed (Zhang et al., 2012; Nong et al., 2013; Zhou et al., 2013). As recently reviewed by Pittenger et al. (2019), hMSCs have aroused an incredible translational interest in many cell therapy applications due to their peculiar repertoire of major histocompatibility complex (MHC) molecules, anti-inflammatory paracrine effect, and ability to suppress mixed lymphocyte reactions, which render them immunotolerated in allogeneic donations, too. However, some experimental and clinical complications could be related to the possible migration of MSCs from injection sites and their differentiation into other cardiomyocytes or cardiac cells (Quinn and Flake, 2008; Li, 2012). Such a type of occurrence could cause a gradual, time-dependent loss of pacing. Further research should focus on biotechnological modalities to encapsulate MSCs and/or anchor cell clusters for the site-specific delivery of HCN2 and SkM1 ion channels. In all the cases, permanent and stable coupling between HCN-transduced MSCs and the working myocardium should be achieved for further clinical applications (Boheler, 2004; Li, 2012). These issues could be solved by using other cellular delivery platforms that can guarantee the sustained pacemaker function. As an example, the aforementioned human CPCs are an endogenous cell population of the heart and showed the survival and functional integration in the injected peri-ischemic cardiac sites in a long-term follow-up (Smits et al., 2009), thus being a valid alternative to hMSCs for biopacemaker gene delivery (Végh et al., 2019, 2021).



Transcription Factor-Based Reprogramming Approaches

An advanced approach for pacemaker bioengineering is based on transcription factor manipulations and is currently extensively studied with a view to clinical translation. The transfer of genes encoding different fundamental transcription factors in conduction system development could have the prospective to generate faithful replicas of actual PCs (Table 5).


Table 5. Reprogramming biopacemaking approaches.
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Even though directed cardiomyogenesis from fibroblasts was significantly enhanced in the last few years by reprogramming with several cardiopoietic transcription factor combinations (Ieda et al., 2010; Inagawa et al., 2012; Protze et al., 2012; Qian et al., 2012; Christoforou et al., 2013), targeted differentiation of fibroblasts or working cardiomyocytes into PCs, particularly SAN and AVN cells, remains to be poorly studied. It is known that PC development and differentiation are significantly modulated by specific transcriptional regulators, among them SHOX2, TBX3, TBX5, and TBX18 (Blaschke et al., 2007; Christoffels et al., 2010; Munshi, 2012; Cho, 2015; Gorabi et al., 2019a,b; Raghunathan et al., 2020; van Eif et al., 2020).

Hoogaars et al. (2007) performed a fundamental study on the role of the transcriptional repressor TBX3 in the development of the cardiac conduction system. TBX3 expression defines the SAN region, which initiates a distinct gene expression program compared to the adjacent atrial cells. Lineage segregation of TBX3-negative atrial and TBX3-positive SAN precursor cells was observed after atrial gene program initiation. TBX3-dependent SAN specification and formation as well as the regulation of the pacemaker gene expression program were proved. Later, Bakker et al. (2012) established the effect of TBX3 on the adult heart in the context of its ability to reprogram terminally differentiated working cardiomyocytes into PCs: reduced intercellular coupling and IK1 density, but no ectopic pacemaking and If current were revealed. The pro-pacemaking ability of the transcriptional factor TBX3 was also tested by its in vitro overexpression in ESCs. Forward specification of PSCs with the nodal cell inducer TBX3 was used in combination with Myh6-promoter-based antibiotic selection as a successful strategy to increase PC enrichment. In fact, 80% of the selected cells exhibited nodal-like electrophysiological characteristics, enhanced HCN4 levels, and fired spontaneous action potentials (Jung et al., 2014).

Embryonic T-box transcription factor TBX18 is another crucial PC transcriptional factor: it is necessary to develop the SAN head (right caval vein myocardium) and induce the differentiation of SAN myocardium (Wiese et al., 2009). The first successful realization of a genetic engineering methodology based on this transcriptional factor was introduced in 2013 and 2014 by overexpressing the gene encoding the human TBX18 to induce the conversion of adult ventricular cardiomyocytes into SAN-like cells (Kapoor et al., 2013; Hu et al., 2014). The latter displayed various phenotypic and functional characteristics of the native PCs. They not only initiated a biological pacemaker rhythm from the site of injection but also were shown to be sensitive to catecholamines (Kapoor et al., 2013). In other experiments, TBX18-expressing adenoviruses were delivered into the interventricular septa of pigs with a complete heart block: TBX18 overexpression enhanced the heart rate and also resulted in automaticity originating from the focal site of gene injection (Hu et al., 2014). However, biopacemaking was maintained as sustained for no more than 2 weeks due to the reasons that were not investigated but hypothesized as related to inflammation, immune reactions, or unintended reprogramming of AVN cells. These studies were only the pioneering ones in the biological pacing generation through TBX18 reprogramming, and, currently, the attempts for the successful realization of this methodology continue. TBX18 gene-based reprogramming into PC-like cells was demonstrated in vitro starting from neonatal rat fibroblasts, vascular smooth muscle cells from ascending aorta, and adipose tissue MSCs (Yang et al., 2016; Quan and Huang, 2018; Wang et al., 2019). Experiments with TBX18 gene overexpression in hiPSC-cardiomyocytes to induce PC-like cells demonstrated the effectiveness of this approach independently from the gene delivery modality (Gorabi et al., 2019b). The essential role of TBX18 was also demonstrated recently by Dawkins et al. (2019) in a preclinical model of right ventricular pacing-induced cardiomyopathy. It was shown that it is possible to prevent and reverse cardiomyopathy signs by the strategy of antegrade conduction rescue via TBX18 biological pacing. Despite the promise generated by TBX18 gene delivery for pacemaking restoring, several concerns for its safe clinical application remain in addition to the aforementioned unsolved issue of temporary effect. Whenever a permanent overexpression will be reached, the risk of interference with epithelial-mesenchymal transition can be hypothesized depending on the gene delivery site. Such a consequence cannot be excluded because TBX18, together with Wilms' tumor homolog 1 (WT1), is upregulated in the developing epicardium and injury-activated epicardial stem cells, giving rise, through the epithelial-mesenchymal transition, to the fibroblasts and smooth muscle cells of the coronary arteries (Takeichi et al., 2013) and/or cardiomyocytes (Smart et al., 2011).

The ability of the transcriptional factor SHOX2 to activate PC differentiation was tested in vitro by the adenoviral transfer of human SHOX2 into mouse ESCs. The transplantation of embryoid bodies from SHOX2-transduced ESCs into the left ventricles of rat hearts with a complete heart block demonstrated the consistent pacing ability nascent from the injection sites, as recorded by ex vivo optimal mapping 2–4 days after injection (Ionta et al., 2015). Despite the short window of evaluation, SHOX2-transduced embryoid bodies proved to immediately integrate with the host ventricular myocardium. Notably, neither SHOX2 gene delivery nor mouse embryoid bodies appeared to trigger an immune response in this discordant, immunocompetent transplantation model. Longer follow-up of these SHOX2-transduced embryoid bodies in the rat heart as well as direct in vivo reprogramming using SHOX2 adenoviral construct could shed more light on possible safety complications.

ISL1 transcriptional factor was also studied for its ability to initiate the PC differentiation: ISL1 overexpression in ESCs and in Xenopus laevis embryos stimulates the increase of the cardiomyocyte precursors' differentiation toward prevalently nodal cells. Enhanced HCN4 expression and increased cellular automaticity were also observed (Dorn et al., 2015). These outcomes confirmed in two systems are suggestive for the potential use of ISL1 as a pro-pacemaking transcriptional factor in vivo. Although no animal investigation has been performed yet, another in vitro study on adipose tissue-derived MSCs demonstrated the obtainment of PC-like cells through lentiviral delivery of ISL1 combined with TBX18. Transfected cells expressed TBX3, HCN4, cTnT, and Cx45; moreover, they possessed a functional If current (Zhang and Huang, 2019). Even if the used lentiviral gene expression system opens up many safety concerns, the fact that ISL1/TBX18 double gene transfer may be effective in initiating the SAN program also on mesodermal (stem) cells can be seen as further evidence of the validity of this approach in somatic cell reprogramming in vivo.

As it can be noted from these studies, investigation on a multifactorial gene strategy for direct reprogramming of somatic cells into PCs with transcription factors is still missing. Nam et al. (2014) played on the combination of transcription factors demonstrated efficacious for cardiomyocyte induction (Ieda et al., 2010; Protze et al., 2012; Qian et al., 2012). By adopting a highly reliable HCN-GFP reporter for PC tracking, they observed that the genetic cocktail of the selected cardiogenic transcription factors, including GATA4, HAND2, MEF2c, and TBX5, induced nearly 30% of bona fide PCs in transgenic fibroblasts without passing through a cardiac progenitor intermediate (Nam et al., 2014). Obviously, such a transcriptional gene transfer system cannot be clinically translated for a reliable biopacemaking as 70% of the induced cardiomyocytes were atrial or ventricular. However, the in vitro mechanistic platform developed in this study might possess strong prediction ability in identifying other combinations of transcription factors more effective in SAN program reactivation.

The reprogramming of somatic cells, such as cardiac fibroblasts, atrial, and ventricular cardiomyocytes, into functional hiPSC-pacemaking cardiomyocytes with adequate PC-like electrophysiological activity using various transcriptional factors might be likely the most straightforward approach for human cell-based biopacemaker engineering. Nevertheless, further studies are still required to find the suitable gene cocktails able to specifically initiate SAN program in vitro, test their validity, long-term efficacy, as well as possible concerns in vivo. In addition, careful attention should also be addressed in preclinical studies to evaluate improved and minimally invasive delivery modalities to be translated into the clinics with ease and safety.



Tissue Engineering and Biohybrid Approaches

The multidisciplinary field of tissue engineering and regenerative medicine revealed its potentiality in many cardiovascular applications, such as the generation of heart valve replacements and cardiac tissue constructs (e.g., Iop et al., 2009, 2014, 2018; Dal Sasso et al., 2020; Zouhair et al., 2020). Tissue engineering is increasingly utilized for the development of biopacemakers (Table 6). Due to the architectural and functional complexity of nodal tissues, such a strategy might fully regenerate cardiac conduction by combining scaffolds and cells opportunely in biomimetic, bioequivalent tissue constructs. However, the drawbacks of the first SAN tissue transplantation experiments (Starzl et al., 1963; Morishita et al., 1981) as core necrosis, immune response, and non-integration might hamper the success of tissue engineering approaches and have to be excluded to prevent any condition leading to graft failure.


Table 6. Tissue engineering and hybrid biopacemaking approaches.
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A first tissue engineering effort to generate an AVN pacemaker was realized by Choi et al. (2006): a liquid mixture of skeletal myoblasts, collagen, and Matrigel was cast into molds, allowed to solidify, and statically cultured before being implanted into the cardiac atrioventricular groove of syngeneic rats. In 70% of the animals, AV conduction was not re-established. In the rest of the animals, it was permanently conveyed thanks to an implanted viable construct, promptly vascularized in vivo. This approach, however, is barely transferrable to human therapy for its low clinical grade (an xenogeneic material such as Matrigel) and reliance on non-specialized components (incompletely differentiated, non-cardiac cells, and immature, xenogeneic scaffold). Zhang et al. (2019b) reported the outcomes of the atrioventricular groove implantation of a tissue-engineered construct composed of collagen sponges and cardiac progenitors derived from the human embryonic heart tubes. Around 60% of the implanted rats survived, and the pacing was maintained for about 3 months in vivo. Again, such an approach could have difficult translation into the clinics depending on the ethical questions and legislative limitations on using human embryos issued by each country.

Cardiac organoid models were generated by inserting an iPSC-derived embryoid body into the engineered heart tissue (Schulze et al., 2019) by recapitulating the cell and extracellular matrix functional connections typically observed in the native nodal tissues.

The differentiation through the embryoid body method is possibly spontaneous and relatively easy to perform but might be associated with high yield variability in the achievement of cardiac progenitors with PC features and consequently to excessive system costs. A layer-by-layer cell coating technique has been proposed by Sasano et al. (2020) to more efficiently differentiate hiPSCs into a hierarchical cardiac tissue-mimetic structure.

Three-dimensional cardiac pacemaker spheroids were tissue-engineered by adopting somatic gene transfer technology of TBX18 (Grijalva et al., 2019). These tissue constructs spontaneously fired action potentials and induced cell contraction in co-cultured cardiomyocytes in vitro.

Vascularization is an important feature of a functional node. Cardiac pacemakers tissue-engineered with cardiac progenitors were promptly vascularized by adding in vitro endothelial progenitor cells to the cell component of the constructs realized with Matrigel and proved pacing activity in a rat model of SAN dysfunction (Zhang et al., 2017).

Through the STARS program BIOSAN, we also develop biological pacemakers based on the combination of natural scaffolds and induced PCs.

Alternatively, applying a biohybrid approach mixing smart polymers and electronic devices could respond to the immediate need to render an artificial pacemaker more natural-like for the body (Table 5; Feiner and Dvir, 2020). Such a strategy could prevent fibrotic reactions associated with the implantable device (Robotti et al., 2020), but it may not overcome other related limitations, as the lack of neuroautonomic responsiveness.




TRANSLATIONAL CHALLENGES TOWARD THE CLINICAL APPLICATION OF BIOLOGICAL PACEMAKERS

Despite the variety of approaches that have been tested in different models, extensive and comprehensive additional studies are still necessary for further development and potential clinical application of biological pacemakers. For all current approaches, investigation on the optimization and the evaluation of safety, potential toxicity, long-term stability, and a variety of crucial parameters is definitely mandatory (Figure 1). Regarding recent studies and the obtained results, biological pacing therapy is much closer to the clinical application; however, numerous challenges still exist in this field (Rosen et al., 2011; Cingolani et al., 2018).

In vitro studies are fundamental to evaluate the proof-of-principle of novel biopacing concepts, but the ultimate efficacy test is on the animal model. Animal studies were performed with the primary goal to evaluate the efficacy, safety, stability, and other parameters of the different biological pacemaker approaches. Biological pacemaking was achieved in the majority of these models, which vary depending on the animal, duration of observation, delivery method, and time stability (Edelberg et al., 1998; Edelberg, 2001; Miake et al., 2002; Ruhparwar et al., 2002, 2010; Qu et al., 2003; Plotnikov et al., 2004, 2007, 2008; Potapova et al., 2004; Lin et al., 2005; Xue et al., 2005; Bucchi et al., 2006; Tse et al., 2006; Cai et al., 2007; Cho et al., 2007; Piron et al., 2008; Shlapakova et al., 2010; Zhang et al., 2011, 2012; Boink et al., 2012a,b; Cingolani et al., 2012; Kapoor et al., 2013; Morris et al., 2013; Nong et al., 2013; Hu et al., 2014; Ionta et al., 2015; Protze et al., 2016; Chauveau et al., 2017; Choudhury et al., 2018; Dawkins et al., 2019; Gorabi et al., 2019a; Végh et al., 2019, 2021).

Significant issues could prevent the successful adoption of the biopacing technologies in clinics: challenging delivery of genes and cells, inefficient integration and coupling, the risks of pro-arrhythmic effects of biological pacemakers, the possible teratogenic effects of stem cells or/and transcription factor-based approaches, and, not lastly, the ethical issues derived from the use of hESCs derivatives. One of the main concerns and potential limitations of biologic-driven automaticity is the possibility of ventricular arrhythmias and related life-threatening consequences.

Specific limitations might depend first on the delivery methods used to deploy genes, cells, or tissue-engineered constructs at the selected site. For all approaches pursued for biopacemaking, it is fundamental to find adequate delivery modalities that are easy to perform, minimally invasive, associated with low peri-intervention risks, and able to guarantee the sustained effect in vivo. Most gene or cell delivery methods are still invasive (open chest or thoracotomy), representing less attractive options for the future clinical application in humans (Miake et al., 2002; Ruhparwar et al., 2002, 2010; Qu et al., 2003; Potapova et al., 2004; Lin et al., 2005; Xue et al., 2005; Choi et al., 2006; Tse et al., 2006; Cai et al., 2007; Cho et al., 2007; Plotnikov et al., 2007; Boink et al., 2012a, 2013; Zhang et al., 2012; Kapoor et al., 2013; Nong et al., 2013; Ionta et al., 2015; Protze et al., 2016; Chauveau et al., 2017; Gorabi et al., 2019a). The development of minimally invasive, safer, and well-controlled delivery methods is a current research priority of biological pacemakers in the field of regenerative medicine. A catheter-based injection, especially when combined with fluoroscopic guiding, offered a safe and an effective option to deliver genes and cells with minimal invasiveness in preclinical biological pacing (Edelberg, 2001; Plotnikov et al., 2004, 2008; Bucchi et al., 2006; Cingolani et al., 2012; Hu et al., 2014). In particular, such a low invasive deployment modality for gene delivery causes minimum blood loss and pain and has a significantly lower risk of stroke due to the catheter insertion into the right-sided circulation. It is unquestionably a routine approach for many clinical applications and could be easily translated in humans for gene- and cell-based biopacemaking strategies, too.

Once the deployment has been performed, the initiation of biopacemaking is subordinate at first glance to the establishment of an immunotolerant state with respect to injected cells, genes, or tissue-engineered constructs. While MSCs are able to induce such a state (Pittenger et al., 2019), other cell types used as delivery platforms are considered immunogenic, as in the case of hESCs derivatives or SAN cell preparations from allogeneic donors (Drukker and Benvenisty, 2004). The adoption of iPSCs has allowed to partially skip this issue by employing patient-specific cells for reprogramming to pluripotency. PC-, atrial-, and ventricular-like cardiomyocytes differentiated from iPSCs were shown to display the same MHC repertoire as the somatic cells of the patient (Park et al., 2013). Although MHC-matched allogeneic iPSCs were recently reported to be well-tolerated in preclinical studies in immunocompetent animal models (Ishigaki et al., 2021), much concern related to several cases of rejection remains, leading to focus research on developing hypoimmunogenic iPSC lines (Deuse et al., 2019). Immunorejection might also happen with gene delivery, especially with viral constructs. The application of viral gene delivery strategies, particularly the ones depending on lentiviral vectors, might be more efficient than non-viral approaches to reach adequate overexpression of ion channels, other proteins essential to generate PC currents, and transcription factors relevant to start SAN program; however, the risks related to immunogenicity, but also random genome integration, and tumorigenicity cannot be underestimated at all. Some clinical trials with gene therapy, also combined with cell platforms, were stopped due to adverse events, as it was recently disclosed during the application of autologous hematopoietic stem cells transduced with a BCL11A mRNA-encoding lentiviral vector for the treatment of sickle cell disease (Esrick et al., 2021; Statement on NHLBI decision to pause the Pilot and Feasibility Study of Hematopoietic Stem Cell Gene Transfer for Sickle Cell Disease | NHLBI, NIH, 2021). As proposed by Végh et al. (2019), insertional mutagenesis could be prevented by adopting self-inactivating lentivirus or promoters with a weak-to-moderate activity. Non-viral strategies for gene delivery or reprogramming might be spare of some of these issues, but possible epigenetic modifications and genetic instabilities need to be investigated in depth, as they were observed also in hiPSCs reprogrammed with non-integrating methods (Schlaeger et al., 2015). Even if no data are available still regarding non-integrating gene delivery for in vivo biopacemaking, the strategies of microRNA-therapeutic silencing after myocardial infarction revealed to be immunotolerated in animal models (Liao et al., 2021). As far as concerning bioengineered conduction tissues, immunotolerance establishment depends both on scaffolds and cells, as well as on cell culture conditions (e.g., the use of xenogeneic reagents), employed to fabricate them; therefore, a careful selection of non-immunogenic components and/or manipulations for the antigenic moiety removal are required to prevent immune rejection, as in other cardiovascular tissue engineering applications (Iop et al., 2018).

Once biopacemaking has been activated, most of the gene- and cell-based approaches showed shortcomings in the mid-term maintenance of sustained performance. Such a limitation can be expected for tissue-engineered conduction bioequivalents, too. As mentioned before, yet a few biopacemaking studies demonstrated in vivo pacing for around 45 days while most of them reported function for no longerthan 2–4 weeks or did not assess pacing performance during longer follow-up (for instance, Plotnikov et al., 2007, 2008; Piron et al., 2008; Kapoor et al., 2013; Hu et al., 2014). Often, an increase in heart rhythm is reported after some days from the treatment but tends to decrease just as quickly. Some studies disclosed a loss of PC-like cells over time, as after transcription factor gene overexpression (Kapoor et al., 2013). Whether this time-limited efficiency is, due to late-onset immune reactions elicited against gene constructs or exogenous cells, transient gene expression (gene delivery), unintended cell targeting (gene delivery), reduced survival (cells), inability to integrate, core necrosis (tissue-engineered constructs), migration events, interference with other biological activities (e.g., epithelial-mesenchymal transition), conditioning from local microenvironment at the injection site (inflammatory state and/or region-specific electrophysiological characteristics), or a combination of these causes, it still remains to be fully elucidated.

Delivery constructs that target a specific cell type of the heart are not yet available, and vehiculated genes are, therefore, introduced at the site of injection where they are randomly inserted. It has been speculated that a non-targeted gene delivery might have a causative role in the unsustained activity at the AV level whether native, functional AVN PCs are the objects of the forced expression of channel proteins (Hu et al., 2014). Nanotechnology concepts applied in the cell targeting for cancer therapies (e.g., chimeric antigen receptor T-cell or CAR-T) (Ma et al., 2020) could be translated in the context of biopacemaking to induce the expression of the exogenous gene in a selected cell type, e.g., cardiac fibroblasts. Transient gene expression is related to the vector used to vehiculate the gene of interest. Lentiviral and retroviral delivery strategies are reliable for gene overexpression, also in the long term (Tse et al., 2006; Nong et al., 2013; Gorabi et al., 2019a; Végh et al., 2019, 2021), but might induce insertional mutagenesis as discussed before. The adenoviral transfer is non-integrating and efficient, but the expression is limited in time (Miake et al., 2002; Qu et al., 2003; Bucchi et al., 2006; Tse et al., 2006; Cho et al., 2007; Plotnikov et al., 2008; Ruhparwar et al., 2010; Cingolani et al., 2012; Kapoor et al., 2013; Hu et al., 2014; Ionta et al., 2015; Choudhury et al., 2018; Dawkins et al., 2019; Grijalva et al., 2019), and, thus, it cannot be considered as an option to be employed in the clinic for sustained biopacemaking. As advanced by Cingolani et al. (2018), this time-limited overexpression might, conversely, be ideal to establish temporary, hardware-free pacing in patients with device-related infections (bridge to device implantation), chronic atrial fibrillation, and congenital AVN block (in utero).

Inability to stably integrate, poor cell viability, and core necrosis phenomena might be a consequence of the lack of effective oxygen and nutrient supply, which is particularly problematic when transplanting thick tissues, as observed in the first trials with native SANs (Ernst and Paulson, 1962; Starzl et al., 1963; Morishita et al., 1981) and expected for tissue-engineered conduction constructs. Vascularization must be promptly established to prevent ischemic conditions and necrosis, also envisaging the in vitro creation of vessel networks in tissue engineering approaches (Zhang et al., 2017; Shah Mohammadi et al., 2020).

Another issue regarding the maintenance of biopacing is related to possible cell migration. Considering that the native conduction system possesses electrical insulation (Choi and Salama, 1998), all delivery strategies, including the ones intending to transplant tissue-engineered biopacemakers, should be developed considering this as one of the main prerequisites in order to prevent migration and dilution-like effects that could be possibly responsible for mid/long-term loss of function. Several strategies might be applied to avert migration. Anchoring modalities should be developed to maintain the cells at the site of injection. Encapsulation in biocompatible and semipermeable membranes could be advantageous, especially for cell-based approaches to favor viability and immunoisolation as already advanced clinically (Hardin-Young et al., 2000; Carlsson et al., 2018), as long as they do not prevent the creation of opportune electrical coupling for biopacemaking. Alternatively, for the strategies depending on cell delivery platforms, the use of cells belonging to the heart as cardiac stem cells might be resolutive (Végh et al., 2021). In conduction system tissue engineering, the combination with scaffolds characterized by slow biodegradation kinetics could be helpful. Mimicking or reproducing the natural electrical insulation of SAN and AVN should be pursued to prevent migration side effects as possible interferences with other biological functions and/or dedifferentiation/transdifferentiation.

Finally, suboptimal differentiation/specification and electromechanical coupling of the introduced or induced PC-like cells might be responsible for discontinuous pacing or the generation of arrhythmic foci (Plotnikov et al., 2008; Boink et al., 2012b; Shiba et al., 2014).

In order to deeply investigate these aspects, as well as safety and teratogenicity, accurate and long-term monitoring is essential. Typically, biological pacemaker activity and pro-arrhythmic effects were monitored by in vivo and ex vivo assessment. ECG, serial Holter monitoring, pacemaker log recordings, patch clamp, non-fluoroscopic magnetic electroanatomic system (CARTO), and optical mapping of the epicardial electrical activity in perfused, excided hearts are often employed to analyze biopacing activity (Miake et al., 2002, 2003; Ruhparwar et al., 2002, 2010; Qu et al., 2003; Xue et al., 2005; Choi et al., 2006; Tse et al., 2006; Plotnikov et al., 2007, 2008; Shlapakova et al., 2010; Zhang et al., 2012, 2017; Kapoor et al., 2013; Nong et al., 2013; Gorabi et al., 2019a). In vivo evaluations are more indicative of the induced biopacemaking activity because they allow to study electrical function in the living animal and assess the global function. More reliable results can be achieved by performing real-time, continuous ECG telemetry as it was done in the experiments with the model of complete heart block in pigs (Edelberg, 2001; Hu et al., 2014). Such continuous monitoring should be performed and extended for long-term follow-up in all large animal studies to evaluate any time-related dynamic change of the biological pacemaker. The most extended evaluation has been performed with a tissue-engineered biopacemaker (from 2 weeks to maximum 3 years), but unfortunately, no in vivo electrical assessment has been realized (Choi et al., 2006), which could have provided valuable information on the fate of the whole graft and its composing cells. Despite the abundance of animal studies, a comprehensive evaluation of safety, long-term stability, arrhythmogenicity, and toxicity remains still to be realized to date. Various in vivo dysfunctional rhythm models were successfully created to simulate, e.g., bradyarrhythmia, sick sinus syndrome, and AV block (Qu et al., 2003; Kehat et al., 2004; Plotnikov et al., 2004, 2007, 2008; Bucchi et al., 2006; Tse et al., 2006; Shlapakova et al., 2010; Zhang et al., 2012; Hu et al., 2014), by allowing to effectively test any one of the developed biopacemaker therapeutic concepts.

Another outstanding question in the clinical application of a biopacemaking therapy is related to ethics and costs. Most approaches so far explored rely on components, the in-human application of which might be estimated as controversial due to the derivation (e.g., ESCs and Matrigel) or associated health risks (viral delivery vectors, especially the integrating ones). With a considerable level of technology implemented in these approaches, the manufacturing costs are particularly high, representing a critical barrier for distribution in both industrialized and non-industrialized countries. As for other advanced therapeutic medicinal hypotheses, the balancing between benefits and risks associated to any biopacemaking approach must be critically valued in healthcare management programs to prevent any harmful exposure of patients affected by the disturbances of the conduction system. Indeed, the possibility of clinically testing these hypotheses depends on the local sanitary legislation, as well as on government/federal funding allocated, and, finally, on the consent of the patient. In the cases where no available treatment options are suitable to (re)establish rhythm functionality as for fetal subjects with congenital AV block or adult patients with device-related infections (Cingolani et al., 2018), compassionate use might eventually be authorized.

With the current level of knowledge and technology, a complete recovery of the physiological heart rate has not been achieved yet by using stem cell- and reprogramming-based approaches, but is confirmed at least temporarily using other methodologies as gene transfer. The delivery of genes codifying for essential proteins in PC electrical function or transcription factors initiating the conduction system program needs further optimization regarding the employed vectors and identification of effective cocktails. Cell-based approaches (mixed or pure SAN cell preparations or PC-like cells from the differentiated PSCs) and tissue engineering strategies will also require additional investigation before reaching the clinical application: the acceptable level of reproducibility and long-term functioning is not yet achieved. Although the biological pacing created by gene transfer showed hitherto to be the most successful biopacemaking strategy in short-term preclinical evaluations, the application of tissue engineering principles is expected to keep its promises to overcome all the limitations shown by the other approaches to clinically replace electronic pacemakers.

At the present moment, the best strategy for the first clinical testing of a biological pacemaker appears to be its combination with electronic devices (Plotnikov et al., 2004, 2008; Bucchi et al., 2006). Preliminary and first-stage biological pacing could be realized in the clinical conditions of permanent atrial fibrillation in combination with AV block or other complicated cases (Cingolani et al., 2018). Patients with sinus bradycardia could also be the candidates for the biological pacing with SAN transcription factor or microRNA (miRNA) reprogramming of atrial subsidiary pacemaker sites (Morris et al., 2013; D'Souza et al., 2017; Choudhury et al., 2018; Yanni et al., 2020).



CONCLUSIONS

We overviewed a significant progress in the field of biological pacemaker development in the last few years. We have every reason to believe that modern biological pacing technology will demonstrate its validity in preclinical investigation in vitro, in long-term animal studies in vivo, and, finally, in the clinic. Various methodologies for biological pacemaker generation are being currently studied and show potentialities for further preclinical and clinical applications: cell-based, gene-based, combined gene-cell-based, transcription factor-induced reprogramming, and tissue engineering applications. Though all these approaches are focused on effective and safe biological pacing generation, they are founded on diverse strategies and delivery methods. In addition, limitations and crucial points for further clinical introduction (safety, long-term stability, and potential toxicity) differentiate them. Nevertheless, each of them potentially could be safe and effective and more promising compared to artificial electronic devices, so far clinically applied. In summary, biological pacemakers are expected to improve and expand the spectrum of the therapeutic strategies for the treatment of disorders in the cardiac conduction system.
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Reprogramming
approach

TBX3-induced
reprogramming
TBX{18-induced
reprogramming

SAN, sinoatrial node.

Methodology and experimental details

TBX3 overexpression in rat cardiomyocytes in vivo induced the reduction of intercellular coupling and lx; density, but
failed to establish ectopic pacemaking and Iy current.

The conversion of rodent cardiomyocytes to SAN cells in vitro and in vivo by the expression of Tbx18 was performed.
Focal Tbx18 gene transfer in the guinea pig ventricle induced ectopic pacemaker activity, correcting a bradycardic
disease phenotype.

TBX18 gene transfer created biological pacemaker activity in vivo in a complete heart block in pigs.

TBX18 gene delivery resulted in antegrade conduction rescue in a preclinical model of right ventricular pacing-induced
cardiomyopathy.
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Tissue engineering

Tissue engineered
cardiac pacemakers

Biohybrid pacemaker
devices

SAN, sinoatrial node.

Methodology and experimental details.

Aliquid mixture of skeletal myoblasts, collagen, and Matrigel was cast into molds, allowed to solicify, and statically
cultured before being implanted into the cardiac atrioventricular groove of syngeneic rats. In 30% of the treated
animals, the pacing was established.

Cardiac and endothelial progenitors were opportunely mixed with Matrigel to obtain vascularized tissue-engineered
pacemakers in vitro, which proved pacing activity in a rat model of SAN dysfunction.

Atissue-engineered construct composed of collagen sponges and cardiac progenitors derived from the human
embryonic heart tubes was implanted in the rat atrioventricular groove. Around 60% of the implanted rats survived,
and the pacing was maintained for about 3 months in vivo.

Abiohybrid strategy combining smart coating biopolymers and cardiac electronic devices prevented the formation of
fibrotic adherences in vivo.
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SAN cells

Canine, mixed atrial
cardiomyocytes

Human, mixed atrial
cardiomyocytes

Canine SAN cells

Methodology and experimental details

Dissociated fotal canine atrial cardiomyocytes were transplanted into the left ventricle of an adult dog model of
X-linked muscular dystrophy. Electrical and mechanical coupling between the host and donor cardiomyocytes
were observed.

Dissociated human atrial cardiomyocytes containing SAN PCs were injected into porcine left ventricies. Functional
junctions, effective pacing, and optimal autonomic reaction between the donor cells and host cardiomyocytes
were identified.

SAN cells were injected into the right ventricle subepicardial free wall and dogs were mornitored for 2 weeks.
Pacemaker function was assessed by overdrive pacing and IV epinephrine challenge. SAN cells expressed a
time-dependent inward current (1) activating on hyperpolarization. Brisk catecholamine responsiveness occurred.
However, dogs implanted with autologous SAN cells manifested biological pacing properties dissimilar from those
of the anatomic tissue, thus evidencing a correlation between the substrate environment and phenotype
modification in injected cells.

SAN, sinoatrial node; PCs, pacemaker cells.
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PSCs

hESCs

hiPSCs

PSCs, pluripotent stem cells; hESCs, human embryonic stem cells; hiPSCs, human induced pluripotent stem celis; SAN, sinoatrial no

Methodology and experimental details

Electrically active hESC-derived cardiomyocytes were transplanted into guinea pig hearts. Functional integration and pacing
generation were achieved.

Cardiomyocyte cell grafts were generated from hESC in vitro using the embryoid body differentiating system, this tissue formed
structural and electromechanical connections with cultured rat cardiomyocytes. In vivo integration was shown in a large animal
model of slow heart rate. The transplanted hESC-derived cardiomyocytes paced the hearts of swine with complete
atrioventricular block.

hESC-derived cardiomyocytes were used to form scaffold-free patches (implanted on the epicardium) and micro-tissue particles
(delivered by intramyocardial injection) into the ischemia/reperfusion injured athymic rat heart.

SAN-lie pacemaker cells from hiPSCs were identified as NKX2-5-negative, SIRPA-positive cardiomyocytes displaying
pacemaker action potentials, ion current profiles, and chronotropic responses. When transplanted into the apex of rat hearts,
SAN-like cells demonstrated pacemaking activity.

hiPSC-derived cardiomyocytes were integrated into the host myocardium of AVN-blocked dogs and induced a biological
pacemaking activity.
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Genetic engineering

Dominant-negative inhibition of
Kir2-encoded inward-rectifier
potassium channels

Human p2-adrenergic receptor
transfection

HON1 gene overexpression
HCN2 gene overexpression

Dual gene constructs
HCN2/SkM1

Adenylate cyclase type VI (AC-VI)
overexpression

Adenoviral vector cocktail
(K(AAA) + H2), expressing
Kir2.1AAA and HON2 genes
AC1 or HCN2/AC1
overexpression

Methodology and experimental details

Invivo viral gene transfer to transform quiescent heart-muscle cells into PCs was performed. After
the construct injection into the left ventricular cavity of guinea pigs, successful generation of
spontaneous, thythmic electrical activity in the ventricle was achieved.

The effects of B2-acrenergic receptor transfer were studied: in vitro (murine embryonic cardiac
myocytes transient transfection with plasrmid constructs), ex vivo (murine neonatal cardiac
transplantation model), and in vivo (injection into the right atrium of the endogenous heart).

Plasmids encoding human p2-adrenergic receptor were injected into the right atria of native Yorkshire
pig hearts. A significant increase of chronotropy compared with control injections was achieved.
HON1 mutant (three deleted residues: HON1-AAA) showed activation Kinetics similar to SAN and
induced pacing activity in porcine models.

HCN2 gene overexpression increased the heart rate and generated biological pacemaker activity in
canine models.

Dual gene constructs HON2/SkM1 were transduced into the left bundie branches in the models of
complete AVN block dogs. Complete restoration of the heart rate was demonstrated.

Adenoviral gene transfer of AG-Vl induced pacemaker activty in the AVN block model in adult pigs.

An adenoviral vector cocktail (K(AAA) + H2), expressing Kir2.1AAA and HCN2 genes, was injected
into the AV junctional region in a model of AV block in pigs.

Ca?+-stimulated adenylyl cyclase AC1 or HON2/ACH overexpression in left bundle branches provides
highly efficient biological pacing and greater sensitivity to autonomic modulation than HCN2 alone.

PCs, pacemaker cells; SAN, sinoatrial node; AVN, atrioventricular node.
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Gene-cell approach

HON1-expressing fibroblasts
fused with freshly isolated
myocytes

HON1-expressing hMSCs

HCN2-expressing hMSCs

HCN4-expressing rabbit MSCs

HONd-expressing rat MSCs

TBX18-expressing
cardiomyocytes

SHOX2-overexpression in ESCs

HCN2/SkM1-overexpression in
CPCs

Methodology and experimental details

HON{-expressing fibroblasts were fused with freshly isolated guinea pig ventricular myccytes and
formed fioroblast-myocyte heterokaryons with biological pacernaker activity.

Genetically-engineered MSCs transfected with the human HCN1 gene expressed pacemaker Iy
current. The effect of the hHON 1 -transfected MSCs on cardiomyocyte excitabilty was determined by
coculturing genetically engineered MSCs with neonatal rabbit ventricular myocytes.

Genetically modified hMSCs expressed functional carciac pacemaker gene HON2 and induced
spontaneous pacemaker activity triggering the contraction of ventricle cardiomyocytes in vitro and in
vivo.

HON2-expressing hMSCs were introduced into the right ventricular apex in dogs and biological

pacemaker activity was obtained. Pacing was stable for 6 weeks with no cellular or humoral rejection.

In vivo integration and pacing function were achieved after the transplantation of mHCN4-moified
rabbit MSCs into the rabbit left ventricle free wall epicardium. Pacing function of the modiified MSCs
persisted for at least 4 weeks after transplantation.

Genetically modified rat MSCs carrying HCN channels expressed pacemaker Iy curtent in vitro.
Pacemaking activity was observed after transplantation into the rat host heart.

The conversion of rodent cardiomyocytes to SAN cels in vitro and in vivo using the expression of
Thx18 was performed. Focal Thx18 gene transfer in the guinea-pig ventricle induced ectopic
pacemaker activit, correcting a bradycardic disease phenotype.

The overexpression of SHOX2 induced the differentiation of ESCs into pacemaker cells and the
transplantation of embryoid bodies from SHOX2-transduced ESCs into the left ventricles of rat hearts
with a complete heart block. Consistent pacing abiity was demonstrated.

Functional delivery of HCN2/SkM1 via human CPGs demonstrated effectiveness in bradycardia
models. In particular, the lentivial transduction of HON2 and SkM1 was more efficient than their
nucleofection-mediated gene transfer. Moreover, virally transduced cells survived better in vivo.

MSCs, mesenchymal stem cells; AMSCs, human MSCs; SAN, sinoatrial node; ESCs, embryonic stem cells; CPCs, cardiomyocyte progenitor cells.
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Serpooshan
etal., 2013

Chachques
etal., 2008
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Huang et al.,
2020

Shudo et al.,
2013

Shudo et al.,
2017

von Bornstadt
etal., 2018

Mouse, LAD ligation

Human, ischemic
cardiomyopathy

Human, ischemic
cardiomyopathy

Rat, LAD ligation
Pig, LAD ligation

Rat, LAD ligation

Rat, LAD ligation

Rat, femoral artery
interposition graft

Mechanical support of
ischemic myocardium

Autologous BMCs

hESC derived cardiac
progenitor cells

Synthetic cardiac
stromal cells

Aortic SMC and EPCs

Bone marrow derived
SMC and EPCs

Human aortic SMCs
and skin fibroblasts

Grafted onto ischemic
epicardium

Intramyocardial
injection during
CABG + BMC seed
collagen matrix

Epicardial patch during
CABG

Epicardial patch

Epicardial cell sheet

Epicardial cell sheet

Interposition graft

Acellular 3D collagen
(type 1) patch with

elastic moduli 2-10 kPa

*CE Mark collagen kit

Fibrin patch

Decellularized porcine
ECM + synthetic
cardiac stromal cells

Bi-level cell sheet

Bi-level cell sheet

Bi-level cell sheet
conduit

N/A

250 =+ 28 million cells

5-10 million cells

2 x 10° cells

1.3 x 10° SMCs
1.3 x 10° EPCs

1.5 x 10%/cm? EPCs
1.5 x 10%/cm? SMCs

1.5 x 105/cm? SMCs

Improved EF and FS
Enhanced
neo-angiogenesis
Diminished fibrosis
Migration of native
cardiac cells into patch
Safe and feasible

No difference in
arrhythmias
Attenuated adverse
ventricular remodeling

Safe and feasible

No difference in
frequency of tumors or
arrhythmias

50% alloimmunization
Improved EF and FS at
7 days (pig) and 3 weeks
(rat)

Reduced infarct size
Increased capillary
density

Increased cardiomyocyte
cell cycle activity
Enhanced capillary
density and functional
microvasculature
Migration of EPCs and
SMCs into native
myocardium

Reduced adverse
ventricular remodeling
Improved EF and FS at
4 weeks post injury
Improved EF
Enhanced
neovascularization
Reduced adverse
ventricular remodeling

Rapid conduit maturation
(2 weeks)

Responsive to vasoactive
agents

100% patency at

8 weeks

Similar histological
structure to native arteries

Summary of in vivo studiies investigating tissue engineering solutions for myocardial regeneration or treatment of ischemic heart disease. Note that the outcomes column is
an abbreviated summary of the findings relevant to the focus of this review and is not intended to summarize the study as a whole. Left anterior descending coronary artery
(LAD), ejection fraction% (EF), fractional shortening% (FS), bone marrow cells (BMC), coronary artery bypass grafting (CABG), *Pangen 2; Urgo Laboratory, Chenove,
France, human embryonic stem cells (hESC), endothelial progenitor cells (EPC), smooth muscle cells (SMC).





OPS/images/fbioe-09-674172/fbioe-09-674172-t003.jpg
Author, year  Model Therapy Delivery route Scaffold (if Dose Outcomes
of publication applicable)
Laflamme et al., Rat, LAD ligation Human embryonic Intramyocardial N/A 10 x 10% human Limited adverse
2007 stem cell derived injection embryonic stem cells ventricular remodeling
cardiomyocytes + pro- Preserved EF
survival Partial
factors remuscularization of
infarct zone
Dhingra et al.,  Rat, LAD ligation Allogeneic Intramyocardial Biodegradable hydrogel 3 x 10° cells Improved MSC survival/
2013 MSCs + Prostaglandin  injection/hydrogel impregnated with immunoprivilege
E2 prostaglandin E2 Improved ventricular FS
and attenuated adverse
remodeling
Caietal, 2016 Mouse, subcutaneous hASCs + hydrogel Intramyocardial SHIELD hydrogel, 5 x 10° cells Enhanced cell retention
injection injection/hydrogel 200-400 Pa
Cohen et al., Mouse, LAD ligation NRG + hydrogel Intramyocardial Biodegradable hydrogel 2.5 ug NRG Enhanced EF
2014 injection/hydrogel impregnated with NRG  3.33 x 10%/mL rat Increased myocardial
cardiomyocytes thickness at infarct
border zone
Cohen et al., Sheep, LAD ligation NRG + hydrogel Intramyocardial Biodegradable hydrogel 100 ug NRG Enhanced EF and
2020 injection/hydrogel impregnated with NRG contractility at 8 weeks
Reduced infarct size
Purcell et al., Mouse, LAD ligation rSDF-1a + hydrogel Intramyocardial/ Hyaluronic acid 200 ng rSDF-1a Enhanced BMC
2012 hydrogel hydrogel chemotaxis to

remodeling
myocardium

Summary of in vivo studies investigating biomaterial engineering solutions for myocardial regeneration or treatment of ischemic heart disease. Note that the outcomes
column is an abbreviated summary of the findings relevant to the focus of this review and is not intended to summarize the study as a whole. Left anterior descending
coronary artery (LAD), ejection fraction% (EF), mesenchymal stem cells (MSC), fractional shortening% (FS), human adipose-derived stem cell (hASC), shear-thinning
hydrogel for injectable encapsulation and long-term delivery (SHIELD), polyethylene glycol (PEG), neuregulin (NRG), recombinant stromal cell derived-factor-1a (rSDF-1w),

bone marrow-derived cells (BMC).
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of publication applicable)

Hiesinger et al., Mouse, LAD ligation ~ SDF-1a Intramyocardial N/A 6 ng/kg SDF-1a treated peri-infarct

2012 injection myocardium with similar
elasticity to normal ventricle
SDF-1a treatment stiffened
scarred ventricle

MacArthur Rat, LAD ligation ESA Intramyocardial N/A 6 ng/kg Enhanced EF and improved CO

etal, 2013b injection Reduced adverse remodeling
Improved elasticity

Trubelja et al., Rat, LAD ligation ESA Intramyocardial N/A 6 ng/kg Increased relaxation rate and

2014 injection decreased transition strain

Wang et al., Rat, LAD ligation ESA Intramyocardial N/A 6 no/kg Greater wall thickness

2019a injection Reduced LVEDD
Enhanced EF
Reduced infarct size
Preserved biaxial mechanical
properties of left ventricle

Wang et al., P1 mouse, N/A N/A N/A N/A Natural myocardial regeneration

2020a LAD ligation in P1 mice results in similar
biomechanical properties as the
native myocardium

Notari et al., P3 mouse, apical Local modification of ~ Oral administration N/A 1 mg/mL Decreasing stiffness of ECM

2018 resection ECM stiffness (BAPN, results in extended window for

LOX inhibitor) natural regeneration in neonatal

mice

Yuetal, 2018 Zebrafish, cryoinjury ~ N/A N/A N/A N/A Regenerating myocardium
requires biomechanical
stimulation

Summary of in vivo studies investigating biomechanical engineering solutions for myocardial regeneration or treatment of ischemic heart disease. Note that the outcomes
column is an abbreviated summary of the findings relevant to the focus of this review and is not intended to summarize the study as a whole. Stromal cell-derived factor-1a,
engineered stromal cell-derived factor-1a analog (ESA), ejection fraction% (EF), cardiac output (CO), left ventricular end-diastolic dimension (LVEDD), 3-aminopropionitrile
(BAPN, an inhibitor of the LOX ECM crosslinking enzyme), extracellular matrix (ECM).
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Large animal model
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‘Coronary occlusion
using a suture loop
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‘occlusion-reperfusion
vs. Thrombogenic coil
‘embofization
(permanent)

Balloon
‘occlusion-reperfusion
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Author, year Model Therapy Delivery route Dose Outcomes

of publication

Ingason et al., P1 mouse, apical resection  N/A N/A N/A Regeneration in neonatal

2018 mice, proof of concept

Hiesinger et al.,  Mouse, LAD ligation ESA Intramyocardial injection 6 ng/kg ESA Increased EF, CO, SV,

2011 fractional area change

Edwards et al.,  Rat, hind limb ischemia ESA Quadricep injection 6 ng/kg ESA Increased perfusion ratio by

2016 doppler/Increased capillary
density/Increased VEGF
MRNA

MacArthur Sheep, LAD ligation ESA Intramyocardial injection 6 ng/kg ESA Improved ventricular

etal., 2013a function
Increased EPC chemotaxis
Increased capillary and
arteriolar density
Decreased infarct size
Increased maximal principle
strain
Steeper slope of end
systolic pressure volume
relationship

Mulyasasmita Mouse, hindlimb ischemia hiPSC-ECs VEGF Protein-polyethylene glycol 5 x 10° cells 3 ug VEGF Reduced inflammation

etal., 2014 hydrogel Increased muscle
regeneration

Caietal., 2015  Mouse, subcutaneous hASC Protein polyethylene glycol 5 x 10° cells Improved cell survival and

injection hydrogel retention
Steele et al., Mouse, LAD ligation ESA Hyaluronic acid hydrogel ESA 25 png 16 pg HGFdf Reduction in scar size
2020 Sheep, LAD ligation HGFdf with PEG-PLA Increased density of
nanoparticles borderzone arterioles

Schoger et al.,
2020

Wang et al.,
2020b

Vagnozzi et al.,
2020

Santoso et al.,
2020

Cohen et al.,
2017

Schenck et al.,
2015

Chavez et al.,
2016

Mouse

P1 Rat, LAD ligation

Mouse, LAD ligation

Mouse, LAD ligation

Rat, LAD ligation

Mouse, full thickness skin
defect

Mouse, full thickness skin
defect

CRISPR-mediated gene

activation

N/A

MNCs
CPCs
Zymosan

Induced cardiomyocyte

exosomes

Cyanobacteria

Microalgae
(Chlamydomonas
reinhardltii)

Genetically modified
(+VEGF) microalgae
(Chlamydomonas

reinhardftil) HUVECS

Adeno-associated virus
serotype 9

N/A

Intramyocardial injection

Intramyocardial injection

Intramyocardial injection

*Integra matrix double layer
scaffold

*Integra dermal
regeneration template

N/A

N/A

150,000 MNCs or CPCs
10-20 pg zymosan

4 x 108 exosomes

1 x 108 Synechococcus
elongatus cells

1 x 10* C. reinhardtii cells

Variable

Improved ventricular
function and geometry

Proof of concept,
enhanced gene expression
of mef2d and Kif15
Regeneration in neonatal
rats, proof of concept

Inflammation stimulates
improved ventricular
performance

Preserved ventricular
performance

Increased cardiomyocyte
viability

Improved tissue
oxygenation

60% increase in cardiac
output vs. control
Improved EF 4-weeks
post Ml

Chimeric tissues of

C. reinhardtii and mouse
cells

Viable algae at 5 days
No significant adverse
immune response
Successful expression of
VEGF via C. reinhardtii

Summary of in vivo studies investigating molecular and cellular engineering solutions for myocardial regeneration or treatment of ischemic heart disease. Note that
the outcomes column is an abbreviated summary of the findings relevant to the focus of this review and is not intended to summarize the study as a whole. Left
anterior descending coronary artery (LAD), engineered stromal cell-derived factor-1a (ESA), ejection fraction% (EF), cardiac output (CO), stroke volume (SV), vascular
endothelial growth factor (VEGF), end diastolic volume (EDV), end systolic volume (ESV), endothelial progenitor cell (EPC), human induced pluripotent stem cells (hiPSC),
human adijpose-derived stem cell (hASC), poly(ethylene glycol)-block-poly(lactic acid) (PEG-PLA), dimeric fragment of hepatocyte growth factor (HGFdf), bone marrow
mononuclear cells (MNCs), cardiac mesenchymal cells/cardiac progenitor cells (CPCs), human umbilical vein endothelial cells (HUVECS), *Integra Life Science Corporation,
Plainsboro, NJ, United States.
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clectrophysicogial  very high HRs
characterisics and o Vertricular OV
cacumtransport  prodominatly
express fast
@MHC
(-84-100%)
Rabtit 6 o HR: 130300 elotdomnance  eHawliloimate  slessoxpensie o Thoirkineosof
58790130 ThelOxislrger  coronaycollterl  than other lrge cardiac contraction
+08P:60-90 and supplosa fow animal modots and eaxation are
much greater «Tansgoncmodels st voryfstor than
portion of the avalable those of humans
myocardium than «Simiar «Dfferontand
doos LAD elciophysdogical  inconsistent
characterisicsand  coronary artery
cacumtianspot  systems.

« Notabvays
considered as lrge
animal

« Less reported
studies than other
<pacies

+No ricusgid vaive

Dog (Carine)  7-16 «HR: 70-160 olotdomnance o Varablo and o Simiar « Dificul to obtain
58P:95-136 oxensive dciophysidogical  the necossary
«0BP: 43-66 preexisting charactersicsand  approvalfor using

colatora picarcial  calciumtranspod  carinos asan

cicuatonwhich Smiar oxciaon-  aimal model

an supplyas contraction « Extensive colateral

muchasd0%of  coupingprocesses  circuationin

the blood fowafter  « Simior ventricuar  myocardum

theocusonofa  actvation sequence. —» Canndt reate

coronary atery consitet dogroes
oM

— Difeent ischemic:
patters than other
large mammatans
~ Defvers bood flow

preferenialy to the
epicardial ssue,
thus at the greater
winerabiiy of the
endocardum to
pecrosis and the
phenomenon of the
“wave front o cel
death

Sheep 20-160 «HAR:60-120 « Lot dominance «Havolttoinato  » Scant colatoralartoris, » Costy experimont

(ovine) #5B9:~90-115 coronary colateral  allowing to produce a ‘and maintenance

«08P:~100 fow prodetablo nfarct 570« Hih riskof
anhythma,
indluding ilation,
with e
provocation

o Dissmiar coronary
anatomy

« Difficut to perform
Poninvasiv dus to
thoracio and
gastoitestina
anatomy

o High iskof
antytbeia,
inclucing flilaion

« High iskof
infocton

Py 200300 «HR:50-116 « Right ominance o Scantimate « Myocardial « Costy experiment

(swine/Porcine) +SBP135-150 o Lie human, left colateralarteres,  excitation-conlraction and maintenance

«08:- coronary arterylargerin primanylocaized  couplng o High iskof
dameter,andlonger  tothemid « Invivo contracte and anhyibmia,
thanthe ightcoronary  myocardumand  rekwation kinetics inclucing frlation,
artery subendocardim  Simiar coronary anatomy  with e
it colateral ‘and gross anatomical provocaton
blood fow) strcture to humans o Difrent veniricuar
o Simiar cardiac outputto activaton sequence
humans. is ciffrent o to
« Scant colateral artres,  diferont distrouton
aloving to produce @ of Purin fioers
predictablonforct szo » Hoart-o-body rato
« Resistant toinfections and  decreases with
eltively rapid healg after  aging
surgery — Gainweight
deamaticaly inthei
adulthood, thus ot
suitablofor
Jongterm study

« Bief astole:
makes them prone.
o coronary
insuticency and
increase sensity
and docreass
specifcty the
ofocs of crugs or
eatment

Miiatwo 3268 R~ 56 «Fight dominance « Havo it coronary  » Smiar hoart-to-body « Simiar to rge pig
Pig (min #SBP: 122416 o The posteror colateral flow weightratio (above)
svine) +0BP: 8% 10 ‘descending atery arise « Simiar coronar artery
from right coronary dstibution
artry « Cardac anatomy,
metabolsm,
dlecirophysiology -
comparable to man
« Relatvly smalr body size:
than arge pig, even at ful
soxual maturty
 Ofir experimental control
and roproducibiity due to
manageatle sze
Homan 5086 «HR:60-100 « Right dominance  Miimal preesising
+SBP116-135 o Loftcommayartory  colaterals
+DBP:60-60 largor in dameter and
ongor than tho fight
coronary atery

‘Cardlovascuar parameers (Body weight, H, and BP) are retrieved from Stubhan ot al, (2008); Bode et . (2010), Gandol et al. (2011 MianNejad and Janssen
2014)

“The characteistics of coronary and colteral artery anatomy aro adapted from Bl (1961): Spaciaro ot s, (1980), Waver ot al, (1986); Maxwa ot sl (1987), Kamimura
ot . (199); Podesser ot a, (1997}, Hoarse (2000 Kumar ot al. 2005), Dixon and Spinlo (2009) Lolovas ot al. (2014)

“Other characterstcs are adapted from Harken et l.(1981); Khan (1984), Hearse (2000); Nunoya et al. (2007), Dixon and Spinsls (2009; MianNejad and Janssen
(2014), Morissoy ot . (2017); Sticker Krongrad ot al. (2017), Tang ot al. (2018).

BEP il bood piesause: DEP diasiol Bbod arsdsine: LO%: lalt coisnilie Goicridy aniary: LAD: lolt avilddor cliscandiia coonary anierys OM: caldiiionte:






OPS/images/fbioe-09-673683/fbioe-09-673683-t002.jpg
MI induction methods Open-chest (or
surgical-based)
vs. Close-chest
(or catheter

based)

Advantages

Coronary artery ligation Open-chest « Provides precise timing,
location and extent of the
coronary event due to direct
visualization and observation of
the procedure and targeted

area of infarct

e Gradual occlusion mimics
chronic MI and enables the
development of the colateral
arterial supply

Ameroid constrictor or
hydrauiic occluder

Open-chest or
close-chest

Open-chest « Freezing-induced scar has
similar cellular patterns of
coagulation necrosis of Mi - a
stitable model used to
demonstrate myocardial repai,
heart regeneration and cellular
remodeling using cellular
therapies

Cryoinjury

Percutaneous intracoronary  Glose-chest
embolization using various
insertion materials, followed

by reperfusion

« Minimally invasive

 Resembles human course of
atherosclerotic disease
superimposed by thrombus.
formation during MI event

« Various embolic agents

- Sponge foam/sponge
microspheres, coils,
polystyrene microspheres,
aloohol injection, balloon
catheter

« Clinically relevant as myocardial
reperfusion is performed in
human MI by fibrinolytic therapy
or Percutaneous Goronary
Intervention (PCI)

« Timely reperfusion of the
coronary artery after Mi helps
salvage the viable myocardium,
limit infart size, preserve LV
systolic function and prevent
the onset of heart failure:

Closed-chest
Suboutaneously
intraperitoneally,
intravenously

Chemical reagent e.g.,
isoproterenol

 Non-invasive ~ can be injected
subcutaneously
intraperitoneally, or
intravenously

« Low mortality rate

Comparison is adapted fram Halim et &l. (2018).

Disadvantages

« Invasive procedure

~ Increased mortality and
complications

- Affects the whole balance of bodily
function and modifies local and
systemic immunological and
inflammatory responses

« The site of ligation of the vessel
varies (proximal, mid, or distal) in
studies, resulting in various degree
of ischemic injury and mortalty rate

« The LAD occlusion often causes
ventricular fibrilation and sudden
death, especially in pigs (Muller
etal., 1988)

« May require invasive procedure

« Invasive procedure

« The pathophysiology of freezing
induced Mi is different from other
methods because acute cell death
ocours following the cryoinjury
without concomitant ischemia

« Several applications are necessary
for large animal hearts and also due
to rapid defrosting of cryoprobe,
‘which makes it difficut to control
the size of infarction

« Difficult to induce transmural
infarction

o Less tested in large animals

« Requires anticoagulant therapy to
prevent blood clot formation during
instrumentation

« Require anti-arthythmic protocol to
prevent arrhythmia and ventricular
fibrilation

« Difficult to control the exact
location, length and duration of the
‘coronary artery occlusion and the
overall volume of myocardial
necrosis (Camacho et al., 2016)

« Requires advanced technical skills
and highly trained personnel to
manipulate the catheter for
deployment of the material for
embolization

« Inconsistent oclusion duration
across studies.

« Reperfusion of an ischemic area
often results in myocardial cel
necrosis (or called reperfusion
injury)

« Justlike coronary artery ligation,
montality rate can vary depending
on the embolization sites (higher
mortality at the proximal site)

« Indirect method - unable to
visualize the effects on the targeted
area during the procedure

« Different methods of administration
affect the drug metabolism and its
conversion into inactive metabolites

o Less tested in large animals

Studies

LAD ligation
(Krause et al., 2007; Wolf et al.,
2009; Chen et al., 2014; de Jong
etal., 2014; Zhao et al., 2014;
Haller et al., 2015; Lim et al., 2018)
LCx ligation

(van der Velden et al., 2004;
Timmers et al., 2011;
Galvez-Mont6n et al., 2014; Wang
L. et al., 2017; Charles et al., 2020)

Sjaastad et al., 2000; Shudo et al.,
2011; Potz et al., 2018; Ishida
etal, 2019

Yang et al., 2010, 2012; Hirano
etal, 2017

Sponge foam/sponge
microspheres

(Darioll et al., 2014; Sun et al.,
2020)

Coils

(Watanabe et al., 1998; Li et al,,
2000; Makkar et al., 2005; Dib
etal., 2006)

Polystyrene microspheres

(Hanes et al., 2015; Suzuki etal,,
2016)

Ethyl alcohol injection

(Joudinaud et al., 2005; Rienzo
etal., 2020)

Balloon catheter

(Kraitchman et al., 2008; Price
etal., 2006; Wang et al., 2009; Lu
etal., 2012; Okura et al., 2012; Li
etal, 2013; de Jong et al., 2014;
Mu et al., 2016)

Kim et al., 2014; Lim et al., 2014
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Bioengineered Advantages Disadvantages
methods
Direct cell e Needs no iPSC stage o Low efficiency
reprogramming e Possibility for in situ reprogramming e Unclear cell fate stability
o Relatively rapid conversion e Tumorigenicity risks
Indirect cell o High efficiency e Requires iPSC stage
reprogramming ¢ iPSC induction from many cell types e Only can be performed in vitro

Non-viral gene delivery

Viral gene delivery

Synthetic particles

Natural particles
(extracellular vesicles
and exosomes)

Non-cellular cardiac
patches

Cellular cardiac patches

o Self-renewal of iPSCs

o Differentiation condition is modulable
o Cell fate stability

e Suitable for ex vivo manipulations

e Non-pathogenic

e Multiple delivery methods. e.g., Naked DNA direct delivery,
gene gun, electroporation, ultrasound, lipoplexes and

polyplexes etc.
e Simplicity in manufacturing
o Flexibility in packaging capacity
e High transduction efficiency
e Transient or persistent expression
e Multiple viral vector choices

e High biocompatibility

o Cryo-stability

e Easy manipulation of particle contents
e Cardiac targeting can be achieved
e Degradable

e Multiple delivery routes

o Controlled release of therapeutics
e High biocompatibility

e Low immunogenicity

e Low tumorigeneicity

e Long term stability

e Multiple biomaterial selections

e High biocompatibility

e Easy manufacturing and off-the-shelf

e Suitable for large amount of cargo delivery
e Easy storage and transfer

e Highly biocompatible

o Highly functional

e Suitable for both in vivo and in vitro studies
e Multiple designs

e The CMs are not mature
e Tumorigenicity risks

e Low transduction efficiency
o Cytotoxicity

o Transient transfection

o Tissue damage

e Shallow penetration

e Immunogenicity

o Difficult to produce high viral titers

e Immunogenicity

e Limitations in gene packaging capacity
o Safety issues

e Expensive

e Hard to control the size and morphology

e Requires multiple fabrication steps

e Low encapsulation efficiency

e Sensitive to operational parameters

e Mostly paracrine effects, lack of mechanism to generate new CMs

e Quality depending on cell batches and culture condition
o Variation in batches
e Low yield and purity
o Difficulty in isolation

e Hard to transplant in vivo (open-chest surgery is required)
e Low cardiac integration
e Low cardiac penetration

o Tumorigenicity

e The maturation of CMs in tissue patch

e Hard to manufacture

e Batch-to-batch variation (depending on cell quality)
e Very fragile and hard to transfer or storage

e Low vascularization after transplantation

o Arrhythmia risks after transplantation
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Reprogramming strategy Fibroblast origin Efficiency Study
Core Additional factors Embryonic  Dermal  Cardiac  Cardiac marker expression  Spontaneously ~ Authors
factors beating cells
GMT +ESSRG, MESP1, MyoCD, X X X 13% cTnT/aMHC-GFP* Not detected Fuetal, 2013
and ZFPM2 (ESC-fioroblasts); 3.7% cTnT+
(HDFs); 1.8% cTnT* (HCFs)
+MESP1 and MyoCD X 5.5% a-actinin®, 5.9% cTnT+  Notdetected ~ Wadaetal, 2013
+MESP1, MyoCD, and X 23-27% oTnT+ Notdiscussed  Muraoka et al., 2014
miR-133
+ESSRG, MESP1, MyoCD, X 12.5% TNT-GCaMP5*+; >50%  Notdiscussed  Mohamed et al,, 2017
ZFPM2, and dual of cells generated calcium
TGF-B/WNT inhibition transients
Sendai viral delivery X 16% cTnT+ Not detected Miyamoto et al., 2018
+MESP1, MyoCD, and
miR-133
+miR-133 X X 2.5% cTnT* (ESC-fibroblasts) ~ Not detected  Zhou et al,, 2019
GHMT +MyoCD or +miR-590 X 5% cTnT+ Notdiscussed ~ Singh et al., 2016
+MyoCD, miR-690, X 25% cTnT+ Notdetected ~ Singh et al., 2020
HDAG/WNT inhibition, and
refinoic acid
CRISPRa targeting GHMT X 8.7% cTnT+ Not discussed ~ Wang et al., 2020a
+MEISt
GHT +MyoCD, miR-1, and X X 35% cTnT* (HFFs); 18% cTnT+  Rareafter~11  Nam etal, 2013
miR-133 (HCFs); 9.5% cTnT* (HDFs) weeks in culture
(HCFs)
ETS2and  +Activin Aand BMP4 X 13.7% aMHC-GFP+ Not discussed Islas et al,, 2012
MESP1
Small CHIR99021, BIX01294, X X 6.6% cTnT+ ~0.44%of total  Cao etal., 2016
Molecules  A83-01, AS8351, SC1, cells, 97% of
OAC2, Y27632, SU16F, and aMHC-GFP*
JINJ10198409 cells
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Core
factors

GMT

Reprogramming strategy

Species  Additional factors

Mouse

Rat

None

Polycistronic delivery

+Thymosin p4

None

+MyoCD, SRF, MESP1,
and SMARCD3

+miR-133

Polycistronic delivery

+FGF2/FGF10/VEGF (FFV)

Polycistronic delivery

Polycistronic delivery
+shBmit

Polycistronic delivery
+TGF-/WNT inhibition

Polycistronic delivery
+shPbtb1

Polycistronic Sendai viral
delivery

Polycistronic delivery
~+shBoor

Alternate MEF2C isoforms

Polycistronic delivery
+shBeciint

+VEGF

Polycistronic delivery
+VEGF

None

-+VEGF and adenoviral GMT
delivery

+HDAC/WNT inhibition and
Retinoic Acid

Fibroblast origin

Embryonic Dermal Cardiac Cardiac marker expression

b X 4% cTnT/aMHC-GFP* (GFs);
2.5% GTnT/aMHC-GFP* (TTFs)

X 8-7% «MHC-GFP*

X NA
X X 85% GFP* Tnnt2-Cre/Rosa26
mTmG reporter TTFs
X 2.4% aMHC-GFP*
X X 20% a-actinint, 129% cTnT+
(MEFs); 3.5% cTnT* (TTFs)
X X 3-4% cTnT/aMHC-GFP+
(neonatal CFs)
X X 19% CTNT/aMHC-GFP+
X NA
X X X 22% cTnT/aMHC-GFP*
(neonatal CFs)
X 16% CTnT/aMHC-GFP*
(neonatal CFs)

X 45% cTnT/aMHC-GFP*

X X X 10% cTnT+

X X ~9-16% cTnT/aMHC-GFP*+
(CFs); ~1.2%
cTnT/«MHC-GFP* (MEFs)

X X X 5% cTnT/aMHC-GFP+ (MEFs);

4% cTnT/aMHC-GFP* (CFs);
1.25% cTnT/aMHC-GFP* (TTFs)

X X X 6% cTnT*+ (MEFs); 20% cTnT+
(CFs); 5% cTnT+ (TTFs)

X X 7% cTnT+

X 7.6% cTnT*

X 5% cTnT+
X 6.9% cTnT+

X 28% cTnT+

Efficiency

Spontaneously beating
cells

Rare

Not discussed

N/A

Not detected

Not detected

~T7-fold enhanced by
miR-133 vs. GMT alone
~10-fold enhanced by

polycistronic delivery vs.
previous studies

~20-fold enhanced by FFV
vs. GMT alone

N/A

2-fold enhanced by shBmit

~40% of cells seeded

Not discussed

~50% of MEFs seeded;
~10% of total cells

Not discussed

Not discussed

~3-fold enhanced by
shBeclin1

Not discussed

Not discussed

Not discussed
Not discussed

Not detected

Reprogramming in vivo

Rare detection of
reprogrammed cels in hearts

~1% GFP/a-actinin* following
GMT+GFP injection into infarct

GMT vs. DsRed

EF = 25% vs. 16%; Fibrosis
reduced 76%

Cardiac gene expression
detected i reprogrammed cells
N/A

N/A

NA

NA

Polycistronic GMT vs. DsRed

EF = ~38% vs. 17%; FS =
~18.4% vs. ~7.5%; Fibrotic
area = ~20% vs. ~40%

NA
GMT = inhibitors vs. DsRed
EF = ~35% vs. 20%; Fibrotic

area = ~15% vs. ~39%
NA

Polycistronic GMT vs. GFP

EF = ~35% vs. ~25%; FS =
~15% vs. ~10%; Reduced
fibrosis

NA

NA

Polycistronic GMT + Beclin*/~
vs. DsRed

EF = ~40% vs. ~20%; FS =
~29% vs. ~10%; Fibrotic area
=25% vs. 45%

GMT + VEGF vs. GFP

EF = 63% vs. 48%; Fibrotic
area = 12% vs. 24%

GMT + VEGF vs. GFP;

EF = 48% vs. 39%; Fibrosis =
21% vs. 31%

N/A
Ad-GMTVEGF vs. Ad-Null;

EF (Change from baseline);
+21% vs. ~0.4%

N/A

Study

Authors

leda et al., 2010

Inagawa et al., 2012
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Chen et al.,, 2012
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Reprogramming strategy

Core factors Species Additional factors

GHMT

Mouse

None.

+NKX2.5

Fusion of MyoD transactivation
domain to MEF2C

+NKX2.5 and TGF-B inhibition

None

Fusion of MyoD transactivation
domain to MEF2C + Ezh2 or
GYa/GLP inhibition

+miR-1, miR-133, and TGF-B
inhibition

+AKT1

+AKT1 and y-secretase
inhibition
+AKT1 and ZNF281

None

Sendai viral delivery

+AKT1 and EGFRIJAK
inhibition

Polycistronic delivery +TGF-p
inhil
Polycistronic delivery +TGF-p
inhibition

Alternatively spliced MEF2C
isoforms

+miR-1, miR-133, and SMAD7

Fibroblast origin

Embryonic Dermal Cardiac Cardiac marker expression

6.8% GTnT/aMHC-GFP* (CFs),
9.2% cTnT/aMHC-GFP* (TTFs)

¢TnT-GCaMP activity induced in
1.6% of MEFs and 4% of CFs

20.9% cTnT* (MEFs, Day 7),
20.3% cTnT* (TTFs, Day 20)

cTnT-GCaMP activity induced in
17% of MEFs and 9.3% of CFs

1.2% sarcomere positive
17% cTrT/Hend*

64% a-actinin®, 67% cTnT+
(MEFs); 18% a-actinin®, 18%
GTnT+ (GFs); 30% a-actinin®,
35% cTnT* (TTFs)

25% cTnT/«MHC-GFP* (MEFs);
5% cTnT/aMHC-GFP* (CFs);
5% cTnT/aMHC-GFP* (TTFs)

70% a-actinin+, 65% cTnT+
(MEFs)

28% cTnT/aMHC-GFP+

13-16% cTnT*
22% cTnT+

32% cTT/«MHC-GFP* (MEFs);
20% cTnT/aMHC-GFP* (CFs);
20% cTnT/aMHC-GFP* (TTFs)

80% a-actinin®
26% Titin-eGFP/a-actinin*

5% cTnT/aMHC-GFP* (MEFs),
1.8% cTnT/aMHC-GFP* (CFs),
1% CTnT/aMHC-GFP* (TTFs)
80% o-actinin®

Efficiency

Spontaneously beating cells

0.2% of iCMs with sarcomeres
that also express cTnT,
«MHC-GFP

Rare

3.2-3.5% of seeded MEFs;
0.025% of seeded TTFs

~5-fold enhanced by TGF-p
inhibition

0.16% of reprogrammed MEFs
23% (Ezh2 inhibition) or 20%
(G9a/GLP inhibition) of
reprogrammed MEFs

60% of total cells at Day 11
(MEFs); 2.5% of total cells (CFs);
4% of total (TTFs)

50% of seeded MEFs at Day 21;
0.8% of seeded CFs; 0.5% of
seeded TTFs

40% of seeded MEFs at Day 18

10% of seeded TTFs after 4
weeks

~4-fold enhanced vs. GMT

~20-fold enhanced by sendai
viral delivery vs. retroviral

~2-fold enhanced by EGFR/JAK
inhibition
~8-fold enhanced vs. GMT

~6-fold enhanced vs. GMT

Not discussed

~40% of seeded MEFs at Day
13

Reprogramming in
vivo

GHMT vs. GFP

EF =57% vs. 29% at
12 weeks; Fibrotic area
reduced 50%

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A
N/A

N/A
N/A

N/A

N/A
N/A

N/A

N/A

Study

Authors

Song et al., 2012

Addis et al., 2013
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Ifkovits et al., 2014
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Reprogramming strategy Fibroblast origin Efficiency Study

Species Core factors Additional factors Embryonic Dermal Cardiac Cardiac marker Spontaneously beating  Reprogramming in vivo  Authors
expression cells
Mouse  miRs miR-1, miR-133, miR-208, X 13.4-28% 1% of total cells ~1% cTnT/Fsp1-TdTomato Jayawardena et al., 2012
miR-499 +JAK inhibition aMHC-GFP*+ double positive
miR-1, miR-133, miR-208, X NA N/A miR combination vs. MR Jayawardena et al., 2015
miR-499 negative control

FS =30% VS. 20% at 12
weeks; Fibrotic area = 10%

vs. 25%
Non-GMT/GHMT MYOCD, MEF2C, TBXS X X X 2.5% cTnT/aMHC- Rare NA Protze et al., 2012
Transcription factors TdTomato*
OCT4, KLF4, SOX2, C-MYC + X X 39% cTnT+ (MEFs)  120% of seeded cells, A Efe et al., 2011
JAK inhibition and BMP4 ~87% of total cells (MEFs)
stimulation
Small Molecules  CHIR99021, RepSox, Forskolin, X X 14.5% a-actinin®, 9%  ~100 beating clusters from  N/A Fuetal, 2015
VPA, Parnate, and TTNPB aMHC* (MEFs) 50,000 starting cells (MEFs);
(CRFVPT); CRFVPT + rolipram Generation of beating cells
(CRFVPTM); LIF after day 16 ~2-fold enhanced by
rolipram (TTFs)
CRFVPTM X NA N/A CRFVPTM vs. vehicle; Huang et al,, 2018
EF = ~36% vs. ~23%; FS
= ~18% vs. ~10% after 7
weeks
CRFVPTM + PTC-209 X X 42% aMHC* (MEFs), ~20% enhanced by NA Testa et al., 2020

10% aMHC* (CFs) PTC-209
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